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Nontrivial qq̄ sea effects have their origin in the low-Q2 dynamics of strong QCD. We present here a quark
model calculation of the contribution ofss̄ pairs arising from acompleteset of OZI-allowed strongY*K*
hadronic loops to the net spin of the proton, to its charge radius, and to its magnetic moment. The calculation
is performed in an ‘‘unquenched quark model’’ which has been shown to preserve the spectroscopic successes
of the naive quark model and to respect the OZI rule. We speculate that an extension of the calculation to the
nonstrange sea will show that most of the ‘‘missing spin’’ of the proton is in orbital angular momenta.
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PACS number~s!: 14.20.Dh, 12.38.Aw, 12.39.Ba, 13.25.2k

I. INTRODUCTION

While providing a good description of low-energy strong
interaction phenomena, the constituent quark model appears
to be inconsistent with many fundamental characteristics of
QCD. Foremost among these inconsistencies is a ‘‘degree of
freedom problem’’: the quark model declares that the low-
energy spectrum of QCD is built from the degrees of free-
dom of spin-12 fermions confined to aqq̄ or qqq system.
Thus, for mesons the quark model predicts, and we seem to
observe, a ‘‘quarkonium’’ spectrum. In the baryons it pre-
dicts, and we seem to observe, the spectrum of two relative
coordinates and three spin-1

2 degrees of freedom.
These quark model degrees of freedom are to be con-

trasted with the most naive interpretation of QCD which
would lead us to expect a low-energy spectrum exhibiting 36
quark and antiquark degrees of freedom~3 flavors3 2 spins
3 3 colors for particle and antiparticle!, and 16 gluon de-
grees of freedom~2 spins3 8 colors!. Less naive pictures
exist, but none evade the first major ‘‘degree of freedom
problem’’ that the gluonic degrees of freedom appear to be
missing from the low-energy spectrum. This issue, being one
of the most critical in nonperturbative QCD, is being ad-
dressed by many theoretical and experimental programs.

The second major ‘‘degree of freedom problem,’’ and the
one which we address here, has to do withqq̄ pair creation.
A priori, one would expect pair creation to be so probable
that a valence quark model would fail dramatically. Of
course, we know empirically that pair creation is suppressed:
the observed hadronic spectrum is dominated by narrow
resonances, while the naive picture would predict resonances
with widthsG comparable to their massesm.

It is now widely appreciated that the narrow resonance
approximation can be rationalized in QCD within the 1/Nc
expansion@1#: in the limit Nc→`, meson widths~for ex-
ample! are proportional toNc

21 while their masses are inde-
pendent ofNc . The demonstration proceeds by showing that
hadron two-point functions are dominated by graphs in
which the valence quark lines propagate from their point of
creation to their point of annihilation without additional

quark loops. The dominance of such a ‘‘quenched approxi-
mation’’ is, however, not sufficient to underwrite the valence
quark model: in the chiral limit, such Feynman graphs in
general receive important contributions from not only for-
ward quark propagation, but also from ‘‘Z graphs.’’ ~A ‘‘ Z
graph’’ is one in which the interactions first produce a pair
and then annihilate the antiparticle of the produced pair
against the original propagating particle!. Cutting through a
largeNc two-point function at a fixed time therefore would
in general reveal not only the valence quarks but also a large
qq̄ sea. The largeNc expansion also leaves unanswered a
more quantitative question. While hadronic widthsG are
normally small compared to hadronic massesm, they are
typically comparable to the mass spacings between states in
the hadronic spectrum. It is thus surprising that the spectros-
copy of a valence quark model can survive ‘‘unquenching.’’

There is another puzzle of hadronic dynamics which is
reminiscent of this one: the success of the Okubo-Zweig-
Iizuka ~OZI! rule @2#. A generic OZI-violating amplitude
AOZI can also be shown to vanish like 1/Nc . However, there
are several unsatisfactory features of this ‘‘solution’’ to the
OZI mixing problem @3#. Considerv-f mixing as an ex-
ample. This mixing receives a contribution from the virtual
hadronic loop processv→KK̄→f, both steps of which are
OZI allowed, and each of which scales withNc like
G1/2;Nc

21/2. The largeNc result that this OZI-violating am-
plitude behaves likeNc

21 is thus not peculiar to largeNc : it
just arises from ‘‘unitarity’’ in the sense that the real and
imaginary parts of a generic hadronic loop diagram will have
the same dependence onNc . The usual interpretation of the
OZI rule in this case, that ‘‘double hairpin graphs’’ are dra-
matically suppressed, is untenable in the light of these OZI-
allowed loop diagrams. They expose the deficiency of the
largeNc argument sinceAOZI;G!m is nota good represen-
tation of the OZI rule.~Continuing to usev-f mixing as an
example, we note thatmv2mf is numerically comparable to
a typical hadronic width, so the largeNc result would predict
an v-f mixing angle of order unity in contrast to the ob-
served pattern of very weak mixing which implies that
AOZI!G!m.!
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In our recent papers@4,5#, we have studied the unquench-
ing of the quark model, addressing in particular the impact of
qq̄ pair creation on quark model spectroscopy and on the
OZI rule. In this paper we extend our previous work to cal-
culate some effects of the strange quark content of the proton
induced by strongss̄ pair creation. Since, as will be de-
scribed in the next section, our model preserves the spectro-
scopic successes of the quark model and is consistent with
the OZI rule, it provides a legitimate framework for the study
of the qq̄ sea. We focus here on thess̄ sea both because it
allows us to avoid complexities associated with antisymme-
trization with respect to the valence quarks in the nucleons,
and because it has recently received considerable experimen-
tal attention.

Our goals for this calculation, though ambitious, are lim-
ited. In particular, we will address here the effects on the
strange quark helicityDs, the strangeness charge radius
Rs
2 , and the strangeness magnetic momentms of a complete

sum over the OZI-allowedss̄ loops which contribute to two-
point functions~i.e., of processes that correspond at the had-

ronic level top→Y*K*→j Y* 8K* 8→p, whereY* andK*
represent genericS521 baryons andS511 mesons, re-

spectively, and where→j indicates the action of the appro-
priate current!. In contrast, we are unable to discuss the
effects of pure OZI-forbidden processes~i.e., ones that do
not proceed through strong OZI-allowed meson loops!.
These include processes in which thess̄ pair is directly
created or annihilated in a color singlet state~e.g.,

p→pfJPC→
j
pfJ8P8C88 →p and p→j pfJPC→p or

p→pfJPC→
j
p, wherefJPC is an ss̄ meson with quantum

numbersJPC. The latter two of these processes correspond to
pure OZI-forbidden vector-meson-dominance-type graphs.
As was the case in our earlier studies of OZI violation@5#, all
such disconnected ‘‘double-hairpin’’ diagrams are outside of
the scope of our model: we focus on the naively much larger
OZI-allowed loop diagrams. We also do not discuss here
processes in which strange baryon-meson loops are directly
created by the probing current. While such ‘‘contact graphs’’
would in general exist, we show below that none are required
to make the contributions of our strongY*K* loop graphs to
Ds, Rs

2 , or ms gauge invariant.

