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Outline of the talk	

	


§   The  hCQM 	


§  Int q Diq M 	


§   The helicity amplitudes 	


§   The elastic e.m. form factors of the nucleon 	


§  Strong decays  	


§  The Unquenched Quark Model ( higher Fock 

components in a systematic way )	




The	  Model	  	  	  	  
(hCQM)	  

	  
hypercentral	  ConsHtuent	  Quark	  Model	  	  	  



different	  CQMs	  for	  bayons	  

Kin. Energy SU(6) inv SU(6) viol date

Isgur-Karl non rel h.o. + shift OGE 1978-9

Capstick-Isgur rel string + coul-like OGE 1986

U(7)  B.I.L. rel M^2 vibr+L Guersey-R 1994

Hyp.   O(6) non rel/rel hyp.coul+linear OGE 1995

Glozman Riska non rel/relPlessas h.o./linear GBE 1996

Bonn rel linear 3-body instanton 2001



Hypercentral	  ConsHtuent	  Quark	  Model	  
hCQM	  

free	  parameters	  fixed	  from	  the	  spectrum	  

PredicHons	  for:	  
	   	  photocouplings	  
	   	  transiHon	  form	  factors	  

	  	  	  	  	  	  	  	  	  	  	  elasHc	  from	  factors	  
	   	  	  ……..	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  describe	  data	  (if	  possible)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  understand	  what	  is	  missing	  

Comment	

The description of the spectrum is the first task of a model builder	




LQCD (De Rújula, Georgi, Glashow, 1975)	

	

 the quark interaction contains	

	
a long range spin-independent term	


          a short range spin dependent term	


Spin-independence         SU(6) configurations	




SU(6) configurations for three quark states 

6 X 6 X 6 = 20 + 70 + 70 + 56 
                    A      M    M      S 

Notation 
(d, Lπ) 

d = dim of SU(6) irrep 
L = total orbital angular momentum 
π = parity 



Hyperspherical	  harmonics	  

Hasenfratz	  et	  al.	  1980:	  	  	  	  	  	  	  
	  Σ V(ri,rj)	  	  	  is	  approximately	  hypercentral	  	  

γ	  =	  2n	  +	  lρ	  +	  lλ	  	  

One can introduce the hyperspherical coordinates, which are obtained by
substituting ⌅ = |�⌅| and ⇥ = |�⇥| with the hyperradius, x, and the hyperangle,
⇤, defined respectively by

x =
⇥

�⌅2 + �⇥2 , ⇤ = arctg(
⌅

⇥
). (2)

Using these coordinates, the kinetic term in the three-body Schrödinger equation
can be rewritten as [?]

� 1
2m

(�⌅ + �⇥) = � 1
2m

(
�2

�x2
+

5
x

�

�x
� L2(⇥⌅,⇥⇥, ⇤)

x2
) . (3)

where L2(⇥⌅,⇥⇥, ⇤) is the six-dimensional generalization of the squared angular
momentum operator. Its eigenfunctions are the well known hyperspherical har-
monics [?] Y[�]l⇥l�(⇥⌅,⇥⇥, ⇤) having eigenvalues �(� + 4), with � = 2n + l⌅ + l⇥
(n is a non negative integer); they can be expressed as products of standard
spherical harmonics and Jacobi polynomials.

In the hypercentral Constituent Quark Model (hCQM) [1], the quark inter-
action is assumed to depend on the hyperradius x only V = V3q(x). It has been
observed many years ago that a two-body quark-quark potential leads to matrix
elements in the baryon space quite similar to those of a hypercentral potential
[?]. On the other hand, a two body potential, treated in the hypercentral ap-
proximation [12], that is averaged over angles and hyperangle, is transformed
into a potential which depends on x only; in particular, a power-like two-body
potential

�
i<j (rij)n in the hypercentral approximation is given by a term pro-

portional to xn. The hypercentral approximation has been shown to be valid,
since it provides a good description of baryon dynamics, specially for the lower
states [12].

