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Impact parameter dependent parton distributions and transverse single spin asymmetries

Matthias Burkardt
Department of Physics, New Mexico State University, Las Cruces, New Mexico 88003-0001

~Received 25 September 2002; published 19 December 2002!

Generalized parton distributions~GPDs! with a purely transverse momentum transfer can be interpreted as
Fourier transforms of the distribution of partons in impact parameter space. The helicity-flip GPD
E(x,0,2D'

2 ) is related to the distortion of parton distribution functions in impact parameter space if the target
is not a helicity eigenstate, but has some transverse polarization. This transverse distortion can be used to
develop an intuitive explanation for various transverse single spin asymmetries.

DOI: 10.1103/PhysRevD.66.114005 PACS number~s!: 12.38.Aw, 13.40.Gp, 13.60.Hb
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I. INTRODUCTION

Deep-inelastic scattering experiments allow the deter
nation of parton distribution functions~PDFs!, which have
the very physical interpretation as momentum~fraction! dis-
tributions in the infinite momentum frame~IMF!. PDFs are
defined as the forward matrix element of a lightlike corre
tion function, i.e.,

q~x!5^P,SuÔq~x,0'!uP,S& ~1.1!

Dq~x!S15P1^P,SuÔq,5~x,0'!uP,S&

with

Ôq~x,0'![E dx2

4p
q̄S 2

x2

2
,0'Dg1qS x2

2
,0'Deixp1x2

~1.2!

Ôq,5~x,0'![E dx2

4p
q̄S 2

x2

2
,0'Dg1g5qS x2

2
,0'Deixp1x2

.

When sandwiched between states that have the same
cone momentump151/A2(p01p3), these operators act a
a ‘‘filter’’ for quarks of flavor q with momentum fractionx.
Throughout this work, we will use the light-cone gaugeA1

50. In all other gauges, a straight line gauge string conn
ing the quark field operators needs to be included in
definition ~1.1!. Obviously, since PDFs are expectation v
ues taken in plane wave states, they contain no informa
about the position space distribution of quarks in the targ

Generalized parton distributions~GPDs! @1#, which de-
scribe for example the scaling limit in real and virtual Com
ton scattering experiments, are defined very similar to PD
except that one now takes a nonforward matrix elemen
the light-cone correlator

^P8,S8uÔq~x,0'!uP,S&

5
1

2p̄1
ū~p8,s8!S g1Hq~x,j,t !1 i

s1nDn

2M
Eq~x,j,t ! D

3u~p,s! ~1.3!
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^P8,S8uÔq,5~x,0'!uP,S&

5
1

2p̄1
ū~p8,s8!S g1g5H̃q~x,j,t !1 i

g5D1

2M
Ẽ~x,j,t ! D

3u~p,s! ~1.4!

with p̄m5 1
2 (pm1p8m) being the mean momentum of the ta

get, Dm5p8m2pm the four momentum transfer, andt5D2

the invariant momentum transfer. The skewedness param
j52D1/2p̄1 quantifies the change in light-cone mome
tum.

An important physical interpretation for GPDs deriv
from the fact that they are the form factors of the light-co
correlatorsÔq(x,0') and Ôq,5(x,0'). Because of that, and
by analogy with ordinary form factors, one would therefo
expect that GPDs can be interpreted as some kind of Fou
transform of parton distributions in position space. Indeed
has been shown in Refs.@3–5#, the helicity nonflip1 GPD H
for j50 is the Fourier transform of the~unpolarized! impact
parameter dependent parton distribution functionq(x,b'),
i.e.

q~x,b'!5E d2D'

~2p!2
e2 i D'•b'H~x,0,2D'

2 !. ~1.5!

