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Strange hadronic loops of the proton: A quark model calculation
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Nontrivial qq sea effects have their origin in the 1082 dynamics of strong QCD. We present here a quark
model calculation of the contribution &fs pairs arising from aompleteset 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 numbes): 14.20.Dh, 12.38.Aw, 12.39.Ba, 13.2%

I. INTRODUCTION guark loops. The dominance of such a “quenched approxi-
mation” is, however, not sufficient to underwrite the valence
While providing a good description of low-energy strong quark model: in the chiral limit, such Feynman graphs in
interaction phenomena, the constituent quark model appeag&neral receive important contributions from not only for-
to be inconsistent with many fundamental characteristics oyvard quark propagation, but also fronz“graphs.”(A “Z
QCD. Foremost among these inconsistencies is a “degree @aph” is one in which the interactions first produce a pair
freedom problem”: the quark model declares that the low-2nd_then annihilate the antiparticle of the produced pair
energy spectrum of QCD is built from the degrees of free-29ainst the original propagating particl€utting through a
dom of spin} fermions confined to ajq or qqq system. !arge N, two-point function at a fixed time therefore would
Thus, for mesons the quark model predicts, and we seem ig general reveal not only the' valence quarks but also a large
observe, a “guarkonium” spectrum. In the baryons it pre-d9 sea. The largéN. expansion also leaves unanswered a
dicts, and we seem to observe, the spectrum of two relativ'0re guantitative question. While hadronic widthsare
coordinates and three spjndegrees of freedom. nor_mally small compared to hadronlc_massms they are _
These quark model degrees of freedom are to be corfypically comparable to the mass spacings between states in
trasted with the most naive interpretation of QCD which the hadronic spectrum. It is thus surprising that the spe_ctros—
would lead us to expect a low-energy spectrum exhibiting 3¢:0PY of a valence quark model can survive “unquenching.”
quark and antiquark degrees of freed@rflavors x 2 spins T.ht'are is another puzzle of hadronic dynamics which is
x 3 colors for particle and antipartioleand 16 gluon de- réminiscent of this one: the success of the Okubo-Zweig-
grees of freedoni2 spinsx 8 colorg. Less naive pictures lizuka (OZI) rule [2]. A generic OZl-violating amplitude
exist, but none evade the first major “degree of freedomfrozi ¢an also be shown to vanish likeNl/. However, there
problem” that the gluonic degrees of freedom appear to hé'® se\_/e_ral unsatisfactory feat_ures of thI_S _“solutlon” to the
missing from the low-energy spectrum. This issue, being on@Z! mixing problem[3]. Considerw-¢ mixing as an ex-
of the most critical in nonperturbative QCD, is being ad- ample. This mixing receives a contribution from the virtual
dressed by many theoretical and experimental programs. hadronic loop procese—KK— ¢, both steps of which are
The second major “degree of freedom problem,” and theOZI allowed, and each of which scales witN. like
one which we address here, has to do vgthpair creation. T'*>~N_ Y2, The largeN, result that this OZI-violating am-
A priori, one would expect pair creation to be so probableplitude behaves likél_ * is thus not peculiar to largh,: it
that a valence quark model would fail dramatically. Of just arises from ‘“unitarity” in the sense that the real and
course, we know empirically that pair creation is suppressedmaginary parts of a generic hadronic loop diagram will have
the observed hadronic spectrum is dominated by narrowhe same dependence biy. The usual interpretation of the
resonances, while the naive picture would predict resonance3ZI rule in this case, that “double hairpin graphs” are dra-
with widthsI" comparable to their masses matically suppressed, is untenable in the light of these OZI-
It is now widely appreciated that the narrow resonanceallowed loop diagrams. They expose the deficiency of the
approximation can be rationalized in QCD within theNl/ largeN, argument sincé,;~I"<m is nota good represen-
expansion[1]: in the limit N.—o, meson widths(for ex- tation of the OZI rule(Continuing to usev-¢ mixing as an
ample are proportional tdN_ * while their masses are inde- example, we note tham,,— m,, is numerically comparable to
pendent ofN.. The demonstration proceeds by showing thata typical hadronic width, so the larg¢. result would predict
hadron two-point functions are dominated by graphs inan w-¢ mixing angle of order unity in contrast to the ob-
which the valence quark lines propagate from their point ofserved pattern of very weak mixing which implies that
creation to their point of annihilation without additional Agz<I'<€m.)
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In our recent papeist,5], we have studied the unquench- A. The origin of the valence approximation

ing of the quark model, addressing in particular the impact of pq already mentioned, a weak form of the valence ap-
qqg pair creation on quark model spectroscopy and on thgroximation seems to emerge from the lafgglimit in the
OZI rule. In this paper we extend our previous work to cal-sense that diagrams in which only valence quark lines propa-
culate some effects of the strange quark content of the protogiate through hadronic two-point functions dominate as
induced by strongss pair creation. Since, as will be de- N,— . This dominance does not seem to correspond to the
scribed in the next section, our model preserves the spectrgisual valence approximation since tEegraph pieces of
scopic successes of the quark model and is consistent wituch diagrams will produce @q sea.
the OZI rule, it provides a legitimate framework for the study  Consider, however, the Dirac equation for a single light
of the qq sea. We focus here on tiss sea both because it quark interacting with a static color sourta a single light
allows us to avoid complexities associated with antisymmegquark confined in a bagThis equation represents the sum of
trization with respect to the valence quarks in the nucleonsa set of Feynman graphs which also inclugraphs, but the
and because it has recently received considerable experimegffects of those graphs is captured in the lower components
tal attention. of the single particle Dirac spinor. That is, sugZhgraphs
Our goals for this calculation, though ambitious, are lim-correspond to relativistic corrections to the quark model.
ited. In particular, we will address here the effects on thel Nat such corrections are important in the quark model has
strange quark helicityAs, the strangeness charge radiusP®&en known for a long timgs]. For us the important point is
R? and the strangeness magnetic momenof a complete that while they have quantitative effects on quark model pre-

