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Introduction, Motivations: 
QMC model 
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Motivations 

(Large) nuclei, and nuclear matter in terms 
of quarks and gluons 
(eventually by QCD) ???!!! 
NN  

 Nucleus ?  
Lattice QCD: still extracting NN, NY and YY 

interactions, [Y=hyperons: , ] 
Quark model based description of nucleus 
Hadron properties in a nuclear medium 

K. Tsushima 5 K. Tsushima 





R=( x / z)=(GE/GM):  He/  H 4 1 p p 

S. Malace, M. Paolone and S. Strauch, arXiv:0807.2251 [nucl-ex] 

S. Strauch et al., Phys. Rev. Lett. 91, 052301 (2003) 
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The QMC model P. Guichon, PLB 200, 235 (1988) 

 
 
Light (u,d) quarks interact 

self-consistently with 
mean  and  fields 

i   - (m V  +   V ]  q =  0    
q  q 

i   M*  +   V   ] N = 0 
 

q 0 

M*N = MN -V 

V V

m*q=mq - g   = mq - V
q 

 nonlinear in 
M*N  MN - g  + (d/2) (g  ) 

N N 2 

   q 

N q 

(For a review, PPNP 58, 1 (2007)) 

Nuclear Binding !! 

 
N 

Self-consistent ! 

1. Start 

N 

N 0 

(Applied quark model !) K. Tsushima 7 K. Tsushima 



Bound quark Dirac spinor (1s1/2) 

Quark Dirac spinor in a bound hadron:  
     q1s(r) =         U(r)             

                       i r L(r) 
 
Lower component is enhanced ! 

gA* < gA :  ~ |U|**2  (1/3) |L|**2, 

Decrease of scalar density 

            



Decrease in Scalar Density 

Scalar density (quark): ~ |U|**2 - |L|**2, 

MN*, N wave function, Nuclear scalar density 
etc., are self-consistently modified due to  

the N internal structure change ! 

Novel saturation mechanism ! 



At Nucleon Level Response to the Applied 
Scalar Field is the Scalar Polarizability 

               Nucleon response to a chiral invariant scalar field 
  is then a nucleon property of great interest  
 
 

  M*(R)  M  g (R) + (d/2) (g (R))**2 

Non-linear dependence    scalar polarizability 
                              0.22 d** R in original QMC (MIT bag) 

Indeed, in nuclear matter at mean-field level (e.g. QMC), 
 this is the ONLY place the response of the internal 
structure of the nucleon enters.   
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Nuclear (Neutron) matter, E/A-m 

Novel saturation 
mechanism ! 

 m  = 5 MeV (Standard) 
Incompressibility 

500 MeV 
QMC: 280 MeV 
(Exp. 200 ~ 300 MeV) 
 

PLB 429, 239 (1998) 

K. Tsushima 22 K. Tsushima 

q 

N 
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Finite nuclei  (   Pb energy levels) 

Large mass nuclei 
Nuclear matter 
 
Based on quarks ! 
 
 
Hadrons 
Hypernuclei 
 
 

208 

latest QMC, NPA 814, 66 (2008) 

NPA 609, 339 (1996) 

K. Tsushima 23 K. Tsushima 
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Summary : Scalar Polarizability 

 Can always rewrite non-linear coupling as linear coupling 
   plus non-linear scalar self-coupling  likely physical  
   origin of non-linear versions of QHD  
 
 In nuclear matter this is the only place the internal  

   structure of the nucleon enters in MFA 
 
 Consequence of polarizability in atomic physics is 

   many-body forces: 

V = V12 + V23 + V13 + V123 



     QMC QHD 
 QHD shows importance of relativity :  

 mean ,  and  fields 
 QMC goes far beyond QHD by incorporating effect of 

 hadron internal structure 
 
 Minimal model couples these mesons to quarks in 

 relativistic quark model  e.g. MIT bag, 
or confining NJL 
 
 g q , g q, g q fitted to 0 , E/A and symmetry energy 

 
 No additional parameters : predict change of structure 

 and binding in nuclear matter of all hadrons: 
 e.g. , , , J/ , N, , ,   see later ! 
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Linking QMC to Familiar Nuclear Theory 

