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Helen was approved in 
spring 2005.

@ CINVESTAV,  April 2005:
it is going to be like this!
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The first HELEN Fellows arrive at CERN, 
January 2006
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HELEN	kids,	CERN,	DIC.	2006	

HELEN,	CERN,	DIC.	2006
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HELEN kids 
CERN, June 2008
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HELEN kids 
CERN, date ??
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T.D.Lee Institute, Jiao Tong Shanghai University, November 2019
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CERN COURIER
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T.D.Lee Institute, Jiao Tong Shanghai University, November 2019
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CERN COURIER

You may find my story here
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•well established results: 
-Gell-Mann-Zweig quarks in 3 flavours (baryons=qqq, etc.) 
-u and d quark masses very small (~MeV) from chiral symmetry breaking 
-Cabibbo theory of semileptonic decays, ΔS=0,1:  

•clouds: 
-do quark clash  with Fermi-Dirac statistics? first ideas about color (Han-Nambu) 
-basic strong interactions: gluon (abelian) mediated ? dual-like (Veneziano model)? 
-Fermi theory not renormalizable. W boson? strong interaction form factors? 

•Schwinger ideas about EW unification+Yang-Mills 
- Glashow’s SU(2)⊗U(1) (1961) 
- Brout-Englert-Higgs Mechanism (1965) -> Weinberg-Salam (1967) 

Late nineteen-sixties...
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•The discussion on higher order weak interactions was opened in 1968 by a 
calculation by Boris Ioffe and Evgeny Shabalin, indicating that ΔS= ± 1 
neutral currents and ΔS=2 amplitudes would result from higher order weak 
interactions, even in a theory with a charged W only 

• the amplitudes were found to be divergent, of order G(GΛ2), and in 
disagreement with experiments, unless limited by an ultraviolet cut-off  Λ ≈ 
3-4 GeV (from ΔmK); 
•result is based on current algebra commutators and shows that hadron form 
factors cannot help: current commutators imply hard constituents; 
•Similar results were found by R. Marshak and coll. and by F. Low.

1. The G(GΛ2) puzzle, 1968
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first attempts
•Attempts were made during 1968-69 to make the amplitude more convergent:  

- introducing more than one Intermediate Vector Boson (Gell-Mann, Low, 
Kroll, Ruderman) (too many were needed); 

- introducing negative metrics (ghost) states (T.D.Lee and G.C. Wick), of 
mass ≃ Λ! 

•it was realised that quadratically divergent amplitudes of order GΛ2 would also 
arise, in the IVB theory, with potential violations of strong interaction symmetries 
(parity, isospin, SU(3) and strangeness).  
•C. Bouchiat, J. Iliopoulos and J. Prentki (1968): with chiral SU(3)  ⊗ SU(3) 
breaking described by a  (3,3bar) representation, leading divergent terms that 
violate strangeness and parity to order (GΛ2) are of the form ∂µJµ and can be 
eliminated 
•another line was to cancel the quadratic divergence in correspondence to a 
specific value of the angle, i.e. “computing” the Cabibbo angle (Gatto, Sartori, 
Tonin(1968); Cabibbo, Maiani (1969)); 
•...but the small cutoff in the G(GΛ2) terms still called for an explanation.
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K0
L
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K0
L

in today ‘s 
common parlance
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K0
L

in today ‘s 
common parlance

⌫

GIM proposal
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K0
L

in today ‘s 
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⌫
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K0
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•each quark line, which leads to ΔF≠ 0, carries the product of d or s 
couplings to u and c 

•the subtraction makes the integral convergent 
•The result vanishes for mc=mu 
•the upshot is that one finds an amplitude of order G[G(m2c-m2u)],  
•i.e. Ioffe&Shabalin’s result with:

12

{K0 } K̄0

⇤2 ! m2
c �m2

u ⇡ (3� 4 GeV)2

Au = sin ✓ cos ✓ A(mu)

Ac = � sin ✓ cos ✓ A(mc)

Atot = sin ✓ cos ✓ [A(mu)�A(mc)]
<latexit sha1_base64="0wQ6HFB//2/p38XvvHe4ESriLSk="></latexit>
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12

{K0 } K̄0

⇤2 ! m2
c �m2

u ⇡ (3� 4 GeV)2

Ioffe&Shabalin’s result turns into a prediction of 
the charm quark mass, mc=1.5-2 GeV !!

