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violet and rapidity divergences cannot be solely contcbllg (dimensional) regularization, but
necessitate their renormalization. In doing so, we showahtne one-loop order this additional
divergence entails an anomalous dimension which can libua#id to a cusp in the gauge con-
tour at light-cone infinity. Then, we present a recent anslgs TMD PDFs which incorporates
in the gauge links the Pauli term F*V[y,, % ]. This generalized treatment of gauge invariance
is shown to be justified, in the sense that it does not modiéyttehavior of the leading-twist
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1. Introduction and Theoretical Framework

One of the problems inherent in the definition of hadronic observablesvsdensure gauge
invariance. This problem arises because correlators are nonlogatitigs which contain local
operators that transform differently under gauge transformatiomg;ehentailing a dependence
on the gauge adopted. Clearly, physical quantities should not depetia @hoice of the gauge
we choose to work — this should merely be a matter of (calculational) convani€fo render
integratedparton distribution functions (PDF)s gauge invariant, it is sufficient tortriato their
definition a Wilson line — a gauge link — between the two Heisenberg quarlatipsithat renders
their product gauge invariant [1]. From the point of view of renormailiizig, this operation intro-
duces additional contributions to the anomalous dimension of the PDFs. Gtmsiutions stem
from the local obstructions of the gauge contours: endpoints, cusgssedf-crossing points (see
[2] for a technical exposition and references). It is to be emphasize@linough the gauge link is
nonlocal, no explicit path dependence is introduced, e.g., on the gangeuc length. Actually, to
ensure the gauge invariance of the PDFs it is even sufficient to useghstightlike line, because
integrated PDFs are defined on the light cone and the only contributiontfreigauge link to the
anomalous dimension of the PDF comes from its endpoints (see, for insfahaed references
cited therein). Hence, one has for the integrated PDF of a quark quarka

fija(X) = dj

2 [ S R Pl(E 0y E 0 [#]w(07,0,)P) (1.1)

where
.
£,07(%] :@exp[—ig/ PLLLICERUN (1.2)
0 [¢

is a path-ordered gauge link (Wilson line) in the lightlike direction from € adong the contou¥’.
One may insert a complete set of states and split the gaug&link~| into two gauge links
connecting the points 0 anfl througheo. This is mathematically sound, provided the junction
(hidden at infinity) of the two involved contours is smooth, i.e., entails only &trignormalization
of the junction point so that the validity of the algebraic idenity z | 1] [z, X1 | 62] = [X2, X1 | € =
¢1U %] is ensured. This being the case, it is possible to associate each of tkdiglasrwith its
own gauge link because the attached contour has no bearing on the debhitig,(x). Then, the
struck quark can be replaced by an “eikonalized quark”

Wx|M) = @x)x |1 = p(x7) Pexp [—ig /| X[r]dzuAs%otz,outa (13)

which is a contour-dependent Mandelstam fermion field [4] (with an acat®glefinition for the
antifermion field). In this scheme, the gluon reconstitution in the gauge-imiaxgarelator for the
integrated PDF involves gluons emanating either from the gauge links — gigmtp selfenergy-
like diagrams — or contractions with the gluon self-fields of the Heisenbesgptqr for the struck
quark which generate crosstalk-type diagrams. Note that for the sakarity and simplicity, we
ignore bound states (spectators). As a result, one has

Is/;;ht =5 Z/ —Ik+f P‘LIJI (E Oﬂ%l) In)y <n"-|—’| (0 Ol‘(gz) |P) . (1.4)
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This concept was carried over tmintegratedPDFs, i.e., to those PDFs which still depend on
the transverse momenta — hence termed TMD PDFs. However, TMD PDFsmjtloagitudinal
gauge links are not completely gauge invariant under different boyradeditions on the gluon
propagator in the light-cone gauge = 0. The reason is that -independent gauge transforma-
tions are still possible under the same gauge condition. Hence, the nHimearogauge-invariant
TMD PDF definition as for the integrated case is inapplicable. Refurbishismprdvided via the in-
troduction of transverse gauge links which necessarily stretch outediffjtht cone to infinity [5, 6].
This generalizes Eq. (1.4) for a quark wkh= (k*,k~,k ) in a quark withp, = (p*,p~,0,) to
the expression

