
1

TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f

TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f

  Born-Oppenheimer EFT for quarkonium, hybrids 
                                          tetraquarks,  pentaquarks:

TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f

TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f

TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f
TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f

TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f

TUMQCD 
LATTICE

Collaboration

Munich Data Science Institute

Nora Brambilla

Quark Confinement and
the Hadron Spectrum since 1994  

TUM-IAS Focus Group
Physics with Effective 

Field Theories

Nonrelativistic Multiscale Systems
with 

Effective Field Theories

T30f

Nora Brambilla

spectra, transitions, production and in medium propagation



The XYZ exotics  represent a revolution in particle physics:  
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-It  allows for QCD perturbative calculations at short distance 
-It factorizes long distance in few flavour independent  correlators  to be calculated on the lattice
-Factorization allows for model independent predictions

-It answers the question on the nature of the XYZ states
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Focus of the talk

address  quarkonium, tetraquarks, pentaquarks, hybrids and doubly heavy baryons

The BOEFT is based on symmetries and factorization

-It  allows for QCD perturbative calculations at short distance 
-It factorizes long distance in few flavour independent  correlators  to be calculated on the lattice
-Factorization allows for model independent predictions

-It answers the question on the nature of the XYZ states

 In this  same framework we  can calculate quarkonium AND exotics XYZ:

Medium propagation  from the quarkonium example EFT+ open quantum system?

 Spectra, decays, transitions

Production
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-> establishes BOEFT for hybrids

-> establish BOEFT for all cases

-> spin corrections (hybrids)

-> quarkonium  strongly coupled pNRQCD
N.B. , J. Soto, A. Pineda,  A. Vairo   hep-ph/0410047

-> semi-inclusive decays (hybrids)
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 N.B. , A Mohapatra, T. Scirpa, A. Vairo,  ‘Open flavor threshold effects on quarkonium’ 
 N.B. , R. Bruschini, A Mohapatra, T. Scirpa, A. Vairo, F. Zheng, ‘Above threshold spectrum’

https://arxiv.org/abs/2411.14306


INTERPLAY AMONG  
MANY EXPERIMENTS:

Discovery in the Sector With Two Heavy Quarks
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https://qwg.ph.nat.tum.de/exoticshub/

UPCOMING 
EXPERIMENTS: Electron ion 

STCF 
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A New Spectroscopy Is Born!

Some surprisingly narrow states even if  
above/at strong decay thresholds

XYZ REVOLUTION: X(3872) aka
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I = 0

<-within 100 KeV  of the threshold (molecule?) 
width of  1 MeV!  very small binding energy

Very large radius!

Observed in e+e-, B decays,

hadroproduction (large cross section 30nb)

Compositeness, radiative decays,

production suggest the presence of a

compact component



A New Spectroscopy Is Born!

New perspectives for XYZ studies!

X Produced  also in heavy 
ions where the deconfined 
strongly coupled  QCD 
medium (Quark Gluon 
Plasma-QGP) is formed
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A New Spectroscopy Is Born!

WIFAI 2003 – Spectroscopy: Introduction - 08/11/2023 10

Nature Phys. 18 (2022) 7, 751-754

Similarity?

!!(#$%&) −!(!(∗! = 0.01 ± 0.14!)* ! )##(#$%*)$ − !(∗$ +!(! = −0.27 ± 0.06!)*

X(3872)

Close Friends or False Friends?
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� ⇠ 400KeV
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<-within 300 KeV  of the threshold (molecule?) 
<-width of   48 KeV!  
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XYZ REVOLUTION:

XYZs  not merely composite particles, have unique properties  
 

—>Novel strongly correlated exotics systems 
can give us information about the strong force 
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I = 0

<-within 300 KeV  of the threshold (molecule?) 
<-width of   48 KeV!  



On the Other Hand We Should Understand All the States in a Given QQbar Sector…

..the ones with exotics characteristics and the ones more standard, understand  what drives the  
exotics features and these states mix

Above

threshold

region 

below

threshold

region 
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Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.
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Multiquark states involve different 
configurations. Models assume 
some degrees of freedom in 
some configurat ions and a 
model interaction : molecular 
model, tetraquark model.. . 

Where Is the Theory?REVOLUTION:

Close/above threshold new degrees of freedom like glue and light quarks are nonperturbative part in the binding. 
 



9

Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.

2 / 21

Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.

2 / 21

Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.

2 / 21

Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.

2 / 21

Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.

2 / 21

Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.

2 / 21

Multiquark states involve different 
configurations. Models assume 
some degrees of freedom in 
some configurat ions and a 
model interaction : molecular 
model, tetraquark model.. . 

Where Is the Theory?REVOLUTION:

On the nature of the X(3872) two models in particular compete: molecule versus compact tetraquark

Close/above threshold new degrees of freedom like glue and light quarks are nonperturbative part in the binding. 
 



CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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)

CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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)

CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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==</latexi t>

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)

CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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)

Large radius

Small radius

7Renaissance of hadron spectroscopy

• charm-strange mesons observed 2003 by BaBar & CLEO

• even more “exotica” in the quarkonium (c̄c, b̄b) spectrum

,! started in 2003 with the X(3872) found by Belle

,! some are charged, thus must contain at least 4 quarks

• most of these states close to
two-particle thresholds

,! molecular nature very natural!

• still more states being found

,! like the Tcc (double charm 4q state)

• also experiments were not designed for
hadron spectroscopy, the most quoted
papers are from this field (Belle, LHCb,...)
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– Ulf-G. Meißner, Charming hadrons: Molecules, two-pole structures and all that – CHARM25, Tsung-Dao Lee Institute, Shanghai, China, May 13, 2025 –
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– Ulf-G. Meißner, Charming hadrons: Molecules, two-pole structures and all that – CHARM25, Tsung-Dao Lee Institute, Shanghai, China, May 13, 2025 –

It can be developed in an EFT 



CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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)

CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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)

CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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==</latexi t>

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)

CHARM2025, 12/05/ 2025 L. Maiani. The Standard Theory, 50 years after J/Ψ

No consensus, yet 

For a review, see:  
A. Ali, L. Maiani and A.D. Polosa, 
Multiquark Hadrons, Cambridge 
University Press (2019)
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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
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7Renaissance of hadron spectroscopy

• charm-strange mesons observed 2003 by BaBar & CLEO

• even more “exotica” in the quarkonium (c̄c, b̄b) spectrum

,! started in 2003 with the X(3872) found by Belle

,! some are charged, thus must contain at least 4 quarks

• most of these states close to
two-particle thresholds

,! molecular nature very natural!

• still more states being found

,! like the Tcc (double charm 4q state)

• also experiments were not designed for
hadron spectroscopy, the most quoted
papers are from this field (Belle, LHCb,...)
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The two models confronted for decades, e.g. about hadroproduction 

12General remarks
Guo et al., Rev. Mod. Phys. 90 (2018) 015004,

• Consider an hadronic molecule with w.f.  , made of two hadrons h1, h2,
located close to the threshold Ethr = m(h1) + m(h2)

) long-distance scale � =
p
2µEB ⌧ � [1/� = range of forces]

• Two classes of decay and production processes:

• long-distance processes, in which the momenta of all particles
in the c.m. frame of h1h2 are of O(�) [X(3872) in e+e� collisions]

• short-distance processes, which involve particles with a
momentum & � in the c.m. frame of h1h2 [hadroproduction of the X(3872)]

) only the former class of processes is entirely sensitive to the molecular component
e.g. enhanced production through the triangle singularity

) for the second class, one requires knowledge about short-distance physics
and thus can often only make estimates (discuss two pitfalls often encountered)
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Is that a meaningful parameter?l

It can be developed in an EFT 
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Exotic Quarkonia

I Exotic Quarkonia are candidates for non traditional hadronic states, including
four constituent quark or an excited gluon constituent.

I Many pictures and corresponding models have been proposed...

I However a compelling, unified, understanding of these new states has not yet
emerged.

I The objective is to connect the di�erent pictures to QCD through EFT and/or
lattice.
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Multiquark states involve different 
configurations. Models assume 
some degrees of freedom in 
some configurat ions and a 
model interaction : molecular 
model, tetraquark model.. . 

Where Is the Theory?REVOLUTION:

Direct lattice calculations of exotics masses are limited by the large number of open decay modes 
and they are not suited for production or in medium studies
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the BOEFT is  a flexible approach rooted in QCD that can address all properties of XYZ, spectra, 
transitions, production, propagation in medium. It is based on scales separation and requires 
few universal lattice QCD input. It allows to study the nature of the QCD force
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Direct lattice calculations of exotics masses are limited by the large number of open decay modes 
and they are not suited for production or in medium studies



Born–Oppenheimer EFT Antonio Vairo

1. Introduction: XYZ states

QCD allows for more color singlet combinations of quarks and gluons than conventional
hadrons, i.e. mesons and baryons [1]. These exotic combinations have remained for a long time
elusive until at the beginning of the century B-factories started to detect non-conventional states in
the charmonium and bottomonium spectrum generically dubbed XYZ states (for a review see [2]).
Some of them contain hidden charm or bottom but are charged, )+

22̄ (4050), ..., )+
11̄1(10650), ... .

These and other properties allow to identify some of the non-conventional states as tetraquarks made
of two heavy and two light quarks. Other states, with much less certainty, could be quarkonium
hybrid candidates. More recently pentaquark states made of two heavy and three light quarks
have also been detected. Since the discovery of the j21(3872) in 2003 by Belle, 45 possibly non-
conventional hadrons have been discovered in the charmonium and bottomonium spectrum (see
https://qwg.ph.nat.tum.de/exoticshub).

2. BOEFT

Quarkonia and quarkonium exotica are bound states made of pairs of heavy quarks (we denote
with & the heavy quark and with &̄ the heavy antiquark). The quarks being heavy guarantees
that the hierarchy of non-relativistic energy scales <& � ? ⇠ 1/A ⇠ <&E � ⇢ ⇠ <&E2, where
<& is the heavy quark mass, ? the relative momentum, A the relative distance, ⇢ the binding
energy and E the heavy quark relative velocity, is, at least parametrically, fulfilled. The hierarchy
of energy scales calls for a hierarchy of effective field theories (EFTs) [3]. The ultimate EFT is the
Born–Oppenheimer EFT (BOEFT) [4–8] that reduces to potential NRQCD for heavy quarkonia [9].
At first order, BOEFT reproduces the Born–Oppenheimer approximation: the heavy quarks move
adiabatically in the presence of the light degrees of freedom, whose effect is encoded in a suitable
set of potentials that depend on the distance r of the heavy quarks.

