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History: The Z baryons

KN resonances?, analogues

of the K̄ N ones.

For years reviewed in PDG.

Last time in 1992

The Z -baryon section has

now disappeared.
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Baryonium, glueballs, . . .

70s and early 80s

Peaks in the p̄p cross-sections and in p̄p → γ + X

New mesons preferentially coupled to baryon + antibaryon, as

predicted by Rosner et al.

Already two schools

Molecular or “quasi-nuclear” Shapiro et al., Dover et al., . . . N̄N

Multiquarks: Veneziano et al., Jaffe, Chan H.M. et al., . . .

(qq)− (q̄q̄)

Colour chemistry diquark with colour 6 also introduced

And many variants, including (q̄qqqq) (DeSwart et al., Sorba et

al.)

Baryonium was not confirmed at LEAR (CERN) in the 80s.
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Baryonium, glueballs, . . .

Many other episodes, either theoretical or experimental

(qqq̄q̄) picture of scalar mesons,

Hybrids (qq̄g) or (qqqg)

Glueballs

For instance
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Light dibaryons

Several claims at Saclay, Dubna, . . .

Famous proposal by Jaffe in 1977, based on the coherence

properties of
∑

λ̃i .λ̃j σi .σj applied to (uuddss)
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Light Pentaquarks

Many papers on this pentaquark, with this conclusion in PDG
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Singly heavy Pentaquarks

1987: prediction of (c̄uuds)
plus SU(3)f analogues with ddus and ssud
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The 1987-vintage pentaquark: Search at Fermilab

Aitala et al. searched for P0
c = (c̄suud) → K ∗,0K−p and φπ−p. Not

conclusive.

A fraction of this collaboration was interested in doing some search at

CERN or at some hadron factories, but this was never approved as a

priority.
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The 1987-vintage pentaquark: Search at Hera
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Combining heavy and light quarks or antiquarks

Exotics with a mixing of light and heavy quarks: Rather old idea
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The XYZ states: Theory predictions-1

Anticipated before the discovery of X (3872) and other analogous

states

Iwasaki, Rosenzweig,Bander, Voloshin, DeRujúla et al., Minami

etc.

To “explain” some properties of the higher 1−− states

Eventually attributed to the nodes of the radial excitations (Le

Yaouanc et al., Eichten et al., . . . )
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The XYZ states: Theory predictions-2

New wave of papers on D(∗)D̄(∗) molecules: Ericson and Karl,

Manohar and Wise, etc., and, especially, Törnqvist,

So the discovery of the X (3872) at Belle great as a success of

this approach,

Though there is now a tendency to describe X as a mixture of

quarkonium and meson-meson
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X ,Y ,Z : discovery

confirmed in many other experiments
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X ,Y ,Z : summary

From Braaten et al.
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LHCb pentaquarks: Dalitz plot and mass spectrum

Λb → J/ψ p K−

Preferred assignment:

JP = (3/2)− for Pcc̄(4380)+

JP = (5/2)+ for Pcc̄(4450)+

See, e.g., Burns, for a review and useful remarks.

In particular, the second one requires some internal orbital excitation!
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LHCb pentaquarks: Analysis

The data are analysed as

Λb → J/ψ + (K−p)

(K−p) = Λ,Λ∗,Λ∗∗, . . .

this fitting the background, and then peaks are added in the (J/ψ, p)
subsystem.

In summary, the favoured results are

P, mass 4380 ± 8 ± 29 MeV, width 205 ± 18 ± 36 MeV and

JPC = (3/2)−

P∗, mass 4449.8 ± 1.7 ± 2.5 MeV, width 39 ± 5 ± 19 MeV and

JPC = (5/2)+
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LHCb pentaquarks: Production mechanism
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Molecular model

X (3872) = DD̄∗ + c.c.

Tends to favour I = 0 states of X ,Y ,Z , but does not exclude a few

I = 1.

As in the study of mesons in early bootstrap theory (Ball, Scotti,

Wong, 1966)

Similarly

Pc = D̄(∗) +Σ
(∗)
c + · · ·

P∗

c = χ1 + p
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Diquark model

P = {c̄ (cq) (qq)}

in line with the previous model

X ,Y ,Z = {(cq) (c̄q̄)}

Efficient, but rather ad-hoc, especially in the treatment of the

spin-dependent interaction.

Note that the problem of the quark-diquark structure of baryons has

not been clearly solved.
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Constituent quark models: Brief review

First developed by Dalitz et al., in & 1964 to explain the baryon

states

Continuation by Isgur, Karl, etc.

Renewal of interest in 1974 for charmonium and 1977 for

bottomonium

Legitimated by lattice QCD using static heavy quarks

Applied to multiquarks ± rigorously

The simplest version of the constituent quark model uses effective

quark masses and empirical potentials, and reads

H =
∑

i

p2
i

2 mi

−
3

16

∑

i<j

λ̃i .λ̃jvc(rij)−
3

16

∑

λ̃i .λ̃j σi .σj

vss(rij)

mi mj

i.e., kinetic, electric and magnetic parts.

For instance, the intrinsic Hamiltonian of the ηc is

h =
p2

mc
+ vc(r)−

3

m2
c

vss(r)
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Chromomagnetism and multiquarks

Jaffe (1977) studied (uuddss) with

H̃ =
∑

i

m̃i − C
∑

i<j

λ̃i .λ̃j σi .σj

SU(3)f symmetry

Same short-range correlation C as for baryons,

the colour-spin algebra reveals a good surprise,

δM = −8C for N, Λ, Ξ, . . .

