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Starting point ?

Seems to be

Q C D

Quantum Chromodynamics



2008



2015



2018



Computing from first principles! 



Computation of the masses

        
                      
                    

hadron interpolating field, e.g. ⇡+(x) = u(x)�5d(x)h(x) :
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Great, Impressive … 



Great, Impressive … 

BUT,  how precisely those numbers 

come out from 

the QCD Lagrangian ? 



Big questions
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— how precisely are masses generated from almost nothing?

— why are quarks and gluons not seen in isolation?

— dozens of new hadrons (X,Y,Z) have been discovered in
     the last 10 years. What they are?

Our ignorance is profound!

Big questions



Trace anomaly

Take mq = 0 & mQ = ∞ 

Classical action is invariant 



Hadron masses 

: hadron state

                                          

mh = hh|Tµ
µ (x)|hi

From classical Lagrangian:
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Quantum theory                                           

— this is the trace anomaly
— no scale invariance
— trace of       is nonzeroTµ⌫

                                                 
The entire mass 

comes from gluons



Contribution from quark masses

small



Why is this interesting ?

Because 

contributes to threshold
quarkonium-nucleon scattering 

         
              
                              



Experiments
— JLab



ATHENNA* collaboration JLab @ 12 GeV

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

Hall A — E12-12-006
K. Hafidi, Z.-E. Meziani, N. Sparveris, Z. W. Zhao

Hall C — E-12-16-007 (Pentaquarks)
Z.-E. Meziani, S. Joosten, et al.



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



Experiments



Quarkonium-nucleon

Quarkonium: 



Quarkonium-nucleon scattering 

Forward amplitude

: color polarizability 
(property of the quarkonium)



Measure scattering length:

Bound from trace anomaly:

          
 
                                       



© CERN / LHCb Collaboration

Renewed interest in 
quarkonium-nucleon



Quarkonium in nuclei:

— scattering amplitude is enhanced

— formation of a new exotic nuclear state

— adds a new flavor axis in the 
     nuclear e.o.s.  



Scales in nuclei
baryon density (center nucleus)

internucleon distancedav ⇠ ⇢�1/3 ⇠ 1.8 fm

⇢ ⇠ ⇢0 = 0.16 fm�3

nucleon (charge) radius in free space rN ⇠
q
hr2chi ' 0.88 fm ⇠ ⇤�1

QCD

hTNi ⇠
3

5

k2F
2mN

⇠ 20MeV ⌧ ⇤QCD nucleon kinetic energy

Recall that:

rhard�core

NN

⇠ 0.2 fm hard-core NN force



Scales in nuclei
dav ⇠ 2 rN +  hard-core NN force 

Little (or no) superposition of nucleons in nuclei

Pauli principle
(among nucleons)

+
— Independent-particle model
— Mean-field model
— Nuclear shell model

Gomes, Walecka & Weisskopf





Low-momentum quarkonium in a nucleus

— Quarkonium interacts with light quarks in nucleons
     by exchanging gluons with wavelengths 

� ⇠ rN

— Size of quarkonium

� � 2 rJ/ 

rJ/ ⇠ 0.35 fm

Quarkonium  behaves as 
a small color dipole 

immersed in a uniform gluon field
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Embbeding quakonium-nucleon into a
Nonrelativistic nuclear many-body problem

quarkonium-nucleon

G.K.,  A.W.  Thomas & K. Tsushima,
PPNP 100, 161 (2018)



Hartree-Fock equation
— for quarkonium in a nucleus

          
     
                                                                     

quarkonium-nucleus potential

nuclear density functional

Neglecting back reaction of quarkonium on nucleons, 
take density from a model or experiment



Need quarkonium-nucleon potential

From the forward amplitude:

          
                                        



J/Ψ in nuclei
— nuclear potentials

Nuclear density from QMC model:
P.A.M. Guichon et al.



Quarkonium in nuclei
— use scattering length only

 aJ/ N = �0.18 fm

 aJ/ N = �0.36 fm



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) 



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

Scattering length & effective range
— unquenched



Fit to lattice results

          
                                        

Reproduce scattering length, 
leave effective range free



Fit to lattice results

                  

                                                            



J/Ψ in nuclei
— nuclear potentials



Quarkonium in nuclei
— use of lattice potential



               



       

            
       

Models

NPLQCD



Can one do better?



