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A valence QCD theory is developed to study the valence quark properties of hadrons. To keep only the
valence degrees of freedom, the pair creation throughZtiyeaphs is deleted in the connected insertions,
whereas the sea quarks are eliminated in the disconnected insertions. This is achieved with a new “valence
QCD” Lagrangian where the action in the time direction is modified so that the particle and antiparticle
decouple. It is shown in this valence version of QCD that the ratios of isovector to isoscalar matrix elements
(e.g.,FA/D, andFg/Dgratios in the nucleon reproduce the 8) quark model predictions in a lattice QCD
calculation. We also consider how the hadron masses are affected on the lattice and discover new insights into
the origin of dynamical mass generation. It is found that, within statistical errors, the nucleon aid the
become degenerate for the quark masses we have siudigging from 1 to 4 times the strange maghe =
andp become nearly degenerate in this range. It is shown that valence QCD hasRh& symmetries. The
lattice version is reflection positive. It also has the vector and axial symmetries. The latter leads to a modified
partially conserved axial Ward identity. As a result, the theory has aNPgY2symmetry in the particle-
antiparticle space. Through lattice simulation, it appears that this is dynamically broken down to
Uq(Ng) X Ug(Ng). Furthermore, the lattice simulation reveals spin degeneracy in the hadron masses and
various matrix elements. This leads to an approximaf€2Ng) X U;(2Ng) symmetry which is the basis for
the valence quark model. In addition, we find that the masseé$ df,p,,a,, anda, all drop precipitously
compared to their counterparts in the quenched QCD calculation. This is interpreted as due to the disappear-
ance of the “constituent” quark mass which is dynamically generated through tadpole diagrams. The origin of
the hyperfine splitting in the baryon is largely attributed to the Goldstone boson exchanges between the quarks.
Both of these are the consequences of the lack of chiral symmetry in valence QCD. We discuss its implications
concerning the models of hadroi§0556-282(99)01009-1

PACS numbsgs): 12.38.Gc, 11.30.Rd, 12.39.Ki

[. INTRODUCTION ands quarks and antiquarks are classified by the flavor-spin
and spatial coordinates according to the8)XSU;(6)
In addition to its classification scheme, the quark modelx O(3) group[for brevity, we shall refer to it as SB)]. The
is, by and large, quite successful in delineating the spectrunwave functions are totally antisymmetric in the color space
structure, and decays of mesons and baryons. One oftdor the baryons and symmetric in the color-anticolor combi-
wonders what the nature of the approximation is, especiallyations for the mesons. For example, tBeand D-wave
in view of the advent of quantum chromodynam{€@CD),  baryons are described by the 56-plets andRheave bary-
which is believed to be, after all, the fundamental theory ofons by the 70-plets. Similarly, t& andP-wave mesons are
quarks and gluons. In order to address this question, we nedtgscribed by the 36-plefd].
to understand first where the quark model is successful and (iii) The SU6) symmetry is broken down to SU(3)
where it fails. XSU(2) by the residual interaction between the quarks
To begin with, we need to define what we mean by thewhich is weak compared to the confining potential. The de-

quark model. We consider the simplest approach which ingeneracies within the multiplets are lifted by these residual
cludes the following ingredients. interactions. Of course, additional breakings of flavor({®U

(i) The Fock space is restricted to the valence quarks onlﬂue to the quark masses are responsible for the detailed split-

i.e. three quarks for the baryon and a quark-antiquark pair foggg \:]V(I)t:]“er;sthe octet-decuplet baryon multiplets and the me-

the meson. Although there are variations which include There are many different versions of the quark model

quark seli-energy and so on which go beyond the_'nStamaVvhich share these attributes. They have been called the naive
neous interaction and invoke higher Fock spaeg.,q*q for  quark model, nonrelativistic quark model, constituent quark
the baryon andj?g? for the mesoh we will not consider model, bag model, etc., in the literature. Here we shall refer
them here. to them generically as the valence quark model with the de-
(i) These valence quarks, be they dressed constituefining features of the lowest Fock spata valence Fock
guarks or bare quarks, are confined to a potential or a bag. Tepace and the SW6) flavor-spin symmetry, albeit approxi-
this zeroth order, the hadron wave functions involvingd, mate, as their common denominator. In this work, we shall
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concentrate our discussion on the light quark systems where From the above discussion, it is clear that the Fock space
the valence quark picture is less well understood. For mesort®yond the valence is important and we mentioned two de-
with heavy quarks, such as charmoniums and upsilons, thgrees of freedom, namely, cloud and sea. How to relate these
valence picture based on the nonrelativistic potential modetlegrees of freedom back to QCD unambiguously, how to
which fits experiments reasonably well is confirmed by thefind out their roles in physical quantities, and, more impor-
nonrelativistic lattice QCD calculatiorfj2—5]. We shall not  tantly, how to relate them to chiral symmetry are the main
address them in this study. subjects of this paper. It turns out that chiral symmetry plays

Given the definition of the valence quark model, it is asessential roles in light hadron spectroscopy as well as hadron
easy to understand where it succeeds as where it fails. F&fructure. We find that both the “constituent” quark mass
example, with the one-gluon-like exchange poterfi@dlas and the hyperfine splitting in light baryons are more of a
the residual interaction between the nonrelativistically cononsequence of spontaneous chiral symmetry breaking than
fined quarks describing the hyperfine and fine splittings ofhat of gluons and sea quarks. .
the hadron masses, the valence quark model is very success-In Sec. Il, we will define these dynamical degrees of free-
ful in f|tt|ng meson and baryon masség_lo] and baryon dom in the Euclidean path integral formalism for the had-
magnetic momentse,ll,la' It is also successful in delin- ronic tensor in deep inelastic Scattering. In Sec. lll, we intro-
eating the pattern of electromagnetEM) [1,13,14, semi- duce a valence QCD theory which modifies QCD to
leptonic and nonleptonic weak decays5], the Okubo- eliminate quark-antiquark pair production, thus suppressing
Zweig-lizuka (OZI) rule [16], etc. Similarly it is true for the both the cloud and sea degrees of freedom. The discrete and
MIT bag model where the relativistic quarks and antiquarkscontinuous symmetries of valence QCD are explored. In Sec.
are confined in a bag with a one-gluon-exchange interactioh/, We adopt a lattice action for valence QCD and prove its
[17,18. reflection positivity and Hermiticity. The pion mass, the pion

It is worthwhile noting that all these are based on thedecay constant, and the current quark mass from the axial
valence quark picture augmented by the SU(6)(3) for its Ward identity are used to define the zerg-quarkjmass limit on
flavor-spin and space group. On the other hand, there af@e lattice. In Sec. V, we calcula_te various ratios of matrix
notable failures. For example, it fails to account for th@)u  €lements to check the %) relations. The nucleon form
anomaly(the ' mass, the proton spin crisis, and theNo factors are calculated and _presented_ in Sec. VI. We then
term. All these problems are associated with large contribuStudy hadron spectroscopy in comparison with that of QCD
tions from disconnected insertions involving sea quities-  t© explore the origin of the hyperfine splitting and the “con-
21]. These are places where the OZI rule fails badly. Consestituent” quark mass in Sec. VII. Perhaps the most exciting
quently, it is natural not to expect the valence quark model t@sPpect of valence QCD is a new understanding of the origin
work in these cases. of dynamical mass generation, something missing in the va-

There are also other places where the valence quar@nce quark modeland putin by hand via a constituent quark
model does not work well. They include hadron scatteringsmMass. In Sec. VIIl, we compare the symmetry breaking pat-
couplings, and form factors which are well described byterns in valence QCD and QCD. Finally, in Sec. IX, we
models utilizing the chiral symmetry inherent in QCD. Ex- Summarize the lessons learned from the valence QCD and
amples of successful approaches based on chiral symmetfifaw an analogy between the valence quark model and the
include 77 scattering[22,23, vector dominancg24], the  nuclear shell model. We will also discuss the implication for
Kawarabayashi-Suzuki-Riazuddin-Fayyazuddi¢SRF) re- ~ model building of hadrons.
lation [25], low-energywN scatteringg22,26, =N scatter-
ing up to about 1 GeV with the Skyrmid27], nucleon static [l. QUARK DYNAMICAL DEGREES OF FREEDOM
properties[28], electromagnetic form factorf28], 7NN
form factor [29], NN interaction, and Goldberger-Treiman
relation[30]. All these have been worked out quite success
fully by parallel developments which explore the chiral sym-
metry of QCD. These include the model, current algebra,
PCAC (partial conservation of axial vector currgnthiral
perturbation theory, and the more recent developments inco
porating largeN, QCD [31,32, such as the Skyrmion
[28,33 and the contracted current algelh&].

We have so far alluded to the meson clouds and sea
quarks in addition to the valence quarks. They appear in
various QCD-inspired hadronic models and effective theo-
ries. How does one define the valence, the cloud, and the sea
quarks unambiguously and in a model-independent way in
QCD? It turns out that the best way of revealing these dy-
Ramical degrees of freedom is in deep inelastic scattering
where the quarks show up as the parton densities.

. . The deep inelastic scattering of a muon on a nucleon in-

'.I'he' common theme of these models is chiral symmetry, ;o5 the hadronic tensor which, being an inclusive reac-
which involves the meson cloud in the baryon and thus the[i n. involves all intermediate states:
higher Fock space beyond the valence. This cloud degree OP ' '
freedom is essential in the case of the vector dominance of 1
EM form factors, the pion cloud for the Goldberger-Treiman W, (0% v)= Mo > (2m)38*%(py—p—0)
relation, and the nonvanishing neutron electric form factor. Non
Therefore, it is a challenge to understand why the valence X(N|J,(0)|n)}(n|J,(0)|NYspin awe- (1)
qguark model “works” without spontaneously broken chiral
symmetry and where the hyperfine splitting in hadron specSince deep inelastic scattering measures the absorptive part
troscopy and the constitute quark mass come from. of the Compton scattering, it is the imaginary part of the
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forward amplitude and can be expressed as the currenfermalism where the various quark dynamical degrees of
current correlation function in the nucleon, i.e., freedom are readily and explicitly revealééig. 1). In this
case, one considers the ratio of the four-point function
W,,,(62,v)= £|m-|-w(q2,,,) (ON(t)JV(i,tz)JM(O,tl)ON(0)> and the two-point function
™ (On(t—(t2—1t1))On(0)), where Oy(t) is an interpolation
dx field for the nucleon with momentum at Euclidean time.
<NU—eiq'xJM(X)Jv(0)’N> ] As botht—t,>1/AMy andt;>1/AMy, whereAMy is
2 spin ae the mass gap between the nucleon and the next excitation
?) (i.e., the threshold of a nucleon and a pion in theave, the
contributions generated by the interpolation fi€lg will be
It has been shown[35] that the hadronic tensor dominated by the nucleon with the Euclidean propagator
Wuv(qz,v) can be obtained from the Euclidean path-integrale” Mnl(t=2*tl Hence,

1
2M

(1/2MN)<0(t)f (d3x/27r)eid"zJM(f,tz)JV(O,tl)O(0)>

O(t— O(0 t—t,>1/AM
(O(t=7)0(0) tlillAMNN

W,uv(a 21 T) =

(f2/2M N)e‘MN(t‘tZ)(N|J (d3x/27) €719 ,(X,1)J,(0t;)|Nye ™ Mnta

F2a—My(t—7)

_ 1 d3x i
_—ZMNV<N|f Ze JM(X,tz)J,,(O,tl)|N>, 3

where 7=t,—t;, f is the ftransition matrix element 1(b) represent connected insertioi@s) of the currents. Fig-
(0|O\|NY, andV is the three-volume. Inserting intermediate ure 1(c), on the other hand, represents a disconnected inser-
statesﬁvﬁy(ﬁz,r) becomes tion (DI) where the quark fields from,, andJ, self-contract
and are hence disconnected from the quark paths between the
. 1 ) proton source and sink. Here, “disconnected” refers only to
Wo(q7,7) = MV ; (2m)26%(Pa—p+a)X(N[J,(0)[N)  the quark lines. Of course, quarks swim in the background of
the gauge field and all quark paths are ultimately connected
X(N|J,(0)|N)spin ae” En ENT. (4)  through the gluon lines.
The infinitely many possible gluon lines and additional
We see from Eq(4) that the time dependence is in the quark loops are implicitly there in Fig. 1 but are not explic-
exponential factoe™ (En=EnN7. To go back to the delta func- itly drawn. Figure 1 represents the contributions of the class
tion 8(E,—En+v) in Eq. (1), one needs to carry out the of “handbag” diagrams where the two currents are hooked

inverse Laplace transfori36,35 on the same quark line. These include leading twist contri-
butions in deep inelastic scattering.
V [etie ~ > The other contractions involving the t ts hooki
2 Y Y P g the two currents hooking
Wl % v) i f_lw dre"W,,(q7,7). ®) onto different quark lines are represented in Fig. 2. Given a

renormalization scale, these are higher-twist contributions in
This is basically doing an anti-Wick rotation back to

Minkowski space. L, o I
In the Euclidean path-integral formulation Etw(ﬁ 27, o O tl®2
contributions to the four-point function can be classified ac- _@ S ’ !
cording to different topologies of the quark paths between ~__ @‘
] .t .
(b)

the source and the sink of the proton. They represent differ-
ent ways the fields in the currendlg, andJ, contract with (=)

those in the nucleon interpolation operafy. This is so FIG. 1. Quark skeleton diagrams in Euclidean path-integral for-
because the quark action and the electromagnetic currents a{gism for evaluating¥,,, from the four-point function defined in
both bilinear in quark fields, i.e., of the forMMW¥, so that  Eq. (3). These include the lowest-twist contributions\t,, . (a)

the quark number is conserved and as a result the quark linghd (b) are the connected insertions afwj is the disconnected
does not branch the way a gluon line does. Figuf@sdnd  insertion.