II. UNQUENCHING THE QUARK MODEL:
BACKGROUND

The Introduction describes three puzzles associated with
the nature and importance ofqq̄ pairs in low-energy hadron
structure:~1! the origin of the apparent valence structure of
hadrons~since even asNc→`, Z graphs would produce
pairs unless the quarks were heavy!, ~2! the apparent absence
of unitarity corrections to naive quark model spectroscopy,
despite one’s expectation of mass shiftsDm;G ~whereG is
a typical hadronic width!, and~3! the systematic suppression
of OZI-violating amplitudesAOZI relative to one’s expecta-
tion ~from unitarity! thatAOZI;G.

In this section we describe the solutions we see to these
puzzles. The resulting picture forms the context of the new
work described in this paper.

A. The origin of the valence approximation

As already mentioned, a weak form of the valence ap-
proximation seems to emerge from the largeNc limit in the
sense that diagrams in which only valence quark lines propa-
gate through hadronic two-point functions dominate as
Nc→`. This dominance does not seem to correspond to the
usual valence approximation since theZ-graph pieces of
such diagrams will produce aqq̄ sea.

Consider, however, the Dirac equation for a single light
quark interacting with a static color source~or a single light
quark confined in a bag!. This equation represents the sum of
a set of Feynman graphs which also includeZ graphs, but the
effects of those graphs is captured in the lower components
of the single particle Dirac spinor. That is, suchZ graphs
correspond to relativistic corrections to the quark model.
That such corrections are important in the quark model has
been known for a long time@6#. For us the important point is
that while they have quantitative effects on quark model pre-
dictions ~e.g., they are commonly held to be responsible for
much of the required reduction of the nonrelativistic quark
model prediction thatgA55/3 in neutronb decay!, they do
not qualitatively change the single-particle nature of the
spectrum of the quark of our example, nor would they quali-
tatively change the spectrum ofqq̄ or qqq systems. Note
that this interpretation is consistent with the fact that
Z-graph-inducedqq̄ pairs donot correspond to the usual
partonic definition of theqq̄ sea sinceZ-graphs vanish in the
infinite momentum frame. Thus theqq̄ sea of the parton
model is also associated with theqq̄ loops of unquenched
QCD.

B. The Dm!G problem

Consider two resonances which are separated by a mass
gap dm in the narrow resonance approximation. In general
we would expect that departures from the narrow resonance
approximation, which produce resonance widthsG, ought
also to produce mass shiftsDm of orderG. Yet even though
a typical hadronic mass spectrum is characterized by mass
gapsdm of order 500 MeV, and typical hadronic widths are
of order 250 MeV, this does not seem to happen.

We have proposed a simple resolution of this puzzle@4#.
In the flux tube model of Ref.@7#, the quark potential model
arises from an adiabatic approximation to the gluonic de-
grees of freedom embodied in the flux tube. For example, the
standard heavyQQ̄ quarkonium potentialVQQ̄(r ) is the
ground state energyE0(r ) of the gluonic degrees of freedom
in the presence of theQQ̄ sources at separationr . At short
distances where perturbation theory applies, the effect of
Nf types of lightqq̄ pairs is ~in lowest order! to shift the
coefficient of the Coulombic potential fromas

(0)(Q2)
512p/@33ln(Q2/L0

2)# to

as
~Nf !~Q2!5

12p

~3322Nf !ln~Q2/LNf

2 !
.

The net effect of such pairs is thus to produce aneweffective
short distanceQQ̄ potential.

Similarly, when pairs bubble up in the flux tube~i.e.,
when the flux tube breaks to create aQq̄ plusqQ̄ system and
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then ‘‘heals’’ back toQQ̄), their net effect is to cause a shift
DENf

(r ) in the ground state gluonic energy which in turn

produces a new long-range effectiveQQ̄ potential@8#.
In Ref. @4# we showed that the net long-distance effect of

the bubbles is to create a new string tensionb
Nf

~i.e., that the

potential remains linear!. Since this string tension is to be
associated with the observed string tension, after renormal-
izationpair creation has no effect on the long-distance struc-
ture of the quark model in the adiabatic approximation. Thus
the net effect of mass shifts from pair creation is much
smaller than one would naively expect from the typical width
G: such shifts can only arise from nonadiabatic effects. For
heavy quarkonium, these shifts can in turn be associated with
states which are strongly coupled to nearby thresholds.

We should emphasize that it was necessary to sum over
very large towers ofQq̄ plus qQ̄ intermediate states to see
that the spectrum was only weakly perturbed~after un-
quenching and renormalization!. In particular, we found that
no simple truncation of the set of meson loops that can re-
produce such results.

C. The survival of the OZI rule

The Introduction illustrates, via the example ofv-f mix-
ing through aKK̄ loop, why unquenching the quark model
endangers the naive quark model’s agreement with the OZI
rule. In @5# we showed how this disaster is naturally averted
in the flux tube model through a ‘‘miraculous’’ set of can-
cellations between mesonic loop diagrams consisting of ap-
parently unrelated sets of mesons~e.g., the KK̄,
KK̄*1K* K̄, and K* K̄* loops tend to strongly cancel
against loops containing aK or K* plus one of the four
strange mesons of theL51 meson nonets!.

Of course the ‘‘miracle’’ occurs for a good reason. In the
flux tube model, where pair creation occurs in the3P0 state,
the overlapping double-hairpin graphs which correspond to
OZI-violating loop diagrams~see Fig. 1!, cannot contribute
in a closure-plus-spectator approximation since the 011

quantum numbers of the produced~or annihilated! pair do

not match those of the initial and final state for any estab-
lished nonet. Reference@5# demonstrates that this approxi-
mation gives zero OZI violation in all but the~still obscure!
011 nonet, and shows that corrections to the closure-plus-
spectator approximation are small, so that the observed hier-
archyAOZI!G is reproduced.