  Since early 70  
 in nuclear theory is based upon effective forces 
 
 Used for everything from nuclear astrophysics to  

 collective excitations of nuclei 
 
 Skyrme Force: Vautherin and Brink 

 

In Paper :  Guichon and  Thomas, Phys. Rev. Lett. 93, 132502 (2004) 
 
   explicitly obtained effective force, 2- plus 3- body, of Skyrme type 
 
    - equivalent to QMC model (required expansion around  = 0) 
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Physical Origin of Density Dependent Force of the 
Skyrme Type within the QMC model 

That is, apply new effective force directly to  
   calculate nuclear properties using Hartree-Fock 
   (as for usual well known force) 

 Where analytic form of (e.g. H0 + H3 ) piece of energy 
   functional derived from QMC is: 

highlights 
scalar polarizability 

      4%        1% 
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Mesons in nuclear medium in QMC 

 
 

Light (u,d) quarks interact 
self-consistently with 
mean  and  fields 

i   - (m V  +   V ]  q =  0    
q  q 

q 0 

m*q=mq - g   = mq - V
q 

 nonlinear in 
M*M  MM - g  + (d  /2)  (g  ) 

M 

   q 

(For a review, PPNP 58, 1 (2007)) 

Nuclear Binding !! 

q 

M M 

fields: no couplings with s,c,b quarks!! 

q 

2 
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Scalar potentials in QMC respects 
SU(3) (light quark # !) 

K. Tsushima 31 K. Tsushima 



Hypernuclei  
(Introduction)  



What are Hypernuclei ? 

Hypernuclei are nuclear systems where at least one nucleon  
 is replaced by a hyperon (e.g.  ).  

    Z  is a bound state of Z protons (A-Z-1) neutrons and a  hyperon 
 

Hypernuclei are a laboratory to study the hyperon-nucleon,  
Hyperon-hyperon interactions. 



Target emission Projectile emission A (p,K+) B 

A ( +,K+) B* A ( ,K+)  

+ 



S = - 2,  -Hypernuclei at J-PARC, JAPAN 
by (K-, K+) reaction,  the first evidence.  
(KISO Event,    -      N system) - 14 



Antihypertriton, RHIC, STAR Collaboration 



 hyperon can stay in contact with nucleons inside a Nucleus  



Good probe for deeply 
bound single particle states.  

Can occupy quantum states 
already filled up with 
nucleons 

Y 

New type of nuclear matter, new symmetries, New selection rules. 
First kind of flavored nuclei.  

Why are Hypernuclei interesting! 

This makes a hyperon embedded  
in the nucleus a unique tool for  
exploring the nuclear structure. 

H. Hotchi, et al. Phys. Rev. C 64 (2001) 044302 



The nuclear structure and the many body nuclear dynamics is 
extended to new non conventional symmetries, due to the inclusion 

0 degree of freedom in the nucleus, YN interaction 

The Skyrme type N  interaction 
from the known BE of  hypernuclei.  

The study of four fermion, strangeness changing, baryon-baryon weak 
 

Neelam Guleria, S.K. Dhiman and R. Shyam, Nucl. 
Phys. A  

The role played by quark degrees of 
freedom in nuclear phenomena: 
Quark-Meson coupling model, 
extended for hypernuclei 

Guichon, KT, Saito, Thomas 
 



S = -2 systems 

 For a detailed understanding of the  
  quark aspect of the baryon-baryon  
  forces in the SU(3) space,  information 
  on the YY channel  is essential. 

New Physics items 

  Search for H particle 

     Neutron star composition 

  Are there S=-2 deeply 
  bound multi K states?? 

six-quark system uuddss 

Conjectured 
composition of a neutron 
star 

 Formation of compact stars depends  
  On the nature of the YY interaction. 