()
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in Fig. 1(b) andas(x) denotes the sea antiparton distribution
@ from the DI in Fig. 1c). The strange and charm quarks
would only contribute in the DI in Fig. (€). Similarly, theu

0 ¢ 0 ¢ |
h I + % =\ +eses  anddquarks have two sources, i.e.,

q(X) = Qv +c(X) +qs(X), )

whereqy, «(X), denoting the valence and cloud quarks, and
FIG. 2. Quark skeleton diagrams similar to those in Fig. 1, ex-q,(x), denoting the sea quark, are from Figa)land Fig.

cept that the two current insertions are on different quark Iinesl(c) respectivelv. Upon definina.(x) = a.(x (note that the
These corresp2C)nd to higher-twist contribution$Mlg, and are sup- sub’scriprt)c deno%/es t?]e cloud ngg(cfza}r?tcfge)valence parton
pressed by 1. distribution is obtained by

the Bjorken limit. Details of the operator product expansion _
will be given elsewherg37]. From now on, we will neglect Av(X) = Qv+ c(X) —de(X), (8)
these “cat’s ears” diagrams in Fig. 2.

In the deep inelastic limit wherg?<0O(1/Q%) (we are and is responsible for the baryon number, ifuy(x)dx
using the Minkowski notation herethe leading light-cone = [Tu(x)—u(x)]dx=2 and fdy(x)dx=f[d(x)—d(x)]=1
singularity of the current produ¢or commutator gives rise  ¢or the proton.
to a free quark propagator between the currents. In the time- |1 145 been showfi35] that the sea partons in Fig(cl

ordered diagrams in Fig. 1, Fig(@ [Fig. 1(b)] involves  cannot give rise to a large Gottfried sum rule violation, i.e.,
only a quark[antiquarf propagator between the currents, —

; . ug(x) =dy(x), instead the origin oti(x)#d(x) comes pri-
whereas Fig. (c) has both quark and antiquark propagators.rgarily from the cloud antipartons in Fig(tD,

Hence, there are two distinct classes of diagrams where th After the dynamical degrees of freedom are established in
antiquarks contribute. One comes from the DI; the other y )

comes from the Cl. It is frequently assumed that connectegsgﬁc'geiloa?ﬁg Ssztrtlf r:ndgjlj)’%ﬂrl]z nii?;%%%derﬁzs dtgg'rr:gg o
insertions involve only “valence” quarks which are respon- q : 9 g

sible for the baryon number. This is not true. To define thedghneate hadron properties in the rest frame or at low ener-

guark distribution functions more precisely, we shall call thed!es: such as hadron masses, decay constants, form factors,

antiquark distribution from the Diwhich is connected to the electroweak transitions, etc. Unlike the hadronic tensor
w« " which entails the calculation of four-point functions as illus-
valence” quark propagators and other quark loops througr‘irated in Eg.(4), these quantities ﬁwolve two-point and

gluong the “sea” quark. We shall refer to the antiquark in three-point functions. The question is, where do the dynami-
the backward-time-going quark propagator betwaeandt, cal degrees of freedom reside in the three-point functions

lqnuglr?(. i]rft?hzstitrrrlli fglrc\),lj:r da;r)]::)qpu;g:io?nbg:\?vgéz;z?n?ﬁthe which describe the matrix elements of hadrons? To track the
- N _
Fig. 1(a) includes both the valence and the cloud quarks.degrees of freedom, we can consider the operator product

This is because a quark propagator framO to t=t (t expgnsmn as an illustration. -

>0) involves both time-forward and -backward zigzag mo-  Since the momentum transfeg| and energy transfer
tions so that one cannot tell if the quark propagator betweef™® large in DIS, the p;oduct of currents in the forward
t, andt, is due to the valence or the cloud. All one knows is COmpton amplitude (g%, ») can be expanded as a series
that it is a quark propagator. In other words, one needs t8f .Iocal operators. The matrix elements of these local quark
consider cloud quarks in addition to the valence to accounpilineéar operators are then related to the moments of the
for the production of cloud quark-antiquark pairs in a Con_parto_n distribution. The details will be g|\_/en_elsewh{a$é].
nected fashiofiFig. 1(a)], whereas the pair production in a W€ Simply note that the effect of expanding in terms @2”
disconnected fashion is in Fig(c). pinches the separation of the two currefits., t; andt, in

One important point to raise at this stage is that this sepatid- 1 into one space-time point. Thus the topologically dis-
ration into valence, anticloud, and sea is gauge invafiant  Unct contributions to the four-point functions extracted from

in the path-integral formalism of Eq4), no gauge fixing is  19s. 1@, 1(b), and Ic) are related to the matrix elements
required and topologically distinct as far as the quark skel-°btainable from the three-point functions in Figéa)33(b),
eton diagrams in Fig. 1 are concerned. However, the separ@Nd 3¢), respectively. The latter represents matrix elements
tion depends on the frame of the nucleon. It is expected thf the series of the local operators. Notice that for any single
the parton model acquires its natural interpretation in thénatrix element related to the quark bilinear operakdr¥',
large momentum frame of the nucleon, i.p=q. Conse- i.e.,(N|]WT'¥|N), Fig. 3c), which inherits the sea degree of
quently, in the large momentum frame, the parton density fofreedom from Fig. {c), is still distinct from Fig. 3a) and

the u andd antiquarks comes from two sources: 3(b) and continues to be a DI. On the other hand, Figa) 3
o o . and 3b) are no longer topologically distinct. In fact, they
q(x)=q(X) +qs(x), (6) represent thesameCl for the local operator. Therefore, the

. valence and cloud degrees of freedom from Figs) and
whereq.(x) is the cloud antiparton distribution from the CI 1(b) are lumped together in the CI of three-point functions.
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FIG. 3. Quark skeleton diagrams in the Euclidean path-integral

formalism considered in the evaluation of matrix elements for the F|G. 5. A typicalZ graph as a diagram in time-ordered pertur-

sum of local operators from the operator product expansion ofation.

J,.(x)J,(0). (&, (b), and(c) corresponds to the operator product

expansion from Figs. (&), 1(b), and Xc), respectively. First of all, we shall introduce the particle fieldand the
antiparticle fieldv in lieu of the Dirac field¥ in the valence

They cannot be separated in a single matrix element in cor@CD Lagrangian

trast to the case for four-point functions.

What we have shown in this section is that for a flavor- r o 1F o y4+1D LBt
singlet current? ', the matrix element{N|WI'¥|N) has VQeDT T g Furwy T U T ey B m iU
both the CI[Figs. 3a) and 3b) represent the same Cl in this 1
casd and the DI[Fig. 3(c)]. While one can study the sea Y4~ > 2
. — D,+vy-D+ .
effect directly from the DI, one cannot separately study the 172 4Ty mv ©

valence and the cloud in thiegraphs since both are included
in the CI and Figs. @) and 3b) are topologically indistin- Comparing with the QCD Lagrangian, the valence version
guishable. Similarly one can trace the quark degrees of fredias changed the, into (y,+ 1)/2 for the particle fieldi and
dom in decay constants and hadron masses which are obtaifixs— 1)/2 for the antiparticle field. We note that thel and
able from the two-point functions. The flavor-nonsingletv fields do not couple. Now we want to prove that the propa-
hadrons are obtainable from the Cl depicted in Fi@).4The  gator of theu field only propagates forward in time and does
flavor-singlet meson, e.gy’, also involves the DI in Fig. not zigzag in the time direction to generate particle-
4(b). The quark propagators in the two-point functions inantiparticle pairs. The propagat@®,(x,y;A) satisfies the
Figs. 4a) and 4b) include the valence and cloud (@raph$ equation

only; they do not involve the sea contribution. The sea ef-

fects come only through the fermion determinant in this case. _( vatl

D4+ y-D+m|Sy(x,y;A) =8(x—y). (10)

IIl. VALENCE QCD This can be cast in an integral representation with the static

After having examined the roles of the quark dynamica|propagat9t88(x,y;A4) as the bare part of the solutig8].
degrees of freedom, we come back to the question of whathe static propagato;(x,y;A,) satisfies the following
approximation to QCD the valence quark model representg£duation with no propagation in the spatial direction:

As illustrated in Fig. 3, the sea is only involved in the DI part
of the three-point function and thus can be isolated. On the
other hand, as stressed in Sec. Il, the cloud and valence con-
tributions are lumped in the ClI in Fig.[¥igs. 3a) and 3b) _ _ _
are the same for a single quark bilinear operatd*¥] and 0 It is easy to write down the formal solution for
cannot be separatel posteriori Thus to single out the va- Su(X.¥:As):

lence effects requires an approximation to QCD. This can be 1+ «
achieved by forcibly eliminating pair creation and annihila- AN . —m(xg— V4
tion by decoupling the quark from the antiquark. In other Su(YiAg) =~ B(xa=yg e Y 2 P[y
words, we want to eliminate all graphs such as the typical

one illustrated in Fig. 5. We introduce valence QCD X mYA) g 1T Y4
(VQCD), a theory which is designed to achieve this goal. m_c 2

0 t 0 :
v & e

—.t —_—t

(a) (b) P

va+1
2

D4+ m|SU(x,y;A)=38(x—y). (11

S(x—y)
Pl |8(x—y),

(12

X
y

X X4
EPex;{ igf dz4A4)
y Y4

FIG. 4. (a) The connected insertion for a meson propagdtor.
The disconnected insertion part for the flavor-singlet meson propais the path-ordered parallel transport factor in the time direc-
gator which involves the annihilation channel. tion. We see that the usual antiparticle propagation in QCD
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A. Pauli spinor representation

In the process of replacing the fermion fieldin QCD by
two Dirac spinorsu and v in VQCD, we seem to have
-5-D doubled the degrees of freedom. It turns out that half of the
degrees of freedom in andv are not dynamical and thus
can be integrated out. As a result, VQCD can be represented
by Pauli spinor fields. To prove this, we first look at the
particle part of the fermion action from the VQCD Lagrang-
which involves the 6(y,—X,) is now replaced bys(Xs  jan in Eq.(9) and write it in terms of the upper and lower
—Y,) in the second term. Thu§8(x,y;A4) is the static par-  components:

ticle propagator which moves forward in time only. Now the

FIG. 6. A term in the hopping expansion series in Etf) is
graphically presented.

full propagatorS,(x,y;A) can be represented in an integral j a—— Dy+m jg-D (ul)
ion i AL = | d*x(uqu .
equation in terms o8)(x,y;A,): Sy (uguy) _ie5 m Nu,
_ 7-D)2
A .. =fd4x U D4+m—(0 ) )ul
su<x,y;A>=58<x,y;A4>+f d*z(x,2:A2) - DSu(Z.Y;A).
(13

+

— _i(e-D) —i(e-D)
m U2+—U1 .

