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Hybrid and Pentaquark states



Why Hadron Spectroscopy:
laboratory for studying non pQCD & confinement. 
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Why hadron spectroscopy

Asymptotic 
freedom

High energy
Small distance

Perturbative

pQCD
Effective 
degrees 

of 
freedom 
(models)

Confinement
Low energy

Large distance

Non- PerturbativeTransition 

Mesons
&

Baryons

<< 0.1 fm > 1 fm0.1 – 1 fm

✴ Quantitative understanding of quark and gluon confinement

✴ Revealing the nature of the mass of the hadrons

✴ See the QCD degrees of freedom at work

✴ Validate lattice-QCD predictions



Hadron spectroscopy: lab. for QCD@ work

Bulk of mass of hadrons
Confinement
X,Y, Z, etc. new hadron states
• Finally to claim new physics also in other
sectors, a precise knowledge of non
perturbaDve QCD observables is necessary if
they are involved!



Quarks in Hadrons
Neutralize color

... the simple way

... or the “exotic” way

(flavor) exotic exotic of the II kind
JPC=0--,0+-,1-+,2+-...

The gluons and the meson spectrum



Gluonic excita,on models
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Gluonic excitation models

Flux tube model Normal meson:
flux tube in 
ground state

m=0
CP=(-1) S+1

Flux tube 
JPC 1-+ , 1+-

Hybrid meson:
flux tube in 

excited state
m=1

CP=(-1) S

• Gluonic field confined in a tube between q and anti-q
• Linear Regge trajectories
• Hybrid mesons as transverse oscillation of the tube
• Flux-tube breaking give rise to meson decay

Bag model
• Quarks confined inside a cavity
• Full relativistic
• Gluonic excitation: gluonic field modes by boundary conditions

Lightest multiplet
(0,1,2)-+,(0,1, 2)+-, 

1--, 1++

Lightest multiplet
(0,1,2)-+,1--

CQM + constituent gluon
• qq + massive transverse quasi-gluon (JgPgCg)
• Gluon adds in relative S-wave to a qq pair is S-wave or P-wave

Lightest multiplet
(0,1,2)++,1+-

qq in P-wave +
JgPgCg=1-- in S-wave

Lightest multiplet
0--,(1--)3,(2--)2,3--,0-+,0-+,1-+, 2-+

qq in S-wave +
JgPgCg=1+- in P-wave

• Repulsive 3-body force selects JgPgCg=1+- in relative P-wave added to a qq pair is S-wave or P-wave

qq in S-wave +
JgPgCg=1-- in S-wave

Lightest multiplet
(0,1,2)-+,1--

qq in P-wave +
JgPgCg=1+- in P-wave

Lightest multiplet
0+-,(1+-)3,(2+-)2,3+-, (0,1,2)++
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or in  Cb gauge QCD :
P.Guo,A.Szczepaniak,Galatà, Vasallo, E.S. ,PRD78,056003(2008)



Star%ng from the study of the glue-lamp
( lamp or ”grumo” of gluons or “ cons%tuent gluon”)
as obtained from QCD in physical gauge

it is easy to study the ccbar –gluon system, i.e. the
hybrids ( next two slides)

Gluelamp in Cb gauge QCD:
P.Guo,A.Szczepaniak,G.Galatà,A. Vassallo, E.S.,PRD78,056003(2008)



Gluon chain model
Ostrander,Szczpaniak,Vassallo,E.S,PRD2014

Flux tube and strings

Juge,Kuti,
MorningstarP x C = -1

P x C = +1

JPC=1+-

JPC=1--

Q̄

Q

flux tube
R→∞

R→0
glue-lump

“constituent gluons” “gluon chain”
Thursday, October 3, 13Gluelamp

Guo,Szczpaniak,Vassallo, E.S.,PRD2008



Charmonia (qq bar) & hybrids (qqg)

_c-cbar states (yellow) 
hybrids (gray-dashed) )  

Y(4260)

X(3872)

First exotic 1-+ (in agreement
with lattice predictions)

[14]:J. J. Dudek, R. G. 
Edwards, N. Mathur, and D. 
G.Richards,
Phys. Rev. D 77, 034501 

(2008).

Hybrids levels

_

● For J
g
=1 (lowest energy) we can have two gluelumps 

states: J
g

PC=1+-, 1-- 

● Coupling the gluelump with the quark-antiquark state with 
L

Q
=0 and S

Q
=0,1 we get

in the first case:         JPC=1--                   for  S
Q
=0

                                  JPC=0-+,1-+, 2-+        for S
Q
=1

in the second case:    JPC=1+-                   for  S
Q
=0

                                  JPC=0++,1++, 2++       for S
Q
=1 

the hybrid with exotic quantum numbers 1-+ appear in this 
lowest multiplet

The lightest hybrid supermulOplets

Guo,Szczepaniak, Galatà,Vassallo, E.S. , Phys.Rev.D78:056003,2008. 

c



Guo,Szczpaniak,Galatà,Vassallo, E.S.,PRD2008

The ligthest hybrid supermulDplet predicted (and explained)for charmonia by  QCD  in 
physical gauge , 1--(0,1,2)-+, it is predicted also for light quarks by LQCD
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An example of latticeQCD/models interpretation
Lightest and first-excited hybrid supermultiplet in charmonium spectrum

• Coulomb Gauge QCD predictions
• confirmed by LQCD calculations

2008

2012

20XX experimental confirmation - discovery ?



