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Introduction

Encouraging recent results

new states seen in high-energy experiments,
for instance, Ds,J , X (3872), ηc(2S)

while low-energy experiments sometimes gave misleading
results (pentaquarks)
even complex and fragile structures, such as antideuterium
produced at high energy

Less encouraging
spectroscopy and flavour program also foreseen at heavy-ion
facilities (RHIC)
see, e.g., BNL Workshop, May 2002
but never given enough priority in detector tuning and in analysis
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New baryons
Single-charm baryons

Single-charm baryons
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New baryons
Single-charm baryons

Several single-charm
baryons confirmed or
discovered in recent
experiments,
In particular at
B-factories

Some of them rather
narrow,
E.g., BABAR state with
M = 2940 and
Γ ' 17± 5± 6 MeV

Perspective of a detailed
spectroscopy, and perhaps,
evidence for 3-body degrees of
freedom in baryons
Remember: states with excitation in
both Jacobi coordinates are absent
in the quark-diquark models and
weakly coupled to formation
channels,
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New baryons
Double-charm baryons

(ccq) and b analogues (bcq) and (bbq)

Tentatively seen by SELEX

Combine the charmonium-like dynamics (non-relativistic limit of
QCD)

With the D-like dynamics (ultra-relativistic regime)

Very suited for a Born–Oppenheimer treatment à la H2
+

Quark-diquark, if properly done, also works for the ground state

In a single hadron, with also interesting weak-decay properties
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New baryons
Triple-charm baryons

(ccc) and b analogues (bcc), (bbc) and
(bbb)

The ultimate goal of baryon spectroscopy
(Bjorken)

To probe the real three-quark interaction of
QCD, independently of light-quark
complications

The baryon analogue of heavy quarkonium

Large binding effects in weak decay

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

New baryons
Triple-charm baryons

(ccc) and b analogues (bcc), (bbc) and
(bbb)

The ultimate goal of baryon spectroscopy
(Bjorken)

To probe the real three-quark interaction of
QCD, independently of light-quark
complications

The baryon analogue of heavy quarkonium

Large binding effects in weak decay

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

New baryons
Triple-charm baryons

(ccc) and b analogues (bcc), (bbc) and
(bbb)

The ultimate goal of baryon spectroscopy
(Bjorken)

To probe the real three-quark interaction of
QCD, independently of light-quark
complications

The baryon analogue of heavy quarkonium

Large binding effects in weak decay

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

New baryons
Triple-charm baryons

(ccc) and b analogues (bcc), (bbc) and
(bbb)

The ultimate goal of baryon spectroscopy
(Bjorken)

To probe the real three-quark interaction of
QCD, independently of light-quark
complications

The baryon analogue of heavy quarkonium

Large binding effects in weak decay

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

New baryons
Triple-charm baryons

(ccc) and b analogues (bcc), (bbc) and
(bbb)

The ultimate goal of baryon spectroscopy
(Bjorken)

To probe the real three-quark interaction of
QCD, independently of light-quark
complications

The baryon analogue of heavy quarkonium

Large binding effects in weak decay

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

Mesons Hybrid mesons

Predicted since the late 70’s, on the basis of models (Gilles and
Tye (1978), Mandula and Horn (1978), and Hasenfratz, Horgan,
Kuti and R. (1980) @ CERN, etc.

Confirmed in more elaborated approaches, e.g., Lattice QCD
Better seen in heavy quarkonia? (cleaner background of
“ordinary states”)
Possibility of exotic JPC

Already some speculations for X (3872), X (3940) or Y (4260)
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Hybrids of heavy quarkonia
1980 Born–Oppenheimer estimate with classical treatment of gluons
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Hybrids 1980 predictions

cc̄g ∼ 4 GeV bb̄g ∼ 10.4 GeV

Mass and some properties of X(3940) makes it a possible
candidate for hybrid.
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Mesons Multiquark mesons

Very old problem. In particular for light scalar mesons. Some of
them often described as S-wave (qqq̄q̄) rather than P-wave (qq̄)

For light quarks and antiquarks, chromomagnetism is a possible
source of stability (or metastability) against dissociation into two
mesons,
Heavy quarks more sensitive to chromoelectric forces, hence
new type of configurations become favoured
An example, on which all theorists agree is (QQq̄q̄)
(double-flavour mesons), which should be below the threshold
(Qq̄ + (Qq̄) if the mass ratio Q/q is large enough
Same mechanism by which in atomic physics (ppe−e−) is more
stable than (e+e+e−e−): the 4-body compound benefits of the
heavy-heavy binding, and this effect is not active in the threshold.

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

Mesons Multiquark mesons

Very old problem. In particular for light scalar mesons. Some of
them often described as S-wave (qqq̄q̄) rather than P-wave (qq̄)

For light quarks and antiquarks, chromomagnetism is a possible
source of stability (or metastability) against dissociation into two
mesons,

Heavy quarks more sensitive to chromoelectric forces, hence
new type of configurations become favoured
An example, on which all theorists agree is (QQq̄q̄)
(double-flavour mesons), which should be below the threshold
(Qq̄ + (Qq̄) if the mass ratio Q/q is large enough
Same mechanism by which in atomic physics (ppe−e−) is more
stable than (e+e+e−e−): the 4-body compound benefits of the
heavy-heavy binding, and this effect is not active in the threshold.