U,+Uu;g m

(15

The kernely-D is responsible for hopping in the spatial
direction. The full solution can be obtained by substituting

88 for S, iteratively, leading to a hopping expansion series After changing the field variablesu;—y;, and U,

+[—i(o-D)/m]u;— &, the action becomes

Su(x,Y;A) =S)(X,Y;Ay)

+JX4dZ4J d3z$i(x,z;A4);,.|538(Z'y;A4) Su:J d“x
Ya

_>I52

;l D4+ m—

mim&} (16)

X !
+f 4dz;fz“dz4f A3z’ d®zS(x,2';A4)
Ya y

. Since theamgl part has no dynamics and is quadratic, it can

. . . be integrated out, leaving the particle action represented by
X y-DSY(Z',Z;:As) Y- DSNZ,Yi Ay + - - -. the Pauli spinoy;:

19

It is clear from this expansion that the time integration vari-
ablesz,,z,, ... are sequenced betwernandy, due to6
and é functions in Eq.(12). A typical term in the series is
shown graphically in Fig. 6. Similarly, the antiparticle actio, can also be written in
From this we see that there is no time-backward propagaerms of the Pauli spinor:
tion in Sy(x,y;A). Therefore, there is no pair creation or
annihilation in the particle propagator, although it still propa-
gates forward and backward in the spatial direction. Simi- —
larly, one can show that the antiparticle propagator Sﬁf d*xx2
S,(x,y;A) contains only time-backward propagation.
Although there is no pair creation or annihilation in
VQCD, there are still quark loops in the spatial direction
which could lead to nontrivial dynamical effects via the fer-
mion determinant. Since we want to emulate the valence
guark model, the sea degree of freedom needs to be removed X
1
o

D%+c-B
—D,+m— X2. (18

We can redefine the Dirac spinor as

also. By the same token, we will not include the fermion

determinant in the calculation. In other words, both quark
loops associated with the external currents and the internal
quark loops associated with the determinant are dropped in
the present study. and rewrite the VQCD Lagrangian as

X2
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1 D%+¢-B
Lygocp=— ZFWFMV_X vaDst+m— m X
2+0-B
Dytm——— 22 0
_ 1 FE ( ) m (Xl) (19
4 mvowv X1X2 [_),2+5-.§ Xo .
0 —Dy+m—
|
It is clear from Eq.(19) that particle fieldy,; and antiparticle C. Continuous symmetry: U(2N¢)
field x, decouple. This also proves thalocp in Eq. (9) Next, we shall address the continuous symmetries. Since

does not double the fermion degrees of freed@®F). Af- 1o Dirac structure of the time derivative is modified in
ter integrating out the nondynamical DOF it has exactly fouryqep, it is no longer Lorentz invariant, although it is stil
propagating spinors as shown in H49). It is worthwhile  ang|ational invariant. This should be acceptable for the pur-
remarking that the Pauli form ofyqcp in Eq. (19) re-  hoge of our study, i.e., hadron physics at low energy and
sembles that of the nonrelativistic QCD Lagrangian aftergmal momentum transfer. After all, the quark model is sup-
Foldy-Wouthuysen tran$formation. It has a single time de'posed to be an effective theory of low energy and small
rivative like in the Schrdinger action and it contains the omentum transfer, unlike the parton model which ad-
(D2+ o~ B)/m term, much like the nonrelativistic expansion. dresses different kinetic regimes.

However, we should stress that the Pauli form of VQCD is  As in QCD, VQCD has global vector and axial symme-
not a nonrelativistic or other expansion. Its form is exact.tries. It is invariant under the (@) transformation
Furthermore, it does not have spin-orbit, tensor, and Darwin

terms as in nonrelativistic QCD. u—ew, v—ey. (23)

B. Discrete symmetry This leads to the conserved vector currents

Let us explore the symmetries of VQCD and see if there
is any change from QCD. First we examine the discrete sym-
metries: parity, charge, and time reversal.

The gluon part of the VQCD is the same as in QCD andwhere the Noether currents associated with these gauge
there is no need to modify the transformation of the gluontransformations are
field. For parity and time reversal, theandv fields trans-

9,3,=0, 3,3,=0, (24)

form the same way a¥ in QCD. Thus in VQCD i iy
U(X) ) (U(XP) 20 J;ZU i ’}/4+ 1 u, \]U#ZU i Ya— 1|v. (25)
P B
v(X) Y oxP)) 20 2 2

T Therefore, the particle and antiparticle are separately con-
T( u(X)) 1 (u(x )) 21) served. This is in contrast to the conserved currépt
v(X) 2lo(x"))’ =Wiy,¥ in QCD where only the difference of the particle
and the antiparticle numbers or the valence number is con-

wherexP=(—x,x,), X"=(X,—X,). It is easy to show that Served, i.e.,
the VQCD actiorSygcp= fd“xEVQCD is invariant under the
above parity and time reversal transformations.

As for the charge transformation, we need to take into
account the fact thatt and v are particle and antiparticle
fields which should be transformed into each other under _ d°p
charge transformation. We find th&§q¢p is invariant under J
the following charge transformation:

NV: J d3X\I_IY4\P

PEE 2 [b3(P)bs(p) ~d5(P)A:(P)], (26

whereb®/d" andb/d are the creation and annihilation opera-

+
c Ugy 1o (Y2)apVp 22) tors of particles and antiparticles in QCD.
U, (yz)a;;UI; ‘ The_ axial symmetry of VQCD is realized in thg trans-
formation

Thus, with the appropriate definition, VQCD satisfies the . o
C, P, andT invariance. u—e'fsy, p—e'? sy, (27)
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The Lagrangianlyqcp with m=0 is invariant under this
transformation which transposes theand v terms in the
Lagrangian. As a result, one has the conserved axial currents

Therefore,y.=3(u= ysv) is a solution of the Dirac equa-

Yat1

D4+ 7D |(ys0)=0. (35)

Vi tion in Eq.(34), but it has different particle content; i.e., it is
A,=iu| v4t+1 ] ysv, (28) a mixture of particles and antiparticles. As a resylt, does
2 not have a definite handedness, it contains both helicity

states. From this we conclude that massless VQCD does not
have SUNEg), X SU(Ng)g chiral symmetry as in QCD. In-
i stead, it has the vector-axial U{) in the flavor and
Au=iv| va=1 | ysu. (29 particle-antiparticle space.

2

Yi

. . . D. Zero-quark-mass limit
We should point out that there is no Adler-Bell-Jackiw d

anomaly{39] in VQCD. This is so because in VQCD there is  Even though we have explored the axial symmetry of
no quark loop involving the time direction; hence there is noVQCD in Sec. Ill C in the massless limit, there is a concern
triangle diagram to generate the axial anomaly. Wit 0,  that the the zero-quark-mass limit may be singular. This can

the axial Ward identities are be seen from the Dirac equation for a free quark. From Eg.
(34),
d,A,=2mui ysv, 30 -
[T YsU (30) g o3\ (u,
— . =0. (36)
d,AL=2mui ysu. (31) o0 0 )J\up
It is useful to consider the particle fieldand antiparticle This leads to two Laplace equations for the upper and lower
field v as two flavors and define components of the particle fielat
(u) V2u;=0, VZ2u,=0. (37)
=\
v

There are no time derivatives in these constraint equations
and thus no dynamicgt0]. Similarly, ones sees that the
field in Eq.(16) is ill defined for them=0 case.
1 yat+ 75 o To address this problem, we c;onsider the following ap-
Lyocp="— ZF#VFMV_E[TD“—F y-D+m|Z. proach. Let us consider the_: fermion part of_the VQCD La-
grangian with a small admixture of antiparticle part in the

then the VQCD Lagrangian in E@9) can be written as

(32 particle action and vice versa,
At the massless limit, VQCD is invariant under the transfor- vt 1 v 1
mation EF——U{ 42 D4+G4TD4+m+{/.[3 u

(—€, (=, (—elfny, (el P2, ya—1 va+1 .

(33 —;[TD4+GTD4+m+ v-Dlv, (38
where 7's are the Pauli spinor in the two-componant
space. The four operatofs 75, ys7;, andys, are the gen- and then let bottim and e go to zero. _
erators of the (2) algebra. So massless VQCD hag2)J Lgt us first co_nS|d_er the free quark case. In this case, the
vector and axial symmetries in the particle-antiparticle spacd €Mion Lagrangian is
For degenerate massless flavors, it has U(Xg) symme- - o
try. This is in contrast to the SW(E), X SUNg)gX Uy(1) e T dgtm o9
chiral and W,(1) symmetry of QCD. In VQCD withNg F 09 —€ds+m

flavors, the chargesQ3 = [d3x[uy,(t¥/2)u+uy,ys(t¥/ .
2)v] do not form a complete SW{x) X SU(Ng) algebra be- €dgtm o-d
cause the vector and axial currents contain different fields. _;< )U (39
This can also be seen from the states. For massless pauticle,

satisfies the Dirac equation This involves two time derivatives. The eigenvaluesuda@re

vyl determined from

2

D,+7-D|u=0, (34)

=0, (40)

- -

—-E+m jo-p
det
ia'~p eE+m

and ysv satisfies the same equation:
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which are, for smalk, IV. LATTICE VQCD
- In order to solve VQCD, we devise a lattice version of the
E=m+ P~ (41) theory. The lattice VQCD action is based on Wilson’s action
m'’ in QCD and takes the form
L _ U
m(1-e) p? Svoco=Sc+ S+ S¢, (50)
E=—————| m+—]. (42 ) _ _ _
€ m whereSg is Wilson's gauge action and the quark actigh

R and the antiquark actio8¢ are
Note that in Eq(41) the kinetic energy terrp?/m is differ-

ent from p%2m in the nonrelativistic case. Now if we let =3
approach zero faster than, the second branch in E¢42) F
will be decoupled from the physical spectrum. However, at
the massless limit, a gap betwe&+p=0 andE= is U0 (L= v ul(x) 1= Ulx+a)(1l
generated from Eq41). This could pose a problem for per- oU(X) (1= 75)u(x)] Kzi [u( )
turbation treatment around this axially symmetric point.

However, the situation is modified when the quarks are A UTOAUG) + 000 (1= v U () Uu(X+ a.
interacting. In this case, the Dirac equation €ois MWUFCU)+UEO (1= 7) Ui Goul )]

u()U(x) = k[U(x+ag) (1+ y4) UJ(x)u(x)

- (51
D4+m ioc-D Uq
o o =0. (43 B B
ic-D eDy+m Sl,’:=; v(X)v(X)— k[v(X)(1— ya)Us(X)v(X+ay)
One of the coupled equation from E@3) is B B
, o o U () (14 ya)v ()] =, 2 [o(x+a)(1
m m D“+o-B)u,+igo-Eu
(Di— ~(1- Dy~ — P il )52 97 = B
(44) + U ()0 () +0()(1= y)Ui(x)o(x+ap)]y,
If we let m and € approach zero at the same rate such that (52)

m/e=\>\qcp, the right-hand side of Eq44) leads to a

constraint equation with ug, the tadpole contribution of the gauge libk, , taken

to be (Trd)Y* [41]. This has VQCD in Eq(9) as the clas-
25 = = s = sical continuum limit.
(D?+0-B)u,+igo-Eu;=0, (45

and the left-hand side leads to two equations, both with lin- A. Reflection positivity and Hermiticity

ear time dependence: Similar to the continuum case in Sec. lll B, the lattice
VQCD action in Eq.(50) is invariant under the correspond-
D,u,=0, (46)  ing latticeC, P, andT transformations.

For Euclidean action, it is imperative that it satisfy
Osterwalder-Schrader reflection positivit¢2] in order to
allow the Euclidean correlations to be continued back to the
Minkowski space. We shall follow the derivation for the
Wilson action[43]. To prove reflection positivity, one needs

0 show

(D4_)\)U2:O. (47)

Since A>\qcp, the solution from Eq(47) is decoupled
from the physical system of the hadrons.

Therefore, the Dirac equation for the massless mteractlng
quark with thee regulator leads to the following coupled (OF)F)=0, (53
equations:

o whereF is a function of the fieldsi, u, v, v, andU on the
Dyu;+io-Du,=0, (48)  positive time part of the lattice an@ is the time reflection
operator. We shall consider the “link-reflection” case where
D,U,=0, (49) thg time refl.ectior) is with respect to ther_(0—>1) link. In
this case® is defined by the transformation

with Eq. (45) as a constraint. This should admit propagating

solutions. A similar situation exists far. Thus, we can ap- Ouy = Ux 1-tYar  OUyx=7vaUyx1 ¢, (54)
proach the interacting massless quark case with the help of o
the infrarede regulator. Ovy=vyx1-tV4, uXt YaUx1—ts (55
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OU(x,t, ;y,ty)=UT(x,1—tX v 1-ty). (56) where 1 indicates the Hermitian conjugation in the color and
Dirac indices. In VQCD, a similar situation exists. In con-

We shall prove the reflection positivity for thepart of the  structing aqq meson, one needs the quark propagator
action. The proof can be extended similarly to includedhe M *(x,0) and the antiquark propagatbt, *(0x). It turns
field. Denoting the fie@variables in the half-space with posi-out that the Hermiticity relation
tive timet=1 by u™,u*,U", and in the other half-space
with t<0 byu~,u™,U", theu part of the VQCD action can
be separated into three parts:

M, HT(0x)=¥sM 1(x,0)v5 (63)

still exists, so that one can obtain the antiquark propagator

_ _ _ from the quark to construct a meson propagator as before.

