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Abstract

A brief review review is presented of models tentatively leading to stable multiquarks. A new attempt is
presented, based on a Steiner-tree model of confinement, which is inspired by by QCD. It leads to more at-
traction than the empirical colour-additive model used in earlier multiquark calculations, and predict several
multiquark states in configurations with different flavours.
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1 Introduction

Multiquark spectroscopy is obviously a delicate
problem, with regularly experimental candidates
that are not confirmed in other experiments [1].

For years, the possibility of multiquarks was
mainly discussed in the framework of constituent
models already fitting ordinary mesons and baryons.
There is a non-trivial technical difficulty when the
number of quarks increases fromN = 2 orN = 3
to N > 3. But the main problem consists of ex-
trapolating the interaction towards a domain where
new colour coupling can be envisaged. In the past,
the most current recipe consisted of a pairwise in-
teraction with colour factors. This is justified for the
short-range part, but not for the confining part, ex-
cept when(N − 1) of the constituents are closely
clustered far from theN th one. More realistic mod-
els have been proposed for many years, and they
are now supported by lattice QCD. The linear in-
teraction in quarkonium, understood as a flux tube
of minimal length, is generalised as a Steiner-tree
linking the constituents through the minimal path.

2 Binding mechanisms for mul-
tiquarks

Duality The first serious argument in favour of
multiquark hadrons was an indirect one, in the con-
text of duality. For a review, see, e.g., [2]. To get
consistency in the description of hadronic reactions,
a duality principle was imposed relatings-channel
and t-channel exchanges. In baryon–antibaryon
scattering, the partners of ordinary mesons are
mesons made of two quarks and two antiquarks,
preferentially coupled to baryon–antibaryon pairs.
In the late 70s and the 80s, such new mesons were
tentatively seen in proton–antiproton experiments,
but none of baryonium candidates were confirmed in
further experiments using better antiproton beams.

Light scalar mesons For light mesons, especially
scalars, creating a quark–antiquark pairs does not
cost more than providing the existing pair with an
orbital excitation [3, 4]. This was the beginning
of the saga of scalar mesons, which also includes
flavour excitation, hybrids, glueballs and various
mixing schemes among them. This subject has been
discussed in many contributions to this conference.

Chromomagnetism In QCD, the analogue of
the Breit–Fermi interaction reads [5]VSS ∝

∑

i<j δ(rij)λ̃i.λ̃j σi.σj , considered either phe-
nomenological, or given by one-gluon-exchange.
There is also a1/(mimj) dependence that reduces
the effect for heavy quarks.

At first sight, the colour factor̃λi.λ̃j simply in-
duces a factor1/2 for baryons as compared to
mesons, and helps to fit the data. However, when
combined with the spin factor, it gives a remarkable
coherence in some configurations, as first noted by
Jaffe [6]. In the SU(3)f limit, the expectation value
〈λi.λj σi.σj

〉

is twice larger for(uuddss)with spin
J = 0 than for theΛΛ dissociation threshold.

The di-lambda was first estimated to be deeply
bound, since the orbital matrix element〈δ(rij)〉 was
assumed to be the same as for ordinary baryons.
This assumption, and that of SU(3)f symmetry, turn
out to give too optimistic estimates. The various cor-
rections work against the stability of the di-lambda
[7, 8, 9, 10].

Other configurations receive a coherent attraction
of chromomagnetic forces [11], in particular, the
1987-vintage version of the pentaquark [12, 13, 14].
But, again, it turns out very difficult to build a re-
alistic wave function that gives enough short-range
correlation for all pairs.

Hadronic molecules It has been often stressed
that the conventional strong interactions, which
build the deuteron out of two nucleons, can pro-
duce other bound states or resonances. There are
many contributions to this conference. In particular,
aDD∗ composite waspredicted, mainly due to one-
pion-exchange. See the review [15] for references
to the original papers. So, when theX(3872) was
discovered, it was greeted as a success for this ap-
proach. Unfortunately, some of the latest measure-
ments suggest a radial excitation of charmonium,
and there is no obvious way to combine the two pic-
tures consistently (see the section on mixing).