The hyperradius x is a function of the coordinates of all the three quarks
and then V3q(x) has also a three-body character. There are many reasons sup-
porting the idea of considering three-body interactions. First of all, three-body
mechanisms are certainly generated by the fundamental multi-gluon vertices
predicted by QCD, their explicit treatment is however not possible with the
present theoretical approaches and the presence of three-body mechanisms in
quark dynamics can be simply viewed as ”QCD-inspired”. Furthermore, flux
tube models, which have been proposed as a QCD-based description of quark in-
teractions [], lead to Y-shaped three-quark configurations, besides the standard
��like two-body ones. A three-body confinement potential has been shown to
arise also if the quark dynamics is treated within a bag model [?]. Finally, it
should be reminded that threee-body forces have been considered also in the
calculations by ref. [?] and in the relativized version of the Isgur-Karl model
[7].

For a hypercentral potential the three-quark wave function is factorized

⇧3q(�⌅,�⇥) = ⇧⇤�(x) Y[�]l⇥l�(⇥⌅,⇥⇥, ⇤) (4)

2

hyperradius	  

hyperangle	  



Hypercentral	  Model	  	  

V(x)	  =	  -‐τ/x	  +	  α	  x	  

Hypercentral	  approximaHon	  of	  

Phys.	  LeZ.	  B,	  1995	  



Carlson	  et	  al,	  1983	  
CapsHck-‐Isgur	  1986	  
hCQM	  1995	  



x =  	
  ρ2  +  λ2	


hyperradius	




Results  (predictions) 
with the Hypercentral Constituent 

Quark Model 

for 

q   Helicity amplitudes 

q  Elastic nucleon form factors 



The	  helicity	  amplitudes	  
	  



HELICITY	  	  AMPLITUDES	  
	  

Extracted	  from	  electroproducHon	  of	  mesons	  

N N	  

γ	
 π	  
N*	  

A1/2	  A3/2	  S1/2	  	  



Definition	

	

	
A1/2 = < N* Jz = 1/2 |  HT

em | N Jz = -1/2 >             §	

     A3/2 = < N* Jz = 3/2 | HT

em | N Jz =  1/2 >              §	

      S1/2 = < N* Jz = 1/2 | HL

em | N Jz =  1/2 > 	

	

	
 	
 	
 N, N* nucleon and resonance as 3q states	


              HT
em Hl

em   model transition operator	

	

§  results for the negative parity resonances:   	

      M. Aiello, M.G., E. Santopinto J. Phys. G24, 753 (1998)	

	

Systematic predictions for transverse and longitudinal amplitudes	

    E. Santopinto et al. , Phys. Rev. C86, 065202 (2012)	

	


Proton and neutron electro-excitation to 14 resonances	
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N(1520) 3/2- transition amplitudes	


E. Santopinto, M. Giannini.	

Phys. Rev. C86, 	

065202 (2012)	

	  



The	  nucleon	  elasHc	  	  
form	  factors	  	  

	  



- elastic scattering of polarized      	

	
electrons on polarized protons	


-  measurement of polarizations   	

	
asymmetry gives directly the 	
ratio  

Gp
E/Gp

M	


-  discrepancy with Rosenbluth data (?)	


-  linear and strong decrease	


-  pointing towards a zero (!)	

	

- latest data   seem to confirm 	
 	


	
the behaviour	




RELATIVITY	  

Various	  levels	  

• 	   	  relaHvisHc	  kineHc	  energy	  

• 	   	  Lorentz	  boosts	  

• 	   	  RelaHvisHc	  dynamics	  

• 	   	  quark-‐anHquark	  pair	  effects	  (meson	  cloud)	  

• 	   	  relaHvisHc	  equaHons	  (BS,	  DS)	  



Point Form Relativistic Dynamics	


Point Form is one of the Relativistic Hamiltonian Dynamics	

                   for a fixed number of particles    (Dirac)	

	