Svocp=S+[u",u",U*]+S [u™,u”,U"]+Sfu",u7],
(57) B. Free quark propagator

where It is useful to understand the free quark spectrum and its
residue at the pole for the lattice VQCD and see how differ-
ent they are from the Wilson and the continuum ones. The

— — _
Sfu*,um]= =k [ug,(1+ ya)ug] (58 inverse of the free quark propagator of VQCD in momentum
X space is
is the action which connectS, andS_ and involves links SUL(p)=1—k(1—y4)— k(1+ y4)eiPad

betweent=0 andt=1. Here we have used the temporal
gauge. Because of the fact that i :
— K2 [(1+y)e Pt (1 )],
J— J— I
0S,[ut,ut,ut]=st[Out,0ut,eUt
<[ 1=S84[ ] 64

=S-[um,u Ut (59 wherea is the lattice spacing. We can compute the propaga-

the integral in Eq(53) is then tor in discrete time=na:

- T dpy ,
— 2 (t, zf ——Si(p)e'Pat. 65
<(®F)F)=Z‘1f dudutdu* FLP)= | o P (69
Xe75+[j+,u+,u+]|:[i+ ut,ut] Forn:>0 andﬁ in the three-direction,
—Et
><fd(lfr)d(lﬁ) Sr(t,p3)= B [A—keFa+ k(eF2-1)y,
XefSl[@Uﬁ@“ﬁ@UqFT[@U*,®u+,®U+] —2ikyssin(psa)], (66)
_ _ where
><exp( —KZ U>Z+,1(74+ 1)(®u3’1) . (60)
x A=1-5k—2kcogp3a), (67)
Consider the Taylor expansion of the last exponential in B=A?— k?+4k?sir?(psa),
Eq. (60):
— — Ea=In| ————],
1=k U (ya+1)(OU )+ - (61) 2AK—2K2)

x
andE is the energy. For smajl;a, i.e., psa<<l,
The only terms that survive the Grassmann integration are

the first two terms and, with a diagonal representationy of = ma+2 5
they give semipositive definite contributions ¢¢O@F)F). Ea=ma+ 2ma(ma+1) (Psa)*, (68)
Extension to include the field is straightforward and thus
the reflection positivity for the VQCD action is proved. where
In constructing meson propagators, the usual practice is to
first invert the quark matrix to obtain the quark propagator ma=In 1_6") (69)
from the source to all lattice points, i.&4,~1(x,0). Then the 2k
antiquark propagator which goes backward in time is ob-
tained through the Hermiticity relation is the free quark mass which is the same as in the Wilson
case andna=1/2«x—4 is the small mass approximation for

M~1T(0x)=ysM ~1(x,0) s, (62 ma.
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0% 0.5 1 1.5 ) 2.5 )
Pa
FIG. 7. The dispersion relations between Ea ggd for a free quark are compared between the Wilgaolid lineg and the lattice
VQCD (dashed lingsversion forma=0.05, 0.1, 0.5, and 1.0.

We plot in Fig. 7, the dispersion relation B vs psa for ~ sweeps were used. Periodic boundary conditions were im-
a range ofma (ma=0.05, 0.1, 0.5, and 1)(0for both the posed on the quark fields in the spatial directions. In the time
valence(dashed linesand the Wilson casésolid lineg. We  direction, fixed boundary conditions were imposed on the
see that for heavy quarks, i.ena=0.5 and 1, the two curves quarks to provide larger time separations than available with
at the top are close to each other. But they differ at smalperiodic boundary conditions. All quark propagators in the
mass and low momentum. At smala, the behavior of Eq. quenched approximation were chosen to originate from lat-
(68) holds for the valence case. Ata=ma=0, there is a tice time slice 5; the secondary nucleon source was fixed at
singularity atEa=ps;a=0. For any finitepsa, Ea=In3  time slice 20(except forx=0.154 where the quark propaga-
which resembles the infinite gap in the free massless quarders from time slice 3 to 22 were usedn the case of

situation in the continuurfisee Eq(41)]. VQCD, all quark propagators originate from time slice 2 and
Finally, we see that at zero momentum the static propaterminate at time slice 22 for the three-point function calcu-
gator is lation. We also averaged over the directions of equivalent
lattice momenta in each configuration; this reduces error

- =1+, bars.
S(t>0p=0)=73—¢-¢ m > (70) We have verified that the time separation is sufficient so

that there is a plateau for the quark bilinear current insertion

This is the same as in the Wilson case and the wave functio?ll_tht"ﬂe Sl'CESté after the nucleon grqurljd statfe IS r?cr:.le\éed.
normalization factor 1/(+ 6«) is also the same. To convert € quenched approximation part is done for the lightest

lattice matrix elements of local currents with bilinear quarkquarks with«=0.154, 0.152, 0.148, and 0.140, aqda’
fields, e.g. ¥ (x)T'¥(x), to the continuum ones, besides the UP_ 10 4(2/L)%. The nucleon massedMya for «
finite lattice renormalization one needs to multiply the factor="0-154, 0.152, and 0.148 are 0.781), 0.8839), and
(1—6xug)/2k=Uye™? to take into account the finite mass 1-1537), respectively. The corresponding pion massgs
normalization due to the Wilson quark action with tadpole@r® 0.37%4), 0.4873), and 0.67%). Extrapolating the
improvemen{41,45. Hereu,=1/8x, where , is the criti- nqcleon and pion masses to the chiral limit where we de_ter-
cal « at which point the pion mass is zero anmd,a mine k.=0.15672(4) gnd the nucleon mass at the chiral
—In(1/2xuy—3) is the tadpole-improved definition of the Ilm!t to be 0.53_’613). Using the nuc!eon mass to ;et the scale
bare quark mass in EG69). which we believe to be approprlat_e for studying nucleon
propertieq 45,46,2Q, the lattice spacing '=1.75(2) GeV

is determined. The three’s then correspond to quark
masses of about 120, 205, and 370 MeV, respectively.

We use the same gauge configurations which have been Since we use the same gauge configurations for VQCD,
used for the study of hadron masses, matrix elements, arttie lattice spacing is the same as that in the quenched ap-
form factors[45,46,20,21,4F in the quenched approxima- proximation. This is certainly obvious if we choose the string
tion. This way we keep the scale of the lattice spacing uniension or the glueball mass to set the scale. Using the physi-
changed. These quenched gauge configurations were geneel nucleon mass to set the scale in the quenched approxi-
ated on a 15x24 lattice at3=6.0. The gauge field was mation opens up the question as to what extent the fermion
thermalized for 5000 pseudo-heat-bath sweeps from a coldeterminant effects are implicitly included. It is shoy8]
start and 100 configurations separated by at least 100hat the quenched approximation can be viewed as including

C. Lattice details
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leading terms in the loop expansion of the fermion determi- Valence

nant which are commensurate with the size of loops in the 12 B T ' ' '

gauge action. This leads to a shift ghor the coupling con- n{"g ﬁ
stant. However, when the infinite volume and continuum 1 f,,m,:zz o
limits are taker{49], the scales set by hadron masses and by current quark ma &

the string tension are consistent. Since we are not at theos |- "4\& §

infinite volume and continuum limits, the scales differ by i
~20%. Nevertheless, whatever scale we decide to choose, ¢ | ""'-434;.&4;& 4
the lattice spacing is the same in the following VQCD cal- &4
culations as in our quenched QCD results.

The determination ok, which corresponds to the zero
guark mass will be discussed in the next section. To deter-
mine the finite quark mass, we shall use the tadpole- 021
improved form of the lattice free quark mass in E8p), i.e.,

04 1

0 1 1 ] 1
4Kc 0 0.05 0.1 0.15 0.2 0.25 0.3
—3|=In 7—3 , (71) mqa

FIG. 8. The dimensionless pion mass,a, the current quark
massma, and the pion decay constaihta are shown as a function
of mya=In(4«./xk—3). The solid lines represent the linear extrapo-
D. Pion decay constant, pion mass, anet, lation with respect tan,a.

mgea=In
a 2KUO

where we have usedy=1/8«..

The pion decay constaft. plays an essential role in low- .
energy chiral dynamics. It sets the scale for chiral perturbaJEhe Goldstone boson. The quantities,m,, and the current

tion theory and relates the Goldstone boson mass to th(@.-u_artkf ma?_sm atre calculated by fitting the following two-
guark mass through the Gell-Mann—Oakes-Renner relatioRC'Mt functions to

[44] 1 f.m.Z
_ S 02 k0 P00 o lEze e,
fZm2=—(my+m , 72 < y 2 t=a  2m,
' ( u d)<qq> ( ) X (76)
where(ﬁq) is the quark condensate, which is the order pa 1 R om72
rameter for chiral symmetry breaking. In VQCD, it is not{E iatv—y“2 y5u(x,t)}P(O,0)> = Sre ™,

clear if there is a corresponding relation or, more impor> x (77)

tantly, if the U(2N;) symmetry is broken to generate Gold-

stone bosons. We can, however, look for clues from the pion 72

decay matrix element with the axial current. In QCD, the <2 P(i,t)P(0,0)> — =
X

e Myt
pion decay constant is defined by t>a  2m

w

(78)
—i ip-x
(OlA, ()| (p))y=if ,p,eP™. (79 Here P is the pseudoscalar interpolation fieldysv and
Z.={m|P|0) is the wave function overlap. We use the local
current for the axial current in Eq76) for the lattice calcu-
lation. There are finite lattice renormalizations associated
t ) —m.t with the operators in these matrix elements. We have not
(0a4A4(x)[7(0)) =Mz f,(my)e” ™ calculated F:hem, but we expect the multiplicative renormal-
:2m<0|a ysu|m(0))e M, (74) ization constantZ, and Zp for the axial and pseudoscalar
operators to be of order 1, as in the quenched approximation.
Our results presented below are subject to this caveat.
With Wilson-type fermions, one needs to find ogtcor-
responding to zero quark mass. To deternkge we plot the
2 fo(My) -2m (75) dimensionless pion mass, the current quark mass, and the
”(0|ﬁ ysu|7m(0)) ' pion decay constant in Fig. 8 as a function of;a
=In(4«./k—3) where k. is to be determined from the ex-
It is clear from Eq.(75) that as long as the ratio trapolation. The pion mass is very linear in the range of the

f’rr(mw)/<o|a ysu|m(0)) does not diverge as fast asni guark mass considered. At _the same time,_ the pion decay
when the quark mass approaches zero, the pion mass will gfnstantf - behaves like I, in this range. Since from Eq.

to zero in the massless quark limit. Furthermore, if the pion./® and Eq.(77)

decay constant,, is not zero in the massless limit, it would )

signal spontaneous axial symmetry breaking with the pion as f(m)mz=2mZ, (79

Applying the axial identity from Eq.(31) to the zero-
momentum pion state, we obtain, in VQCD,

wherem is the quark mass. From this, we find
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Valence fwmia3. We see that it is quite linear in the range of quark
03 ' ' ' ' ‘ ' T mass that we have considered. This confirms than?
Mrd 16 o «m, or equivalently Eq(79), since we have just shown in
0257 current quark ma 1 Fig. 9 thatmga andmaare linearly related. We should stress
frmza® o that we still do not know the behavior of the pion mass and
pion decay constant when the quark mass is small. But at
least we can say that. is nonzerddivergent or ngtandm,;
approaches zero at the massless quark limit. This we take to
be the evidence that there is a spontaneous axial symmetry

breaking with the two pionsii ysv andvi ysu as the Gold-
stone bosons for each flavor.

s In VQCD, there are two quark condensatgss) and

(vv) which are expected to be smaller thg¥ V)| in QCD
0 t ' ' . L ' but nonzero due to the quark loops in the spatial direction.
0 002 004 006 008 01 012 0.4 To the extent that they serve as the order parameter of axial
mea symmetry breaking as suggested by the existence of the
_ ] _ 2 3 Goldstone bosons and nonvanishirfig, the symmetry
FIG. 9. The dimensionless pion masg.a, f,mza”, and cur-  preaking seems to be weaker than in QCD. It is shown in a
rent quark massna are shown as a function afiya=In(4x./k  gchwinger-Dyson equation stu§0] recently that the pseu-
—3) with x; determined from the linearly fit ah, with respect to doscalar meson mass grows either linearly or as the square
Mqa. root of the quark mass depending on whether it is large or
small compared to a scale set by the quark condensate. The
if the linear behavior betweem_ andm persists all the way linear dependence we see between the pion mass and the
down to zero quark mass ad, remains constant, thef, quark mass in Fig. 8 may mean that the quark masses we are
will diverge like 1/, or 1/m. Alternatively, at smaller quark ~calculating are still larger than the scale set by the quark
mass than we calculated hefe, could conceivably become condensatéuu) and(vv) and the quadratic pion mass de-
constant and in this cas®_ would fall off like ym as in pendence of the quark mass may yet to set in at smaller