Juergen Schaffner-Bielich, Nucl. Phys. A804 (2008) 
                                                                         309 





, Self-consistent OGE 
color hyperfine interaction

 and  hypernuclei are more or less  

similar (channel couplings) improve ! 

potential: weaker (~1/2) of and 

(Light quark #) 
Very small spin-orbit splittings for  

 hypernuclei  SU(6) quark model 

 



Bag mass and color mag. HF  
int. contribution (OGE) 

 T. DeGrand et al., PRD 12, 2060 (1975) 

M = [Nq q + Ns s]/R  Z0/R + 4 BR  /3  

          + (Fs) EM (f)      (f=N,  

EM =-3 c          M(mi,mj,R)  

EM =- c M(mq,mq,R),  (q=u,d) 
EM = cM(mq,mq,R)                                                        
-4 cM(mq,ms,R) 

 

3 

a, i<j 
i j i j 

 n 
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Latest QMC: Includes Medium Modification of  
   Color Hyperfine Interaction 

N -  and  -  splitting arise from one-gluon-exchange  
in MIT Bag Model : as     

Guichon, Thomas,  Tsushima, Nucl. Phys. A841 (2008) 66 

-hypernuclei 
unbound!! 

 -  splitting 



   potentials 
(1s1/2) 
Repulsion  
          in center 
Attraction
          in surface 

No  nuclear  
       bound state! 
 
HF couplings for 

hyperons  
successful for high 
density neutron star  

(NPA 792, 341 (2007)) 

0 



Hypernuclei spectra 1 

-3.1 -1.0 2s1/2 

-7.3 -5.5 1d3/2 

 

-7.4 -5.5 1d5/2 

-5.6 -15.4 -1.9 -13.9-6.4 -1.85 1p1/2 

-5.3 -15.4 -1.6 -13.9-6.4 1p3/2 

-9.4 -21.9 -5.5 -20.6-18.7 -5.3 -16.2 -12.4 1s1/2 

Ca Ca Ca Ca Ca O O O 16 17 17 
Exp. 

40 41 41 49 49 

Exp. 0 0 0 

NPA 814, 66 (2008)  



Hypernuclei spectra 2 

-9.8 -20.1 (-16.8) -3.4 -13.4 (-9.1) 1d3/2

-8.2 -17.1 -9.1 2s1/2

-9.6 -20.1 -16.8 -3.1 -13.4 -9.1 1d5/2 

-12.7 -24.0 -21.9 -7.2 -19.4 -16.5 1p1/2 

-12.6 -24.0 -7.0 -19.4 1p3/2 

-15.0 -26.9 -26.3 -9.9 -24.0 -23.1 1s1/2 

Pb Pb Pb Zr Zr Yb 
Exp. Exp. 

89 91 91 208 209 209 
0 0 

NPA 814, 66 (2008) 



Summary: hypernuclei

OGE color 
hyperfine interaction included self-
consistently in matter) 

single-particle energy 1s1/2 in Pb is -26.9 MeV
(Exp. -26.3 MeV) no extra parameter!
Small spin-orbit splittings for the

No nuclear bound state !!

is expected to form nuclear bound state
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Consequences for Neutron Star 
D.L.Whittenbury et.al., Phys.Rev. C89 (2014) 06580   
New QMC model, relativistic, Hartree-Fock treatment 

Stone et al., Nucl. Phys. A792 (2007) 341 



Recent issue: no  in N.S

• The latest version of QMC (OGE color 
hyperfine interaction included self-
consistently in matter) 

•  single-particle energy 1s1/2 in Pb is -26.9 MeV
(Exp. -26.3 MeV) no extra parameter!

• No  nuclear bound state !!

• Same interaction of OGE for N and 
No  in neutron star. arXiv:1906.0549

(T.F. Motta, A.W. Thomas, P.A.M. Guichon)

-

-
-



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



-Hypernuclei 
phtoproduction 



Photoproduction of  hypernuclei 

 and K  are produced 

via s-channel  
N* excitation (dominant) 
S11(1650), P11(1710) 
P13(1720) 
  
Energy region of interests, 

hypernuclei production 
(~ 10 % ambiguity due to 
the other background )  

 

+ 

R. Shyam, KT, A.W. Thomas, PLB 676, 51 (2009) 



      Effective Lagrangian model for   p  K  reaction 

R. Shyam, K. Tsushima, A.W. 
Thomas, Phys. Lett. B676 (2009) 51 



   B hypernucleus (MeV) 
12 

-472.34 382.60 ( OK) 15.96 (p1p3/2) 

-280.86 227.83 3.62 1.13 B1p1/2 

-252.28 204.16 3.62 1.73 B1p3/2 

-212.69 171.78 14.93 11.37 B1s1/2 

VS VV QMC Exp. State 

-1 

C 12 

12 

12 

12 

Sep. energy 

(W.S) (W.S) 



Differential cross sections:  C( ,  )  B 

d d  at 
Kaon angle  = 10
1 , 2  (1p3/2,1s1/2) 
(wave functions!) 

