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The  LHCb observation  [1]  
was  further  supported  by  
another  two  articles  
by  the  same  group  [2,3]:

Why pentaquark
states?



The pentaquark as a compact five quark 
state

• Using  group  theory  
techniques  we  found  
that  the  compact  
pentaquark states  
belong  to  to  an  SU(3)  
flavour octet.  

• The  masses  of  the  octet  
pentaquark states  were  
calculated  by  means  of  
a  G�̈�rsey-Radicati mass  
formula  extension.

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



Strong decay widthsExample:

𝑃$% 4377 → 𝐽 ∕ 𝜓 + 𝑃 𝐽 𝜓⁄ field

𝑃$%	  field

Proton field

the momenta of the final 
states in the pentaquark
decays into 𝑱 ∕ 𝝍 + 𝑷 are 

fairly small compared 
with the nucleon mass 

[3].

Thus, the higher partial
wave terms proportional 
to 𝒑

𝑴𝑵

𝟐
and  𝒑

𝑴𝑵

𝟑
can 

be neglected

We can consider only 
the first term of the 

Effective Lagrangian

[3]  Q.  Wang,  X.  H.  Liu,  and  Q.  Zhao,  Phys.  Rev.  D  92,  034022  (2015).



Strong decay widths
Example:

𝑃$% 4377 → 𝐽 ∕ 𝜓 + 𝑃 𝐽 𝜓⁄ field

𝑃$%	  field

Proton field



Strong decay widths

Example:
𝑃$% 4377 → 𝐽 ∕ 𝜓 + 𝑃

The	  Pentaquarkmasses	  	  were	  predicted	  by	  the	  
GR	  mass	  formula	  extension,	  BUT	  	  what	  about	  
the	  coupling	  	  constant	  𝒈𝟏?

Observe that :
�̅�[𝑱∕𝝍 =

]^
_`a	  

,	  �̅�𝚺𝑱∕𝝍 =
]^
_`c	  

and �̅�𝚵𝑱∕𝝍 =
]^
_`e	  

so we only need to 
know 𝑔f to calculate the partial width for all the channels.



Since the pentaquark states 
have been observed in the 
𝑱 𝝍⁄ 𝑷 channel, it is natural to 

expect that they can be 
produced in 𝑱 𝝍⁄ 	  𝑷

photoproduction process.

Wang et al. [3] calculated the 
cross section of the 

pentaquark states in 𝑱 𝝍⁄ 𝑷	  
photoproduction and 

compared it with the available 
experimental data

The coupling between 𝑱 𝝍⁄ 𝑷	  
and the two pentaquark states 
is extracted by assuming that 

the decay width of each 
pentaquark state 𝑱 𝝍⁄ 𝑷	  	  	  is 5% 

of the total width

Strong decay widths

In  conclusion,   they  found  that  to  be  
consistent  also  with  the  available  
photoproduction data,  the  branching  ratio  
for  both  the  pentaquark states  needs  to  
be  	  𝐵𝑅 𝑃$% 4377 → 𝐽 ∕ 𝜓 + 𝑃 ≤ 0,05.

[3]  Q.  Wang,  X.  H.  Liu,  and  Q.  Zhao,  Phys.  Rev.  D  92,  034022  (2015).



Strong decay widths

In  conclusion,   they  found  that  to  be  
consistent  also  with  the  available  
photoproduction data,  the  branching  ratio  
for  both  the  pentaquark states  needs  to  
be  	  𝐵𝑅 𝑃$% 4377 → 𝐽 ∕ 𝜓 + 𝑃 ≤ 0,05.

Total width of the lightest 
pentaquark state → KNOWN FROM 
LHCb ANALYSIS (𝚪𝒕𝒐𝒕 = 205 MeV)

We used the upper limit found 
by Wang



Strong decay widths

Now we are able to 
calculate the partial 
width for each decay 
channel !



Coupled channel between the meson-
baryon states

u Near the thresholds, resonances are expected to have an exotic 
structure, like the hadronic molecules.

u The observed pentaquarks are found to be just below the 𝑫p∗	  𝜮𝒄
(𝑷𝒄%(𝟒𝟑𝟖𝟎)) and the 	  𝑫∗𝜮𝒄∗ (𝑷𝒄%(𝟒𝟒𝟓𝟎)) thresholds. Moreover, the 𝐷p∗	  Λ|
threshold is only 25 MeV below the  𝐷p	  Σ| threshold. For this reason, 
the 𝐷p	  Λ|	  , 𝐷p∗	  Λ| channels  are not irrelevant in the hidden-charm 
meson-baryon molecules.

