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Abstract

In these lecture notes I discuss some general aspects of quark models of baryons.
In spite of the successes of the quark model in describing masses, magnetic moments,
electromagnetic and strong couplings, there are some systematic discrepancies with
the experimental data that cannot be explained in any quark model based on valence
quarks only.

In the first part I review some general features of quark models based on three
valence quarks, and in the second part I present an unquenched quark model for
baryons in which the effects of sea quarks are taken into account in an explicit form
via a microscopic, QCD-inspired, creation mechanism of the quark-antiquark pairs.
In this approach, the contribution of the quark-antiquark pairs can be studied for
any inital baryon and for any flavor of the ¢q pairs (ui, dd and s3). It is shown that,
whereas the inclusion of the ¢¢ pairs (or hadron loops) does not affect the baryon
magnetic moments, it automatically leads to an excess of d over % in the proton and
introduces a sizeable contribution of orbital angular momentum to the spin of the
proton.
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1 Introduction

The structure of the nucleon is of fundamental importance in nuclear and particle physics.
The first indication that the nucleon is not a point particle but has an internal structure
came from the measurement of the anomalous magnetic moment of the proton in the
1930’s [1], which was determined to be about 2.5 times as large as one would expect for
a spin 1/2 Dirac particle (the actual value is 2.793 [2]). The finite size of the proton was
measured in the 1950’s in electron scattering experiments at SLAC to be ~ 0.8 fm [3]
(compared to the current value of 0.877 & 0.007 fm [2]). The first evidence for point-like
constituents (quarks) inside the proton was found in deep-inelastic-scattering experiments
in the late 1960’s by the MIT-SLAC collaboration [4] which eventually, together with many
other developments, would lead to the formulation of QCD in the 1970’s as the theory
of strongly interacting particles. The complex structure of the proton manifested itself
once again in recent polarization transfer experiments [5] which showed that the ratio of
electric and magnetic form factors of the proton exhibits a dramatically different behavior
as a function of the momentum transfer as compared to the phenomenon of form factor
scaling obtained from the Rosenbluth separation method [6].

The building blocks of atomic nuclei, the nucleons, are composite extended objects.
High precision data on the properties of the nucleon and its excited states, collectively
known as baryons, have been accumulated over the past years at Jefferson Laboratory,
MIT-Bates, LEGS at BNL, MAMI in Mainz, ELSA in Bonn and GRAAL in Grenoble
[7]. To first approximation, the internal structure of the nucleon at low energy can be
ascribed to three bound constituent quarks gqq. The baryons are accommodated into
flavor singlets, octets and decuplets [8]. Each flavor multiplet consists of families of
baryons characterized by their isospin and strangeness.

In these lecture notes, I discuss some general features of quark models based on three
valence quarks. As a specific example, I review some properties of a stringlike collec-
tive model in which the baryons (three-quark configurations) are interpreted as rotations
and vibrations of the strings. In spite of the successes of quark models in general in
describing masses, magnetic moments, electromagnetic and strong couplings, there are
some systematic discrepancies with the experimental data on electromagnetic and strong
couplings that cannot be explained in any quark model based on valence quarks only. Ad-
ditional evidence for higher Fock components in the baryon wave function (such as qqq—qq
configurations) comes from measurements of the d/u asymmetry in the nucleon sea [9, 10]
and parity-violating electron scattering experiments which report a nonvanishing strange
quark contribution, albeit small, to the charge and magnetization distributions [11, 12].
In the second part, I present an unquenched quark model for baryons in which the effects
of sea quarks are taken into account in an explicit form via a microscopic, QCD-inspired,
creation mechanism of the quark-antiquark pairs (ui, dd and s3). It is shown that, while
the inclusion of the ¢g pairs (or hadron loops) does not affect the baryon magnetic mo-
ments, it automatically leads to an excess of d over @ in the proton and introduces a
sizeable contribution of orbital angular momentum to the spin of the proton.

The outline of these lecture notes is as follows. In Section 2 some general aspects of



multiquark states are discussed. In Section 3 I disscuss some general features of quark
models and, in particular, review some properties of a stringlike collective model and
its application to baryon resonances (the nucleon and its excited states). In Section 4
I introduce the unquenched quark model with application to magnetic moments, and
the flavor and spin content of the nucleon. The summary and conclusions are presented
in Section 5. Some technical details concerning the spin and flavor wave functions are
discussed in the appendices.

2 Multiquark states

Multiquark states depend both on the internal degrees of freedom of color, flavor and spin
and the spatial degrees of freedom. The classification of the states will be studied from
symmetry principles without introducing an explicit dynamical model. The construction
of the classification scheme is guided by two conditions: the total multiquark wave function
should be a color singlet and should be antisymmetric under any permutation of the
quarks.

The internal degrees of freedom are taken to be the three light flavors u, d, s with
spin S = 1/2 and three possible colors r, g, b. The internal algebraic structure of the
constituent parts consists of the usual spin-flavor (sf) and color (c) algebras

gsfc = SUsf(G) ® SUC(S) ; (21)

where the SU,(3) algebra decribes the (unitary) transformations among the three different
colors. The spin-flavor algebra can be decomposed into

SU(6) > SU:(3) ® SUL(2) , (2.2)

where the SU;(3) algebra decribes the transformations among the three different flavors
and SU(2) among the two spin states of the quarks. The flavor algebra in turn can be
decomposed into

SUt(3) D SUL(2) ® Uy(1) , (2.3)

where I denotes the isospin and Y the hypercharge of the quarks. The states of a given
flavor multiplet can be labeled by isospin I, I35 and hypercharge Y. The electric charge is
given by the Gell-Mann-Nishijima relation

Q213+X213+B—+S, (2.4)

2 2
where B denotes the baryon number and S the strangeness. The quantum numbers of the
three light quarks and antiquarks are given in Table 1. The quarks have baryon number
B = % and spin and parity ST = %Jr whereas the antiquarks have B = —% and ST = %_.
I shall make use of the Young tableau technique [13] to construct the allowed repre-

sentations of SU(n) for the multiquark system with n = 2, 3 and 6 for the spin, flavor (or
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Table 1: Quantum number of the quarks and antiquarks

B SP I I; § Y Q
1 1+ 1 1 1 2
v o3 3 3 3 0 5 3
g 1L 1+ 1 _1 3 1 _1
il 22 5 4
s 3 3 0 0 -1 -3 -3
ol 1 1 _1 12
FRRE I SO R B
11— 11 11
U S O S
s -3 3 0 0 1 3 3

color) and spin-flavor degrees of freedom, respectively. The fundamental representation
of SU(n) is denoted by a box. The Young tableaux of SU(n) are labeled by a string of
n numbers [f1, fo,..., fu] with fi > fo > ... > f, where f; denotes the number of boxes
in the ¢-th row. The labels which are zero are usually not written explicitly. The quarks
transform as the fundamental representation [1] under SU(n), whereas the antiquarks
transform as the conjugate representation [1"~!] under SU(n) [14, 15]. As a consequence,
the three quarks belong to the flavor triplet [1] of SUf(3) and the three antiquarks to
the anti-triplet [11]. Instead of classifying the SU(3) flavor multiplets by their Young
tableau [fi, fo, f3] one also uses the labels (p,q) = (f1 — f2, fo — f3) or the dimension of
the representation dimg, 4 = (p+ 1)(¢ +1)(p + ¢ +2)/2. A standard representation of
SU(3) multiplets is that of a socalled weight diagram in the I3-Y plane (see Table 1 and
Figure 1).

The spin of the quarks and the antiquarks is determined by the representation [fi, fo]
of SUs(2) as S = % The spin-flavor classification of a single quark and antiquark is
given by

SUSf<6) D SUf(?)) & SUS(Q)
quark 1] > 1] © [1]
0 > 0 o U (2.5)
antiquark [11111] > [11] &  [1]

DB@D

The spin-flavor states of multiquark systems can be obtained by taking the outer product
of the representations of the quarks and/or antiquarks.



Figure 1: Quark triplet with (p,q) = (1,0) (left) and antiquark anti-triplet with (p,q) = (0,1)
(right)

The requirement that physical states be color singlets, makes the quarks (or anti-
quarks) cluster into three-quark triplets (gqq baryons), quark-antiquark pairs (¢g mesons)
or products thereof. In general, the multiquark configurations can be expressed as

q3m+nq3k+n 7 (26)
which reduces to ggq baryons for m = 1 and k = n = 0, to gqq antibaryons for m =n =0
and k =1, and to gq mesons for m =k =0 and n = 1.

2.1 qqq Baryons

The nucleon is not an elementary particle, but it is generally viewed as a confined system
of three constituent quarks interacting via gluon exchange. Effective models of the nucleon
and its excited states (or baryon resonances) are based on three constituent parts that
carry the internal degrees of freedom of spin, flavor and color, but differ in their treatment
of radial (or orbital) excitations. Here I discuss the internal degrees of freedom of gqq
baryons.

The allowed spin, flavor and spin-flavor states are obtained by standard group theoretic
techniques [13, 14, 15]. For example, the total spin of the three-quark system is obtained
by coupling the three % spins to give S = % and S = % (twice). In general, the spin, flavor
and spin-flavor states of the three-quark system are obtained by taking the product

n @ 1]  [1] = [38] & 2[21] & [111]

(2.7)
O e 0o O =001 a 2 ‘@@

where each of the boxes on the left-hand side denotes a quark.
An important ingredient in the construction of baryon wave function is the permu-
tation symmetry between the quarks. If some of the constituent parts are identical one



must construct states and operators that transform according to the representations of the
permutation group (either S3 for three identical parts or Sy for two identical parts). Here
I discuss states that have good permutation symmetry among the three quarks S3. These
states form a complete basis which can be used for any calculation of baryon properties.
The permutation symmetry of the three-quark system is characterized by the S; Young
tableaux [3] (symmetric), [21] (mixed symmetric) and [111] (antisymmetric) or, equiva-
lently, by the irreducible representations of the point group Dz (which is isomorphic to
S3) as Ay, E and As, respectively. For notational purposes the latter is used to label the
discrete symmetry of the baryon wave functions. The corresponding dimensions are 1, 2
and 1.

For the coupling of the spins, the antisymmetric representation [111] in Eq. (2.7) does
not occur, since the representations of SUs(2) can have at most two rows. This means
that the spin of the three-quark system can be either S = 152 = 2 (Young tableau [3])
or S =1 (Young tableau [21]) with permutation symmetry A; and F, respectively. The
dimension of the spin S is given by the number of spin projections 25 + 1. The allowed
spin, flavor and spin-flavor states are summarized in Table 2. The allowed flavor states
are [3], [21] and [111] which are usually denoted by their dimensions as 10 (decuplet), 8
(octet) and 1 (singlet), respectively. The corresponding point group symmetries are A,
E and A,. Finally, the spin-flavor states are denoted by their dimensions as [56], [70] and
[20] with symmetries A;, E and As, respectively.