sum over the OZl-allowedsloops which contribute to two- dictions (e.g., they_ are comm_only held to be res_p_on_5|ble for
int functions(i £ or that corr nd at the h dmuch of the required reduction of the nonrelativistic quark

pol unctionsii.e., o pjoces,ses, at correspond at the had, e prediction thag,=5/3 in neutronB decay, they do

ronic level top—Y*K*=Y* K* —p, whereY* andK*  not qualitatively change the single-particle nature of the

represent generi€= —1 baryons andS=+1 mesons, re- spectrum of the quark of our example, nor would they quali-

spectively, and where’> indicates the action of the appro- tatively change the spectrum ofg or qqq systems. Note
priate current In contrast, we are unable to discuss thethat this_ interpret_ation is consistent with the fact that
effects of pure OZI-forbidden processé., ones that do Z-9raph-inducedqq pairs_donot correspond to the usual
not proceed through strong OZl-allowed meson Igops Partonic definition of thejq sea sinc&-graphs vanish in the
These include processes in which tee pair is directly ~Infinitt momentum frame. Thus theq sea of the parton
created or annihilated in a color singlet state.qg., mg%el is also associated with tiugg loops of unquenched
p—pdchpdlmc—p and  plpgpcop or oo

p—pepc—p, Where ¢yec is an ss meson with quantum B. The Am<T problem

numbers)PC. The latter two of these processes correspond to . .
pure OZI-forbidden vector-meson-dominance-type graphs, CONSider two resonances which are separated by a mass
As was the case in our earlier studies of OZI violafish all 9P dm in the narrow resonance approximation. In general
such disconnected “double-hairpin” diagrams are outside ofV® Would expect that departures from the narrow resonance
the scope of our model: we focus on the naively much largePProximation, which produce resonance widihsought
OZl-allowed loop diagrams. We also do not discuss herg!So to produce mass shitsm of orderl’. Yet even though
processes in which strange baryon-meson loops are directfy YPical hadronic mass spectrum is characterized by mass
created by the probing current. While such “contact graphs9@psém of order 500 MeV, and typical hadronic widths are
would in general exist, we show below that none are require@f 0rder 250 MeV, this does not seem to happen.

to make the contributions of our stroiYg K* loop graphs to We have proposed a simple resolution of this puzle
As, R?, or u, gauge invariant In the flux tube model of Ref.7], the quark potential model
’ S ) S .

arises from an adiabatic approximation to the gluonic de-
grees of freedom embodied in the flux tube. For example, the
standard heavyQQ quarkonium potentiaMqo(r) is the
ground state energiy(r) of the gluonic degrees of freedom
in the presence of th@ Q sources at separatian At short
The Introduction describes three puzzles associated witllistances where perturbation theory applies, the effect of
the nature and importance qfj pairs in low-energy hadron N; types of lightqq pairs is(in lowest ordey to shift the
structure:(1) the origin of the apparent valence structure of coefficient of the Coulombic potential fromygo)(Q2)
hadrons(since even afN.—~, Z graphs would produce =127/[33In(QYA2)] to
pairs unless the quarks were hep\@) the apparent absence
of unitarity corrections to naive quark model spectroscopy, (Ng), ~2 127
despite one’s expectation of mass shifis~1I" (wherel is ag ' (Q ):(33—2N IN(Q%AZ)"
a typical hadronic width) and(3) the systematic suppression f Ne
of OZl-violating amplitudesAgz, relative to one’s expecta- o )
tion (from unitarity) that Aqz~T . The net effect of such pairs is thus to produaeeaveffective
In this section we describe the solutions we see to thesshort distanc&Q potential.
puzzles. The resulting picture forms the context of the new Similarly, when pairs bubble up in the flux tubee.,
work described in this paper. when the flux tube breaks to creat®a plusqQ system and

Il. UNQUENCHING THE QUARK MODEL:
BACKGROUND
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d d d d not match those of the initial and final state for any estab-
lished nonet. Referendé]| demonstrates that this approxi-
(a) (b) mation gives zero OZI violation in all but thistill obscure

0** nonet, and shows that corrections to the closure-plus-
/‘/ \ spectator approximation are small, so that the observed hier-
() archy Aqz<<I" 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-
voa L quenching on spectroscopy and the OZI rule should be
o . _ viewed very skeptically as models of the effects of thg
FIG. 1. (@) OZI-violation in a meson propagator by “pure anni- qo5 o0 hadron structure: we have shown that large towers of

?g;agogi}feiggf;&‘)eng'&%rti?]g gﬁﬁi”;fﬁfiﬁ;ﬂ;ﬁhggﬂ z'iig;a?nmesonic loops are required to understand how quarkonium
OZl-violating loop diagram via two OZl-allowed amplitudes. 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
then “heals” back toQQ), their net effect is to cause a shift exceptional massebave a special role to play, they cannot

AEy,(r) in the ground state gluonic energy which in tum pe expected to provide a reliable guide to the physics of

) (

produces a new long-range effecti@ potential[ 8]. qq pairs.
In Ref.[4] we showed that the net long-distance effect of
the bubbles is to create a new string tensﬁgn(i.e., that the ll. STRANGE QUARKS AND THE SPIN CRISIS:
f

potential remains linear Since this string tension is to be SOME HISTORY

associated with the observed string tension, after renormal- Beginning in 1988 with the European Muon Collabora-

izationpair creation has no effec'g on the Iong-distar!ce struc-tion (EMC) experimen{9], and continuing through a recent

ture of the quark model in the adiabatic approximati@inus  series of closely related experimefit], the helicity struc-

the net effect of mass shifts from pair creation is muchyre functions of quarks in the proton and neutron have been

smaller than one would naively expect from the typical width easyred via polarized deep inelastic scattering. When com-