2 , 3  (1p3/2,1p3/2) 
(potentials!) 

Diracp  - - - - - -
(phenomenological) 

QMC  

12 12 

- -p 

|q| [1.4, 1.7] fm   
 

-1 

+ 

 PLB 676, 51 (2009)                             Eth ~ 695 MeV 

-p 
+ + 

- 





Discussions 

1. Study of  hypernuclei  
                      A(K  ,K  )  B reaction 
2. Elementary  K  N   K  reaction  
3. Heavier  hypernuclei photoproduction 
4. Electroproduction of  hypernuclei 

5. c  and b hypernuclei ???!!! 

 (KT, F.C. Khanna, Phys. Rev. C 67, 015211 (2003)) 

 
      

- + 

- + 



   -Hypernuclei 
- 



 
                  

KINEMATICS 



 



Covarient Description of A (h ,K+) Y B reaction,  
Effective Lagrangian model 



A typical amplitude 

Pi 
 Pi 

 

q 

PK
 

PK 
 

PN* 
q 



Effective Lagrangian model for the p (K-,K+ ,0 ) - ( 0)  

The information about the coupling constants is very scanty 

From SU(3) model, old experimental determinations   

R. Shyam, Olaf Scholten and A.W. Thomas, Phys. Rev. C84 (2011) 042201(R) 

(1116), (1180), (1405), (1520), (1670), (1890), (1189), (1385), (1670),  
(1750)    

(kinetic energy) 



(kinetic energy) 



Momentum space Dirac Eq. 

Bound state spinors 

A mean field approach, Phenomenological, or QMC 



BE=3.0 MeV BE=9.0 MeV 



Cross section for - hypernuclear production 

R. Shyam, K. Tsushima and A.W. Thomas,  Nucl. Phys. A 881, 255 (2012) 

qmc 
Phen. 



Dover and Gal, Ann. Phys. 146 (1983) 256 
R. Shyam, K. Tsushima and A.W. 
Thomas,  Nucl. Phys. A 881, 255 

(2012) 



Difference  between Old and our New results   





A covariant description of the reaction  
is desirable and is possible. 

We developed a new description of the    hypernuclear 
production via (K-, K+) reaction that is based on the 
mechanism of  hyperon resonance excitation and decay. 
New calculations differ significantly from the older one. 

New Measurements are needed for some key 
quantities to resolve the differences  between the 
old calculations. J-PARC facility should be  ideal 
for this purpose. (E.g., elementary cross section.) 

Bound state spinors from the QMC model 
(quark-based) and phenomenological model 

- 



M.K. Cheoun, K.S. Choi, K.S. Kim,  

K. Saito, T. Kajino, T. Maruyama, KT, 

P.T.P. Hutauruk, Y. Oh 

 

Phys. Lett. B 723, 464 (2013) 

Phys. Rev. C 87, 065502 (2013) 

arXiv: 1802.01749 [nucl-th] 

Medium effect on CC weak form factors 

(Octet baryon EM ffs.    