⌘b � ⌘b

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



Chromopolarizability & 
color van der Waals forces
— an EFT perspective

Interactions between color neutral objects:

Via creation of instantaneous color dipole moments & 

gluon transitions in virtual color-octet intermediate state

— Polarizability—



— 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 approach

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⇡

�



pNRQCD*
— obtain e.g. bound states

* A. Pineda and J. Soto, Nucl. Phys. B, Proc. Suppl. 64, 428 (1998)  
   N. Brambilla, A. Pineda, J. Soto, and A. Vairo, Nucl. Phys. B 566, 275 (2000)

S,O: singlet, octet QQ states
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Chromopolarizability

pNRQCD  gWEFT 

gWEFT 
— hadronization, chromopolarizability



Results: polarizability

average of 
&{

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

E' = �mQ
(CF↵s)2

4
= � 1

mQa0
m' = 9.4454GeV



van der Waals force

QCD trace 
anomaly

gWEFT   EFT  �
Nonperturbative matching



Matching 

F = F⇡ = 92.419MeV

gWEFT   EFT  �

cd0 = �4⇡2↵�

b
1 cdi = �4⇡2↵�

b
2 cm = �12⇡2↵�

b

    
                                  
          



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 �



vdW potential

fW (k2
) = contact terms
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vdW potential

asymptotic

W (r) =
1

2⇡2r

Z 1

2m⇡

dµµ e�µr Im
h
fW (✏� iµ)

i

= �3⇡�2m2
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8b2r5
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⌘
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Completed the calculation of 
H. Fujii and D. Kharzeev, PRD 60, 114039 (1999) 



Numerical result
— vdW potential



Are there           bound-states?

— It is likely, but depends somewhat 
    on the medium- and short-range pieces

⌘b ⌘b



Quarkonium-nucleon*
Lattice

Chiral EFT

J.T. Castellà, GK
arXiv: 1803.05412



Degrees of freedom & Scales & Power counting

DOF: nucleons, quarkonia, pions

terms of the effective 
Lagrangian organized 
in powers of

EN , E� ⇠ m⇡ ⌧ ⇤� ⇠ 1GeVScales:

Power counting:
(~ Weinberg for NN)

m⇡

⇤�

Loops: dimensional regularization



Nucleon-pion

Quarkonium-nucleon EFT
— QNEFT

Quarkonium



Quarkonium-nucleon EFT
— QNEFT

Quarkonium-Nucleon



Low-energy quarkonium-nucleon 
dynamics

Quarkonium-nucleon dynamics, 
e.g bound to nucleus occurs at energies

E�N ⇠
k2�N
2µ�N

<
m2

⇡

⇤�
⌧ m⇡

Integrate out the pion
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Integrate out the pion



Quarkonium-nucleon potential
— pQNEFT

Integrate out the pion



Matching

renormalization of couplings + van der Waals



Renormalized couplings

C0 = c0 + 4m2
⇡dm +

9g2Am
2
⇡c0

64⇡2F 2

✓
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3
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D1 = d1 +
g2Am⇡

256⇡F 2
(23cdi � 5cm)

Dj = dj for j = 2, 3 and 4



Long-distance part of QN potential
— vdW force

No free parameters here:
— trace anomaly
— chiral physics

First, model-independent derivation of a 
quarkonium-nucleon van der Waals force 



For            :         

V (r) =
3g2Am

4
⇡ (cdi + cm)

128⇡2F 2

e�2m⇡r

r2

r � 1

2m⇡

To extrapolate lattice data to 
physical quark masses, need:

mN = m̂N � 4c1m
2
⇡ � 3g2Am

3
⇡

32⇡F 2

m� = m̂� � F 2cmm2
⇡



Unknown contact couplings
— get them from lattice QCD



Comparing long distance part
with HAL lattice potential



⌘c �NvdW force      
                  

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



J/ �NvdW force      
                  

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



Fits of the polarizabilites



Are there quarkonium-nucleon
bound states at this order in pQNEFT?

Scattering amplitude (s-wave)
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m⇡ (23cdi � 5cm)

�

No quarkonium-nucleon bound states within 
the applicability of the present calculation:

|p�N |  m⇡



YES, for sufficiently large nuclei

Are there quarkonium-nucleus
bound states at this order in pQNEFT?



Potential for collaborations 
with colleagues in France  

— Jaume Carbonell

— Jean-Marc Richard*

— Pierre Guichon*

— Bira van Kolck*

— Matthieu Tissier

— Hervé Moutarde

— Julien Surreau

* present talk
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