I': such shifts can only arise from nonadiabatic effects. FOhined with measurements of axial charges in hypegote-

heavy quarkonium, these shifts can in turn be associated WiT@ay and the assumption of €8 symmetry, these experi-

states which are strongly coupled to nearby thresholds.  ants indicate a “spin crisis™ only about a third of the
We should emphasize that it was necessary 0 SUM OV§f,cleon’s helicity resides on its quarks, and about

very large towers oRRq plus qQ intermediate states to see —10+3% of this helicity is lost to strange quarksl], in

that the spectrum was only weakly perturbéafter un-  yjolation of the Ellis-Jaffe extensioii2] of the fundamental

quenching and renormalizatiprin particular, we found that  Bjorken sum rulg13].

no Simple truncation of the set of meson |00p5 that can re- A|th0ugh genera”y accepted, there has been some discus-

produce such results. sion about the reliability of these conclusions. While support
for them has come from other types of experimefritd],
C. The survival of the OZI rule they have been criticized from other quarters for depending

L . . on an extrapolation of the structure functions to sl 5]

. The Introduction illustrates, via the gxamplea»fgb mix- and on a Sl?l(B)—symmetry—based analysis of hyperon beta
ing through aKK loop, why unquenching the quark model yecay[16]. At a deeper level, reanalyses of the theoretical
endangers the naive quark model's agreement with the OZlonnection between spin-dependent deep inelastic scattering
rule. In[5] we showed how this dlsaster is naturally averted,p g the spin structure functions showed that thé33\din-

in the flux tube model through a “miraculous” set of can- gje¢ structure functions are entangled with the gluon spin
cellations between mesonic loop diagrams consisting of apsiycture functions via the (@ axial anomaly[17]. This
parently unrelated sets of mesong.g., the KK,  observation has led to attempts to avert the “spin crisis” by
KK*+K*K, and K*K* loops tend to strongly cancel invoking a large gluonic contribution via the anomaly. This
against loops containing K or K* plus one of the four possibility should be checked by direct measurements on the
strange mesons of tHe=1 meson nonels glue.

Of course the “miracle” occurs for a good reason. Inthe  The naive nonrelativistic quark model predicts that
flux tube model, where pair creation occurs in ftig, state, 100% of the nucleon’s helicity resides on the quarks, but, as
the overlapping double-hairpin graphs which correspond t@lready mentioned above, lower components of the quark
OZl-violating loop diagramgsee Fig. 1, cannot contribute spinors arising from relativistic effects are believed to lower
in a closure-plus-spectator approximation since the" 0 this fraction to about 75%6]. At the opposite extreme are
guantum numbers of the producéar annihilatedl pair do  naive Skyrmion modelgl8] which predict that the net quark
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spin of the nucleons should be zeg@ result which seemed

supported by the initial experimental resiilts (a) (b)
If there is a large strange quark contribution to the \
nucleon spin, then one would also naturally expect strange /l D
contributions to nucleon magnetic and electric form factors.
Purely electromagnetic scattering can only measure the four
linear combinations
GKADE:EGW)E_ EGWE_ EG(MS)E, 1) FIG. 2. A meson loop correction to a baryon propagator, drawn
E 3 ) 3 , 3 ) at (a) the hadronic level an¢b) the quark level.
G = (d) 1G(U) 1G(S) i i i i
me=3CME" 3CME™ 3CME: 2 The renormalization of axial couplingg, (and therefore

of the fraction of the proton spiaq carried by the quarks of

: . . flavor q) by gq pairs in the form of meson loops is a subject
whereG{; is the magneticK1) or electric €) form factor iy 5 history dating back to the birth of meson exchange
of the quark flavorf in the proton. From parity-violating heqries of the strong interaction. For some modern studies
scattering on the proton one can measure two more lineap o context of chiral perturbation theory, see R&B).
combinations Many recent studies, including ours, are extensions of this
classic meson loop approafp6].

A model-dependent study of tfss sea based on hyperon-
kaon loop diagrams was made by Koegtfal. in Ref. [27].

X[Gy e+ Gl e (3)  These authors used both a nonrelativistic quark model and
the cloudy bag model to calculate the strangeness content of
and thereby separate out the six elementary form factorghe proton arising from\K, 2K, andX*K loops. After tun-
G,(\,f,)’E for f=u, d, ands. Experiments are currently under- ing the baryon-baryon-meson form factors to reproduce the
way and others are planned to measure these form factomsonstrange nucleon moments, they found that both models
Such measurements appear to be the next step in understafdedict rather small strange moment&As=—0.003,
ing the physics of the spin crisis. R2=-0.01 fi?, and us=—0.03uy.