G. Ramalho, KT,  J. Phys. G 40, 015102 (2013)) 

Neutrino Reactions, MFP  
( ,  asymmetry) - 



R=( x / z)=(GE/GM):  He/ H  
(reminder) 

4 1 p p 

S. Malace, M. Paolone and S. Strauch, arXiv:0807.2251 [nucl-ex] 

S. Strauch et al., Phys. Rev. Lett. 91, 052301 (2003) 



W  = F1(Q )   + iF2(Q  )    q  /2MN  
+ FA(Q )    +FP(Q  ) q    /2MN 

 2  
 

 

5 

FA(Q )=GA(Q )=-gA / (1+Q / MA ) 

Fi = F i  F i  (i=1,2) 
p n 

GE = F1  Q  F2/4MN 
2 

GM = F1 + F2 



MN* -  (density) 
   = 0.15 fm 

gA*/gA  Q  and  
 (density): 0.5  

Increase top to bottom 

2 

0 
0 

-3 



F1*/F1  Q  and  
 (density): 0.5  

Increase bottom to top 

F2*/F2  Q  and  
 (density): 0.5  

Increase bottom to top 

2 2 

0 0 



(   )  E  and  
 (density): 0.5  

Increase top to bottom 

(   )   E  and  
 (density): 0.5  

Increase top to bottom 

_ 

e e 

0 0 



(  )- (  ): E  and  
 (density): 0.5  

Increase bottom to top 

(  )+ (   ): E  and  
 (density): 0.5  

Increase top to bottom 

e e e e 

_ _ 

 0 0 



C(  ,e )  B   
/  : 0, 0.5, 1.0 

Increase top to bottom 

g.s(1+) g.s(1+) 
12 12 12 12 

e 
+ 

_ _ 
e C(  ,e )  B   

/  : 0, 0.5, 1.0 
Increase top to bottom 

0 0 

e 
_ 12 12 

g.s(1+) 



(  )/ (  ): E  and  
 (density): 0.5  

Increase top to bottom 

_ 
e e e e 

0 

(   )/ (  ) in   C 
E  and  (density): 0.5  
Increase top to bottom 

12  
e e 

_ 

0 



Neutrino Mean Free Path  
Weak FFs. In medium (QMC) 



Neutrino Mean Free Path 
Cross Sections  



Neutrino Mean Free Path  
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Conclusions, Interests 

  
Effects of density dependent FFs. 

  and   cross section asymmetry 

95 

e e 

_ 

Asymm. enhanced by the in-medium FFs.  

Neutrino MFP increases 10  40 % 
 Neutron Star Cooling Enahnced !! 



J.P.B.C. de Melo et al, 

Phys.Rev. C90 (2014) no.3, 035201 

Phys.Lett. B766 (2017) 125 

Nucl.Phys. A970 (2018) 325 (W.R.B.  et al) 

 

Medium effect on pion and N EMFFs   

and pion Distribution Amplitude  

with the Light Front Constituent Quark Model 

Pion, N, EMFFs and D.A. in medium  



Pion, N, properties in medium 



 



 





 



 



 



 



 



 



 



 



 



 



In-Medium Nucleon EMFFs in 
LF spin-coupling model 

 

W.R.B. de  et al.,  

   Nucl. Phys. A970 (2018) 325 

   Eur.Phys.J. A29 (2006) 227 

   Phys.Lett. B478 (2000) 86 

 



 



 



 



 



 



 



Neutron EMFFs double ratio !! 

 



 

V. Guzey, A.W. Thomas, KT 

Phys. Lett. B 673, 9 (2009) 

Phys. Rev. C 79, 055205 (2009) 

 

Medium effect on Generalized Parton Distributions  

and Deeply Virtual Compton Scattering  

     on a   He nucleus 

Bound Nucleon GPDs and 
Incoherent DVCS 

4 







 ???!!! 











   







However !! 



Model, assumption ! 







Speculations !!! (bound proton spin) 
  Jq+JG=( q+Lq)+JG=1/2 

gA* < gA  q* < q 
F1*  F1 (F1*(0) = F1(0) =1), F2* > F2 

 Hq*  Hq,  Eq* > Eq  ( p* > p)  

Jq* - JG* = ( q*+Lq*)  

=  x(Hq*+Eq*) >  x(Hq+Eq) 

= ( q+Lq - JG = Jq 

  Jq* > Jq  (JG* < JG or Lq* > Lq ) 
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D meson scalar potential 

136 
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D and D* potentials in nuclear matter 

D  = c d 
 
D  = c u 

+ 

0 - 

- 
1.96*V 

q 
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D  (cd) total potential in Pb - 