&& (&&̄) states are classified according to the symmetry group ⇡1⌘, whose representations
are labeled ⇤f

[ : if k is the angular momentum of the light degrees of freedom, |r · k | = ⇤ =
0, 1, 2, ... ⌘ ⌃,⇧,�, ..., [ is the P(C) eigenvalue (6 ⌘ 1 and D ⌘ �1), and f is the reflection
eigenvalue (only for ⌃). The numbers ⇤, f and [ are called Born–Oppenheimer (BO) quantum
numbers. Higher states for a given irreducible representation are labeled by primes, e.g. ⌃6, ⌃0

6, ... .
For A ! 0, the symmetry group becomes $ (3) (⇥⇠). Hence several ⇤f

[ representations reduce to
one single :% (⇠ ) representation [10], see table 1.

:%⇠ BO quantum #
0++ ⌃+

6

0+� ⌃+
D

0�+ ⌃�
D

1+� {⌃�
D ,⇧D}

1�� {⌃+
6 ,⇧6}

2�� {⌃�
6 ,⇧6,�6}

:% BO quantum #
0+ ⌃+

6

0� ⌃�
D

1+ {⌃�
6 ,⇧6}

1� {⌃+
D ,⇧D}

2� {⌃�
D ,⇧D,�D}

Table 1: &&̄ (left) and && (right) ⇤f
[ multiplets and their corresponding :%⇠ and :% multiplets.
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A nonrelativistic effective field theory description is valid
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 Bound systems with a typical radius    
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QCD

For bound states high up in the spectrum  (XYZ, excited quarkonia) the radius is larger
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Born–Oppenheimer EFT Antonio Vairo

1. Introduction: XYZ states

QCD allows for more color singlet combinations of quarks and gluons than conventional
hadrons, i.e. mesons and baryons [1]. These exotic combinations have remained for a long time
elusive until at the beginning of the century B-factories started to detect non-conventional states in
the charmonium and bottomonium spectrum generically dubbed XYZ states (for a review see [2]).
Some of them contain hidden charm or bottom but are charged, )+

22̄ (4050), ..., )+
11̄1(10650), ... .

These and other properties allow to identify some of the non-conventional states as tetraquarks made
of two heavy and two light quarks. Other states, with much less certainty, could be quarkonium
hybrid candidates. More recently pentaquark states made of two heavy and three light quarks
have also been detected. Since the discovery of the j21(3872) in 2003 by Belle, 45 possibly non-
conventional hadrons have been discovered in the charmonium and bottomonium spectrum (see
https://qwg.ph.nat.tum.de/exoticshub).

2. BOEFT

Quarkonia and quarkonium exotica are bound states made of pairs of heavy quarks (we denote
with & the heavy quark and with &̄ the heavy antiquark). The quarks being heavy guarantees
that the hierarchy of non-relativistic energy scales <& � ? ⇠ 1/A ⇠ <&E � ⇢ ⇠ <&E2, where
<& is the heavy quark mass, ? the relative momentum, A the relative distance, ⇢ the binding
energy and E the heavy quark relative velocity, is, at least parametrically, fulfilled. The hierarchy
of energy scales calls for a hierarchy of effective field theories (EFTs) [3]. The ultimate EFT is the
Born–Oppenheimer EFT (BOEFT) [4–8] that reduces to potential NRQCD for heavy quarkonia [9].
At first order, BOEFT reproduces the Born–Oppenheimer approximation: the heavy quarks move
adiabatically in the presence of the light degrees of freedom, whose effect is encoded in a suitable
set of potentials that depend on the distance r of the heavy quarks.
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A nonrelativistic effective field theory description is valid

 Bound systems with a typical radius    
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For bound states high up in the spectrum  (XYZ, excited quarkonia) the radius is larger
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Nonperturbative  light degrees of freedom:

any combination of glue and light quarks


to obtain a color singlet 

produce a hierarchy of  NRQCD static energies identified by the 
quantum number  of 
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Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
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Nonperturbative  light degrees of freedom:
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produce a hierarchy of  NRQCD static energies identified by the 
quantum number  of 
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Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
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Born–Oppenheimer EFT Antonio Vairo

1. Introduction: XYZ states

QCD allows for more color singlet combinations of quarks and gluons than conventional
hadrons, i.e. mesons and baryons [1]. These exotic combinations have remained for a long time
elusive until at the beginning of the century B-factories started to detect non-conventional states in
the charmonium and bottomonium spectrum generically dubbed XYZ states (for a review see [2]).
Some of them contain hidden charm or bottom but are charged, )+

22̄ (4050), ..., )+
11̄1(10650), ... .

These and other properties allow to identify some of the non-conventional states as tetraquarks made
of two heavy and two light quarks. Other states, with much less certainty, could be quarkonium
hybrid candidates. More recently pentaquark states made of two heavy and three light quarks
have also been detected. Since the discovery of the j21(3872) in 2003 by Belle, 45 possibly non-
conventional hadrons have been discovered in the charmonium and bottomonium spectrum (see
https://qwg.ph.nat.tum.de/exoticshub).

2. BOEFT

Quarkonia and quarkonium exotica are bound states made of pairs of heavy quarks (we denote
with & the heavy quark and with &̄ the heavy antiquark). The quarks being heavy guarantees
that the hierarchy of non-relativistic energy scales <& � ? ⇠ 1/A ⇠ <&E � ⇢ ⇠ <&E2, where
<& is the heavy quark mass, ? the relative momentum, A the relative distance, ⇢ the binding
energy and E the heavy quark relative velocity, is, at least parametrically, fulfilled. The hierarchy
of energy scales calls for a hierarchy of effective field theories (EFTs) [3]. The ultimate EFT is the
Born–Oppenheimer EFT (BOEFT) [4–8] that reduces to potential NRQCD for heavy quarkonia [9].
At first order, BOEFT reproduces the Born–Oppenheimer approximation: the heavy quarks move
adiabatically in the presence of the light degrees of freedom, whose effect is encoded in a suitable
set of potentials that depend on the distance r of the heavy quarks.

&& (&&̄) states are classified according to the symmetry group ⇡1⌘, whose representations
are labeled ⇤f

[ : if k is the angular momentum of the light degrees of freedom, |r · k | = ⇤ =
0, 1, 2, ... ⌘ ⌃,⇧,�, ..., [ is the P(C) eigenvalue (6 ⌘ 1 and D ⌘ �1), and f is the reflection
eigenvalue (only for ⌃). The numbers ⇤, f and [ are called Born–Oppenheimer (BO) quantum
numbers. Higher states for a given irreducible representation are labeled by primes, e.g. ⌃6, ⌃0

6, ... .
For A ! 0, the symmetry group becomes $ (3) (⇥⇠). Hence several ⇤f

[ representations reduce to
one single :% (⇠ ) representation [10], see table 1.

:%⇠ BO quantum #
0++ ⌃+

6

0+� ⌃+
D

0�+ ⌃�
D

1+� {⌃�
D ,⇧D}

1�� {⌃+
6 ,⇧6}

2�� {⌃�
6 ,⇧6,�6}

:% BO quantum #
0+ ⌃+

6

0� ⌃�
D

1+ {⌃�
6 ,⇧6}

1� {⌃+
D ,⇧D}

2� {⌃�
D ,⇧D,�D}

Table 1: &&̄ (left) and && (right) ⇤f
[ multiplets and their corresponding :%⇠ and :% multiplets.
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   Born-Oppenheimer EFT  for States With Two Heavy Quarks
construct a  nonrelativistic EFT  description on the basis of  scale separations and symmetries



Figure 3. Symmetries of a system made by a

heavy quark, a heavy antiquark and nonper-

turbative constitutents at the scale ⇤QCD.

P

Figure 4. Symmetries of a system made by

two heavy quarks and nonperturbative con-

stituents at the scale ⇤QCD.

⇧, �, ... for ⇤ = 0, 1, 2, .... The index ⌘ is the CP eigenvalue in case of QQ̄, and just parity,

P , in case of QQ and is denoted by g = +1 and u = �1. Finally, the index � = ±1 is

the eigenvalue of the reflection operator with respect to a plane passing through the r̂ axis.

The index � is explicitly written only for ⌃ states, which are not degenerate with respect to

the reflection symmetry. The ground state with given BO quantum numbers is labeled ⇤�
⌘ ;

excited states with the same quantum numbers are labeled ⇤�0
⌘ , ⇤�00

⌘ , . . . .

Assuming that the angular momentum operator K2 has eigenvalues k(k + 1), which

restricts the projection to ⇤  k, and introducing the shorthand notation

 ⌘ {kP [C], f} , (3.13)

where P [C] is defined to be PC in case of QQ̄ and just P in case of QQ, and f denotes

the flavor indices of the LDF,4 we can indicate the static energies E⇤
�
⌘ as E(0)

,|�| (x1,x2) ⌘

E(0)

,|�| (r). Based on the quantum number , we have the static energy E(0)

,|�| (r) for any state

with at least two heavy quarks: quarkonium
�
QQ̄

�
, hybrids

�
QQ̄g

�
, doubly heavy baryons

(QQq), tetraquarks
�
QQ̄qq̄, QQq̄q̄

�
, and pentaquarks

�
QQ̄qqq, QQqqq̄

�
. It should be kept

in mind, however, that k is a good quantum number at short distances, where the symmetry

4 For notational ease, we will explicitly mention whenever we suppress the flavor index f .
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These two cases contain quarkonium,

 hybrids, tetraquarks, pentaquarks


 and doubly heavy baryons 

<latexit sha1_base64="IZXv0L1inYkFu3UjsziyHKSr6d4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahIpSkSPUiFL0IXirYD2hj2Wy37ZLNJuxuhBL6N7x4UMSrf8ab/8ZNm4O2Phh4vDfDzDwv4kxp2/62ciura+sb+c3C1vbO7l5x/6ClwlgS2iQhD2XHw4pyJmhTM81pJ5IUBx6nbc+/Sf32E5WKheJBTyLqBngk2JARrI3Uu3usXiG/7J85p4V+sWRX7BnQMnEyUoIMjX7xqzcISRxQoQnHSnUdO9JugqVmhNNpoRcrGmHi4xHtGipwQJWbzG6eohOjDNAwlKaERjP190SCA6UmgWc6A6zHatFLxf+8bqyHl27CRBRrKsh80TDmSIcoDQANmKRE84khmEhmbkVkjCUm2sSUhuAsvrxMWtWKU6vU7s9L9essjjwcwTGUwYELqMMtNKAJBCJ4hld4s2LrxXq3PuatOSubOYQ/sD5/AA6Ej8I=</latexit>

K2 = k(k + 1)



Figure 3. Symmetries of a system made by a

heavy quark, a heavy antiquark and nonper-

turbative constitutents at the scale ⇤QCD.