The reference point for the impact parameter in Eq.~1.5! is
the ~transverse! center of momentum~c.m.! of the target

R'[
1

p1E d2x'E dx2T11x'5 (
i Pq,g

xir',i , ~1.6!

whereT11 is the light-cone momentum density compone
of the energy momentum tensor. The sum in the parton r
resentation forR' extends over the transverse positionsr',i
of all quarks and gluons in the target, and the weight fac
xi is the momentum fraction carried by each parton. T
impact parameter dependent PDFs are defined by introdu
the b'-dependent light-cone correlation

1The ‘‘helicity’’ basis that we are using refers to the infinite m
mentum frame helicity@2#.
©2002 The American Physical Society05-1
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q~x,b'![^p1,R'50' ,luÔq~x,b'!up1,R'50' ,l&,
~1.7!

where

up1,R�50' ,l&[NE d2p'up1,p�,l& ~1.8!

is a state whose transverse c.m. is localized at the origin
N is a normalization constant. They are simultaneous eig
states of the light-cone momentump1, the transverse c.m
~with eigenvalue0'), and the angular momentum operat
Jz , which is possible due to the Galilean subgroup of tra
verse boosts in the IMF@2#.

A similar connection exists betweenH̃ and impact param-
eter dependent polarized PDFs

Dq~x,b'!5E d2D'

~2p!2
e2 i D'•b'H̃~x,0,2D'

2 !, ~1.9!

where

Dq~x,b'![^p1,R'50' ,↑uÔq,5~x,b'!up1,R'50' ,↑&.
~1.10!

It should be emphasized that impact parameter depen
parton distributions have an interpretation as a probab
density. In fact

E d2b'q~x,b'!5q~x!

q~x,b'!>0 ~x.0!

q~x,b'!<0 ~x,0!

E d2b'Dq~x,b'!5Dq~x!

uDq~x,b'!u<uq~x,b'!u. ~1.11!

Equations~1.5! and ~1.9! imply that GPDs forj50 can be
used to construct ‘‘tomographic images’’@6# of the target
nucleon, where one can study ‘‘slices’’ of the nucleon
impact parameter space for different values of the light-c
momentum fractionx, and one can learn how the size of th
nucleon depends onx. Another useful piece of information
that is contained in these 3-dimensional images is how
light-cone momentum distribution of the quarks varies w
the distance from the c.m.

Amazingly, the transverse resolution in these images
not limited by relativistic effects, but only by the invers
momentum of the photon that is used to probe the GP
which determines the pixel size in these images.

II. GPDs WITH HELICITY FLIP

In order to develop a probabilistic interpretation f
E(x,0,t), it is necessary to consider helicity flip amplitud
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because otherwiseE(x,j50,t) does not contribute@7#:2

^p1,p'1D' ,↑uÔq~x,0'!up1,p' ,↑&

5H~x,0,2D'
2 !, ~2.1!

^p1,p'1D' ,↑uÔq,5~x,0'!up1,p' ,↓&

52
Dx2 iDy

2M
E~x,0,2D'

2 !. ~2.2!

Therefore, if one wants to develop a density interpretat
for E(x,0,2D'

2 ) one needs to consider states that are
helicity eigenstates. The superposition where the contri
tion from E is maximal corresponds to states where↑ and↓
contribute with equal magnitude. We thus consider the s

uX&[
1

A2
@ up1,R'50' ,↑&1up1,R'50' ,↓&], ~2.3!

which one may interpret as a state that is ‘‘polarized in thx
direction~in the IMF!.’’ However, since the notion of a trans
verse polarization is somewhat tricky in the basis that we
using ~states that are eigenstates ofp1 andR'), there may
be some relativistic corrections to the actual interpretation
what this state corresponds to. In the following, we will ke
this caveat in mind when studying the properties of this st
even though we will refer to this state as a ‘‘transvers
polarized nucleon~in the IMF!.’’ The unpolarized impact pa-
rameter dependent PDF in this state will be deno
qX(x,b').

Repeating the same steps that led to Eq.~1.5! and using
Eqs.~2.1! and ~2.2!, one finds

qX~x,b'![^XuÔq~x,b'!uX&

5E d2D'

~2p!2
e2 i D'•b'FHq~x,0,2D'

2 !

1
iDy

2M
Eq~x,0,2D'

2 !G
5q~x,b'!2

1

2M

]

]by
Eq~x,b'!, ~2.4!

where we denotedEq the Fourier transform ofEq , i.e.

Eq~x,b'![E d2D'

~2p!2
e2 i D'•b'Eq~x,0,2D'

2 !. ~2.5!

