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Quarkonium-nucleus bound states 
— Chromopolarizability and color van der Waals forces
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Charm in matter
— Understanding of the nuclear force, role of glue 
  
— J/Ψ, ηc, … :  color polarizability, van der Waals force 

— D-mesons in medium: chiral-symmetry restoration  

— Charm hypernuclei  

— Quark-gluon plasma  

 Experiments ongoing and underway:  

  LHC, RHIC, JLab @ 12 GeV, JPARC, Fair, NICA



Charmonium in nuclear matter  
 — an exotic nuclear state 

 — Nucleons and charmonium have no valence quarks in common  

 — Interaction has to proceed via gluons – QCD van der Waals  

 — No Pauli Principle – no short-range repulsion 

 — Also, binding via D,D* meson loop - interaction with nucleons  

                                                                   BE  ~ 10 - 20 MeV 

  
                                                     

Brodsky, Schmidt & de Téramond, PRL 64, 1011 (1990)

GK, A. W. Thomas & K. Tsushima PLB 697, 136 (2011) 
K. Tsushima, D. Lu, GK & A. W. Thomas PRC 83, 065208 (2011)
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Variational calculation 
of binding energy

     



Possible production processes



V(cc̄)A(r) =

Z
d3r0 V(cc̄)N (r � r0)⇢A(r

0)
Z

d3r0 ⇢A(r
0) = A

                                        

                       

A ✏ [MeV] hr2i1/2 [fm]
3 - 0.8 3.5
4 - 5.0 1.9

12 - 13 1.7
40 - 19 2.0
200 - 27 3.1

Smearing of the interaction  
over the nuclear volume



⌥, ⌘c : ✏ ' �2 to � 4MeV

J/ : ✏ ' �8 to � 11MeV

 0
(2s) : ✏ ' 700MeV

Binding to nuclear matter

} less reliable



J/Ψ binding to nuclei 

Generically: two independent mechanisms 

 — Second order stark effect – octet intermediate state 
      van der Waals force 

 — D,D* meson-loop – color singlet intermediate state 
      D mesons interact with the nuclear mean fields 



Bhanot-Peskin theory 
— van der Waals force (second order Stark effect)

J/Ψ  as a small color electric dipole 

charmonium wave function

nuclear density

masses charm quark and nucleon

: energy shift octet – charmonium

Note: intermediate state  
           is noninteracting



Numerical results

from Cornell potential modelGaussian

at normal nuclear  
matter density 

__________________ 

Sibirtsev & Voloshin, PRD 71, 076005 (2005)

J/Ψ N  cross section > 17 mb



D,D*-meson loops 

Calculate loop with effective Lagrangians 

    – need coupling constants & form factors 

    – need medium dependence  of D masses 





       



D,D* in medium

Light quarks in D mesons 

— quark condensate changes for nonzero 
     temperature and baryon density 

— quark-model: masses of the D mesons change



Quark condensate at finite T 
— model independent result*

For low temperatures:

hq̄qiT
hq̄qi = 1� ⌃⇡

m2
⇡f

2
⇡

⇢⇡s (T )

' 1� T 2

8f2
⇡

* Gerber & Leutwyler (1989)

⌃⇡ = mq
dm⇡

dmq

⇢⇡s (T ) :
scalar density  
of pions in medium



D,D* in medium

K. Saito, K. Tsushima & A.W. Thomas,  Prog. Part. Nucl. Phys. 58, 1 (2007)

— QMC model

Low temperature and density:



D,D* in medium

K. Saito, K. Tsushima & A.W. Thomas,  Prog. Part. Nucl. Phys. 58, 1 (2007)

— QMC model

Low temperature and density:
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Effective Lagrangians 
                              

 – SU(4) flavor symmetry for coupplings 



J/Ψ in nuclear matter

J/Ψ self-energy:

Effective potential:

propagators

form factors, extension  of the mesons



Structure of the mesons 
— form factors

    
F(q2) = γ2π3/2

mψ
3

β3
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(1 + 2r 2)5
e−q2 /2βD

2 (1+2r2 ) , r =
βψ
βD

3P0 — model 
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, gψDD = 7.7

(E. Swanson)

Phenomenological



J/Ψ in nuclear matter

GK, A. W. Thomas & K. Tsushima PLB 697, 136 (2011)



J/Ψ single-particle energies in nuclei                     
 — from Klein-Gordon equation

K. Tsushima, D. Lu, GK & A. W. Thomas PRC 83, 065208 (2011)



               



       

            
       

Models

NPLQCD



J/Ψ binding to proton?

