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Flavor asymmetry of sea quarks in the unquenched quark model
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The flavor asymmetry of the nucleon sea is studied in the framework of the unquenched quark model in which
the effects of quark-antiquark pairs (uū, dd̄ , and ss̄) are taken into account via a microscopic, QCD-inspired,
quark-antiquark creation mechanism. The inclusion of the qq̄ pairs leads to an excess of d̄ over ū, in agreement
with the experimental data for the proton. In addition, the results for the flavor asymmetry of all ground-state
octet and decuplet baryons are presented. The isospin symmetry leads to simple relations among the flavor
asymmetries of octet and decuplet baryons. The flavor asymmetry of the �+ hyperon is predicted to be very
similar to that of the proton and much larger than that for the �0 hyperon. A comparison with other approaches
shows large differences in the predictions for the flavor asymmetries of the hyperons.
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Introduction. From an experimental point of view, the
flavor asymmetry between ū and d̄ quarks in the proton is
now well established [1–8]; for review, see also Refs. [9,10].
It is well known [11,12] that perturbative QCD is not able
to account for this asymmetry. In fact, for quark-antiquark
pairs created perturbatively, the sea quarks generated by
leading twist evolution, i.e., from gluon splitting, are flavor
symmetric with the same amount of uū as dd̄ and ss̄. Thus
the flavor asymmetry of the nucleon sea is assumed to have
a nonperturbative origin, and since currently it is still a big
challenge to perform calculations from the first principles of
QCD in the nonperturbative region, one has to try to understand
the situation with effective models of hadrons, in terms of
constituent quark degrees of freedom and/or meson-baryon
degrees of freedom.

The flavor content of the nucleon sea provides an important
test for models of the nucleon structure. The quark-parton
model predicts a flavor symmetric sea that leads to the
Gottfried sum rule SG = 1/3 [13], whereas any deviation
from this value is an indication of the d̄/ū asymmetry of the
nucleon sea, thus providing a clean evidence of the existence
of nonperturbative higher Fock components (such as qqq-qq̄

configurations) in the proton wave function. The first clear
evidence of a flavor asymmetric sea and a related violation
of the Gottfried sum rule came in 1991 from the New Muon
Collaboration (NMC) [1], which was later confirmed in Drell-
Yan experiments [4–7] that probe the ratio ū/d̄ , as well as in
semi-inclusive deep-inelastic scattering (SIDIS) experiments
[8]. All these experiments show evidence that there are more
d̄ quarks in the proton than there are ū quarks [10].

Many phenomenological models have been applied to the
flavor asymmetry of the nucleon sea, e.g., meson-cloud models
[14–16] (see Ref. [17] for other references), chiral quark
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models, in which there is a direct coupling of the pseudoscalar
octect mesons to the quarks [18,19], and statistical models
[20,21]. In particular, it was shown in the framework of
the meson-cloud model that the surrounding pion cloud is,
qualitatively, at the origin of the asymmetry of the proton, since
the proton can change into a neutron by emitting a π+(ud̄), as
first noted by Thomas [14] and later evaluated by Henley and
Miller [22].

Whereas these models give a fairly good description of
the current data for the proton, notable differences exist
between their predictions for other members of the baryon
octet [23]. In particular, this was discussed for �0 [24,25]
and �± [26–29]. The �0 is charge neutral and has a short
lifetime, but �0 fragmentation processes can be used to reveal
its quark distributions, as discussed in Refs. [23–25], while for
the �, Drell-Yan experiments with � beams on protons and
deuterium have been suggested [23,26,27,29].

It is the aim of this Rapid Communication to study the
flavor asymmetry of the sea quarks in the framework of the
constituent quark model (CQM). Hereto the effect of the quark-
antiquark pairs (uū, dd̄ , and ss̄) has to be included at the
quark level. Recently, we introduced the unquenched quark
model [30] in which the effects of hadron loops are taken into
account in an explicit and systematic form via a microscopic,
QCD-inspired, quark-antiquark creation mechanism. In this
Rapid Communication, we show that this model gives rise to
an excess of d̄ over ū, in agreement with the experimental data
for the flavor asymmetry of the proton.

Finally, we present the predictions for the flavor asymmetry
of all ground-state octet and decuplet baryons, derive simple
relations among them based on isospin symmetry, and make a
comparison with the predictions for the flavor asymmetries of
the �+ and �0 hyperons in different approaches.