1 [dE d? . . —
fo/q(x K1) = 5 % (25[;2 eXp(_'k+Ei +ik, - Ei) <Q<p)’4’(57,fﬁ{fifLiwifﬂT
x[oo, & o000, Ty oo 0 00,0, ][0, 04307,04] (07,0, ) [a(p) ) . {15)
in which .
[0, & ;€78 = @exp{ig/o drnuAgta(Hnr)} ) (1.6)
[07, 00,5007 & |= ;@exp{ig/omdrl -Aa'[a(fj_+|1')} (1.7)

are the lightlike and the transverse gauge link, respectively.

2. One-Loop Gluon Virtual Correctionsin the AT = 0 Gauge

The pursuit of a proper definition of TMD PDFs is a long-standing prolilesh was not ac-
complished with the definition above. The reason is — frankly speaking —atetdy knows how
the contour behaves at light-cone infinity when it ventures out in the teass\directions. This be-
havior has influence on the singularity structure of the gluon propagatbeitight-cone gauge
A" =0, notably,D5(q) = quimo (gw — %), via the boundary conditions to go around
its singularities. To estimate this influence, one has to calculate the one-loogl iotwections
in the A™ = 0 gauge in conjunction with various boundary conditions (which absoge{acale
effects) and carry out the renormalization of the contour-dependemk @perators defined in Eq.
(1.3). Two of us undertook this calculation, announced in [7, 2, 8], withramary of the approach
being given in [9]. The contributing diagrams are shown here in Fig. lewhe corresponding al-
gebraic expressions are given in Table 1 using the following symboliestaitions (the couplings
g andd’ below are labeled differently only in order to keep track of their origin; ultityateey
will be set equal): )

(i) Q: struck quarky; (&) = e 'ol/dnd/¥] yfree ) _ Heisenberg operator,

(i) longitudinal gauge link{n~],

(iii) transverse gauge linki | |,

(iv) g refers to the QCD Lagrangian — see item (i),

(v) couplingg' refers to the exponent of the gauge links, ig¢/y dT... ,

(vi) productg'd’ corresponds to path-ordered line integrals in the exponent of the gjakggi.e.,

gy [y dr fpdo... .
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Figure 1: One-loop gluon virtual corrections tfyq in the A" = 0 gauge. The double lines describe the
gauge links attached to the fermions (heavy lines), whigectirly lines represent gluons, and the symbol
denotes a line integral. The Hermitian-conjugate (mirdiggrams are not shown.

Without going into too much detail, the results of this study show that the ovénigpiitra-
violet (UV) and rapidity divergences cannot be solely controlled by thedsional (or any other)
regularization. The ensuing divergence is of the tip&) In(n /p™), which becomes infinite when
n — 0, and has, therefore, to be cured by an appropriate renormalizatioedure. At this point it
is important to mention that the terms on the diagonal in Table 1 representsglfeontributions,
while all other terms are of the crosstalk type. In the gatige= 0 only the term€QQ andQ]l | |
are non-vanishing. Moreover, the pole-prescription dependendagmamn (a) is canceled by its
counterpart in (d) — see Fig. 1. Taking into account the mirror contribatior(a) and (d) (not
shown in Fig. 1), one finds the following total contribution from virtual glwamrections [2, 7]:

(at+d) _ 50s 1/3 n
oy (as,€) _ZFCF s <4+In p+> —yE+In4r[} . (2.1)
struck quark longitudinal gauge link transverse gauge link
struck quark QQ <= (a) Qn] <« (b) QL] <)
longitudinal gauge link In~][n"] < (c) n7][l.] < (=0
transverse gauge link ][] < (e)