Au = sin ✓ cos ✓ A(mu)

Ac = � sin ✓ cos ✓ A(mc)

Atot = sin ✓ cos ✓ [A(mu)�A(mc)]
<latexit sha1_base64="0wQ6HFB//2/p38XvvHe4ESriLSk="></latexit>
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. . . it appears necessary to depart from the original phenomenological model of
weak interactions

<latexit sha1_base64="LirfCLs/wIxhDe7M9WsTPTPpCAM="></latexit>

1
New weak interactions
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. . . it appears necessary to depart from the original phenomenological model of
weak interactions

<latexit sha1_base64="LirfCLs/wIxhDe7M9WsTPTPpCAM="></latexit>

1
New weak interactions

2 The weak hadronic current is constructed in precise analogy with the weak lepton
current, thereby revealing suggestive lepton-quark symmetry

<latexit sha1_base64="Saf462gFgM/VrXGPotnfQYWWvac="></latexit>

Quark-lepton symmetry
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Quark-lepton symmetry

3

No CP violation

. . . suitable redefinitions of the relative phases of the quarks may be performed
in order to make U [i.e. the weak interaction, matrix, note added] real and
orthogonal

<latexit sha1_base64="LKQKuHG7xP+orvJ0xP2f79flPWY="> NmVNE32M8/EP5Xib7yU0cM=</latexit>
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4 In contradistinction to the conventional (three-quark) model, the couplings of the
neutral intermediary - now hypercharge conserving -cause no embarrassment.
The possibility of a synthesis of weak and electromagnetic interactions is also
discussed.

<latexit sha1_base64="hG9mjqYn6nQshWeVGXhmGMI4A5w="></latexit> Electroweak unification is possible
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Quark-lepton symmetry

Why have none of these charmed particles been seen? Suppose they are all
relatively heavy, say 2 GeV. Although some of the states must be stable under
strong (charm-conserving) interactions, these will decay rapidly ( 10�13sec) by
weak interactions into a very wide variety of uncharmed final states (there are
about a hundred distinct decay channels).

Since the charmed particles are copiously produced only in associated pro-
duction, such events will necessarily be of very complex topology, involving the
plentiful decay products of both charmed states. Charmed particles could easily
have escaped notice.

<latexit sha1_base64="OYUIUX8GOD7EJw+YjxqBkCDg+Y0="></latexit> Charmed particles have to be found
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3

No CP violation

. . . suitable redefinitions of the relative phases of the quarks may be performed
in order to make U [i.e. the weak interaction, matrix, note added] real and
orthogonal

<latexit sha1_base64="LKQKuHG7xP+orvJ0xP2f79flPWY="> NmVNE32M8/EP5Xib7yU0cM=</latexit>
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can gim mechanism survive in the 
presence of strong interactions ?

•One may suspect that strong interactions will spoil the cancellations at 
the basis of GIM;  
•Preparata & Weisberger: the universality relations of weak interactions 
are preserved by strong interactions mediated by a neutral gluon 
•what seemed to be a simple curiosity (the PW theorem for the abelian 
gluon) became reality after the discovery of SU(3)color commuting with the 
EW group (eight gluons, all electrically neutral, anyway) and asymptotic 
freedom (1973). 
•strong interactions, in leading order, renormalize quark EW parameters, 
i.e. masses and gauge couplings, and the strenght of non leptonic 
processes in a calculable  way.

14
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•By the end of January, I think we had understood all the essentials and 
we were very happy.  
•one day, going to the Legal Sea Food for lunch, my wife Pucci joined us. 
Pucci told to Shelly how happy and excited I was about the new result and 
the work we were doing. Shelly: He is right, this paper is going to be on 
all school books 
•. . .In a seminar to the experimentalists of Harvard, working at the CEA 
(Cambridge Electron Accelerator) Shelly opened this way: Look, with 
charm we have essentially solved particle physics.  
•Except, he added, for CP violation.

15

January 1970….
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Facts and predictions following GIM

16

•Neutrino neutral current semileptonic processes must exist 
-Flavour conserving, neutral current processes are indeed predicted, in W boson theory, or 

in Yang-Mills theory, to order G [C,C† ] = flavor diagonal;  
-in the unified theory, they appear in lowest order, mediated by Z0 

• In 1973, the Gargamelle bubble chamber collaboration at CERN observed 
muonless  or electronless neutrino events soon recognised to be neutrino 
processes of the type   

-strange particles (and, at higher energy, charmed particles) are pair produced, indicating 
flavour conservation in these abundant neutral current reactions. 
•Quark-lepton symmetry. 