P

Figure 4. Symmetries of a system made by

two heavy quarks and nonperturbative con-

stituents at the scale ⇤QCD.

⇧, �, ... for ⇤ = 0, 1, 2, .... The index ⌘ is the CP eigenvalue in case of QQ̄, and just parity,

P , in case of QQ and is denoted by g = +1 and u = �1. Finally, the index � = ±1 is

the eigenvalue of the reflection operator with respect to a plane passing through the r̂ axis.

The index � is explicitly written only for ⌃ states, which are not degenerate with respect to

the reflection symmetry. The ground state with given BO quantum numbers is labeled ⇤�
⌘ ;

excited states with the same quantum numbers are labeled ⇤�0
⌘ , ⇤�00

⌘ , . . . .

Assuming that the angular momentum operator K2 has eigenvalues k(k + 1), which

restricts the projection to ⇤  k, and introducing the shorthand notation

 ⌘ {kP [C], f} , (3.13)

where P [C] is defined to be PC in case of QQ̄ and just P in case of QQ, and f denotes

the flavor indices of the LDF,4 we can indicate the static energies E⇤
�
⌘ as E(0)

,|�| (x1,x2) ⌘

E(0)

,|�| (r). Based on the quantum number , we have the static energy E(0)

,|�| (r) for any state

with at least two heavy quarks: quarkonium
�
QQ̄

�
, hybrids

�
QQ̄g

�
, doubly heavy baryons

(QQq), tetraquarks
�
QQ̄qq̄, QQq̄q̄

�
, and pentaquarks

�
QQ̄qqq, QQqqq̄

�
. It should be kept

in mind, however, that k is a good quantum number at short distances, where the symmetry

4 For notational ease, we will explicitly mention whenever we suppress the flavor index f .
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D1h

Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
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⇤�
⌘

case

LDF

   Born-Oppenheimer EFT
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QQ

These two cases contain quarkonium,

 hybrids, tetraquarks, pentaquarks


 and doubly heavy baryons 

𝐻(𝟎,−𝑇/2) 𝐻(𝟎,𝑇/2)

(𝒙𝟐,−𝑇/2) (a) (b)

(𝒙𝟏,−𝑇/2) (𝒙𝟏,𝑇/2)

(𝒙𝟐,𝑇/2) (𝒙𝟐,𝑇/2)

(𝒙𝟏,𝑇/2)(𝒙𝟏,−𝑇/2)

(𝒙𝟐,−𝑇/2)

and x2 of the quark and antiquark, respectively, are good quantum numbers for the static

solution |n;x1,x2⟩(0), while n generically denotes the remaining quantum numbers.

In static NRQCD, the gluonic excitations between static quarks have the same symmetries

as the diatomic molecule [24]. In the center-of-mass system, these correspond to the symme-

try group D∞h (substituting the parity operation by CP). According to that symmetry, the

mass eigenstates are classified in terms of the angular momentum along the quark-antiquark

axis (Λ = 0, 1, 2, . . . , to which one gives the traditional names Σ,Π,∆, . . . ), CP (g for even

or u for odd), and the reflection properties with respect to a plane that passes through the

quark-antiquark axis (+ for even or − for odd). Only the Σ states are not degenerate with

respect to the reflection symmetry. See Appendix A for more details.

Translational invariance implies that E(0)
n (x1,x2) = E(0)

n (r), where r = x1 − x2. This

means that the gluonic static energies are functions of r and of the only other scale of

the system in the static limit, ΛQCD. The ground-state energy E(0)

Σ+
g
(r) is associated to the

static quark-antiquark energy, while the other gluonic static energies E(0)
n (r), n ̸= 0, are

associated to gluonic excitations between static quarks. Following the analogy with the

diatomic molecule, the E(0)
n (r) play the same role as the electronic static energies. However,

in the present case they are nonperturbative quantities and can be obtained in lattice QCD

from generalized static Wilson loops in the limit of large interaction times T [21, 22, 27–32]

Since the static energies are eigenvalues of the static Hamiltonian, one can exploit the

following relation:

(0) ⟨n; x1, x2, T/2| n; x1, x2, −T/2⟩(0) = N exp
[

−iE(0)
n (r) T

]

, (10)

where N =
[

δ(3)(0)
]2

is a normalization constant following from (9). Since the static states

|n; x1, x2⟩(0) form a complete basis, any state |Xn⟩ can be written as an expansion in them:

|Xn⟩ = cn |n; x1, x2⟩(0) + cn′ |n′; x1, x2⟩(0) + . . . . (11)

From Eq. (10), it then follows

⟨Xn, T/2|Xn, −T/2⟩ = N|cn|2 exp
[

−iE(0)
n (r) T

]

+N|cn′|2 exp
[

−iE(0)
n′ (r) T

]

+ . . . . (12)

For large T the exponentials will be highly oscillatory, or in the Euclidean time of lattice

QCD highly suppressed, so such a correlator will be dominated by the lowest static energy.

This allows us to obtain the lowest static energies without knowing the static states explicitly

E(0)
n (r) = lim

T→∞

i

T
log⟨Xn, T/2|Xn, −T/2⟩ . (13)

8

Phi =Wilson lines and H= gluonic  and light quarks 

The Quantum-Mechanical
Matching

The matching condition is:

⟨H|H |H⟩ = ⟨nljs|
p2

m
+

∑

n

V (n)
s

mn
|nljs⟩

H=H(0) +
δH(1)

m
+

δH(2)

m2
+

δH(3)

m3
+

δH(4)

m4
+ . . .

H(0) =

∫

d3x
1

2
(ΠaΠa + BaBa) −

nf
∑

q̄ iD · γ q

δH(1) =−

∫

d3xψ†

(

D2

2
+ cF g S · B

)

ψ + antip.
. . . . . . . . .
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K2 = k(k + 1)



produce a hierarchy of  NRQCD static energies identified by the 
quantum number  of 
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D1h

Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
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K2 = k(k + 1)

   Born-Oppenheimer EFT  for States With Two Heavy Quarks
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n ⌘ k, |�|

and x2 of the quark and antiquark, respectively, are good quantum numbers for the static

solution |n;x1,x2⟩(0), while n generically denotes the remaining quantum numbers.

In static NRQCD, the gluonic excitations between static quarks have the same symmetries

as the diatomic molecule [24]. In the center-of-mass system, these correspond to the symme-

try group D∞h (substituting the parity operation by CP). According to that symmetry, the

mass eigenstates are classified in terms of the angular momentum along the quark-antiquark

axis (Λ = 0, 1, 2, . . . , to which one gives the traditional names Σ,Π,∆, . . . ), CP (g for even

or u for odd), and the reflection properties with respect to a plane that passes through the

quark-antiquark axis (+ for even or − for odd). Only the Σ states are not degenerate with

respect to the reflection symmetry. See Appendix A for more details.

Translational invariance implies that E(0)
n (x1,x2) = E(0)

n (r), where r = x1 − x2. This

means that the gluonic static energies are functions of r and of the only other scale of

the system in the static limit, ΛQCD. The ground-state energy E(0)

Σ+
g
(r) is associated to the

static quark-antiquark energy, while the other gluonic static energies E(0)
n (r), n ̸= 0, are

associated to gluonic excitations between static quarks. Following the analogy with the

diatomic molecule, the E(0)
n (r) play the same role as the electronic static energies. However,

in the present case they are nonperturbative quantities and can be obtained in lattice QCD

from generalized static Wilson loops in the limit of large interaction times T [21, 22, 27–32]

Since the static energies are eigenvalues of the static Hamiltonian, one can exploit the

following relation:

(0) ⟨n; x1, x2, T/2| n; x1, x2, −T/2⟩(0) = N exp
[

−iE(0)
n (r) T

]

, (10)

where N =
[

δ(3)(0)
]2

is a normalization constant following from (9). Since the static states

|n; x1, x2⟩(0) form a complete basis, any state |Xn⟩ can be written as an expansion in them:

|Xn⟩ = cn |n; x1, x2⟩(0) + cn′ |n′; x1, x2⟩(0) + . . . . (11)

From Eq. (10), it then follows

⟨Xn, T/2|Xn, −T/2⟩ = N|cn|2 exp
[

−iE(0)
n (r) T

]

+N|cn′|2 exp
[

−iE(0)
n′ (r) T

]

+ . . . . (12)

For large T the exponentials will be highly oscillatory, or in the Euclidean time of lattice

QCD highly suppressed, so such a correlator will be dominated by the lowest static energy.

This allows us to obtain the lowest static energies without knowing the static states explicitly

E(0)
n (r) = lim

T→∞

i

T
log⟨Xn, T/2|Xn, −T/2⟩ . (13)

8

𝐻(𝟎,−𝑇/2) 𝐻(𝟎,𝑇/2)

(𝒙𝟐,−𝑇/2) (a) (b)

(𝒙𝟏,−𝑇/2) (𝒙𝟏,𝑇/2)

(𝒙𝟐,𝑇/2) (𝒙𝟐,𝑇/2)

(𝒙𝟏,𝑇/2)(𝒙𝟏,−𝑇/2)

(𝒙𝟐,−𝑇/2)

Needs:

and:

 the matching to BOEFT, the theory that has the Schroedinger 

as  zero order problem



produce a hierarchy of  NRQCD static energies identified by the 
quantum number  of 
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D1h

Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
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K2 = k(k + 1)

   Born-Oppenheimer EFT  for States With Two Heavy Quarks
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n ⌘ k, |�|

and x2 of the quark and antiquark, respectively, are good quantum numbers for the static

solution |n;x1,x2⟩(0), while n generically denotes the remaining quantum numbers.

In static NRQCD, the gluonic excitations between static quarks have the same symmetries

as the diatomic molecule [24]. In the center-of-mass system, these correspond to the symme-

try group D∞h (substituting the parity operation by CP). According to that symmetry, the

mass eigenstates are classified in terms of the angular momentum along the quark-antiquark

axis (Λ = 0, 1, 2, . . . , to which one gives the traditional names Σ,Π,∆, . . . ), CP (g for even

or u for odd), and the reflection properties with respect to a plane that passes through the

quark-antiquark axis (+ for even or − for odd). Only the Σ states are not degenerate with

respect to the reflection symmetry. See Appendix A for more details.