QCD with a constan®, . Unfortunately, using conjugate quark masses. Either way, the nonzéum) and(vv) sup-

gradient to invert the quark matrix, we have encountereghorts the spontaneous axial symmetry breaking scenario with
critical slowing down. The smallest quark mass we run akwo Goldstone pions.

x=0.162 already takes 5000 iterations to converge. It is im-
practical for us to go down any further. Short of theoretical
guidance and numerical evidence, we extrapolate the pion
mass to zero both linearly and quadratically with respect to We shall examine the ratios of flavor-singlet coupling
mga=In(4«./k—3) with k=0.162, 0.1615, 0.1610, 0.1590, constants to the isovector ones for the axial and scalar cur-
0.1585, 0.1580, 0.1575, 0.1570, 0.1565, 0.1560, 0.15%ents and the neutron to proton magnetic moment ratio
0.154, 0.152, and 0.148. We found that=0.1649(10) u"/uP and compare them to those in QCD. In VQCD, the
(x?=0.002 with 14 data poinjsfor the linear dependence sea quark contribution®.g., Fig. 3c)] are scrapped. In ad-
and x.=0.1636(19) §>=0.04 from the three largest'’s)  dition, the cloud quarks associated wigraphs in the con-
for the quadratic dependence. We plot in Fig. 9 the quadratioected insertion$Figs. 3a) and 3b)] are excluded. As a
fit of m, as a function oim;a with «. determined from the result, we shall see that approximate (6lUrelations emerge
linear m_, fit. We see that the&_ point from the quadratic fit from these ratios.

crosses the abscissa mta=0.031; however, its error bar

overlaps with that from the lineam, fit. Also plotted in A. Axial-vector couplings, R, and F /D,

Figs. 8 and 9 is the current quark massa from Eq. (77) as i i )

a function of mga. Extrapolating the quark mass linearly The polarized DIS experimen{§1-53 found a surpris-
with respect tomga, we obtain x,=0.1642(9) (2=3.5 ingly small flavor-singlet axial .couplmg const.angA
from the first eightc’s). The covariance matrix has not been [0-2710) [52] and 0.2816) g53]]- Being the quark spin con-
used in these extrapolations. We see that the current quafRnt of the nucleon, i.ega=Au+Ad+As, this is much
massma from Eqgs. (75) and (77) crosses the abscissa at §mal|er than the expected value of unity fr(_)m t_he nonrelativ-
mga=0.017. This is consistent with that extrapolated from!Stic quark model or 0.75 from the $6) relation(i.e., 3/5 of

the pion mass, either |inear|y or quadratica”y_ Thg SO the isovector COUp|In@A= 12574) This has attracted a lot
obtained overlaps with both of the above twg's within ~ Of theoretical attentiofi54] and the ensuing confusion was
errors. It is gratifying to know that different definitions gf ~ dubbed the “proton spin crisis.”

agree. On the other hand, it does not differentiate the two Direct lattice calculations o from the forward matrix
scenarios of the pion mass dependence on the quark magdement of the flavor-singlet axial current have been carried
We shall use the linear extrapolation with=0.1649(10) to  out and the smallness @ is understood20,55. As ex-
define zero quark mass in this study. Also plotted in Fig. 9 isplained in Sec. I1g3 is composed of two components, i.e.,

0.2

0.15

0.1 -

V. SU(6) RELATIONS IN HADRON STRUCTURE
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FIG. 10. Quark line diagrams of the three-point function in the 035 L )

Euclidean path integral formalism for evaluatir@ from the
flavor-singlet axial-vector currenia) is the connected insertion 0.3 I ] 1 1 L L
which contains the valence and cloud degrees of freedonttzris 0 0.1 0z 03 04 0.5 0.6
the disconnected insertion which contains the sea quark. !

FIG. 11. The ratioR, between flavor-singlet and isovectgg
ggzgg(CI)Jrgg(Dl) where gg(CI) is obtained from the in VQCD and QCD are plotted against the dimensionless quark
connected insertion in Fig. 18 and gg(DI) is obtained massmga from the strange to the charm regiaf. indicates the
from the disconnected insertion in Fig.(bD Lattice calcu- VQCD case,O/@® indicates Cl/seaCl in the QCD case. The
lation [20] indicates that each of the, d, ands flavors  dashed line is the SI6) prediction of 3/5.
contributes—0.12+0.01 to the DI[Fig. 10b)]. This nega-

tive vacuum polarization from the sea quarks is largely réFig. 11 as a function of the quark masga=In(4./x—3).

sponsible for bringing the value ofi} from g(Cl)  The dotted line is the valence quark model prediction of 3/5
=0.62(9) to 0.25:0.12, in agreement with the experimental for hoth the nonrelativistic and relativistic cases. For heavy
value (see Table)l This is an example where the sea con-quarks(i.e., k=0.133 orma=0.4 in Fig. 11, we see that the
tributes substantially and leads to a large breaking in theatio R, is 3/5 irrespective of whether the DI is included
SU(6) relation. Thus, it is understandable that it should COMEshown ad® in Fig. 11) or not(Cl alone is indicated a®).
as an unexpected result from the valence quark model — th?his is to be expected because the clgsed quarks which
Iatte_r does not have the_ sea degree of freedom and has Sigre pair produced via the graphs(loops are suppressed for
ply ignored it by assuming the OZI rule. nonrelativistic quarks byd(p/mg) or O(v/c). As for light

The role of the sea is clear. How about the role of thequarks, the full resul{CI+DI) is much smaller than 3/5
cloud then? Since its contribution to the CI of three-point|argely due to the negatively polarized sea contribution in the
functions is entangled with the valence, we cannot separate | (Table | lists the results at the chiral limitEven for the
out as is done for the sea. To see its effect indirectly, wec| alone,R, still dips under 3/5. As we shall see later this is
consider the ratio caused by the cloud quarks.

0 Now, we turn to the VQCD case. The same 100 gauge

_9a_ Au+Ad+As configurations used for quenched QCD calculation are used

92 Au—Ad for the VQCD case. Since in VQCD there is only CHg.

10(a)], the R, ratio in Eq.(80) becomes

Ra

_ (Au+Ad)(C+(Au+Ad+As)(DI)

Au—Ad (80)
. . ga (Au+Ad)(Cl)
as a function of the quark mass. Our results which corre- Ra=—3 )= Au—Ad(Ch" (81
spond to strange and twice the charm masses are plotted in A (Au )(Ch

TABLE |. Axial coupling constants and quark spin contents of proton in comparison with experiments,
the nonrelativistic quark modéNRQM), and the relativistic quark modéRQM).

Cl Cl + DI Experiments NRQM RQM
g2=Au+Ad+As 0.629) 0.25120 0.2916) [53], 0.2710) [52] 1 0.754
gf\=Au—Ad 1.2010) [45] 1.20100 1.257328) 5/3 1.257
g§\=Au+Ad72As 0.629) 0.61(13) 0.57925) [56] 1 0.754
Au 0.91(10 0.7911)  0.825) [53], 0.826) [52] 4/3 1.01
Ad —-0.2910) —0.4211) —0.44(5) [53], 0.446) [52] -1/3 -0.251
As -0.121) -0.105) [53], —0.104) [52] 0 0
Fao=(Au—As)/2 0.456) 0.456) 0.4598) [56] 2/3 0.503
Da=(Au—2Ad+As)/2 0.7511) 0.7511) 0.7988) [56] 1 0.754
Fa/Dp 0.6012) 0.602) 0.57516) [56] 2/13 213
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TABLE Il. Scalar contentss .\, Fs, andDg in comparison with phenomenology and quark model
(QM). The 17.7 MeV in the last column is determined with the quark mass from the lattice calculation.

Cl Cl + DI Phenomenology QM
(pluu+dd|p) 3.029) 8.4324) <3
(pluu—dd|p) 0.639) =1
(N|ss|N) 1.537) 0
Fs 0.91(13) 15112 1.52[61,62—1.81 [63] <1
Dsg —0.2910) —0.8828) —0.52 [61,62——0.57 [63] 0
O N 17.85) MeV 49.712.6) MeV 45 MeV [58] <17.7 MeV

The results are plotted in Fig. 11 as a function of the dimenFS:(<p|Uu|p>_<N|§5|N>)/2’ DS=((p|Uu|p>—2<p|Ed|p>

sionless quark massi;a (with «=0.162, 0.1615, 0.1610, +(N[ss|N))/2 are stron

. . gly affected by the large DI part. We
0'159;3’ and 0.1;585|_n ﬁomparllso_n Wr':h the QCD case. We see from Table Il that botlDg and Fg compare favorably
see that, even for light quarks in the strange regiogal it the phenomenological values obtained from the U

~0.07), itis much closer to the va[ence prediction _Of 3/5, ir'breaking pattern of the octet baryon masses with either linear
contrast to the QCD calculation with Cl alone. This shows 61,67 or quadratic mass relatiof3]. This agreement is

that VQCD indeed seems to confirm our expectation of th ignificantly improved from the valence quark model which

valence _qu_arks behavior, i.e., obeying the(G_)Ure_Iation. predictsFs<1 andDg=0 and also those of the Cl alone
The deviation from the exact 3/5 prediction in Fig. 11 re—[61 6J. The latter yields F<=0.91(13) and Ds

flects the fact that there is still a spin-spin interaction be—:_0 28(10) which are only half of the phenomenological
tween the valence quarks as evidenced indh® term in  yalues[61—63. This again underscores the importance of the
the VQCD action with Pauli spinors in EqL7). Its effect,  sea quark contributions.

however, appears to be small. This also confirms our earlier Next, we address the effect of the cloud quarks in the CI.

assertion that the deviation of the CI B, in QCD (O in  similar to the ratioR, in the axial-vector case, we plot the
Fig. 11) is largely due to the the cloud quark-antiquark pairs.ratio

With only the ClI, theF,/D 4 ratio is related to VQCIR, o
in Eq. (81): 95 (pluu+dd|p)

B M e e
Fa 1+R, gs = (pluu—dd|p)

—(Cl)= . (82 o L

A _ ({(pluu+dd|p))(CN+({p|uu-+dd|p))(DI)
From R,=0.566(11) for the smallest quark mass ( (p|luu—dd|p)
=0.162), we obtairF,/D,=0.6434). Thefact that this is
only slightly larger than the QCD prediction of 0.60(2) for as a function of the quark mass in Fig. 12.
the Cl (see Table )l has to do with the fact that the sea  The dotted line is the valence quark model prediction of 3
contribution is essentially independent of flavor in our calcu-for both the nonrelativistic and relativistic cases. Again for
lation, i.e.,Aus=Ads=As [20]. As a resultF,, Do, and heavy quarkdi.e., k=0.133 orma=0.4 in Fig. 13, we see
the F,/D, ratio are identical with or without the sea quarks that the ratioRg is 3 irrespective whether the Dl is included
from the DI (see Table)land they do not reflect the large sea (shown as® in Fig. 12 or not(Cl alone is indicated a®).

(83

effect due to the individual flavor. As for light quarks, the full resul{CI+DI) is much larger
than 3 largely due to the large sea contribution in the DI
B. Scalar matrix elements,Rs, and Dg/F (Table Il lists the results at the chiral limitEven for the CI

alone, Rg still overshoots 3. As we shall see, this is again

A similar situation exists for the scalar current matrix el- caused by the cloud quarks. For VQCD, tRe ratio be-

ements. It has been suggested that the well-knaowviNu

o2 =R 2 . comes
term[ o n=m(NJuu+dd|N) with m=(m,+my)/2] puzzle
[57,58 can be resolved because of the large OZI violating (<p|ﬁu +Ed|p>)(CI)
o . — . = B ) (84)
contribution from the sea with a larges content in the ((p[uu—dd|p))(Cl)

nucleon [57,59 such thaty=2(N|ss|N)/(N|uu+dd|N)

~0.2-0.3. This has been verified in lattice calculationsWe see in Fig. 12 that the ratigdenoted by< ) for the light

[60,21] which show that the DI is-1.8 times of the C[see  quarks are approaching the valence quark prediction of 3.

Table Il) [21] and they ratio as large as 0.360.03[21]. This again confirms that the deviation of the CI result in
Unlike the case of the axial current matrix element, dif-QCD is primarily due toZ graphs with cloud quarks and

ferent flavors contribute differently to the DI of the scalar antiquarks. When they are eliminated in VQUOR; becomes

matrix element —s contributes less tham andd. As a  close to the S(b) relation.

result, the SB) antisymmetric and symmetric parameters TheDg/Fg ratio in VQCD is
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FIG. 12. The ratioRg between isoscalar and isovector scalar

charge in QCOEg. (83)] and VQCD[EQg. (84)] are plotted against
the dimensionless quark masga from the strange to the charm
region.O/@®@ indicates Cl/se&Cl in the QCD case an¢ indicates
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FIG. 13. The neutron to proton magnetic moment ratid w, is
plotted against the dimensionless quark m&3sindicates the ClI
result only and® shows the full result with both Cl and DA
indicates the ratio in the VQCD case. The solid line is the valence

the VQCD case. The dashed line is the valence quark model preguark model prediction of-2/3 and the dashed line is the experi-

diction of 3.

