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The ρ− ω splitting in constituent quark models
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Abstract

In this letter we present a solution to describe simultaneously the light
isoscalar and isovector vector mesons in constituent quark models. In Ref. [1]
the qq̄ spectrum was studied in a generalized constituent quark model con-
strained by the NN phenomenology and the baryon spectrum. An overall
good fit to the available experimental data was obtained. A major problem of
this description was the relative position of the vector ω and ρ mesons. The
present results improve the description of the isoscalar meson spectroscopy.
They should serve as a step forward in distinguishing conventional quark
model mesons from exotic states.
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Meson spectroscopy is probably one of the best laboratories to learn about
the properties of QCD. Its simplicity, a two-body problem, has been masked
by the recent advent of a large number of states that may fit into the de-
scription of mesons made of more than two particles, multiquarks [2]. Such
a complication was guessed long ago on the first adventures in the intriguing
sector of the light scalar mesons. It seems nowadays unavoidable to resort to
higher Fock space components to tame the bewildering landscape drawn by
experiment. To understand the nature of new resonances it is important that
we have a template to compare observed states with theoretical predictions.
To this respect, phenomenological models are an important theoretical tool
to study meson properties.
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Ref. [1] derived a quark-quark interaction to study the complete meson
spectra, from the light- to the heavy-quark sector. The idea behind that
calculation was to contribute to the identification of possible exotic, non
quark-antiquark, structures. For this purpose one needs a pattern to com-
pare with. Then, one can go through the different puzzling states to decide
whether a discrepancy is most likely a problem with the theoretical model or
whether it may signal some new physics. Although obtaining an overall good
agreement between theory and experiment, a major problem was noticed on
the description of the isovector and isoscalar vector mesons. This difficulty
was specially evident for the ground states, fitting the ρ(770) to have a mass
of 772 MeV, we got a mass of 691 MeV for the ω(782).

This result seemed to reborn an already observed deficiency of constituent
quark models, the lack of an isospin-dependent mechanism in the light quark
sector. This was first observed when studying the nucleon-nucleon (NN)
scattering: while the isosinglet phase shifts were described in a very accu-
rate manner, the isotriplet ones could not be correctly reproduced [3]. This
was solved through an isospin-dependent mechanism, the coupling to N∆
channels, giving a nice description of the 1S0 partial wave [4] and also of
the 3PJ ones [5]. Other calculations have remedied this problem by con-
sidering an isospin-dependent scalar exchange [6]. When dealing with the
meson spectroscopy the landscape offered by constituent quark models is
even worst. On the one hand, the one-gluon exchange does not distinguish
between isoscalar and isovector mesons [7]. On the other hand, pseudoscalar
boson exchanges generate the reverse ordering as compared to experiment [1].
Although meson-loop contributions would definitely help to remedy such a
discrepancy, the ω − ρ mass difference induced by the non-strange pseu-
doscalar exchanges seems to be too large (≈ 100 MeV) to be explained by
such a mechanism [8]. We will return to this discussion later on. In this letter
we present a mechanism missed in our original work that provides with the
correct isospin dependence.

Let us briefly resume the basic lines of the quark model used. Although
heavy mesons are properly described by nonrelativistic potential models re-
flecting the dynamics expected from QCD: a universal one-gluon exchange
plus a linear confining potential [9], the dynamics of the light-quark sector
is expected to be dominated by the nonperturbative spontaneous breaking
of chiral symmetry. Chiral symmetry suggests to divide the quarks into
two different sectors: light quarks (u, d, and s) where chiral symmetry is
spontaneously broken, and heavy quarks (c and b) where the symmetry is
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explicitly broken. The origin of the constituent quark mass can be traced
back to the spontaneous breaking of chiral symmetry and consequently con-
stituent quarks interact through the exchange of Goldstone bosons [10], these
exchanges being essential to obtain a correct description of the NN phe-
nomenology and the light baryon spectrum [3]. Beyond the chiral symmetry
breaking scale one expects the dynamics being governed by QCD pertur-
bative effects, taken into account through the one-gluon-exchange (OGE)
potential. Therefore, for the light quark sector hadrons can be described
as systems of confined constituent quarks (antiquarks) interacting through
gluon and boson exchanges, whereas for the heavy quark sector hadrons are
systems of confined current quarks interacting through gluon exchanges. Fi-
nally, any model imitating QCD should incorporate confinement, that takes
into account that the only observed hadrons are color singlets. The only
indication we have about the nature of confinement is through lattice QCD
studies, showing that QQ̄ systems are well reproduced at short distances by
a linear potential. Such a potential can be physically interpreted in a picture
where the quark and the antiquark are linked with a one-dimensional color
flux tube. The spontaneous creation of light-quark pairs may give rise to
a breakup of the color flux tube. It has been proposed that this translates
into a screened potential [11], in such a way that the potential does not rise
continuously but it saturates at some interquark distance.