The spin and flavor content of each spin-flavor multiplet is given by the decomposition
of the representations of SUg(6) into those of SU¢(3) @ SUs(2)

[56] D *8 @ *10,
[70] > *8 @ 8 @ %10 @ °1,
[20] D %8 @ 1, (2.8)

where the superscript denotes 25 + 1. For example, the symmetric representation [56]

Table 2: Allowed color, spin, flavor and spin-flavor baryon states

¢®> Dimension S; ~ Ds

color [111]  singlet Ay
spin 3] 4 Ay
21] 2 E

flavor [3]  decuplet Ay
[21] octet E

[111] singlet A,

spin-flavor  [3] 56 Ay
[21] 70 E

111 20 Ay




Table 3: Classification of ground state baryons according to SUs(3) D SU1(2) ® Uy(1)

Iy Q

JP = %Jr octet Nucleon N 3§ 1 0,1
Sigma > 1 0 -10.1

Lambda A 0 0 0

Xi = 5 -1 10
JP = %Jr decuplet Delta A 21 1012
Sigma ¥ 1 0 1,01

Xi = 5 -1 10

Omega € 0 -2 -1

contains an octet with S = 4 characterized by (p,q) = (1,1), and a decuplet with S =
labeled by (p,q) = (3,0). In the absence of orbital excitations the parity of the gq
baryons is positive P = +.

In Table 3 I present the classification of the baryon flavor octet and decuplet in terms
of the isospin I and the hypercharge Y according to the decomposition of the flavor
symmetry SU;(3) into SUi(2) ® Uy(1). The nucleon and A are nonstrange baryons with
S = 0, whereas the ¥, A, = and €2 hyperons carry strangeness S = —1, —1, —2 and —3,
respectively. The flavor singlet [111] with Ay symmetry consists of a single baryon (A*)
which has isospin I = 0 and hypercharge Y = 0 (strangeness S = —1). In Figures 2
and 3 I show the corresponding weight diagrams for the octet and decuplet baryons. The
explicit form of the spin and flavor wave functions is given in Appendix A.
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2
q

A
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|
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- : : +
Figure 2: Baryon octet with (p,q) = (1,1) and J© = 5P =1
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Figure 3: Baryon decuplet with (p,q) = (3,0) and J© = S* = 3

2.2 qq Mesons

Just as for gqq baryons, the allowed spin and flavor states of qqg mesons are obtained by
standard group theoretic techniques [13, 14, 15]. The total spin of the quark-antiquark

. . . 1 . . . _
system is obtained by coupling the ; spins of the quark and antiquark to give S = 0
and S = 1. In the absence of orbital excitations the parity of the ¢g mesons is negative
P = —. Therefore, the allowed values of the spin and parity of ¢qq configurations are
JP =S¥ = 0~ (pseudoscalar mesons) and JZ = S¥ = 17 (vector mesons).

The flavor states of the quark-antiquark system are obtained by taking the product

1] @ [11] = [21] & [111]

(2.9)
D@B:_‘@@

i.e. an octet [21] with (p,q) = (1,1) and a singlet [111] with (p,q) = (0,0). Finally,
the spin-flavor states are denoted by their dimensions as [35] and [1], respectively. The
allowed spin, flavor and spin-flavor states of ¢¢ mesons are summarized in Table 4.

The spin and flavor content of each spin-flavor multiplet is given by the decomposition
of the representations of SUg(6) into those of SUs(3) ® SU(2)

35] D 8@ %l @ '8,
] o "1, (2.10)

where the superscript denotes 25 + 1. The representation [35] contains the octet and
singlet vector mesons with ST = 17 as well as the octet of pseudoscalar mesons with

ST = 07, whereas the [1] representation only contains the singlet pseudoscalar meson
with ¥ =0".



Table 4: Allowed color, spin, flavor and spin-flavor meson states

qq Dimension

color [111] singlet
spin 2] 3
[11] 1

flavor [21] octet

[111] singlet
spin-flavor  [21111] 35
[111111] 1

Table 5: Classification of ground state mesons according to SU(3) D SUI(2) ® Uy(1)

I Y O

JP =07 octet  Kaon K 5 1 01
Pion s 1 0 -1,0,1

Eta ng 0 0 0

Anti-kaon K % -1 1,0

JP =0~ singlet Eta m 0 0 0
JP =17 octet  Kaon K 3 1 01
Rho s 1 0 101

Omega wg 0 0 0

Anti-kaon K~ : -1 -10

JP =1 singlet Omega w 0 0 0

In Table 5 I present the classification of the pseudoscalar and vector meson octet in
terms of the isospin I and the hypercharge Y according to the decomposition of the flavor
symmetry SU;(3) into SU(2) ® Uy(1). The kaons K and K* carry strangeness S = +1,
and the antikaons K and K have strangeness S = —1. The remaining mesons have
strangeness & = 0. In Figures 4 and 5 I show the corresponding weight diagrams for
the pseudoscalar and vector meson octets. The explicit form of the spin and flavor wave
functions is given in Appendix B.

The physical pseudoscalar mesons 1 and 7’ correspond to a mixture of the octet and
singlet mesons

n(548) = mgcoslp — 1 sinfp |
n'(958) = mgsinfp +ny cosbp , (2.11)

with a mixing angle —20° < #p < —10°. For the vector mesons occurs something similar,

10



Figure 5: Vector meson octet with J* = ¥ = 1~

the physical vector mesons ¢ and w correspond to a mixture of the octet and singlet
mesons

»(1020) = wgcosby —w;isinby |
w(782) = wgsinfy + wy cosby | (2.12)

with a mixing angle 6y ~ 35°.

3 Quark models of baryons

One of the main goals of hadronic physics is to understand the structure of the nucleon
and its excited states in terms of effective degrees of freedom and, at a more fundamental
level, the emergence of these effective degrees of freedom from QCD, the underlying theory
of quarks and gluons [16]. Despite the progress made in lattice calculations, it remains a
daunting problem to solve the QCD equations in the non-perturbative region. Therefore,
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one has developed effective models of hadrons, such as bag models, chiral quark models,
soliton models [17], instanton liquid model [18] and the constituent quark model. Each of
these approaches is constructed in order to mimic some selected properties of the strong
interaction, but obviously none of them is QCD.

An important class is provided by constituent quark models (CQM) which are based on
constituent (effective) quark degrees of freedoms. There exists a large variety of CQMs,
among others the Isgur-Karl model [19], the Capstick-Isgur model [20], the collective
model [21, 22], the hypercentral model [23], the chiral boson-exchange model [24] and the
Bonn instanton model [25]. While these models display important and peculiar differences,
they share the main features: the effective degrees of freedom of three constituent quarks
(qqq configurations), the SU(6) spin-flavor symmetry and a long-range confining potential.
Each of these models reproduce the mass spectrum of baryon resonances reasonably well,
but at the same time, they show very similar deviations for other observables, such as
photocouplings, helicity amplitudes and strong decays (for a review, see Ref. [26]).

In this section, I review the so-called algebraic models of baryons with particular
emphasis on the stringlike collective model [21, 22].

3.1 Algebraic models

The relative motion of the three constituent parts can be described in terms of Jacobi
coordinates, p and A, which in the case of three identical objects are

. 1
P = /2
< 1

>\ = %(_’1 —|— Fz - 2773) 5 (3]‘)

where 7, 75 and 73 denote the end points of the string configuration in Figure 6. The
method of bosonic quantization [21] consists in introducing a dipole boson b}L with LF =1~
for each independent relative coordinate and its conjugate momentum, and adding an
auxiliary scalar boson sf with L = 0

st,ol,, b (m=0,+1) . (3.2)

pm 0 YAm )

The scalar boson does not represent an independent degree of freedom, but is added under
the restriction that the total number of bosons

N = sts+ 3 (bh ubom + bLubam) (3.3)

is conserved. This procedure leads to a compact spectrum generating algebra for the
radial (or orbital) excitations

Go = U(T) (3.4)

12



Figure 6: Collective model of baryons

which describes the transformations among the seven bosons of Eq. (3.2). For a system of
interacting bosons the model space is spanned by the symmetric irreducible representation
[N] of U(7). The value of N determines the size of the model space.

The S3 permutation symmetry poses an additional constraint on the allowed interac-
tion terms. The scalar boson, s', transforms as the symmetric representation, A, while
the two vector bosons, b;f, and bf\, transform as the two components F, and E) of the
mixed symmetry representation E. The choice of the Jacobi coordinates in Eq. (3.1) is
consistent with the conventions used for the spin and flavor wave functions used in the
appendices. The eigenvalues and corresponding eigenvectors can be obtained exactly by
diagonalization in an appropriate basis. The radial wave functions have, by construc-
tion, good angular momentum L, parity P, and permutation symmetry ¢t = Ay, F, A,.
Moreover, the total number of bosons N is conserved.

The mass operator depends both on the spatial and the internal degrees of freedom.
Whereas in nonrelativistic problems the spectrum is obtained by expanding the Hamil-
tonian in terms of the generators of the algebra G, in algebraic models of hadrons one
uses the mass-squared operator [21, 22]. In this section I discuss the contribution from
the spatial part. The most general form of the radial part of the mass operator, that
preserves angular momentum, parity and the total number of bosons, transforms as a
scalar under the permutation group and is at most two-body in the boson operators, can
be written as

M2, = esla—e¢, (b; b, + bl - by) + g (sts133) — uy sT(bZ “b, + bl - by)3
+ vo [(b]- b+ 0L - b1)85 + s (b, - b, + by - b)]
+ 3 [(B x b = BL x D)W - (B, x by — by x b)) 4+ 4 (] x B - (by x B,)")]

1=0,2
+ o (b x bD - (by x b))V + 3 (] x bl +b] x b)Y - (b, x b, + by x b)),
1=0,2

(3.5)

13



with § = s and ma = (—1)1_mbi7,m. Here the dots indicate scalar products and the
crosses tensor products with respect to the rotation group. The eigenvalues and corre-
sponding eigenvectors of the mass-squared operator of Eq. (3.5) can be obtained exactly
by numerical diagonalization. The wave functions obtained in this way have by con-
struction good angular momentum, parity and permutation symmetry. The procedure to
determine the permutation symmetry of a given wave function is described in [21, 22].

