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Quark correlations and single spin asymmetries
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We analyze the Sivers asymmetry in the light-cone gauge. The average transverse momentum of the quark
distribution is related to the correlation between the quark distribution and the transverse component of the
gauge field a™ = +o. We then use finiteness conditions for the light-cone Hamiltonian to relate the trans-
verse gauge field at™ = =0 to the color density integrated over. This result allows us to relate the average
transverse momentum of the active quark to color charge correlations in the transverse plane.
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[. INTRODUCTION light-cone Hamiltonians to derive operator constraints that
allow one to relate the gauge fieldsxat= + « to degrees of
Many high energy inclusive hadron processes show surireedom at finitex”. In Sec. IV we use these operator con-
prisingly large transverse polarizations or single-spin asymstraints to relate the average transverse momentum to color
metries(SSA9 [1]. The most prominent example is inclusive charge correlations in the transverse plane.
hyperon production, but similar phenomena are observed in

many other reactions as well. For example, in the inclusive Il. INITIAL (FINAL ) STATE INTERACTIONS
photoproduction of pions on a transverséfglative to the AND TRANSVERSE SPIN ASYMMETRIES

photon momentumn polarized nucleon target, a left-right ) ) _ )
asymmetry of the produced pions is obser&d. Two Reference[6] explains how final state interactions and

mechanismgwhich are not exclusiyehave been identified initial sta.te.intgractioni[SI) allow the existence off-odd
as a potential source of the asymmetry: the Sivers and tharton distribution functions. Formally the F8BI) can be
Collins mechanisms. In the Collins mechanigi], the mcorporate_d |ntd<L_ dependent parton distribution functlo_ns
asymmetry arises when a transversely polarized quark fragPDF9 by introducing a gauge string from each quark field
ments into pions with a left-right asymmetry. In contrast, in OPerator to infinity{6]:

the Sivers mechanisif@] the asymmetry results from an in-

trinsic transverse momentum asymmetry of the quarks in the dy d?, _ixpty” +ik, -y

target nucleon. At first, such an intrinsic transverse momen- a0k, ’Si):f 1673 € o

tum asymmetry was expected to vanish due to time-reversal

@nvariance pf the strong interacti_on. However, more recently X(Dﬁ(y*,yﬁ?’*[y*,h 07y ]

it was realized that, even at high energies, the final state

interactions(FSI) of the struck quark play an important role X[*",0,;07,0,]q(0)[p). 1)

for the single-spin asymmetip]. Formally the FSI can be ) ) ) )

taken into account by introducing an appropriate Wilson line¥Ve use light-front(LF) coordinates, which are defined as
gauge link along the trajectory of the ejected quEskL3.  Y*=(y".y .y.), with y*=(y°+y3)/y2. In all correlation
The gauge invariantly defined transverse momentum distrifunctions,y* =0 and we therefore do not explicitly show the
butions with a gauge link along the light cone to infinity arey" dependence. The path ordered Wilson-line operator from
no longer required to vanish due to time-reversal invariancéhe pointy to infinity is defined as

and a nonzero Sivers asymmetry is possible.

However, while the above reasoning explains the exis- - _ . _ _ TR
tence of the Sivers asymmetry it leaves many questions un-L? YLy Yl=P exp( 'gfy dZ- ATy .z yu) |-
answered: for example, what sign and what magnitude (2)
should one expect for the asymmetry, i.e., is it just an ob-
scure small effect or is it large? If there is a large asymmetryThe specific choice of path in E€L) reflects the FS({ISI) of
what does any information about the asymmetry teach uthe active quark in an eikonal approximation. The complex
about the structure of the nucleon? In fact, it is also possibl@hase in Eq(1) is reversed under time reversal and therefore
that there is no simple connection between the asymmetry-odd PDFs may exisi6], which is why a nonzero Sivers
and ground state properties of the nucleon since the asynasymmetry{4] is possible.
metry hinges on the inclusion of FSI. In this paper an attempt Naively, the single spin asymmetry seems to be absent in
will be made to make a step toward answering these queshe light-cone gaug&™ =0, since the Wilson lines in Eq.
tions. (1) are in thex™ direction and therefor¢dz  A*=0. With-