We emphasize once again that such cancellations require
the summation of a very large set of meson loop diagrams
with cancellations between apparently unrelated sets of inter-
mediate states.

D. Some comments

We believe the preceding discussion strongly suggests
that models which have not addressed the effects of un-
quenching on spectroscopy and the OZI rule should be
viewed very skeptically as models of the effects of theqq̄
sea on hadron structure: we have shown that large towers of
mesonic loops are required to understand how quarkonium
spectroscopy and the OZI rule survive once strong pair cre-
ation is turned on. In particular, while pion and kaon loops
~which tend to break the closure approximation due to their
exceptional masses! have a special role to play, they cannot
be expected to provide a reliable guide to the physics of
qq̄ pairs.

III. STRANGE QUARKS AND THE SPIN CRISIS:
SOME HISTORY

Beginning in 1988 with the European Muon Collabora-
tion ~EMC! experiment@9#, and continuing through a recent
series of closely related experiments@10#, the helicity struc-
ture functions of quarks in the proton and neutron have been
measured via polarized deep inelastic scattering. When com-
bined with measurements of axial charges in hyperonb de-
cay and the assumption of SU~3! symmetry, these experi-
ments indicate a ‘‘spin crisis’’: only about a third of the
nucleon’s helicity resides on its quarks, and about
21063% of this helicity is lost to strange quarks@11#, in
violation of the Ellis-Jaffe extension@12# of the fundamental
Bjorken sum rule@13#.

Although generally accepted, there has been some discus-
sion about the reliability of these conclusions. While support
for them has come from other types of experiments@14#,
they have been criticized from other quarters for depending
on an extrapolation of the structure functions to smallx @15#
and on a SU~3!-symmetry-based analysis of hyperon beta
decay@16#. At a deeper level, reanalyses of the theoretical
connection between spin-dependent deep inelastic scattering
and the spin structure functions showed that the SU~3! sin-
glet structure functions are entangled with the gluon spin
structure functions via the U~1! axial anomaly@17#. This
observation has led to attempts to avert the ‘‘spin crisis’’ by
invoking a large gluonic contribution via the anomaly. This
possibility should be checked by direct measurements on the
glue.

The naive nonrelativistic quark model predicts that
100% of the nucleon’s helicity resides on the quarks, but, as
already mentioned above, lower components of the quark
spinors arising from relativistic effects are believed to lower
this fraction to about 75%@6#. At the opposite extreme are
naive Skyrmion models@18# which predict that the net quark

FIG. 1. ~a! OZI-violation in a meson propagator by ‘‘pure anni-
hilation,’’ corresponding to a disconnected double-hairpin diagram.
~b! A different time ordering of the same Feynman graph gives an
OZI-violating loop diagram via two OZI-allowed amplitudes.
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spin of the nucleons should be zero~a result which seemed
supported by the initial experimental results!.

If there is a large strange quark contribution to the
nucleon spin, then one would also naturally expect strange
contributions to nucleon magnetic and electric form factors.
Purely electromagnetic scattering can only measure the four
linear combinations

GM ,E
gp 5

2

3
GM ,E

~u! 2
1

3
GM ,E

~d! 2
1

3
GM ,E

~s! , ~1!

GM ,E
gn 5

2

3
GM ,E

~d! 2
1

3
GM ,E

~u! 2
1

3
GM ,E

~s! , ~2!

whereGM ,E
( f ) is the magnetic (M ) or electric (E) form factor

of the quark flavorf in the proton. From parity-violating
scattering on the proton one can measure two more linear
combinations

GM ,E
Zp 5S 142

2

3
sin2uWDGM ,E

~u! 1S 2
1

4
1
1

3
sin2uWD

3@GM ,E
~d! 1GM ,E

~s! # ~3!

and thereby separate out the six elementary form factors
GM ,E
( f ) for f5u, d, ands. Experiments are currently under-

way and others are planned to measure these form factors.
Such measurements appear to be the next step in understand-
ing the physics of the spin crisis.

In the wake of the spin crisis have come a number of
attempts to find theoretical descriptions less extreme than the
naive quark and Skyrmion models. In 1989, Jaffe@19#
pointed out that the pole fit of Ho¨hler et al. to the nucleon’s
isoscalar electromagnetic form factors@20# could suggest the
presence of significant strange currents in the nucleon. By
identifying the two lightest fitted poles with the physicalv
and f mesons, he estimatedRs

250.1460.07 fm2 for the
strangeness radius andms52(0.3160.09)mN for the
strange magnetic moment of the nucleon.~Note that Jaffe
uses a sign convention in which the strange quark has posi-
tive strangeness, opposite to the Particle Data Group conven-
tion @21#. As a result, bothRs

2 andms must be multiplied by

2 1
3 to obtain the contributions of the strange quarks to the

electric and magnetic form factors of the proton. Thus, for
example, a positive value forRs

2 indicates thats quarks are
farther on average from the proton’s center thans̄ quarks.
Jaffe’s convention appears to have been adopted by subse-
quent authors, and we too shall adhere to it.!

Jaffe and Lipkin@22#, building on earlier work by Lipkin
@23#, constructed an extended quark model in which the va-
lence qqq component of octet baryons was supplemented
with a ‘‘sea’’ consisting of a singleqq̄ state which was al-
lowed to have either 011 or 111 quantum numbers. Their
model was not predictive; it was intended only as an ex-
ample of a simple extension to the quark model which could
accommodate the EMC results as well as baryon magnetic
moments and hyperonb decay. They found that the data
could be fit with either a (uū1dd̄1ss̄) or (uū1dd̄) flavor
structure to the sea, though in both cases a large suppression
of the purely valence component of the baryon wave func-
tions was required. For other early analyses along these lines,
see Refs.@24#.

The renormalization of axial couplingsgA ~and therefore
of the fraction of the proton spinDq carried by the quarks of
flavor q) by qq̄ pairs in the form of meson loops is a subject
with a history dating back to the birth of meson exchange
theories of the strong interaction. For some modern studies
in the context of chiral perturbation theory, see Ref.@25#.
Many recent studies, including ours, are extensions of this
classic meson loop approach@26#.