Unquenched quark model. In this section, we present a
procedure for unquenching the quark model [30] in which
the effects of quark-antiquark pairs are introduced explicitly
into the CQM via a 3P0 pair-creation mechanism. The present
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approach is a generalization of the unitarized quark model
by Törnqvist et al. [31], and was motivated by later work
by Geiger and Isgur on the flux-tube breaking model in
which they showed that the CQM emerges as the adiabatic
limit of the flux-tube model to which the effects of qq̄ pair
creation are added as a perturbation [32]. Our approach is
based on a CQM to which the quark-antiquark pairs with
vacuum quantum numbers are added as a perturbation. The
pair-creation mechanism is inserted at the quark level and the
one-loop diagrams are calculated by summing over all possible
intermediate states.

Under these assumptions, the baryon wave function consists
of a zeroth-order three-quark configuration plus a sum over all
possible higher Fock components due to the creation of 3P0

quark-antiquark pairs. To leading order in pair creation, the
baryon wave function can be written as

|ψA〉 = N
[
|A〉 +

∑
BClJ

∫
d�k |BC�klJ 〉 〈BC�klJ |T †|A〉

MA − EB − EC

]

(1)

where T † is the 3P0 quark-antiquark pair creation operator
[33], A is the baryon, B and C represent the intermediate
baryon and meson, and MA, EB, and EC are their respective
energies, �k and l are the relative radial momentum and orbital
angular momentum of B and C, and J is the total angular
momentum �J = �JB + �JC + �l. The 3P0 quark-antiquark pair-
creation operator T † is written as [33]

T † = −3γ0

∫
d �p4 d �p5 δ( �p4 + �p5) C45 F45 e−r2

q ( �p4− �p5)2/6

[χ45 Y1( �p4 − �p5)](0)
0 b

†
4( �p4) d

†
5( �p5). (2)

Here, b
†
4( �p4) and d

†
5( �p5) are the creation operators for a quark

and an antiquark with momenta �p4 and �p5, respectively. The
quark-antiquark pair is characterized by a color singlet wave
function C45, a flavor singlet wave function F45, a spin triplet
wave function χ45 with spin S = 1, and a solid spherical
harmonic Y1( �p4 − �p5), which indicates that the quark and
antiquark are in a relative P wave. The operator T † creates a
pair of constituent quarks with an effective size, thus the pair
creation point is smeared out by a Gaussian factor whose width
rq was determined from meson decays to be approximately
0.25–0.35 fm [32,34–36]. In our calculations, we take the
average value rq = 0.30 fm. The dimensionless constant γ0

is the intrinsic pair-creation strength which was determined
from strong decays of baryons as γ0 = 2.60 [37]. The matrix
elements of the pair-creation operator T † were derived in
explicit form in the harmonic oscillator basis [33,38].

We use the harmonic oscillator limit of algebraic models
of hadron structure [39–42] to calculate the baryon and meson
energies appearing in the denominator of Eq. (1), as was done
in Ref. [30]. In these algebraic models, the mass operators
for baryons and mesons consist of a harmonic oscillator term
and a Gürsey-Radicati term which reproduces the splitting of
the SU(6) multiplets without mixing the harmonic oscillator
wave functions. As a consequence, the baryon and meson wave
functions have good flavor symmetry and depend on a single
oscillator parameter, which, following [32], is taken to be

h̄ωbaryon = 0.32 GeV for the baryons and h̄ωmeson = 0.40 GeV
for the mesons.

The matrix elements of an observable Ô can be
calculated as

O = 〈ψA | Ô | ψA〉 = Ovalence + Osea, (3)

where the first term corresponds to the contribution of the three
valence quarks and the second to the higher Fock components,
i.e., the presence of the quark-antiquark pairs.