The mass-squared operator of Eq. (3.5) contains several models of baryon structure
which arise for special choices of the coefficients. In the next sections two special solutions
are discussed: the harmonic oscillator quark model and a stringlike collective model.

3.2 Harmonic oscillator quark model

Harmonic oscillator quark models correspond to the choice vy = 0, 7.e. no coupling
between different harmonic oscillator shells. The one-body terms of the S5 invariant mass
operator of Eq. (3.5) correspond to a harmonic oscillator

M2y = €3 (b mbpm + ) bam) (3.6)

whereas the two-body interactions give rise to anharmonic contributions. The nonrela-
tivistic harmonic oscillator quark model [19] is a model of this type, although it is written
for the mass M rather than for M2. The equality of the frequencies of the p and A\ oscil-
lators is a consequence of the S3 permutation symmetry. The mass spectrum is that of a
six-dimensional harmonic oscillator

M3y, = € (ny+m) (3.7)
n =2 25 —2% 1, — 0%, —0%
n=1 ——lg
€
n=0 —X-0}

Figure 7: Schematic representation of the radial excitations of ¢® baryons in a harmonic oscil-
lator model. The number of bosons is N = 2.
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where n, + ny = n is the number of oscillator quanta. The model space consists of the
oscillator shells with n =0,1,..., V.

The mass spectrum for the harmonic oscillator is shown in Figure 7 for N = 2 bosons.
The levels are grouped into oscillator shells characterized by n. The ground state has
n=0and LT = 0} .- The one-phonon multiplet n = 1 has two degenerate states with
LY = 17 which belong to the two-dimensional representation E, and the two-phonon
multiplet n = 2 consists of the states L] = 2} , 2, 1}, 0} and 0f. The degenerate
levels in an oscillator shell can be separated by introducing higher-order interactions in
the mass operator.

3.3 Stringlike collective model

In the stringlike collective model the baryons are interpreted as rotational and vibrational
excitations of the string configuration of Figure 6. The three constituent parts move in a
correlated way. For three identical constituents the vibrations are described by [21, 22]

My = & (RZ sTst — b;r, . b;r, — bl - b:r\) (R2 55—, b, — by - l~)/\)
+& [(f - 0F — b8 - b)) (b b, — by ba) + 4 (0] - 0)) (ba-D,)] - (38)

The parameters & and & in Eq. (3.8) are linear combinations of those in Eq. (3.5). In
particular, since now vy = —&; R? # 0, the corresponding eigenfunctions are collective in
the sense that they are spread over many different oscillator shells.

Although the mass spectrum and corresponding eigenfunctions of M? can be obtained
numerically by diagonalization, approximate solutions exist in the limit of a large model
space (N — oo) which can be used to gain insight into its physical content. In the large
N limit the mass operator of Eq. (3.8) reduces to leading order in N to a harmonic form,
and its eigenvalues are given by [21, 22]

M3, = w101 + Ka (Vg + Vap) (3.9)
with
K1 = 4N& R* Ky = 4N&R?/(1+ R?) . (3.10)

The vibrational mass operator of Eq. (3.8) has a very simple physical interpretation.
Its spectrum has three fundamental vibrations (see Figure 8). The v;-vibration is the
symmetric stretching vibration along the direction of the strings (breathing mode), while
the v9,- and the wvq-vibrations denote bending vibrations. The latter two are degenerate
in the case of three identical objects. QCD-based arguments suggest that while the
string is soft towards stretching, it is hard towards bending and thus one expects the
vo-vibration to lie higher than the wvi-vibration. The spectrum consists of a series of
vibrational excitations characterized by the labels (vq,v2) = (v1, Ve, + v9p) and a tower of
rotational excitations built on top of each vibration. The rotational states for each type
of vibration are those of an oblate symmetric top.

15



vi-vibration Uga-Vibration vyp-vibration
Figure 8: Vibrations of the string-like configuration of Figure 6

The occurrence of linear Regge trajectories suggests, that one should add a term linear
in L to the mass operator
M2

orb

= KU + koo +a L . (3.11)

A schematic spectrum of the stringlike collective model is presented in Figure 9. A
comparison with the mass spectrum of Figure 7 shows that whereas for the harmonic
oscillator the excited L™ = 07 states belong to the two-phonon (n = 2) multiplet, in
the stringlike model they correspond to one-phonon vibrational excitations and are the

— 0%
2t 27 2% ‘
Ay E E _1144_2_1;3
_ R9
Y ]‘22 1E +
o OAl
R1
—"—Ozl~~--~~--~~--~~--~~T~- ............... \
(U17U2) (070) (170) (Oa 1)

Figure 9: Schematic representation of the radial excitations of ¢3 baryons in a stringlike collec-
tive model. The masses are calculated using Eq. (3.11) with k1 > 0, k2 > 0 and a > 0.
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bandheads of these fundamental vibrations.

3.4 Wave functions

The full algebraic structure is obtained by combining the spatial part G, of Eq. (3.4)
with the internal spin-flavor-color part Gg. of Eq. (2.1)

G = Gob @ Gpe = U(7) @ SUg(6) @ SUL(3) . (3.12)

The baryon wave function is obtained by combining the spin-flavor part with the color
and orbital parts in such a way that the total wave function is a color-singlet, and that the
three quarks satisfy the Pauli principle, i.e. are antisymmetric under any permutation of
the three quarks. Since the color-singlet part of the baryon wave function is antisymmetric
(t = Ajg, see Table 2), the orbital-spin-flavor part has to be symmetric (t = A;)

Ya, = (U5, x v, (3.13)

which means that the permutation symmetry of the spatial wave function is the same as
that of the spin-flavor part (see Table 6)

vl = [ <], (3.14)

with t = Ay, E, Ay. The square brackets [- - -] denote the tensor coupling under the point
group Ds.
In the more conventional notation, the total baryon wave function is expressed as

) = |29 dim{SU(3)}, [dim{SU(6)}, L") ) , (3.15)

where L, S and J are the orbital angular momentum, the spin and the total angular
momentum J = L + S. As an example, the wave function of the nucleon is given by

|\IIN> - ‘N 281/2 [56a0+]> ’ (316)
and that of the A resonance by
[Wa) = |A: "1052(56,0%]) . (3.17)

In Appendix C I present the space-spin-flavor baryon wave functions with S3 symmetry.

Table 6: Discrete symmetry of ¢3 baryon states

w wc wosf wo 2/Jsf
Ay Ay A A Ay
E F
Ay Ay
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3.5 Mass spectrum

The mass spectrum of the baryon resonances is characterized by the lowlying N(1440)
resonance with J© = 1/27 (the socalled Roper resonance), whose mass is smaller than
that of the first excited negative parity resonances, and the occurrence of linear Regge
trajectories. The Roper resonance has the same quantum numbers as the nucleon of
Eq. (3.16), but is associated with the first excited L{ = 0} state. In the harmonic
oscillator the first excited LT = OXI state belongs to the n = 2 positive parity multiplet
which lies above the first excited negative parity state with n = 1 (see Figure 7), whereas
the data show the opposite. In the stringlike collective model, the Roper resonance is
a vibrational excitation whose mass is independent of that of the negative parity states
which are interpreted as rotational excitations.

Furthermore, the data show that the mass-squared of the resonances depends linearly
on the orbital angular momentum M? oc L. The resonances belonging to such a Regge
trajectory have the same quantum numbers with the exception of L. The trajectories for

8_
6_
O
>
Q
g 4
aN
= :
2_
O_
0 2 4
L

Figure 10: Regge trajectories for the positive parity resonances |8 J=L+1/2 [56, L*]) with
L = 0,2,4 and the negative parity resonances ]28J:L+1/2 [70, L~]) with L = 1,3,5. The lines
represent the result for the stringlike collective model.
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Table 7: Values of the parameters in the mass formula of Egs. (3.18) and (3.19) in GeV?

Parameter Ref. [22]

K1 1.204
Ko 1.460
« 1.068
a -0.041
b 0.017
c 0.130
d —0.449
e 0.016
f 0.042
d(MeV) 33

the positive parity resonances [*8;_1 112 [56, LT]) with L = 0,2,4 and for the negative
parity resonances |*8 ;_r1/2 (70, L7]) with L = 1,3,5 are shown in Figure 10. The slope
of the Regge trajectories is almost the same for baryons ap = 1.068 (GeV)? [21] and for
mesons ay; = 1.092 (GeV)? [27]. Such a behavior is also expected on basis of soft QCD
strings in which the strings elongate as they rotate [28]. The splitting of the rotational
states in the harmonic oscillator is hard to reconcile with linear Regge trajectories.

In the stringlike collective model it is straightforward to reproduce the relative mass
of the Roper resonance and the occurrence of linear Regge trajectories. The experimental
mass spectrum of baryon resonances is analyzed in terms of the mass formula

M? = MF+ M2, + M3 (3.18)

sf

where the orbital part is taken from Eq. (3.11) and the spin-flavor part is expressed in
a Giirsey-Radicati form [29], i.e. in terms of Casimir invariants of the spin-flavor group
SUs(6) and its subgroups [22]

M3 = a (Casvy)) +b (Cost) + ¢SS+ 1) +dY +e¥Y?+ fI(T+1) . (3.19)

The explicit expressions of the eigenvalues of the Casimir operators of the spin-flavor and
flavor groups can be found in [22]. The coefficient Mg is determined by the nucleon mass.
The remaining nine coefficients are obtained in a simultaneous fit to the 48 three and four
star resonances which have been assigned as octet and decuplet states. A good overall fit
is found with an r.m.s. deviation of § = 33 MeV. The values of the parameters are given
in Table 7.

Tables 8 and 9 and show that the mass formula of Egs. (3.18,3.19) provides a good
overall description of both positive and negative baryon resonances belonging to the N,
A, X, A, = and () families. There is no need for an additional energy shift for the positive

parity states and another one for the negative parity states, as in the relativized quark
model [20].
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Table 8: Mass spectrum of nonstrange baryon resonances in the stringlike (oblate top) model.
The masses are given in MeV. The experimental values are taken from [2].