In the wake of the spin crisis have come a number of Subsequently, Musolf and Burkharf28] examined the
attempts to find theoretical descriptions less extreme than th&K loop graph in a calculation which took its vertex form
naive quark and Skyrmion models. In 1989, Jaffed]  factors from the Bonn potential for baryon-baryon scattering
pointed out that the pole fit of Hiber et al. to the nucleon’s  [30], and which included seagull graphs in order to satisfy
isoscalar electromagnetic form factg290] could suggest the the vector current Ward-Takahashi identity. The results ob-
presence of significant strange currents in the nucleon. Byained by these authorA,s:—0.044,R§:—0.03 fn?, and
identifying the two lightest fitted poles with the physieal  , ~ —0.354,, are significantly larger than those found in
and ¢ mesons, he estimateB=0.14+0.07 fn? for the  [27]. The discrepancy is due, at least in part, to the non-
strangeness radius angs=—(0.31+=0.09)uy for the gauge invariance of the earlier calculation.
strange magnetic moment of the nucledNote that Jaffe More extensive, but from our perspective still incomplete,
uses a sign convention in which the strange quark has posineson loop calculations have been presented in Ra1s.
tive strangeness, opposite to the Particle Data Group conveffhese authors extend loop calculations to include the entire
tion [21]. As a result, botfRﬁ and us must be multiplied by  set of ground state octet pseudoscalar and vector mesons plus

— 1 to obtain the contributions of the strange quarks to théhe ground state octet and decuplet baryons. They obtain

electric and magnetic form factors of the proton. Thus, forAS=+0.02. Another tack has been taken by [29], who

example, a positive value fd&&? indicates thas quarks are calculates the effects of kaon loops on a constituent quark,
' S

farther on average from the proton’s center tfsaguarks. obtainingRE~—0.02 fr_nz andpg~—0.12uy.
Jaffe’s convention appears to have been adopted by subse- 1€ l0op and pole pictures were czomblned in the model of
quent authors, and we too shall adhere o it. Cohen et al. [32], who obtained RZ~—0.042 fnf and
Jaffe and Lipkin[22], building on earlier work by Lipkin ~#s~—0.28uy. These authors also calculated the strange
[23], constructed an extended quark model in which the vaform factors at nonzero momentum transfer. _
|ence qqq Component of octet baryons was Supp|emented ) FOI‘ Some' reviews and fOI‘ alterna“ve models a.nd pOIn'[S Of
with a “sea” consisting of a single|q state which was al- View, in particular Skyrme-based calculations, see Raf.
lowed to have either 0" or 1** 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 hyperog decay. They found that the data  Our discussion of the strangeness content of the proton
could be fit with either alu+dd+ss) or (uu+dd) flavor  Wwill be based on the quark-level process shown in Fig).2
structure to the sea, though in both cases a large suppressidhe main new feature of our calculation is that we shall sum
of the purely valence component of the baryon wave funcover acomplete se¢f strange intermediate states, rather than
tions was required. For other early analyses along these linefist a few low-lying states. Not only does this have a signifi-
see Refs[24]. cant impact on the numerical results fas, RZ, and us,

1 2
—— —sin2¢9w)c;<M“}EJr

Gf/I,?E: 4 3

11
-7t §SII’129W>

IV. A PAIR CREATION MODEL FOR THE
STRANGENESS CONTENT OF THE PROTON
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but, as explained above, it recessaryor consistency with v u s 5 d uou s s d g u s 3w
the OZI rule and the success of quark model spectroscopy. \f
The lower vertex in Fig. () arises wherq pair creation
perturbs the initial nucleon state vector so that, to leading
order in pair creation, vl
lp)—Ip)+ E qdg|Y* K*q/S) FIG. 3. Quark line diagrams fqg—3*K* andp—A*K*.
Y*K* /S
ders the sum in Eq4) finite.] As discussed i4,5], rq is
(Y*K*q/S|hq4[p> (4)  constrained by meson decay data to be approximately 0.25
Mp—Eyx —Egs ' fm.

Once anss pair is created, the decay proceeds by quark
wherehyg-is a quark pair creation operatofy (K*) is the  rearrangement, as shown in Fig. 3. ThesY*K* decay
mtermedlate baryofmeson, q and/ are the relative radial amplitude of the first of Fig. 3 may be written as
momentum and orbital angular momentum¥sf and K*, ..
andS is the sum of their spins. Of particular interest is the (Y*K*|hgstp) = yo2 - I, (7)
sspair creation by the pair creation operalgr;, which will

generate nonzero expectation values for strangeness obsel¥€re> is a spin overlap which can be expressed in terms of
the baryon and meson spin wave functions as

ables:
hesfY* 'K*'q' /'S v
(Os)= f g°dgg’*dq’ <p| NTET_ Ey ’—qEK - ) z X;15254Xs355 X515253X5455 8
Y* K*/S p * *
Y* ’K*,/ S! With 25 5
X(Y*'K*'q'/"'S'|0JY*K*q/S) s
(Y*K*q/Shssip) Xogsg=| O %55 ™ 0505 | (9)
Mp—Eyvi—Egx ® —285, O,

The derivation of this simple equation, including the demon-and| a spatial overlap:

stration that it is gauge invariant, is given in the Appendix. 312 _g?

We will be considering the cas@=As, RZ, andus. The I —2'yo< f d3kd3pd3sexp( )

value of As can be associate(via small scale-dependent 4mb 2b

QCD radiative correctionswith the contribution of strange 3 s mg

quarks to the deep inelastic spin-dependent structure func- x@Y*{k \[E( 5T m q”
uus

tions and to the strange quark axial current matrix elements

in the proton. s m
To calculate thep— Y* K* vertices in Eq(4), we employ X(I)’,:* p+ 5 —m—sq

the same flux-tube-breaking model used in our earlier work. us

This model, which reduces to the well-knowtP, decay 3

model in a well-defined limit, had its origin in applications to XDk, — \[5

decays of mesonf34,35 and baryong36]. The model as-

sumes that a meson or baryon decays when a chromoelectiifere the®’s are momentum space wave functiogss the

flux tube breaks, creating a constituent quark and antiquarkhomentum ofY*, and them;’s are quark massesry, is

on the newly exposed flux tube ends. The pair creation opshort for 2n,+ ms, etc). The factor expfs/2b) models the

2
pex;{ - §r§p2)