Physically, what this result means is that for a nucleon tha
transversely polarized and moves with a large momentum
observer at rest sees parton distributions that are disto
sideways in the transverse plane. Obviously, for transver
polarized nucleons the axial symmetry of the problem is b

2The helicity labels↑, ↓ in Eqs. ~2.1! and ~2.2! refer to helicity
states in the IMF@2#.
5-2
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ken and the impact parameter dependent PDFs no lo
need to be axially symmetric. The direction of the distorti
is perpendicular to both the spin and the momentum of
nucleon.3 Although the distortion is mathematically de
scribed by Eq.~2.4! in a model-independent way, it is in
structive to consider a semi-classical picture for the eff
where the physical origin of this distortion results from
superposition of translatory and orbital motion of the parto
when the nucleon is polarized perpendicular to its direct
of motion. If the spin of the nucleon is ‘‘up’’~looking into
the direction of motion of the nucleon! and the orbital angu-
lar momentum of the quarks is parallel to the nucleon s
then the orbital motion adds to the momentum on the ri
side of the nucleon and subtracts on the left side, i.e. par
on the right side get boosted to larger momentum fractionx
and on the left they get decelerated to smallerx ~compared to
longitudinally polarized nucleons!. Since parton distributions
decrease withx ~at large momenta they drop like a power
x and at smallx they grow like an inverse power ofx),
boosting all partons on one side of the nucleon results in
increase of the number of partons at a fixed value ofx on that
side, while the opposite effect occurs on the other s
Therefore, the acceleration/deceleration due to the supe
sition of the orbital with the translatory motion results in
increase of partons on the right and a decrease on the lef
the net result is that the parton distribution in the transve
plane has been shifted or distorted to the right. Of course
quarks with orbital angular momentum antiparallel to t
nucleon spin the direction of the distortion is reversed~to the
left!. In Ref. @8# it has been shown that the helicity flip GP
E is related to the angular momentum carried by the qua
This result, together with the above semiclassical descrip
about the physical origin of the distortion, provides an int
tive explanation for the fact that this distortion is describ
by E.

It should be emphasized that transverse asymmetrie
impact parameter dependent PDFs are consistent with t
reversal invariance sincebW •(pW 3SW ) is invariant underT. In
contrast,kW•(pW 3SW ) is not invariant underT, and therefore
transverse asymmetries in unintegrated parton dens
q(x,k') are only permitted if final state interaction effec
are incorporated into the definition of unintegrated par
densities@9#.

Unfortunately, little is known about generalized part
distributions and it is therefore in general difficult to ma
predictions without making model assumptions. Howeve
is possible to make a model independent statement abou
resulting transverse flavor dipole moment

dq
y[E dxE d2b'qX~x,b'!by

52
1

2ME dxE d2b'by

]

]by
Eq~x,b'!

5
1

2ME dxE d2b'Eq~x,b'!

3Note thatSW 3pW transforms like a position space vectorrW underP
andT transformations.
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2ME dxEq~x,0,0!5
F2,q~0!

2M
, ~2.6!

where we used that the integral ofEq yields the Pauli form
factor F2,q for flavor q @8#. For u and d quarks,F2,q(0)
[kq/p in the proton is of the order ofukq/pu;122 ~for a
more detailed estimate see Appendix A!, i.e. the resulting
transverse flavor dipole moments are on the order of

dq
y;0.120.2 fm. ~2.7!

In fact, using only isospin symmetry, one finds for a tran
versely polarized proton~A4!

du
y2dd

y5
ku/p2kd/p

2M
'0.4 fm, ~2.8!

i.e. the flavor center foru and d quarks gets separated i
opposite directions to the point where the separation is of
same order as the expected size of the valence q
distribution.4

In order to illustrate the magnitude of the distortio
graphically, we make a simple model for theD' dependence
of GPDs@4#

Hq~x,0,2D'
2 !5q~x!e2aD'

2 (12x)ln(1/x). ~2.9!

This ansatz incorporates both the expected largex behavior
(Hq should becomex-independent asx→1) and the smallx
behavior~Regge behavior!. Furthermore, in the forward limit
(D'50), Hq reduces to the unpolarized PDFq(x). In im-
pact parameter space this ansatz implies

q~x,b'
2 !5q~x!

1

4pa~12x!ln
1

x

expS 2
b'

2

4a~12x!ln
1

x
D .