In Phys.Rev. D96 (2017) no.1, 014018 E. Santopinto e Y. Yamaguchi
considered the coupled channel systems of 𝐷p	  Λ|	  , 𝐷p∗	  Λ|,𝐷p	  Σ|,𝐷pΣ|∗, 𝐷p∗	  Σ|
and 𝐷p∗Σ|∗ to predict the bound and the resonant states in the hidden-
charm sector. The binding interaction between the meson and the 
baryon is given by the One Meson Exchange Potential (OMEP).



Coupled channel between the meson-
baryon states 

u In particular the bound 
and resonant states  
with 𝑱𝑷 = 𝟑

𝟐

%
, 𝟑𝟐

~
, 𝟓𝟐

%
and 

𝟓
𝟐

~
with isospin 𝑰 = 𝟏

𝟐 are 
studied by solving the 
coupled channel     
Schr�̈�dinger equations.

u Free parameter of the 
model: the cut-off 
parameter 𝚲	  ;

u 𝚲 is fixed to reproduce 
the heaviest resonant 
state 𝑷𝒄%(𝟒𝟒𝟓𝟎)



Coupled channel between the meson-
baryon states

The masses and widths of the two observed 
pentaquark states; BE AWARE: the mass of the 
lightest one is a prediction, while the mass of the 
heaviest is fitted to fix the cut-off parameter 𝚲

results

Good agreement for the mass and quantum 
numbers of the lightest pentaquark𝑷𝒄%(𝟒𝟑𝟖𝟎)



u In the current problem of pentaquark 𝑷𝒄, there are two 
competing sets of channels: the meson-baryon (MB) channels 

and the five-quark  channels [1].

CAN A COUPLE CHANNEL BETWEEN 
THE MB CHANNELS AND THE CORE CONTRIBUTION 

DESCRIBE IN A  REALISTIC WAY THE PENTAQUARK STATES ?

Motivation

Our tentative to describe the pentaquark states:
Coupled channel between the meson-baryon 

states and the  five quark states [1] 

[1] Y. Yamaguchi, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, Phys. Rev. D 96  
114031 (2017) [hep-ph/1709.00819 ]



u hidden-charm pentaquarks as 𝑫p	  𝜦𝒄	  , 𝑫p∗	  𝜦𝒄,𝑫p	  𝜮𝒄, 𝑫p∗	  𝜮𝒄, 𝑫p𝜮𝒄∗ and  
	  𝑫p∗𝜮𝒄∗, molecules coupled to the five-quark states

u For the first time some predictions for the hidden  bottom  
pentaquarks as 𝑩p	  𝜦𝒃	  , 𝑩p∗	  𝜦𝒃,𝑩p	  𝜮𝒃,𝑩p ∗	  𝜮𝒃,𝑫p𝜮𝒃∗ and 𝑩p∗𝜮𝒃∗ molecules 
coupled to the five-quark states are provided.

u In particular, by solving the coupled channel Schr�̈�dinger 
equation, we study the the bound and resonant  hidden-charm 
and hidden-bottom pentaquark states for 𝑱𝑷 	  = 𝟏

𝟐

~
, 𝟑𝟐
~
, 𝟓𝟐

~
and 

isospin 𝑰 = 𝟏
𝟐	  .

Coupled channel between the meson-baryon 
states and the five quark states [1]

[1] Y. Yamaguchi, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, Phys. Rev. D 96  
114031 (2017) [hep-ph/1709.00819 ]



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.

proportional to the  
spectroscopic 
factors 𝑺𝒊𝜶: 

𝑽𝒊𝒋
𝟓𝒒 = −𝒇	  �𝑺𝒊𝜶𝑺𝒋𝜶	  𝒆~𝑨𝒙

𝟐

𝜶



𝑫p	  𝜦𝒄

𝑫p∗	  𝜦𝒄
𝑫p	  𝜮𝒄

𝑫p∗𝜮𝒄∗

𝑫p𝜮𝒄∗
𝑫p∗	  𝜮𝒄

The figure shows  the bound and resonant state energies of the hidden-
charm molecules (solid lines) with various coupling constants

Dot-dashed lines are 𝑫p	  𝜦𝒄	  and 𝑫p∗	  𝜦𝒄 threshold. Dashed lines are  the 𝑫p	  𝜮𝒄,
𝑫p∗	  𝜮𝒄, 𝑫p𝜮𝒄∗, 𝒂𝒏𝒅	  	  𝑫∗𝜮𝒄∗ thresholds.

hidden-charm sector results



𝑫p	  𝜦𝒄

𝑫p∗	  𝜦𝒄
𝑫p	  𝜮𝒄

𝑫p∗𝜮𝒄∗

𝑫p𝜮𝒄∗
𝑫p∗	  𝜮𝒄

You can see the dependence of the obtained energy spectra for  𝑱𝑷 = 𝟏
𝟐

~
, 𝟑𝟐
~

and 𝟓𝟐
~
on

the coupling constant of the model 𝒇𝒇𝟎. This coupling constant is a free parameter 
proportional to the coupling strength between the Meson-Baryon and the compact five-

quark channels. The filled circle in figures shows the starting point where the state is 
found.