The paper is organized as follows. In Sec. Il, we reviewout the phase factor any single spin asymmetry vanishes due
the definitions of gauge invariant transverse momentum disto time reversal invariance. This apparent puzzle has been
tributions and the role of the gauge fieldxat=*« in the  resolved in Ref[7], where it has been emphasized that a
light-cone gauge. In Sec. I, we use finiteness constraints fotruly gauge invariant definition for unintegrated parton den-
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9y, y1) [y, y1;007,y4]

Vi [0~y 1,00, 0] FIG. 1. lllustration of the
e gauge links in Eq(3).

Y ¢(0,0,) [00=,0.;0~,0,]

sities requires closing the gauge linkxat=«, i.e. a fully  cient information to calculate the SSA nonperturbatively,

gauge invariant version of Eql) reads(see Fig. 1 since the abovementioned prescription is perturbatively de-
fined.
dy d?y, . One of the main goals of this paper is to render E5).
q(x,k, ,sl)zf —3e*'><p yo ik yy into a more useful form. For this purpose we first use the fact
16m that the asymmetric part of the unintegrated parton densities
w(plaiy- +ly= v o= relevant for semi-inclusive deep inelastic scattering DIS and
(Platy =y )y Iy oy sy ] Drel-Yan are equal and opposite [6], i.e.
X[y, ,0,][*",0,;07,0,]1q(0)|p). J d%k a(x.k, sk, =~ dszQpas[(X,kL Sk, and

3) therefore

In all commonly used gauges, except the light-cone gauge, Eq(x)zj d?k, q(x,k, ,s,)k,

the gauge link ak™ =< is not expected to contribute to the

matrix element, since the gauge fields are expected to fall off 1

rapidly enough ate. However, this is not true in the light- =§U d?k, g(x.k, ,s)k,
cone gauge and therefore it has been suggested in[Ref.

that, in the light-cone gauge, the entire single-spin asymme- 5

try arises from the phase due to the gauge linkat= —f d°k, Apast( XK., )k,
(here and in the rest of this paper we will work in the light-

cone gaug " =0): grdy .
=2 L _gixply
dy~d?y 2) 4w
1L _ixptv +ik. - —
q(x,kL.sL)=f o3 & HYplaty Ty) _ N,
m X<D|Q(y70l)7+?%a(oi)qmﬂp):
X[ooiiyL 100710L]’y+q(0)|p>' (4)

where @, ,(0,)=A(7,0,)—A (—~7,0,). Equation
This implies for the average transverse momentum for quarkg) still involves the gauge field at~ =+ . In the follow-
flavor g ing section, we will derive an operator relation that relates
A (*xo0,y,) to degrees of freedom atoo<x™ <<oo.

d?k, a(x,k, ,s)k
f LAtk ,sok, IIl. FINITENESS CONDITIONS

_ fdleix,ﬁy( Gy .0 +E The requirement that the light-cone energy is firidees
Y 4n platy—.0.)y 2 not have infrared divergenceatx™ ==~ implies that the
_ gauge field tensaF%" vanishes ak~ = =« . This require-
XALa(*7,0,)d(0)[p). ) ment places several constraints @n,(x,). To see this, we

o ) _ start from the+ component of the QCD equations of motion
A similar result holds for the unintegrated parton density;, tpe light-cone gaugd* =0 [8,9,11],

dpas{ X,K, ,S,) relevant for the Drell-Yan process, where the

initial state interaction is incorporated into analogous defini- ut_ —+ ot i it i+

tions with a past-pointing gauge link. In particular, in the DuFa =0-Fa +9F3 —9faAFc =ja (0
light-cone gauge, the asymmetyyd?k, qpas(X,k, ,S, )k,
satisfies an analogous relation with the gauge field in(&q.
replaced byA | ,(—>~,0,).