S

(89

From Rg=3.086(19) for the smallest quark mass (
=0.162), we obtairDg/Fg=—0.021(4) which is close to
zero as in the valence quark pictuf€able Il) and differs
from the lattice QCD calculation of-0.58(18) (sea-Cl)
and —0.31(11)(ClI) (see Table I by a large margin.

C. Neutron to proton magnetic moment ratio

mental result of—0.685.

As illustrated in Fig. 13, where the neutron to proton mag-
netic moment ratio is plotted against the quark mass, this
small SU6) breaking sea quark effect is further nullified by
the cloud effecf47]. As a result, theu,/u, ratio for the
combined CI and DI comes te-0.68+0.04 at the chiral
limit. This is quite consistent with the experimental value of
0.685. Barring any as yet unknown symmetry principle, this
cancellation between the cloud and sea contributions is prob-
ably accidental and in stark contrast to th&lo term and
fIavor—singIetg,‘i where the cloud and sea effects add up to
enhance the S(8) breaking.

After having established the importance of the sea and Also shown in Fig. 13 are results of VQC(indicated as
cloud effects in the axial and scalar matrix elements, one\) which are very close to the $8) value of —2/3 [the
would naturally ask what happens to the vector current maresult for the smallest quark mass case-i8.662(22)], in-
trix elements, especially the neutron to proton magnetic modirectly verifying the cloud effects of QCDJ for the Cl in

ment ratiou,/u, . How much will the sea and cloud affect
the ratio and in what way? After all, the,/u, ratio was
well predicted by the valence picti— a celebrated defining
success of the SB) symmetry.

Fig. 13 which shows a 2.& departure from—2/3 at the
chiral limit. If there is any deviation of the VQCD from
—2/3, it should be due to the residual spin-spin interaction
between the quarks in the baryon. Given the size of the error

It has been known for some time that a nontrivial seajn our present results, we cannot make a definite conclusion
quark contribution to baryon magnetic moments is essentiadn this aspect.

to reproducing the experimental momep&l-64. It turns

out that the individual sea contribution of each flavor is not

small[66,47]. Although the central value of our lattice result
[G}(0)=—0.36+0.20[47]] differs in sign from that of the
SAMPLE experiment which hasG}(Q?=0.1 GeV)
=+0.23+0.37+0.15+0.19 from the elastic parity violating
electron scattering67], they are consistent within errors.
The u and d contributions are~80% Iarger,Gk’,id(O)(Dl)
—0.65+0.30. However, their net contribution to the pro-
ton and neutron magnetic moments,

(DI)=[2/3G};(0)(DI) — 1/3G{(0)(DI) — 1/3G}(0) ]
—0.097£0.037uy, (86)

VI. FORM FACTORS

In all the ratios we considered in the preceding section,
i.e., Ra, Rs, and un/u,, the SU6) breaking due to the
cloud in theZ graphs is at the level of 10 — 20 % which is
relatively small compared with, say, the sea quark effect in
Rs. However, its effect is large in the nucleon form factors
and has been a subject of wide interest.

A. Meson dominance

The dipole form of the nucleon electromagnetic and axial
form factors is interpreted as the product of two monopoles.

becomes smaller due the cancellation of the quark charges &br example, the isovector part of the nucleon Dirac form

u, d, ands.

factor can be written af68]
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pling to the nucleon going through themeson in a vector domi-
nance picture.

N

gi’l GI])% g5 ,g?;a normalized
T T T T

5 9onn(7%)

N

FIG. 14. The schematic diagram which depicts the photon cou-

1 1 1 2 | 1 \ | ! | ] 1
F\ll(qz)zE[Fﬁ(qz)—Fg(qz)]Iz1_ 5 Oonn(a) 0 02 04 06 08 1 12 14 16 18

2 f
q /mp 4 (87) _qz (GeVQ)

to reflect that the dominating process is the photon coupling FIG. 15. The isovector axial form factay3(g?), the proton
to the p meson which in turn couples to the nucleon aselectric form factorGE(qz), the strangeness scalar form factor

shown in Fig. 14. 93(g?), and the isovector pseudoscalar form fag%(qz) are plot-
One monopole iFY(g?) is thep meson propagator, and ted as a function of-¢?.

the other one ig,n(0%) = f ,(A2—m2)/ (A2~ g?) to param-
etrize thepNN vertex(see Fig. 14 By the same token, the is to be expected, since experimentafty, =1230 MeV
isovector axial form factor with axial meson domlnance>mp:769 MeV:>m,_=140 MeV. This is clearly a mani-

takes the fornj69]

9a(0) .
5 5 NN
1- qzlmgl 4

92(9%) = (9?),

festation of the cloud quark effect through the meson cloud.
We can attempt to define the meson-nucleon vertex by divid-

(88) ing the form factors in Eqs(87), (88), and (89) by their

respective meson propagators. These are plotted in Fig. 17.
We see that the resultinggpNN(qz), galNN(qz), and

where galNN(qz) is the a;NN vertex and can be param- g_,\(q%) extracted this way are much closer to each other
etrized with a monopole form. The isovector pseudoscalathan those in Fig. 15. We should mention that the monopole
form factor should reflect the pion pole for smafl and has ~ fit of g nn(G%) gives g, yn(0)=12.2+2.3 which confirms

the form

3
03(0?) = gp(0) ngN(qz),
1—g?/m?2 9ann(0)

(89

the Goldberger-Treiman relatiga6).

Also plotted in Fig. 15 is the strangeness scalar form fac-
tor g3(g?) which is from the DI[Fig. 3(c)]. It is very soft and
has been interpreted as due to i€ intermediate states as
depicted in Fig. 18) [21]. The DI with u or d quarks are

whereg._yn(g?) is the 7NN form factor. Thus one of the even softef21] and are consistent with the dispersion analy-
major differences of the various form factors of the nucleonsis of w7 intermediate states in chiral perturbation theory
is reflected in the mass of the meson which dominates théxPT) [58]. This appears to be the source of the pion and
matrix element in the channel for the specific current. We kaon loops in xPT [59] which are responsible for the
plot in the following the isovector axial form factgra(q?),

the proton electric form factdB2(q?), the strangeness scalar Vs VY55 V5

form factorgg(g?) [21], and the isovector pseudoscalar form
factorg?F’,(qz) [20] in Fig. 15. We should mention in passing
that bothGE(g?) and g3(g?) shown in Fig. 15 from the
lattice calculation$45,47) agree with the experiments within

~6%.

We see that, sincg3(g?) andg3(g?) involve only the Cl
and GR(g?) is dominated by the C47], their different be-
haviors ing? reflect thep, a;, and 7 propagators in the
cloud which serve as the intermediate states in the meson

dominance picture as depicted in Fig. 16.

If one assumes thaf,yn(A°), ga,nn(A7), andgnn(a?)

FIG. 16. The quark line diagram for the CI which illustrates the

have a similar form irg?, then the fact thag3(g?) falls off  meson dominance picture with different intermediate meson state
faster thanGR(g?) which in turn falls off faster thalgi(qz) corresponding to the respective probing current.
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FIG. 17. The meson-nucleon-nucleon verticggNN(qz),
da,nn(9%), 9nn(d), and gy un(q?) deduced from the EM form
factorsgi(q?), g3(g?) and the isovector scalar form factgi(q?)

are plotted as a function of g2.
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FIG. 19. The neutron electric form fact@p(q?) together with
the fit to the experimental resulolid line). The O indicates the ClI
contribution and the® shows the full result with both the CI and
the DI.

nonanalytic contribution ofZ? or m and mg in hadron 1 L

massegsee Fig. 1&)]. This nonlinear dependence on the p(r)=N Zf dtd*qe@ " " %VF(g?)

guark masses anfT has been observed prominently in had- (2m)

ron masses with dynamical fermions in lattice simulations 1 .

[70]. This illustrates the sea quark effect in hadron masses =N f d*q8(qe)€'9 "F(g?), (90)
and form factors. The neutron charge form factor in the strict (2m)¥2

SU(6) quark model would be identically zero, since the posi-
tively chargedu quark and the negatively chargeddjuarks

whereN is the normalization factor so thati®rp(r)=1. We

have the same spatial wave function. Thus, the small positivplot the pseudoscalar densipys(r), the scalar strangeness
GE(g?) signals the effects of the cloud and the sea withoutlensitypZ(r), the electric charge densipy(r), and the axial

the contamination of the valence part like in other quantitiescurrent
We present the lattice calculation G£(g?) [47] in Fig. 19

density  pa(r) SO obtained from

02(9%), 93(a?), GR(g?), andgx(g?) in Fig. 20.

together with the experimental result. It is seen that both the We see thapp(r) has the longest range. This is presum-
cloud from the CI and the sea from the DI are positive andably due to the pion cloud which dominates the pseudoscalar

their contributions are similar in size.

B. Density and size of nucleon

channel and has the longest Compton wavelength of all had-
rons. The next longest is the scalar strangeness derigity

which seems to reflect théK meson intermediate states in

Now, we can look at the time averaged radial densityFig. 18@a) and corresponds to the kaon loop in chiral pertur-
distribution of the nucleon due to different current probes.bation theory as shown in Fig. . Then comes the electric

Define the time-averaged density distribution as

K
,_// o

(®)

FIG. 18. () The quark line diagram which illustrates theK
intermediate states which dominates the form fagé¢g?). (b) The

kaon loop diagram in chiral perturbation theory.

charge density in the protgs.(r) which is well known and
has been frequently used to extract the size of the nucleon.
Finally, the one with the smallest size is the axial current
densitypa(r) which reflects the small Compton wavelength
of thea; meson.

Now what is the size of the nucleon? As seen from Fig.
20, it is in the eyes of the beholder. In other words, it de-
pends on what probe is used to measure it. It ranges from
3.563) fm for the pseudoscalar density, 1(06fm for the
strangeness density, and 0.729 fm for the proton charge
density, to 0.62{29) fm for the axial current density, a large
variation.

We see that even though the clouds in the CI do not break
the SU6) symmetry as much as the seas in the DI for the
scalar and axial currents, they afford a large variation in
hadron form factors and sizes. Short of these meson clouds,
the valence quark model simply is not capable of delineating
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FIG. 21. The isovector axial form fact(gi(qz), the isoscalar
scalar form factog2(q?), the proton electric form facto®2(g?),
and the isovector pseudoscalar form facgé(qz) in VQCD at «
=0.162 which corresponds to the quark mass~df20 MeV are
FIG. 20. (Color) The normalized pseudoscalar dengity(r) (in plotted in terms of- g2. They are normalized a?=0 to 1 in order
red), the scalar strangeness densify(r) (in yellow), the electric ~ to compare theig? dependence.
charge density(r) (in green, and the axial current densipu(r)
(in blue) are plotted as a function of the radial distance from the
center of the nucleon. the quarks and consequently &) of the hadron becomes
smaller. To a lesser extent, similar situations occur in the
vector and axial channels. This is again an indirect way of
the richness of the various form factors. A model like thevisualizing the meson clouds effects in the CI.
Skyrmion, on the other hand, is capable of detailing the e also plot the neutron electric form fact@fé(qz) for
Goldberger-TreimanGT) relation [28], the meson domi- vQCD at x=0.162 and its counterpatCl QCD at «
nance of the nucleon form facto[68,71], negative square =0.154) in Fig. 23. We see that these two results are com-
charge radius of the neutr¢@8], etc. All these are achieved parable in size and indicate that there are still some spin-spin
via the ingredient of the meson clouds. correlation between the quarks in VQCD which breaks the
SU(6) symmetry.

C. Form factors in VQCD

We calculated the isovector-axial form factit(q?), the gS, 937 G, gf’, with £ = 0.154 (normalized)
isoscalar-scalar form factga(q?), the proton electric form ' ' ' ' ' ! ' ' ' ]
factor GR(g?), and the isovector pseudoscalar form factor 1_ quenched
gﬁ’,(qz) in VQCD at k=0.162, which corresponds to the Is

guark mass of-120 MeV. They are plotted in Fig. 21 asa 08
function of —g?. For comparison, we also plot in Fig. 22 the
corresponding form factors from QCD at=0.154, which is 0.6
about the same quark mass as in the VQCD case.