In order to calculate the effects of quark-antiquark pairs on
an observable, one has to evaluate the sum over all possible
intermediate states in Eq. (1). The sum over intermediate
meson-baryon states includes for baryons all radial and orbital
excitations up to a given oscillator shell combined with
all possible SU(6) spin-flavor multiplets, and for mesons all
radial and orbital excitations up to a given oscillator shell
and all possible nonets. This problem was solved by means
of group-theoretical techniques to construct an algorithm to
generate a complete set of intermediate meson-baryon states in
spin-flavor space for an arbitrary oscillator shell. This property
makes it possible to perform the sum over intermediate states
up to saturation, and not only for the first few shells as in [32].
In addition, it allows the evaluation of the contribution of
quark-antiquark pairs for any initial baryon q1q2q3 (ground
state or resonance) and for any flavor of the qq̄ pair (not only ss̄,
but also uū and dd̄), and for any model of baryons and mesons,
as long as their wave functions are expressed in the basis
of harmonic oscillator wave functions [30]. Obviously, the
unquenching of the quark model has to be done in such a way
as to maintain the phenomenological successes of the CQM.
In applications to mesons, it was shown that the inclusion
of quark-antiquark pairs does not destroy the good CQM
results [43] and preserves the Okubo-Zweig-Iizuka (OZI)
hierarchy [44]. In a similar way, we showed that the good
CQM results for the magnetic moments of the octet baryons
are also preserved by the unquenched constituent quark model
(UCQM) [30].

Flavor asymmetry. The flavor asymmetry d̄ − ū is related
to the Gottfried integral [13] SG as

SG = 1
3 − 2

3 (d̄ − ū), (4)

where d̄ = ∫ 1
0 dxd̄p(x) and ū = ∫ 1

0 dxūp(x) dx represent the
number of d̄ and ū quarks in the proton, respectively. Under the
assumption of a flavor symmetric sea, one obtains the Gottfried
sum rule SG = 1/3 [13], whereas any deviation from this value
is an indication of a flavor asymmetry of the nucleon sea. The
Gottfried integral was first determined in 1991 by the New
Muon Collaboration (NMC) in muon-induced deep-inelastic
scattering experiments as SG = 0.240 ± 0.016 [1], which was
later re-evaluated as 0.235 ± 0.026 [2]. The measurement of
the flavor asymmetry of the nucleon sea via the violation of the
Gottfried sum rule by NMC was later confirmed in Drell-Yan
experiments [4–7] and SIDIS experiments [8].

The observed flavor asymmetry is one of the cleanest probes
of the presence of antiquarks in nucleons. Experiments show
evidence that there are more d̄ than ū in the proton. In the CQM
the proton is described as a uud valence quark configuration,
thus a flavor asymmetry indicates the presence of higher Fock
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TABLE I. The flavor asymmetry A = d̄ − ū of
the ground-state octet and decuplet baryons in the
unquenched harmonic oscillator quark model. The sum
over intermediate states includes four shells for baryons
and mesons.

Octet A Decuplet A

p 0.151 
++ 0.109
n –0.151 
+ 0.036
�+ 0.126 
0 –0.036
�0 0.000 
− –0.109
�− –0.126 �∗ + 0.371
�0 0.000 �∗ 0 0.000
�0 –0.001 �∗ − –0.371
�− 0.001 �∗ 0 0.216

�∗ − –0.216
�− 0.000

components in the proton wave function. Here, we discuss
the implications of these extra configurations for the flavor
asymmetry in the framework of the unquenched quark model.
In the UCQM, the flavor asymmetry of the proton, A(p), is
calculated from the difference in the number of ū and d̄ quarks
in the wave function

A(p) = d̄ − ū = 〈ψp| ˆ̄d − ˆ̄u|ψp〉. (5)

Table I 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
(see Fig. 1). At this point, it is important to stress that the
present calculation was carried out without the introduction
of any new parameters. All coefficients were taken from the
literature and have the same values as in our study of the proton
spin [30].

The main contribution to the flavor asymmetry of the proton
is due to the pion loops, especially the nπ+ intermediate state,
thus confirming in an explicit calculation the explanation given
in Refs. [14,22] in the context of the meson-cloud model. In

FIG. 1. Comparison between calculated value of the Gottfried
integral SG and the experimental data from NMC 1994 [1,2], NMC
1997 [3], HERMES [8], and E866 [5,7].

TABLE II. Contributions to the flavor asym-
metry of the proton.