Translational invariance implies that E(0)
n (x1,x2) = E(0)

n (r), where r = x1 − x2. This

means that the gluonic static energies are functions of r and of the only other scale of

the system in the static limit, ΛQCD. The ground-state energy E(0)

Σ+
g
(r) is associated to the

static quark-antiquark energy, while the other gluonic static energies E(0)
n (r), n ̸= 0, are

associated to gluonic excitations between static quarks. Following the analogy with the

diatomic molecule, the E(0)
n (r) play the same role as the electronic static energies. However,

in the present case they are nonperturbative quantities and can be obtained in lattice QCD

from generalized static Wilson loops in the limit of large interaction times T [21, 22, 27–32]

Since the static energies are eigenvalues of the static Hamiltonian, one can exploit the

following relation:

(0) ⟨n; x1, x2, T/2| n; x1, x2, −T/2⟩(0) = N exp
[

−iE(0)
n (r) T

]

, (10)

where N =
[

δ(3)(0)
]2

is a normalization constant following from (9). Since the static states

|n; x1, x2⟩(0) form a complete basis, any state |Xn⟩ can be written as an expansion in them:

|Xn⟩ = cn |n; x1, x2⟩(0) + cn′ |n′; x1, x2⟩(0) + . . . . (11)

From Eq. (10), it then follows

⟨Xn, T/2|Xn, −T/2⟩ = N|cn|2 exp
[

−iE(0)
n (r) T

]

+N|cn′|2 exp
[

−iE(0)
n′ (r) T

]

+ . . . . (12)

For large T the exponentials will be highly oscillatory, or in the Euclidean time of lattice

QCD highly suppressed, so such a correlator will be dominated by the lowest static energy.

This allows us to obtain the lowest static energies without knowing the static states explicitly

E(0)
n (r) = lim

T→∞

i

T
log⟨Xn, T/2|Xn, −T/2⟩ . (13)
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and:

 the matching to BOEFT, the theory that has the Schroedinger 

as  zero order problem
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Figure 1: Improved lattice data points (7) and (11) together with the parameterizations
(5) and (9) for the ordinary static potential and the ⇧u and ⌃�u hybrid static potentials.
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Mornigstar, Kuti from the 90’ Wagner group

𝑸ഥ𝑸𝑿

X8= gluon  →   Hybrid

X8 = 𝑞 ത𝑞 →   Tetraquark

ത𝑄𝑸
r

color:

X8 = 𝑞𝑞𝑞 → Pentaquark      

𝑸𝑸𝑿

𝑸𝑸
r

color:

X= q  →   Double heavy baryon
X= ഥ𝒒ത𝑞 →   Tetraquark

X= 𝑞 ത𝑞𝑞 → Pentaquark and so on

BOEFT potentials 𝑬𝜿,|𝝀|
(𝟎) 𝐫 : LDF (light quarks, gluons) static energies. 

                                                             Potential between 2 heavy quarks

    

 

Total angular momentum 
of QഥQX or QQX : 

Exotic Hadron

BOEFT can address all these states with inputs from Lattice QCD on 𝑬𝜿, 𝝀
(𝟎)  

               XYZ and Corresponding NRQCD Static Energies
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⇤�
⌘

State multiplets

We consider hybrids that are excitations of the lowest lying static energies Πu and Σ−
u .

In the r → 0 limit Πu and Σ−
u are degenerate and correspond to a gluonic operator with

quantum numbers 1+−.

States are organized in spin multiplets.

Multiplet T JPC(S = 0) JPC(S = 1) EΓ

H1 1 1−− (0, 1, 2)−+ E
Σ−

u

, EΠu

H2 1 1++ (0, 1, 2)+− EΠu

H3 0 0++ 1+− E
Σ−

u

H4 2 2++ (1, 2, 3)+− E
Σ−

u

, EΠu

T is the sum of the orbital angular momentum of the quark-antiquark pair and the

gluonic angular momentum; T = 0 state turns out not to be the lowest mass state.

◦ Braaten PRL 111 (2013) 162003

Braaten Langmack Smith PRD 90 (2014) 014044

Born Oppenheimer Description

H+
2 -like molecule spectrum

In H+
2 -like molecules excitations of the electronic cloud are separated from each other

by a gap of order mα2, while vibrational modes of the nucleus have an energy of order

mα2
√

m/M , which is much smaller than mα2; m = mass of e, M = mass of nucleus.

QED
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⇤QCD > mv2

fast   (gluons, light quarks) and slow (heavy quarks) 
 like in molecular physics (fast-electrons, slow nuclei)

Born–Oppenheimer EFT Antonio Vairo

Figure 1: Isospin � = 0 ⌃+
6 , ⇧D and ⌃�

D potentials at short distance A of the static sources. Energy gaps
between states are also displayed.

At leading order in the expansion in E the BOEFT Lagrangian can be written as

!BOEFT =
π

33X

π
33r

’
__0

Tr

(
 †

^_(r, X, C)

8mC X__0 �+^ ,__0 (r)

+
’
U

%U†
^_ (\, i) r2

A

<&
%U
^_0 (\, i)

�
 ^_0 (r, X, C)

)
+ . . . , (1)

where ^ = {:% (⇠ ) , flavor} are the light degrees of freedom quantum numbers, _ = ±⇤, and the
fields ^_ identify the states, with %U

^_ suitable projectors. The potentials+^ ,__0 (r) can be expanded
in 1/<&:

+^__0 (r) = + (0)
^__0 (A) +

+ (1)
^__0 (r)
<&

+ ... ,

with + (0)
^__0 (A) the static potential (in the following written as +⇤f

[
(A)) and + (1)

^__0 (r) including the
leading spin term.

The potentials appearing in the BOEFT Lagrangian include the contributions to the dynamics
from the non-perturbative soft degrees of freedom. Their form can be determined by lattice QCD
computations. In general, potentials with the same BOEFT quantum numbers mix.

Mixing at short distance. Because of the degeneracy pattern shown in table 1, at short
distance also BOEFT potentials with different Born–Oppenheimer quantum numbers, but with
the same $ (3) quantum numbers, mix. The situation is schematically illustrated for the isospin
� = 0 ⌃+

6 , ⇧D and ⌃�
D potentials in figure 1. If we consider potentials between a heavy & and &̄,

the ⌃+
6 potential is the quarkonium potential. The excited potentials support quarkonium hybrids

or isospin � = 0 tetraquarks. The gap of order ⇤QCD between the ⌃+
6 potential and the excited

potentials guarantees that there is no significant mixing between quarkonium and excited states at
short distance, so that in fact a Cornell-like potential describes well quarkonium below threshold.

3

QCD

quarkonium  spectrum

exotic spectrum
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State multiplets

We consider hybrids that are excitations of the lowest lying static energies Πu and Σ−
u .

In the r → 0 limit Πu and Σ−
u are degenerate and correspond to a gluonic operator with

quantum numbers 1+−.

States are organized in spin multiplets.

Multiplet T JPC(S = 0) JPC(S = 1) EΓ

H1 1 1−− (0, 1, 2)−+ E
Σ−

u

, EΠu

H2 1 1++ (0, 1, 2)+− EΠu

H3 0 0++ 1+− E
Σ−

u

H4 2 2++ (1, 2, 3)+− E
Σ−

u

, EΠu

T is the sum of the orbital angular momentum of the quark-antiquark pair and the

gluonic angular momentum; T = 0 state turns out not to be the lowest mass state.

◦ Braaten PRL 111 (2013) 162003

Braaten Langmack Smith PRD 90 (2014) 014044

Born Oppenheimer Description

H+
2 -like molecule spectrum

In H+
2 -like molecules excitations of the electronic cloud are separated from each other

by a gap of order mα2, while vibrational modes of the nucleus have an energy of order

mα2
√

m/M , which is much smaller than mα2; m = mass of e, M = mass of nucleus.

QED
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⇤QCD > mv2

fast   (gluons, light quarks) and slow (heavy quarks) 
 like in molecular physics (fast-electrons, slow nuclei)

The heavy quarks move adiabatically in the presence of the light degrees of freedom, whose effect  
is encoded in a suitable set of potentials that depend on the distance r between the heavy quarks
—->they encode the dynamics from the nonperturbative soft  degrees of freedom

Born–Oppenheimer EFT Antonio Vairo

Figure 1: Isospin � = 0 ⌃+
6 , ⇧D and ⌃�

D potentials at short distance A of the static sources. Energy gaps
between states are also displayed.
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^__0 (r) including the
leading spin term.

The potentials appearing in the BOEFT Lagrangian include the contributions to the dynamics
from the non-perturbative soft degrees of freedom. Their form can be determined by lattice QCD
computations. In general, potentials with the same BOEFT quantum numbers mix.

Mixing at short distance. Because of the degeneracy pattern shown in table 1, at short
distance also BOEFT potentials with different Born–Oppenheimer quantum numbers, but with
the same $ (3) quantum numbers, mix. The situation is schematically illustrated for the isospin
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D potentials in figure 1. If we consider potentials between a heavy & and &̄,
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6 potential is the quarkonium potential. The excited potentials support quarkonium hybrids

or isospin � = 0 tetraquarks. The gap of order ⇤QCD between the ⌃+
6 potential and the excited

potentials guarantees that there is no significant mixing between quarkonium and excited states at
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H4 2 2++ (1, 2, 3)+− E
Σ−

u

, EΠu

T is the sum of the orbital angular momentum of the quark-antiquark pair and the

gluonic angular momentum; T = 0 state turns out not to be the lowest mass state.

◦ Braaten PRL 111 (2013) 162003

Braaten Langmack Smith PRD 90 (2014) 014044

Born Oppenheimer Description

H+
2 -like molecule spectrum

In H+
2 -like molecules excitations of the electronic cloud are separated from each other

by a gap of order mα2, while vibrational modes of the nucleus have an energy of order

mα2
√

m/M , which is much smaller than mα2; m = mass of e, M = mass of nucleus.

QED
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⇤QCD > mv2

fast   (gluons, light quarks) and slow (heavy quarks) 
 like in molecular physics (fast-electrons, slow nuclei)

The heavy quarks move adiabatically in the presence of the light degrees of freedom, whose effect  
is encoded in a suitable set of potentials that depend on the distance r between the heavy quarks
—->they encode the dynamics from the nonperturbative soft  degrees of freedom

Born–Oppenheimer EFT Antonio Vairo

Figure 1: Isospin � = 0 ⌃+
6 , ⇧D and ⌃�

D potentials at short distance A of the static sources. Energy gaps
between states are also displayed.

At leading order in the expansion in E the BOEFT Lagrangian can be written as

!BOEFT =
π

33X

π
33r

’
__0

Tr

(
 †

^_(r, X, C)

8mC X__0 �+^ ,__0 (r)

+
’
U

%U†
^_ (\, i) r2

A

<&
%U
^_0 (\, i)

�
 ^_0 (r, X, C)

)
+ . . . , (1)

where ^ = {:% (⇠ ) , flavor} are the light degrees of freedom quantum numbers, _ = ±⇤, and the
fields ^_ identify the states, with %U

^_ suitable projectors. The potentials+^ ,__0 (r) can be expanded
in 1/<&:

+^__0 (r) = + (0)
^__0 (A) +

+ (1)
^__0 (r)
<&

+ ... ,

with + (0)
^__0 (A) the static potential (in the following written as +⇤f

[
(A)) and + (1)

^__0 (r) including the
leading spin term.