-Restoring quark-lepton symmetry was one of the basic motivations of the GIM paper and 
is at the basis of the partial cancellation of FCNC amplitudes.  

-quark-lepton symmetry is mandatory in the unified electroweak theory for the cancellation 
of the Adler-Bell-Jackiw anomalies, the last obstacle towards a renormalizable theory, as shown 
in 1972 by C. Bouchiat, J. Iliopoulos and P. Meyer (fractionally charged and SU(3)color triplet 
quarks). 
•CP violation ? 

-with 4 quarks in 2 doublets the weak coupling matrix U can be made real 
- already worried by the charm quark, GIM did not ask what would happen with even more 

quarks and failed to discover a simple theory of CP violation.

⌫(⌫̄) + Nucleous! ⌫(⌫̄) + hadrons
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•The matrices: 

make an SU(2) ⊗ U(1) algebra without Flavor Changing Neutral Currents (FCNC) 
and can be taken as the generators of the unified Glashow-Weinberg-Salam theory of 
the Electroweak Interactions 

•GIM: FCNC processes arise to order G(Gmc2) 

•UV divergences are cut-offed by heavy quark exchange; if there are no additional, 
long distance, contributions, amplitudes may be reliably computed, due to 
asymptotic freedom 

2. Unified theory for quarks

17
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but there is a long-
distance contribution 
from:
KL ! �� ! µ+µ�

heavy quarks in FCNC provide a tool 
to search for new physics at high energy 

M. K. Gaillard, B. W. Lee, 1974
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•1973, Kobayashi and Maskawa: three left-handed quark doublets allow 
for one CP violating phase in the quark mixing matrix, since known as the 
Cabibbo-Kobayashi-Maskawa matrix; 
•the phase could agree with the observed CP violation in K decays 
• leads to neutron electric dipole vanishing at one loop (Pakvasa & 
Sugawara, Maiani, 1976); 
•1986, I. Bigi and A. Sanda predict direct CP violation in B decay; 
•2001, Belle and BaBar discover CP violating mixing effects in B-decays.

CP violation, in brief

18

UCKM =

0

BBBB@

1� 1
2�2 � A�3(⇢� i⌘)

�� 1� 1
2�2 A�2

A�3[1� (⇢ + i⌘)] �A�2 1

1

CCCCA

UCKM is in an extraordinary 
agreement with data

Wolfenstein’s parametrization 

C.~Amsler et al.  [Particle Data Group Collaboration], Phys. Lett. B667, (2008)
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3.  PRECURSORS
•Elementary particles in the Sakata model: 

•In 1962, after the discovery of the two neutrinos, Sakata et al. (Nagoya) 
and Katayama et al. (Tokyo) proposed to extend the model to a fourth 
baryon,  called V+: 

a possible mixing among  νe and νµ was paralleled by n-Λ mixing a-la 
Cabibbo, giving rise to weak couplings of p and V+ similar to the ones we 
have assumed for u and c.   
•In 1964, Glashow and Bjorken proposed a 4th quark and invented the 
name “charm”. The motivation was again lepton-quark symmetry and, in 
addition, they speculated that the charm quark was related to  the meson 
φ(1020) and that it could give rise to hadrons below 1 GeV; weak 
couplings: u → dC and c → sC were assumed.

19
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 K.Niu, Proc. Japan Acad. B 84 (2008) 1

is discovered in 1974 by C. C. Ting and coll. (Brookhaven) and by B. Richter 
and coll. (SLAC); immediately after, was observed in Frascati. 

the lightest weakly decaying charmed meson, D0, is discovered by the Mark I 
detector  (SLAC) in 1976.

The November Revolution
J/ = cc̄ (3097 MeV)

D0 = cū (1865 MeV)

•In 1971, K. Niu and collaborators 
observed kinks in cosmic ray emulsion 
events, indicating unstable particles 
with lifetimes of order of 10-12 to 10-13 
sec. These lifetimes are in the right 
ballpark for charmed particles and 
indeed they were identified as such in 
Japan.  
•But cosmic rays events were paid no 
attention in western countries.

The discovery of charmed particles
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D0 = cū (1865 MeV)

•In 1971, K. Niu and collaborators 
observed kinks in cosmic ray emulsion 
events, indicating unstable particles 
with lifetimes of order of 10-12 to 10-13 
sec. These lifetimes are in the right 
ballpark for charmed particles and 
indeed they were identified as such in 
Japan.  
•But cosmic rays events were paid no 
attention in western countries.