0 h̄ω 0–4 h̄ω

Nπ 0.1766 0.1946

π –0.0104 –0.0157
Nπηη′ –0.0183 –0.0276
Nρ 0.0121 0.0496

ρ –0.0034 –0.0165
Nρωφ –0.0103 –0.0330

Total 0.1463 0.1514

addition, we find that there are important contributions from
the 
π channel and, especially, from the off-diagonal terms
pπ0-pη and pπ0-pη′, which together are of the order of 15–
20% of that of the Nπ channel, but with the opposite sign
(see Table II). The contribution of the intermediate vector
mesons is very small due to a cancellation between the nρ+
and the 
ρ channels and the cross terms pρ0-pω and pπ0-pφ.
Table II shows that the full four-shell calculation is dominated
by the contribution of the ground-state intermediate baryons
and mesons (0 h̄ω). Both 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 the pseudoscalar mesons and an almost vanishing
contribution from the vector mesons.

The flavor asymmetry of the octet baryons is expected to
be dominated by pion loops, whereas the other contributions
are suppressed by the energy denominator in Eq. (1). For the
nucleon and the � hyperon this is indeed the case (see, e.g.,
Table II for the proton), but for the cascade particles the pion
loops are suppressed by the value of the SU(3) flavor coupling
which is a factor of 5 smaller than that for the proton. Hence
for the � hyperons there is no dominant contribution. Since
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 (see Table I).

The excess of d̄ over ū sea quarks in the proton is related
by isospin symmetry to the excess of ū over d̄ in the neutron.
In general, the flavor asymmetry of the ground-state octet and
decuplet baryons satisfies

A(A) = 〈ψA(I, I3)| ˆ̄d − ˆ̄u|ψA(I, I3)〉
= I3

I
〈ψA(I, I )| ˆ̄d − ˆ̄u|ψA(I, I )〉, (6)

where I and I3 denote the isospin and its projection of baryon
A, respectively. As a consequence, we find the relations

A(p) = −A(n),

A(�+) = −A(�−), (7)

A(�0) = −A(�−),

for the octet baryons and

A(
++) = 3A(
+) = −3A(
0) = −A(
−),

A(�∗+) = −A(�∗ −), (8)

A(�∗ 0) = −A(�∗ −),
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FIG. 2. Flavor asymmetry of octet baryons.

for the decuplet baryons. The flavor asymmetry vanishes
identically for the octet baryons � and �0 as well as for
the decuplet baryons �∗ 0 and �−,

A(�) = A(�0) = A(�∗ 0) = A(�−) = 0. (9)

Equation (6) can be derived from the isospin symmetry of
the baryon wave functions and the isovector character of the
operator ˆ̄d − ˆ̄u, and are therefore valid for any model that
uses isospin symmetry. The above symmetry relations help
us to understand the results for the flavor asymmetry of the
ground-state octet and decuplet baryons shown in Table I and
Figs. 2 and 3.

In Table III, we show a comparison of some predictions for
the flavor asymmetry of the �+ and �0 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 �+ hyperon and much larger than that of the
cascade particle,

A(p) ∼ A(�+) � |A(�0)|. (10)

This behavior is very different from that obtained in the chiral
quark model A(�+) = 2A(p) = 2A(�0) [19], the balance
model A(�+) > A(�0) > A(p) [21], and the octet model
A(p) > |A(�0)| > A(�+) [26]. The values for the chiral
quark model and the balance model were taken from [45]. The
octet model involves the SU(3) flavor couplings between the
octet baryons and mesons [26]. In this case, the relative flavor

FIG. 3. Flavor asymmetry of decuplet baryons.

TABLE III. Relative flavor asymmetries of octet baryons.

Model A(�+)/A(p) A(�0)/A(p) Ref.

Unquenched CQM 0.833 −0.005 present
Chiral QM 2 1 [19]
Balance model 3.083 2.075 [21]
Octet couplings 0.353 −0.647 [26]

asymmetries only depend on the ratio of the SU(3) couplings
α = F/D,

A(�+)

A(p)
= 9α2 − 10α + 5

4(α + 1)
,

(11)
A(�0)

A(p)
= 9α2 − 14α + 1

4(α + 1)
.

The values in Table III are obtained using the values of F and D

as determined from neutron and hyperon β decay [46], which
correspond to α = 0.577. The value used in [26] is slightly
different, α = 0.60. It is interesting to note that the octet model
corresponds to a special case of the unquenched quark model in
which only the contributions of the ground-state octet baryons
and the ground-state octet pseudoscalar mesons are taken into
account in the so-called closure limit, in which the intermediate
baryon-meson states are degenerate in energy. In this case,
the results of the UCQM can be obtained in closed analytic
form as A(�+)/A(p) = 7/20 = 0.35 and A(�0)/A(p) =
−13/20 = −0.65, very close to the numerical values of the
octet couplings in Eq. (11) and Table III. The relation between
the unquenched quark model, the meson-cloud model, and
the chiral-quark model will be discussed in more detail in a
separate publication [47].