The  lowest  threshold  𝑫p	  𝜦𝒄 is  at  𝟒𝟏𝟓𝟑,𝟒𝟔 MeV  and  the  state  whose  energy  is  lower  than  the  
threshold  is  a  bound  state

hidden-charm sector results



𝑫p	  𝜦𝒄

𝑫p∗	  𝜦𝒄
𝑫p	  𝜮𝒄

𝑫p∗𝜮𝒄∗

𝑫p𝜮𝒄∗
𝑫p∗	  𝜮𝒄

When the five-quark potential 
is turned-off, i.e. when 𝒇𝒇𝟎 = 𝟎, 
there are no resonant states 
and no bound states for any 

value of quantum numbers 𝑱𝑷

No  resonant  states  and  no  bound  states  for   𝒇𝒇𝟎 = 𝟎

In  the  hidden-charm  sector  the  OPEP  
alone  is  not  strong  enough  to  produce  
bound  and  resonant    𝑷𝒄 states.

hidden-charm sector results 



Dot-dashed lines are the 𝐵� 	  Λ� and  𝐵�∗	  Λ� thresholds. Dashed lines are the 𝐵� 	  Σ�,𝐵�Σ�∗ , 
𝐵�∗	  Σ� and 𝐵�∗Σ�∗ thresholds.

𝑩p	  𝜦𝑩
𝑩p∗	  𝜦𝑩

𝑩p	  𝜮𝑩
𝑩p𝜮𝑩∗
𝑩p∗	  𝜮𝑩
𝑩p∗𝜮𝑩∗

Many 𝑩p	  𝜦𝑩 and  𝑩p∗	  𝜦𝑩 bound states appear.

Some  𝑩p 	  𝜦𝑩 bound states are produced even without 
introducing the five-quark potential 𝒇

𝒇𝟎
= 𝟎 !

Switch to bottom sector 



Dot-dashed lines are the 𝐵� 	  Λ� and  𝐵�∗	  Λ� thresholds. Dashed lines are the 𝐵� 	  Σ�,𝐵�Σ�∗ , 
𝐵�∗	  Σ� and 𝐵�∗Σ�∗ thresholds.

𝑩p	  𝜦𝑩
𝑩p∗	  𝜦𝑩

𝑩p	  𝜮𝑩
𝑩p𝜮𝑩∗
𝑩p∗	  𝜮𝑩
𝑩p∗𝜮𝑩∗

Hot topic: first results for the hidden-bottom sector



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

Hot topic: first results for the hidden-bottom sector



Ø In  the  hidden  bottom  sectom,  the  kinetic  
energy  of  the  meson-baryon  system  is  

suppressed  with  respect  to  the  charm  sector  
due  to  the  higher  reduced  mass  of  the  

system.  

Why ?

Ø In  the  hidden-bottom  
sector,  the  OPEP  is  
strong  enough   to  

produce  states  due  to  
the  mixing  effect  

enhanced  by  the  small  
mass  splitting  between  

𝑩,𝑩∗ and 𝜮𝑩,𝜮𝑩∗

Why so more likely to find 
bound and resonant states 

in the bottom sector?



u As a result of our calculation we find that in 
the charm sector,one needs the five-quark 
potential in addition to the pion exchange 
potential in order to produce   bound and 

resonant states, whereas, in the bottom 
sector, the pion exchange interaction alone 

is strong enough to produce states.

it emerges that the hidden-bottom pentaquarks are more likely 
to form than their hidden-charm counterparts;

for this reason, we suggest that the experimentalists should look 
for pentaquark states in the bottom sector.

Conclusions



Thanks for your attention



Back up slides



u The BOUND AND RESONANT STATES are obtained by 
solving the coupled-channel Schr�̈�dinger equation with 

the One Pion Exchange and the five-quark potentials

This is a very hard task!  
Powerfull numerical method are needed in order to solve 

the coupled channel problem.

Numerical methods


