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Single-spin asymmetries were long thought to vanish in{giglrgy scattering processes because
of their specific time-reversal behavior. Time-reversaddétphenomena, however, appear naturally
when one includes effects of intrinsic transverse momehfmdons. The partons, quarks and
gluons, enter the description of high-energy scatterirac@sses in correlators which contain
quark and gluon fields. The correlators, parameterizedmgef distribution and fragmentation
functions, constitute matrix elements of non-local fieldfigurations. For transverse momentum
dependent (TMD) correlators the non-locality is along atliffont, in contrast to the non-locality
along the light-cone for collinear correlators, integcatever transverse momenta. The TMD
correlators require a careful treatment to assure colaggawariance, leading to nontrivial gauge
links connecting the parton fields. These give rise to timesrsal-odd phenomena, showing up
as single spin and azimuthal asymmetries. The gauge linisin@from multi-gluon initial and
final state interactions, depend on the color flow in the eowhich has consequences for issues
like universality and factorization.
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1. Introduction

The theory of Quantum Chromodynamics (QCD), underlyingghark and gluon structure
of hadrons, is invariant under time-reversal (T), whiclowl the distinction of T-even and T-
odd quantities. Single-spin asymmetries are specific elesrgd T-odd observables. In general,
however, T cannot be used as a constraint for the (compleratdx. At high energies the cross
sections of a (hard) scattering process factorizes in {mcl soft parts, which we will discuss in
detail, and a partonic cross section. The partonic cros®ssat tree-level are T-even with T-odd
phenomena coming in at ordeg beyond tree-level. Thus, one expects at leading order fi-soft
parts (or an even number of T-odd parts) to be relevant inldafin asymmetries and T-odd soft
parts (at least an odd number of them) to be relevant in segfeasymmetries.

In situations in which one integrates over all transversenemta one has collinear correlators
describing the soft parts, parametrized in terms of distigm functions (DF) and fragmentation
functions (FF) that depend only on a collinear momentuntifsac For spin 0 and spin 1/2 hadrons
these collinear correlators are only T-even. This leadkd@kpectation that T-odd phenomena are
absent in high-energy scattering processes. This indgeakior processes witbnly one hadron
in theinitial state.The example of this is of course inclusive deep inelastic sdatieep — eX. For
hadron-hadron collisions or semi-inclusive fragmentatiwocesses even a factorized description
allows T-odd phenomena.

Single spin asymmetries (SSA) are known to exist, pergjséinhigh energies [1]. There
are many studies of mechanisms that lead to single spin asimies (SSA) in hard scattering
processes, with Sivers [2] and Collins effects [3, 4] saq\as notable examples in the supposedly
simple case of leptoproduction. As alluded to, in collinear approxiiat (integrating over all
transverse momenta) all leading twist distribution (arayfnentation) functions only depend on
the longitudinal momentum fractior (or 2) are T-even. For spin 0 and spin 1/2 hadrons this
implies e.g. that polarized quarks are only found in pokihadrons (and vice versa). Single
spin asymmetries (SSA) can occur but restricting ourselwesllinear correlators they require
twist-three correlators involving quark-gluon matrix mlents [5]. For higher spins, e.g. for spin
1 hadrons, one also has T-odd collinear twist-two fragnmm&unctions [6]. Returning to the
(T-odd) quark-gluon matrix elements, one finds that theyaggyear at leading order in the specific
limit of a zero-momentum gluon, referred to glsionic pole matrix elements such as the Qiu-
Sterman matrix elements [7]. Also in model calculationseffiects of these soft gluon interactions
between the target remnant and the hard part have been deatedsgiving rise to distinct effects
for initial or final state interactions [8].

Going beyond the collinear approximation, the incorporatf intrinsic transverse momenta
of partons provides another mechanism to generate leadiey 8SA, which can be traced back to
correlations between the intrinsic transverse motion givd af partons and/or hadron [2, 3]. The
effects are described by transverse momentum dependem)digtribution functions [9, 10, 11],
containing both T-even and T-odd parts and depending ontlafigal momentum fractiox and
the transverse momentupy as appearing in the Sudakov decompositps: xXP + pr (or p=
(1/2) P + pr for fragmentation). The TMD correlators include Wilsond& which besides ensur-
ing gauge-invariance are in the case of distribution fumgithe sole cause of T-odd contributions.
Upon pr-integration one finds after weighing with the socalledransverse moments of the TMD
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Figure 1: Simplest structures (without loops) for gauge links andrafmes in quark correlators (a)-(b) and
gluon correlators (c)-(f).

distribution functions, which can be separated into T-eah T-odd parts that are universal and of
which the T-odd part can be identified with the gluonic polanralements.

