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Figure 1: Distribution of thej* density foru andd quarks in thel plane &g; = 0.3) for a proton polarized

in thex direction in the model from Ref. [2]. For other valuesxdhe distortion looks similar. The signs of
the distortion are determined by the signs of the contrilmutiom each quark flavor to the proton anomalous
magnetic moment.

1. Impact Parameter Dependent Parton Distributions

Generalized Parton Distributions (GPDs) can be obtairmd the same light-cone wave func-
tion overlap integrals that yield form factors, except tthee momentum fractiox of the active
qguark is not integrated over, i.e. GPDs can be understood asdacomposition of form fac-
tors. The 2-dimensional Fourier transform of the GR{X, 0, t) yields the distributiorg(x, b, ) of
unpolarized quarks and target, in impact parameter spgce [1

d?A, b,
q(x,bL):/WHq(x,O,—Ai)e ibLA, (1.1)
with A, = p’, —p,. For a transversely polarized target (e.g. polarized in4Redirection) the
impact parameter dependent PQK(x,b ) is no longer axially symmetric and the transverse
deformation is described by the gradient of the Fouriersfiaim of the GPLE4(x,0,t) [2]

1 0 rda,
2M oby ./ (2m)?
Eq(x,0,t) and hence the details of this deformation are not very wedinkm but itsx-integral, the

Pauli form factorf, is. Eq. (1.2) allows to relate the average transverse oheftbon

p
9= / dx / &b, q(x,b, )b, = % / dXEq(x,0,0) = g—& (1.3)

to the contribution from the corresponding quark flavor ® @imomalous magnetic moment
K§ = 2Kp+ Kn = 2%1.793— 1.913= 1.673 andk | = 2kn+ Kp = 2% (—1.913) + 1.793= —2.033.
Since st ~ 0.1 fm this implies a very significant deformatigdy| = ¢(0.2 fm) for bothu andd
quarks and in opposite directions.

For exampley quarks in a proton contribute with a positive anomalous redgmoment and
d quarks (after factoring out the negatidequark charge) with a negative value. Eq. (1.2) thus
implies that for a nucleon target polarized in th& direction, the leading twist distribution aof
quarks is shifted in the-y direction while that ofd quarks is shifted in the-y direction (Fig. 1).
This has important implications for the sign of transveiisglg-spin asymmetries (SSAS).

Qz(xb1) = q(xb,) - Eq(x,0,—A%)e LA (1.2)
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Figure 2: The transverse distortion of the parton cloud for a protat th polarized into the plane, in
combination with attractive FSI, gives rise to a Sivers@ffer u (d) quarks with al. momentum that is on
the average up (down).

2. Transverse Single-Spin Asymmetries

In a target that is polarized transversedyg( vertically), the quarks in the target can exhibit a
(left/right) asymmetry of the distributioth/pT(xB,kT) in their transverse momentukg [3, 4]

o O k) = 15008) — 1590,18) PV S, @)
whereSis the spin of the target nucleon aRds a unit vector opposite to the direction of the virtual
photon momentum. The fact that such a term may be presentlinigZnown as the Sivers effect
and the functionflqu(xB, k2) is known as the Sivers function. The latter vanishes in aengarton
picture since{ﬁ’ x k1) -Sis odd under naive time reversal (a property known as naivddl), where
one merely reverses the direction of all momenta and spiti®owi interchanging the initial and
final states. The significant distortion of parton distribns in impact parameter space (Fig. 1)
provides a natural mechanism for a Sivers effect. In seclugive DIS, when the virtual photon
strikes au quark in al polarized proton, the quark distribution is enhanced on the left side of
the target (for a proton with spin pointing up when viewedrirthe virtual photon perspective).
Although in general the final state interaction (FSI) is veomplicated, we expect it to be on
average attractive thus translating a position spacert@toto the left into a momentum space
asymmetry to the right and vice versa (Fig. 2) [5]. Since figsure is very intuitive, a few words
of caution are in order. First of all, such a reasoning is#yrivalid only in mean field models for
the FSI as well as in simple spectator models [6]. Furtheemnaren in such mean field or spectator
models there is in general no one-to-one correspondengabertquark distributions in impact
parameter space and unintegrated parton densities (gegs fiinction) (for a recent overview, see
Ref. [7]). While both are connected by an overarching Wigtistribution [8], they are not Fourier
transforms of each other. Nevertheless, since the primlonabmentum distribution of the quarks
(without FSI) must be symmetric, we find a qualitative corioecbetween the primordial position
space asymmetry and the momentum space asymmetry due t&tharother issue concerns
the x-dependence of the Sivers function. Thdependence of the position space asymmetry is
described by the GPE(x,0,—A? ). Therefore, within the above mechanism, #@ependence of
the Sivers function should be related to thatgk,0,—A? ). However, thex dependence dE is
not known yet and we only know the Pauli form facter= [ dxE. Nevertheless, if one makes the
additional assumption th& does not fluctuate as a functionxthen the contribution from each
quark flavorg to the anomalous magnetic momendetermines the sign &?¢(x,0,0) and hence of
the Sivers function. With these assumptions, as well asehgplausible assumption that the FSI
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is on average attractive, one finds thigt' < 0, while flde > 0. Both signs have been confirmed by
a flavor analysis based on pions produced in a SIDIS expetibethe HERMES collaboration [9]
and are consistent with a vanishing isoscalar Sivers fonaibserved by GMPASS[10].