The same year, Lederman and coll. discover the 
Υ=(b b-bar), the first evidence of the 3rd family

The discovery of charmed particles
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The neutrino production of an excited charmed meson, D*, is captured by this spectacular 
picture taken at the CERN Hydrogen Bubble Chamber, with the  decay chain of D*  fully 
reconstructed

21

(J.Blietschau~ et al. [Aachen-Bonn-CERN-Munich-Oxford Collaboration]. Production of 
Charmed Mesons in Neutrino Interactions in Hydrogen. Physics. Lett. 86B (1979) 108.
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4. Heavy and very heavy quarks in QCD

22

1979

• the semileptonic rate, therefore 
the lifetime, was computed to 
first order in the strong coupling 
(Cabibbo, Maiani, 1978) 

• and the electron energy 
distribution by Cabibbo, Corbo’, 
&Maiani, and by Ali & 
Pietarinen (1979).

• ΛQCD~300 MeV sets the scale of the strong interactions and gives an absolute meaning to quark 
heaviness:  

- mq < ΛQCD ,  light quarks 
- mq  >, >> ΛQCD ,  heavy (mc~1.7 GeV) and very heavy (mb~5 GeV) quarks 

• Inclusive semileptonic decay of heavy quarks  
- mc→e+ νe+ anything 

is a deep inelastic process, and the  
strong corrections to free quark decay  
can be computed in perturbation theory.
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more modern data,  
e.g. CLEO, 2010.
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•Heavy quark pairs ar difficult to be created or destroyed inside hadrons by QCD forces. 
• Hadrons with a c-cbar or b-bbar pair and electrically charged must contain additional light 
quarks, realising the hypothesis advanced by Gell-Mann in the Sixties

5. Hidden charm and beauty hadrons reveal tetraquarks and pentaquarks

23

M. Gell-Mann, A Schematic Model of Baryons and Mesons, PL 8,  214, 1964

There are indeed new valence 
quark configurations !!
•These are exotic X, Y, Z mesons and the pentaquarks discovered over the last decade 
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Zc(4430)±→J/Ψ+π 
valence quark composition: cc̄ud̄<latexit sha1_base64="PQQrx5WLau3MSidHLOYuws4Y/oM=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCpJFXRZdOOygr1AG8pkMmmHTiZhZlIIoW/ixoUibn0Td76N0zQLbf1h4OM/53DO/H7CmdKO821VNja3tnequ7W9/YPDI/v4pKviVBLaITGPZd/HinImaEczzWk/kRRHPqc9f3q/qPdmVCoWiyedJdSL8FiwkBGsjTWybTL0sUQEpaiAYGTXnYZTCK2DW0IdSrVH9tcwiEkaUaEJx0oNXCfRXo6lZoTTeW2YKppgMsVjOjAocESVlxeXz9GFcQIUxtI8oVHh/p7IcaRUFvmmM8J6olZrC/O/2iDV4a2XM5GkmgqyXBSmHOkYLWJAAZOUaJ4ZwEQycysiEywx0SasmgnBXf3yOnSbDfeq0Xy8rrfuyjiqcAbncAku3EALHqANHSAwg2d4hTcrt16sd+tj2VqxyplT+CPr8wfzLZKQ</latexit>
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•Heavy quark pairs ar difficult to be created or destroyed inside hadrons by QCD forces. 
• Hadrons with a c-cbar or b-bbar pair and electrically charged must contain additional light 
quarks, realising the hypothesis advanced by Gell-Mann in the Sixties
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There are indeed new valence 
quark configurations !!
•These are exotic X, Y, Z mesons and the pentaquarks discovered over the last decade 
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Pentaquarks 
P+ = cc̄uud

<latexit sha1_base64="AfmYTQARd7AQxPzJZ+luPuk3VKw=">AAACA3icbVDLSgMxFM34rPU16k43wSIIQpmpgm6EohuXFewDOmO5k8m0oZnMkGSEMhTc+CtuXCji1p9w59+YPhbaekK4h3PuJbknSDlT2nG+rYXFpeWV1cJacX1jc2vb3tltqCSThNZJwhPZCkBRzgSta6Y5baWSQhxw2gz61yO/+UClYom404OU+jF0BYsYAW2kjr2fewQ4rg3vTy4xwV4A0pTMnLBjl5yyMwaeJ+6UlNAUtY795YUJyWIqNOGgVNt1Uu3nIDUjnA6LXqZoCqQPXdo2VEBMlZ+PdxjiI6OEOEqkuULjsfp7IodYqUEcmM4YdE/NeiPxP6+d6ejCz5lIM00FmTwUZRzrBI8CwSGTlGg+MASIZOavmPRAAtEmtqIJwZ1deZ40KmX3tFy5PStVr6ZxFNABOkTHyEXnqIpuUA3VEUGP6Bm9ojfryXqx3q2PSeuCNZ3ZQ39gff4AAdWV0g==</latexit>
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No consensus, yet 
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1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