The potentials appearing in the BOEFT Lagrangian include the contributions to the dynamics
from the non-perturbative soft degrees of freedom. Their form can be determined by lattice QCD
computations. In general, potentials with the same BOEFT quantum numbers mix.

Mixing at short distance. Because of the degeneracy pattern shown in table 1, at short
distance also BOEFT potentials with different Born–Oppenheimer quantum numbers, but with
the same $ (3) quantum numbers, mix. The situation is schematically illustrated for the isospin
� = 0 ⌃+

6 , ⇧D and ⌃�
D potentials in figure 1. If we consider potentials between a heavy & and &̄,

the ⌃+
6 potential is the quarkonium potential. The excited potentials support quarkonium hybrids

or isospin � = 0 tetraquarks. The gap of order ⇤QCD between the ⌃+
6 potential and the excited

potentials guarantees that there is no significant mixing between quarkonium and excited states at
short distance, so that in fact a Cornell-like potential describes well quarkonium below threshold.

3

QCD

quarkonium  spectrum

exotic spectrum
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|0;x1x2i� >

The Quantum-Mechanical
Matching

The matching condition is:

⟨H|H |H⟩ = ⟨nljs|
p2

m
+

∑

n

V (n)
s

mn
|nljs⟩

In a QM language:

H(0)|n;x1,x2⟩
(0) = E(0)

n (x1,x2)|n;x1,x2⟩
(0)

|n;x1,x2⟩
(0) = ψ†(x1)χ(x2)|n;x1,x2⟩

(0)

xj are the quark positions n : CP, ...

|0⟩(0) = |(QQ̄)1⟩ → Quarkonium Singlet
|n > 0⟩(0) = |(QQ̄)g(n)⟩ → Higher Gluonic Excitations

The Quantum-Mechanical
Matching

The matching condition is:

⟨H|H |H⟩ = ⟨nljs|
p2

m
+

∑

n

V (n)
s

mn
|nljs⟩

In a QM language:

H(0)|n;x1,x2⟩
(0) = E(0)

n (x1,x2)|n;x1,x2⟩
(0)

|n;x1,x2⟩
(0) = ψ†(x1)χ(x2)|n;x1,x2⟩

(0)

xj are the quark positions n : CP, ...

|0⟩(0) = |(QQ̄)1⟩ → Quarkonium Singlet
|n > 0⟩(0) = |(QQ̄)g(n)⟩ → Higher Gluonic Excitations
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pNRQCD 

BOEFT 
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|QQ̄qq̄i Tetraquarks

The Quantum-Mechanical
Matching

The matching condition is:

⟨H|H |H⟩ = ⟨nljs|
p2

m
+

∑

n

V (n)
s

mn
|nljs⟩

In a QM language:

H(0)|n;x1,x2⟩
(0) = E(0)

n (x1,x2)|n;x1,x2⟩
(0)

|n;x1,x2⟩
(0) = ψ†(x1)χ(x2)|n;x1,x2⟩

(0)

xj are the quark positions n : CP, ...

|0⟩(0) = |(QQ̄)1⟩ → Quarkonium Singlet
|n > 0⟩(0) = |(QQ̄)g(n)⟩ → Higher Gluonic Excitations

 expand quantomechanically NRQCD states and  
 energies  in 1/m around the  

zero order  and identify the QCD potentials

systematically

   Nonperturbative Matching to BOEFT
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  BOEFT  for Quarkonium
<latexit sha1_base64="rLc6KJGaqYdNT9GjIQVqh0ICxho=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0UQhJKIVJdFNy4r2geksUymk3ToPMLMRCihn+HGhSJu/Rp3/o2TNgttPXDhcM693HtPmDCqjet+O6WV1bX1jfJmZWt7Z3evun/Q0TJVmLSxZFL1QqQJo4K0DTWM9BJFEA8Z6Ybjm9zvPhGlqRQPZpKQgKNY0IhiZKzk9+9pzNEgfjyrDKo1t+7OAJeJV5AaKNAaVL/6Q4lTToTBDGnte25iggwpQzEj00o/1SRBeIxi4lsqECc6yGYnT+GJVYYwksqWMHCm/p7IENd6wkPbyZEZ6UUvF//z/NREV0FGRZIaIvB8UZQyaCTM/4dDqgg2bGIJworaWyEeIYWwsSnlIXiLLy+Tznnda9Qbdxe15nURRxkcgWNwCjxwCZrgFrRAG2AgwTN4BW+OcV6cd+dj3lpyiplD8AfO5w9B1ZCZ</latexit>

⌃+
g

<latexit sha1_base64="YOob2HtSMq0atcz0+h7KZH8RbKc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBZBKJREpHoRir14rGA/oE3LZrttl242YXejlJD/4cWDIl79L978N27aHLT1wcDjvRlm5nkhZ0rb9reVW1vf2NzKbxd2dvf2D4qHRy0VRJLQJgl4IDseVpQzQZuaaU47oaTY9zhte9N66rcfqVQsEA96FlLXx2PBRoxgbaT+tB836smN3Y/L5aQwKJbsij0HWiVORkqQoTEofvWGAYl8KjThWKmuY4fajbHUjHCaFHqRoiEmUzymXUMF9qly4/nVCTozyhCNAmlKaDRXf0/E2Fdq5num08d6opa9VPzP60Z6dO3GTISRpoIsFo0ijnSA0gjQkElKNJ8Zgolk5lZEJlhiok1QaQjO8surpHVRcaqV6v1lqXabxZGHEziFc3DgCmpwBw1oAgEJz/AKb9aT9WK9Wx+L1pyVzRzDH1ifP/lTkYg=</latexit>

kPC = 0++

Brambilla Pineda Soto Vairo 00
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+�L(US light quarks)High-lying quarkonia away from threshold: 1/m potentials

• Singlet states described by the long tails of the potentials in pNRQCD:

V = V0 +
1

m
V1 +

1

m2
(VSD + VV D)

•Lattice calculations of the pNRQCD  potentials

•Exact relations among the potentials from the EFT

•QCD vacuum calculation of the potential (need only one assumption on the Wilson loop 

static spin dependent velocity dependent
S
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• A  pure potential description emerges from the EFT however this is not the constituent quark 
model, alphas and masses  are the QCD fundamental parameters

• The potentials V = ReV + ImV

         
  from QCD in the matching: get spectra and decays 

• We obtain  the form of the nonperturbative potentials V in terms of generalized Wilson loops (stat that are low 
energy pure gluonic correlators: all the flavour dependence is pulled out 

Applications regard: Spectrum, decays, production, studies of confinement
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quark mass, so the charm quark can neither be considered massless nor infinitely heavy. It is important to account
for finite charm quark mass e�ects when analyzing the static energy in (2 + 1 + 1)-flavor QCD, particularly when
determining –s. In this paper, we show the impact of finite charm quark mass e�ects on the static energy by comparing
our new lattice QCD results for the static energy in (2 + 1 + 1)-flavor QCD with published results in (2 + 1)-flavor
QCD at similar lattice spacings. The comparison also demonstrates for the first time how the charm quark decouples
from the static energy when going from short to large distances.1 Further, we compare the (2 + 1 + 1)-flavor lattice
data with the two-loop expression of the static energy, including charm mass e�ects.

The rest of the paper is organized as follows. Our numerical calculation of the static energy on the HISQ ensembles
is described in Sec. II. We then take these results and analyze them in Sec. III to obtain the scales ri/a and string
tension a2‡. Section IV forms several universal ratios or products of these quantities among each other and combined
with afp4s (the lattice spacing defined via the decay constant of a fictitious meson with quark and antiquark having
mass 0.4ms) from Ref. [26]. We then turn in Sec. V to the comparison of the static energy with perturbation theory, in
particular, studying the e�ect of the massive charm quark sea. Section VI o�ers some outlook and conclusions. Several
technical appendices follow. We found some inconsistencies in the gauge fixing of the publicly available and widely
used HISQ ensembles, which we document in Appendix A. Additional plots and tables in support of Secs. II, III,
and IV can be found in Appendix B. Formulas from perturbative QCD needed for our study of charm quark loops are
collected in Appendix C. Preliminary results based on these data have been published in conference proceedings [73];
we have refined that analysis to permit quantitative studies of the impact on the various uncertainties.
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Figure 1. Results for the static energy in physical units from the calculations described in this paper. The data are from twelve
ensembles of varying lattice spacing (keyed by —) and three choices of light quark mass (denoted “M i”, “M ii”, “M iii”). Lattice
units are eliminated via r0/a, and the unphysical constant is eliminated by setting E0(r0) = 0. See Sec. IV C for details.

1
Decoupling of Nf = 2 charmlike heavy quarks at very large distances has already been observed for the force, and was published in

conference proceedings [71]. Decoupling of heavy quarks in a similar setup has been proposed as a scheme for determining –s [63, 72].
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gauge invariant wilson  
loops can be calculated also in 

 QCD vacuum model and large N

• the potentials contain the contribution of the scale m inherited from NRQCD matching coefficients—> they cancel any 
QM divergences, good UV behaviour

• the nonperturbative part is factorized and depends only on the glue —> only one lattice calculation to get  the dynamics 
and the observables instead of an ab initio calculation of multiple Green functions

• the flavour dependent part is extracted in the NRQCD matching coefficients



1. We consider all the NRQCD static energies in presence of glue and light quarks:

QQbarg, QQbar qqbar, QQ qbar qbar, QQbar qqq,  QQ qqqbar, QQq

2. We define the NRQCD static energies  via gauge-invariant correlator of appropriate interpolating operators

5.We consider separately  NRQCD static energies  separated by a gap Lambda_QCD

6.We match the NRQCD static energies to the corresponding potentials in BOEFT

Mixing appears: at short distance between static energies with same k—> coupled Schr. Eqs.

at large distance between static energies with same BO numbers that get close  
(avoided level crossing)—> coupled Schr. Eqs.

4.BO quantum number is conserved:  BO static energies evolve in heavy-light static 

energies with the  same quantum numbers: allows to understand the form of the fundamental strong force 

7. Solve the coupled Schroedinger eqs. To obtains  X and the Tcc, hybrids, pentaquarks…. 

              Tetraquarks, Hybrids, Pentaquarks

8.  Consider spin relativistic  corrections at order 1/m 

Berwein, N.B.,

Mohapatra, Vairo

2408.04719

3. We calculate the short distance behaviour: gluelumps, adjoint meson, triplet mesons, sextet mesons ….
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𝑸ഥ𝑸𝑿

X8= gluon  →   Hybrid

X8 = 𝑞 ത𝑞 →   Tetraquark

ത𝑄𝑸
r

color:

X8 = 𝑞𝑞𝑞 → Pentaquark      

𝑸𝑸
r

color:

X= q  →   Double heavy baryon
X= ഥ𝒒ത𝑞 →   Tetraquark

X= 𝑞 ത𝑞𝑞 → Pentaquark and so on

BOEFT potentials 𝑬𝜿,|𝝀|
(𝟎) 𝐫 : LDF (light quarks, gluons) static energies. 