 1.96*V q 

_ 
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D   (cd) bound state wave functions in Pb - - 

K. Tsushima 139 



D bound state energy in Pb 

 
state D 

1.96 
*Vq

D 
Vq

  D 
Vq
No 

Coulomb 

D 
1.96 

*Vq

D 
Vq

D 
Vq

 
1s 

 
-10.6 

 
-35.2 

 
-11.2 

 
unbound 

 
-25.4 

 
-96.2 

 
1p 

 
-10.2 

 
-32.1 

 
-10.0 

 
unbound 

 
-23.1 

 
-93.0 

 
2s 

 
-7.7 

 
-30.0 

 
-6.6 

 
unbound 

 
-19.7 

 
-88.5 

- - - 0 0 0 
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J/  in nuclei (historical) 

K. Tsushima 141 K. Tsushima 
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J/  pot. at 0 (color octet) 

/2 <N| E Ea |N>  
M.B. Voloshin: chromo-polarizability 

   at 0, V< -21 ( /2 GeV   ) [MeV], 
 Prog. Part. Nucl. Phys.  61, 455 (2008) 

S.H. Lee, C.M. Ko: QCD Stark effect 
V = - 8 + 3 (D-loop) [MeV], PRC 67, 038202 (2003) 

M. Luke, A.V. Manohar, M.J. Savage: EFT 
V = -11 ~ - 8 [MeV], PLB 288, 355 (1992) 

-3 

K. Tsushima 142 K. Tsushima 
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QCD sum rules 
 

Klingl et. al, PRL 82, 3396 (1999), Err-ibid 83, 4224 (1999). 

A. Hayashigaki, Prog. Theor. Phys.  101, 923 (1999). 

S. Kim and S. H. Lee,  NPA 679, 517 (2001). 

 
(mass shift) 
V = - 4 ~ - 7 [MeV] 
 

K. Tsushima 143 K. Tsushima 
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 (  mass in medium (loop!) 

 
 
Color singlet! 

J/ J/

D, B, K (also vector mesons in medium!) 

D,  B,  K (also vector mesons in medium!) 

J/ bound in large nuclei ? 

K. Tsushima 145 K. Tsushima 



Lagrangian  
(updated! only D,D included) 

K. Tsushima 146 K. Tsushima 

 

----------------------------------------------------------------------- 
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D and D* masses in matter 

K. Tsushima 147 K. Tsushima 



Vertex form factor 

K. Tsushima 148 K. Tsushima 
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D-D loop: J/  potential in matter 

K. Tsushima 149 K. Tsushima 



J/  binding in finite nuclei 

Potentials and single-particle 
energies in    He and      Pb 

150 K. Tsushima 



 

 



Proca (Klein-Gordon) equation 

Lorentz condition  T and L modes similar 



Possible width 
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J/ -nuclear bound states  
Summary, outlook 

potential in nuclear matter 
    Color octet, QCD Stark attraction! 
    Color singlet, DD loop  
    attraction! (nongauged J/ ) 

 will be bound in (large mass) nuclei  
   (nearly stopped production of J/ ) 

Widths of D and D* ?!   
 (next) and  in future ?! 

K. Tsushima 155 K. Tsushima 



-meson nuclear bound states 

J.~J.~Cobos-  
 
Phys.Lett. B771 (2017) 113-118 
Phys.Rev. C96 (2017) 035201 
J.Phys.Conf.Ser. 912 (2017) 012009 
PoS Hadron2017 (2018) 209 



 

 



-meson nuclear bound states 

 



 

 



 

 



 

 



 

 



2.  Hypernuclei, - and -hypernuclei (   ,    ) 

1. QMC model: Quark-based in-medium hadron  
    properties and nuclear model (phenomenological) 

4.  Neutrino reactions and in-medium form factors, MFP  

Summary and Future Plans  

5.  Pion, N, EMFFs, pion D.A., bound Nucleon GPDs  
and Incoherent DVCS  

6.  D meson in nuclear medium and J/ ( -)-nuclear bound states  

7.  Plans: In-medium gA and weak-transitions, heavy baryons  

3.  Heavy Baryons in nuclear medium    
c b 