. (10

+s
p g—q

erator is taken to havéP, quantum numbers: overlap of the initial- and final-state flux tube wave func-
312 3z tions; its size is controlled by the physical string tensimn
hqgtt.x)= 7o ( f d3zexr< ) though our results do not depend strongly on the numerical
8rg value ofb.
. . For the remaining quark line diagrams in Fig. 3, the decay
xq'l t,x+ = a-Vq(t,X— _)_ (6)  amplitude still has the forn(7), but the spin indices in Eq.
2 2 (8) become permutedThe spatial overlap irf10) remains

_ _ _ S . the same thanks to the assumed symmetry of the proton’s
The dimensionless constam is the intrinsic pair creation spatial wave function.

strength, a parameter which must be fit to decay data. In our Faced with the large number of states that contribute to
previous studies of mesons, we i to the p— 7o decay the sum in Eq(5), we have found it necessary to use simple
width; here we find it more appropriate to fit to the harmonic oscillatofSHO) wave functions for the baryons
A— N width. It turns out that the two values agree to and mesons in Ec(lO) The oscillator parametey [defined
within 20%, which is a reassuring consistency check. Thehy ®(k)~e~ -k ’23] were taken to b0 0.4 GeV for
operator(6) createsconstituentquarks, hence the pair cre- mesongas in Ref[35]) and By o= 0.32 GeV for baryons
ation point is smeared out by a Gaussian factor whose widthias in Ref.[37]). As discussed below, our results are quite
rq, is another parameter of the modgh addition to being insensitive to changes in th&'s [mainly because Eq5) is
physically motivated, this smearing factor conveniently ren-sindependent of the choice of wave functions in the closure-
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limit — any complete set gives the same result — and the 2 1
full calculation with energy denominators does not deviatd (AK)p(1/) = \[§|(ALK)m=1>— \[§|(ATK)m=O>. (13
much from this limi.

Even with SHO wave functions, the sum over intermedi-
ate states would be very difficult were it not for an importantThe s quark in the kaon is unpolarized, while teequark in
selection rule: inspection of the quark line diagrams in Fig. 3the A carries all of theA’s spin; because of the larger coef-
shows that the relative coordinate of the nonstrange quarks ificient multiplying the first term in Eq(13), the AK inter-
baryonY*K* is always in its ground state. Only the relative mediate state alone gives a negative contributiol $o
coordinate between the strange and nonstrange quiceks When we add in the AK*)p(1/2) and (AK*)p(3/») States
the Ny« oscillatop can become excited. This drastically re- (note that the subscripts denote the quantiti¢S) defined
duces the number of states that must be summed over. Upreviously, we have
fortunately, this simplification does not apply fau or dd . 1

. Y 3 3 —24
pair creation; we therefore postpone to a later paper the com- 1 -
putation of their contributions to the nucleons’ spin, chargeAsoc( 1 - @) 18 -1 J8 - \/;

Wl

radii, and magnetic moments. 10 3
We will find it useful at times to refer to the closure- 3
spectator limit of Eq.(5). This is the limit in which the (14

energy denominators do not depend strongly on the quantum o
numbers ofY* andK*, so that the sums over intermediate in the closure limit. Here the matrix is just 8¢+ S{%))

states collapse to 1, giving (which is of course symmetric though we only show its up-

per triangle, and the vectors give the relative coupling
(Og)(plhs30shssip)(0lhssOshs510), (19) strengths of the proton tq (AK)pz), (AK*)pas),

where the second step follows sinkgs-does not couple to (AK*)p(ai2)]. There are a couple of things to note here. _
the motion of the valence spectator quarks. We see that the (1) The matrix multiplication in(14) evaluates to Zero,
expectation value oD is taken between thaP,, states cre- Nere is no net contribution tds from the AK and AK

ated byh.<- From the properties of th&P, wave function it states in the closure limit. There are in fact many such “sub-
then follows thatA s— R?= 4.=0 in the closure-spectator Cancellations” in the closure sum fdrs: for each fixed set
S S

limit (a result which would not be seen if only the lowest of spatial quantum ”“’T‘befs in the intermediate state, the
term, or lowest few terms, were included in the closuresum SUT ~ OVer_ quark SPINS alone  gives  zertbecause

In the next section we will present our results for the(St")=(S:*)=0 in the °P, stat9. That is, each S(6) mul-
expectation values defined by E@) for the quantitiests,  tiplet inserted into Eq(5) separately sums to zero. More-
R§, and us. We will see that delicate cancellations lead to©Ve' the As operator does not cause transitions between
small values for these observables even though the probabfi=0 andl=1 strange baryons so that theandX. sectors

ity of ss pairs in the proton is of order unity. are decoupled, hence they individually sum to zero.
(2) Only the diagonal term in Eq.14) corresponding to
V. RESULTS p— (AK*)pay— (AK*)pay—P gives a positive contri-

bution to As. (We use— here to denote the action of the
As operaton. All of the other terms give negative contribu-
As, the fraction of the proton’s spin carried by strangetions. In the full calculation with energy denominators, the
quarks, is given by twice the expectation value of $hend  negative terms are enhanced because they contain kaon
S spins: (rather than K*) masses. The full calculation gives
AS:2<S(Zs>+S<Z?)>_ (12 As=-0.065 fromAK and AK* states. The largest indi-
vidual contribution is—0.086, from the off-diagonal term
Let us fII’S.t examine the contribution ths from just the p_’(AK)P(1/2)A_S’(AK*)P(3/2)_>p-
lowest-lying intermediate staté\K. The P-wave AK state Proceeding to intermediate states containfigand 3 *
with J=J,= % is baryons, we calculate