In order to distinguish between the predictions of the
different models and to obtain a better understanding of
the nonperturbative structure of QCD, new experiments are
needed to measure the flavor asymmetry of hyperons. In
particular, the flavor asymmetry of charged � hyperons can be
obtained from Drell-Yan experiments using charged hyperon
beams on the proton [26,27] or by means of backward K±
electroproduction [48].

Summary and conclusions. In this Rapid Communication,
we presented a study of the flavor asymmetry in the nucleon
sea in the unquenched quark model in which the contributions
of the quark loops (uū, dd̄ , and ss̄) are taken into account in
a systematic and explicit way via a 3P0 coupling mechanism.
It was found that the contribution of the qq̄ pairs leads to an
excess of d̄ over ū quarks in the proton, in agreement with
the experimental data. Although we agree with the meson-
cloud model that the main contribution comes from the pion
loops, we find in addition an important contribution from the
off-diagonal pion-η terms.

We also investigated the flavor asymmetry of the other
ground-state octet and decuplet baryons. There exist simple
relations between the flavor asymmetries, e.g., the excess of
d̄ over ū in the proton is equal to the excess of ū over d̄ in
the neutron, and similar relations for the 
 and the hyperons.
Since these relations only depend on the isospin symmetry of
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the baryon wave functions, they are valid for any model with
isospin symmetry.

In the unquenched quark model, the flavor asymmetry
of the �+ hyperon was found to be similar to that of the
proton and much larger than that of the �0 hyperon. A
comparison with other models of nucleon structure (chiral
quark model, statistical balance model, and the octet couplings
of the meson-cloud model) shows that the predictions of the
flavor asymmetry of the �+ and �0 hyperons relative to
that of the proton vary enormously. It would therefore be
of the utmost interest to measure the flavor asymmetry of
hyperons, for example, as suggested in [27] to use the Drell-

Yan process in hyperon-induced dilepton production with
�± beams on protons, �±p → �+�− + X (e.g., at CERN).
A different type of measurement of the flavor asymmetry
of the �+ would be backward K+ electroproduction (e.g.,
at the 12-GeV upgraded JLAB [48]). Hyperon physics may
open new windows to probe the sea content of baryons, to
discriminate between different models of hadron structure,
and ultimately to understand the nonperturbative structure
of the hadrons.

Acknowledgments. This work was supported in part by
Istituto Nazionale di Fisica Nucleare, and, in part, by Consejo
Nacional de Ciencia y Tecnologı́a de Mexico.

[1] P. Amaudruz et al. (New Muon Collaboration), Phys. Rev. Lett.
66, 2712 (1991).

[2] M. Arneodo et al. (New Muon Collaboration), Phys. Rev. D 50,
R1 (1994).

[3] M. Arneodo et al. (New Muon Collaboration), Nucl. Phys. B
487, 3 (1997).

[4] A. Baldit et al. (NA51 Collaboration), Phys. Lett. B 332, 244
(1994).

[5] E. A. Hawker et al. (FNAL E866/NuSea Collaboration), Phys.
Rev. Lett. 80, 3715 (1998).

[6] J. C. Peng et al. (E866/NuSea Collaboration), Phys. Rev. D 58,
092004 (1998).

[7] R. S. Towell et al. (FNAL E866/NuSea Collaboration), Phys.
Rev. D 64, 052002 (2001).

[8] K. Ackerstaff et al. (HERMES Collaboration), Phys. Rev. Lett.
81, 5519 (1998).

[9] S. Kumano, Phys. Rep. 303, 183 (1998).
[10] G. T. Garvey and J.-C. Peng, Prog. Part. Nucl. Phys. 47, 203

(2001).
[11] D. A. Ross and C. T. Sachrajda, Nucl. Phys. B 149, 497 (1979).
[12] D. J. Broadhurst, A. L. Kataev, and C. J. Maxwell, Phys. Lett.