Baryon Loro; Status Mass State (vi,v2) Mg)c
N(939)P,, e 939 28, 5[56,0%]  (0,0) 939

(1440)]311 ook 1430-1470 281/2 [56, O+] (1,0) 1444
N(1520)Dy5  *¥%%  1515-1530  2855[70,17]  (0,0) 1563
N(1535)Sy  ¥F%  1520-1555  28,,70,17]  (0,0) 1563
N(1650)Sy,  *¥%  1640-1680 8,,5[70,17]  (0,0) 1683
N(1675)Dy5  *¥%%  1670-1685  485,[70,17]  (0,0) 1683
N(1680)Fi5 ook 1675-1690 285/2 (56, 27] (0,0) 1737
N(1700)Dy5  *¥%  1650-1750  185,[70,17]  (0,0) 1683
NQATI0)Py;  *%  1680-1740  28,,,[70,07]  (0,1) 1683
N(1720)P;s  *¥%%  1650-1750  2835[56,27]  (0,0) 1737
N(2190)Gy;  *¥¥%  2100-2200  28;,[70,37]  (0,0) 2140
N(2220)Hqg ook 2180-2310 289/2 [56, 4+] (0,0) 2271
N(2250)Gye  *¥¥F  2170-2310  18[70,37]  (0,0) 2229
N(2600)T;,; % 2550-2750 281,,,[70,57]  (0,0) 2591
A(1232) Ps3 ook 1230-1234 4103/2 [56, 0+] (0,0) 1246
A(1600)Ps; ¥ 1550-1700 4103[56,07]  (1,0) 1660
A(1620)S5, R 1615-1675  210,5[70,17]  (0,0) 1649
A(1700)Dg5 ¥ 1670-1770  21055[70,17]  (0,0) 1649
A(1905)Fy; ¥ 1870-1920 41055[56,2]  (0,0) 1921
A(1910) Ps; ook 1870-1920 4101/2 (56, 27] (0,0) 1921
A(1920) P33 ok 1900-1970 4103/2 [56, 27] (0,0) 1921
A(1930)Dss ¥ 1920-1970 210s[70,27]  (0,0) 1946
A(1950)Fy;  ¥99F 1040-1960  110;,5[56,2]  (0,0) 1921
A(2420)Hypy  ¥¥%% 2300-2500 410;,5[56,4%]  (0,0) 2414

In addition to the resonances presented in the tables, there are many more states
calculated than have been observed so far, especially in the nucleon sector [22]. The
lowest socalled ‘missing’ resonances correspond mostly to the unnatural parity states
with LT = 1%, 27, which are decoupled both in electromagnetic and strong decays, and
hence difficult to observe.

Whereas the spectrum of octet and decuplet resonances are described very well in
the stringlike collective model, there are three states which show a deviation of about
100 MeV or more from the data: the A*(1405), A*(1520) and A*(2100) resonances are
overpredicted by 236, 121 and 97 MeV, respectively. These three resonances are assigned
as singlet states in Table 9 (and were not included in the fitting procedure). The mass
splitting of 115 MeV between A*(1405) and A*(1520) can be obtained by including a
spin-orbit interaction. However, in the rest of the baryon spectra there is no evidence
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Table 9: As Table 8, but for strange baryon resonances. Note, that = resonances are denoted

by Lar ;.

Status

Mass

State

(v1,v2)

M

Baryon Ly calc
¥(1193) Py oAk 1193 281/2 [56,07] (0,0) 1170
¥(1660) P4 oAk 1630-1690 81/2[56, 07] (1,0) 1604
Y(1670) D3 HoFRE 1665-1685 283/2 [70,17] (0,0) 1711
¥(1750)511 oAk 1730-1800 81/2[70,17] (0,0) 1711
SN(1775) Dy X 1770-1780 485/2 [70,17] (0,0) 1822
Y(1915) Fi5 oAk 1900-1935 285/2 (56, 27] (0,0) 1872
¥(1940) D5 Fk* 1900-1950 283/2 [56,17] (0,1) 1974
Y (1385) Pz RxAH 1383-1385 4103/2 [56,0" (0,0) 1382
¥*(2030) Fy,  RRE 2025-2040  *107/5[56, 2*]  (0,0) 2012
A(1116) Py, HoAkK 1116 81/2 [56,07] (0,0) 1133
A(1600) Py, oAk 1560-1700 81/2 [56,07] (1,0) 1577
A(1670)S0; o 1660-1680 81/2[70,17] (0,0) 1686
A(1690)Dgg  *Hx* 1685-1690 83/2(70,17] (0,0) 1686
A(1800)So; orok 1720-1850 81/2[70,17] (0,0) 1799
A(1810) Py, orok 1750-1850 81/2 [70,07] (0,1) 1799
A(1820) Fos ook 1815-1825 85/2 (56, 27] (0,0) 1849
A(1830)Dgs ~ **** 1810-1830 485/2 [70,17] (0,0) 1799
A(1890) Py3 o 1850-1910 283/2 [56, 27] (0,0) 1849
A(2110) Fys ook 2090-2140 485/2 [70,27] (0,0) 2074
A(2350)Hgg — *** 2340-2370 289/2 [56,47] (0,0) 2357
A*(1405)Sg;  *xx* 1402-1410 211/2 [70,17] (0,0) 1641
A*(1520)Dgg ~ **** 1518-1520 13/2[70,17] (0,0) 1641
A*(2100)Goy  *H*** 2090-2110 17/2[70,37] (0,0) 2197
=(1318) Py o 1314-1316 281/2 [56,07] (0,0) 1334
=(1820)Dg  F* 1818-1828 283/2 [70,17] (0,0) 1828
=Z*(1530) Py xHH 1531-1532 4103/2 [56,07]  (0,0) 1524
Q(1672) Py3 ook 1672-1673 4103/2 [56,07]  (0,0) 1670
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for such a large spin-orbit coupling. This problem is common to ¢gq models of baryons
(e.g. the constituent quark model with chromodynamics, either in its nonrelativistic [19]
or its relativized form [20], and the chiral constituent quark model [30] all overpredict
the A*(1405) mass). Another explanation for the mass splitting between A*(1520) and
A*(1405) is the proximity of the A*(1405) resonance to the NK threshold. The inclusion of
the coupling to the NK and Y7 decay channels produces a downward shift of the gqq state
toward or even below the NK threshold [31]. Such an interpretation is supported by the
strong and electromagnetic couplings [22, 32, 33]. In a chiral meson-baryon Lagrangian
approach with an effective coupled-channel potential the A*(1405) resonance emerges as
a quasi-bound state of NK [34].

3.6 Magnetic moments

The magnetic moment of a multiquark system is given by the sum of the magnetic mo-
ments of its constituent parts

A= flopin + flo, = > 11:(25 + G;) (3.20)

where p; = €;/2m;, e; and m; represent the magnetic moment, the electric charge and the
mass of the i-th constituent.
The orbital-spin-flavor wave function of the ground state baryons is given by

vl = [os, xuil], (3:21)

The spin-flavor part can be expressed in terms of the flavor ¢ and spin y wave function
as

VY = [da, X Xala, = daxa, (3.22)
for the decuplet baryons and
st 1
Va, = [0 X xEly, = 7 (<Z5EPXEP ‘|‘¢E>\XE>\) , (3.23)
for the octet baryons. Since the orbital wave function of the ground state baryons has
LY = 0}, (see Table 8), the magnetic moment only depends on the spin part. The

magnetic moments of the A** and the proton can be derived using the explicit expressions
of the corresponding flavor and spin wave functions given in the appendices

1
pats = 3fu Hp = §(4Mu — i) - (3.24)

Similarly, the magnetic moment of the neutron can be derived as
1
po = 5 (dHa = ) - (3.25)
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Table 10: Magnetic moments of the ground state octet and decuplet baryons in uy. Experi-
mental data are taken from [2].

Hth Heale Hexp
P (gt — pa)/3 2.793 2.793
n (dpg — pa) /3 —1.913 ~1.913
A Lhs —-0.613 —0.613 £ 0.004
o+ (440 — p15)/3 2,674  2.458 £ 0.010
SO (2 + 2pa — ) /3 0.791
5" (4pg — 11)/3  —1.092 —1.160 % 0.025
= (4gis — 112)/3  —1.435 —1.250 £ 0.014
o (4ps — 1a)/3  —0.493 —0.651 = 0.003
AT Sy, 5.556 5.6+ 1.9
At 2t + g 2,732
A i+ 2414 ~0.092
A~ 3414 —92.916
St bt + fis 3.091
¥*0 o, + fhd + s 0.267
6T 20q + s —2.557
=0 i 2414 0.626
= 1 + 24t 2,198
Q- Slks —1.839 —2.024+0.05

In the limit of isospin symmetry m, = mgy, one recovers the well-known relation for the
magnetic moment ratio [35]

n 2
Pn 2 (3.26)

Hp 37
which is very close to the experimental value —0.685.

The magnetic moments of all ground state octet and decuplet baryons are given in
Table 10. The quark magnetic moments i, pg and pus are determined from the proton,
neutron and A magnetic moments to be p, = 1.852 puy, pg = —0.972 py and p, = —0.613
iy [2]. The corresponding constituent quark masses are m, = 0.338 GeV, my = 0.322
GeV, ms; = 0.510 GeV. Table 10 shows that the quark model results are in good agreement
with the available experimental data.

The magnetic moments of decuplet baryons satisfy generalized Coleman-Glashow sum
rules [36, 37|

Ha++ + pa- = A+ T HA0
Pa++ + po- = Pyt + pEeo
pa- + po- = fige- T+ pEe (3.27)



and

2/12*,0 = Ux* - —|—/J,E*,+ = UA+ —|—IU,E*,— = UAO —|—IU,E*,0 . (328)

The same sum rules hold for the chiral quark-soliton model in the chiral limit [38].
In the limit of equal quark masses m, = my = m, = m, the magnetic moments of the
decuplet pentaquark states become proportional to their electric charges [35]

(&

i = — i, 3.29
1 QmQ (3.29)

which means that the sum of the magnetic moments of all members of the decuplet
vanishes identically >, u; = 0.

3.7 Electromagnetic couplings

Electromagnetic couplings are of crucial importance in unraveling the structure of hadrons,
since they are far more sensitive to wave functions (and models) than masses. It has be-
come customary to characterize the transverse couplings by the helicity amplitudes, A/,
and Ajs/;. These amplitudes are measurable in photo- and electroproduction. Their study
is a major part of the experimental program at the new electron facilities [39].

Helicity amplitudes can be obtained by considering the nonrelativistic reduction of the
coupling of the point-like constituents inside the baryon to the electromagnetic field [21]

e - s
Hor = =) |50 Ay + A1) + 20585 - (V x 4)) | (3.30)

where m;, e;, §; and p1; = ge;/2m; denote the mass, charge, spin and magnetic moment
of the j—th constituent, respectively, and ffj = fT(F])

Details of the evaluation of helicity amplitudes in the stringlike collective models can
be found in Refs. [21, 32]. As an example, the helicity amplitudes for the excitation of
the A(1232)Ps3 resonance are given by

A = 2\/_ wk !
V2T T ko (1 + k2a2)2’

C2V2 k 1
V3 ko (14 k2a2)?

