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1966    color SU(3) gauge theory for strong interaction    (Nambu) 
 

1973    Asymptotic freedom                  (Gross & Wilczek, Politzer) 
 

1974    Quark confinement                                            (Wilson) 
   

Y. Nambu   

   QCD = SU(3) gauge theory for color charges （B, R, G)   

・Intrinsic parameters: m, g 
・External parameters: Q, T, ρB etc  

q 

A 

Quantum Chromo Dynamics (QCD) 



Challenges in QCD 

  QCD: Non-linear   
          Strong coupling   
          Quantum      
 
 

1. Mathematical challenge                          ⇔  one of the seven millennium problems    

2. Tool to search physics beyond SM         ⇔ B-factory, LHC, ILC    

3. Nucleon structure  (spin, glue, …)          ⇔  Jlab, RHIC 

4. Multi-quarks                                            ⇔  B-factory, Spring-8,Jlab, GSI, J-PARC 

5. New states of matter (QGP, QM)        ⇔  RHIC, LHC, N☆, Q☆ 

  GR:    Non-linear   
           Weak coupling     
           Classical       

Holography 



Yang-Mills and Mass gap : One of seven Millennium Problems  
                                            by Clay Mathematics Institute  (May 24, 2000) 

    Official description (A. Jaffe and E. Witten) 

QCD must have…. 



P2: Confinement from lattice QCD 

    SESAM Coll., Phys.Rev.D71  (’05)  
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Heavy Q-Qbar potential  

    Bali et al.,  Nucl.Phys.Proc.Suppl. 153 (’06) 
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Yang-Mills and Mass gap : One of seven Millennium Problems  
                                            by Clay Mathematics Institute  (May 24, 2000) 

    Official description (A. Jaffe and E. Witten) 

QCD must have…. 



P3: Chiral condensate  from lattice QCD 

Banks-Casher relation :  

 Dirac operator:  

Dynamical overlap fermion, 2-flavor 
S. Hashimoto  (JLQCD Coll.)  arXiv:0811.1257 [hep-lat]  

free 

QCD 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}/textcolor[rgb]{1,1,1}{
/langle /bar{q}q /rangle = - /lim_{m/rightarrow 0} /int_0^{/infty} d/lambda 
/frac{2m}{/lambda^2+m^2} /rho(/lambda)=-/pi /rho(0) }
/end{eqnarray*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
 /textcolor[rgb]{1,1,1}{D/ u(x) = i/lambda / u(x)}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}/textcolor[rgb]{1,1,1}{
/langle /bar{q}q /rangle = - (251 /pm 7 /pm 11 / {/rm MeV})^3 / / / {/rm at/ 2/ GeV} } 
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}
/pi /rho(/lambda)/V
/end{eqnarray*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}
/lambda
/end{eqnarray*}


Yang-Mills and Mass gap : One of seven Millennium Problems  
                                            by Clay Mathematics Institute  (May 24, 2000) 

    Official description (A. Jaffe and E. Witten) 

QCD must have…. 



Ishii, Aoki & Hatsuda, Phys. Rev. Lett. 92 (2007) 022001 

Ishii et al., [HAL QCD Coll.], Phys. Lett. 712 (2012) 437 

P1: Nuclear Force from lattice QCD  

1S0 NN potential  (Lattice QCD）   

Ｍπ  ～ 3 Ｍπ（phys.)    Mπ = Mπ(phys.) , NN, NNN  
                                            by K-Computer 

1S0 NN phase shift  (Lattice QCD） 



   FLAG Collaboration update( July 26, 2013)  
   http://itpwiki.unibe.ch/flag/  

Running masses: mq(Q) 

 quark masses 
   (from lattice QCD) 

        [MeV] 
  (MS-bar @ 2GeV)  

mu 
    2.16(9)(7) 

md 
    4.68(14)(7) 

ms 
     93.8(2.4) 

    

Running coupling: αs(Q)=g2/4π  

PDG (2012) http://pdg.lbl.gov/ 

Precision QCD 

http://itpwiki.unibe.ch/flag/
http://itpwiki.unibe.ch/flag/


Hadron masses @ 2009 

mπ > 156 MeV 

PACS-CS Collaboration, Phys.Rev.D79 (2009)034503 

 

Hadron masses @ 2010 

mπ =135 MeV 

PACS-CS Coll.:  Phys. Rev.D81 (2010)  074503 
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                original plot by A. Ukawa 

Toward large-scale  

Physical-point simulations 

First LQCD 
Simulation 

  10PFlops K computer   
              (RIKEN) 

Now 

http://www.aics.riken.jp/en/ 



     K computer (AICS) 