Thus δM = −16 C for the degenerate thresholds NΞ, ΛΛ

And δM = −24 C for (uuddss), i.e., 150 MeV below threshold

But removing the approximations (Oka, Yazaki, Rosner, Karl et

al., . . . ) reduces the attraction and eventually spoils the binding
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Chromomagnetism and multiquarks

Same exercise repeated in 1987

for P = (Q̄uuds) (or ddus or ssud)

Same assumptions: SU(3)f , C borrowed from baryons

and mQ → ∞ in the chromomagnetic operator

δM = −16 C vs. δM = −8 C for (Q̄q) + (qqq)

Again, any correction reduces the binding

Silvestre-Brac and Leandri (Grenoble) and Yuan et al. (China)

extended the estimate to other configurations, including (c̄cqqq),
and found interesting candidates, especially for JP = (1/2)−

Not followed by a more detailed 5-body calculation
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Chromomagnetism and multiquarks: X (3872)

Høgaasen et al. have analysed X (3872) using

H̃ =
∑

i

m̃i −
∑

i<j

Cij λ̃i .λ̃j σi .σj

with the Cij deduced from ordinary hadrons,

e.g., Cc̄q from D∗ − D.

Good surprise that one state, with JPC = 1++ has almost exactly

the mass and the properties of X (3872), in particular, in its

(cc̄)− (qq̄) projection, is pure octet-octet and vector-vector.

Hence the decay

X → charmonium + light meson

is suppressed.

The model predicts an I = 1 partner slightly above, with

JPC = 1++, unlike the X (3900)± seen at BESIII, Belle, and

CLEO.

(Preliminary) the conclusions are supported by a more detailed

4-body calculation

See, also, Stancu et al. JMR Pentaquark
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Chromoelectricity and multiquarks

H =
∑

i

p2
i

2 mi

−
3

16

∑

i<j

λ̃i .λ̃jvc(rij)

does not bind (qqq̄q̄) with equal masses

binds (QQq̄q̄) if M/m large enough

the result is confirmed in QCD sum rule (Nielsen et al.), lattice

QCD (Michael et al;, Bicudo et al., etc.) and in the molecular

approach (Manohar et al, . . . )

same favourable symmetry breaking that benefits to H2(ppe−e−)
as compared to Ps2(e

+e+e−e−)

hence the spin-independent quark model can produce stable

multiquarks in extreme circumstances
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Combining chromo- and chromo-magnetic effects

For instance, Rosina et al., Yasui et al. (ccūd̄) with JP = 1+ has

favourable chromoelectric binding and favourable

chromomagnetic interaction as compared to D + D∗

this requires an accurate solution of the 4-body problem, or

5-body for Pentaquark

a method is based on correlated Gaussians

Ψ =
∑

cs

∑

i

γi,cs



exp(−
∑

j<k

ajk r2
jk )± · · ·





where · · · means terms deduced by permutation

For given {ajk}, variational energy E and coefficients γi given by

a generalised eigenvalue equation

Non linear parameters {ajk} deduced by astute methods

(Kamimura et al., Suzuki et al., . . . )
∑

cs spin-colour states, ≥ 15 for pentaquark with spin 1/2
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Preliminary results on LHCb pentaquarks

Hidden charm (c̄cuud)

JP = (5/2)− Unbound

JP = (3/2)− Unbound, possibility of resonance

JP = (1/2)− At the edge of binding

Naked anticharm (c̄suud) at the edge of binding

Technical improvements: include explicitly ΨA ΨB ϕ(rAB if (A,B) is

the lowest threshold

Improvements of the dynamics: relativity, spin-orbit and tensor

forces, three-body and higher n-body forces
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Outlook: The Pandora box syndrome

The constituent quark model suggests very few bound states,

and its resonances are usually broad

It involves intricate few-body calculations

The molecular model is very appealing, with its analogy with

nuclear physics, but it predicts many many states.

For instance, Riska and Julia-Diaz have a whole periodic table of

double-charm nuclei.

If X (3872) = DD̄∗ at the edge of binding,

DDD̄∗ should exist and perhaps develop Efimov recurrences
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Outlook: The Pandora box syndrome

The diquark model was rediscovered for explaining the light

pentaquark, and re-rediscovered for the X ,Y ,Z mesons.

It is at last realised that if it leads to pentaquarks, it also lead to

dibaryons, etc.
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Outlook:Some other states to look at

At least isospin partners,

At least alternative production modes

Also strange partners, and hidden-beauty partners

Naked anticharm pentaquark

Double-charm mesons

Involving different triggers!
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Outlook: Production mechanism

Λb → J/ψπ−p

b c
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ū

u

u

u

d

d

b c
W−

c̄

d

u

u
u

ū
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Outlook: Heavy dibaryons

Dibaryons (QQ′qqqq) tentatively combine

The chromoelectric interaction QQ′

The chromomagnetic interaction in qqqq (triplet of SU(3)f ) as in the

1987-vintage pentaquark

while the thresholds such as (QQq) + (qqq) and (Qqq) + (Qqq)
get only one effect.

If its works, it means that one has many discoveries awaiting in
the double charm sector

double -charm baryons

double -charm mesons

double -charm dibaryons

Thanks to my collaborators on this ongoing work on pentaquarks
and dibaryons

A. Valcarce (Salamanca), J. Vijande (Valencia)

E. Hiyama, M. Oka (Japan)

P. Sorba (Annecy)
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