2. Transverse momentum dependent (TMD) correlators

The TMD distribution functions are projections of the TMDaglla correlator defined on the
light-front (LF: {-n=0)

% éP¢ (P9 ( )02/[([% W& IP.S] ¢

The Wilson line or gauge link 02/[,[70]5] = Pexp|—igfcdsA?(s)t?] is a path-ordered exponential
along the integration pat@ with endpoints aty and &, ensuring gauge-invariance. In the TMD
correlator 2.1 the integration pathin the gauge link turns out to be process-dependent.

In a diagrammatic approach the Wilson lines arise by resungrail collinear gluons ex-
changed between the soft and the hard partonic parts of th@ria process. The integration
pathC is fixed by the (color-flow structure of) the hard partonicteming [12]. Basic examples
(see Fig. 1) are semi-inclusive deep-inelastic scattg@®i@IS) where for the quark correlator the
resummation of all final-state interactions leads to theripointing Wilson line% ], and Drell-
Yan scattering where the initial-state interactions |eethé past pointing Wilson ling/[-). These
links connect the parton fields in the correlator, runniranglthe light-like directiom, conjugate to
P (satisfyingP-n = 1 andn? = 0) and closing in the transverse direction at lightcone ityfii13].
For gluons the correlators including links are given by [14]

F[CC/](X pr;n) = /d(E(%n?)ngT apré

with the simplest possibilities also shown in Fig. 1.

o (x,prin) = / (2.1)
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3. Observables

Considering intrinsic transverse momenta makes senseausedtis possible to access the
effects of them in experiments. The collinear fractior®( 2) in the Sudakov expansion of the
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parton momenta can be related to kinematical ratios of havthemta (e.g.x ~ xg = Q?/2P-q
andz~ z, = B,- P/P-q in semi-inclusive deep inelastic scattering) upQ@l/Q?) corrections.
Therefore the quantitg; = q+ xgP — Py/zy = k; — pr can be measured in semi-inclusive deep
inelastic scattering (SIDIS)*(q) + N(P) — h(R,) + X. It is zero at leading ordeiQ(Q) in the
hard scale), but relates to the intrinsic transverse maamat®(M). Essential in establishing the
relation to the intrinsic transverse momenta is the assiompf a particular partonic subprocess, in
the case of SIDIF*(q) + q(p) — q(k). The vector, is the transverse momentumafn a frame

in which P and R, are chosen parallel or (experimentally more useful) rdlatethe transverse
momentum of,, g = —P,, /7, in a frame in whichg andP are chosen parallel. Wit@$ = —q$,
one needs TMD functions whe@; ~ O(M) and one needs a collinear description involving a
subprocess with one more parton radiated off wQen- O(Q). Matching of these approaches was
condidered in Ref. [15]. Not only in electroweak processies $IDIS or the Drell-Yan process
can transverse momenta be accessed, but also one can camdigigve hadron-hadron scattering.
The experimental signature in this case is the non-collityeaf the produced particles/jets in the
plane perpendicular to the colliding beam particles, patliin detail in Ref. [16].

Accessing intrinsic transverse momenta in most casesresgai study of azimuthal depen-
dence in high energy processes. Although the effects argriniple not suppressed by powers of
the hard scale in comparison with the leading collinearttneat, it requires measuring hadronic
scale quantities (transverse momenta) in a high momentwimoament. We already mentioned
that for the explanation of single spin asymmetries timesreal invariance plays an important
role: The T-invariance of QCD allows to distinguish quaaesitand observables according to their
T-behavior. Leading twist collinear correlatotgx) andl" (x) (i.e. leading in an expansion in the
inverse hard scale) are all T-even. For the TMD correlatoogjever, the T-operation interchanges
ot (x, pr) < ®)(x, pr) (with similar relations holding for gluon TMD correlatorsjllowing us
to construct correlators with T-even and T-odd operatorlioations and providing an explanation
of SSA.

We note that for fragmentation functions the appearanca bbaronic out-state in the defini-
tion, prohibits the use of T-symmetry as a constraint in tret filace. One thus in principkdways
has both T-even and T-odd functions appearing in the paraagbn, although these do only ap-
pear at subleading twist or for TMD correlators. It is for mauurposes still useful to separate the
correlators into two classes containing T-even or T-oddatpe combinations in analogy with the
case of distributions, referred to as naive T-even or naieeld. But one must be aware that both
the naive T-even and naive T-odd correlators contain T-eweil-odd parts and corresponding FFs
in the parametrization.

4., TMD treatment

As already referred to in section 2 the gauge links in theatators are the result of resumming
leading matrix elements with collinear gluons. The preseuiclinks, differing for each partonic
sub-diagram and its color-flow, results in the following gaa expression for a hard cross section
at measured; (involving in general complex diagram-dependent gauglefiaths),

do
dqu D,

; o5 Ol (xg, pr) D (0o, por) 81 B @ k) (A1)
C...
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where the sunb runs over diagrams distinguishing also the color flow aod . . is the summation
over quark and antiquark flavors and gluons. Dirac and Laramtices, as well as traces are
suppressed. The ellipsis at the end indicate contributidasher hard processes.