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

Mesons Multiquark mesons

Very old problem. In particular for light scalar mesons. Some of
them often described as S-wave (qqq̄q̄) rather than P-wave (qq̄)

For light quarks and antiquarks, chromomagnetism is a possible
source of stability (or metastability) against dissociation into two
mesons,
Heavy quarks more sensitive to chromoelectric forces, hence
new type of configurations become favoured

An example, on which all theorists agree is (QQq̄q̄)
(double-flavour mesons), which should be below the threshold
(Qq̄ + (Qq̄) if the mass ratio Q/q is large enough
Same mechanism by which in atomic physics (ppe−e−) is more
stable than (e+e+e−e−): the 4-body compound benefits of the
heavy-heavy binding, and this effect is not active in the threshold.

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

Mesons Multiquark mesons

Very old problem. In particular for light scalar mesons. Some of
them often described as S-wave (qqq̄q̄) rather than P-wave (qq̄)

For light quarks and antiquarks, chromomagnetism is a possible
source of stability (or metastability) against dissociation into two
mesons,
Heavy quarks more sensitive to chromoelectric forces, hence
new type of configurations become favoured
An example, on which all theorists agree is (QQq̄q̄)
(double-flavour mesons), which should be below the threshold
(Qq̄ + (Qq̄) if the mass ratio Q/q is large enough

Same mechanism by which in atomic physics (ppe−e−) is more
stable than (e+e+e−e−): the 4-body compound benefits of the
heavy-heavy binding, and this effect is not active in the threshold.

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

Mesons Multiquark mesons

Very old problem. In particular for light scalar mesons. Some of
them often described as S-wave (qqq̄q̄) rather than P-wave (qq̄)

For light quarks and antiquarks, chromomagnetism is a possible
source of stability (or metastability) against dissociation into two
mesons,
Heavy quarks more sensitive to chromoelectric forces, hence
new type of configurations become favoured
An example, on which all theorists agree is (QQq̄q̄)
(double-flavour mesons), which should be below the threshold
(Qq̄ + (Qq̄) if the mass ratio Q/q is large enough
Same mechanism by which in atomic physics (ppe−e−) is more
stable than (e+e+e−e−): the 4-body compound benefits of the
heavy-heavy binding, and this effect is not active in the threshold.

JMR New Hadrons



Introduction Baryons Mesons Further exotics Conclusion

The role of symmetry breaking

Any symmetry breaking benefits to the ground state

H = H0(even) + H1(odd) =⇒ E(H) < E(H0) ,

(use the variational principle),e.g., parity:

H0 = p2 + x2, E = 3, H = H0 + λx , E = 3−λ2/4.

But for few-body systems, the gain is often larger for the
threshold, i.e., binding deteriorates,
an example (permutation symmetry) is (M+, M−, m−, m−),
stable for M = m (PS2 molecule), unstable if M/m > 2.2.
However (charge conjugation) (M+, M+, m−, m−) (hydrogen
molecule) becomes more stable
Coulomb irrelevant here, what matter is flavour independence,
thus the mechanism applies to heavy quark systems.
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Difficulties with multiquark calculations -1-

Potential models. Much activity. Good account of correlation and
anticorrelation effects.
But non-relativistic or semi-relavistic wave equations,
Simple-minded extrapolation from quarkonium phenomenology,

VQQ = v(r) −→ V (QQQQ) = − 3
16

∑
i<j

λ̃
(c)
i .λ̃

(c)
j v(rij) ,

More elaborate approaches to multiquarks
QCD sum rules, Narison et al., X(3872), etc.
Lattice QCD: Markum et al., Michael & Green, Negele et al., etc.

Still difficulties to distinguish clearly a genuine resonance from a
state in the discretised continuum
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Difficulties with multiquark calculations -2-

though techniques exist, which could perhaps be extended to
field theory,
for instance complex scaling,
here at work in a recent estimate of Ps− = (e+e−e−)
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Difficulties with multiquark calculations -2-

though techniques exist, which could perhaps be extended to
field theory,
for instance complex scaling,
here at work in a recent estimate of Ps− = (e+e−e−)

The bound state
and the genuine
resonance are
clearly singled out
from a bunch of
continuum states.
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To be compared with lattice calculations
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Further exotics

Four-quark mesons sometimes described as meson–meson
molecules
Bound by nuclear forces (Törnqvist, Swanson, Ericson & Karl,
Manohar, etc
Other states predicted in this approach, in particular bound
states of charmed baryons
For instance (ccq)− (ccq) (Riska & Julia-Diaz)
Unlike nuclear physics, no short-range repulsion to prevent
collapse of the two hadrons.
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Conclusion-1

Hadron family already rich, but many
states await discovery

High-energy accelerators can
contribute to confinement and flavour
physics
Some predictions are fragile and
controversial, others are more solid,
e.g. (QQq̄q̄)

Theoretical models can be improved
to better describe colour dynamics
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