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Experiment: The first charmed “exotic” states (1974)

BNL

SLAC

M = 3.1 GeV

  0 MeV

M = 3.105 GeV

 < 1.3 MeV

SLAC

M = 3.695 GeV

 = 2.7 MeV
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New experimental challenges (2003)

Ds0
*(2317), JP=0+, <3.8 MeV

Ds1(2460), JP=1+,  < 3.5 MeV

X(3872)

<2.3 MeV
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XYZ mesons LHCb pentaquarks

Are all these resonances (if they really exist!) multiquark 

states and/or hadron-hadron molecules?

Predictions: An experimental challenge!!

………?

Back to 1974: A challenge for theory!!

WASA dibaryons

Baryonia

| Meson (B=0)  |qq , |qqqq

| Baryon (B=1)  |qqq , |qqqqq

|ccnn

|nnnnc
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Many speculations about the stability of  (Q1Q2Q3Q4): (cccc), (bbcc), (bccc), … 

• Extrapolation of quarkonium dynamics to higher configurations

• New color substructures: 3- or 4-body forces / Role of antisymmetry

All-heavy tetraquarks

Chromoelectric (CE) limit (Two-body forces and color as a global operator)

Limit of very heavy constituents: Neglect chromomagnetic terms  (mi mj)
-1



QED

QED
 (e+ e+ e- e-)  Ps2 positronium molecule, stable although with tiny binding

 (p p e- e-)  H2 hydrogen molecule, stable with a comfortable binding

 (M+ M+ m- m-) more stable than (m+ m+ m- m-). Stability depends critically on the masses involved

 But (M+ m+ M- m-) unstable if M/m  2.2

QCD
o (QQqq) stable for large M/m ratio

o (QQQQ) unstable in naive CE limit

o Delicate four-body problem

o Approximations, like diquarks or restricting the Hilbert space, artificially favor binding

J.-M.R., A.V., J.V., 

Phys. Rev. D 95, 054019 (2017) 
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J.V., A.V., J.-M.R., Phys. Rev. D 76, 114013 (2007), Phys. Rev. D 87, 034040 (2013) 

Improved chromoelectric model: Many-body confining forces

Flip-flop

Butterfly
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(M+ M+ m- m-)  QQqq

(M+ m+ M- m-)  QQqq

Bound

Unbound



Improved chromoelectric model: Many-body confining forces

A,D (adiabatic) bound !! BUT B,C (color+antisymmetry) unbound

A  String model with |T

B  String model with |T and |M

C  Pairwise with |T and |M

D  Adiabatic limit of C
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 (bbbb) and (cccc) are unstable in serious 4-body estimates in naive CE models. They

follow the trends of (++--) in QED, but less favorable due to the non-Abelian algebra of 

charges.

 (bcbc) might have some opportunities as compared to (bbbb) and (cccc)

(bc)(cb)  MM

BUT (bcbc)                                      there are two-different thresholds

(bb)(cc)   J

THUS it may present metastability below the MM threshold

 (bbcc) although more delicate: 

 Benefits from symmetry breaking

 There is a single threshold

 For non-identical quarks and antiquarks, string potentials offer good

opportunities

 (QQqq) favored in the CE limit due to the striking M/m dependence

All-heavy tetraquarks
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Similar findings: Baryonia (Q3q3) and dibaryons (Q3q3)
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Baryonia

Dibaryons

Bound

Unbound

Dibaryons (Q3q3)

Baryonia (Q3q3) 



J.V., A.V., J.-M.R., P.S., Phys. Rev. D 94, 034038 (2016)

Chromomagnetic term: Dibaryons (qqqq’QQ’)

Conflict between CE and CM

It goes against binding

Color + Antisymmetry

JP=0+

PANIC 2017 / J. Vijande 11/19



What about pentaquarks?: (QQqqq)

AL1

Not so Stable! Above D-wave threshold

and below S-wave one.