A. Strange spin content

3 —122 33 -6\6 0 0 ]
15 0 0 63 —3415

-7 -10y2 —-4\2 -410

10 4 4.5

-2  -2\5

17

— 1
2(87+8)= ¢, (15
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in the basis [(2K)pasp):(2*K)pam),(XK*)par),
(EK*)pai2)s (Z*K*)peas),(*K*)pi)l. The correspond-
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is the strangeness radius.
The calculation oR? is more difficult than the calculation

of As, for several reasons. First, the operators appearing in
R2 cause orbital and radial transitions among the intermedi-
ate states. Thus SHO transitions satisfylfig=0,+ 1 and/or

ing relative couplings to the proton are
1 \F \/75 \/§ \F \/Io
3" No V27 V27 V27 V27| A/=0,+1 are allowed, so there are many more terms to
calculate 6 and/ are orbital and radial SHO quantum num-

Again, the netAs from these states is zero in the closurebers. Moreover, the subcancellations discussed above no
limit, but this time the insertion of energy denominators doedonger occur, so thak? converges more slowly thaks: we
not spoil the cancellation very much: the full calculation must include more states in E¢) to obtain good accuracy.
givesAs= —0.003 in this sector. In addition, the basic matrix elements are more complicated:

P-wave hyperons and kaons contribute anothéx.04 to  in a basis of states with good magnetic quantum numbers
As, and the net contribution from all higher states is(m,m’) we have, for example,
—0.025.Thus, the result of our calculation §s=—0.13, in o )
quite good agreement with the most recent extractions fromd 7'M [P 2N/ M= 81/ 1 Oy mBic
experiment,As(expt)= —0.10+0.03 (see, e.g., Ref[11]).

- . /+ m /,,’_ m
We emphasize that our parameters were fixed by spectra and (/,, N / )
decay data. Moreover, the result is quite stable to parameter (27/+1)(2/-1)
changes, varying by at most0.025 whem g, b, Bparyon and X(\n+/+ 1128
[ n!n

Bmesonare individually varied by 30%.

For comparison with other calculations, we note that in
our model the AK intermediate state alone contributes
—0.030 toAs, and the contribution from tha K, 2K, and

—yn+ 15n'n+1)+ 6/’/+15m’m:8K*
" \/(/‘+ m+1)(/—m+1)

2*K states together i&oincidentally also —0.030. (2/+1)(2/+3)
It is interesting to note thals is driven mainly by meson,
rather than baryon mass splitings: if we set X(\n+/+31280— \NSpin_1)

my=my=ms«, We find thatAs decreases by only about
30%, whereas it drops by about 80% if we ®@t=myx.

Finally, we have also computed the charm-quark contribufor matrix elements of the meson internal coordinate and
tion to the proton spin, findindc~ —0.01.

19

(Z+m)(/—m)
(2/+1)(2/-1)

<q’/,m’|rz|q/m>:i5m’m[ Oy1/-1

«|-

=011

B. Strangeness radius

Figure 4 defines our variables for the quarks in an inter-
mediate state. Thésquared distances of the ands quarks
from the baryon-meson center of mass are

m
ri=(r,— Rc.m)ZZ[_ \/E( m ))\Y* +exxr

uus
m
m

us

d

dqg

/-1

q

(/+m+1)(/—m+1)
(2/+1)(2/+3)

}5(q—0|’)

q2
for matrix elements of theY* —K* relative coordinate.
These matrix elements must be coupled together to give
(R?) between states of definit¢ and S with total angular
momentum 3, 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 E5), we must
obtain the closure-spectator resig=0.

Our results folR? are shown in Table 1. With our standard
parameter set, we obtaiR?=—0.04 fn?. For reasonable
parameter variations,R§ ranges between—0.02 and
—0.06 fr?. Table | shows that the lowest-lying $8) mul-
tiplets of intermediate statdse., theS-wave hyperons and
kaong account for about half of2 and r%. Most of the
remaining contributions come frorR-wave hyperons and
kaons. HoweverR? involves a large cancellation between
r2 andri—, and its value does not settle down until we add in
quite highly excited intermediate states. For this reason, the

2

u

(16)

NE
dq

/+2
q

2 (20)

u

%:(rS_Rc.m)zz

7

)rK*_Gy*r

whereeg« =Mgx IMyx g+ and ey« =My /My« g+, While by
definition

(18

FIG. 4. Quark coordinates in an intermediate state.
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TABLE I. Proton strangeness radius from hadronic lo¢ips  culation. In fact, there are no radial transitions in this case, so

fm?). The rows give the running totals as progressively more exthere are fewer states to sum over and the sum converges
cited intermediate states are added into the calculation. The finghore quickly.

column thus shows the total from all intermediate states. The results obtained with our standard parameter set are
Plus PlusD waves and All <23(ZS)>: —0.058 <25(237)> =_0.074
Swaves P waves S wave radial excitations  states
2 0097  0.198 0.210 0.173 (LY)=0.043, (L{*)=0.038,
rzs— 0.094 0.139 0.185 0.210 o
RZ  0.003 0.059 0.025 —0.04 w'®=-0.02%y, n'3=0.06Quy,
Mms=0.035uy . (26)

precise numerical valuéand perhaps even the sjgaf R§ . N . o
cannot be considered definitive: our conclusion is rather thatve predict a positivgalbeit small value for ug, in dis-

Rg is Sma”, about an order of magnitude smaller théand agreement with the other models discussed at the beginning
rzs__ This result is not too surprisin@iﬁ is exactly zero in the of this section. Where does the positive sign originate? First

closure limit, and our previous hadronic loop studjdss] ~ Nnote that the signs afsty), (LEY), and(L{Y) are correctly

led us to expect that the full calculation with energy denomi-given by just the lowest-lying intermediate state of Eq.

nators would preserve the qualitative features of this limit. (13). (We also note in passing that the's have similar
Note that the AK intermediate state alone gives magnitudes so that orbital angular momentum contributes