~2.10!

For the helicity flip distributionsEq we assume that theD'

dependence is the same as forHq and we fix the overall
normalization by demanding that the integral ofEq(x,0,0)
yields the anomalous magnetic moments

Eu~x,0,t !5
1

2
kuHu~x,0,t !

Ed~x,0,t !5kdHd~x,0,t !. ~2.11!

We should emphasize that this is not intended to be a re
tic model and we only use it to illustrate the typical size
effects that one might anticipate.

The resulting parton distributions in impact parame
space foru andd quarks are shown in Figs. 1 and 2 respe
tively. Note that PDFs as well as GPDs decrease significa

4It should be emphasized that the transverse center of momen
of the whole nucleon does not shift since( i Pq,g*dxxEi(x,0,0)
50 if one sums over the contributions from all flavors as well
from the glue@10#.
5-3
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MATTHIAS BURKARDT PHYSICAL REVIEW D 66, 114005 ~2002!
from x50.1 tox50.5. In order to be able to plot the impa
parameter dependence we normalized the distributions
each value ofx and bothu and d quark distributions to the
value of the longitudinally polarized distribution atb'50.

The ‘‘tomographic slices,’’ i.e. the impact parameter d
pendences for a few fixed values ofx, that are shown in Figs
1 and 2 clearly demonstrate what should have been c
already from our model-independent result above Eq.~2.6!:
at larger values ofx, the u and d quark distributions in a
transversely polarized proton are shifted to opposite s
and the magnitude of the distortion is such that there i
significant lack of overlap between the two. Other models
E(x,0,t) @11# yield very similar results since the overall ma
nitude of the effect is constrained by the model independ
relation Eq.~2.6!.

Such a large separation between quarks of different fla
which is both perpendicular to the momentum and spin
the proton, must have some observable effects. For exam
in semi-inclusive photo-production of pions off transverse
polarized nucleons, theu quarks are knocked out predom
nantly on one side of the nucleon. Therefore the final s
interaction will be different for pions produced going to th
right compared to those going to the left, which in turn m

FIG. 1. u quark distribution in the transverse plane forx50.1,
0.3, and 0.5~2.10!. Left column:u(x,b'), i.e. theu quark distri-
bution for unpolarized protons; right column:uX(x,b'), i.e., the
unpolarizedu quark distribution for ‘‘transversely polarized’’ pro
tons uX&5u↑&1u↓&. The distributions are normalized to the centr
~undistorted! valueu(x,0').
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lead to a transverse asymmetry of produced pions. O
examples are flavor exchange reactions, and for given tr
verse polarization the added quarks might be picked up
dominantly one on particular side of the hadron, suggestin
transverse asymmetry of the hadron production relative
the nucleon spin. In the next section, we will present
simple model for these final state interactions, which
gether with the transverse asymmetries in the position sp
distribution of partons leads to predictions for the signs
the transverse asymmetries in various hadron production
actions.

III. SINGLE TRANSVERSE SPIN ASYMMETRIES

Many semi-inclusive hadron production experimen
show surprisingly large transverse polarizations or asym
tries @12#. Moreover, the signs of these polarizations are u
ally not dependent on the energy. This very stable polar
tion pattern suggests that there is a simple mechanism
underlies these polarization effects. In the following, an
tempt is made to link the large transverse distortions of p
ton distributions in impact parameter space for transvers
polarized nucleons~baryons! with these transverse singl
spin asymmetries.

We will make the following model assumptions for flavo
transitions in high energy scattering events: In a flav
changing process, as many quarks as possible~hereafter re-
ferred to as ‘‘spectators’’! originate from the impacting had

FIG. 2. Same as Fig. 1, but ford quarks.
5-4
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IMPACT PARAMETER DEPENDENT PARTON . . . PHYSICAL REVIEW D66, 114005 ~2002!
ron. Any additional quarks are produced from the break
of a string that connects the spectators with the target r
after the impact. Since this string exerts an attractive force
the ‘‘spectators’’ before it breaks, this picture suggests t
the transverse momentum of the final state hadron will po
in the direction given by the side on which the addition
quarks were produced.