Construction of a representation of the Poincaré generators	

     	
Pµ (tetramomentum), Jk (angular momenta), Ki (boosts)	

 	
obeying the Poincaré group commutation relations	

    in particular             	

                                           [Pk , Ki ] = i δkj H	


Three forms:	

	
Light (LF), Instant (IF), Point (PF)	


Differ in the number and type of (interaction) free generators	




Point form:         Pµ interaction dependent	

                            Jk  and Ki      free	


Composition of angular momentum states as in the 
non relativistic case 	


M = M0 + MI	
Mass operator	


M0 = Σi	
 pi
2 + m2

	
   Σi pi = 0	


Pi undergo the same Wigner rotation -> M0 is invariant	

Similar reasoning for the hyperradius	  

The eigenstates of the relativistic hCQM are interpreted as	

eigenstates of the mass operator M	


Moving three-quark states are obtained through 	

(interaction free) Lorentz boosts   (velocity states)	




GE
p	


GE
n	
 GM

n	


GM
p	


Calculated values!	

• Boosts to initial and final states	

• Expansion of current to any order	


• Conserved current	


De	  SancHs,	  Giannini,	  Santopintoi,	  Vassallo	  Phys.	  Rev.	  C76,	  062201	  (2007)	  



Ricco	  ,,et	  al.,	  PR	  D67,	  094004	  (2003)	  

RaHo	  between	  	  
proton	  Nachtmann	  moments	  &	  

CQ	  distribuHon	  

n	  =	  2	  

(approximate)	  scaling	  funcHon	  	  	  	  	  	  	  	  	  	  	  	  square	  of	  CQ	  	  ff	  

InelasHc	  proton	  scaZering	  	  	  	  	  as	  elasHc	  scaZering	  on	  CQ	  

Bloom-‐Gilman	  duality	  

F(Q2)	  =	  1/(1+	  1/6	  rCQ
2	  Q2)	   rCQ	  ≅	  0.2-‐:0.4	  fm	  

Further	  support	  2	  



With	  quark	  form	  factors	  	  

De	  SancHs,	  Giannini,	  Santopinto,	  Vassallo	  Phys.	  Rev.	  C76,	  062201	  (2007)	  



De	  SancHs,	  Giannini,	  Santopinto,	  Vassallo	  Phys.	  Rev.	  C76,	  062201	  (2007)	  
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Y.B. Dong, M.Giannini., E. Santopinto,	

A.  Vassallo, 	

Few-Body Syst. 55	  (2014)	  873-‐876	  	


Relativistic hCQM	

In Point Form	
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	  please	  note	  

•  the	  medium	  Q2	  behaviour	  is	  fairly	  well	  reproduced	  
•  there	  is	  lack	  of	  strength	  at	  low	  Q2	  (outer	  region)	  in	  the	  e.m.	  

transiHons	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

•  emerging	  picture:	  	  
	  	  	  	  	  	  	  quark	  core	  	  	  	  	  	  	  	  plus	  	  	  (meson	  or	  sea-‐quark)	  	  cloud	  

Quark core	
Meson	  cloud	  



The	  InteracHng	  Quark	  Diquark	  Model	  	  
	  



§ 	  Diquark	  
• 	  Two	  correlated	  quarks	  in	  S	  wave:symm.	  
	  
• Baryon	  in	  1c	  color	  representazion	  à	  diquark	  in	  bar-‐3c	  	  	  	  	  (A)	  

• 	  Diquark	  WF:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ΨD	  (spin-‐flavor)	  	  	  symmetric	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  à	  15	  (A)	  repr.	  not	  present	  

• 	  SU(6)sf	  representa[ons	  for	  baryons	  

	  
	  
	  
	  

• 	  Problem	  of	  missing	  resonances	  

Interac[ng	  qD	  model	  	  
E.	  Santopinto,	  PRC72,	  022201	  (2005)	  
I	  part:Construc[on	  of	  the	  states	  