B 590, 76 (2004).
[13] K. Gottfried, Phys. Rev. Lett. 18, 1174 (1967).
[14] A. W. Thomas, Phys. Lett. B 126, 97 (1983).
[15] S. Kumano, Phys. Rev. D 43, 3067 (1991).
[16] W. Melnitchouk, J. Speth, and A. W. Thomas, Phys. Rev. D 59,

014033 (1998).
[17] J. Speth and A. W. Thomas, Adv. Nucl. Phys. 24, 83 (1997).
[18] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984).
[19] E. J. Eichten, I. Hinchliffe, and C. Quigg, Phys. Rev. D 45, 2269

(1992).
[20] Y.-J. Zhang, B. Zhang, and B.-Q. Ma, Phys. Lett. B 523, 260

(2001).
[21] Y.-J. Zhang, W.-Z. Deng, and B.-Q. Ma, Phys. Rev. D 65, 114005

(2002).
[22] E. M. Henley and G. A. Miller, Phys. Lett. B 251, 453 (1990).
[23] B.-Q. Ma, Nucl. Phys. A 675, 179c (2000).
[24] B.-Q. Ma, I. Schmidt, and J.-J. Yang, Phys. Lett. B 477, 107

(2000).

[25] B.-Q. Ma, I. Schmidt, and J.-J. Yang, Phys. Rev. D 61, 034017
(2000).

[26] M. A. Alberg, E. M. Henley, X.-d. Ji, and A. W. Thomas, Phys.
Lett. B 389, 367 (1996).

[27] M. A. Alberg, T. Falter, and E. M. Henley, Nucl. Phys. A 644,
93 (1998).

[28] B.-Q. Ma, I. Schmidt, and J.-J. Yang, Nucl. Phys. B 574, 331
(2000).

[29] F.-G. Cao and A. I. Signal, Phys. Lett. B 474, 138 (2000).
[30] R. Bijker and E. Santopinto, Phys. Rev. C 80, 065210 (2009).
[31] N. A. Törnqvist and P. Zenczykowski, Phys. Rev. D 29, 2139

(1984); P. Zenczykowski, Ann. Phys. (NY) 169, 453 (1986).
[32] P. Geiger and N. Isgur, Phys. Rev. D 55, 299 (1997).
[33] W. Roberts and B. Silvestre-Brac, Few-Body Syst. 11, 171

(1992).
[34] P. Geiger and N. Isgur, Phys. Rev. Lett. 67, 1066 (1991).
[35] P. Geiger and N. Isgur, Phys. Rev. D 44, 799 (1991).
[36] B. Silvestre-Brac and C. Gignoux, Phys. Rev. D 43, 3699

(1991).
[37] S. Capstick and W. Roberts, Phys. Rev. D 49, 4570 (1994).
[38] A. Le Yaouanc, L. Oliver, O. Pene, and J. C. Raynal, Hadron

Transitions in the Quark Model (Gordon and Breach, New York,
1988).

[39] R. Bijker, F. Iachello, and A. Leviatan, Ann. Phys. (NY) 236, 69
(1994).

[40] R. Bijker, F. Iachello, and A. Leviatan, Ann. Phys. (NY) 284, 89
(2000).

[41] F. Iachello, N. C. Mukhopadhyay, and L. Zhang, Phys. Lett. B
256, 295 (1991).

[42] E. Santopinto and G. Galata, Phys. Rev. C 75, 045206
(2007).

[43] P. Geiger and N. Isgur, Phys. Rev. D 41, 1595 (1990).
[44] P. Geiger and N. Isgur, Phys. Rev. D 47, 5050 (1993).
[45] L. Shao, Y.-J. Zhang, and B.-Q. Ma, Phys. Lett. B 686, 136

(2010).
[46] K. Nakamura (Particle Data Group), J. Phys. G 37, 075021

(2010).
[47] R. Bijker and E. Santopinto (unpublished).
[48] R. Osipenko (private communication).