Note that this model implicitly focuses on more periphe
scattering events for describing the signs of baryon polar
tions at largexF . Although these may not be the only po
sible events, we expect that central collisions are less lik
to produce the observed pattern of large and only wea
energy dependent polarizations. This is supported for
ample by the observation that the polarization of the p
ducedL hyperons is particularly large in diffractive produ
tion @13#.

These simple model assumptions, together with the tra
verse distortion of quarks in transversely polarized hadro
provide an intuitive explanation for the large observed tra
verse polarization in inclusive hyperon production as we w
demonstrate in the following. For this purpose, let us c
sider for example aL that is produced moving to the left o
the incident proton beam.

Using our model assumptions above, this implies that
s quark was produced on the left side of theL. Sinceks/L
.0, such a state with ans-quark produced on the left sid
has a much better overlap with aL that has spin down~when
one looks into the beam direction! rather than spin up~see
Figs. 3 and 4!.

Therefore, for aL that has been deflected to the left o
would expect a polarization that points downward. Follo
ing the usual convention, where the polarization direction
defined with respect to the normal vectornW [pW beam

3pW f inal /upW beam3pW f inalu, the L should have negative polar
ization, which is also what is observed experimentally@12#.
Likewise, sinceks/S,0 andks/J.0 ~Appendix!, one would
expect thatS and J hyperons are produced with polariz
tions ‘‘up’’ and ‘‘down’’ respectively when one starts from a
incident proton beam and the hyperon is produced to the
of the beam.

If the incident beam consists ofL or S hyperons, then the
polarization of producedJ hyperons is of course the same
in the case of incident nucleons since it is still onlys quarks
that need to be substituted. However, the situation chang
one considersL→S and S→L production reactions, be
cause there it is au or d quark that needs to be substituted.
we now use thatku/L5kd/L,0 and for exampleku/S.0,
one finds that the sign of the polarization ofL/S produced
from a S/L beam is reversed compared to the respec
polarizations that arise when one starts from a nucleon b
~Fig. 5!. However, we should emphasize thatuku/Lu is only
about half as large asks/L and therefore the transverse di
tortion of the u/d quarks in a transversely polarizedL is
expected to be smaller than the one of thes quarks. We
therefore expect that the polarization ofL produced from an
incident S beam is not only reversed but also significan
smaller in magnitude than those produced from a pro
beam.
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For neutron production the spin in the final state is n
self-analyzing. However, our model also predicts interest
asymmetries with respect to the spin of the initial state.

In order to be converted into a neutron, the proton m
strip off one of its u quarks. A proton that is polarized
‘‘down’’ has its u quarks shifted to the left of its center o
momentum, i.e. it can strip off au quark more easily when i
passes the target on the right and, at least within our mo

FIG. 3. Inclusivep→Y scattering where the incomingp ~from
bottom! diffractively hits the right side of the target and is therefor
according to the model assumptions, deflected to the left during

reaction. Thess̄ pair is assumed to be produced roughly in t
overlap region, i.e. on the left ‘‘side’’ of theY.

FIG. 4. Schematic view of the transverse distortion of thes
quark distribution~in gray scale! in the transverse plane for a tran
versely polarized hyperon withks

Y.0. The view is~from the rest
frame! into the direction of motion~i.e. momentum into plane! for a
hyperon that moves with a large momentum. In the case of s
down ~a!, the s-quarks get distorted toward the left, while the di
tortion is to the right for the case of spin up~b!.
5-5
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MATTHIAS BURKARDT PHYSICAL REVIEW D 66, 114005 ~2002!
will be more likely to result in a neutron that is deflected
the left ~Fig. 6!. In summary, we therefore expect neutrons
be more likely to be produced to the left of the beam if t
proton spin is downward and to the right if its spin is u
ward, corresponding to a negative analyzing power. This
sult agrees with a recent measurement at RHIC@14#.

We should emphasize that similar reasoning for inclus
hyperon production also implies a spin asymmetry with
spect to the incident proton spin. If we define again a po
tive analyzing powerAN if protons with spin up give rise to
a final state hadron that is deflected to the left, thenp→L
should also haveAN,0 since there one also needs to sub
tute au quark in the proton. The situation is similar forp
→J2, where bothu quarks need to be substituted. In th
case ofp→S1, it is the d quark that is substituted an
thereforeAN.0.