Their ratio Azjo/A1/ = V/3 is independent of k and is in good agreement with the
experimental value of the ratio for the photocouplings 1.85 + 0.10 [2]. However, the
absolute values are underpredicted by about 35 %. As another example we consider the
helicity amplitudes of the N(1520)D;3 resonance

. /7r 1 mqk‘oa 9
Aijp = 20 1+k2a2) [ —k a} ;
B / mqk;oa

(3.31)
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Figure 11: The helicity amplitudes as a function of Q? for the D13(1520) resonance. Experimen-
tal data [40] are compared with theoretical predictions from the collective U(7) model [21, 32]
(dotted line) and the hypercentral model [23] (solid line). The dashed line corresponds to a fit
to the experimental data.

A comparison with the experimental data shows that the helicity amplitudes are under-
predicted for small values of Q?. This is a typical feature of quark models based on
three valence quarks only. The problem of missing strength at low values of Q? can be
attributed to the importance of quark-antiquark degrees of freedom, which become more
important in the outer region of the nucleon.

4 The unquenched quark model for baryons

In the constituent quark model (CQM) hadrons are described in terms of system of con-
stituent (or valence) quarks and antiquarks, ggq for baryons and ¢g for mesons. Despite
the success of the quark model there is strong evidence for the existence of exotic de-
grees of freedom (other than valence quarks) in hadrons, Common features of constituent
quark models are the effective degrees of freedom of three constituent quarks (ggq config-
urations), the SU(6) spin-flavor symmetry and a long-range confining potential. Each of
these models reproduce the mass spectrum of baryon resonances reasonably well, but at
the same time, they show very similar deviations for other observables, such as photocou-
plings, helicity amplitudes and strong decays. Since the photocouplings depend mostly
on the spin-flavor structure, all models that have the same SU(6) structure in common,
show the same behavior, e.g. the photocouplings for the A(1232) are underpredicted by a
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large amount, even though their ratio is reproduced correctly. In general, the helicity am-
plitudes (or transition form factors) show deviations from CQM calculations at low values
of @ [41] (see Fig. 11 for the D;3(1520) resonance). The problem of missing strength
at low @? indicates that some fundamental mechanism is lacking in the dynamical de-
scription of hadronic structure. This mechanism can be identified with the production of
quark-antiquark pairs [42, 43|, which becomes more important in the outer region of the
nucleon.

Additional evidence for higher Fock components in the baryon wave function (gqq — qq
configurations) comes from CQM studies of strong decay widths of baryon resonances that
are on average underpredicted by CQMs [22, 33, 44], the spin-orbit splitting of A(1405)
and A(1520), the low Q? behavior of transition form factors, and the large n decay widths
of N(1535), A(1670) and X(1750). More direct evidence for the importance of quark-
antiquark components in the proton comes from measurements of the J/ﬂ asymmetry
in the nucleon sea [9, 10], the proton spin crisis [45, 46] and parity-violating electron
scattering experiments which report a nonvanishing strange quark contribution, albeit
small, to the charge and magnetization distributions [11, 12].

The role of higher Fock components in baryon wave functions has been studied by
many authors in the context of meson cloud models, such as the cloudy bag model, meson
convolution models and chiral models [9, 47]. In these models, the flavor asymmetry
of the proton can be understood in terms of couplings to the pion cloud. There have
also been several attempts to study the importance of higher Fock components in the
context of the constituent quark model. In this respect we mention the work by Riska
and coworkers who introduce a small number of selected higher Fock components which
are then fitted to reproduce the experimental data [48]. However, these studies lack
an explicit model or mechanism for the mixing between the valence and sea quarks. The
Rome group studied the pion and nucleon electromagnetic form factors in a Bethe-Salpeter
approach, mainly thanks to the dressing of photon vertex by means of a vector-meson
dominance parametrization [49]. Koniuk and Guiasu used a convolution model with CQM
wave functions and an elementary emission model for the coupling to the pion cloud to
calculate the magnetic moments and the helicity amplitudes from the nucleon to the A
resonance [50]. It was found that the nucleon magnetic moments were unchanged after
renomalization of the parameters, but that the missing strength in the helicity amplitudes
of the A could not be explained with pions only.

The impact of ¢q pairs in hadron spectroscopy was originally studied by Térnqvist and
Zenczykowski in a quark model extended by the 3Py model [51]. Even though their model
only includes a sum over ground state baryons and ground state mesons, the basic idea of
the importance to carry out a sum over a complete set of intermediate states was proposed
in there. Subsequently, the effects of hadron loops in mesons was studied by Geiger and
Isgur in a flux-tube breaking model in which the ¢ pairs are created in the ®P, state with
the quantum numbers of the vacuum [52, 53, 54]. In this approach, the quark potential
model arises from an adiabatic approximation to the gluonic degrees of freedom embodied
in the flux-tube [55]. It was shown that cancellations between apparently uncorrelated sets
of intermediate states occur in such a way that the modification in the linear potential can
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Figure 12: Quark line diagrams for A — BC with qq = s5 and ¢1¢2q3 = uud.

be reabsorbed, after renormalization, in the new strength of the linear potential [53]. In
addition, the quark-antiquark pairs do not destroy the good CQM results for the mesons
[53] and preserve the OZI hierarchy [54] provided that the sum be carried out over a
large tower of intermediate states. A first application of this procedure to baryons was
presented in [56] in which the importance of s5 loops in the proton were studied by taking
into account the contribution of the six diagrams of Fig. 12 in combination with harmonic
oscillator wave functions for the baryons and mesons and a 3P, pair creation mechanism.
This approach has the advantage that the effects of quark-antiquark pairs are introduced
explicitly via a QCD-inspired pair-creation mechanism, which opens the possibility to
study the importance of qg pairs in baryons and mesons in a systematic and unified way.

In this section, I present some recent work on the formulation of an unquenched quark
model, which is part of a collaboration between groups from the University of Genova
and UNAM, in which the effects of quark-antiquark pair creation (uw, dd and s5) are
taken into account in an explicit form via a 3Py coupling mechanism [57, 58, 59]. In order
to test the consistency of the formalism we first calculate the baryon magnetic moments
[57] which constitute one of the early successes of the CQM. Finally, I discuss the spin
and flavor content of the proton in the unquenched quark model. It is shown that the
inclusion of hadron loops leads automatically to an excess of d over % and introduces a
sizeable contribution of orbital angular momentum to the spin of the proton. Whereas the
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flavor asymmetry and the orbital angular momentum are dominated by pion loops, the
contribution of the sea quark spins to the proton spin arises almost entirely from (excited)
vector meson loops. The numerical results for the flavor asymmetry [58] and the proton
spin [57] are analyzed by means of a simple exactly solvable meson-cloud model [60].

4.1 Formalism

The impact of ¢¢ pairs in hadron spectroscopy was originally studied by Tornqvist and
Zenczykowski in a quark model extended by the 3Py model [51]. Subsequently, the effects
of hadron loops in mesons was studied by Geiger and Isgur in a flux-tube breaking model
in which the ¢g pairs are created in the 3P, state with the quantum numbers of the
vacuum [53, 54]. It was shown that cancellations between apparently uncorrelated sets of
intermediate states occur in such a way that the modification in the linear potential can
be reabsorbed, after renormalization, in the new strength of the linear potential [53]. In
addition, the quark-antiquark pairs do not destroy the good CQM results for the mesons
[53] and preserve the OZI hierarchy [54] provided that the sum be carried out over a
large tower of intermediate states. The basic idea of the importance to carry out a sum
over a complete set of intermediate states was already contained in [51]. An extension to
baryons was presented in [56] in which the effects of s5 loops in the proton were studied
combining harmonic oscillator wave functions for baryons and mesons and a 3P, pair
creation mechanism.

The present approach is motivated by earlier studies on extensions of the quark model
that employ a Py model for the qg pair creation [51, 56]. Our approach is based on a
CQM to which the quark-antiquark pairs with vacuum quantum numbers are added as
a perturbation [56, 57, 58]. The pair-creation mechanism is inserted at the quark level
and the one-loop diagrams are calculated by summing over a complete set of intermediate
baryon-meson states (BC in Figure 13). Under these assumptions, the baryon wave
function consists of a zeroth order three-quark configuration | A) plus a sum over all
possible higher Fock components due to the creation of 3P, quark-antiquark pairs

(BCKLJ | Tt | A)
My — Eg — E¢

|a) = N || A)+ Z/dE|BCEzJ>

BClJ

(4.1)

Here A denotes the initial baryon, B and C represent the intermediate baryon and meson,
and My, Eg and E¢ are their respective energies, k and [ the relative radial momentum
and orbital angular momentum of B and C', and J is the total angular momentum J =
Jg + jc + 1. The operator T creates a quark-antiquark pair in the 3P, state with the
quantum numbers of the vacuum: L =S5 =1 and J = 0 [57, 58, 61]

' = 3% [ dpidp; 85 +5) Cy Fy T~ )
ij

[is x M@ — 5] ol (57) dL()) - (4.2)

Here, b (p;) and d} (p;) are the creation operators for a quark and antiquark with momenta
p; and pj, respectively. The quark pair is characterized by a color singlet wave function
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Figure 13: One-loop diagram at the quark level

Cij, a flavor singlet wave function Fj; and a spin triplet wave function x;; with spin S = 1.
The solid harmonic Y, (p; — p;) indicates that the quark and antiquark are in a relative
P wave. The SU(3) flavor symmetry of the valence quark configuration | A) is broken by
the quark-antiquark pairs via the energy denominator, but the SU(2) isospin symmetry is
still preserved. In the special case of the closure limit in which the energy denominator of
Eq. (4.1) is a constant, the flavor symmetry of the valence quark configuration is recovered.

Since the operator 7' creates a pair of constituent quarks, a Gaussian quark-antiquark
creation vertex function was introduced by which the pair is created as a finite object with
an effective size, rather than as a pointlike object. In momentum space it is given by

I(p; _ﬁ]) = " o Ta(Bi=73)?/6 (4.3)

The width has been determined from meson decays to be approximately 0.25 — 0.35 fm
[54, 56, 62]. Here we take the average value, r, = 0.30 fm. Finally, the dimensionless
constant g is the intrinsic pair creation strength which has been determined from strong
decays of baryons as vy = 2.60 [44].

The strong coupling vertex

(BCKLJ | Tt A) (4.4)

was derived in explicit form in the harmonic oscillator basis [61]. In the present calcu-
lations, we use harmonic oscillator wave functions in which there is a single oscillator
parameter for the baryons and another one for the mesons which, following [56], are taken
to be Bparyon = 0.32 GeV [19] and Sieson = 0.40 (GeV) [52], respectively.

