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    − QCD Phase diagram 
 

 

 

 

 

 

   
 

 

                                                                                                                        P. Braun-Munzinger  

                                                                                                                                 and J. Stachel,  Nucl. Phys.  

                                                                                                                                A 690, 119c (2001) 
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  − Relativistic heavy ion collisions 

 

 

 
 

 

 

 

 

 

   
 

 

 

 

 

                                          U. W. Heinz, J. Phys. Conf. Ser.  455, 012044 (2013) 
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− Observation of the antimatter hyper-                 

nucleus and the antimatter helium-4 nucleus  

   

 

 

 

 

 

 

 
        B. Abelev et al. [The STAR Collaboration], Science, 328, 58 (2010)  

        H. Agakachiev et al. [The STAR Collaboration], Nature, 473, 353 (2011)  
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− Hadrons 
 

    1) Normal hadrons : Mesons and Baryons 

    2) Exotic hadrons : Hadronic molecules, Multi-quark hadrons 

  

− Multi-quark hadrons 
  

     1) H dibaryon and scalar tetra quark (1976) 

                  hadronic molecule (1990)                                                             

     2) Hadronic molecules & multi-quark states 

                                   Belle (2003)    

                                   BaBar (2003) 

                                      Belle (2007),  LHCb (2014) 

                                   Belle, BESIII (2013) 

                                ,                   LHCb (2015) 
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− Production of exotic states 
 1) Estimate the possibility of observing predicted exotics 

 with/without heavy quarks in heavy ion collision experiment   

 2) Find a possible solution to a problem of identifying hadronic  

  molecular states and/or hadrons with multiquark components  

 3) Focus on exotic hadron production using both the statistical  

  model and the coalescence model 

 

− Hadronic effects on exotic hadron 

abundance during the hadronic stage 
 1) Study possible interactions between exotic hadrons and light 

    hadrons in the hadronic medium 

 2) Investigate the hadronic effects on exotic hadron abundance  

    during the hadronic stage 
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− Exotic hadrons in previous works 
   

 

 

 

 

 

 

 

 

 

 

 

 
                        

                         S. Cho et al. [ExHIC Collaboration], Phys. Rev. Lett. 106,  212001 (2011) 

                         S. Cho et al. [ExHIC Collaboration], Phys. Rev. C 84,  064910 (2011)  
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− Exotic hadrons (updated) 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

                                    S. Cho et al. [ExHIC Collaboration], arXiv:1612.xxxxx 
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− Statistical Hadronization model 
 
     P. Braun-Munzinger, J. Stachel, J. P. Wessels, N. Xu, Phys. Lett.  B344, 43 (1995)   

 

1) In a chemically and thermally equilibrated system of non- 

   interacting hadrons and resonances, the particle production  

   yield is given by       

 

 

   with the fugacity for incomplete strange and charm quarks  

  equilibrium 

 

  2) The hadronization temperature and the chemical potential  

    are determined from the experimental data 
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− Recent statistical model analysis 

 
 

 

  

 

 

 

 

 

 

 

 

 
  

  A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Nucl. Phys. A 904-905, 535c (2013) 

  J. Stachel, A. Andronic, P. Braun-Munzinger, and K. Redlich, J. Phys. Conf. Ser. 509, 012019 (2014) 
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− Chemical freeze-out conditions in heavy  

   ion collisions 

 
1) Start from the hadronization temperature and volume in the  

    statistical hadronization model 

                                 MeV,                           fm3  

                                 MeV,                          fm3  

2) Satisfy the entropy conservation during the expansion of the  

     system,                       at both RHIC and LHC using the Lattice  

     results for entropy at different temperatures  
            

   S.  Borsanyi, G. Endrodi, Z. Fodor, A. Jakovac, S. D. Katz, S. Krieg, C. Ratti and K. K. Szabo,  

 JHEP 1011, 077 (2010) 

 