Nostro modello

•

• If, one the other hand, we place a cons4tuent
gluon as a Pwave gluonic field excita4on,  so that
Jg = 1+−, we appear to be able to successfully
describe both the lightest hybrid supermul4plet
of (0, 1, 2)−+, 1−− (by having qq ̄ in an S-wave) 
and the heavier exo4c states, 0+−, (2+−)2 (with 
qq ̄ in a P -wave). 

Y(4260)

BaBar (2005) CLEO(2006)

(2007) (2005)

M = 4252± 6+2
�3MeV

� = 105± 18+4
�6MeV

Theory: Hybrid candidate  

discovered by BaBar in J/ψ π+π- (2005) confirmed by CLEO,Belle other modes from BaBar
JPC=1-- (from e+e-)  width O(100MeV)



Pentaquark states



The LHCb observa.on [1] was 
further supported by another two 
ar.cles by the same group [2,3]:

Why pentaquark
states?



Pentaquarks as  compact five quark states,
E. S., A. Giachino, Phys. Rev. D 96 (2017), 014014

• The partial decay widths were 
calculated by means of an effective 
Lagrangian:



Hidden-charm pentaquarks as a meson-baryon molecule
with coupled channels for ¯D(*)Lc and ¯D(*)Sc
Y. Yamaguchi, E. S., Phys. Rev. D Phys.Rev. D96 (2017) no.1, 014018





Coupled channel between the 
meson-baryon states

results



Upgrade of the model:
Coupled channel between the 

meson-baryon states and the  five 
quark states 



Coupled channel between the meson-baryon states and 
the five quark states

Hidden-charm and bo/om meson-baryon molecules coupled with five-quark states,Y. Yamaguchi, A. Giachino,
A. Hosaka, E. S., S. Tacheuchi, M. Takizawa, Phys .Rev. D96 (2017) no.11, 114031



The meson-baryon channels describe the 
dynamics at long distances, while the five-
quark  part describes the dynamics at short 
distances (of the order of 1 fm or less).

The Model

Kinetic 
energy 
and OPEP 
of the 
Meson-
Baryon 
system Kinetic energy 

and harmonic
oscillator 
potential of 
the five quark 
states.



Results for the hidden-charm sector



An important and new 
result:

First results for 
the hidden-bo1om sector

We found that, unlike the charm-sector, in which the five 
quark poten:al is needed to produce bound states, in 
the bo<om sector the OPEP provides sufficiently strong 
a<rac:on to generate several bound and resonant 
states.



Moreover, many states appear, when the 5q poten3al is
switched on.

First Results for  the hidden-bo2om 
sector

the hidden-bottom pentaquarks are 
more likely to form  than the hidden-

charm pentaquarks

The hidden-bottom sector is an  
interesting environment to search 

for pentaquark states 



Ø In the hidden bottom sector, the 
kinetic energy of the meson-baryon 
system is suppressed with respect 

to the charm sector due to the 
higher  mass of the system. 

First results for the hidden-bo1om sector
Y. Yamaguchi, A. Giachino, A. Hosaka, E. S., S. Tacheuchi, M. Takizawa, Phys .Rev. D96 

(2017) no.11, 114031

Why bound and resonant 
states  are more likely to 
be found in the bottom 

sector?



• What does it happen if one consider a coupled 
channel

MB-core with a OMEP?

• So far in our analysis we have studied only the 
nega>ve parity states dominated by the s-wave 
configura>ons. For posi>ve parity states, we need 
p-wave excita>ons for both

meson-baryon and for 5q states. 

Thiese task require further technical developments 
which will be a future work.

Task for the future



Unquenching the quark  model
for   the MESONS & Why Unquenching?

Santopinto, Galatà, Ferretti,Vassallo
. 



