
Gastão Krein
Instituto de Física Teórica,  São Paulo

Hadrons in medium
— nuclear bound heavy and light quarkonia
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Starting point ?

Seems to be

Q C D

Quantum Chromodynamics



Trace anomaly
— classical theory Take mq = 0 & mQ = ∞ 

{
Action is invariant:

Noether theorem:

: hadron state
                                          



                                                 The entire mass 
comes from gluons

Trace anomaly
— quantum theory                                           



Contribution from quark masses

small



Why is this interesting ?

Because 

accessed through threshold
quarkonium-nucleon scattering 

         
              
                              



Quarkonium-nucleon

Quarkonium: 



Quarkonium-nucleon scattering 

Forward amplitude

: color polarizability



Chromopolarizability & 
color van der Waals forces
— an EFT perspective

N. Brambilla, GK, J. Tarrús-Castellà, A. Vairo,  PRD 93, 054002 (2016) 

Interactions between color neutral objects:

Via creation of instantaneous color dipole moments & 

gluon transitions in virtual color-octet intermediate state

— Polarizability—



— Chromopolarizability of quarkonium 

     use pNRQC (potential Nonrelativistic QCD)

— van der Waals force 
     use QCD trace anomaly to match pNRQC to a chiral EFT 

EFT approach

QCD  NRQCD  pNRQCD  

gWEFT   EFT  � WEFT 

Polarizability van der Waals



Chromopolarizability

Chromopolarizability

pNRQCD  gWEFT 



⌘b � ⌘b



vdW potential

H. Fujii and D. Kharzeev, PRD 60, 114039 (1999) 

N. Brambilla, GK, J. Tarrús-Castellà, A. Vairo,  PRD 93, 054002 (2016) 
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Quarkonium-nucleon

Natural staring point:  gWEFT

Embed this into a 
nuclear many-body framework

LgWEFT = Llight + '†(t,~r)
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'(t,~r) : quarkonium field

GK, A. W. Thomas, K. Tsushima, arXiv:1706.02688



Quarkonium in nuclei

Quarkonium-nucleon potential
— from EFT, lattice, ….



Hartree-Fock equation

         
              
                              

From experiment or a model



Need quarkonium-nucleon

Scattering length:

Trace anomaly:

          
                                        



Quarkonium in nuclei

From the forward amplitude:

          
                                        



Lattice* 
— quenched, mπ = 640 MeV

VN⌘c = ��
e�↵ r

r

Yukawa fit

� = 0.1

↵ = 3 fm�1

T. Kawanay & S. Sasaki, PRD 82, 091501 (2010) 



Pion mass dependence
— quenched x unquenched

T. Kawanay & S. Sasaki, Pos (Lattice) 2010, 156 (2010) 



Fit to lattice results

          
                                        

Reproduce scattering length



Fit to lattice results
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Quarkonium in nuclei

GK, A. W. Thomas, K. Tsushima, arXiv:1706.02688



Another mechanism ?

D,D* meson-loop 

      D mesons interact with the nuclear mean fields



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� ⌃⇡
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* 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
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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





Light quarkonium in nuclei

J.J. Cobos-Martínez, K. Tsushima, G. Krein, A.W. Thomas
— Phys. Lett. B771, 113  (2017)
— Phys. Rev. C 96, 035201 (2017)

       
        ϕ



Mass and width in medium

       
    
                               



ϕ-nucleus bound states

Binding energy ~ width 



Perspectives

— EFT: nonperturbative input from the lattice

— Phenomenology: need experiments, e.g. DN

— J/Ψ  electroproduction on nuclei (JLab)

—  ϕ  large width, challenging 

 



JLab @ 12 GeV
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 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
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