The results for cross sections after integration over thastrerse momentg, also allows
integration over the partonic transverse momenta and otanslthepath-independent collinear
correlatorsd(x) rather than the path-dependent TMD correlatbf$®)! (x, p; ). Thus, from Eq. 4.1
one gets the well-known collinear result

o~ ag Da(X1) Pp(X2) Oapc. De(zn) -+ -0 (4.2)

whereGap.c.. = Yp G£] . Is the partonic cross section.

Constructing awelghted cross section (azimuthal asynyneyrincluding a weighty? in the
Or-integration leads to

q¥ dqu ; <D (%) Pp(x2) ogbLC Dc(z)...+... (4.3)

containing a number of terms in each of which for one of théquesr atransverse moment appears,
@509 = [ d?pr p@Cl(x pr) = B3 (9 + &) 10 (x ). (4.4)

These transverse moments still contain a path-dependsodgj. 4.3 cannot be simplified imme-
diately but, as also shown in the above equation, the patbrdigmce is contained in a (gluonic
pole) factorCg, which can easily be calculated. The first tenﬁrb(x), is a collinear correlator
containing matrix elements with T-even operators, WiitgX, x— X1 ) is a collinear correlator with
a structure of a quark-gluon-quark correlator involving tiuon fieldF"“. In Eq. 4.4 one needs
the zero-momentunx{ = 0) limit for the gluon momentum. This matrix element is knoasithe
gluonic pole matrix element. The operators involved aredd@-dBoth collinear correlators on the
RHS in Eq. 4.4 are link-independent. Using this decompmsitine can write down a parton-model
like expansion for the single-weighted cross sectigho) in Eq. 4.3 in Whicha)g (x) is multiplied
with the partonic cross section, whifgbg (x,x) is multiplied with thegluonic pole cross section,

Blalpc... —gc Ogl (4.5)

which besides the normal partonic cross sections coregitatdifferent gauge-invariant combina-
tion of the squared amplitudes [17]. For a number of procedbe consequences for (weighted)
azimuthal single spin asymmetries have been investigdf®ld For more complex weightings or
trying to stay at the unintegrated level, one has to makdiaddi assumptions outlined in Ref. [14].
In this paper also the split-up of TMD functions in

ol (x, p) = ®e(x, pr) + G 0% (x p.) + 5V (x, pr), (4.6)

with elevenodd — L(pl+l + ol-) is discussed. The even and odd combinations are constructed
from the correlators with simple links shown in Fig. 1. Upateigration one ha®[®ve"(x) = &(x),
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®lodd (x) = 0, %1 (x) = BY(x), and T ° (x) = B (x,x). The additional terms is referred
to asjunk TMD satisfyingd®V) (x) = 503V (x) = 0,

Similar combinations of even and odd correlators can betogied from the simplest gluon
correlators [14], although one must be aware that therevaveaypes of gluonic pole matrix ele-
ments [19] corresponding to the two different ways to cargtcolor singlets for three gluons and
correspondingly, there are for instance two distinct giSirers distribution functions.

5. Conclusions

The approach to understand T-odd observables like singlteagymmetries via the TMD
correlators and the non-trivial gauge link structure usifieenumber of approaches to understand
such observables, in particular the collinear approachtlamahclusion of soft gluon interactions.
Although the treatment of fragmentation correlators alspasates into naive T-even and naive
T-odd parts with T-even and T-odd operator structure rdsmdy, the gluonic pole contributions
(naive T-odd parts) in the case of fragmentation might vegll wanish. Indications come from the
soft-gluon approach [20] and a recent spectral analysispeatator model approach [21].

References

[1] D. L. Adams et al, Comparison of spin asymmetries andszgestions i production by 200 Gev
polarized anti-protons and protori2hys. Lett., B261:201-206, 1991; D. L. Adams et al, Analyzing
power in inclusivertt andmr production at highke with a 200 Gev polarized proton beai®hys.

Lett.,, B264:462—-466, 1991; A. Bravar et al, Single-spin asymiegtn inclusive charged pion
production by transversely polarized antiprotoRbys. Rev. Lett., 77:2626—-2629, 1996; A. Airapetian
et al, Single-spin azimuthal asymmetries in electropréidnof neutral pions in semi-inclusive
deep-inelastic scatteringphys. Rev,, D64:097101, 2001; S. S. Adler et al, Mid-rapidity neutralp
production in proton proton collisions gfs = 200 Gev.Phys. Rev. Lett., 91:241803, 2003; J. Adams
et al, Cross sections and transverse single-spin asynasatrforward neutral pion production from
proton collisions at/s= 200 Gev.Phys. Rev. Lett., 92:171801, 2004; A. Airapetian et al, Single-spin
asymmetries in semi-inclusive deep-inelastic scattesimg transversely polarized hydrogen target.
Phys. Rev. Lett., 94:012002, 2005.