q
<latexit sha1_base64="r71nhxOKxOlzz8SvXbYyeWpRVfo=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubvWTJ3t65OyeEI//AxkIRW/+Rnf/GTXKFJj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK9+SxX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dudW6td5HEU4gVM4Bw8uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5AzE+jR8=</latexit>

3̄
<latexit sha1_base64="kcPp6uUL7P50wk9ODs8oFgZg0GE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0nagx6LXjxWsK3QhDLZbtqlm03Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZQ2Nre2d8q7lb39g8Oj6vFJVyeZoqxDE5GoxxA1E1yyjuFGsMdUMYxDwXrh5Hbu956Y0jyRD2aasiDGkeQRp2is5PshKpL7YUSas0G15tbdBcg68QpSgwLtQfXLHyY0i5k0VKDWfc9NTZCjMpwKNqv4mWYp0gmOWN9SiTHTQb64eUYurDIkUaJsSUMW6u+JHGOtp3FoO2M0Y73qzcX/vH5mousg5zLNDJN0uSjKBDEJmQdAhlwxasTUEqSK21sJHaNCamxMFRuCt/ryOuk26l6z3rh3a62bIo4ynME5XIIHV9CCO2hDByik8Ayv8OZkzovz7nwsW0tOMXMKf+B8/gAfFZES</latexit>

3
<latexit sha1_base64="70uIaXGJ41IJSMH39hSnvqPtAMw=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe6SQsugjWUE8wHJEfY2c8mSvb1zd08IR/6EjYUitv4dO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST27nfeUKleSwfzDRBP6IjyUPOqLFSl2T9ICT12aBccavuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx74xcWGVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE177GZdJalCy5aIwFcTEZP48GXKFzIipJZQpbm8lbEwVZcZGVLIheKsvr5N2rerVq7V7t9K4yeMowhmcwyV4cAUNuIMmtICBgGd4hTfn0Xlx3p2PZWvByWdO4Q+czx8cj49Z</latexit>

Q
<latexit sha1_base64="UEZhtOT7DpHvjVdma0UnPJvuLEM=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjIB8wHJEfY2c8mavb1jd08IR36BjYUitv4kO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszkoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukXat6V9Va063Ub/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqyuM1Q==</latexit>

q̄
<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>

QCD  
Forces

Q̄
<latexit sha1_base64="Bc/9rvPnvoo4ao/6JBBV6fnY+ec=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx5bsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHtzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r2QaNzslyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJe1a1b+o1pqXlfpNHkcRTuAUzsGHK6jDHTSgBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A/rfjrw=</latexit>

Compact Diquark-Antidiquark
 L. Maiani, F. Piccinini, A. D. Polosa and 
V. Riquer, Phys. Rev. D 71 (2005) 014028; 
D 89 (2014) 114010.

Q̄
<latexit sha1_base64="Bc/9rvPnvoo4ao/6JBBV6fnY+ec=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx5bsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHtzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r2QaNzslyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJe1a1b+o1pqXlfpNHkcRTuAUzsGHK6jDHTSgBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A/rfjrw=</latexit>

q
<latexit sha1_base64="r71nhxOKxOlzz8SvXbYyeWpRVfo=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubvWTJ3t65OyeEI//AxkIRW/+Rnf/GTXKFJj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK9+SxX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dudW6td5HEU4gVM4Bw8uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5AzE+jR8=</latexit>

Q
<latexit sha1_base64="UEZhtOT7DpHvjVdma0UnPJvuLEM=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjIB8wHJEfY2c8mavb1jd08IR36BjYUitv4kO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszkoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukXat6V9Va063Ub/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqyuM1Q==</latexit>

q̄
<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>

QCD  
Forces1,8

<latexit sha1_base64="/96yD5f3N6hhkjZXRxk+WqAOjT8=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWFRIDKhKykDHChbGItGH1EaV4zqtVceJbAepRPkSFgYQYuVT2Pgb3DQDtBzp6h6dc698ffyYM6Ud59sqbWxube+Udyt7+weHVfvouKuiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3a78HuPVCoWiQc9j6kX4olgASNYG2lkV9OhHyA3u8x7MxvZNafu5EDrxC1IDQq0R/bXcByRJKRCE46VGrhOrL0US80Ip1llmCgaYzLDEzowVOCQKi/ND8/QuVHGKIikKaFRrv7eSHGo1Dz0zWSI9VStegvxP2+Q6KDppUzEiaaCLB8KEo50hBYpoDGTlGg+NwQTycytiEyxxESbrComBHf1y+uk26i7V/XGvVNr3RRxlOEUzuACXLiGFtxBGzpAIIFneIU368l6sd6tj+VoySp2TuAPrM8feemSTg==</latexit>