§ 	  21	  SU(6)sf	  representa[on	  
§ 	  Decomposed	  in	  SU(2)s	  x	  SU(3)f	  
§ 	  [bar-‐3,0]	  &	  [6,1]	  representa[ons.	  Nota[on:	  [flavor,spin]	  

• 	  “Good”	  &	  “bad”	  diquarks	  

• 	  According	  to	  OGE-‐calcula[ons,	  [bar-‐3,0]	  is	  energe[cally	  favored	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [Wilczek,	  Jaffe]	  
• 	  [bar-‐3,0]:	  good	  (scalar)	  diquark	  
• 	  [6,1]:	  bad	  (axial-‐vector)	  diquark	  

Scalar	  &	  axial-‐vector	  diquarks	  



Evidences	  of	  diquark	  correlaHons	  

34	  

• Regge behavior of hadrons 
Baryons arranged in rotational Regge trajectories (J=α+α’M2) with the same 
slope of the mesonic ones. 
∆I = ½ rule in weak nonleptonic decays 

Neubert and Stech, Phys. Lett. B 231 (1989) 477; Phys. Rev. D 44 (1991) 775 
Regularities in parton distribution functions and in spin- 
dependent structure functions 
Close and Thomas, Phys. Lett. B 212 (1988) 227 
Regularities in Λ(1116) and Λ(1520) fragmentation functions 

Jaffe, Phys. Rept. 409 (2005) 1 [Nucl. Phys. Proc. Suppl. 142 (2005) 343] 
Wilczek, hep-ph/0409168 
Any interaction that binds π and ρ mesons in the rainbow-ladder 

approximation of the DSE will produce diquarks 
Cahill, Roberts and Praschifka, Phys. Rev. D 36 (1987) 2804 
Indications of diquark confinement 

Bender, Roberts and Von Smekal, Phys. Lett. B 380 (1996) 7 

• 

• 

• 

• 

• 



§ 	  Hamiltonian	  

	  
§ 	  Non-‐rel.	  Kine[c	  energy	  +	  Coulomb	  +	  linear	  confining	  terms	  
§ 	  Splilng	  between	  scalar	  &	  axial-‐vector	  diquarks	  
§ 	  Exchange	  poten[al	  
§ 	  	  

	  the	  Interac[ng	  qD	  model	  
E.	  Santopinto,	  PRC72,	  022201	  (2005)	  
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§ 	  Rela[vis[c	  extension	  of	  the	  previous	  model	  (point-‐form	  formalism).	  
	  

§ 	  Numerical	  solu[on	  with	  varia[onal	  program	  
§ 	  Parameters	  fimed	  to	  nonstrange	  baryon	  spectrum	  

Rel.	  Interac[ng	  qD	  model	  
J.	  Ferrel,	  	  E.	  Santopinto	  &	  A.	  Vassallo,	  PRC83,	  065204	  (2011)	  



Rel.	  Interac[ng	  qD	  model	  
J.	  Ferrel,	  	  E.	  Santopinto	  &	  A.	  Vassallo,	  PRC83,	  065204	  (2011)	  



0	  missing	  resonances	  	  
below	  2	  GeV	  

Model	  Parameters	  



§ 	  Model	  
§ 	  Model	  extended	  to	  	  the	  strange	  sector	  
§ 	  Mass	  operator	  

	  
§ 	  Gursey-‐Radica[	  inspired	  exchange	  interac[on	  	  
§ 	  Parameters	  fimed	  to	  strange	  baryon	  spectrum	  

Rel.	  Interac[ng	  qD	  model	  –	  strange	  B.	  
E.	  Santopinto	  &	  J.	  Ferrel,	  Phys.Rev.	  C92	  (2015)	  ,	  025202	  	  



§ 	  Parameters	  
	  

Rel.	  Interac[ng	  qD	  model	  –	  strange	  B.	  
E.	  Santopinto	  &	  J.	  Ferrel,	  Phys.Rev.	  C92	  (2015)	  ,	  025202	  	  



	  
	  
	  
	  
	  
	  