In general, matrix elements of an observable O can be expressed as
0 = <wA ‘ @ ’ wA> = Oval + Osea ) (45>
where the first term denotes the contribution from the valence quarks

Ol = N2 A| O] A), (4.6)
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and the second term that from the ¢q pairs

A|T|BCkI)

Owa = N2 % /dEdE’<

BCLLB/C'IIJ My — Ep — Ec
- . - (BCELJ|T"| A)
B'C'k'lJ BCEl < . 4.
Ry 0oy SIS g

In order to calculate the effects of quark-antiquark pairs on an observable, one has to
evaluate the contribution of all possible intermediate states. By using a combination
of group theoretical and computational techniques, the sum over intermediate states is
carried out up to saturation and not only for the first few shells as in previous studies [51,
56]. Not only does this have a significant impact on the numerical result, but it is necessary
for consistency with the OZI-rule and the success of CQMs in hadron spectroscopy. In
addition, the contributions of quark-antiquark pairs can be evaluated for any initial baryon
(ground state or resonance) and for any flavor of the ¢g pair (not only ss as in [56], but
also u@ and dd), and for any model of baryons and mesons, as long as their wave functions
are expressed in the basis of harmonic oscillator wave functions [57, 58].

In this contribution, we use harmonic oscillator wave functions up to five oscillator
shells for the intermediate baryons and mesons. All parameters were taken from the
literature without attempting to optimize their values in order to improve the agreement
with experimental data [57, 58].

4.2 Closure limit

Before discussing an application of the unquenched model to baryon magnetic moments
and spins, we study the so-called closure limit in which the intermediate states appearing
in Eq. (3.15) are degenerate in energy and hence the energy denominator becomes a
constant independent of the quantum numbers of the intermediate states. In the closure
limit, the evaluation of the contribution of the quark-antiquark pairs (or the higher Fock
components) simplifies considerably, since the sum over intermediate states can be solved
by closure and the contribution of the quark-antiquark pairs to the matrix element reduces
to

Owa x (A|TOTH| A) . (4.8)

Since the 3P, pair-creation operator of Eq. (4.2) is a flavor singlet and the energy de-
nominator in Eq. (3.15) is reduced to a constant in the closure limit, the higher Fock
component of the baryon wave function has the same flavor symmetry as the valence
quark configuration | A). Moreover, if the pair-creation operator does not couple to the
motion of the valence quarks, the valence quarks act as spectators. In this case, the con-
tribution of the ¢q pairs simplifies further to the expectation value of @ between the 3P,
pair states created by T'f

Ogea < (0| TOTT|0) (4.9)
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Table 11: Au, Ad and As for ground state octet baryons in the closure limit in units of

(Au)p/4.

qqq 28[56,07] Au Ad As
uud P 4 —1 0
udd n -1 4 0
uus t 4 0 -1
uds ¥ 2 2 -1

A 0 0 3
dds ¥ 0 4 -1
uss =0 —1 0 4
dss =" 0 -1 4

the so-called closure-spectator limit [56] which is a special case of the closure limit.
As an example, we discuss the contribution of the quark-antiquark pairs for the oper-
ator 2[s,(q) + s,(q)] in the closure limit

Aq = 2(s.(q) + 5.(2)) - (4.10)

Agq is the nonrelativistic limit of the axial charges and denotes the fraction of the baryon’s
spin carried by quarks and antiquarks with flavor ¢ = u, d, s. In Table 11 we present
the results for the ground state octet baryons with 2856, 0%]; 5. Since the valence-quark
configuration of the proton and the neutron does not contain strange quarks, the valence
quarks act as spectators in the calculation of As. Therefore, the contribution of As to
the spin of the nucleon is given by the closure-spectator limit which vanishes due to the
symmetry properties of the operator As and the 3P, wave function. The same holds for
the contribution of dd pairs to the ©* and Z° hyperons, and that of ua pairs to the £~
and =~ hyperons. The vanishing contributions of Au and Ad to the spin of the A hyperon
are a consequence of the A wave function in which the up and down quarks are coupled
to isospin and spin zero. Similarly, the vanishing contributions of Ag to the spin of the
ground state decuplet baryons with *10[56,0%]5/» in Table 12 can be understood in the
closure-spectator limit.

In addition, since in the closure limit the baryon wave function has the same flavor
symmetry as the valence quark configuration, it can be shown that the flavor dependence
of the contribution of the quark-antiquark pairs to the spin of the ground state baryons
in Tables 11 and 12 is the same as that of the valence quarks

AUgen : ANdgen : ANSsen = AUyal : Adyal : ASya - (4.11)
The results for octet and decuplet ground state baryons are related by

(Au+ Ad+ As)y,. = 3(Au+ Ad+ As)

dec

(4.12)

oct °
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Table 12: As Table 11, but for ground state decuplet baryons.

qqq *10[56,07] Au Ad As
uuu AT 9 0 0
uud AT 6 3 0
udd A 3 6 0
ddd A~ 0 9 0
uus Yt 6 0 3
uds ¥*0 3 3 3
dds YT 0 6 3
UuUSS =0 3 0 6
dss == 0 3 6
$S8 O~ 0 0 9

The same relation holds for the orbital angular momentum

(AL),. = 3(AL) (4.13)

dec oct 7

with

AL = > AL(q) = Y (L(q) + () - (4.14)

Note that, even if the valence quark configuration [56,07] does not carry orbital angular
momentum, there is a nonzero contribution of the quark-antiquark pairs in the closure
limit, albeit small (less than 1 %) in comparison with that of the quark spins. Obviously,
the sum of the spin and orbital parts gives the total angular momentum of the baryon

J = ;AE + AL, (4.15)
with
AY, = Au+ Ad+ As . (4.16)

At a qualitative level, the closure limit helps to explain the phenomenological success
of the CQM because the SU(3) flavor symmetry of the baryon wave function is preserved.
As an example, the strange content of the proton vanishes in the closure-spectator limit
due to many cancelling contributions in the sum over intermediate states in Eq. (3.15).
Away from the closure limit, the strangeness content of the proton is expected to be
small, in agreement with the experimental data from parity-violating electron scattering
(for some recent data see [11, 12]). Even though in this case the cancellations are no
longer exact, many intermediate states contribute with opposite signs, and the net result
is nonzero, but small. This means that even if the flavor symmetry of the CQM is broken
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by the higher Fock components, the net results are still to a large extent determined by
the flavor symmetry of the valence quark configuration. Similar arguments were applied
to the preservation of the OZI hierarchy in the context of the flux-tube breaking model
[54]. Therefore, the closure limit not only provides simple expressions for the relative
flavor content of physical observables, but also gives further insight into the origin of
cancellations between the contributions from different intermediate states.

In addition, the results in closure limit in Tables 11 and 12 impose very stringent
conditions on the numerical calculations, since each entry involves the sum over all possible
intermediate states. Therefore, the closure limit provides a highly nontrivial test of the
computer codes which involves both the spin-flavor sector, the permutation symmetry, the
construction of a complete set of intermediate states in spin-flavor space for each radial
excitation and the implementation of the sum over all of these states.

In this section, we discussed some qualitative properties of the unquenched quark
model in the closure limit. In the following sections, we study the effects of quark-
antiquark pairs on the magnetic moments and the spin of octet baryons in the general
case, i.e. beyond the closure limit.

4.3 Magnetic moments

The unquenching of the quark model has to be carried out in such a way as to preserve the
phenomenological successes of the constituent quark model. In applications to mesons, it
was shown that the inclusion of quark-antiquark pairs does not destroy the good CQM
results [53] and preserves the OZI hierarchy [54]. In a similar fashion, in this Section I
will show that the CQM results for the magnetic moments of the octet baryons also hold
in the unquenched constituent quark model (UCQM) [57].

It is well known that the CQM gives a good description of the baryon magnetic
moments, even in its simplest form in which the baryons are treated in terms of three
constituent quarks in a relative S-wave. The quark magnetic moments are determined by
fitting the magnetic moments of the proton, neutron and A hyperon to give u, = 1.852,
tg = —0.972 and ps = —0.613 py [2].

In the unquenched CQM the baryon magnetic moments also receive contributions from
the quark spins of the pairs and the orbital motion of the quarks

=Yg [25(g) +1{q) — 28(a) — ()] (4.17)

where p1, = e,h/2myc is the quark magnetic moment. In Fig. 14 we show a comparison be-
tween the experimental values of the magnetic moments of the octet baryons (circles) and
the theoretical values obtained in the CQM (squares) and in the unquenched quark model
(triangles). The results for the unquenched quark model were obtained in a calculation
involving a sum over intermediate states up to five oscillator shells for both baryons and
mesons. We note, that the results for the magnetic moments, after renormalization, are
almost independent on the number of shells included in the sum over intermediate states.
The values of the magnetic moments in the unquenched quark model are very similar to
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Figure 14: Magnetic moments of octet baryons: experimental values from PDG [2] (circles),
CQM (squares) and unquenched quark model (triangles).

those in the CQM. The largest difference is observed for the charged ¥ hyperons, but the
relation between the magnetic moments of 3 hyperons [63], u(X°) = [u(X) + u(X7)]/2,
is preserved in the unquenched calculation due to isospin symmetry.

The inclusion of the ¢q pairs leads to slightly different values of the quark magnetic
moments, u, = 2.066, ug = —1.110 and ps = —0.633 ux as for the CQM. This is
related to the well-known phenomenon, that a calculation carried out in a truncated
basis leads to effective parameters in order to reproduce the results obtained in a more
extended basis. The results in the unquenched quark model are practically identical,
after renormalization, to the ones in the CQM, which shows that the addition of the
quark-antiquark pairs preserves the good CQM results for the baryon magnetic moments.
A similar feature was found in the context of the flux-tube breaking model for mesons
in which it was shown that the inclusion of quark-antiquark pairs preserved the linear
behavior of the confining potential as well as the OZI hierarchy [54]. The change in the
linear potential caused by the bubbling of the pairs in the string could be absorbed into
a renormalized strength of the linear potential.

The results for the magnetic moments can be understood qualitatively in the closure
limit in which the relative contribution of the quark spins from the quark-antiquark pairs
is the same as that from the valence quarks. Moreover, since in the closure limit the
contribution of the orbital angular momentum is small in comparison to that of the
quark spins, the results for the baryon magnetic moments are almost indistinguishable
from those of the CQM. Away from the closure limit, even though the relations between
the different contributions no longer hold exactly, they are still valid approximately. In

34



addition, there is now a contribution from the orbital part (at the level of ~ 5 %) which
is mainly due to the baryon-pion channel.