The fact that these asymmetries hinge on the value of th
transverse gauge field af =+~ makes the evaluation of
these matrix elements rather tricky. Only a careful regular- y - Doy
ization prescription for th&™ =0 singularity of the gauge —02A; —3-d' A= 9tap AT =la - )
field propagator is capable of generating the complex phase
that is necessary for a non-vanishing SSA. Therefore, thétegrating Eq(7) overx™, while making use of the condi-
question arises whether knowledge of the light-cone wavdion that the field strength tensbr; ~ atx~ = +o vanishes,
function for the nucleon wouldin principle) contain suffi-  yields

where (since A*=0) F, =-d_A, as well asF,

=—4d_A} and jgzgzqﬁf()\a&)q is the fermion color
density. Written out in components the field equatigés
thus read
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(= — — [ dy1x- i g (dPy. Yy, g
J'ag(X)= = pa(X,) J dX (XX, @) (Ky=— 4p+f = |yl|2<p|q(0)y*7q(0)pa<yl)|p>-
(12
- _ i i .+ a
Ja(X"%,) gfabcAba‘A°+g% “v 29 The physical interpretation of this result is that the average
(9)  transverse momentum of quarks of flawpcan be related to
correlations on the transverse plane. The specific correlations
Further constraints on the hadron Fock state result from thtéhat appear in E¢(12) reflect a Coulomb interaction between
requirement that such divergences are also absent in the féhe active quark and the spectators. Here a Coulomb interac-
mion kinetic energy term, which leads to the so-called laddetion appears because we have solved the finiteness con-
relations[10], but we will not pursue these ladder relations straints in QCD only to first order. Equatiofi2) is thus
any further here. equivalent to treating the FSI in lowest order in perturbation
An additional condition arises from the requirement thattheory[5,12,14,1%. Note also that the resulting correlation
the tf (F,,)?] term in the Hamiltonian is convergent &t functions are very similar to the correlation functions that
= +oo: the field strength tensaF,,(x ,x,)=0 must vanish have been used to describe the smadluon distributions in
atx~ =+, i.e. Al(=~,x,) must be pure gaugg]. This  nuclei[17].
allows us to gauge transforml(—«~,x,) to zero while To first order, what we also find is that the average trans-
preservingA™=0. Since in this gaug@i(+~,x,) is still ~ verse momentum due to the FSI of all constituefufisarks
pure gauge, i.eAl(~,x,)=—(i/g)UT(x,)d'U(x,) with +gluong added together vanishes for symmetry reasons. It
U(x,)=V' (x)V.(x,) we thus conclude that, ,(x,) IS notclear if this happens beyond lowest order. _
must be(in this gauge of the form Equation(12) may be useful for several reasons. While
the original expression for the Sivers asymmetry involved a
i gauge link, which made a parton model interpretation diffi-
a'(x,)=—-UT(x)dU(x,). (10) cult, Eq.(12) does have an immediate parton model interpre-
tation in terms of color-flavor correlations in the transverse
. plane. This may be useful in correlating experimental data
Equation(10) together with Eq«(8) thus determinex'(x, ) with our understanding of the nucleon structure. Another use
uniquely (up to some trivial constants of Eq. (12) is that it can be directly calculated from the
The above results have a number of applications as wkght-cone wave functions of the nucleon. Of course, we need
will discuss below. First of all, Eq8) alerts us again that in to keep in mind thatunlike the QED caseEq. (12) is only
the light-cone gauge one must not assume a vanishing of then approximation, but we still believe that this result pro-
gauge fields ak™ =+, However, the most important ap- vides a step toward linking the Sivers asymmetry with other
plication of Eq.(8) lies in the fact that it allows us to reex- features of hadron structure. Finally, we would like to em-
pressa; 4(X,) in terms of other degrees of freedom. The phasize that Eq(12) suggests interesting connections be-
interesting aspect about this observation is the fact thatveen the distribution of partons in impact parameter)(
a, ,(x,) also appears in the correlation functit) for the  and the sign of the transverse SE¥6]. For example, in a
average transverse momentum. In the rest of this paper wample quark model, such as the bag moddl], the color
will discuss the implication of this fundamental result. part of the matrix element in Eq12) would be negative
(attraction. If the transverse distribution ofg is trans-
versely shifted relative to the spectat¢is] then the result-
ing average transverse momentum has the opposite sign to
In QCD, the condition that the gauge field ato is  the sign of the transverse distortion in impact parameter
pure gauge is nonlinear, which prevents us from writingspace.
down closed form solutions to the finiteness conditig8ls
(10). If one makes the ansatd(x,)=e 9% a2 then,