R2~—0.01 fn? (the sign is as expected from the usual folk- Very little to ug in any casg.On the other hand, th&K state

lore) while the AK, SK, and S*K states together give has(S{”)=0, whereas we findS{®) to be quite large and

—0.017 fnf. Nevertheless, although our sum over all stategiegative. (The main contribution comes from the off-

gives the same sign and order of magnitude as these truncg. s()

tions, Table | shows that this is just a coincidence. lagonal processp—(AK)p — (AK*)pz—p, al-
though there is also a significant contribution from

(s)
C. Strange magnetic moment p—>[A(1405)K]S(1,2)Si> [A(1405K* Jg1/2—p.) These im-
yortant terms, which driveg positive, are omitted in calcu-
ations which include only kaon loopgWe find that the
AK intermediate state alone contribute.08Quy to us,
and the contribution from\K, 3K, and 2*K together is

1
M(S):—<25(zs)+ L(ZS)>’ (22) —0.074uy )
2mg

The strange and antistrange quarks carry magnetic m
ments— % u(>3) where

VI. CONCLUSIONS

_ 1 — _
pl®=— m(zs(zs)"‘ Ly%), (22) We have presented here parameter-free calculations of the
s effects of thess sea generated by strongf 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
The spin expectation values are already in hand from ouyyith the success of the quark potential model and especially
As calculation. Referring again to Fig. 4, we see thatshe with the validity of the OZI rule.
ands orbital angular momenta are given by Our results predict that observable effects from the

strange sea generated by such loops arise from delicate can-
Le=(rs—Rem) X Pa cellations between large contributions involving a supris-
ingly massive tower of virtual meson-baryon intermediate
_ 6 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 completéin the sense of summing
(249 over all OZI-allowedY*K* loops and gauge invariant, we

and we denote the net strange magnetic momently

=S+ ), (23)

m,

)\y* + exxr

uus

X

recall that our calculation has ignored pure OZI-forbidden
Ls=(r5s—Rem) XPs effects as well as those loop diagrams directly generated by
the probing currenfcontact terms As a consequence, our
:[ _( my ) e eyt —DK*—(E)Q}- (25  results cannot strictly speaking be taken as predictions for
Mys Mys As, R?, or us. Rather, this calculation shows that a com-
plete set of strongy* K* loops, computed in a model con-
Computing the expectation values of these operators presengistent with the OZI rule, gives very small observasle
no new difficulties beyond those encountered in Pﬂiecal- effects. While such OZl-allowed processefgght dominate,
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we cannot rule out the possibiliias was also the case with forbidden graphs in whicA* acts on a color singlets state

w— ¢ and other meson mixingp]) that direct OZI violation  which is created and/or destroyed on the nucleon. The pure

(and in this case contact graphs as yebuld make addi- OZI-forbidden processes fall outside the scope of our model.

tional contributions of a comparable magnitude. On the other hand, OZl-allowed contributions may be calcu-
The small residual effect we calculate for the loop contri-lated (with all the usualcaveatsand approximations of non-

butions toAs seems consistent with the most recent analysegelativistic quark model calculations of axial matrix ele-

of polarized deep inelastic scattering data. Our calculationgnents according to

also give small residual strange quark contributions to the

charge and magnetization distributions inside the nucleons. gf)z(p(0,+)]§/“y55|p(0,+)> (A1)
If these contributions are dominant, it will be a challenge to o

devise experiments that are capable of seeing them. Indeed, 22<p(0,+)|S(Zs)+S(ZS)|p(0,+)> (A2)
they are sufficiently small that we would expect that their

observation will require the development of special appara- =As (A3)

tus dedicated to this task. Given the fundamental nature of

the puzzling absence of other signals for the stroggea in  as used in Sec. V A.

low-energy phenomena, this effort seems very worthwhile.  The discussion oR2 and u. is considerably more in-
It would be desirable to devise tests of the mechanismsolved. Our first step is to set up the Breit-frame formalism

underlying the delicate cancellations which conspire to hidgor calculatingR? and us. It is easily shown that the electric

the effects of the sea in the picture presented here. It alsgnd magnetic form factors of the proton may be calculated
seems very worthwhile to extend this calculationuto and  vjg the formulas

dd loops. Such an extension could reveal the origin of the

observed violation§38] of the Gottfried sum rul¢39] and o 2 ) TQ)
also complete our understanding of the origin of the spin Ge(g°=—-Q%)= e0™0)’ (A4)
crisis. From our previous calculatiofpd], the effects of “un- E
guenching” strange quarks are a good guide to the effects to (2M,/Q)TEYQ)
be expected from up and down quarks in the absence of Pauli Gh(g?=—-Q%)=- P M ., (AB)
blocking. Since most of the created pairs are in highly ex- eay(Q)
cited states, Pauli blocking should be of minor importance, ext )
and so one would guess thedichof up, down, and strange WhereTew(Q) are theT-matrix elements
will produce a contribution taAq of about —0.13. When - -
combined with the relativistic quenching Ay aence 6], this TEX‘(Q)E< p +Q_Z || TE p( _ Q_Z A+ > . (AB)
makes it plausible to us that most of the “missing spin” of 2 2
the proton is in orbital angular momentum. R R
Qz Qz
T&X‘(Q)E<p( +_1_)TM p| ——5 .+ > (A7)
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APPENDIX: DERIVATION OF (Oy) AZY(t,x) = %(;(_ig,)f d3Qe2*as(Q), (A9)