The beam asymmetries in semi-inclusive meson prod
tion can be explained similarly. In order for a proton to co
vert into ap1, one of itsu quarks needs to ‘‘go through.

FIG. 5. Transverse polarizations of hyperons that are produ
from an unpolarized beam and target~represented by an empt
circle!. According to the model assumptions, the final state had
is deflected in the direction given by the side on which the miss
quarks were produced.( and ^ represent hyperons with spi
pointing out of the plane and into the plane respectively.
11400
-

e
-
i-
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-

This is most likely to happen if theu quarks are on the ‘‘far
side’’ of the interaction zone. This favors protons with sp
up when the proton passes the target on the right and
down when it passes on the left side of the target. If
assume again that the final state interaction that lead
string breaking is attractive~until the string breaks! then pro-
tons with spin up result inp1 that are more likely deflected
to the right, while protons with spin down are more like
resulting inp1 that are deflected to the left, i.e. we expec
positive analyzing power forp→p1 and the same forp
→K1. For p2 we expect a negative analyzing power sin
there the leading quark is ad quark, which would be more
likely on the side opposite to theu quarks for a transversely
polarized nucleon and one expects a negative analy
power. Forp→p0,h0 the leading quark could be bothu or d,
but since valenceu quarks outnumber thed quarks in a pro-
ton, one expects that the net analyzing power is again p
tive, but smaller than forp1. These results seem to be co
sistent with the pattern that is observed experimentally@15#.

In order to understand target spin asymmetries, it is us
to analyze the process in the c.m. frame where the proje
and the target have initially opposite momenta. As an
ample, let us consider the target spin asymmetry in se
inclusive electro-production of pions on a transversely po
ized proton target~Fig. 7!.

For a target polarization that is into the plane, and app
ing the results from Sec. II, theu quark distribution in the
c.m. frame is shifted down, while thed quark distribution is
shifted up. Semi-inclusive photo-production of mesons w
a u valence quark~e.g. p1,p0,h0,K1) occurs dominantly
through photons that initially interact with au quark in the
target, which later fragments into the meson. Applying ag
our model assumption from above, i.e. using that the Q
string deflects theu quark toward the center, we conclud
that the mesons with a valenceu quark are produced prefer

d

n
g

FIG. 6. Beam and target spin asymmetries forp→n/mesonand
semi-inclusiveg→mesonrespectively.
5-6
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entially in the up direction~Fig. 6! within this model, i.e. to
the left if one looks into the direction of the photon mome
tum and the spin of the proton is down. For mesons with
valenceu quarks, such as thep2, there are two competing
effects: when the photon hits thed quark first then our argu
mentation above would favorp deflected in the direction
opposite top1, since thed quarks are, for a given polariza
tion of the proton, shifted in the direction opposite to theu
quarks. However, the contribution from ‘‘disfavored’’ frag
mentationu→p2 is enhanced due to the fact that the phot
is much more likely to hit au than ad quark in the proton
and therefore the resulting asymmetry is not immediat
obvious.

IV. DISCUSSION

Our model for generating the polarizations and spin asy
metries is much too crude to make detailed quantitative p
dictions about the size of the effects. However, the mo
matches the observed signs and provides a natural exp
tion for the fact that the observed effects are very large.
not only obtain a unified description for polarization a
single spin asymmetry experiments but at the same time
velop a link between these spin observables and parton
tributions in impact parameter space.

There have been a number of models attempting to
plain polarizations observed in hyperon production exp
ments and it would be beyond the intended scope of
article to provide a detailed comparison with all of them,5 but
we would still like to point out a few similarities and differ
ences.

It is interesting to compare our attempt to link asymm
tries of parton distributions in impact parameter space w
single spin asymmetries with attempts to link asymmetries
unintegrated parton densities with the single spin asym
tries@17#. The main difference between these two approac
is that we start from a transverse asymmetry in posit

5A nice recent review on the subject can be found in Ref.@16#.