© CERN / LHCb Collaboration



© CERN



© CERN



ATHENNA* collaboration JLab @ 12 GeV

*A J/Ψ THreshold Electroproduction on the Nucleon and Nuclei Analysis 

Z.-E. Meziani (Co-spokesperson/Contact)  
N. Sparveris (Co-spokesperson)  
Z. W. Zhao (Co-spokesperson) 



 How About coalescence 
at the LHC?

Need to detect in coincidence  
the decay products

— Chances of a charmed hadron meeting one or two nucleons  

     not smaller than of two antinucleons and  one antihyperon  

     meeting to form an antihypernucleus



D-mesons 
— bound to nuclei

Quark-meson-coupling model 
- Hartree MFT*, scalar + vector mean fields

EFT HQSS 
- MFT, coupled channels

Review 
K. Saito et al. PPNP (2007)  

*Fock terms do not change much size of mean fields 
  GK, K. Tsushima, T. Thomas

Review 
L. Tolos, Int. J. Mod. Phys. E (2013)

Panda @ FAIR

J-PARC



DN, DΔ states
Chiral quark model* 

— constituent quarks 

— confining potential 

— OGE, OPE, OSE

Coupled channels - T. Caramés, A. Valcarce (2012)

*J. Vijande, F. Fernandez, A. Valcarce (2005) 

 J. Segovia, A. M. Yasser, D. R. Entem, F. Fernandez (2008)

— In vacuum: very few DN bound states (Caramés & Valcarce) 

— In medium: many become bound, combined effect of  
                        coupled channels and change of condensate  
                        T. Caramés, C. E. Fontoura, GK, K. Tsushima, A. Valcarce (2015)



D*Δ - an interesting molecular state
— (T,JP) = (1,5/2-)

OSE dominates 

OGE & OPE cancel
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D*Δ - an interesting molecular state
— (T,JP) = (1,5/2-)

OSE dominates 

OGE & OPE cancel

Drop of the condensate 

— OGE & OPE still cancel each other 

— OSE, extended range, larger binding

X

Also, Λc(2940)+ as a D*N bound state 
P. G. Ortega, D. Entem, F. Fernandez (2013)

             
                           



D*Δ - in medium
— (T,JP) = (1,5/2-)
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Input for the chiral quark model - NJL model

T. Caramés, C. E. Fontoura, GK, K. Tsushima, A. Valcarce (2015)



D*Δ - in medium
— (T,JP) = (1,5/2-)
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Need crucial input 
— DN interaction



Need crucial input 
— DN interaction



Need crucial input 
— DN interaction



DN Experiment 
- antiproton annihilation on the deuteron*

Panda @ FAIR

* J. Haidenbauer, GK, U.-G. Meissner, A. Sibirtsev  

1) Eur. Phys. J. A 33, 107 (2007) 

2) Eur. Phys. J. A 37, 55 (2008) 



Predictions for the PANDA 
measurement

Use SU(4) symmetry for couplings:

Similar magnitude to KN



How good is SU(4) flavor symmetry 
for couplings ? 