Once perturbative (one-gluon exchange) and nonperturbative (confine-
ment and chiral symmetry breaking) aspects of QCD are considered, one
ends up with a quark-quark interaction of the form (we refer to a light quark,
u or d, as n, s is used for the strange quark and Q for the heavy quarks c
and b):

Vqiqj
=

{

(qiqj) = (nn, ns, ss) ⇒ VCON + VOGE + Vχ

(qiqj) = (nQ,QQ) ⇒ VCON + VOGE
(1)

where Vχ stands for the chiral part of the interaction we will discuss below.
See Ref. [1] for a thorough discussion of the model and explicit expressions
of the potentials.

Let us now center on the chiral part of the interaction. The constituent
quark mass appears because of the spontaneous breaking of the original
SU(3)L ⊗ SU(3)R chiral symmetry at some momentum scale. The interac-
tion of the quarks with the medium modifies the propagator of light quarks
and they acquire a momentum dependent mass which drops to zero for large
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momenta. The momentum dependent quark mass acts as a natural cutoff of
the theory. In this domain of momenta, a simple Lagrangian invariant under
the chiral transformation can be derived as [12]

L = ψ(iγµ∂µ −mq U
γ5)ψ (2)

being Uγ5 = exp(iπaλaγ5/fπ). πa denotes the pseudoscalar fields (~π,Ki, η8)
with i=1,...,4, and mq is the quark mass. In the presence of instanton fluc-
tuations of QCD, quarks acquire a dynamical mass which depends upon
the momentum transfer Q as illustrated in Ref. [12] (see Fig. 4 of this ref-
erence). This momentum dependence shows a good correspondence with
lattice data [13] (see Fig. 6 of this reference) and it can be parametrized as
m(Q2) = m(0)F (Q2) with

F (Q2) =

[

Λ2

Λ2 +Q2

]
1

2

(3)

where Λ determines the scale at which chiral symmetry is broken. Once a
constituent quark mass is generated such particles have to interact through
Goldstone modes. Whereas the Lagrangian ψ(iγµ∂µ −mq)ψ is not invariant
under chiral rotations, that of Eq. (2) is invariant since the rotation of the
quark fields can be compensated renaming the bosons fields. Uγ5 can be
expanded in terms of boson fields as,

Uγ5 = 1 +
i

fπ

γ5λaπa
−

1

2f 2
π

πaπa + ... (4)

The first term generates the constituent quark mass and the second one
gives rise to a one-boson exchange interaction between quarks. The main
contribution of the third term comes from the two-pion exchange which was
simulated in Ref. [1] by means of single scalar exchange potential. Therefore,
the chiral part of the quark-quark interaction in Ref. [1] can be resumed as
follows,

Vqq(~rij) = Vπ(~rij) + Vσ(~rij) + VK(~rij) + Vη(~rij) , (5)

With this model we presented in Ref. [1] results for all mesons. Let
us note that in Eq. (5) we made use of a simplification that we were not
aware could be playing a significant role for the meson spectroscopy. As
already mentioned we used a single isoscalar-scalar exchange between quarks
instead of the full octet of scalar mesons. When we applied this model to
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the study of the baryon-baryon interaction [14], we noticed for the first time
the deficiency we face on Ref. [1]: the need of an isospin-dependent scalar
interaction. This was the reason why we analyzed in Ref. [14] the effect of
including the full scalar octet. These scalar potentials have the same radial
form and a different SU(3) operatorial dependence, i.e.,

V (~rij) = Va0
(~rij)

3
∑

F=1

λF
i ·λ

F
j +Vκ(~rij)

7
∑

F=4

λF
i ·λ

F
j +Vf0

(~rij)λ
8

i ·λ
8

j +Vσ(~rij)λ
0

i ·λ
0

j

(6)
where

Vk(~rij) = −
g2

ch

4 π

Λ2

k

Λ2

k −m2

k

mk

[

Y (mk rij) −
Λk

mk

Y (Λk rij)
]

, (7)

with k = a0, κ, f0 or σ. The model parameters g2

ch/4π = 0.54, mq = 313
MeV, Λσ = 4.2 fm−1, mσ = 3.42 fm−1, ... have been taken from Ref. [1].
gch = mq/fπ is the quark-meson coupling constant and Y (x) the standard
Yukawa function defined by Y (x) = e−x/x. Such interaction could also help
in solving the problems observed in the description of the meson spectra.
Therefore we have redone the study of the meson spectra considering the
full scalar octet as indicated in Eq. (6). In order to avoid the uncertainties
associated to the masses and cut-offs of the different scalar mesons we will
make use of the most economical way, keeping a single radial structure and
preserving the different operatorial dependence,