In the past, we learned to be careful with the
molecular interpretation of the hidden-charm states.
When higherψ resonances were found, theorists
were puzzled by the anomalies in the relative de-
cay rates intoDD, D∗D + c.c. andD∗D∗, and
a molecular interpretation was suggested [16] (see,
also, [17]). But the branching ratios were later un-
derstood from the node structure of the decaying
states [18, 19, 20].

Light pentaquark Interesting reviews have been
written on the pentaquark episode [21, 22]. The
story started with a nice speculation based of chiral
dynamics [23], leading Nakano and his colleagues
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to attempt a measurement out of the stream of fash-
ion at that time, and to get a positive signal [24].
The real surprise was the wave of positive evidences
elsewhere, including experiments having already the
data on tape for several years, that nobody had to cu-
riosity to use to search for exotic baryons. However,
the pentaquark was not confirmed in high-statistics
experiments using sophisticated and expensive de-
tectors with good particle identification.

Some studies were also done in lattice QCD, but
somewhat hastily, with a variety of conclusion about
the existence of the pentaquark and about its plau-
sible quantum numbers. Clearly, more time would
have been required to better distinguish between a
genuine bound state or resonance and a state sim-
ply occurring from the discretisation of the contin-
uum in the finite volume of the lattice. Better stud-
ies are nowadays performed on multiquarks within
the framework of QCD sum rules and lattice QCD,
as seen in several contributions to this Conference,
where references can be found.

Flavour symmetry breaking and chromoelectric
binding We adopt here the language of potential
models but we believe that the results are much more
general. The main advantage of potential models is
the possibility of switching on or off some contribu-
tions to single out the most effective one for binding.

A remarkable property of the spin-independent
interaction among quarks isflavour independence,
which induces interestingsymmetry breakingef-
fects, and the pattern is similar to that of atomic
physics.

For instance, consider the barely bound
(e+, e+, e−, e−) molecule, or any rescaled version
with the electron mass replaced by another massµ,
and move to configurations involving two different
masses. Then it is observed, and proved, that:

• for (M+,m+,M−,m−): binding deteriorates
and is lost forM/m & 2.2 [25],

• for (M+,M+,m−,m−): the binding is im-
proved.

But the Coulomb character matters little. What is
important, is that the potential does not change when
the masses are varied. Hence, a similar behaviour
is observed for any four-body problem withflavour
independence, with the prediction that in a static
and flavour-independent potential, the configuration
(QQq̄q̄) becomes bound if the quark-to-antiquark
mass ratio increases.

Explicit quark-model calculations have been car-
ried out to illustrate how this favourable symmetry

breaking works with flavour-independent potentials.
The corresponding four-body problem is rather del-
icate, as most other four-body problems. Remem-
ber that after Wheeler’s proposal in 1945 (the paper
was published somewhat later [26]) that the positro-
nium molecule might be stable, a first numerical in-
vestigation by Ore [27] concluded that the system
is likely unstable, but the following year, Hyller-
aas and the same Ore published a beautiful analytic
proof of the stability [28].

In current quark models, the main conclusion is
that binding a doubly-flavoured tetraquark requires a
large mass ratio, usually(bbq̄q̄) or (bcq̄q̄). However,
a more sophisticated calculation by Janc and Rosina
[29] found(ccq̄q̄) barely bound. See, e.g., [30] for a
detailed survey of the situation.

3 Steiner-tree model of confine-
ment

It should be acknowledged, however, that these early
constituent-model calculations suffer from a basic
ambiguity: how to extrapolate from mesons towards
multiquarks. The usual recipe is

V = −
3

16

∑

i<j

λ̃
(c)
i .λ̃

(c)
j v(rij) , (1)

which is presumably justified for the short-range
part, but not for the long-range part, except for very
peculiar spatial configurations. In (1), the normal-
ization is such thatv(r) is the quark–antiquark in-
teraction in ordinary mesons. Strictly speaking, (1)
holds for apairwise interaction with colour-octet
exchange. Clearly colour-singlet exchange can-
not contribute to confinement, otherwise everything
would be confined together, but colour-singlet ex-
change can contribute to short-range terms. More-
over, there are very likely three-body and multi-
body forces in baryons and multiquarks.

