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Baryonium
Duality

Duality invented to give consistency to the description of
hadronic reactions
s-channel resonances, e.g., N?, ∆, etc., in the case of πN
scattering
t-channel resonances, e.g., ρ, ρ′, etc.
Should be equivalent with complete summation (Veneziano
model)
Strong s channel⇒ strong t channel
Weak t channel⇒ strong t channel
Can be formulated at the hadron level
But becomes more convincing with quark diagrams
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Baryonium
Duality diagrams -1

π − π with I = 0 vs. I = 2
π − N
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Baryonium
Duality diagrams -2

Baryon–antibaryon (Rosner)
Prediction of baryonium, new meson preferentially coupled to
baryon–antibaryon channels
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Baryonium
Duality diagrams -3

See D.P. Roy’s review: baryonium–baryon scattering leads to
pentaquark!
Pandora box?
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Baryonium
Experiments

Pre-LEAR: peaks in pp̄ → γ + X , bumps in p̄ cross-section
(S(1932), etc.)
In particular, French et al., narrow peak at 2.9 GeV decaying into
another peak at 2.2 or 2.0 GeV,

LEAR: no confirmation
Post-LEAR Some enhancements in baryon–antibaryon from
charmonium, or B decay
Interpretation of pre-LEAR candidates

Nucleon–antinucleon molecules (Shapiro, Dover, . . . )
(q2q̄2) states (Veneziano, Jaffe, Chan et al., . . . )
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Baryonium
Quark model

Topological structure
b

v2

b

v1
b

v3

b

v4

b

s1
b

s2

With two junctions, this
meson contains an underlying coupling to baryon–antibaryon.
Explicit model: (qq)−−(q̄q̄) separated by an angular
momentum barrier that suppresses the rearrangement into two
mesons. By string breaking, decay into baryon antibaryon.
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Baryonium
Colour chemistry

More speculative: mock baryonium. If the diquark has colour 6
instead of 3̄, even the baryon–antibaryon decay is suppressed,
and the state might be very narrow even with high mass.
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Baryonium
Other applications

Ideas developed for baryonium applied to other configurations
(as a prediction or a warning)
Bound states of hidden-charm baryon–antibaryon pairs
Meso-baryons : (qq̄)8 −−(qqq)8

Demon-deuteron (qq)− (qq)− (qq), etc.
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Constituent models of baryonium

Sood et al.

Some postulated properties might get an explanation from
simple dynamics

Similar to (qq)− q structure of orbitally excited baryons.
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Tetraquarks
Early attempts

Forget baryon–antibaryon and stay in the meson sector.
Is there room for tetraquarks (qqq̄q̄) in the excitation spectrum?
Can we find stable (qqq̄q̄) states in some flavour sectors?

Tetraquarks vs. radial excitations.

Already for ψ′
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Tetraquarks
Further attempts

The same story was repeated for some higher resonances,
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Tetraquarks
Alternative explanation

Puzzling BR into DD, D?D + c.c., D?D? from the node structure,
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Tetraquarks
Same story again?

X (3872) was predicted as a D?D + c.c. molecule (Törnqvist,
Voloshin, Manohar and Wise, Ericson and Karl, . . . ) and further
described in this framework (see Swanson’s review for refs.)

This picture faces some difficulties. E.g.,
X → ψ(2S) + γ/X → ψ(1S) + γ

It also predicts other molecules, in D?D?

and in the charm = 2 sector.
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Tetraquarks
Tetraquarks with hidden beauty

Υ(10860) significantly broader than Υ(4S) = 10580
Γ = 110 MeV vs. 20 MeV
Thresholds BB = 10560, B?B = 10605 B?B? = 10650
Ali et al.: Tetraquark with maximal isospin violation, [bu]− [b̄ū]
and [bd ]− [b̄d̄ ] as mass eigenstates (charged partners??)
With predictions such as
Υ(10860)→ Υ(1S)K +K−/ . . .K 0K 0 = 4
Not endorsed by e.g., Bugg [1101.1659], who suggests a strong
coupling to B(?)B? channels
The model of Törnqvist, if extrapolated here, induces

a bound state in 0++ with about −50 MeV
a radial excitation very close to the threshold
an orbital excitation very close to it

a coherent (bb̄) – Tetraquark – molecule very likely
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Tetraquarks
Genuine exotics?

∃ tetraquarks that can not be confused with ordinary qq̄?
All charm? (Vary et al.)