HadroCharmonium (1) 
Quarkonium Adjoint Meson (8) E. Braaten, C. Langmack and D. H. 

Smith,  Phys. Rev. D 90 (2014) 01404

S. Dubynskiy, S. and M. B.Voloshin, 
Phys. Lett. B 666,(2008) 344.

Q̄
<latexit sha1_base64="Bc/9rvPnvoo4ao/6JBBV6fnY+ec=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx5bsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHtzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r2QaNzslyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJe1a1b+o1pqXlfpNHkcRTuAUzsGHK6jDHTSgBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A/rfjrw=</latexit>

q
<latexit sha1_base64="r71nhxOKxOlzz8SvXbYyeWpRVfo=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubvWTJ3t65OyeEI//AxkIRW/+Rnf/GTXKFJj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK9+SxX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dudW6td5HEU4gVM4Bw8uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5AzE+jR8=</latexit>

1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

Q
<latexit sha1_base64="UEZhtOT7DpHvjVdma0UnPJvuLEM=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjIB8wHJEfY2c8mavb1jd08IR36BjYUitv4kO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszkoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukXat6V9Va063Ub/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqyuM1Q==</latexit>

q̄
<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>

Nuclear  
Forces Hadron Molecule

F-K. Guo, C. Hanhart, U-G Meißner, 
Q. Wang, Q.  Zhao, and B-S Zou, 
arXiv 1705.00141 (2017)
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1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

q
<latexit sha1_base64="r71nhxOKxOlzz8SvXbYyeWpRVfo=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubvWTJ3t65OyeEI//AxkIRW/+Rnf/GTXKFJj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK9+SxX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dudW6td5HEU4gVM4Bw8uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5AzE+jR8=</latexit>

3̄
<latexit sha1_base64="kcPp6uUL7P50wk9ODs8oFgZg0GE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0nagx6LXjxWsK3QhDLZbtqlm03Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZQ2Nre2d8q7lb39g8Oj6vFJVyeZoqxDE5GoxxA1E1yyjuFGsMdUMYxDwXrh5Hbu956Y0jyRD2aasiDGkeQRp2is5PshKpL7YUSas0G15tbdBcg68QpSgwLtQfXLHyY0i5k0VKDWfc9NTZCjMpwKNqv4mWYp0gmOWN9SiTHTQb64eUYurDIkUaJsSUMW6u+JHGOtp3FoO2M0Y73qzcX/vH5mousg5zLNDJN0uSjKBDEJmQdAhlwxasTUEqSK21sJHaNCamxMFRuCt/ryOuk26l6z3rh3a62bIo4ynME5XIIHV9CCO2hDByik8Ayv8OZkzovz7nwsW0tOMXMKf+B8/gAfFZES</latexit>

3
<latexit sha1_base64="70uIaXGJ41IJSMH39hSnvqPtAMw=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe6SQsugjWUE8wHJEfY2c8mSvb1zd08IR/6EjYUitv4dO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST27nfeUKleSwfzDRBP6IjyUPOqLFSl2T9ICT12aBccavuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx74xcWGVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE177GZdJalCy5aIwFcTEZP48GXKFzIipJZQpbm8lbEwVZcZGVLIheKsvr5N2rerVq7V7t9K4yeMowhmcwyV4cAUNuIMmtICBgGd4hTfn0Xlx3p2PZWvByWdO4Q+czx8cj49Z</latexit>

Q
<latexit sha1_base64="UEZhtOT7DpHvjVdma0UnPJvuLEM=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjIB8wHJEfY2c8mavb1jd08IR36BjYUitv4kO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszkoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukXat6V9Va063Ub/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqyuM1Q==</latexit>

q̄
<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>

QCD  
Forces

Q̄
<latexit sha1_base64="Bc/9rvPnvoo4ao/6JBBV6fnY+ec=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx5bsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHtzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r2QaNzslyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJe1a1b+o1pqXlfpNHkcRTuAUzsGHK6jDHTSgBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A/rfjrw=</latexit>

Compact Diquark-Antidiquark
 L. Maiani, F. Piccinini, A. D. Polosa and 
V. Riquer, Phys. Rev. D 71 (2005) 014028; 
D 89 (2014) 114010.