Table 1: Structure of the one-loop gluon virtual correctionsfg@,(x,k 1 ) shown in Fig. 1.
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From this expression one obtains figry(x, k ) the anomalous dimensic(ry: %%‘9—";@)

a 3
or(lzeloop = FSCF <4 +1In FZ.) = Ysmooth— OY , (2.2)

wheren is the rapidity parameter withn] = [mas$ and dy represents the deviation from the
anomalous dimension of the gauge-invariant quark propagator in ai@olvgauge (see [3] and
earlier references cited therein). As argued in [7, 2, 9], such amalons dimension can be
associated with a cusp in the gauge contour at infinity and originates frorertbemalization of
the gluon interactions with this local contour obstruction. Therefore, anelaim thady can be
identified with the universal cusp anomalous dimension [10] at the oneeiatgy. But the choice
of the gaugeA™ = 0 should not affect the renormalization properties of the TMD PDF. Tiies,
definition of fg4(x,k 1) given by Eq. (1.5) has to be modified by a soft factor (counter term) [11]

R=®(p",n|0)®(p*,n7|€), (2.3)

where® and®' are appropriate eikonal factors to be evaluated along a jackknifedwanftdhe
light cone (the explicit expressions and a graphic illustration can be foufd 2, 9]). We have
shown there by explicit calculation that in tAeé = 0 gauge withg-independent pole prescriptions
(advanced, retarded, principal value), the anomalous dimensioniasesbwith this quantity ex-
actly cancel®y, rendering the modified definition of the TMD PDF free from gauge artifa0ts

the other hand, adopting insteadja-dependent pole prescription (Mandelstam [12], Leibbrandt
[13]), no anomalous-dimension anomaly appears and the soft factaragtienignly to unity [8].

3. Inclusion of Pauli Spin Interactions

The conventional way to restore the gauge invariance of hadronic mé&meats is to use
gauge links as those defined in Egs. (1.6) and (1.7). However, this istlomigninimal way to
achieve this goal; it ignores the direct spin interactions because the gate#ial A} is spin-
blind. To accommodate the direct interaction of spinning particles with the daldeone has to
take into account the so-called Pauli tesnF+'S,,,, whereS,, = %,r[y“, yv| is the spin operator.
Following this generalized conception of gauge invariance, we promoteefivétibn of the TMD
PDF to [14]

*ik'f<hr@<f>[[é:g:oo:m]*[[ooih:ooimn*
xT[[eo 00507, 0,]][[07, 0,507, 0u]]¢4(O)|h) - R, (3.1)

(k) = Tr/dk

wherel” denotes one or monematrices in correspondence with the particular distribution in ques-
tion, and the statgh) stands for the appropriate target. In the unpolarized case welhaveh(P)),

with P being the momentum of the initial hadron, whereas for a (transverselyjzaaldarget the
state is|h) = |h(P),S,). The enhanced lightlike and transverse gauge links (denoted by double
square brackets) contain the Pauli term and are given, respechtiyehe following expressions:

[[07,0,;07,0,]] = @exp[ |g/ do u Al (uo)t |g/ do SR (uo)t?| , (3.2)
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Symbols Expressions Figure 2 Value
U Jodrl-(IT) (@) #0
Uy Jo dT S-.F (ur) (b) #0
Us Jodr S Z(IT) — 0
Ua, Jodt [gdo (I-<7(17)) (- </ (l10)) — 0
Us Jodt [gdo (1-27(1T7)) (S- Z(10)) — 0
Us JodT [5do (S Z(11)) (I- < (10)) — 0
Uy J5dT 5 do (S- Z(ur)) (S F (uo)) (c) 0
Us Jodt [y do (S Z(I1)) (S- F(l0)) — 0
U Jodt Jg'do (I- (1)) (S- F (uo)) (d) #0
0 Jo d1 [y’ do (S- Z(IT)) (S-F(u0o)) — 0

Table 2: Individual virtual-gluon contributions appearing in theakuation of Eq. (3.4) up t&(g?).

([~ 00, ;00,0,]] = ﬁzexp[ |g/ drl, A2 (IT)t |g/ TS FRY (It ] 3.3)

3.1 Gauge linkswith Pauli termsup to ¢ (g?)

Adopting this reasoning, we have to calculate inAie= 0 gauge the expression
[[007,°°L;°°7,0LH . [[Ooi,oL;Oi,OLH =1- Ig (%14‘%24—%3) —gz(%4+%5+ . ..%10) (34)

with F£V (0=, 07, ) =0, (&) = el-19/dn §/¥]yfree &) and an analogous expansion for the
transverse gauge links (see Table 2), whereas the contributing diagrawiisplayed in Fig. 2. Let
us quote here some important features of the presented theoretical fseareferring for details
to our recent work in Ref. [14]: (i) The Pauli term is not reparametéoranvariant — unlike the
usual Dirac term. Therefore, we have to use the dimensionful vefors u; = pnj;, n; —