                                                             Potential between 2 heavy quarks

    

 

Total angular momentum 
of QഥQX or QQX : 

Exotic Hadron

BOEFT can address all these states with inputs from Lattice QCD on 𝑬𝜿, 𝝀
(𝟎)  

                NRQCD Static Energies

L

BOEFT
• BOEFT Lagrangian:

14
Castellà , Soto  

Phys. Rev. D. 102, (2020)

BO-quantum #:

Projection vectors : 

Brambilla, Lai, Segovia, Castellà,  

Phys. Rev. D. 101, (2020)

Brambilla, Lai, Segovia, Castellà, 

Vairo  Phys. Rev. D. 99, (2019)

Soto, Valls, 

Phys. Rev. D 108 (2023)

Berwein, Brambilla, AM, Vairo, 

arXiv 2408.04719

LDF-quantum #:

• BO potentials: Potential between 𝑸 & ഥ𝑸 due to LDF (light quarks, gluons).                               

Born-Oppenheimer (BO) 
            potential:

v

Static Energy

v

Spin-dependent potentials

3
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ത𝑄𝑸
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color:

X = 𝑞𝑞𝑞 8 → Pentaquark
and so on

𝑸𝑸𝑿

𝑸𝑸
r

color:

X = 𝑞3 →   Double heavy baryon

X= ഥ𝒒ത𝑞 3 / ഥ𝒒ത𝑞 ഥ𝟔→ Tetraquark

X= 𝑞𝑞 ത𝑞 3 / 𝑞𝑞 ത𝑞 6→ Pentaquark
and so on

Exotic Hadron

➢ BOEFT can address all these states with required inputs from Lattice QCD !!

Berwein, Brambilla, AM, Vairo, Phys. Rev. 

D. 110, (2024), 094040

X8 :  Adjoint hadrons (gluelump, adjoint meson, adjoint baryon….) 

X3 / 6 :  Triplet or sextet hadrons (meson, baryon….) 
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X= ഥ𝒒ത𝑞 →   Tetraquark

X= 𝑞 ത𝑞𝑞 → Pentaquark and so on

BOEFT potentials 𝑬𝜿,|𝝀|
(𝟎) 𝐫 : LDF (light quarks, gluons) static energies. 

                                                             Potential between 2 heavy quarks

    

 

Total angular momentum 
of QഥQX or QQX : 

Exotic Hadron

BOEFT can address all these states with inputs from Lattice QCD on 𝑬𝜿, 𝝀
(𝟎)  

                NRQCD Static Energies
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BOEFT
• BOEFT Lagrangian:
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Castellà , Soto  
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BO-quantum #:

Projection vectors : 

Brambilla, Lai, Segovia, Castellà,  

Phys. Rev. D. 101, (2020)

Brambilla, Lai, Segovia, Castellà, 

Vairo  Phys. Rev. D. 99, (2019)

Soto, Valls, 

Phys. Rev. D 108 (2023)

Berwein, Brambilla, AM, Vairo, 

arXiv 2408.04719
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LDF-quantum #:

• BO potentials: Potential between 𝑸 & ഥ𝑸 due to LDF (light quarks, gluons).                               

Born-Oppenheimer (BO) 
            potential:

v

Static Energy

v

Spin-dependent potentials

Notice: for exotics

spin correction at 

order 1/mQ !!

Coupled  Schoedinger equations with
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BOEFT: Potentials

➢ String behavior (pure SU(3) gauge)

➢ Mixing with pair of heavy-light states
     based on BO-quantum number 𝚲𝜼

𝝈 
     representations

𝑸ഥ𝑸:
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K. Juge, J. Kuti, C. Morningstar, Phys. Rev. Lett. 90 (2003)
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BOEFT: Potentials

• Gluelump / adjoint meson or baryon mass for 𝑄 ത𝑄𝑋 states

• Triplet meson or baryon / Sextet meson or baryon mass for 𝑄𝑄𝑋 states

Campbell, Jorysz, Michael Phys. Lett. B 167 (1986)Foster, Michael (UKQCD) Phys. Rev. D 59 (1999)

Most recent results on gluelump spectrum:
Herr, Schlosser, Wagner Phys. Rev. D 109 (2024)

Gluelump spectrum with 2+1 dynamical light quarks
Marsh, Lewis  Phys. Rev. D 89 (2014):

Adjoint meson spectrum (1−− & 0− +):
Foster, Michael (UKQCD) Phys. Rev. D 59 (1999)

No results available on adjoint baryon, triplet meson or baryon / sextet meson or baryon masses

Lowest gluelump 1+ −: ≈ 1.150 GeV

Field  theory definition of gluelumps, adjoint mesons, triplet mesons.. masses
Triplet and sextet mesons operators give a gauge invariant field theory definition

of (good and bad) diquarks
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•Control of the large distance region
ഥ𝑸𝑸 𝒓

LDF

As 𝒓 → ∞
𝑸 ഥ𝑸

2- meson state

Static Energies: Tetraquark

BO-quantum # Λ𝜂
𝜎  for meson-antimeson

Consider QഥQqതq system:

BO-quantum # Λ𝜂
𝜎  for adjoint meson:

s-wave+s-wave
  Ex. 𝐃ഥ𝐃 threshold

QഥQ
    (color)

Light Spin   
     KPC   𝚲𝜼

𝝈 (𝐷∞ℎ)

  Octet
0− + Σ𝑢

−

1− − {Σ𝑔
+, Π𝑔}

Meson-antimeson have same BO-quantum # Λ𝜂
𝜎

as of adjoint meson !!!     

 

BO quantum number conserved

Born–Oppenheimer EFT Antonio Vairo

Figure 2: Possible behaviours towards the open flavor thresholds of the isospin � = 1 ⌃+
6 , ⇧6 and ⌃�

D

potentials [8].

If mixing between Born–Oppenheimer potentials with the same quantum numbers is accounted
for, then the eigenvalues of the potential matrix are called adiabatic potentials. These are the
physical energies of the static sources at different distances A . In the case of a 2⇥ 2 potential matrix
with ⇢1(A) and ⇢2(A) as diagonal entries and +12(A) as off-diagonal mixing potential, the physical
energies E±(A) read

E±(A) =
⇢1(A) + ⇢2(A)

2
± 1

2
p
(⇢1(A) � ⇢2(A))2 + 4+12(A)2. (4)

If the energy difference |⇢1(A) � ⇢2(A) | is at any distance much larger than |+12(A) |, then the effect
of the mixing on the spectrum is small and E+(�) (A) ⇡ ⇢1(2) (A). If the energy levels ⇢1(A) and
⇢2(A) cross at some distance, typically at the string breaking distance of about 1.2 fm, then the
phenomenon of avoided level crossing happens, where the lower adiabatic energy assumes at large
distance the flat threshold behaviour encoded in one of ⇢1(A) and ⇢2(A), while the higher adiabatic
energy keeps growing. This is illustrated for the adiabatic isospin � = 0 potentials in figure 3.
At short distance, the adiabatic potential 1⌃+

6 has the attractive behavior of the quarkonium ⌃+
6

Born–Oppenheimer potential, while the adiabatic potentials
�
2⌃+

6 , 1⇧6
 

and
�
3⌃+

6 , 2⇧6
 

have the
repulsive behavior of the tetraquark Born–Oppenheimer potentials

�
⌃+0
6 ,⇧6

 
and

�
⌃+00
6 ,⇧0

6

 
that

form degenerate multiplets corresponding to the 1�� and 2++ adjoint mesons. At about 1.2 fm, the
1⌃+

6 adiabatic potential and the 2⌃+
6 tetraquark potential are the result of avoided level crossing. The

2⌃+
6 potential assumes a linearly rising confining behavior up to the next avoided level crossing. The

1⌃+
6 potential goes into the S-wave + S-wave static heavy-light meson-antimeson threshold. The

avoided crossing is not affecting the Born–Oppenheimer potentials ⇧6 = 1⇧6 and the ⇧0
6 = 2⇧6.

5

The potentials should go to the heavy light

static threshold—>consequences:

• Only a finite number of states possible 

• Exotic features: e.g. the very large radius of the X(3872)

 comes  from a ‘fine tuned’ value of  the adjoint meson mass
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•Control of the large distance region

•Same framework for quarkonium and exotics 

We fix the adjoint meson mass value on  the X(3872)  and with the same equations we can obtain 

all states  in the I=0 QQbar sector below and above threshold

We  calculate the open flavor threshold effects on quarkonium spectrum below threshold and the percentage

of quarkonium and tetraquark in each state—> this has phenomenological consequneces


We  can e.g, establish that 2p state at 4010 MeV above threshold is 90% quarkonium while the X(3872) is 90%

tetraquark 
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•Control of the large distance region

•Same framework for quarkonium and exotics 

•The low energy nonperturbative correlator are universal and flavor independent 

We fix the adjoint meson mass  on the X(3872) and we can predict everything in the bottom sector->

the Xb is below threshold and does not have exotic feature even if it 98% tetraquark!! It is not at 

a heavy-light  threshold!
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Static Energies: Avoided crossing
More recent computation of string breaking:

Bulava, Hoerz, Knechtli, Koch, Moir, Morningstar, Peardon,  Phys. Lett. B. 793 (2019)

Bulava, Knechtli, Koch, Morningstar, Peardon, Phys. Lett. B. 854 (2024)

Ground state + Pions

String breaking radius ≈ 1.22 fm

Model Hamiltonian for determining parameters:

1) Avoided crossing with s-wave + p-wave threshold. No lattice results available on this till now !!

2) 𝚺𝐮− component mixing with s-wave + s-wave threshold (significant effects only if the energy gap 
       less than ΛQCD scale). 

a ≈ 0.063 fm

Hybrid static energies: (𝚺𝒖−,𝚷𝒖)

Bruschini Phys. Rev. D 109 L031501 (2024) J. Castella JHEP 06, 107 (2024)

avoided level crossing 
In adiabatic representation 
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Figure 1: Improved lattice data points (7) and (11) together with the parameterizations
(5) and (9) for the ordinary static potential and the ⇧u and ⌃�u hybrid static potentials.
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Consequences on our Knowledge of the Strong Force
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Figure 1: Static potential determined using the full mixing matrix; the three lowest lying energy
levels Vn(r), n = 0, 1, 2 are shown. The grey line corresponds to twice the static-strange meson
mass, its error is too small to be visible. The black line corresponds to twice the static-light meson
mass; the error is automatically taken into account by using the ratio given in Eq. (2.6). For all
distances, the fixed GEVP with t0/a = 5, td/a = 10 is used.