UQM: Meson Self Energies & couple channels

● Hamiltonian:

● H0 act only in the bare meson space and it is chosen the Godfray and Isgur model

● V couples |A> to the continuum |BC>

● Dispersive equation

● from non-relativistic Schrödinger equation

● Bare energy Ea (H0 eigenvalue) satisfies:
● Ma = physical mass of meson A

● S(Ea) = self energy of meson A



UQM: Meson Self Energies -- UQM I

● Coupling Va,bc(q) in S(Ea) calculated as:
● Sum over a complete set of accesible  

● ground state (1S) mesons

● Coupling calculated in the 3P0 model

● Two possible diagrams contribute:

● Self energy in the UQM:



Godrey and Isgur model as bare mass
● Bare energies Ea calculated in the relativized G.I.Model  for mesons

● Hamiltonian:

● Confining potential:

● Hyperfine interaction:

● Spin-orb. :



UQM or couple channel Quark Model
● Parameters of the relativized QM fitted to

● Recursive fitting procedure

● Ma = calculated physical masses of q bar-q mesons → reproduce 
experimental spectrum [PDG]

● Intrinsic error of QM/UQM calculations: 30-50 MeV



UQM: charmonium with self-energy corr.
Ferre:, Galata' and Santopinto, Phys. Rev. C 88, 015207 (2013); arXiv: 1401.4431

● Parameters of the UQM (3P0 vertices)

●

●

● fitted to:



UQM: charmonium spectrum with self-energy   corr.
Ferre;, Galata' and Santopinto, Phys. Rev. C 88, 015207 (2013)

●

M [X(3872); UQM] = 3908 MeV



UQM: charmonium  with self-energy corr.
Ferre:, Galatà,  Santopinto, Phys. Rev. C 88, 015207 (2013)

● Experimental mass: 3871.68 ± 0.17 MeV [PDG]

● Several predictions for X(3872)'s mass. Here: c bar-c + continuum effects
●

● [1] Ferretti, Galata' and Santopinto, Phys. Rev. C 88, 015207 (2013); 

● [2] Eichten et al., Phys. Rev. D 69,( 2004)                                                               

● [3] Kalashnikova, Phys. Rev. D 72, 034010 (2005)                                                                             

● [4] Eichten et al., Phys. Rev. D 73, 014014 ( 2008 )

● [5] Pennington and Wilson, Phys. Rev. D 76, 077502 (2007)
●

●

● [1]

●

● [3]

●

●

[4]●

[5]

●

[3]

●

[2]



�Interpreta(on of the X(3872) as a charmonium state plus an extra 
component due to the coupling to the meson-meson con(nuum 

Ferre$,Galatà, Santopinto, Phys. Rev. C88 (2013) 1, 015207

● UCQM results used to study the problem of the X(3872) mass, 
meson with JPC = 1++, 23P1 quantum numbers

● Experimental mass: 3871.68 ± 0.17 MeV [PDG]
● X(3872) very close to D bar-D* decay threshold
● Possible importance of continuum coupling effects?
● Several interpretations:       pure c bar-c  
● D bar-D* molecule  
● tetraquark 
● c bar-c + continuum effects                                             

nessary to study strong and radiative decays to uderstand  the 
situation

https://inspirehep.net/record/1221537


Radia%ve decays

Ferre.,Galatà,Santopinto,Phys.Rev. D90 (2014) 5, 054010

[7] Swanson: molecular interpreta%on
[9] Oset: moleacular interpreta%on
[59]-[60] Faessler : molecular ;  ccbar +molecular

The Molecular model does not predict  radia%ve decays into Y(3770) and 
Y2(13D2)-à Possible way to dis%nguish between the two interpreta%ons



Bo#omonium spectrum
(in couple channel calcula3ons) 

Ferre6, Santopin3o, Phys.Rev. D90, 094022 (2014)

● Parameters of the UQM (3P0 vertices)

●

●

● Pair-creation strength g0 fitted to:



Bo#omonium  Strong Decays
Ferre4, Santopinto, Phys.Rev. D90  094022 (2014) 

:



Bo#omonium spectrum ( in couple channel calcula2ons)
a)

; Ferre6, Santopin2o, Phys.Rev. D90, 094022 (2014)

● Results:



Bo#omonium 
Ferre,, Santopin2o, Phys.Rev. D90 (2014) 9, 094022 

● Results:



Couple Channels correc.ons to Bo1omonium ,
the  cb(3P) system

Ferre<, Santopin.o, Phys.Rev. D90 (2014) 9, 094022 : 1306.2874

● Results used to study some properties of the cb(3P) system, 
meson multiplet with N=3, L=1 quantum numbers

● cb(3P) states close to first open bottom decay thresholds

● Possible importance of continuum coupling effects?

● Pure c bar-c  and c bar-c + continuum effects interpretations
● Necessary to study decays (strong, e.m., hadronic, ...) to confirm one interpretation

●



Couple Channels correc.ons to Bo1omonium ,
the  cb(3P) system

Ferre<, Santopin.o, Phys.Rev. D90 (2014) 9, 094022 

● Some experimental results for the mass barycenter of the 
system:

● M[cb(3P)] = 10.530 ± 0.005 (stat.) ± 0.009 (syst.) GeV

● Aad et al. [ATLAS Coll.], Phys. Rev. Lett. 108, 152001 (2012)

● M[cb(3P)] = 10.551 ± 0.014 (stat.) ± 0.017 (syst.) GeV

● Abazov et al. [D0 Coll.], Phys. Rev. D 86, 031103 (2012)       

● Mass barycenter in the UQM:
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