Uy = p*n;, , | — p™l.. (i) The Pauli spin-interaction terms do not completely vanish along
in the A* = 0 gauge, whereas terms containikd7) (or .% (10)) cancel out in the product of the
gauge links andr4'"” (0=, 0%, & | ) = 0. (iii) To the g?-order level, the Pauli term reads

S .F=S,FW =28, _F" 425,71 +25,7 " +5;7 (3.5)
and has the following non-zero components:

Ft =0t~ , FH =0 ", (3.6)
F=0" ;zf'—atef* FN =9 -3l (3.7)

(iv) The diagrams (a)—(d) in Fig 2 represent virtual gluon correctamcontain UV and rapidity
divergences that give rise to the anomalous dimension of the TMD PDBnlinast, the diagrams
(e)—(g), which describe real-gluon exchanges across the ctic@latashed line), contribute only
finite terms.

From Fig. 2, we see that the gauge-link correlator contains contributfan®alifferent types
related to selfenergy- and crosstalk-type diagrams. To discuss theustrof the correlator in a
compact way, it is useful to use the following symbolic abbreviations:
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Figure 2: One-loop gluon virtual corrections t q in the At =0 gauge. Graphs (a), (b), (c), and (d)
describe virtual gluon corrections; graphs (e), (f), andrépresent real-gluon exchanges across the cut
(vertical dashed line). The double lines decorated witimg represent enhanced gauge links containing the
Pauli term.

Q: Gauge self-field in the Heisenberg quark opergigg ) = e~9l/dn #7Y] yyfree(g)
|.«7(IT) = A*: Standard transverse gauge potential

S- Z(It) = F: Tensor (Pauli) term

Then we obtain at’(g?) the following results (consult Fig. 2 in conjunction with Table 2):
Selfener gy-type contributions

o AYAY: (7)) =0  notshown

e F"F~ : (%) =0 diagram (c) in Fig. 2
o FLFL: () =0  notshown
Crosstalk-type contributions

e QAT (74)YY = —asCr LiCo with Co, = {0(adV); —1(ret); —3(PV)} — diagram (a). This
term cancels the pole-prescription-dependent term in the UV-divepgehof the fermion
selfenergyQQ.

e QF : (%) with (QF ")~ = (%, ) and(QF " )* = (%;") — diagram (b). Accordingly, for
the leading twist-two TMD PDF, we find for the semi-inclusive DIS (SIDIS)

[
rtW72<é2/2_> + <%2_>TrtW72 = ECFrthZ ) (3-8)
[
rtW72<%2L> + <%2L>Trtw72 = _ZCF Mw—2- (3.9)
These two results combine to produce a constant phase (unrelated twuthéiri [5])

Ow-2 = aCrTT (3.10)
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which is also valid for the twist-three TMD PDF, i.@w_3 = a<Cr11, butflips signfor the
Drell-Yan (DY) process because it depends on the direction of the lafigiligauge link.
Hence, our analysis [14] predicts the important relation

dsipis = — Oy - (3.11)
e QF*: (5)=0  notshown
o AYFL: (%) = —(%s), hence mutually canceling

o AT~ (%) = (%)' — diagram (d) in Fig. 2 — (“gluon masst? drops out at the end):

_ 1 + o Y
R auCIC (312
This nontrivial Dirac structure entails
I"unpol = VJr : runpol[V+7 y = _[VJra Vi]runpol ) (3.13)
Thetic. =YV TheiclV, Y] ==y ¥ IMhelic. » (3.14)
Mrans = ial+y5 : rtrans[y+a y = *[V+a Y~ I trans, (3.15)

where obvious acronyms have been used. Taking into account the miagmams (not
shown in Fig. 2), the twist-two terms mutually cancel by virtue of the relation

oy ITw—2=—Tw-2ly" V] =2Tw2,
which permits a probabilistic interpretation of the twist-two TMD PDF as a densitgoen
count of A'F~ — 0. On the other hand, the twist-three TMD PDF gets a non-vanishing
contribution to its anomalous dimension as one sees from