[2] Dennis W. Sivers, Single spin production asymmetriesfthe hard scattering of point-like
constituentsPhys. Rev., D41:83, 1990; Dennis W. Sivers, Hard scattering scalimg [Bor single spin
production asymmetrie®hys. Rev., D43:261-263, 1991.

[3] John C. Collins, Fragmentation of transversely pokediguarks probed in transverse momentum
distributions.Nucl. Phys., B396:161-182, 1993.

[4] John C. Collins, Steve F. Heppelmann, and Glenn A. Lddinseasuring transversity densities in
singly polarized hadron hadron and lepton - hadron colisidlucl. Phys., B420:565-582, 1994.

[5] R. L. Jaffe and Xiang-Dong Ji, Novel quark fragmentationctions and the nucleon’s transversity
distribution. Phys. Rev. Lett., 71:2547-2550, 1993.

[6] A.Bacchetta and P. J. Mulders, Deep inelastic leptopotidn of spin-one hadron&hys. Rev.,
D62:114004, 2000.

[7] Jian-wei Qiu and George Sterman, Single transverseagimmetriesPhys. Rev. Lett.,
67:2264-2267,1991.



T-odd phenomenain QCD P.J. Mulders

[8] Stanley J. Brodsky, Dae Sung Hwang, and Ivan SchmidtlFstate interactions and single-spin
asymmetries in semi-inclusive deep inelastic scatterfithys. Lett., B530:99-107, 2002.

[9] P.J. Mulders and R. D. Tangerman, The complete tred-fegalt up to order 1/Q for polarized
deep-inelastic leptoproductioNucl. Phys., B461:197-237, 1996.

[10] Daniel Boer and P. J. Mulders, Time-reversal odd disttion functions in leptoproductiorthys.
Rev., D57:5780-5786, 1998.

[11] Alessandro Bacchetta et al, Semi-inclusive deep sielacattering at small transverse momentum.
JHEP, 02:093, 2007.

[12] C. J. Bomhof, P. J. Mulders, and F. Pijlman, The constomoof gauge-links in arbitrary hard
processesktur. Phys. J., C47:147-162, 2006.

[13] Andrei V. Belitsky, X. Ji, and F. Yuan, Final state irgetions and gauge invariant parton
distributions.Nucl. Phys., B656:165-198, 2003.

[14] C.J. Bomhofand P. J. Mulders, Non-universality of sa@rse momentum dependent parton
distribution functionsNucl. Phys., B795:409-427, 2008.

[15] Alessandro Bacchetta, Daniel Boer, Markus Diehl, ared £ Mulders, Matches and mismatches in
the descriptions of semi-inclusive processes at low and tiansverse momenturdHEP, 08:023,
2008.

[16] Daniel Boer and Werner Vogelsang, Asymmetric jet clatiens in p p(pol.) scattering?hys. Rev.,
D69:094025, 2004.

[17] C.J. Bomhof and P. J. Mulders, Gluonic pole cross sastand single spin asymmetries in hadron
hadron scatteringlJHEP, 02:029, 2007.

[18] Alessandro Bacchetta, Cedran Bomhof, Umberto D'AleBi J. Mulders, and F. Murgia, The Sivers
single-spin asymmetry in photon - jet productidéthys. Rev. Lett., 99:212002, 2007; D. Boer, P. J.
Mulders, and C. Pisano, T-odd effects in photon-jet praduacit the TevatronPhys. Lett.,
B660:360-368, 2008; D. Boer, C. J. Bomhof, D. S. Hwang, add Fulders, Spin asymmetries in
jet-hyperon production at LHCPhys. Lett., B659:127-136, 2008; C. J. Bomhof, P. J. Mulders,

W. Vogelsang, and F. Yuan, Single-transverse spin asymyrimetlijet correlations at hadron colliders.
Phys. Rev., D75:074019, 2007; Zhun Lu and lvan Schmidt, Azimuthal ardgpendence of di-jet
production in unpolarized hadron scattering. 2008.

[19] Xiang-Dong Ji, Gluon correlations in the transvergatyarized nucleonPhys. Lett., B289:137-142,
1992.

[20] John C. Collins and Andreas Metz, Universality of safdaollinear factors in hard- scattering
factorization.Phys. Rev. Lett., 93:252001, 2004.

[21] L. P. Gamberg, A. Mukherjee, and P. J. Mulders, Speetnalysis of gluonic pole matrix elements for
fragmentationPhys. Rev., D77:114026, 2008.