3) Require the size of rho and omega mesons produced at the  

  critical temperature by coalescence of thermal quarks in QGP  

  to be equal at both RHIC and LHC  
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4) Force the yield of rho & omega mesons produced at TC   

  to be equal to those at TH in the statistical hadronization model 
 

  

 

 

5) Critical volume and 

   temperature 

 

 

 

 

 
 
    S. Cho et al. [ExHIC Collaboration],  

      arXiv:1612.xxxxx 
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− Coalescence model 
  
 1) Yields of hadrons 
  

        V. Greco, C. M. Ko, and P. Levai, Phys. Rev. C 68, 034904 (2003) 

         R. J. Freis. B. Muller, C. Nonaka, and S. Bass, Phys. Rev. C 68, 044902 (2003) 

 

   
 
 

       with the Wigner function, the coalescence probability function 
 
   
 
 
 
  i. A Lorentz-invariant phase space integration of a space-like  
    hypersurface constraints the number of particles in the system 
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− Quark coalescence  or quark  

  recombination in heavy ion collisions 
 

    V. Greco, C. M. Ko, and P. Levai, Phys. Rev. Lett.  90, 202302 (2003) 

    R. J. Freis. B. Muller, C. Nonaka, and S. Bass, Phys. Rev. Lett.  90, 202303 (2003) 

 
  1) The puzzle in antiproton 

      /pion ratio  

 

  i. A competition between  

   two particle production  

    mechanisms exists 

 :  A fragmentation dominates 

  at large transverse momenta 

  and a coalescence prevails at lower transverse momenta                                                                          
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  2) The transverse momentum spectra 

 

 

 

 

 

 

      

     

      and 
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  3) Quark number scaling of the elliptic flow 
         

           Denes Molnar and Sergei A. Voloshin, Phys. Rev. Lett  91, 092301 (2003)   

 

  

                                           , 

 

  i. Coalescence model predicts 

    by assuming that partons  

    have elliptical anisotropy 
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− Combine statistical and coalescence model 
  1) Quark coalescence :  

     : Reference hadrons -  

 

 

 

  2) Monte-Carlo Glauber model + PHYTHIA 
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Production yields of exotics 



3) Parameter determinations 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

                                           S. Cho et al. [ExHIC Collaboration], arXiv:1612.xxxxx  
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− Try all possible constituent combinations  

   for yields of exotic states 
 

1) Evaluate the yields of exotic hadrons for all possible structure    

   configurations  

   ; normal hadrons, multiquark hadrons, hadronic molecules   
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− Try all possible constituent combinations  

   for yields of exotic states 
 

1) Evaluate the yields of exotic hadrons for all possible structure    

   configurations  

   ; normal hadrons, multiquark hadrons, hadronic molecules   

 

 

 

 

2) Yields in coalescence model at mid-rapidity 
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3) The internal structure of hadrons is taken into consideration 

   

           s-wave                                                                              

 

  

           p-wave      

 

 

           d-wave 

 

      : Yields of multi-quark hadrons are suppressed 
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4) Summary of 

 exotic hadron  

 yields evaluation 

 at RHIC and LHC 

(partial) 

 

 

 

 

 

 
 S. Cho et al.  

 [ExHIC Collaboration],  

  arXiv:1612.xxxxx  

Dec. 8th 2016                                           

Best Western Hotel, Pohang 

Results 

23 
APCTP 2016 Workshop on Frontiers of Physics:                                             

Dense Matter from Chiral Effective Theories 



 5) Ratio of normal hadron yields in coalescence model to  

   those in statistical model satisfy,  

   And also similarly for loosely bound  

   hadron molecules,  

 

 

   

 whereas the exotic 

  multiquark hadrons  

 become suppressed 

 

 

 

The yield of a hadron 

  in relativistic heavy ion collision reflects its structure! 
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− Time evolution of quark-gluon plasma 
 

 

 

 

 

 

                                                                                  J. D. Bjorken,  

                                                                                                                                 Phys. Rev. D 27, 140 (1983) 