C 2\ ¢
Fou-al26) + (2) T2 =~ gely v Ir(e) (4 )

o FLF~: (210) = 0 without assuming any particular form of the gauge field at light cene

3.2 Real-Gluon Contributionsat ¢(g?)

Besides the virtual gluon corrections, there are also real gluon egebdhat contribute finite
contributions to the TMD PDF. The main difference from the previously ickemed case is that now
the discontinuity goes across the gluon propagator that has to be replatieel cut one. More-
over, the Dirac structures, marked above by the sybale sandwiched between Dirac matrices
stemming from Pauli terms standing on different sides of the cut. The reafrglntributions are
specified in Table 3.

Using the same symbolic notation as in the previous subsection, we brieflykrémaar

o F"F: (741) — O (at least power-suppressedp™)
o ATF~ (%) +(22) ~T[yt,y 1+ [yh,y Ir =0

o QF : (%) + (%) and(%5) + (%) mutually cancel up to a power-suppressed term.
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Symbols Expressions Figure 2
1 Jod1 [5°do (S Z(ur)) T (S- F(uo+& ;€& ))) (e)
U2 Jodt [5’do (I (IT)) T (S- F(uo+& ;& ))) U]
%3 Jpdol (S F(uo+&;§))) (9)

Table 3: Individual real-gluon contributions t6'(g) corresponding to the diagrarfes), (f), (g) in Fig. 2.

4. Highlightsand Conclusions

We argued that the dimensional regularization of overlapping UV anditagiyergences
in TMD PDFs is not sufficient to render the TMD PDF finite — one needs manbzation [7,
2]. To remedy this deficiency, a soft factor [11] along a jackknifedtaonoff the light cone
was introduced into the definition of the TMD PDF [7] whose anomalous dimermsinoels in
leading loop order the cusp anomalous dimension entailed by this overlappérgehce (with
a full-fledged discussion being given in [2]). The modified TMD PDF oejpices the standard
integrated PDF and is controlled by an evolution equation with the same anondaiwerssion as
one finds in covariant gauges with no dependence on the adopted pstiption for the gluon
propagator — this would be impossible without the soft renormalization faséa [2] and for a
more dedicated discussion [15]). In particular, using AHe= 0 gauge in conjunction with the
Mandelstam-Leibbrandt pole prescription [12, 13], no anomalous-diowekefect appears and
thus the soft factor becomes trivial. An important finding of this approacthasthe anomalous
dimension of the unpolarized TMD PDF for SIDIS and the DY process isahmsi.e.,yi'/'j's =

yﬁ)’q albeit the sign of the term in the gluon propagateqdﬁw is different for these two processes
— irrespective of the boundary condition applied. Quite recently, Collinsudsed alternative
ways to redefine the TMD PDFs in such a way as to avoid rapidity diveesgi6].

We also presented a new scheme for gauge-invariant TMD PDFs whikld@scthe direct
interaction of spinning particles with the gauge field by means of the Pauli tetftme longitudinal
and transverse gauge links. In some sense, the Pauli spin interactioralsstrect analogue of a
Stern-Gerlach apparatus — sort of — and gives rise through the &esgsgauge link to a constant
phased = aCr1, which is the same for twist-two and twist-three TMD PDFs, but flips sign when
the direction of the gauge link is reversed — thus breaking universalitya fesult, one finds
ooy = —Osipis- To facilitate calculations, we developed in Ref. [14] Feynman rules fbaeced
gauge links — longitudinal and transverse — which supplement thoseeddsifore for the stan-
dard gauge links by Collins and Soper [1]. Because the Pauli term cotasilbto the anomalous
dimension of the twist-three TMD PDF, the evolution of such quantities is moreatielimd may
require the modification of the renormalization factor to preserve its densitpistation.

Bottom line: Our results — most significant amongst them the appearanaeoofaniversal
phase — may stimulate both theoretical and experimental activities. On the atiér Treven
and T-odd TMD PDFs may become “measurable” on the lattice, so that it seessile that
non-trivial Wilson lines, as those we discussed in this presentation, mayéaled in the future.
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