In summary, the inclusion of the effects of quark-antiquark pairs preserves, after renor-
malization, the good results of the CQM for the magnetic moments of the octet baryons.

4.4 Flavor content

The flavor asymmetry of the proton A(p) is related to the Gottfried integral Sg for the
difference of the proton and neutron electromagnetic structure functions as

. /01 Fé"(aﬁ);Fg"(:v) . ; ) ; O1 @,@) - 1y(0)] do ;[1—2A(p)] L (4.18)

Under the assumption of a flavor symmetric (or rather flavor independent) sea one obtains
the Gottfried sum rule Sz = 1/3 [10, 64], whereas any deviation from this value is
an indication of the d/u asymmetry of the nucleon sea, thus providing evidence of the
existence of higher Fock components (such as qqq — ¢ configurations) in the proton
wave function. The first clear evidence of a violation of the Gottfried sum rule came
from the New Muon Collaboration (NMC) [65] which was later confirmed by Drell-Yan
experiments [66, 67] and a measurement of semi-inclusive deep-inelastic scattering [68].
All experiments show evidence that there are more d quarks in the proton than there
are @ quarks [10]. The final NMC value is 0.2281 + 0.0065 at Q* = 4 (GeV/c)? for the
Gottfried integral over the range 0.004 < x < 0.8 [65], which implies a flavor asymmetric
sea. The observed flavor asymmetry is far too large to be accounted for by processes
that can be described by QCD in perturbative regime and therefore has to attributed to
non-perturbative QCD mechanisms. It was shown in the framework of the meson-cloud
model, that the coupling of the nucleon to the pion cloud provides a mechanism that
is able to produce a flavor asymmetry due to the dominance of n7™ among the virtual
configurations [69].

In the unquenched quark model, the flavor asymmetry of the proton can be calculated
directly from the difference of the number of d and @ sea quarks in the proton, even in the
absence of explicit information on the (anti)quark distribution functions. Table 13 shows
that the flavor asymmetry for the proton in the UCQM is 0.151 which corresponds to a
value of the Gottfried integral of 0.232, remarkably close to the experimental value. The
main contribution to the flavor asymmetry of the proton is due to the pion loops, especially
the nm™ intermediate state, thus confirming in an explicit calculation the explanation
given in Ref. [69] in the context of the meson-cloud model. In addition, we find that there
are important contributions from the A7n channel and, especially, from the off-diagonal
terms pr’-png and pr®-pn; which together are of the order of 15-20 % of that of the N
channel, but with the opposite sign (see Table 13). The contribution of the intermediate
vector mesons is very small due to a cancelation between the np™ and the Ap channels
and the cross terms pp°-pws and pp®-pw;. Kaon loops do not contribute to the proton
flavor asymmetry. Table 13 shows that the full four-shell calculation is dominated by
the contribution of the ground state intermediate baryons and mesons (0 hw). Both
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Table 13: Contributions to the flavor asymmetry of the proton [58]. N? = 1+ a? + b + % + d?
is the normalization factor of the wave function of Eq. (4.19).

Unquenched QM Meson-Cloud

0-4 hw 0 hw Eq. (4.20)
Nm 0.195 0.177 2a? /3N?
Ar 0016 0010 _?/3N?

Nmngnpy  -0.028  —0.018 —2a(c+ dv/2)/3N?
Np 0.050  0.012
Ap 0017  -0.003
Npwsw;  —0.033  —0.010

Total 0.151 0.147

columns show the same qualitative behavior: dominance of the pion loops with a small
negative correction of the order of 10-15 % due to the off-diagonal terms involving 7 and
71 pseudoscalar mesons and an almost vanishing contribution from the vector mesons.

A similar result can be obtained in the meson-cloud model by considering a proton
wave function including not only pion loops but also eta loops

1, 2
EW >—\/;|m+>

1 1 1
+b | —= AT ) — — |[ATa%) + —= |A%h)| . 4.19
J5AT) - At 4 it )

In the last column of Table 13 we show the contributions of the different terms of Eq. (4.19)
to the flavor asymmetry of the proton to obtain

2a% — b% — 2a(c + dv/2)
31+a®+b02+c2+d?)

[Yp) — |p)+a + c|Nng) + d|Nn)

Alp) =

(4.20)

Since the unquenched quark model is valid not only for the proton, but for all baryons
(ground state or resonance), it is straightforward to calculate the flavor asymmetries
of the other octet baryons. For the X' hyperon and the =° cascade particle we find
A(XT) = 0.126 and A(Z°) = —0.001 [58], respectively. The flavor asymmetries of the
remaining octet baryons can be obtained by using the isospin symmetry of the unquenched
quark model [58]. For example, the excess of d over % in the proton is related to the
excess of % over d in the neutron, A(p) = —.A(n). Similar relations hold for the other
octet baryons: A(XT) = —A(X7), AE") = —A(E7) and A(A) = A(X°) = 0. Just as for
the proton, the flavor asymmetry of the other octet baryons is expected to be dominated
by pion loops, whereas the other contributions are suppressed by the energy denominator
in Eq. (4.1). For the ¥ hyperon this is indeed the case, but for the cascade particles
the pion loops are suppressed by the value of the SU(3) flavor coupling which is a factor
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Table 14: Relative flavor asymmetries of octet baryons

Model AT/ A(p) A(E")/A(p) Ref.
Unquenched CQM 0.833 —0.005 [5§]
Octet couplings 0.353 -0.647  [72]
Chiral QM 2 1 [70]
Balance Model 3.083 2.075 [71]

of 5 smaller than that for the proton. Hence for the = hyperons there is no dominant
contribution. Since for the = hyperon all contributions are roughly of the same order and
small, and moreover some with a positive and others with a negative sign, the value of
the flavor asymmetry of the cascade particles is calculated to be small [58].

In Table 14, we show a comparison of some predictions for the flavor asymmetry of
the X7 and =° hyperons relative to that of the proton. In the unquenched quark model,
the flavor asymmetry of the proton is predicted to be of the same order as that of the X
hyperon and much larger than that of the cascade particle

Alp) ~ AT > |A(EY)] . (4.21)

This behavior is very different from that obtained in the chiral quark model A(X1) =
2A(p) = 2A(Z°) [70], the balance model A(X') > A(Z%) > A(p) [71], and the octet
model A(p) > |A(Z°)| > A(X") [72]. The values for the chiral quark model and the
balance model were taken from [73].

In order to distinguish between the predictions of the different models and to obtain
a better understanding of the non-perturbative structure of QCD, new experiments are
needed to measure the flavor asymmetry of hyperons. In particular, the flavor asymmetry
of charged X hyperons can obtained from Drell-Yan experiments using charged hyperon
beams on the proton [72] or by means of backward K* electroproduction [74].

4.5 Spin content

The contribution of the quark spins to the spin of the proton can be obtained from the
proton spin structure function g7 in combination with the neutron and hyperon semilep-
tonic decays [46]. The observation by the European Muon Collaboration that the total
quark spin constitutes only a small fraction of the spin of the nucleon [45] sparked an
enormous interest in the spin structure of the proton [46]. Recent experiments show that
approximately one third of the proton spin is carried by quarks [75, 76], and that the
gluon contribution is rather small (either positive or negative) and compatible with zero
[77]. This rules out the possibility that most of the missing spin be carried by the gluon
and indicates that the origen of the missing spin of the proton has to be attributed to
other mechanisms.

In the unquenched quark model, the effect of hadron loops on the fraction of the
proton spin carried by the quark (antiquark) spins and orbital angular momentum can be
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Table 15: Contribution of quark spins AY and orbital angular momentum AL to the spin of
the proton and the A hyperon

cQM Unquenched QM
Valence Sea  Total

p AY 1 0.378  0.298 0.676
2AL 0 0.000 0.324 0.324
2AJ 1 0.378  0.622 1.000

A AY 1 0.422 0429 0.851
2AL 0 0.000 0.149 0.149
2AJ 1 0.422  0.578 1.000

studied in an explicit way [57]. As in other effective models [46], gluonic effects associated
with the axial anomaly are not included, and therefore the contribution from the gluons
is missing from the outset. The total spin of the proton can then be written as the sum of
the contributions from the quark (and antiquark) spins and orbital angular momentum

1 = 2AJ = AS +2AL . (4.22)

Table 15 shows that the inclusion of the quark-antiquark pairs has a dramatic effect on
the spin content of the proton. Whereas in the CQM the proton spin is carried entirely
by the (valence) quarks, in the unquenched calculation the contributions of the valence
quark spins, the sea quark spins and the orbital angular momentum to the proton spin
are comparable in size and equal to approximately 38, 30 and 32 %, respectively. The
importance of orbital angular momentum to the proton spin was discussed many years
ago by Sehgal [78] and Ratcliffe [79] in the context of the quark-parton model and, more
recently, by Myhrer and Thomas in framework of the bag model [80].

These results can be understood in a qualitative way by considering the proton wave
function of Eq. (4.19), whose contribution to the orbital angular momentum can be derived
as

2a% — b 4 2¢% 4 2d?

AL = . 4.2
3(14+a?+ b+ 2+ d?) (4.23)

The effects of pion loops for the proton flavor asymmetry and the contribution of orbital
angular momentum to the proton spin are identical A(p) = AL as a consequence of
the spin and isospin properties [81]. Since in the unquenched calculations both the flavor
asymmetry and the orbital angular momentum are dominated by pion loops (see Tables 13
and 16), this relation is to a good approximation still valid in the UCQM, A(p) = 0.151
and AL = 0.162, respectively. Table 16 shows that, just as for the flavor asymmetry,
the orbital angular momentum is dominated by the contribution of the ground state
intermediate baryons and mesons (0 Aw) and in particular by the N7 channel. The
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Table 16: Contribution of the orbital angular momentum 2AL to the spin of the proton.
N2 =1+a?+b?+ % + d? is the normalization factor of the wave function of Eq. (4.19).

Unquenched QM Meson-Cloud
0-5 hw 0 hw Eq. (4.23)

N 0.370 0.336 4a*/3N*?
Am -0.027  -0.020 —2b%/3N?
Nng, Nny 0.007  0.0012 4(c* + d?)/3N?
YK, AK 0.016 0.004
Pseudoscalar  0.367 0.321
Vector -0.043 -0.011

Total 0.324 0.310

contributions of the eta and kaon loops to the orbital angular momentum, as well as that
of the vector mesons, are small with respect to that of the pions.