 

 

     i. Collision    ii. Pre-equilibrium state and Quark-gluon plasma 

     iii. Hydrodynamic expansion   iv. Chemical freeze-out                

v. Kinetic freeze-out  
Dec. 8th 2016                                           

Best Western Hotel, Pohang 

22 zt 

25 
APCTP 2016 Workshop on Frontiers of Physics:                                             

Dense Matter from Chiral Effective Theories 

Hadronic effects on the 

abundance of exotic hadrons 



− X(3872) mesons 
 

 

  J. Beringer et al. (PDG), Phys. Rev. D 86,   

     010001 (2012)   

 

1) The first measurement in 2003 
 

   S.K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 90, 242001 (2003) 

 

 

 2) Expected production yields of X(3872) mesons 
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− Hadronic interactions 
 

 1) Possibilities of J/ψ absorption by hadronic interactions  

 
   T. Matsui and H. Satz,  

   Phys. Lett. B 178, 416 (1986)  

 

  
 

 2) A meson exchange model with an effective Lagrangian 

 
        S. G. Matinyan and B. Muller, Phys. Rev. C 58, 2994 (1998) 

        K. L. Haglin, Phys. Rev. C 61, 031902(R) (2000) 

        Z. Lin and C. M. Ko, Phys. Rev. C 62, 034903 (2000)  

        Y. Oh, T. Song, and S-H. Lee, Phys. Rev. C 63, 034901 (2000)  

        L. W. Chen, C. M. Ko, W. Liu, 

         and M. Nielsen,  

        Phys. Rev. C 76, 014906 (2007) 

 

. 
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 3) Interaction Lagrangians from the pseudoscalar and vector 

    mesons free Lagrangians   
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 4) The absorption of X(3872) by pions and rho mesons 

 

 

 

 

 
 

 

 

 

 5) Interaction Lagrangians for two kinds of X(3872) mesons 
 

       F. Brazzi, B. Grinstein, F. Piccinini, A. D. Polosa, and C. Sabelli, Phys. Rev. D 84, 014003 (2011) 
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 6) Cross sections for different X(3872) meson quantum numbers 
 

             S. Cho and S. H. Lee, Phys. Rev. C 88,  054901 (2013)         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Thermally averaged cross sections  

        P. Koch, B. Muller, and  J. Rafelski, Phys. Rept., 142, 167 (1986)                
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− Time evolution of the X(3872) meson yields 
      

  

 

1) The yield of the  X(3872) meson with spin 2 varies drastically  

   and follows the statistical model predictions  

 

2) The yield increases or remains 

   almost unchanged in both the  

   statistical model and coales- 

  cence model for the spin 1  

   state of X(3872) 

 

3) Time evolution of the  X(3872)  

  meson abundance is strongly 

 dependent also on its quantum  

  number and its structure 
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4) The spin of the  X(3872) meson   

    

 

 

 

2) The yield increases or remains 

 

 

 

 

 

5) Time evolutions of the  spin-1 

  X(3872) meson abundance 

 
  S. Cho and S-H. Lee,  

  Phys. Rev. C 88,  054901 (2013)  
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Conclusion 

− Exotic states in heavy ion collisions  
 

1) Heavy ion collision experiments provide chances to observe 

   exotic hadrons, e.g., hadronic molecules or multi-quark states 

2) The yields of exotic hadrons are large enough to be measurable 

    in experiments. In addition, since the yield of a hadron is strongly  

   dependent on its structure,  the internal structure as well as  

   constituents of an exotic hadrons can be identified from its yields  

   measured in heavy ion collisions 
3) Studying both the initial production yields of hadrons and their  

  evolution in time during the hadronic stage is essencial to have a  

  better understanding of the hadronization in heavy ion collisions 

4) The spin and structure of the exotic hadron can be identified by 
   investigating the interaction of the hadron with light hadrons  

   in the hadronic medium 
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