V (~rij) = Vσ(~rij)

(

β
3
∑

F=1

λF
i · λF

j + δ
7
∑

F=4

λF
i · λF

j + γλ8

i · λ
8

j + αλ0

i · λ
0

j

)

(8)

where Vσ is a the one-sigma exchange potential of Ref. [1].
Among the possible criteria that can be used to fit the new parame-

ters appearing in Eq. (8) we have chosen to leave unaffected the isovector
meson sector, minimizing in this way the changes respect to the original
parametrization [1]. Once this is done, the parameters are related through

β +
γ

3
+ α

2

3
= 1 . (9)

By fitting the ω − ρ mass splitting we obtained β = 0.75. Thus, any
value of α and γ fulfilling γ + 2α = 3/4 gives rise to the correct ω − ρ mass
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splitting. These two parameters have been determined through a global fit
of the strange meson sector, obtaining α = 0.47 and γ = −0.19. A value of
δ = −0.60 has been fitted to the η−η′ mass splitting. Only two parameters of
the original parametrization obtained in Ref.[1] have been modified, namely
the value of the quark-gluon strong coupling constant, αs, in the light-strange
(αus = 0.475) and strange-strange (αss = 0.523) sectors. Let us note that the
values used for the QCD strong coupling constant are in good agreement with
its expected momentum dependence [15] when the typical momentum scale
for each flavor sector is assimilated to the reduced mass of the interacting
pair [16].

We show in Table 1 the results obtained for those states whose masses are
modified when considering the full scalar octet exchange compared to those
of Refs. [18, 19, 20, 21, 7]. Our election of the different scalar octet strengths
does not modify the masses of the isovector mesons. The flavor dependence
of the scalar octet does reverse the order of the ρ and ω meson masses in a
perfect agreement with experiment. No other important modifications are
observed, only small variations of masses but without reversing any other
set of states. This mechanism is only active in the light and strange sector,
and therefore heavy meson masses are also not modified. It is also important
to notice that the ω meson arises from ideal mixing with a nonzero hidden
strangeness component, and therefore the model describing its interaction
should incorporate SU(3) effects, in other words the flavor content of the full
scalar octet.

Although our phenomenological model is certainly effective in solving
remaining discrepancies on the meson spectroscopy, there is still room for
the contribution of other mechanisms that have demonstrated to be very
important for the ρ − ω mass splitting and their strong decays. They are
the meson-loop contributions mentioned above that have been extensively
discussed in the literature, see Ref. [8] for a general overview. Contributions
arising from mixing of hadrons with multiple-hadron states were proposed
as a solution to the problem in models where ρ and ω would be degenerate
due to the absence of SU(3) flavor breaking interactions. The ρ0 and the
ω have a similar quark structure differing in their total isospin, and hence
G−parity. As mixing between the ω−meson and two-pion states is forbidden
by G−parity, the mass of the ω−meson does not receive such a contribution.
Ref. [8] found a mass splitting of the order of 25 MeV from the contribution of
ππ, KK, ωπ, ρπ, ωη, ρη and KK∗ intermediate channels. The conclusion of
this work is that the inclusion of two-meson loops change the charge radius of
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Table 1: Meson masses in MeV. Experimental data (Exp.) are taken from Ref. [17]. The
two numbers given in the fourth column correspond to two different models.

State Ref. [1] This work Exp. Ref. [18] Ref. [19] Ref. [20] Ref. [21] Ref. [7]
π 139 139 138 138/140 141 150 132 136
ρ 772 772 776 778/785 771 770 774 777
ω 691 783 783 778/785 771 780 774 777
K 496 495 495 499/506 499 470 501 520
K∗ 910 912 893 870/890 891 900 900 905
φ 1020 1018 1019 954/990 965 1020 1011 1017
η 572 547 548 531/533 141 520 132 136
η′ 956 958 958 975/950 − 960 696 −

the ρmeson by only about 10 per cent, but they are very important for the ρ−
ω mass splitting and their strong decays. Thus such a mixing with multiple-
hadron states, that has been mocked up in our phenomenological approach
in the fitted parameters, would clearly help to improve the performance of
the model for specific processes or phenomena.

In summary, we have found an isospin dependent mechanism that allows
to solve the remaining discrepancies, beyond the scalar mesons, in the de-
scription of meson spectroscopy in constituent quark models. The relevance
of this mechanism was first observed in the study of the baryon-baryon inter-
action, giving coherence to the study of the low energy hadron spectra and
their interactions in the framework of constituent quarks models.
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