Rel.	  Interac[ng	  qD	  model	  –	  strange	  B.	  
E.	  Santopinto	  &	  J.	  Ferrel,	  Phys.Rev.	  C92	  (2015)	  ,	  025202	  	  



§ 	  Lambda	  &	  Lambda*	  states	  

	  
	  
	  
	  
	  
	  

Rel.	  Interac[ng	  qD	  model	  
E.	  Santopinto	  &	  J.	  Ferrel,	  Phys.Rev.	  C92	  (2015)	  ,	  025202	  	  



§ 	  	  

	  
	  
	  
	  
	  
	  

Rel.	  Interac[ng	  qD	  model	  –	  strange	  
sector	  

E.	  Santopinto	  &	  J.	  Ferrel,	  Phys.Rev.	  C92	  (2015)	  ,	  025202	  	  



Ra[o	  µp	  GE
p/GM

p	  	  	  

De	  Sanc(s,	  Ferre-,	  Santopinto,	  Vassallo,	  Phys.	  Rev.	  C	  84,	  055201	  (2011)	  

44	  InteracHng	  Quark	  Diquark	  model	  ,	  E.	  Santopinto,	  Phys.	  Rev.	  C	  72,	  022201(R)	  (2005)	  
	  



Unquenching the quark  model���
 for   the MESONS & Why Unquenching?���

���
Santopinto, Galatà, Ferretti,Vassallo ���

	
	
	
 	
	

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  
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Formalism 

Five-quark component 
Isospin symmetry 

Pair-creation operator:              
      L=S=1, J=0, color singlet, flavor singlet 

Introduction

Quarks models of baryons and mesons

Results for baryons

Self Energies: Meson Sector

Conclusions

E�ective Models

Unquenched Quark Model

Unquenched Quark Model

The baryon/meson wave function
The baryon/meson wave function consists of a zeroth order
three-quark(quark-antiquark) configuration |AÍ plus a sum over all
possible higher Fock components due to the creation of 3P

0

quark-antiquark pairs

|Â
A

Í = N
Ë
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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 

●                                        Σ(Ea) = self energy of meson A 



UQM:	  Meson	  Self	  Energies	  -‐-‐	  UQM	  I	  

●  Coupling Va,bc(q) in Σ(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.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ferrej,	  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.	  
Ferrej,	  Galata'	  and	  Santopinto,	  Phys.	  Rev.	  C	  88,	  015207	  (2013)	  

●    



UQM:	  charmonium	  	  with	  self-‐energy	  corr.	  
Ferrej,	  Galata'	  and	  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 
●                                                   
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 Interpreta[on	  of	  the	  X(3872)	  as	  a	  charmonium	  state	  plus	  an	  extra	  
component	  due	  to	  the	  coupling	  to	  the	  meson-‐meson	  con[nuum	  	  

Ferrej,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 



	  
Radia[ve	  decays	  
	  
Ferrel,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	  Ψ(3770)	  and	  
Ψ2(13D2)-‐à	  Possible	  way	  to	  dis[nguish	  between	  the	  two	  interpreta[ons	  
	  
	  
	  



●  Prompt production from CDF collaboration in high-
energy hadron collisions incompatible with a 
molecular interpretation 

●  meson-meson molecule: large (a few fm) and fragile 

●  See: Bignamini et al., Phys. Rev. Lett. 103, 162001 (2009); Bauer, 
Int. J. Mod. Phys. A 20, 3765 (2005) 



	  BoZomonium	  spectrum	  
	  (in	  a	  couple	  channel	  calculaHons)	  a)	  

);	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ferrej,	  SantopinHo,	  Phys.Rev.	  D90,	  094022	  (2014),	  arXiv:	  1306.2874	  

●  Parameters of the UQM (3P0 vertices) 

●    

●    

●  Pair-creation strength γ0 fitted to: 



BoZomonium	  	  Strong	  Decays	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ferrej,	  Santopinto,	  Phys.Rev.	  D90	  	  094022	  (2014)	   	  arXiv:	  