A model-dependent study of thess̄sea based on hyperon-
kaon loop diagrams was made by Koepfet al. in Ref. @27#.
These authors used both a nonrelativistic quark model and
the cloudy bag model to calculate the strangeness content of
the proton arising fromLK, SK, andS*K loops. After tun-
ing the baryon-baryon-meson form factors to reproduce the
nonstrange nucleon moments, they found that both models
predict rather small strange moments:Ds.20.003,
Rs
2.20.01 fm2, andms.20.03mN .
Subsequently, Musolf and Burkhardt@28# examined the

LK loop graph in a calculation which took its vertex form
factors from the Bonn potential for baryon-baryon scattering
@30#, and which included seagull graphs in order to satisfy
the vector current Ward-Takahashi identity. The results ob-
tained by these authors,Ds.20.044,Rs

2.20.03 fm2, and
ms.20.35mN , are significantly larger than those found in
@27#. The discrepancy is due, at least in part, to the non-
gauge invariance of the earlier calculation.

More extensive, but from our perspective still incomplete,
meson loop calculations have been presented in Refs.@31#.
These authors extend loop calculations to include the entire
set of ground state octet pseudoscalar and vector mesons plus
the ground state octet and decuplet baryons. They obtain
Ds.10.02. Another tack has been taken by Ito@29#, who
calculates the effects of kaon loops on a constituent quark,
obtainingRs

2'20.02 fm2 andms'20.12mN .
The loop and pole pictures were combined in the model of

Cohen et al. @32#, who obtainedRs
2'20.042 fm2 and

ms'20.28mN . These authors also calculated the strange
form factors at nonzero momentum transfer.

For some reviews and for alternative models and points of
view, in particular Skyrme-based calculations, see Refs.@33#.

IV. A PAIR CREATION MODEL FOR THE
STRANGENESS CONTENT OF THE PROTON

Our discussion of the strangeness content of the proton
will be based on the quark-level process shown in Fig. 2~b!.
The main new feature of our calculation is that we shall sum
over acomplete setof strange intermediate states, rather than
just a few low-lying states. Not only does this have a signifi-
cant impact on the numerical results forDs, Rs

2 , andms ,

FIG. 2. A meson loop correction to a baryon propagator, drawn
at ~a! the hadronic level and~b! the quark level.
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but, as explained above, it isnecessaryfor consistency with
the OZI rule and the success of quark model spectroscopy.

The lower vertex in Fig. 2~b! arises whenqq̄ pair creation
perturbs the initial nucleon state vector so that, to leading
order in pair creation,

up&→up&1 (
Y* K* l S

E q2dquY*K* ql S&

3
^Y*K* ql Suhq q̄up&
Mp2EY*2EK*

, ~4!

wherehq q̄ is a quark pair creation operator,Y* (K* ) is the
intermediate baryon~meson!, q and l are the relative radial
momentum and orbital angular momentum ofY* andK* ,
andS is the sum of their spins. Of particular interest is the
ss̄pair creation by the pair creation operatorhs s̄ , which will
generate nonzero expectation values for strangeness observ-
ables:

^Os&5 (
Y* K* l S

Y* 8K* 8l 8S8

E q2dqq82dq8
^puhs s̄uY* 8K* 8q8l 8S8&

Mp2EY* 82EK* 8

3^Y* 8K* 8q8l 8S8uOsuY*K* ql S&

3
^Y*K* ql Suhs s̄up&
Mp2EY*2EK*

. ~5!

The derivation of this simple equation, including the demon-
stration that it is gauge invariant, is given in the Appendix.
We will be considering the casesOs5Ds, Rs

2 , andms . The
value of Ds can be associated~via small scale-dependent
QCD radiative corrections! with the contribution of strange
quarks to the deep inelastic spin-dependent structure func-
tions and to the strange quark axial current matrix elements
in the proton.

To calculate thep→Y*K* vertices in Eq.~4!, we employ
the same flux-tube-breaking model used in our earlier work.
This model, which reduces to the well-known3P0 decay
model in a well-defined limit, had its origin in applications to
decays of mesons@34,35# and baryons@36#. The model as-
sumes that a meson or baryon decays when a chromoelectric
flux tube breaks, creating a constituent quark and antiquark
on the newly exposed flux tube ends. The pair creation op-
erator is taken to have3P0 quantum numbers:

hq q̄~ t,x!5g0S 3

8pr q
2D 3/2E d3zexpS 2

3z2

8r q
2D

3q†S t,x1
z

2D a–¹qS t,x2
z

2D . ~6!

The dimensionless constantg0 is the intrinsic pair creation
strength, a parameter which must be fit to decay data. In our
previous studies of mesons, we fitg0 to the r→pp decay
width; here we find it more appropriate to fit to the
D→Np width. It turns out that the two values agree to
within 20%, which is a reassuring consistency check. The
operator~6! createsconstituentquarks, hence the pair cre-
ation point is smeared out by a Gaussian factor whose width,
r q , is another parameter of the model.@In addition to being
physically motivated, this smearing factor conveniently ren-

ders the sum in Eq.~4! finite.# As discussed in@4,5#, r q is
constrained by meson decay data to be approximately 0.25
fm.

Once anss̄ pair is created, the decay proceeds by quark
rearrangement, as shown in Fig. 3. Thep→Y*K* decay
amplitude of the first of Fig. 3 may be written as

^Y*K* uhs s̄up&5g0SW • IW, ~7!

whereSW is a spin overlap which can be expressed in terms of
the baryon and meson spin wave functions as

SW [ (
s1•••s5

xs1s2s4
* Y* xs3s5

* K*xs1s2s3
p xW s4s5, ~8!

with

xW s4s5[S 2ds4↑ds5↑
2ds4↓ds5↑2ds4↑ds5↓

22ds4↓ds5↓

D , ~9!

and IW a spatial overlap:

IW52g0S 3

4pbD
3/2E d3kd3pd3sexpS 2s2

2b D
3FY*

* Fk,2A3

2S p2
s

2
2

ms

muus
qD G

3FK*
* Fp1

s

2
2
ms

mus
qGpexpS 2

2

3
r q
2p2D

3FpFk,2A3

2S p1
s

6
2qD G . ~10!

Here theF ’s are momentum space wave functions,q is the
momentum ofY* , and themi ’s are quark masses (muus is
short for 2mu1ms , etc.!. The factor exp(2s2/2b) models the
overlap of the initial- and final-state flux tube wave func-
tions; its size is controlled by the physical string tensionb,
though our results do not depend strongly on the numerical
value ofb.