In the case of baryons, it was suggested very early
[31, 32] that the potential generalizing the linear
confinement of mesons is

VY = σ min
J

3
∑

i=1

riJ . (2)

This was often rediscovered in the context of mod-
els (adiabatic bag, flux tubes), or in studies deal-
ing with the strong-coupling regime of QCD [33].
Estimating the baryon energies and properties with
the potential (2) is a very interesting 3-body prob-
lem. However, the results differ little from these
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Figure 1: Confinement of mesons and baryons,
and tetraquarks. The minimum over the quark per-
mutations gives the flip–flop potential. For the
tetraquarks, the minimum is taken of the flip–flop
(left) and Steiner tree (right) configurations

obtained using the colour-additive rule, which for
baryons reduces to the “1/2” rule, namely

V3 =
σ

2
(r12 + r23 + r31) . (3)

This Y -shape interaction has been generalized to
tetraquarks. At first, this looked as an astute guess,
but it was later endorsed by detailed lattice QCD
[34], including the interplay between flip–flop and
connected Steiner tree. See, also, [35] for a study
within AdS/QCD. The confining potential reads

U = min {d13 + d24, d14 + d23, V4} , (4)

V4 = min
s1,s2

(

‖v1s1‖+ ‖v2s1‖+ ‖s1s2‖

+ ‖s2v3‖+ ‖s2v4‖
)

corresponding schematically to the flux tubes in
Fig. 1.

A first study of the tetraquark spectrum with this
potential concluded to the “absence of exotics” [36],
but a re-analysis by Vijande et al. [37] with a bet-
ter wave function, indicated that this potential, if
alone, and free of constraints due to the Pauli princi-
ple, gives stability for the equal-mass case(qqq̄q̄),
and improved stability for the flavour asymmetric
(QQq̄q̄). It remains to analyse how this stability sur-
vives antisymmetrisation, short-range terms in the
potential, relativistic effects and spin-dependent cor-
rections. This is however, very encouraging.

The exercise can be repeated for the pentaquark,
using the linear model with minimal cumulated
length,

VP = min(Vff , VSt) ,

Vff = min
i

[r1i + VY (rj , rk, rℓ)] ,

VSt = connected Steiner tree,

(5)

Figure 2: Connected contributions to the confin-
ing interaction of a pentaquark, a dibaryon and a
baryon–antibaryon system.

the latter,VSt, being shown in Fig. 2.
A simple variational calculation gives stability at

least for(q̄qqqq), and(Qqqqq) and(q̄qqqQ) where
m(Q) ≫ m(q) [38]. The other mass configurations
remain to be studied.

This proliferation of stable states in the minimal-
length model becomes embarrassing. J. Vijande,
A. Valcarce and I are now investigating the case
of 6-quark configurations. In several cases, the
dibaryon(qqqQQQ) is found to be stable, as well
as the baryonium(QQQq̄q̄q̄), but in this latter case,
there is a intricate competition between various
thresholds: three mesons, a meson and a tetraquark,
or a baryon and an antibaryon. When two configu-
rations become degenerate, one expects an enhance-
ment of multiquark binding, provided the variational
wave function is flexible enough. Once a stable mul-
tiquark is obtained on the basis of this picture of
confinement, the role of the neglected effects should
be investigated with care, in particular, the short-
range part of the interaction (Coulomb-like forces)
and the antisymmetrisation of identical quarks. If
the constraint of antisymmetrisation turns out the
main obstacle to multiquark stability, then exotic
hadrons have to be searched in configurations with
quarks of different flavours.

4 Conclusions

The problem of multiquark binding is now ad-
dressed very seriously with QCD sum rules, Lattice
QCD and even AdS-QCD. These ambitious but del-
icate approaches have first confirmed some results
that were previously obtained empirically, such as
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the Steiner-tree structure of the linear term of the
quark interaction in the static limit.

The constituent quark model remains a valuable
tool of investigation, to detect the most interesting
configurations and to analyse the role of the differ-
ent pieces of the dynamics. In the case of mesons or
baryons, the constituent models have been refined
over the years, to include relativistic effects, cou-
pling to the continuum, etc. The case of multiquark
is of course much more delicate, with the mixing of
confined channels and hadron–hadron components
probably more crucial to build a reliable wave func-
tion.

On the experimental side, it is hoped that the
future collider experiments will devote a reason-
able amount of time to search for exotics with
heavy flavour. As shown byB factories, there is a
very good potential of discoveries in hadron physics
within experiments primarily designed for studying
other aspects of particle physics.
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