The matrix of correlation functions Eq. (2.3) we use contains three very different operators,
which should have strong overlap onto the three lowest physical energy eigenstates. Following
Ref. [19], we expect problems with determining energies from the GEVP using a finite basis will
arise when higher states for which no good operator appears in the basis are close in energy. We
can estimate where the next energy levels should be around the breaking region and they are all
higher by a scale of about 500MeV, substantially larger than the gaps observed.

The string breaking region is reproduced in more detail in Fig. 2. Both avoided crossings are
visible and the energy gap between the ground state and first level is larger than the gap between
first and second levels. Qualitatively, the first mixing region appears to be broader, but it is not
possible to determine the difference between the first string breaking distance rc and the second
string breaking distance rcs by eye. The quantification of string breaking involving three levels
is more complex in comparison to the two-level situation. For the Nf = 2 vacuum, the string
breaking distance rc can be defined by the minimum of the energy gap �E [6]. When the strange
quark is included, an alternative definition of the two string breaking distances rc and rcs is needed
as there is not necessarily a minimum energy gap.

6

avoided level crossing 
between quarkonium 

and tetraquarks 

Quarkonium, Tetraquarks 
and heavy-light pairs 

  

 tetraquarks and 
heavy-light overlap at 

large distance   

the X(3872)

arises from coupled

channels between quarkonium

and the two first tetraquarks 

Consequences on our Knowledge of the Strong Force



  Other Consequences 

Static Energies: Tetraquark

Behavior of tetraquark static energy:

0− +

S-wave +S-wave

Isospin=1

1−−

S-wave +S-wave

Isospin=1
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a good diquark [125]. Having fixed ⇤⇤
0+ , we predict a315

deeply bound Tbb state (JP = 1+), 116 MeV below the316

BB threshold and a Tbc state (JP = {0+, 1+}) 24 MeV317

below the DB threshold. Our Tbb binding energy result318

aligns well with ab initio lattice studies [48, 51–55, 57–59]319

and lattice based BO approximation studies [41, 44–47]320

Similarly, our Tbc binding energy agrees well with lattice321

QCD predictions [49, 56, 60, 61]. A positive 30 MeV spin322

splitting correction for Tbb is reported in Ref. [47].323

Summary. The BOEFT predicts a set of coupled324

channel Schrödinger equations to describe tetraquarks325

in QCD. Using this approach the physical �c1 (3872)326

emerges as composed dominantly of two tetraquarks con-327

tributions and a residual quarkonium part, while the328

T+
cc (3875) emerges as a single tetraquark. The value of329

the adjoint mass and the triplet mass together with the330

structure of the potential, which are constrained by the331

BOEFT, originate states with a very large radius, small332

binding energy and other properties compatible with ex-333

periments. Still, the states are neither simple molecules334

nor compact tetraquarks but result from a conspiracy335

between the short- and long-range behavior of potentials336

that are constrained by symmetry and computed in lat-337

tice QCD. Thanks to the BOEFT factorization, fixing338

the parameters in the cc sector allows direct predictions339

in the bb and bc sectors. The existence of T+
cc (3875) be-340

low threshold may be related to the corresponding triplet341

meson being a good diquark [73].342
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  Results on Spectroscopy (as From Abhishek Talk) 

X(3872) : close to threshold, radius of 15 fm,  10% of quarkonium, 90% tetraquarks, spin multiplet,

Radiative decays, compositeness

Xb, mainly tetraquark, non exotic characteristics

Tcc close to threshold, large radius, prediction of Tbb and Tbc in agreement with lattice

Pentaquarks multiplets

Zb and Zb’

chi(2P) over threshold, quarkonium states below and above threshold
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Inclusive Hadroproduction Cross Section in NRQCD 

perturbative

nonperturbative

Inclusive production cross sections in NRQCD

In NRQCD, the production cross sections for a quarkonium Q factorize

• in short distance coefficients, σQQ̄(N), encoding contributions from energy scales

of order m or larger,

• and in long distance matrix elements (LDMEs), ⟨Ω|OQ(N)|Ω⟩, encoding

contributions of order mv, mv2 and ΛQCD,

so that we can write:

σQ+X =
∑

N

σQQ̄(N)⟨Ω|OQ(N)|Ω⟩.

The same pattern of IR divergence cancellations between singlet matching coefficients

and octet LDMEs happens also for the NRQCD cross sections leading to physical results.
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Hadroproduction LDMEs

Color singlet and octet operators for hadroproduction of quarkonia have the form

OQ(Ncolor singlet) = χ†KNψPQ(P=0)ψ
†K′

Nχ

OQ(Ncolor octet) = χ†KNTaψΦ†ab
ℓ (0)PQ(P=0)Φ

bc
ℓ (0)ψ†K′

NT cχ

Φℓ(x) is a Wilson line along the direction ℓ in the adjoint representation required to

ensure the gauge invariance of the color octet LDME.

◦ Nayak Qiu Sterman PLB 613 (2005) 45

PQ(P ) projects onto a state containing a heavy quarkonium Q with momentum P .

PQ(P ) commutes with the NRQCD Hamiltonian (the number of quarkonia is conserved)

and is diagonalized by the same eigenstates of the NRQCD Hamiltonian:

PQ(P ) =
∑

n∈S

|Q(n,P )⟩⟨Q(n,P )|

The sum extends over S, which are all states where the QQ̄ is in a color singlet at the

origin in the static limit. This is a necessary condition to produce a quarkonium.

NRQCD Factorization for Quarkonia
⌅ factorization theorem in NRQCD Bodwin, Braaten, Lepage, Phys.Rev.D51:1125-1171,1995

‡Q+X =
ÿ

n

‡QQ̄(n)ÈO
Q(n)Í

⌅ look at ‰QJ(1p) production

⌅ two Fock-states at LO in v: n = {
3P [1]

J , 3S[8]
1 }

‡‰QJ = (2J + 1)‡
QQ̄(3P

[1]
J )ÈO

‰Q0(3P [1]
0 )Í + (2J + 1)‡

QQ̄(3S
[8]
1 )ÈO

‰Q0(3S[8]
1 )Í

⌅ 2 unknown parameters
⌅ LDMEs depend on heavy quark flavour
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different for charmonium and bottomonium, to be extracted from 

 the data, cannot be calculated on the lattice
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Inclusive P Wave Hadroproduction Cross Section in NRQCD 

pp → χQ +X

We consider

pp → hQ(nP ) +X and pp → χQJ (nP ) +X

The NRQCD factorization formulas at leading order in v read

σhQ+X = σ
QQ̄(1P
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1 )
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0 )
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J
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⌅ 2 unknown parameters
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pNRQCD Factorization for Quarkonia
⌅ operators are

ÈO
‰Q0(3P [1]

0 )Í = 1
3 È�| ‰†(≠ i

2
Ωæ
D · ‡)Â P‰Q0 Â†(≠ i

2
Ωæ
D · ‡)‰ |�Í ,

ÈO
‰Q0(3S[8]

1 )Í = È�| ‰†‡kT AÂ�†AB
¸ P‰Q0 �BC

¸ Â†‡kT C‰ |�Í

⌅ P‰Q0 are projection operators in cms frame

P‰Q0 =
ÿ

X,pol.

|‰Q0(1p) + XÍ È‰Q0(1p) + X|

|‰Q0(1p)Í =
ÿ

nœS

⁄
d3rd3ReiP ·R„‰Q0(r, R) |n; r, RÍ
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‡Q+X =
ÿ

n

‡QQ̄(n)ÈO
Q(n)Í

⌅ look at ‰QJ(1p) production

⌅ two Fock-states at LO in v: n = {
3P [1]

J , 3S[8]
1 }

‡‰QJ = (2J + 1)‡
QQ̄(3P

[1]
J )ÈO

‰Q0(3P [1]
0 )Í + (2J + 1)‡

QQ̄(3S
[8]
1 )ÈO

‰Q0(3S[8]
1 )Í

⌅ 2 unknown parameters
⌅ LDMEs depend on heavy quark flavour
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pNRQCD Factorization for Quarkonia
⌅ operators are

ÈO
‰Q0(3P [1]

0 )Í = 1
3 È�| ‰†(≠ i

2
Ωæ
D · ‡)Â P‰Q0 Â†(≠ i

2
Ωæ
D · ‡)‰ |�Í ,

ÈO
‰Q0(3S[8]

1 )Í = È�| ‰†‡kT AÂ�†AB
¸ P‰Q0 �BC

¸ Â†‡kT C‰ |�Í

⌅ P‰Q0 are projection operators in cms frame

P‰Q0 =
ÿ

X,pol.

|‰Q0(1p) + XÍ È‰Q0(1p) + X|

|‰Q0(1p)Í =
ÿ

nœS

⁄
d3rd3ReiP ·R„‰Q0(r, R) |n; r, RÍ
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NRQCD

QQ

Q Q

E E

Factorization in pNRQCD

(BOEFT for quarkonium)

pNRQCD Factorization for Quarkonia
⌅ |n; r, RÍ are NRQCD eigenstates, „‰Q0 is the wavefunction

|n; r, RÍ = Â†(R ≠ r/2)‰(R + r/2) |n; r, RÍ

⌅ this leads to

ÈO
‰Q0(3P [1]

0 )Í = 3Nc

2fi
|„Õ

‰Q0(0)|2,

ÈO
‰Q0(3S[8]

1 )Í = 3Nc

2fi
|„Õ

‰Q0(0)|2 E

9Ncm2
Q
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The chromoelectric correlators E ij and E

For a suitable choice of ℓ0, the fields in gEe,j(t′)Φec(0; t′)Φbc
ℓ are time ordered and

those in Φ†ab
ℓ Φ†ad(0; t)gEd,i(t) are anti-time ordered.