For the remaining quark line diagrams in Fig. 3, the decay
amplitude still has the form~7!, but the spin indices in Eq.
~8! become permuted.@The spatial overlap in~10! remains
the same thanks to the assumed symmetry of the proton’s
spatial wave function.#

Faced with the large number of states that contribute to
the sum in Eq.~5!, we have found it necessary to use simple
harmonic oscillator~SHO! wave functions for the baryons
and mesons in Eq.~10!. The oscillator parametersb @defined
by F(k);e2k2/2b2#, were taken to bebmeson50.4 GeV for
mesons~as in Ref.@35#! andbbaryon50.32 GeV for baryons
~as in Ref.@37#!. As discussed below, our results are quite
insensitive to changes in theb ’s @mainly because Eq.~5! is
independent of the choice of wave functions in the closure-

FIG. 3. Quark line diagrams forp→S*K* andp→L*K* .
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limit — any complete set gives the same result — and the
full calculation with energy denominators does not deviate
much from this limit#.

Even with SHO wave functions, the sum over intermedi-
ate states would be very difficult were it not for an important
selection rule: inspection of the quark line diagrams in Fig. 3
shows that the relative coordinate of the nonstrange quarks in
baryonY*K* is always in its ground state. Only the relative
coordinate between the strange and nonstrange quarks~i.e.,
the lY* oscillator! can become excited. This drastically re-
duces the number of states that must be summed over. Un-
fortunately, this simplification does not apply foruū or dd̄
pair creation; we therefore postpone to a later paper the com-
putation of their contributions to the nucleons’ spin, charge
radii, and magnetic moments.

We will find it useful at times to refer to the closure-
spectator limit of Eq.~5!. This is the limit in which the
energy denominators do not depend strongly on the quantum
numbers ofY* andK* , so that the sums over intermediate
states collapse to 1, giving

^Os&}^puhs s̄Oshs s̄up&}^0uhs s̄Oshs s̄u0&, ~11!

where the second step follows sincehs s̄ does not couple to
the motion of the valence spectator quarks. We see that the
expectation value ofOs is taken between the

3P0 states cre-
ated byhs s̄ . From the properties of the3P0 wave function it
then follows thatDs5Rs

25ms50 in the closure-spectator
limit ~a result which would not be seen if only the lowest
term, or lowest few terms, were included in the closure sum!.

In the next section we will present our results for the
expectation values defined by Eq.~5! for the quantitiesDs,
Rs
2 , andms . We will see that delicate cancellations lead to

small values for these observables even though the probabil-
ity of ss̄ pairs in the proton is of order unity.

V. RESULTS

A. Strange spin content

Ds, the fraction of the proton’s spin carried by strange
quarks, is given by twice the expectation value of thes and
s̄ spins:

Ds52^Sz
~s!1Sz

~ s̄ !&. ~12!

Let us first examine the contribution toDs from just the
lowest-lying intermediate state,LK. The P-waveLK state

with J5Jz5
1
2 is

u~LK !P~1/2!&5A2

3
u~L↓K !m51&2A1

3
u~L↑K !m50&. ~13!

The s̄ quark in the kaon is unpolarized, while thes quark in
theL carries all of theL ’s spin; because of the larger coef-
ficient multiplying the first term in Eq.~13!, theLK inter-
mediate state alone gives a negative contribution toDs.

When we add in the (LK* )P(1/2) and (LK* )P(3/2) states
~note that the subscripts denote the quantitiesl (S) defined
previously!, we have

Ds}~ 1 2A1
3 A 8

3 !
1

18F 23 A3 2A24
21 A8

10
G S 1

2A1
3

A 8
3

D
~14!

in the closure limit. Here the matrix is just 2(Sz
(s)1Sz

( s̄ ))
~which is of course symmetric though we only show its up-
per triangle!, and the vectors give the relative coupling
strengths of the proton to@(LK)P(1/2) , (LK* )P(1/2) ,
(LK* )P(3/2)]. There are a couple of things to note here.

~1! The matrix multiplication in~14! evaluates to zero;
there is no net contribution toDs from theLK andLK*
states in the closure limit. There are in fact many such ‘‘sub-
cancellations’’ in the closure sum forDs: for each fixed set
of spatial quantum numbers in the intermediate state, the
sum over quark spins alone gives zero~because
^Sz

(s)&5^Sz
( s̄ )&50 in the 3P0 state!. That is, each SU~6! mul-

tiplet inserted into Eq.~5! separately sums to zero. More-
over, theDs operator does not cause transitions between
I50 andI51 strange baryons so that theL andS sectors
are decoupled, hence they individually sum to zero.

~2! Only the diagonal term in Eq.~14! corresponding to

p→(LK* )P(3/2)→
Ds
(LK* )P(3/2)→p gives a positive contri-

bution toDs. ~We use→Ds here to denote the action of the
Ds operator.! All of the other terms give negative contribu-
tions. In the full calculation with energy denominators, the
negative terms are enhanced because they contain kaon
~rather than K* ) masses. The full calculation gives
Ds520.065 fromLK and LK* states. The largest indi-
vidual contribution is20.086, from the off-diagonal term

p→(LK)P(1/2)→
Ds
(LK* )P(3/2)→p.

Proceeding to intermediate states containingS and S*
baryons, we calculate

2~Sz
~s!1Sz

~ s̄ !!5
1

543
3 212A2 3A3 26A6 0 0

15 0 0 6A3 23A15
27 210A2 24A2 24A10

10 4 4A5
22 22A5

17

4 ~15!
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in the basis @(SK)P(1/2) ,(S*K)P(3/2) ,(SK* )P(1/2) ,
(SK* )P(3/2) , (S*K* )P(1/2) ,(S*K* )P(3/2)]. The correspond-
ing relative couplings to the proton are

F2
1

3
,2A8

9
,A25

27
,A 8

27
,A 8

27
,A40

27G .
Again, the netDs from these states is zero in the closure

limit, but this time the insertion of energy denominators does
not spoil the cancellation very much: the full calculation
givesDs520.003 in this sector.