Stable! Below S- and D-wave thresholds
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Bound

Bound
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QnQn (Non exotic) QQnn (Exotic)

Compact

No states JP=1+

Phys. Rev. D 76, 094022 (2007) Phys. Rev. D 79, 074010 (2009)

Molecular 

(I)JPC=(0)1++  X(3872)

(I)JPC=(1)2++ (Exotic)

Phys. Rev. Lett. 103, 222001 (2009)

Phys. Rev. D 82, 054032 (2010)

Q  c

Summary of four-quark states: BCN and CQC

How the molecular QnQn states are formed in a quark model framework?
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Coupled channel effect  Hidden color vectors
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4.- Unravelling the pattern of the XYZ mesons
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There should not 

be a partner of the 

X(3872) in the 

bottom sector

There should be a 

JP=1+ bound state

in the exotic

bottom sector
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4.- Unravelling the pattern of the XYZ mesons

A quark-model mechanism for the XYZ mesons

(QnQn)

(QQ)(nn) (Qn)(nQ)

MQQ + Mnn  MQn + MnQ

(QQ)(nn)

(Qn)(nQ)

Central Spin-spin

(bnbn)

(bnbn)

L=0,S=1,C=+1,P=+1,I=0

L=0,S=1,C=+1,P=+1,I=1

(Qn)(nQ)
 aQn
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• In multiquark studies, both CE and CM effects have to be included, color may generate
conflicts between the preferred configurations.

• All-heavy tetraquarks are unstable in naive CE models.

• (QqQq) might have some opportunities of metastability below the MM threshold,
which is extremely important for the existence of the X(3872) in the charm sector.

• (QQqq) are definitively the best candidates for stable multiquark states due to the
striking M/m dependence in the CE limit. Besides, for non-identical quarks and
antiquarks, string potentials offer good opportunities.

• Hidden heavy flavor pentaquarks are predicted in the chromomagnetic limit due to
hidden-color components dynamics.

• Hidden flavor components (unquenching the quark model) offer a possible explanation
of new experimental data and old problems in the meson and baryon spectra. There is
not a proliferation of multiquarks, they are very rare.

• We have presented a plausible mechanism explaining the origin of the XYZ mesons:
based on coupled-channel effects.

• We do not find evidence for charged and bottom partners of the X(3872). To answer
this question is a keypoint to advance in the study of hadron spectroscopy.

Conclusions
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X axis

=E[(Qn)(nQ)] – E[(QQ)(nn)]

Y axis
EK=22[(QnQn)]/[E(M1)+E(M2)]

=0  E[(Qn)(nQ)] = E[(QQ)(nn)] : Degeneracy

>0  E[(Qn)(nQ)] > E[(QQ)(nn)] : Normal ordering

<0  E[(Qn)(nQ)] < E[(QQ)(nn)] : Reversed levels

Normal orderingReversed levels
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=1  E[(QnQn)] = [E(M1)+E(M2)] : Threshold

>1  E[(QnQn)] > [E(M1)+E(M2)] : Continuum state

<1  E[(QnQn)] < [E(M1)+E(M2)] : Bound state

Continuum state

Threshold

Bound state

L=0,S=1,C=+1,P=+1,I=0
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Chromomagnetic spin-orbit term:

Chromomagnetic spin-spin correction:

Chromoelectric central potential:
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Theory: Predictions
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Symmetry breaking

 QM  Min (p2 + x2 + lx) <  Min (p2 + x2)  Min (Heven + Hodd) < Min (Heven)

 Min (M+ M+ m- m-) < Min (m+ m+ m- m-),, 2m-1=M-1+m-1

 They have the same threshold

 Min (HC-even + HC-odd) < Min (HC-even)

 H2 is more stable tan Ps2

 Thus (M+ m+ M- m-) more stable than (m+ m+ m- m-) ???? 

 Symmetry breaking benefits more to (M+M-)+(m+m-)

 One may expect some kind of metastability below (M+m-)+(m+M-)

In short: (Un)favorable symmetry breaking can (spoil)generate stability

No!!

Breaking particle symmetry



Symmetry breaking

 Equal-mass case: Asymmetry in the potential energy

 Equal gij gives the highest energy

 The broader the distribution of gij gives the lower energy

 Ps2 favored compared to quark models

 Mixing effects do not help much

(abcd) V(rij) gij g g

Threshold

(1,3)+(2,4)
-1/rij, rij {0,0,1,0,1,0} 1/3 0.52

Ps2 -1/rij {-1,1,1,1,1,-1} 1/3 1.03

|T [(qq)3(qq)3] -1/rij, rij {1/2,1/2,1/4,1/41/4,1/4} 1/3 0.13

|M [(qq)6(qq)6] -1/rij, rij {-1/4,-1/4,5/8,5/8,5/8,5/8} 1/3 0.45