The situation for the quark spins is completely different. In the unquenched calcu-
lations, the contributions of valence and sea quarks are given by AY.,; = 0.378 and
AYgen = 0.298, respectively. While the orbital angular momentum arises almost entirely
from the Nm channel, the sea quark spins are dominated by the intermediate vector
mesons with a very small contribution from the pseudoscalar mesons (see second column
of Table 17). The third column of Table 17 shows that the contribution of the ground
state intermediate baryons and mesons (0 Aw) is small for both the pseudoscalar and
vector mesons, whereas the full calculation is dominated by the contribution of the vector
mesons. This shows that for the sea quark spins it is crucial to include the effects of the
excited vector mesons which makes the convergence of the sum over intermediate states
is much slower. Therefore, the sum was carried out over five complete oscillator shells for
both the intermediate baryons and mesons [57].

In a simple meson-cloud model based on ground state baryons and mesons only, the
contribution of the sea quark spins is very small. For example, for the proton wave function
of Eq. (4.19) in which only pion and eta loops are taken into account, the contribution of
the quark spins is given by AY = AY . + Adgea = 1 — 2AL with

1
I+a?+02+2+d?’
—a?+5b* — & — d?

AYeen = . 4.24
3(1+a?+ b+ %+ d?) ( )

A Zval

With the values of the coefficients a, b, ¢ and d, as determined by comparing the third
and fourth columns of Tables 16 and 17, we find that for this case the contribution of the
sea quark spins is very small A¥., = —0.035.

The experimental data on the spin structure of the proton have raised many questions
about the contributions of valence and sea quarks, gluons and orbital angular momentum
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Table 17: Contribution of the sea quark spins A, to the spin of the proton

Unquenched QM Meson-Cloud
0-5 hw 0 hw Eq. (4.24)

N -0.089  —0.084 —a*/3N?
Am 0.074 0.049 50% /3N?
Nng, Nm 0.006 —0.0003 —(c?+ d?)/3N?
YK, AK 0.013 0.002
Pseudoscalar  0.005 —0.033
Vector 0.293 0.052

Total 0.298 0.019

to the proton spin. In this respect it is of interest to investigate the spin structure of
other octet baryons, in particular the A hyperon. In most studies, additional assumptions
had to be made about the sea quarks in order to get an estimate of its spin content. For
example, the assumption that both valence and sea quarks are related by SU(3) flavor
symmetry, allows to express the spin content of the A hyperon in terms of that of the
proton [82, 83, 84] and gives rise to equal contributions of the quark spins (AX), = (AX),,.
In the unquenched quark model there is no need to make additional assumptions about
the nature of the sea. Table 15 shows that the contribution of quark spins for the A is
larger than that for the proton, (AX), > (AX),, which is a result of SU(3) flavor breaking
by the sea quarks.

5 Summary and conclusions

In these lecture notes, I discussed some general features of quark models based on three
valence quarks, in particular, a stringlike collective model in which the baryons (three-
quark configurations) are interpreted as rotations and vibrations of the strings. In spite
of the successes of quark models in general in describing masses, magnetic moments,
electromagnetic and strong couplings, there are some systematic discrepancies with the
experimental data on electromagnetic and strong couplings that cannot be explained in
any quark model based on valence quarks only. These observations, in combination with
more direct experimental evidence for the importance of exotic (i.e. non gqq) degrees of
freedom in baryons, has led to the development of an extension of the quark model, the
so-called unquenched quark model,

In the second part, I presented an unquenched quark model for baryons in which
the effects of sea quarks are taken into account in an explicit form via a microscopic,
QCD-inspired, creation mechanism of the quark-antiquark pairs (ui, dd and s5). As an
application, I studied the spin and flavor content of the proton and presented an analysis of
the numerical results by means of a simple exactly solvable meson-cloud model including

40



pion and eta loops.

The inclusion of the ¢q pairs leads automatically to an excess of d over @ quarks,
in agreement with the observed flavor asymmetry of the proton. The results for the
flavor asymmetry of the proton are dominated by the N7 channel, but with important
contributions from the Am channel and the off-diagonal N7-N7 terms. The contributions
from orbitally excited intermediate baryons and mesons is small.

Similarly, the inclusion of hadron loops leads to a sizeable contribution of the orbital
angular momentum to the spin of the proton (~ 32 %). Just as in the case of the flavor
asymmetry, the contribution of orbital angular momentum to the spin of the proton is
dominated by pion loops with relatively small contributions from the other channels.
However, the contribution of sea quark spins to the spin of the proton (~ 30 %) is almost
entirely due to excited vector mesons. We note, that the latter contribution is absent in
meson-cloud models.

Even though different models of hadron structure may show similar results for the
properties of the proton, often their predictions for the other octet baryons exhibit large
variations. Therefore, in order to be able to distinguish between the predictions of different
models of hadron structure and to obtain a better understanding of the non-perturbative
structure of QCD new experiments are needed to measure the flavor asymmetry and spin
content of other octet baryons.

The results for the magnetic moments and the spin and flavor content of octet baryons
are very promising and encouraging. The inclusion of the effects of quark-antiquark pairs
in a general and consistent way, as suggested here, may provide a major improvement to
the constituent quark model which increases considerably its range of applicability.
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A Baryon spin-flavor wave functions

Here we list the conventions used for the spin and flavor wave functions which are consis-
tent with the choice of Jacobi coordinates of Eq. (3.1). They coincide with the conventions
of [22, 86].

A.1 Spin wave functions

The spin of ¢® baryons can be either S = % or S = % with A; or E symmetry under Ds,
respectively. The corresponding spin wave functions |S, Mg) are given by [22, 86]

53) o = D
LY s oxm = B0 = L) (A1)
Xy = & 20110 = 1111 = |111)

We only show the state with the largest component of the projection Mg = S. The other
states with —S5 < Mg < S are obtained by applying the lowering operator in spin space.

A.2 Flavor wave functions

The states of a SU(3) flavor multiplet characterized by (p,q) = (fi — fa, fo — f3) are
labeled by the isospin I, its projection I3 and the hypercharge Y. The flavor multiplets of
¢> baryons are characterized by (p,q) = (1,1) (octet), (3,0) (decuplet) and (0, 0) (singlet)
with Ay, £ and As symmetry under Dj, respectively. The corresponding flavor wave
functions |(p,q), I, I3,Y) are obtained using the phase convention of De Swart [87] and
agree with the ones given in Refs. [22, 86]. The flavor wave functions of baryons are given
by

‘(37 0)7 %7 %7 1> Doda (A++) = |uuu>

(3,0),1,1,0)  : ¢a,(EF) = llsuu) + [usu) + |uus)] (4.2)
‘(3,0), 3 —1> D oa(EY) = gllssu) + |sus) + |uss)]

|(370)7O’ 0, _2> Doday (Qi) = |SSS>
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for decuplet baryons with (p, q) = (3,0),

(1L,1),5.51) ¢ on ) = lludu) — |dun)]
D op(p) = J5l2luud) — |udu) — |duu)]
LD,LL0) ¢ ép(SY) = flsun) — usu)
L dp, (XT) Tsllsuu) + |usu) — 2Juus)]
(1,1),0,0,00  : 6g,(A) = [2fuds) — 2|dus) — |dsu) (A.3)
+|sdu) — |sud) + |usd)]
op,(N) = 3[-|dsu) — [sdu) + |sud) + |usd))
(1,1),5,3,-1) + 65,(2) = Zllsus) — |uss)]
op, (%) = %[2|ssu) — |sus) — |uss)]

for octet baryons with (p,q) = (1, 1), and
1(0,0),0,0,0) : ¢a,(A) = %Huds) — |dus) + |dsu) — |sdu) + |sud) — |usd)] (A.4)

for singlet baryons with (p,q) = (0,0). In Egs. (A.2-A.4) we show the highest charge
state I3 = I with Q = I3 + % The other charge states with —1 < I3 < [ are obtained by
applying the lowering operator in isospin space. Note that the flavor wave functions of
the A** (decuplet) and proton (octet) are related to the spin wave functions of Eq. (A.1)
by interchanging u (d) by T ().

B Meson spin-flavor wave functions

Here we list the spin and flavor wave functions of mesons. They coincide with the con-
ventions of [87, 88].

B.1 Spin wave functions

The spin of qq mesons can be either S = 0 or S = 1. The corresponding spin wave
functions |S, Mg) are given by

0,00+ xo = S0 = 17)]
’1>1> X1 = |TT>

We only show the state with the largest component of the projection Mg = S. The other
states with —S < Mg < S are obtained by applying the lowering operator in spin space.

(B.1)

B.2 Flavor wave functions

The states of a SU(3) flavor multiplet characterized by (p, q) = (f1— fa, fo— f3) are labeled
by the isospin I, its projection I3 and the hypercharge Y. The flavor multiplets of ¢g
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mesons are characterized by (p,q) = (1,1) (octet) and (0,0) (singlet). The corresponding
flavor wave functions |(p, q), I, I3, Y") are obtained using the phase convention of De Swart
[87] and agree with the ones given in Ref. [88]. The flavor wave functions of mesons are
given by

(1L1),5,5.1)  + o(KY) = —|us)
(1,1),3,-5,1) © ¢(K°) = —|ds)
|(1a1)717170> ¢(W+) = _|UJ>
(1,1),1,0,0) o(r°) = Z5llua) — |dd)] (B.2)
WD.L-10) ¢ o) = | |
(1,1),0,0,0) o(ns) = gllua) + |dd) —2|s5)]
(1,1),3,3,-1) « o(K") = —|sd)
(1,1),3.4, 1)+ oK) = |sa)
for the octet mesons with (p,q) = (1,1), and
(0,0),0,0,0) = ¢(m) = Zsllua)+ |dd) + |s5)] (B.3)
for the singlet meson with (p, ¢) = (0,0).
C Baryon wave functions
The S5 invariant space-spin-flavor (U = ¢x¢) baryon wave functions are given by
28[567 LP] %w:& (XEP¢EP + XE>\¢EA)
28[70, L"] s[WE, (XE, 08, + XE\OE,) + VB, (XE, 08, — XE\PE, )]
48[70, L”] %WEME,, +YE, B, )X A
28[20, LT %d}Az (XB,PE, — XE\PE,) 1)
*10[56, L]+ tha, XA, 04, ‘
210[70, L"] %(Q/JE[,XE,, + Ve, XE,)Pa,
21[707 LP] %(/{bEpXE)\ - 77Z)E)\XE,))¢A2
1[20, L”] YA, XA DA,

The quark orbital angular momentum L is coupled with the spin S to the total angular
momentum J of the baryon.
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