We see that although these form factors in VQCD are still
different among themselves, the differences are relatively o4r
smaller compared to those in QCD first of all and, second,
they are overall harddexcept forg2(q?)]; i.e., they fall off 02
slower than the corresponding ones in QCD. The most dra-
matic change is the pseudoscalar form factor where the size |
as determined b)(r2>: -6[d F(qz)/d(—qz)”qz:o is re- 0 02 04 06 08 1 1.2 14 16 18 2
duced by about a factor of 2. This is consistent with the —q2 (GeVQ)
pseudoscalar meson-dominance picture in Fig. 16, where the
pseudoscalar form factor in QCD is dominated by the pion F|G. 22. For comparison, the sangd(q?), 9%(a?), GR(q?),
which in turn couples to the baryon through th&IN vertex.  andg3(qg? in QCD at«=0.154 which is at about the same quark
Yet, this meson “cloud” is removed in VQCD by prohibit- mass, i.e.~120 MeV, are plotted in terms of g°. They are also
ing pair creation. In this case, the current couples directly t;mormalized to 1 af?>=0.
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FIG. 23. The neutron electric form fact@(q?) for VQCD 0 0.05 o1 0
(@) at k=0.162 is compared with the QCD resulOf at « UL

=0.154.
FIG. 24. The dimensionless, N, p, and7 masses in quenched

QCD are plotted as a function of the quark masga=In(4«./x
) ) ) —3). The pion mass is proportional M, while the others are
There are several interesting aspects to observe in VQCRxtrapolated to the chiral limit with a linean dependence.
Since the axial Ward identities in Eq&30) and (31) are ) _ _
associated with the current involving both thandv fields, ~manifest themselves through the fermion determinant are
they are applicable only to meson states with the creatiofnown to affect the scalinf#8], the topological susceptibil-
and annihilation of quark-antiquark pairs. Thus, the identitiedty, phase transition, thg’ mass, and the slope of the hadron
are useful in addressing the relation of the “pion” mass andmass with respect to the quark m424,70.
decay constant with the quark mass as PCAC is in QCD. on Here, we shall concentrate on the effects of the cloud
the other hand, it does not apply to baryons where only th&uarks on hadron masses which are practically unknown. We
quarks are involved. For example, the pseudoscalar currefifst plot in Fig. 24 the masses df, N, p, and = as a
matrix element between the nucleon states does not have tfi¢nction of the quark massi;a=In(4«./«—3) on our lattice
pion pole as evidenced in Fig. 21. Consequently, there is n#ith quenched approximation. We see that the hyperfine
Goldberger-Treiman relation in VQCD. Conversely, the con-Splittings between thd andN and thep and 7 grow when
served vector current in E424) between the baryons and the quark mass approaches the chiral limit as expected.
meson states leads to Separate|y conserved quark and anti_m the infinite volume and continuum Iimits, it is found
quark numbers. This entails the three-point function calculat49] that usingm, to set the scale, th€, ® mesons and the
tion as illustrated in Fig. 1@). Yet it does not apply to octet and decuplet baryon masses are all within about 6% of
situations involving quark-antiquark creations or annihila-the experimental results.
tions because the conserved vector current in(E8. does Next we plot in Fig. 25 the masses 4&f N, p, and 7

not have the pair annihilation termy,u. Similarly, there is from VQCD as a function of the quark massia

no vector dominance in the pion and nucleon EM form fac-=N(4«c/k—3) («.=0.1649 in this cageon the same set of

tors. As discussed in the preceding section, there should d@tnce configurations. It is a surprise that the. truncation of

no meson dominance in form factors in VQCD. the Z graphs appears to have such a dramatic effect on all
More generally, one can say that there is neither crossin§'€S& meson and baryon masses.

symmetry, dispersion relation, nor unitarity in VQCD. But _First of all, we notice that thé and the nucleon agree

these features, or the lack of them, are shared by the valen¥éth €ach other within errors all the way down to the small-
quark model that we are trying to emulate. est quark mass around the strange quark range. Thus, the

hyperfine splitting is largely gone in VQCD. This is true also
between the and 7. Extrapolating to the zero-quark-mass
limit, the p massm,a is 0.0548). With a~'=1.75 GeV,

To explore further the consequences of the valence apn,=95(14) MeV in VQCD. This is a factor of 6.4 smaller
proximation, we study the hadron masses. Since hadrothan that in the quenched approximation which gives
masses entail calculations of two-point functions, the sea0.3436). Second, we see that the masseaofN, andp
guarks do not appear explicitly as they do in three-pointare all dropped greatly compared to those in QY. 24).
functions[see Fig. 1(b)]. The only exception is the flavor- At the zero-quark-mass limit,m,a=0.102(14), mya
singlet meson where the DFig. 4(b)] is part of the meson =0.074(11). They are much smaller than their correspond-
propagator. The implicit sea quark effects in the loops whiching values of 0.63@1) and 0.53613) in the quenched QCD

D. Goldberger-Treiman relation and vector dominance

VIl. HADRON SPECTROSCOPY
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FIG. 26. The dimensionless and A masses from QCD are
compared with those in VQCD as a function of the quark mass.
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FIG. 25. The dimensionless, N, p, and = masses in VQCD appears to be degenera’ge V\{iﬁhandp in _VQCD over the
are plotted as a function of the quark masga=In(4x,/x—3). Al range of the quark mass in Fig. 27 and Fig. 25. However, we

the masses are extrapolated to the zero-quark-mass limit with §&NNot be certain about this point, espgcially in view of the
linear m, dependence. fact that the errors om, for the three lightest quarks are

quite large.ag, on the other hand, seems to be heavier than
calculation in Fig. 24. Furthermore, the hyperfine splittingthe pion in this range of the quark mass.
betweenA andN is now 497) MeV which is ~3.7 times
smaller than our quenched result of {79 MeV.! A. Origin of hyperfine splitting
For a more direct comparison to see how the nucleon and

A masses drop, we plot the nucleon ananasses in VQCD . . )
A : as largely disappeared in the light quark sector when we
and quenched QCD in Fig. 26. In going from quenched QCD? movegth)é cIougpquark and antic?uarli1 in thgraphs. This
to VQ%Eghf.mlJCtlﬁon m_ziss IS kr)edlﬁ%%?\% E\l/b(?l_u;ba constari1 rather mysterious in that according to the usual lore, the
3mounb th N atice uni s?rfa ?]u ) € .k Fmass khyperfine splitting is primarily due to the color-magnetic
rOde% etsame _?rgoun fof[h ea;wer qLﬁL S olr qua\;\/éoupling induced spin-spin interaction between the quarks
alrounl tti N range, It drops _urvercg meg) N nlrjlcgonéD ,17]. This color-magnetic coupling is related to the spatial
ﬁlsgigp 37 :ﬁ a?ggoTanlgstiilsAnsitSationar:heq\L/Jee;gr(?negon motion of the quarks which should not be affected by the
sl ) ' t ti f thez hs which onl trains th k
drops by about an equal amount0.31 or 537 MeV, runcation o grapns which only constrains fthe quar

gbotion in the time direction. Indeed, this color-magnetic
whereas the pseudoscalar meson drops about 0.22 or 3 lina i licitly sh S B inth li spi

MeV in the strange region and approaches zero in both thEOUP!ING IS €Xp icitly shown ag- B in the Pauli spinor rep-
guenched QCD and VQCD cases. Figures 26 and 27 show

We see that the hyperfine splitting betwe®mand nucleon

that at fixed quark mass VQCD leads to much smaller had- . IQuencllled vs \I/'alencel

ron masses than quenched QCD. It is quite revealing to ask

how the quark mass in VQCD should be tuned in order to 53 f:

restore the hadron masses to realistic values. Using a lattice 08 7{,3 . s

spacinga '=1.75 GeV theresults in Fig. 26 suggest a
quark mass of about 300 MeMna~0.17) is required.
This is just in the range that quark models typically find for
constituent masses.

Shown in Fig. 28 are tha; anda, mesons calculated in
guenched QCD and VQCD. We see that both mesons come .
down in mass from QCD to VQCD by a large amouaf. 02k 7 o i

Ma

'our quenched result is smaller than the experimehtal split- 0 0.05 0.1 0.15 0.2 0.25
ting of 298 MeV mainly due to the fact that our results are not in e
the infinite volume and continuum limits. It is shown that when
these limits are taken, the octet and decuplet baryons are within 6% FIG. 27. The dimensionless and p masses from QCD are
of the experimental valugg9]. compared with those in VQCD as a function of the quark mass.
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Quenched vs Valence
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Ma § FIG. 29. The meson exchange between quarks in the baryon is
06 ¢ é ] depicted as & graph. The antiquark produced in tAgyraph forms
é a meson with another quark in this case which is “exchanged”
04 L $$$ 4 between the two quarks.
523
%é <I><E [78,79,9,10,8than that which accompanies the spin-spin in-
021 %@ T teraction in the one-gluon-exchange pict[6¢ This is prob-
<} lematic for the gluon-exchange picture if it is to explain both
0 ' 1 L ! ' ! L heavy quarkonia which require a spin-orbit interaction and
0 005 01 015 02 025 03 03 04 light baryons which require a much weaker one. However,
mMeQG Goldstone boson exchange does not have the spin-orbit in-

, _ teraction between the light quarks and, hence, has no prob-

FIG. 28. _The dlme_nsmnlesm;1 and a, masses from QCD are lem in this regard.

compared with those in VQCD as a function of the quark mass. This Goldstone-boson-exchange picture appears to be
. . o quite consistent with what we find in VQCD. The flavor-

resentation of VQCD in Eqs17) and(19). Furthermore, itis  \,nginglet meson exchange between the quarks is repre-
this o- B term that is fully responsible for the hyperfine split- sented by thez graph depicted in Fig. 29. Since all tie
ting betweenY and », in the heavy quark system. The latter graphs are removed in VQCD, there will be no meson ex-
is proved by the lattice QCD calculation with the nonrelativ- changes between the quarks as a result. This can explain why
istic QCD action containing such a term in the form of the hyperfine splitting betweeh and nucleon is greatly re-
o-BI2M,, [3-5). duced in VQCD(Fig. 26). But this does not answer the ques-

This raises a question as to how effective the color-spirtion as to why the color-magnetic coupling induced spin-spin
interaction is as far as the hyperfine splitting is concerned irinteraction is not as effective in light baryons as in heavy
light hadron spectroscopy. The same question has beeguarkonium. While we do not have strong evidence for it, we
raised by Glozman and Ris&2,73. Upon studying the note that one aspect of the light quark may contribute to the
negative parity and positive parity excitations of tNe A,  difference. Unlike those of the heavy quarks, the propagator
and A spectra, they found that the reverse ordering of theof the light quarks in the background gauge field can fluctu-
positive and negative parity resonancesNadnd particularly — ate into color-singlet meson clouds, leading to meson domi-
A from those of theA cannot be accommodated with hance in various form factorésee Fig. 16 The range of
the color-spin structure of the pairwise interaction fluctuation depends on the Compton wavelength of the me-
Aic_)\}:(;i,(;j - instead it is consistent with the flavor-spin SON- The longest range is the pion cloud as evidenced in the

softness of the pseudoscalar form factor of the nucl(&ags.