P-wave hyperons and kaons contribute another20.04 to
Ds, and the net contribution from all higher states is
20.025.Thus, the result of our calculation isDs520.13, in
quite good agreement with the most recent extractions from
experiment,Ds(expt)520.1060.03 ~see, e.g., Ref.@11#!.
We emphasize that our parameters were fixed by spectra and
decay data. Moreover, the result is quite stable to parameter
changes, varying by at most60.025 whenr q , b, bbaryon, and
bmesonare individually varied by 30%.

For comparison with other calculations, we note that in
our model theLK intermediate state alone contributes
20.030 toDs, and the contribution from theLK, SK, and
S*K states together is~coincidentally! also20.030.

It is interesting to note thatDs is driven mainly by meson,
rather than baryon mass splittings: if we set
mL5mS5mS* , we find thatDs decreases by only about
30%, whereas it drops by about 80% if we setmK5mK* .
Finally, we have also computed the charm-quark contribu-
tion to the proton spin, findingDc'20.01.

B. Strangeness radius

Figure 4 defines our variables for the quarks in an inter-
mediate state. The~squared! distances of thes and s̄ quarks
from the baryon-meson center of mass are

r s
25~r42Rc.m.!

25F2A6S mu

muus
DlY*1eK* r G2, ~16!

r s̄
25~r52Rc.m.!

25F2S mu

mus
D rK*2eY* r G2, ~17!

whereeK*[MK* /MY* K* andeY*[MY* /MY* K* , while by
definition

Rs
2[r s

22r s̄
2 ~18!

is the strangeness radius.
The calculation ofRs

2 is more difficult than the calculation
of Ds, for several reasons. First, the operators appearing in
Rs
2 cause orbital and radial transitions among the intermedi-

ate states. Thus SHO transitions satisfyingDn50,61 and/or
Dl 50,61 are allowed, so there are many more terms to
calculate (n andl are orbital and radial SHO quantum num-
bers!. Moreover, the subcancellations discussed above no
longer occur, so thatRs

2 converges more slowly thanDs: we
must include more states in Eq.~5! to obtain good accuracy.
In addition, the basic matrix elements are more complicated:
in a basis of states with good magnetic quantum numbers
(m,m8) we have, for example,

^n8l 8m8ur K* zunl m&5d l 8l 21dm8mbK*

3A ~ l 1m!~ l 2m!

~2l 11!~2l 21!

3~An1l 11/2dn8n

2An11dn8n11!1d l 8l 11dm8mbK*

3A~ l 1m11!~ l 2m11!

~2l 11!~2l 13!

3~An1l 13/2dn8n2Andn8n21!

~19!

for matrix elements of the meson internal coordinate and

^q8l 8m8ur zuql m&5 idm8mH d l 8l 21A ~ l 1m!~ l 2m!

~2l 11!~2l 21!

3F2
d

dq
1
l 21

q G
2d l 8l 11A~ l 1m11!~ l 2m11!

~2l 11!~2l 13!

3F ddq1
l 12

q G J d~q2q8!

q2
~20!

for matrix elements of theY*2K* relative coordinate.
These matrix elements must be coupled together to give
^Rs

2& between states of definitel andS with total angular
momentum 1

2 , leading to formulas which become quite
lengthy, especially for excited intermediate states. Thus we
were happy to have a stringent check of our results: when we
equate all of the energy denominators in Eq.~5!, we must
obtain the closure-spectator result,Rs

250.
Our results forRs

2 are shown in Table I. With our standard
parameter set, we obtainRs

2520.04 fm2. For reasonable
parameter variations,Rs

2 ranges between20.02 and
20.06 fm2. Table I shows that the lowest-lying SU~6! mul-
tiplets of intermediate states~i.e., theS-wave hyperons and
kaons! account for about half ofr s

2 and r s̄
2 . Most of the

remaining contributions come fromP-wave hyperons and
kaons. However,Rs

2 involves a large cancellation between
r s
2 andr s̄

2 , and its value does not settle down until we add in
quite highly excited intermediate states. For this reason, theFIG. 4. Quark coordinates in an intermediate state.
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precise numerical value~and perhaps even the sign! of Rs
2

cannot be considered definitive: our conclusion is rather that
Rs
2 is small, about an order of magnitude smaller thanr s

2 and
r s̄
2 . This result is not too surprising:Rs

2 is exactly zero in the
closure limit, and our previous hadronic loop studies@4,5#
led us to expect that the full calculation with energy denomi-
nators would preserve the qualitative features of this limit.

Note that the LK intermediate state alone gives
Rs
2'20.01 fm2 ~the sign is as expected from the usual folk-

lore! while the LK, SK, and S*K states together give
20.017 fm2. Nevertheless, although our sum over all states
gives the same sign and order of magnitude as these trunca-
tions, Table I shows that this is just a coincidence.

C. Strange magnetic moment

The strange and antistrange quarks carry magnetic mo-

ments2 1
3 m (s, s̄ ) where

m~s!5
1

2ms
^2Sz

~s!1Lz
~s!&, ~21!

m~ s̄ !52
1

2ms
^2Sz

~ s̄ !1Lz
~ s̄ !&, ~22!

and we denote the net strange magnetic moment byms :

ms[m~s!1m~ s̄ !. ~23!

The spin expectation values are already in hand from our
Ds calculation. Referring again to Fig. 4, we see that thes
and s̄ orbital angular momenta are given by

Ls5~r42Rc.m.!3p4

5F2A6S mu

muus
D lY*1eK* r G3F2

2

A6
plY*

1S ms

muus
D qG ,

~24!

L s̄5~r52Rc.m.!3p5

5F2S mu

mus
D rK*2eY* r G3F2pK*2S ms

mus
DqG . ~25!

Computing the expectation values of these operators presents
no new difficulties beyond those encountered in theRs

2 cal-

culation. In fact, there are no radial transitions in this case, so
there are fewer states to sum over and the sum converges
more quickly.

The results obtained with our standard parameter set are

^2Sz
~s!&520.058, ^2Sz

~ s̄ !&520.074,

^Lz
~s!&50.043, ^Lz

~ s̄ !&50.038,

m~s!520.025mN , m~ s̄ !50.060mN ,

ms50.035mN . ~26!