To be confirmed (Vary, private communication)
In this chromelectric regime, with colour additive forces
(∝

∑
λ̃i .λ̃jv(rij )), the system is usually found unbound (see next

slides)
and unequal masses are required (QQ′q̄q̄′) (next to next slides)
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Equal masses
QED vs. QCD-1

(e+,e+,e−,e−) proposed by Wheeler in 1945
Found to be likely unstable by Ore in 1946

Demonstrated to be stable by the same Ore in 1947

Found in 2007
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Equal masses
QED vs. QCD-2

Why the Ps2 problem of QED and the additive (..)
∑
λ̃i .λ̃jv(rij )

pairwise quark model any different?
Little to do with Coulomb vs. linear
in H =

∑
pi/(2m) +

∑
gijv(rij ) ,

With
∑

gij fixed for both the threshold and the 4-body,
Due to charge conservation or colour singlet,
E = min(H) maximal is all gij equal,
E decreases if {gij} more asymmetric, i.e., if ∆g larger
Now, if you compare Ps2 and quark models: Ps2 favoured.

(abcd) v(r) gij ḡ ∆g
(1,3)+(2,4) −1/r , r {0, 0, 1, 0, 1, 0} 1/3 0.22

Ps2 −1/r {−1,−1, 1, 1, 1, 1, 1} 1/3 0.89
[(qq)3̄(q̄q̄)3] −1/r , r {1/2, 1/2, 1/4, 1/4, 1/4, 1/4} 1/3 0.01
[(qq)6(q̄q̄)6̄] −1/r , r {−1/4,−1/4, 5/8, 5/8, 5/8, 5/8} 1/3 0.17
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Tetraquarks with unequal masses

In a pure static interaction (spin-independent) m↗ means E ↘,
e.g., E ∝ 1/

√
m for HO and E ∝ −1/m for Coulomb, but in large

systems, the effect often benefits more the threshold than the
system, e.g., (p,e+, p̄,e−) in QED unstable while
(e+,e+,e−,e−) is stable,
For the same reason, in most models, (qqqQQQ) hardly bound,
as the lowest threshold, (qqq) + (QQQ) benefits maximally from
the large masses.
On the other hand, (QQq̄q̄) takes profit of the heavy–heavy
interaction that in absent in the threshold (Qq̄) + (Qq̄). It is
predicted to be stable by many authors, but was never
investigated experimentally.
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Improving the pairwise ansatz

The colour-additive model V ∝
∑
λ̃

(c)
i .λ̃

(c)
j v(rij )

used for mesons vs. baryons (Stanley and Robson, Lipkin, . . . )
exact in the quark–diquark limit

now routinely replaced by the Y -shape ansatz

as anticipated by Artru, Dosch, Merkuriev, Fabre de la Ripelle,
Kogut, Kuti, . . . , and now supported by lattice QCD,
But the change in baryon spectroscopy not very significant, as
compared to the additive model.
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Flip-flop and Steiner-tree for tetraquarks

Y shape ext. to tetraquarks as

b

v2

b

v1
b

v3

b

v4

b

s1
b

s2

But the dynamics is
dominated by

b

v2

b

v1
b

v3

b

v4

V taken as the minimum at
each point

Picture now supported by
lattice QCD and even
ADS/QCD, but anticipated
(Lenz et al., Carlson et al.)
More recent: dramatic
changes in tetraquark
spectroscopy (Vijande et al.)
If alone, binds most
configurations.
Hence promising future for
exp. tetraquark search,
especially in the heavy quark
sector.
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Steiner-tree confinement
Results

First estimate

Second estimate (Vijande et al.)

Stability of multiquarks in a simple string model
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A simple string model inspired by the strong-coupling regime of quantum chromodynamics is used as a
potential for studying the spectrum of multiquark systems with two quarks and two antiquarks, with a
careful treatment of the four-body problem. It is found that the ground state is stable, lying below the
threshold for dissociation into two isolated mesons.

DOI: 10.1103/PhysRevD.76.114013 PACS numbers: 12.39.Jh, 12.40.Yx

The question of the existence of multiquark systems is
almost as old as the concept of quarks, see, e.g., [1], in
particular, the paper by R. H. Dalitz therein. Since the early
days of hadron spectroscopy within the quark approach,
many studies have been devoted to multiquark states. Of
particular interest are hadrons with exotic quantum num-
bers that cannot be matched by any quark-antiquark (q !q) or
three-quark (qqq) configuration, and among them, the
states, if any, which are bound below the threshold for
dissociation into two ordinary hadrons and thus are narrow
and should show up clearly in the experimental spectrum.