3. Transverse Force on Quarks in DIS

The chirally-even spin-dependent twist-3 parton distidnug,(X) = gr (X) — g1(X) is defined
as

S PSIBO e (AN) slPY

= 2[01(%, Q)P (S ) +gr (%, Q)S] +M?gs(x, Q*)n*(S-n)] .

Neglectingmy, one findsgz(x) = g5 (x) + gz2(x), with g™ (x) = —ga (X) + fxl dvygl(y) [11], where

02(x) involves quark-gluon correlations, e.g. [12, 13]

/ Aol (X) = d—32 (3.1)
with
AMP*P*S'd, = g(P.S|q(0)G Y (0)y"q(0)| P.S). (32)

At low Q?, g» has the physical interpretation of a spin polarizabilityyiet is why the matrix
elements (note that2G*Y = BX— EY)

Xe2M?S= (P.Sq'd x gEq|P,S)  xs2M*S= (P,Sq'gBalP,S) (3.3)

are sometimes called spin polarizabilities or color ele@nd magnetic polarizabilities [14]. In the
following we will discuss that at high)? a better interpretation for these matrix elements is that of
an average ‘color Lorentz force’ [15].

To see this we express tlgecémponent of the Lorentz force acting on a particle withrgha
g that is moving with (nearly) the speed of light= (0,0, —1) along the—Z direction in terms of
light-cone variables, yielding

g[E+vx é]yzg(EY+ BY) = V26V, (3.4)

which coincides with the component that appears in the #®isbrrelator above (3.2). Thus Eq.
(3.2) represents the (twist 2) quark density correlateth tie transverse color-Lorentz force that
a quark would experience at that position if it moves with¥etocity of light in the—Z direction

— which is exactly what the struck quark does after it has ddebthe virtual photon in a DIS
experiment in the Bjorken limit. Therefore the correct setassical interpretation of Eq. (3.2) is
that of an averadetransverse force

FY(0) = —% (

= —2V2MP*tSd, = —2M3d,

P.S/G(0)G™(0)y"q(0) [P, S) (3.5)

1The average is meant as an ensemble average since the fonatind element in plane wave states automatically
provides an average over the nucleon volume.
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acting on the active quark in the instant right aftiéthas been struck by the virtual photon.

Although the identification ofp|qy™G*Yq|p) as an average color Lorentz force due to the final
state interactions (3.5) may be intuitively evident frore #bove discussion, it is also instructive
to provide a more formal justification. For this purpose, wesider the time dependence of the
transverse momentum of the ‘good’ component of the quarttighe component relevant for DIS
in the Bjorken limit)q, = 3y~ y*q

2p*%<py> = %(PSGV+(py—gAV)QIPS> (3.6)
~ g PSd (P -, P

= 2p* (PS[ay" (P —o~)q+ay" (P’ —oA)q] [PS)
—(PS|qy*gAq|PS).

Using the QCD equations of motion
o= (ig”°+y’y-B)q, (3.7)

where—iDH = pH — gAH, yields

2p*%<py> = (PSay"9(G°+G")q|PS +* (PSay"y yD'Dlq|PS/
= V2(Pay"g&’ alPS) +* (PSay"y y¥D'DIa|PS), (3:8)

where (PSS qy"y yD'DIq|PS)’ stands symbolically for all terms that involve a productyéf/
as well as g/~ and only_L derivativesD'.

Now it is important to keep in mind that we are not interestedhie average force on the
‘original’ quark fields (before the quark is struck by thetual photon), buifter absorbing the
virtual photon and moving with (nearly) the speed of lighthe —Z direction. In this limit, the
first term on the r.h.s. of (3.8) dominates, as it containddtgest number off’ Lorentz indices.
Dropping the other terms yields (3.5).

The identification of 2d, with the average transverse force acting on the active goaak
SIDIS experiment is also consistent with the Qiu Stermanlt¢&6] for the average transverse
momentum of the ejected quark (also averaged over the mameractionx carried by the active
quark)

R) =~ g7 (PSITO) [ dx 6x' =0 )y q(©

P s> (3.9)

The average transverse momentum is obtained by integitingansverse component of the color
Lorentz force along the trajectory of the active quark — vahie an almost light-like trajectory
along the—2 direction, withz= —t. The local twist-3 matrix element describing the force at
time=0 is the first integration point in the Qiu-Sterman gntd (3.9).