We predict a positive~albeit small! value for ms , in dis-
agreement with the other models discussed at the beginning
of this section. Where does the positive sign originate? First
note that the signs of̂Sz

(s)&, ^Lz
(s)&, and^Lz

( s̄ )& are correctly
given by just the lowest-lying intermediate state,LK of Eq.
~13!. ~We also note in passing that theLz’s have similar
magnitudes so that orbital angular momentum contributes
very little toms in any case.! On the other hand, theLK state
has^Sz

( s̄ )&50, whereas we find̂Sz
( s̄ )& to be quite large and

negative. ~The main contribution comes from the off-

diagonal processp→(LK)P(1/2)→
Sz
( s̄ )

(LK* )P(3/2)→p, al-
though there is also a significant contribution from

p→@L(1405)K#S(1/2)→
Sz
( s̄ )

@L(1405)K* #S(1/2)→p.! These im-
portant terms, which drivems positive, are omitted in calcu-
lations which include only kaon loops.~We find that the
LK intermediate state alone contributes20.080mN to ms ,
and the contribution fromLK, SK, and S*K together is
20.074mN .)

VI. CONCLUSIONS

We have presented here parameter-free calculations of the
effects of thess̄ sea generated by strongY*K* loops on the
low-energy, nonperturbative structure of the nucleons. These
calculations represent what is to our knowledge the first such
results within a framework which has been demonstrated to
be consistent with the many empirical constraints which
should be applied to such calculations, namely consistency
with the success of the quark potential model and especially
with the validity of the OZI rule.

Our results predict that observable effects from the
strange sea generated by such loops arise from delicate can-
cellations between large contributions involving a supris-
ingly massive tower of virtual meson-baryon intermediate
states. If correct, our conclusions rule out the utility of a
search for a simple but predictive low-energy hadronic trun-
cation of QCD. While complete~in the sense of summing
over all OZI-allowedY*K* loops! and gauge invariant, we
recall that our calculation has ignored pure OZI-forbidden
effects as well as those loop diagrams directly generated by
the probing current~contact terms!. As a consequence, our
results cannot strictly speaking be taken as predictions for
Ds, Rs

2 , or ms . Rather, this calculation shows that a com-
plete set of strongY*K* loops, computed in a model con-
sistent with the OZI rule, gives very small observabless̄
effects. While such OZI-allowed processesmight dominate,

TABLE I. Proton strangeness radius from hadronic loops~in
fm2). The rows give the running totals as progressively more ex-
cited intermediate states are added into the calculation. The final
column thus shows the total from all intermediate states.

Plus PlusD waves and All
S waves P waves S wave radial excitations states

r s
2 0.097 0.198 0.210 0.173

r s̄
2 0.094 0.139 0.185 0.210

Rs
2 0.003 0.059 0.025 20.04
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we cannot rule out the possibility~as was also the case with
v2f and other meson mixing@5#! that direct OZI violation
~and in this case contact graphs as well! could make addi-
tional contributions of a comparable magnitude.

The small residual effect we calculate for the loop contri-
butions toDs seems consistent with the most recent analyses
of polarized deep inelastic scattering data. Our calculations
also give small residual strange quark contributions to the
charge and magnetization distributions inside the nucleons.
If these contributions are dominant, it will be a challenge to
devise experiments that are capable of seeing them. Indeed,
they are sufficiently small that we would expect that their
observation will require the development of special appara-
tus dedicated to this task. Given the fundamental nature of
the puzzling absence of other signals for the strongqq̄ sea in
low-energy phenomena, this effort seems very worthwhile.

It would be desirable to devise tests of the mechanisms
underlying the delicate cancellations which conspire to hide
the effects of the sea in the picture presented here. It also
seems very worthwhile to extend this calculation touū and
dd̄ loops. Such an extension could reveal the origin of the
observed violations@38# of the Gottfried sum rule@39# and
also complete our understanding of the origin of the spin
crisis. From our previous calculations@4#, the effects of ‘‘un-
quenching’’ strange quarks are a good guide to the effects to
be expected from up and down quarks in the absence of Pauli
blocking. Since most of the created pairs are in highly ex-
cited states, Pauli blocking should be of minor importance,
and so one would guess thateachof up, down, and strange
will produce a contribution toDq of about20.13. When
combined with the relativistic quenching ofDqvalence@6#, this
makes it plausible to us that most of the ‘‘missing spin’’ of
the proton is in orbital angular momentum.
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APPENDIX: DERIVATION OF ŠOs‹

While Eq.~5! has a simple nonrelativistic interpretation as
an expectation value ofOs in the dressed state of Eq.~4!, it
is not obvious that it actually computesDs, Rs

2 , andms . In
particular,Rs

2 and ms are defined in terms of charge and
magnetic form factors, respectively. Here we show that the
contributions to all three quantities fromss̄ pairs arising
from strongY*K* loops may indeed be calculated in a
gauge invariantfashion in our modelvia this simple for-
mula, with each given by the usual nonrelativistic operators
of Eqs.~12!, ~18!, and~23!.

We first discuss the relatively simple case ofDs, where
gauge invariance plays no role. To second order inhs s̄ , the
graphs contributing to the nucleon matrix elements of
As

m[ s̄gmg5s are of two types:~1! OZI-allowed graphs
where a strongss̄ loop has created aY*K* loop and in
which As

m scatters thes or s̄ quark, and~2! pure OZI-

forbidden graphs in whichAs
m acts on a color singletss̄state

which is created and/or destroyed on the nucleon. The pure
OZI-forbidden processes fall outside the scope of our model.
On the other hand, OZI-allowed contributions may be calcu-
lated~with all the usualcaveatsand approximations of non-
relativistic quark model calculations of axial matrix ele-
ments! according to

gA
~s![^p~0,1 !us̄gmg5sup~0,1 !& ~A1!

.2^p~0,1 !uSz
~s!1Sz

~ s̄ !up~0,1 !& ~A2!

5Ds ~A3!

as used in Sec. V A.
The discussion ofRs

2 and ms is considerably more in-
volved. Our first step is to set up the Breit-frame formalism
for calculatingRs

2 andms . It is easily shown that the electric
and magnetic form factors of the proton may be calculated
via the formulas

GE
p~q252Q2!5

TE
ext~Q!

efE
ext~Q!

, ~A4!

GM
p ~q252Q2!52

~2Mp /Q!TM
ext~Q!

eaM
ext~Q!

, ~A5!

whereTE,M
ext (Q) are theT-matrix elements

TE
ext~Q![ K pS 1

Qẑ

2
,1 D UTEUpS 2

Qẑ

2
,1 D L , ~A6!