IV. AVERAGE 1 MOMENTUM IN QCD

to lowest order in¢,, one finds the QED-like condition V- SUMMARY
Apa(X)=—pa(X,), yielding We have studied the average transverse momentum of
gauge invariant quark distributions for a transversely polar-
dzy, xi—yl ized target in the light-cone gauge. The Wilson line is along

ag(x,)= — ' = —f 5 —Zpa(yi). (11)  the light cone to infinity to incorporate the final state inter-
% =y actions in semi-inclusive DIS. In the light-cone gauge, the
Wilson-line phase factor receives its only nonzero contribu-
Of course, there are non-Abelian corrections to this resultion from the gauge field at™ = £ . In a naive Fock space
and therefore Eq(1l) is not an exact solution to the finite- expansion the gauge field &f = =00 is usually implicitly
ness conditions in QCD. However, since we were unable tset to zero, thus making a correct treatment of single-spin
find an exact operator solution, we will proceed using Eqasymmetries rather difficulgexcept in perturbation theory,
(12). where one can carefully regularize the fieldsat= =« “by

Upon inserting Eq(11) into Eg. (6) one obtains hand”).
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We have also studied conditions for the infrared” ( model (or light-cone Fock spageinterpretation. The main
= * ) convergence of the light-cone Hamiltonian for gaugesignificance of our results is that we have found relations that
theories and derived operator conditions that need to be saddlow us to relate the average transverse momentum to op-
isfied in order for the light cone to be free of infrared diver- erators that do have a parton interpretationQED exactly,
gences arising from otherwise ill-defined operatorisy 1/ in QCD approximately. One immediate application of these
This operator condition relates the transverse component @ésults is that it allows us to evaluate the average transverse
the gauge fieldA,(+%=",x,) to the color densityp,(X;)  momentum of the quarks directly from the nucleon wave
integrated over alk . function in light-cone quark models.

Fortuitously, the same kind of operator that governs Several extensions of this work are conceivable. First it
the average transverse momentum in gauge invariant quafkould be desirable to derive an exact soluti@t least in
distri_butions also appears in the finiteness conditi.onls fokerms of an expansioror the finiteness conditions in QCD,
the light-cone Hamiltonian. We are thus able to eliminates, that one can study the effects of higher order terms that
Ay(£7,x,) in the average transverse momentum in favorye have omitted. Second, it would be interesting to see if
of other, less infrared singular, degrees of freedom. In QEDyne can translate the results from the work into lattice lan-
we can solve the operator condition ariSing from finiteneS?guage(Eucndean as well as transverse |at1|mth the goa|

conditions exactly and we are able to express the averags heing able to compute the average transverse momentum
transverse momentum in terms of charge density correlationgonperturbatively within these frameworks.

in the transverse plane. In QCD we were only able to solve

the operator condition to first order in the color charge

density and there we find a similar result as in QED, namely ACKNOWLEDGMENTS
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