FIG. 7. Photon hitting proton target.~a! Laboratory frame,~b!
c.m. frame. The polarization of the proton is into the plane. Acco
ing to the results from Sec. II, theu quarks~schematically indicated
by a dashed circle! are shifted down.
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space. The final state interaction of the outgoing quark c
verts the position space asymmetry into an asymmetry
the transverse momentum of the final state hadron. The
ers effect is complementary in that it starts already from
asymmetry in the transverse momenta of the unintegra
parton densities. Of course, sinceSW •(kWq3pW ) is not a Lorentz
scalar under time-reversal, such an asymmetry in the uni
grated parton densities appears only if the final state inte
tion is included into their definition via appropriate Wilso
lines @9#, i.e. in a sense the final state interactions are alre
included in the definition of these unintegrated parton den
ties. From that point of view, these two approaches
complementary attempts to explain single transverse s
asymmetries, which both have in common that they rely
final state interactions, although the technical details are v
different and it remains to be seen whether the Sivers mo
and this work describe the same physics but only from d
ferent angles or whether they actually describe differ
physical mechanisms.

The pattern of signs that we predict resembles very m
that of other semi-classical models. This should not come
a surprise since the orbital angular momentum of qua
plays an important role in many of these models. In o
model the connection with quark orbital angular moment
appears because the same GPD that describes the trans
distortion of PDFs in impact parameter space@namely
Eq(x,0,D'

2 )] also appears in a sum-rule for the angular m
mentum carried by the quarks@8#. Nevertheless there are few
differences to these models. For example, in a model wh
the interaction is assumed to happen at the front of the h
ron, the left-right asymmetries are generated by the tra
verse momentum of quarks with orbital angular moment
at the front side@19#. Such a model would in general predi
exactly the same polarization/asymmetry pattern as
model, with the exception of reactions where the incom
projectile is a photon. In that case the absorption is weak
it is not legitimate to argue that the interaction of the phot
with the target should be a surface effect. Therefore, mod
where the polarization results as a combination between
initial state interaction and the quark orbital angular mom
tum would only predict a very small transverse single s
asymmetry in semi-inclusive photo-production experimen
In our model, the impact parameter space asymmetry
translated into a momentum asymmetry of the outgoing h
ron as a result of the final state interaction and therefore
expected asymmetries in semi-inclusive photo-product
experiments are of the same order of magnitude as in ha
production experiments.

Like in Ref. @18#, the physical mechanism that eventua
leads to polarization/asymmetries in our model is the fi
state interaction of the fragmenting quark~s!. It would be
interesting to see if the similarity between these two mec
nisms goes beyond this simple observation.

It is conceivable that studying spin transfers, i.e. the c
relationDNN between the transverse polarization of the p
duced baryon and the transverse polarization of the be
leads to further insights about the mechanism for transve
polarizations because it may help to differentiate betwe
various models. In our model a correlation between the sp

-
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of the initial and final baryon arises because the transv
distortion of impact parameter dependent PDFs in tra
versely polarized hadrons leads to both polarizations as
as transverse single spin asymmetries. The correlation
tween the initial and final state transverse spin is such
the removed valence quark should be on the same side o
initial state baryon as the substituted valence quark in
final state baryon. Therefore the sign ofDNN is determined
by the sign of the product of thekq for the valence quark tha
stripped off and the quark that is substituted for it. For e
ample, in thep→L transition, au quark needs to be subst
tuted by ans quark. Sinceku/p* ks/L.0 we would expect a
positive spin transfer in this case.

V. SUMMARY

Generalized parton distributions for purely transverse m
mentum transfer can be related to the distribution of part
in the transverse plane. When the nucleon is polarized in
transverse direction~e.g. transverse with respect to its m
mentum in the infinite momentum frame! then the distribu-
tion of partons in the transverse plane is no longer axia
symmetric. The direction of the transverse distortion is p
pendicular to both the spin and the momentum of
nucleon. Classically the effect can be understood as a su
position of the translatory motion of the partons along
momentum of the nucleon with the orbital angular motion
partons in the nucleon. The sign and magnitude of the
tortion of ~unpolarized! PDF in impact parameter space c
be expressed in terms of the helicity-flip generalized par
distribution Eq(x,0,2D'

2 ). Since *dxEq can be related to
the Pauli form factorF2,q for flavor q, one can thus relate th
resulting transverse flavor dipole moment of the distor
parton distributions to the anomalous flavor-magnetic m
mentkq/p in the proton. We are thus able to link the tran
verse distortion of partons to the magnetic properties of
nucleon which leads to a model-independent prediction
the resulting transverse flavor dipole moments that are on
order of 0.120.2 fm.