TM
ext~Q![ K pS 1

Qẑ

2
,2 D UTMUpS 2

Qẑ

2
,1 D L , ~A7!

for scattering in the external potentials

fE
ext~ t,x!5E d3QeiQ•xfE

ext~Q! ~A8!

and

AM
ext~ t,x!5

1

2
~ x̂2 i ŷ!E d3QeiQ•xaM

ext~Q!, ~A9!

respectively.@Note that all normalizations are fixed by the
condition thatGE

p(0)51.#
Now consider a proton scattering off one of these external

potentials subject to the additional gauge invariant perturba-
tion created byss̄ pair creation. The resulting changes
DGE

p andDGM
p areGE

(s) andGM
(s) , which may therefore be

associated withDTE
ext and DTM

ext. Thus, generically, the
DG’s may be associated with four processes. Associated
with the ‘‘naive’’ formula ~5! are the two processes in which
~1a! the external field probes theK* of theY*K* loop, and
~1b! the external field probes theY* of theY*K* loop. We
will recall at the end of this appendix how these processes,
which are of second order in the strongss̄ pair creation
Hamiltonian densityhs s̄ and third order in perturbation
theory, lead to Eq.~5!.
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Associated withhs s̄ , which has matrix elements propor-
tional to (21)2 s̄xs

†sx2 s̄•(ps2ps̄), is a pair creation con-
tact interaction densityhs s̄

contactwith matrix elements propor-
tional to 2es(21)2 s̄xs

†sx2 s̄•A[ j s s̄
contact

•A, wherees52 1
3e

andA is the vector potential. Through this contact interac-
tion two more processes can occur:~2a! the external field
directly creates thess̄ pair throughhs s̄

contact, converting the
proton at momentum2Qẑ/2 into aY*K* system at momen-
tum 1Qẑ/2, and thenhs s̄ annihilates thess̄ pair, returning
the Y*K* system to a proton at the same momentum
1Qẑ/2, and ~2b! hs s̄ converts the proton at momentum
2Qẑ/2 into a Y*K* system at the same momentum, and
thenhs s̄

contactannihilates thess̄pair, turning theY*K* system
at momentum2Qẑ/2 to a proton at momentum1Qẑ/2.

We begin by showing that the contact terms~2a! and~2b!
are not required to make the loop contributions~1a! and~1b!
to Rs

2 or ms gauge invariant.
The case ofRs

2 is trivial: hs s̄
contact is independent of

fE
ext(t,x) in our model, so contact processes do not contrib-

ute to it.
In contrast,ms is determined by scattering inAM

ext(t,x),
which does couple tohs s̄

contact. From ordinary second-order
time-ordered perturbation theory,

2TM
ext~Q!

eaM
ext~Q!

5E dqq2(
l S

1

D~Q2! K pS 1
Qẑ

2
,2 D

3U@ tscql S1tcs
ql S#UpS 2

Qẑ

2
,1 D L , ~A10!

whereD(Q2) is an energy denominator which can easily be
shown to be even inQ, and where

tsc
ql S5hs s̄~0,0!U@Y*K* #ql SS 1

Qẑ

2
,2 D L

3 K @Y*K* #ql SS 1
Qẑ

2
,2 D U j s s̄contact~0,0!2

~A11!

and

tcs
ql S5 j s s̄

contact~0,0!2U@Y*K* #ql SS 2
Qẑ

2
,1 D L

3 K @Y*K* #ql SS 2
Qẑ

2
,1 D Uhs s̄~0,0!, ~A12!

whereu@Y*K* #ql S(6Qẑ/2,mY* K* )& denotes a state with in-
ternal radial momentumq, internal orbital angular momen-
tum l and total internal spinS coupled to total angular mo-
mentum and parityJP5 1

2
1 ~so thaths s̄ can connect it to the

proton!, with momentum6Qẑ/2, and withz component of
spinmY* K* . Now consider the general matrix element

K @Y*K* #ql SS 1
Qẑ

2
,mY* K* D Uhs s̄~0,0!UpS 2

Qẑ

2
,mpD L

5gY* K* p
ql S

~Q2!xY* K*
† xp . ~A13!

Sincehs s̄ is a scalar operator, the form of the right-hand side
of this equation is uniquely determined. In particular, it fol-
lows from parity conservation that this matrix element has no
spin-flip component and therefore that when made gauge in-
variantvia contact interactions, it will not generate one. We
conclude that also no contributions toms from contact terms
are required to make the contributions of the strongY*K*
loops gauge invariant.

There is, of course, no reason why the underlyingss̄pair
creation dynamics might not generate independent gauge in-
variant contact currents of the formxY* K*

† e i jks jQkxp which
couldcontribute toms . Although they lie outside our goal of
providing a complete calculation of the effects ofss̄ pairs
generated by strongY*K* loops, it would be interesting to
know the size of such effects.~We note in passing that, as a
class of diagrams, they will also be subject to strong cancel-
lations since, for example,3S1 pair creation followed by
3P0 annihilation will vanish in the closure-spectator approxi-
mation.!

To complete our demonstration that Eq.~5! is the correct
gauge invariant formula for the contributions ofss̄ pairs
from strongY*K* loops to Ds, Rs

2 , and ms , we briefly
recall how the third-order processes~1a! and ~1b! lead to it.
The analysis is very straightforward, giving

TM
ext~Q!~1a!1~1b!5TM

ext~Q!Y*1TM
ext~Q!K* ~A14!

corresponding to scattering from intermediate particlesY*
andK* , respectively, with, for example,

TM
ext~Q!K*5e jM

K* ~Q!aM
ext~Q! (

mY*mK*
E d3pFmY*mK* ,2

l S* ~p!

3FmY*mK* ,1
l S ~p1eY*Q! ~A15!

5e jM
K* ~Q!aM

ext~Q! (
mY*mK*

E d3rcmY*mK* ,2
l S* ~r !

3e2 iQ•rK*cmY*mK* ,1
l S ~r !, ~A16!

whererK*5eY* r and where

FmY*mK* ,s
l S ~p!5^@Y* ~eY*P1p,mY* !K* ~eK*P

2p,mK* !# l Suhs s̄~0,0!up~P,s!&

~A17!

is the internal relative momentum wave function ofY* and
K* ‘‘inside’’ the proton @which is independent of the~small!
total momentumP#, andc is its Fourier transform. Clearly
an exactly analogous formula appears forTM

ext(Q)Y* and the
two, having as they do simple constituent interpretations,
lead to the ‘‘naive’’ Eq.~5!.
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