Lattice calculations of the twist-3 matrix element yiel@]1

d\" =0.0104+0.012 d\¥ = —0.0056:0.0050 (3.10)

2‘Right after’, since the quark-gluon correlator in (3.5)dsal!
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renormalized at a scale @ =5 Ge\? for the smallest lattice spacing in Ref. [17]. These numbers
are also consistent with experimental studies [18]. Ust§)(these (ancient) lattice results thus

imply
Fu) ~ —100MeV/fm F(g) ~ 56MeV/fm. (3.11)

In the chromodynamic lensing picture, one would have exgkttitat ) andF g are of about the
same magnitude and with opposite sign. The same holds imtgeNc limit. A vanishing Sivers
effect for an isoscalar target would be more consistent wghal and opposite average forces.
However, since the error bars fds include only statistical errors, the lattice result may het
inconsistent witrd\”) ~ —d_".

The average transverse momentum from the Sivers effectasnell by integrating the trans-
verse force to infinity (along a light-like trajectoryl”) = [5°dtFY(t). This motivates us to define

an ‘effective range’

(k)
FY(0)

Reff = . (3.12)
Note thatRes; depends on how rapidly the correlations fall off along athlike direction and it
may thus be larger than the (spacelike) radius of a hadrono@fe, unless the functional form of
the integrand is knowrRes ¢ cannot really tell us about the range of the FSI, but if thegréand in
(3.5) does not oscillate, (3.12) provides a reasonablmatgifor the range over which the integrand
in (3.5) is significantly nonzero.

Fits of the Sivers function to SIDIS data yield abo{i')| ~ 100 MeV [19]. Together with the
(average) value fojd;| from the lattice this translates into an effective rafgg of about 1 fm. It
would be interesting to compaRs+ for different quark flavors and as a function ©f, but this
requires more precise values fyras well as the Sivers function.

A relation similar to (3.5) can be derived for tkmoment of the twist-3 scalar PD#x). For
its interaction dependent twist-3 p&() one finds for an unpolarized target [20]

AMP*P*e, = g(p|qot'G*q|P), (3.13)

wheree, = fol dxx?e(x). The matrix element on the r.h.s. of Eq. (3.13) can be relat¢ite average
transverse force acting on a transversely polarized queak iunpolarized target right after being
struck by the virtual photon. Indeed, for the average trarseymomentum in they direction, for

a quark polarized in the-X direction, one finds

1 />, _ _
() = o [ @xg(pIAI0)0™G(x )a(0) p). (3.14)
4P+ Jo
A comparison with Eqg. (3.13) shows that the average trassviarce at = O (right after being

struck) on a quark polarized in thex direction reads

1 _ 1 M?2
N GoYG™qlp) = EMWSXez =S (3.15)

2
The impact parameter distribution for quarks polarizedhm£X direction [21] is shifted in
the +y direction [22, 23]. Applying the chromodynamic lensing magism implies a force in

FY(0) =
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the negativey direction for these quarks and one thus expegts: 0 for bothu andd quarks.
Furthermore, sinc& > k, one would expect that in a SIDIS experiment theforce on a L
polarized quark in an unpolarized target on average to lgeddhan that on unpolarized quarks in
a | polarized target, and thus,| > |da|.

4. Summary

The GPDEY(x,0,—A?% ), which arises in thex-decomposition’ of the contribution from quark
flavor q to the Pauli form factoF2q describes the transverse deformation of the unpolarizadkqu
distribution in impact parameter space. That deformatimvides a very intuitive mechanism for
transverse SSAs in SIDIS. As a result, the signs of SSAs caelaeed to the contribution from
quark flavorg to the nucleon anomalous magnetic moment. Quark-gluomrletions appearing in
the x2-moment of the twist-3 part of the polarized parton distiin gg(x) have a semi-classical
interpretation as the average (enemble average) traesfere acting on the struck quark in DIS
from a transversely polarized target in the moment aftead absorbed the virtual photon. Since
the direction of that force can be related to the transvee$erchation of PDFs, one can thus also
relate the sign of these quark-gluon correlations to theritmtion from quark flavorg to the
nucleon anomalous magnetic moment.

Such a correlation between observables that at first appéawvt little in common also occurs
in the chirally odd sector: the impact parameter spaceiloligion of quarks with a given transver-
sity in an unpolarized target can be related to the Boer-gtsldunction describing the left-right
asymmetry of quarks with a given transversity in SIDIS fromuapolarized target. Furthermore,
semi-classically, the quark-gluon correlations appegirirthex?-moment of the twist-3 part of the
scalar PDFe(x) describes the average transverse force acting on a quarkgivén transversity
immediately after it has absorbed the virtual photon.
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