   

SU(4) symmetry:

gD̄⇢D̄ = gK⇢K =
1

2
g⇡⇢⇡

gN⇤cD̄ = gN⇤K = gNN ⇡̄



Coupling constants & Form factors

Dyson-Schwinger & Bethe-Salpeter equations: 
- rainbow ladder, no free parameters (heavily constrained spectrum  

  and e.w. decay constants)

B. El Bennich, GK, L. Chang, C.D. Roberts, D.J. Wilson, PRD 85, 031502 (2012)

~ 1/4  400% violation 

~ 1/2  SU(4) OK 

COUPLING LARGE, BUT FORM FACTORS ARE SOFT 

- DN X-SECTION ONLY 5 TIMES LARGER THAN SU(4)



On the other hand: 
— Quark model + 3P0 decay

SU(4) BREAKING:  AT THE LEVEL OF 20% – 30%

C. E. Fontoura, GK, J. Haidenbauer (2015)



Quark model + 3P0 decay

SU(4) 
symmetric 1 1 1 

SU(4) 
broken 1.07 1.20 1.12 

SU(4) BREAKING:  AT THE LEVEL OF 10% – 15%



AdS/QCD hard wall model

C. Miller, A. Bayona & GK (2015) 

g⇢⇡⇡
2g⇢KK

= 1.08

g⇢KK

g⇢DD
= 1.65

g⇢⇡⇡
2g⇢DD

= 1.78



QCD sum rules1 & Lattice2

– Looked at SU(4) symmetry breaking    

   within the charm sector only

1) M.E. Bracco, M. Chiapparini, F.S. Navarra, M. Nielsen,  Prog. Part. Nucl. Phys. 67, 1019 (2012) 

2) K.U. Can, G. Erkol, M. Oka, T. Takahashi, Phys. Lett. B 719 , 103 (2013)



QCD sum rules



Lattice

K.U. Can, G. Erkol, M. Oka, T. Takahashi, Phys. Lett. B 719 , 103 (2013)

m⇡ : 700, 570, 410, 300MeV

Extrapolation to physical  
pion mass from



Chromopolarizability &  
color van der Waals forces 
— an EFT perspective

N. Brambilla, GK, J. Tarrús-Castellà, A. Vairo,  arXiv:1510.05895

Interactions between color neutral objects: 

Via creation of instantaneous color dipole moments &  

gluon transitions in virtual color-octet intermediate state 

— Polarizability—



Would like to treat this



Would like to treat this

But will start with a simpler system … 



⌘b � ⌘b



— Chromopolarizability of 1S bottomonium;  

     use pNRQC (potential Nonrelativistic QCD) 

— van der Waals force between two bottomonia;  
     use QCD trace anomaly to match pNRQC to a chiral EFT 

EFT approch

QCD  NRQCD  pNRQCD  

gWEFT   EFT  � WEFT 

Polarizability van der Waals



Scales

m v : relative velocity: bottom mass,
  
                                                                            

m � mv � mv2 � ⇤QCD

QCD  NRQCD  pNRQCD  

m� : mass bottomonium, : relative distance 

                                                                                       

gWEFT 

gWEFT   EFT  WEFT 

r�� ⇠ 1/m⇡

k2
��/m� = m2

⇡/m� ⌧ m⇡



∼ mv2 pNRQCD

∼ ΛQCD gWEFT

∼ mπ ∼ k χEFT

∼ k2/mφ WEFT

E

Hierarchy of scales and the corresponding EFTs 



pNRQCD



Chromopolarizability

Chromopolarizability

pNRQCD  gWEFT 



Wave functions

Bound-state 

Continuum octet*

*N. Brambilla, M.A. Escobedo, J. Ghiglieri, A. Vairo JHEP 1112, 116 (2011)



Result 
— sensitivity to bottom mass
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Numerical results
average of 

&

We can obtain this 
value if we use

M.B. Voloshin, Mod. Phys.  Lett A 19, 665 (2004) 

                  

                                                                                    

{



van der Waals force

QCD trace 
anomaly

gWEFT   EFT  WEFT �



Matching 

F = F⇡ = 92.419MeV

gWEFT   EFT  �



Chiral correction bottomonium mass 

— leading chiral log



van der Waals force

  EFT  WEFT 

r�� ⇠ 1/m⇡ k2
��/m� = m2

⇡/m� ⌧ m⇡

�

Relative motion at energies lower than pion mass 

— integrate out the pion 



Matching 
  EFT  WEFT �

Long-range part:



Numerical result

Possible bound 
state? 

E�� ⇠ 1MeV



Perspectives 

— EFT for molecules, Born-Oppenheimer  

— Help from the lattice 

— Need experiments, e.g. DN



Funding