1306.2874	  
●  Two-body strong decays. Results: 



	  	  	  	  	  	  	  	  	  	  	  	  	  BoZomonium	  spectrum	  (	  in	  couple	  channel	  calculaHons)	  
	  a)	  

);	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ferrej,	  SantopinHo,	  Phys.Rev.	  D90,	  094022	  (2014)	  

●  Results: 



	  	  	  	  	  	  BoZomonium	  	  
	  	  	  	  	  	  	  	  	  	  	  	  Ferrej,	  Santopinto,	  Phys.Rev.	  D90	  (2014)	  9,	  094022	   	  :	  

1306.2874	  

●  Results: 



There	  Is	  an	  	  analogous	  of	  the	  X(3872)	  	  in	  
the	  χb(3P)	  system?	  	  	  

Ferrej,	  Santopinto,	  Phys.Rev.	  D90	  (2014)	  9,	  094022	   	  :	  1306.2874	  

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

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

●  Possible importance of continuum coupling effects? 

●  Pure b bar-b  and b bar-b + continuum effects 
interpretations 

●  Necessary to study decays (strong, e.m., hadronic, ...) to confirm one 
interpretation 

●         



Couple	  Channels	  correcHons	  to	  BoZomonium	  ,	  
the	  	  χb(3P)	  system	  

Ferrej,	  Santopinto,	  Phys.Rev.	  D90	  (2014)	  9,	  094022	   	  	  

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

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

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

●  M[χb(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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EXOTIC (non q3)  
DEGREES  

OF FREEDOM 

Baryon Masses 
Flavor  

Asymmetry 

Proton Spin 
Strong Decays 

Electromagnetic  
Couplings 

Strange  
Form Factors 



Unquenching the baryon  quark  model���
& Why Unquenching?���

���
���

	
	
	
 	
 	
Why Why	

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  
	  
	  
	  
	  
	  

R.Bijker ,E. .Santopinto,. PRC 80, 065210 (2009), 
E. Santopintom, R. Bijker,PRC 82, 062202 (2010);J. Ferrettii,Santopinto, Bijker 
 Phys. Rev. C 85, 035204 (2012) 
 



	  
Many	  versions	  of	  CQMs	  have	  been	  developed	  

(IK,	  	  CI,	  GBE,	  U(7),	  hCQM,Bonn,	  etc.)	  
	  non	  relaHvisHc	  and	  relaHvisHc	  

While	  these	  models	  display	  	  peculiar	  features,	  	  
they	  share	  the	  following	  main	  features	  :	  	  

the	  effecHve	  degrees	  of	  freedom	  of	  3q	  and	  a	  confining	  potenHal	  
the	  underling	  O(3)	  SU(3)	  symmetry	  

	  All	  of	  them	  are	  able	  to	  give	  a	  good	  descripHon	  of	  the	  3	  and	  4	  stars	  
spectrum	  

	  	  

	  
	  
	  
	  



s	
	
CQMs:	

	

	
Good description of the spectrum  and magnetic moments	


                	

	
Predictions of many quantities:	


  	
 	
 	
 	
strong couplins	

	
 	
 	
 	
photocouplings	

	
 	
 	
 	
helicity amplitudes	

	
 	
 	
 	
elastic form factors	

	
 	
 	
 	
structure functions	


	

	
Based on the effective degrees of freedom of 3 constituent quarks
	
 	
 	
 	
 	
 	
	




Considering also CQMs for mesons, CQMs able to 
reproduce the overall trend of hundred of data	


 	

•  … but they show very similar deviations for 

observables   such  as 	

 	

•  photocouplings ���
	


•  helicity amplitudes,	

���
	


	




	  please	  note	  

•  the	  medium	  Q2	  behaviour	  is	  fairly	  well	  reproduced	  
•  there	  is	  lack	  of	  strength	  at	  low	  Q2	  (outer	  region)	  in	  the	  e.m.	  