062202-5

http://dx.doi.org/10.1103/PhysRevLett.66.2712
http://dx.doi.org/10.1103/PhysRevLett.66.2712
http://dx.doi.org/10.1103/PhysRevD.50.R1
http://dx.doi.org/10.1103/PhysRevD.50.R1
http://dx.doi.org/10.1016/S0550-3213(96)00673-6
http://dx.doi.org/10.1016/S0550-3213(96)00673-6
http://dx.doi.org/10.1016/0370-2693(94)90884-2
http://dx.doi.org/10.1016/0370-2693(94)90884-2
http://dx.doi.org/10.1103/PhysRevLett.80.3715
http://dx.doi.org/10.1103/PhysRevLett.80.3715
http://dx.doi.org/10.1103/PhysRevD.58.092004
http://dx.doi.org/10.1103/PhysRevD.58.092004
http://dx.doi.org/10.1103/PhysRevD.64.052002
http://dx.doi.org/10.1103/PhysRevD.64.052002
http://dx.doi.org/10.1103/PhysRevLett.81.5519
http://dx.doi.org/10.1103/PhysRevLett.81.5519
http://dx.doi.org/10.1016/S0370-1573(98)00016-7
http://dx.doi.org/10.1016/S0146-6410(01)00155-7
http://dx.doi.org/10.1016/S0146-6410(01)00155-7
http://dx.doi.org/10.1016/0550-3213(79)90004-X
http://dx.doi.org/10.1016/j.physletb.2004.03.059
http://dx.doi.org/10.1016/j.physletb.2004.03.059
http://dx.doi.org/10.1103/PhysRevLett.18.1174
http://dx.doi.org/10.1016/0370-2693(83)90026-6
http://dx.doi.org/10.1103/PhysRevD.43.3067
http://dx.doi.org/10.1103/PhysRevD.59.014033
http://dx.doi.org/10.1103/PhysRevD.59.014033
http://dx.doi.org/10.1007/0-306-47073-X_2
http://dx.doi.org/10.1016/0550-3213(84)90231-1
http://dx.doi.org/10.1103/PhysRevD.45.2269
http://dx.doi.org/10.1103/PhysRevD.45.2269
http://dx.doi.org/10.1016/S0370-2693(01)01266-7
http://dx.doi.org/10.1016/S0370-2693(01)01266-7
http://dx.doi.org/10.1103/PhysRevD.65.114005
http://dx.doi.org/10.1103/PhysRevD.65.114005
http://dx.doi.org/10.1016/0370-2693(90)90735-O
http://dx.doi.org/10.1016/S0375-9474(00)00242-6
http://dx.doi.org/10.1016/S0370-2693(00)00167-2
http://dx.doi.org/10.1016/S0370-2693(00)00167-2
http://dx.doi.org/10.1103/PhysRevD.61.034017
http://dx.doi.org/10.1103/PhysRevD.61.034017
http://dx.doi.org/10.1016/S0370-2693(96)01272-5
http://dx.doi.org/10.1016/S0370-2693(96)01272-5
http://dx.doi.org/10.1016/S0375-9474(98)89010-6
http://dx.doi.org/10.1016/S0375-9474(98)89010-6
http://dx.doi.org/10.1016/S0550-3213(00)00021-3
http://dx.doi.org/10.1016/S0550-3213(00)00021-3
http://dx.doi.org/10.1016/S0370-2693(99)01509-9
http://dx.doi.org/10.1103/PhysRevC.80.065210
http://dx.doi.org/10.1103/PhysRevD.29.2139
http://dx.doi.org/10.1103/PhysRevD.29.2139
http://dx.doi.org/10.1016/0003-4916(86)90176-4
http://dx.doi.org/10.1103/PhysRevD.55.299
http://dx.doi.org/10.1007/BF01641821
http://dx.doi.org/10.1007/BF01641821
http://dx.doi.org/10.1103/PhysRevLett.67.1066
http://dx.doi.org/10.1103/PhysRevD.44.799
http://dx.doi.org/10.1103/PhysRevD.43.3699
http://dx.doi.org/10.1103/PhysRevD.43.3699
http://dx.doi.org/10.1103/PhysRevD.49.4570
http://dx.doi.org/10.1006/aphy.1994.1108
http://dx.doi.org/10.1006/aphy.1994.1108
http://dx.doi.org/10.1006/aphy.2000.6064
http://dx.doi.org/10.1006/aphy.2000.6064
http://dx.doi.org/10.1016/0370-2693(91)91764-M
http://dx.doi.org/10.1016/0370-2693(91)91764-M
http://dx.doi.org/10.1103/PhysRevC.75.045206
http://dx.doi.org/10.1103/PhysRevC.75.045206
http://dx.doi.org/10.1103/PhysRevD.41.1595
http://dx.doi.org/10.1103/PhysRevD.47.5050
http://dx.doi.org/10.1016/j.physletb.2010.02.049
http://dx.doi.org/10.1016/j.physletb.2010.02.049
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021