Q̄
<latexit sha1_base64="Bc/9rvPnvoo4ao/6JBBV6fnY+ec=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx5bsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHtzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r2QaNzslyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJe1a1b+o1pqXlfpNHkcRTuAUzsGHK6jDHTSgBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A/rfjrw=</latexit>

q
<latexit sha1_base64="r71nhxOKxOlzz8SvXbYyeWpRVfo=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubvWTJ3t65OyeEI//AxkIRW/+Rnf/GTXKFJj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK9+SxX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dudW6td5HEU4gVM4Bw8uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5AzE+jR8=</latexit>

Q
<latexit sha1_base64="UEZhtOT7DpHvjVdma0UnPJvuLEM=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjIB8wHJEfY2c8mavb1jd08IR36BjYUitv4kO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszkoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukXat6V9Va063Ub/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqyuM1Q==</latexit>

q̄
<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>

QCD  
Forces1,8

<latexit sha1_base64="/96yD5f3N6hhkjZXRxk+WqAOjT8=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWFRIDKhKykDHChbGItGH1EaV4zqtVceJbAepRPkSFgYQYuVT2Pgb3DQDtBzp6h6dc698ffyYM6Ud59sqbWxube+Udyt7+weHVfvouKuiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3a78HuPVCoWiQc9j6kX4olgASNYG2lkV9OhHyA3u8x7MxvZNafu5EDrxC1IDQq0R/bXcByRJKRCE46VGrhOrL0US80Ip1llmCgaYzLDEzowVOCQKi/ND8/QuVHGKIikKaFRrv7eSHGo1Dz0zWSI9VStegvxP2+Q6KDppUzEiaaCLB8KEo50hBYpoDGTlGg+NwQTycytiEyxxESbrComBHf1y+uk26i7V/XGvVNr3RRxlOEUzuACXLiGFtxBGzpAIIFneIU368l6sd6tj+VoySp2TuAPrM8feemSTg==</latexit>

HadroCharmonium (1) 
Quarkonium Adjoint Meson (8) E. Braaten, C. Langmack and D. H. 

Smith,  Phys. Rev. D 90 (2014) 01404

S. Dubynskiy, S. and M. B.Voloshin, 
Phys. Lett. B 666,(2008) 344.

Q̄
<latexit sha1_base64="Bc/9rvPnvoo4ao/6JBBV6fnY+ec=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx5bsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHtzP/4Ylpw5W8t5OEBTEZSh5xSqyT2r2QaNzslyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJe1a1b+o1pqXlfpNHkcRTuAUzsGHK6jDHTSgBRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A/rfjrw=</latexit>

q
<latexit sha1_base64="r71nhxOKxOlzz8SvXbYyeWpRVfo=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubvWTJ3t65OyeEI//AxkIRW/+Rnf/GTXKFJj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK9+SxX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dudW6td5HEU4gVM4Bw8uoQ630IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5AzE+jR8=</latexit>

1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

1
<latexit sha1_base64="rnj0yEAuSl5veF8UR1l4vGlLQ/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dkobm1vbO+Xdyt7+weFR9fikbZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknd3O/88S1EYl6xGnKg5iOlIgEo2glvx9GxBtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbp3VW88uLXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w/8944h</latexit>

Q
<latexit sha1_base64="UEZhtOT7DpHvjVdma0UnPJvuLEM=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjIB8wHJEfY2c8mavb1jd08IR36BjYUitv4kO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszkoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukXat6V9Va063Ub/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqyuM1Q==</latexit>

q̄
<latexit sha1_base64="Et9s1qxigJJFp9G4q4NDO9OqAFQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtvYbLImWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCXv7SRhQUyGkkecEuukVi8kGj/2yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua3depX6dx1GEEziFc/DhEupwCw1oAoUHeIZXeEMKvaB39LFoLaB85hj+AH3+ACoujtg=</latexit>
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F-K. Guo, C. Hanhart, U-G Meißner, 
Q. Wang, Q.  Zhao, and B-S Zou, 
arXiv 1705.00141 (2017)
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The new sensation: doubly heavy baryons

qq c̄

c

c

M. Savage, M. B. Wise, PLB 248,1990;  
N. Brambilla, A. Vairo and T. Rosch, PRD 72, 2005; T. Mehen, arXiv:1708.05020v3 

• Doubly heavy baryons are related to single quark 
heavy mesons  

• QCD forces are mainly spin independent, so there is 
an approximate symmetry relating masses of DH 
baryons to SH mesons: e.g. M(⌅⇤

cc)�M(⌅cc) =
3

4
[M(D⇤)�M(D)]

…. are related to doubly 
heavy tetraquark
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similarly: single heavy quark baryons….