transiHons	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

•  emerging	  picture:	  	  
	  	  	  	  	  	  	  quark	  core	  	  	  	  	  	  	  	  plus	  	  	  (meson	  or	  sea-‐quark)	  	  cloud	  

Quark core	
Meson	  cloud	  
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Formalism 

Three-quark configuration 
SU(3) flavor symmetry 

Five-quark component 
Isospin symmetry 

Pair-creation operator:              
      L=S=1, J=0, color singlet, flavor singlet 
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Unquenched Quark Model 
•  Harmonic oscillator quark model 
•  Sum over intermediate meson-baryon states includes 

for each oscillator shell all possible spin-flavor states  
•  Oscillator size parameters taken for baryons and 

mesons taken from literature (Capstick, Isgur, Karl) 
•  Smearing of the pair-creation vertex (Geiger, Isgur) 
•  Strength of 3P0 coupling taken from literature on 

strong decays of baryons (Capstick, Roberts) 

•  No attempt to optimize the parameters 





The good magnetic moment  results of the CQM are preserved by the UCQM���
	


Bijker,	  Santopinto,Phys.Rev.C80:065210,2009.	  



Flavor Asymmetry 
Gottfried sum rule	




Proton Flavor asymmetry 	

Santopinto, Bijker, PRC 82,062202(R) (2010)	


	




Flavor asymmetry of the octect baryons in the  UCQM	


Flavor asymmetry	

Nonperturbative QCD	


Pauli blocking (Field & Feynman, 1977) too small	

Pion dressing of the nucleon (Thomas et al., 1983)	

Meson cloud models 	


Santopinto, Bijker, PRC 82,062202(R) (2010)	




Flavor asymmetries of octect baryons	

Santopinto, Bijker, PRC 82,062202(R) (2010)	


Alberg 	


Eichen 	

 Y.-J Zhang	




Genova 2012	


3. Proton Spin Crisis 
1980’s	
 1990’s	
 2000’s	


Naive parton model	

3 valence quarks	


QCD: contributions from 	

sea quarks and gluons	


.. and orbital angular	

momentum	


HERMES, PRD 75, 012007 (2007)	

COMPASS, PLB 647, 8 (2007)	




Proton Spin 
•  COMPASS@CERN: Gluon contribution is small (sign 

undetermined) 
•  Unquenched quark model 

 
 
 
•  More than half of the proton spin from the sea! 
•  Orbital angular momentum  
 

Ageev et al., PLB 633, 25 (2006)	

Platchkov, NPA 790, 58 (2007)	


Suggested by Myhrer & Thomas, 2008, but 
not explicitly calculated	




4. Strangeness in the Proton 
•  The strange (anti)quarks 

come uniquely from the sea: 
there is no contamination 
from up or down valence 
quarks 

•  The strangeness distribution 
is a very sensitive probe of 
the nucleon’s properties 

•  Flavor content of form 
factors 

•  New data from Parity 
Violating Electron Scattering 
experiments: SAMPLE, 
HAPPEX, PVA4 and G0 
Collaborations 

Genova 2012	
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“There is no excellent beauty that hath 
not some strangeness in the proportion”                                 	

            (Francis Bacon, 1561-1626)	




Quark Form Factors 
•  Charge symmetry 
 
•  Quark form factors 

Kaplan & Manohar, NPB 310, 527 (1988)	

Musolf et al, Phys. Rep. 239, 1 (1994)	


 Genova 2012	




Genova 2012	
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Static Properties 



Strange Magnetic Moment 

Jacopo Ferretti, Ph.D. Thesis, 2011	

Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)	


Genova 2012	
 83	




Strange Radius 

Genova 2012	
 84	


Jacopo Ferretti, Ph.D. Thesis, 2011	

Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)	




Genova 2012	
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Strange Proton 
•  Strange radius and magnetic 

moment of the proton 
•  Theory 
•  Lattice QCD 
•  Global analysis PVES 
•  Unquenched QM 

Jacopo Ferretti, Ph.D. Thesis, 2011	

Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)	