Such a large transverse dipole polarization for quarks
different flavor should also have observable effects in se
inclusive hadron production experiments. We introduce
simple model to translate the transverse asymmetry of
parton distributions in impact parameter space into tra
verse asymmetries of the produced hadrons. The basic
of the model is that the leading quark~s!,6 before they frag-
ment into the observed hadron, experience an attractive f
from the QCD string before the string breaks. This attract
force between the produced outgoing hadron and the ta
remnant leads to the left-right asymmetry in the obser
hadron distributions.

We use this model to explain or predict a number
baryon→ baryon8 experiments, where the transverse dist

6In photo-production experiments, the ‘‘leading quark’’ in th
model is simply the struck quark, while in hadro-production expe
ments the ‘‘leading quarks’’ are spectator quarks from the incid
hadron.
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tion of transversely polarized baryons favors certain final
larization states and therefore leads to transversely polar
baryons in the final state. We argue that the large transv
hyperon polarization at high energies that is observed
these experiments is naturally explained due to the fact
the transverse flavor dipole moment of transversely polari
baryons in the infinite momentum frame is also very large
similar mechanism is used to explain the asymmetry in se
inclusive meson production using either a transversely po
ized proton beam or incident virtual photons hitting a tran
versely polarized target.

ACKNOWLEDGMENTS

I appreciate several interesting discussions with G. Bu
and N. Makins and comments from G. Schnell. This wo
was supported by a grant from DOE~FG03-95ER40965!.

APPENDIX: SU„3… ANALYSIS OF BARYON
MAGNETIC MOMENTS

We use a notation, whereF2
q/B denotes the Pauli form

factor F2 defined as the matrix element of a vector curre
with flavor q, i.e. q̄gmq between states of the baryonB. It is
related to the usual electromagnetic form factor for the ba
ons using

F2
B~Q2!5

2

3
F2

u/B~Q2!2
1

3
F2

d/B~Q2!2
1

3
F2

s/B~Q2!.

~A1!

For the transverse flavor dipole moments, we need to kn
the anomalous magnetic moment contributions for e
quark flavor and each baryon

kq/B[F2
q/B~0!. ~A2!

Experimentally, little is known beyond the electro-magne
linear combination(qeqkq/B for a few baryons. For our pur
poses, namely explaining the signs of various asymmetrie
will be sufficient to know the sign and order of magnitude
the kq/B . Therefore, we will useSU(3)-flavor symmetry
which should be sufficient for an accuracy of a couple
10% to estimate thekq/B . The only input that we use is th
anomalous magnetic moments of the proton and neutron

kp5
2

3
ku/p2

1

3
kd/p2

1

3
ks/p51.79

kn5
2

3
ku/n2

1

3
kd/n2

1

3
ks/n521.91 ~A3!

and we will assume thatks/p'0.7 Using isospin symmetry,
this implies

-
t

7Although ks/p is not known very accurately, it is neverthele
clear that its numerical value is significantly smaller thanku/p and
kd/p and it should therefore be justified to neglect its contributi
for the kind of estimate that we are interested in.
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ku/p52kp1kn1ks/p'1.67

kd/p52kn1kp1ks/p'22.03. ~A4!

If one assumesSU(3) symmetry, then the flavor magnet
moments for baryons of typeaab are trivially related to the
ones in the proton, usingka/B5ku/p , kb/B5kd/p , andkc/B
5ks/p , which implies for example

ks/S5kd/p'22.03

ks/J5ku/p'1.67. ~A5!

The L is less trivial, but a straightforwardSU(3) analysis
yields
n,

R.

11400
ks/L5
2

3
ku/p2

1

3
kd/p1

2

3
ks/p'1.79. ~A6!

For flavor changing transitions among hyperons, we a
need theu/d moments

ku/S15ku/p'1.67

ku/L5kd/L5
1

6
ku/p1

2

3
kd/p1ks/p'20.98. ~A7!
cl.
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