Esposito, M. Papinutto, A. 
Pilloni, A. D. Polosa, and N. 
Tantalo, Phys. Rev. D88, 
054029 (2013) 
M. Karliner and J. L. Rosner, 
arXiv:1707.07666 [hep-ph]. 
E. J. Eichten and C. Quigg, 
arXiv:1707.09575 [hep-ph].
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QQ0ūd̄ Q. Model(K&R) Q. Model(E&Q) Lattice Born-Oppen
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predicted :
M. Karliner and J. L. Rosner, arXiv:1707.07666 [hep-ph]. 
E. J. Eichten and C. Quigg, arXiv:1707.09575 [hep-ph].

•Q-value for the decay  Tbb→ BB γ is negative, as confirmed by different calculations! 
•only allowed: weak decays of constituent quarks

• confirmed by Lattice QCD and Born-Oppenheimer calculations. 

Double Beauty 
tetraquarks  may be 
stable for strong decays 
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• Cross sections may not be so forbidding: doubly charmed baryons have 
been observed at LHC and bb pairs observed at LEP.

• confirmed by Lattice QCD and Born-Oppenheimer calculations. 

Double Beauty 
tetraquarks  may be 
stable for strong decays 
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spectacular weak decays!

Detached Bc-vertices as a sign of double-bottom hadrons

[T. Gershon, A. Poluektov, JHEP, 1901 (2019) 019]

Ahmed Ali (DESY, Hamburg) 28 / 30

•LHC-High Energy 
•Tera Z  factory (FCC-ee, CepC) ? 
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spectacular weak decays!

Detached Bc-vertices as a sign of double-bottom hadrons

[T. Gershon, A. Poluektov, JHEP, 1901 (2019) 019]

Ahmed Ali (DESY, Hamburg) 28 / 30

•LHC-High Energy 
•Tera Z  factory (FCC-ee, CepC) ? 
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[ūd̄]

J/ψ

Ξ0
b

p̄

T (bb)
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ū

W− J/ψ

K̄0

B−

T {bb}
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• discovery will definitely establish diquarks as fundamental 
constituents of hadronic matter
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spectacular weak decays!

Detached Bc-vertices as a sign of double-bottom hadrons

[T. Gershon, A. Poluektov, JHEP, 1901 (2019) 019]

Ahmed Ali (DESY, Hamburg) 28 / 30

A new territory for experiments  
and for non perturbative methods in QCD

•LHC-High Energy 
•Tera Z  factory (FCC-ee, CepC) ? 
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A game changer! LHCb has observed - pair 
resonances (June 2020)

J/ψ

28

 R. Aaij, C. Abellan Beteta, T. 
Ackernley, et al.  (LHCb 
Collaboration). Observation of 
structure in the  pair mass 
spectrum. arXiv:2006.16957, 2006

Sci. Bull. 2020, 65.

J/ψ

Little doubt that these 
resonances are tetraquarks

c̄c
[cc]S=1[c̄c̄]S=1

 Tetraquark constituent  picture of  di-J/Ψ resonances

..
c̄

• [cc] in color  
• total spin of each diquark, S=1 (color antisymmetry and Fermi statistics)

3̄

production and decays: C. Becchi, et al, Phys.Lett.B 811 (2020) 135952
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Summing Up
• It has been a pleasure to  come back to old memories. 
• 50 years after, GIM is alive and well 
• it is an efficient tool to search for flavour changing processes beyond the 
Standard Theory:  

,  
 

•due to QCD, heavy quarks are a good indicators of the dynamics of hadron 
spectroscopy 
• weakly decaying doubly heavy tetraquarks anticipated at future colliders; 
•fully charm tetraquarks discovered: amenable to a theoretical description? a  
second charmonium ?

K+ → π+νν̄; KL → π0νν̄ Bd → μ+μ−; b → sγ;
μ → eγ; μ + N → e + ⋯

30
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Thank You !