L ! . 15 and 20. By the same token, Goldstone boson exchange
ture of A is different from that ofN andA. Interpreting this between the )c:uarks in Fig. 29 can have a range commengsu-

as due to Goldstone bogon exchgnge, they can.flt'the Io."\fhte with its Compton wavelength. On the other hand, the
lying baryon spectrum with a confinement potential in add"range of one-gluon exchange is limited since the gluon is

tion. They can also fit the magnetic moments of the balryorl:onfined. If the range of Goldstone boson exchange is longer

octets by taking into account of the meson exchange currentian the gluon confinement scale, the hyperfine interaction

[73’74" . . : from Goldstone boson exchange is likely to be more effec-
. A similar pro.b'e”.‘ was_encountered in searching for' SCalafive than that from the color-magnetic coupling. In other
d!q_uark clusterlr_lg in lattice h_adr(_)n fo”'? fact(_irES]. Sig- words, the light quarks in the baryon have larger separations
n|f|can_t scalar diquark clusterlng IS pre_d|cted in quark mOd'than those between the quarks and antiquarks in heavy
els which rely on the hyperfine interaction of the One'gluon'quarkonia. Together with the limited range of the confined
gi)g(gcnr:ﬁ(r:]gr?t-Frféigtlsa;ﬁt?nz?stsoe:rﬁ)“ia E{EZ ll\latfilgg sAirﬁlYI\;Till)ens o luons, this could be the reason for the diminished color-

. ] : agnetic coupling in light baryons.
Refs.[75—77) there is no evidence of scalar diquark cluster- ghetl upiing in g yons
ing. This result leads one to look for other sources of hyper-
fine splitting that do not necessarily lead to clustering in the
wave function, such as meson exchahgg|. Another significant feature of the VQCD spectroscopy in
Furthermore, it is well known from the light baryon spec- Figs. 25, 26, 27, and 28 is that all the hadron masses drop
trum that the spin-orbit interaction is much weaker substantially from their counterparts in QGMDcluding pion

structure}\iF~)\jF5i . EJ- . This is so because flavor-spin struc-

B. Origin of dynamical quark mass
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(hep) pole in Fig. 3@a) would look something like Fig. 30)
which inevitably involves cloud quarks and antiquarks in the
Q Z graph.
3 - This o-quark tadpole interpretation is consistent with
Y what we observe in VQCD. Dropping graphs in VQCD,

which include these tadpoles, diminishes the coupling to the
.t Lt quark condensaté¥ V) and leads to the falling of all the
(@ (b) hadron masses from QCD. However, there is still a class of
tadpole diagrams which survive. These are the spatial mov-
FIG. 30. (a) o-quark tadpole diagram in the linear sigma model ing quark loops restricted within time slices. They may still
which is the mechanism for dynamical mass generation in thicouple to{uu) and (vv). But since these condensates in
model. (b) The quark line diagram of th& graph which corre- VQCD are much smaller than that in QCD, the dynamical
sponds to ther-quark tadpole ina). mass is also much smaller. This can explain why the masses
of A, N, andp are small but nonzero in VQC[Figs. 25, 26,
at finite quark mags For example, the nucleon moves down and 27.
from 940 MeV in QCD(we used this to fix the scaldo The interpretation we offer for the hyperfine splitting and
130(19) MeV in VQCD, A drops from 111{72) MeV to  the dynamical quark mass is reminiscent of the little bag
17925 MeV, and p drops from 60011 MeV to 95 (14)  [84], the cloudy bad85], and the chiral quark mode[§6]
MeV. It is well known that chiral symmetry breaking leads on which the phenomenological studies of baryon masses
to a dynamical quark mass related to the quark condensaf&2-74 and baryon structur87,8§ are based. Arguing that
[80], in addition to the existence of Goldstone bosons. Thighe chiral symmetry breaking scale,sg is higher than the

can be seen from confinement scalé\ ocp, it is proposed86] that the rel-
— — — evant dynamical degrees of freedom are the fundamental
(VW) =(V Vet+WrV), (91)  quarks, gluons, and the Goldstone bosons in an effective

theory at intermediate scales betwedAnsg and Agcp-

which mixes the left- and right-handed quarks and has thgvhat we observe in VQCD seems to suggest that the scale
effect of a dynamical mass as a result of the chiral symmetryor the structure of baryons falls just in this range so that the
breaking. coupling to Goldstone bosons and dynamical mass genera-

To the extent that we can interpret the falling hadrontion are evident when QCD and VQCD are compared.
masses in VQCD as due to the drop of dynamical or con- There are other suggestions for the flavor-spin structure of
stituent quark mass, we can draw the following conclusionsthe quark-quark interaction. These are induced by instantons

(1) It is usually assumed in valence quark models tha{g9, 9. It is known that the instantons give rise to chiral
constituent quark mass arises due to dressing by the glue aggmmetry breaking and generate dynamical quark mass as-
the sea quark-antiquark pairs. Since the hard glue dressing gy ciated with(¥¥) [91,92. The point-to-point hadronic
VQCD is expected to be the same as in QCD, it is not likelycorrelation functions in the instanton liquid mod@B] have
to be responsible for the dropping of hadron masses ieen verified by lattice QCD calculati¢@4] and the role of
VQCD. Furthermore, the quenched lattice calculatip#8]  jnstantons is revealed through coolif@5]. Although its di-
can reproduce the, K, ® mesons and the octet and de- rect connection to the cloud degree of freedom in relation to
cuplet baryon masses to within about 6% of the experimentayQcp is less transparent, the instanton picture, being the
results. This is an indication that the quark loops which genyoot of chiral symmetry breaking, is expected to reproduce

erate sea quark-antiquark pairs are not the primary source fghe consequences of the chiral quark model.
hadron masses either. Here we see from our lattice calcula-

tion of VQCD that the dynamical quark mass actually arises
from the “dressing” of the cloud quarks — quark-antiquark VIll. SYMMETRY BREAKING
pairs in the connected insertion.

(2) In chiral symmetry models, the dynamical mass is
generally generated through thre— the chiral partner of the
pion. For example, in the linear sigma model, the dynamica
mass is giveri81,82 as

It is well known that the chiral symmetry SBNg),

X SU(Ng)gX Uy(1) of QCD is spontaneously broken to the
iagonal SY(N;)xXUy(1). VQCD, as we have learned in
his study, has a different symmetry breaking pattern. It starts

out with the U(Ng) symmetry(see Sec. Il ¢ with vector

and axial symmetries in the particle-antiparticle space. From

our lattice simulation, we find that the pseudoscalar mesons

corresponding to the interpolation fieldysv andv ysu be-
come massless at the zero-quark-mass limit, the pion decay
wherem,, andg,q are thea mass and its coupling to the constant . is nonzerdit may actually diverge as df;), and
quark. This is represented as thequark tadpole diagram the condensatgaiu) and(vv) do not vanish. We take these
illustrated in Fig. 30a). A similar mechanism exists in the as the evidence for spontaneous breaking of the axial sym-
four-fermion Nambu—Jona-Lasinio mod@&3|. In QCD, the  metry in EQgs.(30) and (31). This then leads to LNg)
quark-line diagram which corresponds to thequark tad- X Ui(Ng) symmetry, which is the vector symmetry for the

Ooqq =
(W), (92)
—-m

o

Myyn=
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quarks and antiquarks separately. Again by virtue of the latsee that the ratig3/g3 in Fig. 11 is not exactly 3/5 and the
tice simulation, we find that the §8) relation holds quite  neutron electric form factoB2(g?) in Fig. 23 is not exactly
well for the gi/gi (or Fa/Da), 9393 (or Ds/Fs), and  zero. The degeneracies betwekmndN and betweer and
tn/ wp ratios. FurthermorelN and A are nearly degenerate; ; are not perfect either. These indicate that there are still
so arep and 7. All these indicate that, although the 8)  some color-magnetic coupling induced spin effects. Never-
breaking color-magnetic coupling is present in the VQCDyneless; it is a fairly good symmetry. What we have demon-
action[Egs. (17), (18), and(19)], its effects are small. As @ gyateq in this study is that QCD has this approximate sym-
result, VQCD has an approx[‘m:a}te higher symme_try, I'e'metry in its valence approximation in the manner of VQCD
Ug(2NE) X Ug(2Ng), where the "2” represents the spin sub- , ion 14 our best knowledge, this is the connection be-
group SU2). This Uy(2Ng) X U4(2Ng) is just the nonchiral tween QCD and the valence quark model.

U(6)>U(6) symmetry of Dashen and Gell-Mari86] for The relation of the valence quark model and QCD actu-

Ne=3 with quarks and antiquarks in thé,0) and (1L6) 4y is analogous to that between the shell model of nuclei
representa’;lonf respectlvgly. Ié was prog)osed as a good and the many body theory. It is perhaps instructive to point
symmetry for “stationary(i.e., bound and quasistationary out the parallel developments in the history of nuclear phys-

(i.e., resonar)tstat_es pf hadrons at rest.” It is interesting to ics and hadron physics as far as the fermion dynamical de-
note that after stripping off the sea and cloud quarks from .
rees of freedom are concerned. We recall that the raison

QCD, we find that the remaining VQCD possesses the Sam%étre of the shell model consists of the pattern of energy

symmetry. levels, the spin and parity quantum numbers of nuclei, and
the Schmidt lines for the magnetic moments of nuclei. Simi-
lar reasons, e.g., the mass pattern of baryons and mesons,
SU(3) flavor symmetry, and the magnetic moments of proton
Instead of simulating QCD, we have mutilated it with the and neutron lent their support for the existence of the quark
VQCD approximation. The valence QCD theory we havemodel. Later experiments and theoretical developments in
constructed does not respect Lorentz invariance. It also vionany body theory pointed out the inadequacies of the shell
lates unitarity, the dispersion relation, and crossing symmemodel and ideas such as collectivity of the giant resonances
try. But these are the attributes shared by the valence quatR7], pairing through the induced phonon-exchange interac-
model which we set out to understand and our purpose dion[98], and core polarization for the magnetic moments, or
this study is to sort out the roles the various dynamical quarithe Arima-Horie effec{99] were introduced. These involve
degrees of freedom play in different observables. This ighe particle-hole degrees of freedom in the disconnected in-
much like the study of the brafOne tries to correlate the sertion which are the core polarization effects beyond the
dysfunction of a certain part of the body with the damage ofshell model. With the advent of QCD as the fundamental
a specific part of the brain to infer its controlling mechanism.theory of quarks and gluons, similar ideas are introduced.
Atfter defining the valence, the cloud, and the sea quark&or example, the resolution of the(1) anomaly in terms of
from the hadronic tensor in deep inelastic scattering, we havéhe topological susceptibility in the largé, analysis by Wit-
been able to follow these degrees of freedom to three-poirfen [19] and Veneziand19] is the schematic modg7]
and two-point functions which are relevant to the quarkapproach to generating the’ mass by the collective cou-
model at low energies. Upon eliminating the cloud quarks inpling between quark loops. The concept of quark and gluon
the connected insertion with the help of the VQCD actioncondensates is certainly related to pairing in the many body
and the sea quarks in the disconnected insertion with ththeory. A lack of appreciation for vacuum polarization due to
guenched VQCD calculation, we find from the ratios ofthe sea quarks for flavor-singlet observables in the quark
9%/03. 9¥02, wn/u, and the masses &, A, p, andw  model has led to the “proton spin crisis[20,54 and the
that there is an approximate ) symmetry in VQCD 7No term puzzlg57,58,21. The importance of graphs for
which emerges from shaking off the “dressing” cloud and the density dependence was pointed out for the effective
sea quark-antiquark pairs. Its symmetry breaking pattern igucleon-nucleon interactidri00], and the higher-density ef-
distinct from that of QCD. We summarize the symmetryfects in the relativistic mean-field theory are largely due to

breaking pattern of QCD and VQCD in the following chart: the Z graphs with sigma meson exchan#81]. The impor-
tance of the cloud quarks in hadrons through Zrgraphs is

QCD: SUNg) XSUNg)rXUy(1)=SU,(Ng) X Uy(1) just beginning to be_unravgled. The violation of the Gottfried
sum rule leading tai(x) #v(x) is shown to be due to the

IX. CONCLUSION: ANALOGY TO SHELL MODEL
AND MANY BODY THEORY

VQCD:  U(2Ng)=Uq4(Ng) X Ug(Ng) cloud antiquarkg35]. Furthermore, we have learned in the
present study that the hyperfine splitting in baryons and the
=~Uq(2Ng) X Ug(2Ng). dynamical quark mass are related to the cloud degree of free-

) dom, which are probably the most surprising results of
We should point out that the J02Ng) X Ug(2Ng) symmetry  y/ocp.

due to the spin degeneracy is only approximately true. We QThe valence quark model, as we come to realize it today,
is just like the shell model in nuclear physics. The U(6)
XU(6) symmetry which comes with the valence quark

2We thank T. Cohen for this analogy. model as the defining characteristic is not as good a symme-
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try as one tends to believe. Even with the supplement o very successful effective chiral theory of mes¢a82].
SU(6) breaking one-gluon exchange, it does not capture th©ne may extend this to the baryon sector with the quark
richness of the cloud degrees of freedom in various formcoupling to the gluons and mesoi@—86. In this way, the
factors and matrix elements in the connected insertionszloud degrees of freedom will show up in the form factors
Moreover, the lack of sea degrees of freedom in the disconand matrix elements via meson dominance and meson ex-
nected insertions is responsible for its overestimate of th@hange currents. It can also give rise to hyperfine splitting
flavor-singletgy by a factor of~3 as well as its underesti- and dynamical quark mass. The meson loops on the quark
mate of themNo term by a factor~3—4. What it lacks |ines, on the other hand, are responsible for the sea degrees

appears to be the spontaneously broken chiral symmetry @ff freedom. We will study this effective theory of baryons in
QCD. This is exemplified in hadron spectroscopy where wene future.

find that the hyperfine splitting between N addand the
dynamical quark mass are related to the cloud quarks in the
Z graphs.

One lesson we learned in this study is that the valence
guark model is not necessarily a bad place to start building This work is partially supported by U.S. DOE grant No.
an effective theory of hadrons, provided one knows how tdDE-FG05-84ER40154 and NSF Grant No. 9722073. The au-
incorporate chiral symmetry and restores the cloud and sethors would like to thank T. Barnes, C. Bernard, S. Brodsky,
degrees of freedom. Working in the intermediate scale bes. E. Brown, T. P. Cheng, T. Cohen, M. Golterman, L. Ya.
tween chiral symmetry breaking and confinement which isGlozman, X. Ji, J.-F. Laga€. S. Lam, B. A. Li, R. McKe-
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