     K computer (AICS) 



     K computer (AICS) 

Mπ=135MeV 



  K. Fukushima and T. Hatsuda,  
 “The Phase Diagram of Dense QCD”    
  Rep. Prog. Phys. 74 (2011) 014001 

RHIC 

LHC 

Lattice QCD 

QCD Phase Diagram  



 Wuppertal-Budapest Coll. JHEP 1011 (2010) 77 

 

Hadron-Quark Crossover in hot QCD 

HIS 

◆ HotQCD  (2011)    

▲ Wuppertal-Budapest  
     JHEP 1009(2010)073 

   

Tpc=150-160MeV 



(1989-) 

SPS (1994-) 

Big Bang 

Little Bang 

(2001-) 

RHIC (2000-) 

Planck (2009-) 

LHC (2010-) LHC (2010-) 

? 

                        K. Yagi, T. Hatsuda & Y. Miake,   

“Quark-Gluon Plasma”, Cambridge UP (2008) 
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Hatsuda & Kunihiro, PRL 51 (1985) 

DeTar, PRD 32 (1985) 

Nakamura & Sakai, PRL 94 (2005) 



  K. Fukushima and T. Hatsuda,  
 “The Phase Diagram of Dense QCD”    
  Rep. Prog. Phys. 74 (2011) 014001 

RHIC 

LHC 

Lattice QCD 

QCD Phase Diagram 

Sign problem 
(Complex Action) 



Current: 
 

M=(1.97±0.04)M☉   (Nature 2010) 

M=(2.01±0.04)M☉   (Science 2013)   

                                   ⇔ cold EOS 

X-ray bursts               ⇔   cold EOS 

Cooling of CAS-A ⇔ 3P2 superfluid? 

Magnetars   ⇔  ferromagnetic core? 

 

Future: 
 

GW from N☆ merger    ⇔  hot EOS 

Seismology        ⇔  crust structure 

 

       N☆  observations 

・ M～(1-2)M☉ 

・ R ～10km 
・ 0 < ρ < 10 ρ0 



Cassiopeia A Cooling, 4% decrease in 9 years 
(Heinke & Ho, ApJ 2010) 

PSR J1614-2230 , 1.97(4) M☉, (Demorest et al., Nature 2010) 

T, B, M 
 

Magnetars   
(from Enoto, 2012) 
Bs=3.2x1019√(PPdot) [G] 



Masuda, Hatsuda & Takatsuka,  Astrophysical Journal Letters   764 (2013) 12 

Hadron-Quark crossover  

in dense QCD 

Hatsuda, Tachibana, Yamamoto & Baym, 

  Phys. Rev. Lett. 97, 122001 (2006) 



Berger et al., arXiv:1306.3960[astro-ph.HE] (June 17, 2013) 

Animation in Harvard-Smithonian press release (July 17, 2013) 

    Gravitational wave from N☆ merger  



Sekiguchi, Kiuchi, Kyutoku  

& Shiata, PRL  (2011) 

EOS from Gravitational Wave Detection 



1. Impressive progress for past 40 years  
 

        ・Theory : pQCD, lattice QCD,  holography 

        ・Expt.  :  e-p, p-p, p-A, A-A expt.,  astro. obs.  

 

 

2.   Understanding of QCD ~ understanding of glue  
 

        ・Asymptotic freedom :  chromo para-magnetism  (Nielsen, Hughes, 1981)  

        ・Confinement  :             no simple understanding yet  

        ・sQGP, sQM, CGC:      IR - UV crossover  (Q = T, μ, x) 

 

 

3.  Probe the role of glue through “Diquark” ? 
  

       ・Possible agent to bridge IR - UV crossover  in dense matter ? 
      
  
 
 
 

Did we understand QCD 

 better than before after all  ? 



Attractive Bose-Fermi Mixture 

  

Quark-Gluon Plasma 

〈qq〉 
〈qq〉 

Nuclear superfluid    ⇔  Fermion+Diquark   ⇔   Diquark superfluid                                              

Maeda, Baym & Hatsuda, 
Phys. Rev. Lett. 103 (’09) 

⇔ Fermi-Bose mixture Induced superfluid 

Hadron-Quark Phase Transition 
 and the role of “Diquarks”   



  QCD    Proton, QGP 

 

It often happens that the understanding  

of the mathematical nature of an equation  

is impossible without a detailed understanding 

of its solutions. The black hole is a case in point.  
 

“The Scientist as Rebel”   
   by Freeman J. Dyson    

The progress of science requires the growth of 

understanding in both directions, downward from the whole 

to the parts and upward from the parts to the whole. 

  GR    BH 

Summary 