While Eq.(5) has a simple nonrelativistic interpretation as
an expectation value ddq in the dressed state of E@), it respectively.[Note that all normalizations are fixed by the
is not obvious that it actually computéss, Rg, andus. In condition thatGE(0)=1.]
particular, R and us are defined in terms of charge and  Now consider a proton scattering off one of these external
magnetic form factors, respectively. Here we show that thepotentials subject to the additional gauge invariant perturba-
contributions to all three quantities froms pairs arising tion created byss pair creation. The resulting changes
from strong Y*K* loops may indeed be calculated in a AGE andAG}, areG® andG{J, which may therefore be
gauge invariantfashion in our modelia this simple for-  associated withATZ! and AT§". Thus, generically, the
mula, with each given by the usual nonrelativistic operatorsAG's may be associated with four processes. Associated
of Egs.(12), (18), and(23). with the “naive” formula (5) are the two processes in which

We first discuss the relatively simple cased, where (1) the external field probes th€* of the Y*K* loop, and
gauge invariance plays no role. To second ordefgig, the  (1b) the external field probes thé* of the Y*K* loop. We
graphs contributing to the nucleon matrix elements ofwill recall at the end of this appendix how these processes,
Af=sy*yss are of two types:(1) OZl-allowed graphs which are of second order in the strosg pair creation
where a strongss loop has created &*K* loop and in  Hamiltonian densityhgsg and third order in perturbation
which A% scatters thes or s quark, and(2) pure OZI- theory, lead to Eq(5).
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Associated withhgg, which has matrix elements propor- s Qz Qz
tional to (—1)*Sx{ox_5 (ps—ps), is a pair creation con- [Y*K*Jq/s| + 5 Mys | [Msst00) p| = = mp
tact interaction densitp2"**with matrix elements propor-
- 1\25 e . p—jcontact —_1 =g%>, (Q)x? (A13)
tional to 2e(—1)*xiox_5 A=jcg A, whereeg= —3e Oyxkxpl Q7)) Xy ks Xp -

and A is the vector potential. Through this contact interac-
tion two more processes can occ(®a) the external field Sincehgyis a scalar operator, the form of the right-hand side
directly creates thes pair throughhg%tacﬂ converting the  Of this equatiqn is uniquely determined. In_particular, it fol-
proton at momentum- Q%/2 into aY* K* system at momen- 1ows from parity conservation that this matrix element has no
tum +Q%/2, and therhgz-annihilates thess pair, returning ~ SPin-flip component and therefore that when made gauge in-
the Y*K* system to a proton at the same momentumvariantvia contact interactions, it will not generate one. We
+Q2/2, and (2b) hes converts the proton at momentum conclude that also no contributions 4Q from contact terms
—Q2/2 into aY*K* system at the same momentum, andaré required to make the contributions of the stroffg<*
thenh®™*'annihilates thess pair, turning thev* K* system  100PS gauge invariant. .
at momentum—Qz/2 to a proton at momenturir Qz/2. Th_ere Is, of course, no reason why 'ghe underhysisgair .
We begin by showing that the contact tert@s) and(2b) cregﬂon dynamics might not generate |nidkepenkdent gguge in-
are not required to make the loop contributighs) and(1b) ~ Variant contact currents of the forR« k€ 0 Q xp which
to R? or x4 gauge invariant, couldcontribute tous. Although they lie outside our goal of
The case ofR? is trivial: h™ s independent of providing a complete calculation of the effects ©f pairs
S SS generated by strony* K* loops, it would be interesting to

exi H ik s
L(Jthetg[LTt) in our model, so contact processes do not Contrlbknow the size of such effecté/Ne note in passing that, as a

. . ey class of diagrams, they will also be subject to strong cancel-
!n contrast,us IS deg‘j,ft';f;{”e" by scattering AR (t%), lations since, for example3S, pair creation followed by
which does couple th;~"". From ordinary second-order 3p annjhilation will vanish in the closure-spectator approxi-
time-ordered perturbation theory, mation)
To complete our demonstration that E§) is the correct
gauge invariant formula for the contributions & pairs

eX 5
ZTQ/IXI(Q) :f dqe> ;2<p<+Q_Z’_) from strong Y*K* loops to As, RZ, and us, we briefly
eay(Q) 75 A(Q7) 2 recall how the third-order processéis) and (1b) lead to it.
- The analysis is very straightforward, giving
9/S_ +9/S _ Q_Z
X |[tee "+t 7l p 5 v+ 1), (Al0) o o o
T Q) (1a+1h=TH( Qv+« +TH(Qkx  (Al4)
whereA(Q?) is an energy denominator which can easily becorresponding to scattering from intermediate partictés
shown to be even i, and where andK*, respectively, with, for example,
% Q2 THi(Que=eilf (QagiQ) X | dmdp>, ()
t35=hgst0,0)|[Y*K* ]o/s + o My Mycx v+ M
o3 X0 o, (T e Q) (A15)
><<[Y*K*]q/5 +— | lise o 100)-
(AL1) =eji (Qag(Q) X | drypt . (N
Mye My y* Mk
and XeilQrK*lpgi*mK*ﬁ(r)! (Al6)
R wherer g« = ey«r and where
. Qz
tq/S: contac; 00 Y*K* -+ >
=i 001 Jars| = DE e o) =([Y* (eyx Pt am,mye )K* (e P
z
><<[Y*K*]q/s( -t Iht00), (a12) ~mMke)l5lhsst00)p(P.9)
(A17)

where|[ Y*K* ]y, s(*QZ/2,myxg«)) denotes a state with in- is the internal relative momentum wave function\6f and
ternal radial momentunq, internal orbital angular momen- K* “inside” the proton[which is independent of thesmal)
tum / and total internal spirs coupled to total angular mo- total momentunP], and ¢ is its Fourier transform. Clearly
mentum and parity®= 3" (so thathsg-can connect it to the an exactly analogous formula appears T§(Q)y+ and the
proton, with momentum= Qz/2, and withz component of two, having as they do simple constituent interpretations,
spin my«k+. Now consider the general matrix element lead to the “naive” Eq.(5).
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