The present contribution belongs to the class of con-
stituent quark models: an explicit set of rules is adopted to
mimic the interaction of quarks in quantum chromodynam-
ics (QCD) and, within this framework, the 2-body, 3-body,
and higher few-body problems are solved as accurately as
possible to examine whether quarks tend to split into small
(q !q) and (qqq) clusters or sometimes find it energetically
more favorable to form multiquark clusters. After a series
of estimates within the bag model (see, e.g., [2]), there
have been several attempts with potential models, using the
powerful few-body techniques developed in atomic and
nuclear physics.

Several dynamical ingredients have been identified
along the years as possible sources of multiquark binding.
The best known is probably chromomagnetism [3]: the
spin-color operator !i ! !j

~!i ! ~!j, which is encountered
in the spin-dependent part of one-gluon exchange gives
rise to remarkable coherence effects, and gives in some
multiquark clusters some attraction that is larger than in its
decay products. This mechanism was proposed, in particu-
lar, for the H dibaryon (uuddss) [4], tentatively below the
"" threshold, and for the 1987 version of the heavy
pentaquark (Q !q !q !q !q ) [5]. The chromomagnetic scenario
has, however, difficulties: the first optimistic predictions
carried out in the limit of exact flavor SU(3) symmetry, and

using short-range correlation coefficients borrowed from
ordinary hadrons, do not survive a more careful dynamical
treatment [6].

Another binding mechanism is based on the flavor in-
dependence of the confining interaction. In a given static
potential V"r1; . . .#, the asymmetric mass configurations
(QQ !q !q ) tend to be lower than the threshold 2"Q !q# if the
mass ratio is large enough [7]. This is the same favorable
breaking of symmetry which makes the hydrogen molecule
much more stable than the positronium molecule, in the
case where the potential is taken as the Coulomb interac-
tion (see, e.g., [8] for references).

Now, the determination of the critical mass ratio M=m at
which (QQ !q !q ) becomes stable, and the existence of other
multiquark systems depend crucially on questionable as-
sumptions on the multiquark potential. However successful
is a potential v"r# for the spectrum of quarkonium, its
extrapolation to baryons and multiquarks remains, indeed,
somewhat risky.

There are interesting attempts [9] to describe mesons
and baryons simultaneously with the potential energy of
the latter systems taken as

 V"r1; r2; r3# $
1

2
%v"r12# & v"r23# & v"r31#'; (1)

where rij is the relative distance between particles i and j.
It is tempting to extrapolate this potential as

 V"r1; . . .# $ ( 3

16

X
i<j

~!i:~!jv"rij#; (2)

to higher multiquark systems, and benefit from the few-
body techniques with pairwise potentials. This was the
basis of most multiquark calculations, so far. However,
the success of the ansatz (1) is probably accidental, since
there are many indications that if the quark-antiquark
confinement is linear, v"r# $ !r, the true confining inter-
action for three quarks in a baryon is more likely the so-
called Y-shape potential [10,11]

 Y"r1; r2; r3# $ !min
k
"rk1 & rk2 & rk3#; (3)
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This corresponds to the Born–Oppenheimer limit, without
antisymetrisation constraint.
Next step (in progress): coupled channel interaction, of which the
lowest eigenvalue is the minimal Steiner-tree.
Notice: without antisymetrisation (i.e., different quarks), the same
model binds several pentaquark and hexaquark (q6 or q3q̄3)
configurations.
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Configuration mixing

If model |a〉 has some interesting properties, and |b〉 some other
nice properties
not obvious that cosϑ |a〉+ sinϑ |b〉 , makes any sense.
Simple mixing schemes of close neighbours significantly depart
from serious coupled-channel calculations,
For instance, a (cc̄) admixture into a (cc̄qq̄) with JPC = 1++ is
not necessarily a radial excitation,
Hence is not convincingly a solution to the
X → γψ(2S)/X → γψ(1S) problem,
A simpler example is S − D mixing. At first, ψ(3686) = 2S and
ψ(3770) = 1D
If a tensor force is introduced in a pure potential picture, then
ψ(3770) acquires a nodeless S-wave component,
While most empirical pictures assume cosϑ |1D〉+ sinϑ |2S〉 ,
Now, the mixing is probably due also to coupling to
meson–meson channels, and the picture becomes even more
involved.
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Conclusions

Intense activity in the tetraquark sector,
Molecules bound with nuclear forces: if it works for X (3872),
other configurations predicted,
Diquark–antidiquark: clustering remains to be justified. Again,
other configurations expected (charged states, dibaryons, etc.)
Constituent models: The Steiner tree confinement gives more
attraction than the empirical colour-additive ansatz,
But its application to configurations with identical quarks remains
to be worked out,
Mixing requires a lot of care.
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