Hence the correlator Eij may be interpreted as a cut diagram:

For polarization-summed cross sections or for production of scalar states only the

isotropic part of Eij is relevant. This is the dimensionless gluonic correlator E :

E =
3

Nc

∫ ∞

0
dt t

∫ ∞

0
dt′ t′ ⟨Ω|Φ†ab

ℓ Φ†ad(0; t)gEd,i(t)gEe,i(t′)Φec(0; t′)Φbc
ℓ |Ω⟩

pNRQCD Factorization for Quarkonia

ÈO
‰Q0(3P [1]

0 )Í = 3Nc

2fi
|„Õ

‰Q0(0)|2,

ÈO
‰Q0(3S[8]

1 )Í = 3Nc

2fi
|„Õ

‰Q0(0)|2 E

9Ncm2
Q

⌅ reduced the number of unknown parameters
⌅ all heavy quark dependence is in the wavefunction æ correlators are universal and

heavy-quark flavor independent
⌅ æ goal: use BOEFT to factorize LDMEs for exotics

simon.hibler@tum.de Quarkonia as Tools January 5th, 2026 7/24

• The nonperturbative correlator can be calculated on the lattice



(dσχc2(1P )/dpT )/(dσχc1(1P )/dpT )

@ center of mass energy
√
s = 7 TeV and rapidity range |y| <0.75.

◦ CMS coll EPJC 72 (2012) 2251

ATLAS coll JHEP 07 (2014) 154

(dσχc2(1P )/dpT )/(dσχc1(1P )/dpT )

@ center of mass energy
√
s = 7 TeV and rapidity range |y| <0.75.

◦ CMS coll EPJC 72 (2012) 2251

ATLAS coll JHEP 07 (2014) 154

(dσχc2(1P )/dpT )/(dσχc1(1P )/dpT )

@ center of mass energy
√
s = 7 TeV and rapidity range |y| <0.75.

◦ CMS coll EPJC 72 (2012) 2251

ATLAS coll JHEP 07 (2014) 154

σ(pp → χcJ(1P ) +X)

@ center of mass energy
√
s = 7 TeV and rapidity range |y| <0.75.

Wavefunctions at the origin (at leading order in v) determined from Γ(χc0,2(1P ) → γγ).

◦ ATLAS coll JHEP 07 (2014) 154

σ(pp → χcJ(1P ) +X)

@ center of mass energy
√
s = 7 TeV and rapidity range |y| <0.75.

Wavefunctions at the origin (at leading order in v) determined from Γ(χc0,2(1P ) → γγ).

◦ ATLAS coll JHEP 07 (2014) 154

(dσχb2(1P )/dpT )/(dσχb1(1P )/dpT )

A test of the universality of the pNRQCD factorization is provided by the ratio

(dσχb2(1P )/dpT )/(dσχb1(1P )/dpT ) that depends only on E (at the scale of the b mass)

and therefore is expected to be the same also for 2P and 3P bottomonium states.

@ center of mass energy
√
s = 7 TeV and rapidity range 2 < y < 4.5.

◦ LHCb coll EPJC 74 (2014) 3092

CMS coll PLB 743 (2015) 383

(dσχb2(1P )/dpT )/(dσχb1(1P )/dpT )

A test of the universality of the pNRQCD factorization is provided by the ratio

(dσχb2(1P )/dpT )/(dσχb1(1P )/dpT ) that depends only on E (at the scale of the b mass)

and therefore is expected to be the same also for 2P and 3P bottomonium states.

@ center of mass energy
√
s = 7 TeV and rapidity range 2 < y < 4.5.

◦ LHCb coll EPJC 74 (2014) 3092

CMS coll PLB 743 (2015) 383

(dσχb2(1P )/dpT )/(dσχb1(1P )/dpT )

A test of the universality of the pNRQCD factorization is provided by the ratio

(dσχb2(1P )/dpT )/(dσχb1(1P )/dpT ) that depends only on E (at the scale of the b mass)

and therefore is expected to be the same also for 2P and 3P bottomonium states.

@ center of mass energy
√
s = 7 TeV and rapidity range 2 < y < 4.5.

◦ LHCb coll EPJC 74 (2014) 3092

CMS coll PLB 743 (2015) 383

pNRQCD predictions in comparison to data 



Inclusive Hadroproduction Cross Section of the X(3872) in BOEFT
BOEFT Factorization for Exotics

quarkonium production æ

Y
__]

__[

cc̄ in color singlet
ÈO

‰c0(3S[8]
1 )Í = O(v2)

ÈO
‰c0(3P [1]

0 )Í = O(v2)

exotics production æ

I
cc̄ in color octet
ÈO

‰c1(3872)(3S[8]
1 )Í = O(v0)

⌅ æ most dominant channel is n = 3S[8]
1 for ‰c1(3872) production

⌅ æ quarkonium component is supressed by powers of v

Bodwin, Braaten, Lepage, Phys.Rev.D51:1125-1171,1995
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Only one LDME
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Hadro-production
• NRQCD factorization for hadro-production cross-sections:

Short-distance 
Coefficients (SDC)

Long-distance matrix 
elements (LDME’s)

N: denotes color state and spin

• 𝜒𝑐1(3872): dominant tetraquark component ~ 92 %, with color-octet QഥQ 8 pair.

• Production dominated by color-octet QഥQ
8
 matrix elements at leading power in 𝑣 (velocity) expansion.

Octet LDME:

     

Lai, Cheung, Phys. Rev. D 112 (2025), 054005

Bodwin, Braaten, Lepage, 

Phys. Rev. D 51 (1995), 1125-1171

Projection vector that projects onto all states that contain 𝜒𝑐1(3872) 

Cross-Section
⌅ ‰c1(3872) production

‡‰c1(3872) = ‡
QQ̄(3S

[8]
1 )ÈO

‰c1(3872)(3S[8]
1 )Í

⌅ SDCs are the same as for ‰cJ quarkonium production and are known up to NLO in –s
Butenschön, Kniehl, Nucl.Phys.B 950 (2020) 114843
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Only one LDME



Inclusive Hadroproduction Cross Section of the X(3872) in BOEFTBOEFT Factorization for Exotics

LDME ‰c1(3872)

ÈO
‰c1(3872)(3S[8]

1 )Í = 3
2fi

|„S(0)|2 MS

⌅ BOEFT factorization formally agrees
with Lai, Chung, Phys.Rev.D 112 (2025) 5, 054005

⌅ although disagrees on the exact value of
MS

⌅ advantage: wave function can be
computed from Schrödinger eq., MS is
universal
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BOEFT Factorization for Exotics
⌅ MS contains only LDFs present in ‰c1(3872)

M�+Õ
g

=
ÿ

X

---È�| �†AB
¸ T A

ji

---X; 1≠≠, �+Õ
g (⁄ = 0); 0; i, j

f---
2

,

M�g =
ÿ

X

1
2

ÿ

⁄=±1

---È�| �†AB
¸ T A

ji

--X; 1≠≠, �g(⁄); 0; i, j
,---

2
.

⌅ by not restricting the states to contain only quark-antiquark pairs, i.e., summing over all
possible octet states æ completeness relation

ÈO
‰c1(3872)(3S[8]

1 )Í Æ
3

2fi
|„S(0)|2 ◊

4
3
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BOEFT wave function for the X(3872)

Summing  over all states provides an upper bound for M_S (4/3)  that constraints the LDME
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BOEFT wave function for the X(3872)Cross-Section
⌅ ‰c1(3872) production

‡‰c1(3872) = ‡
QQ̄(3S

[8]
1 )ÈO

‰c1(3872)(3S[8]
1 )Í

⌅ contrary to ‰QJ , only one LDME
⌅ following Lai, Chung, Phys.Rev.D 112 (2025) 5, 054005 , we fix LDME from B-Decay

Br(B æ ‰c1(3872) + X) = Br(b æ cc̄(3S[8]
1 ) + X) ÈO

‰c1(3872)(3S[8]
1 )Í

Beneke, Maltoni, Rothstein, Phys.Rev.D 59 (1999) 054003

⌅ experimental values taken from LHCb Collaboration, JHEP 01 (2022) 131, PDG, Phys.Rev.D 110 (2024) 3, 030001
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terms of different order, the sum will then be of the order of the order of the largest term.421

That is somehow the reasoning. AV: I agree that (3.36) has an uncertainty of order v
2,422

however the issue here is about assessing the error of Br(b ! c̄c(3S[8]
1 ) + X), which is a423

purely perturbative quantity. Concerning µ, I think that there are terms where µ is of424

the order mb and terms where it is of the order mc (e.g. self energy corrections of the425

charm mass propagator). So it is not obvious to me why to set µ = mb.] We determine426

the left-hand side of (3.36) from the LHCb measurement of Br(B ! �c1(3872) + X) ⇥427

Br(�c1(3872) ! J/ ⇡
+
⇡
�) = (4.3 ± 0.5)⇥ 10�5 [34] and the PDG value for Br(�c1(3872)428

! J/ ⇡
+
⇡
�) = (4.3±1.4)% [35], which give Br(B ! �c1(3872)+X) = (1.0±0.3)⇥10�3.429

On top of the given uncertainties in the experimental value and the theoretical SDC of the430

B-decay, there is an error of O(v2) due to higher order corrections in (3.36). In total, the431

errors are given by the scale uncertainties of the SDC, the experimental uncertainties of432

the Branching ratio, and the error due to higher higher-order term in v. This leads to the433

following numerical value for the octet matrix element434

h⌦| O�c1(3872)(3S[8]
1 ) |⌦i = 4.69+2.23

�2.16 ⇥ 10�3GeV3
, (3.37)435

and consequently, using (3.30), for the pNRQCD matrix element436

MS = 1.70+0.81
�0.78 . (3.38)437

3.2 Hadroproduction of �c1(3872)438

Inserting the value of the octet LDME (3.37) in eq. (3.2), we can predict the prompt439

unpolarized inclusive hadroproduction cross section of the �c1(3872). Here and in the440

following sections, we calculate the short distance coefficients at next-to-leading order in ↵s,441

using the phase-space-slicing based codes of [40] for transverse momentum pT differential442

cross sections and the dipole subtraction method based codes of [41] for pT integrated443

cross sections. We thereby choose the on-shell charm and bottom masses to be mc =444

1.4 GeV and mb = 4.74 GeV. We set the renormalization and factorization scales to µr =445

µf =
q
p2T +m2

Q, use the CTEQ6M [42] proton parton distribution function set, and,446

correspondingly, use the two loop running formula for ↵s(µr) with ⇤(4)

MS
= 326 MeV for447

charmed and ⇤(5)

MS
= 226 MeV for bottomed hadrons. The predicted differential cross section448

is shown in figure 1 compared with CMS, ATLAS, and LHCb data. MB: Here, we should449

explain how we arrive at the error bands of the NRQCD calculation. Are these quadratically450

summed errors arising from the uncertainty of MS and the variation of the scales (varying451

µf and µr simultaneously a factor 2 up and down)? The BOEFT factorization formula452

(3.32) supplements the NRQCD result with the upper bound (3.35). This upper bound453

excludes certain regions from the NRQCD prediction, thereby significantly reducing its454

uncertainties. We show the NRQCD prediction combined with the BOEFT upper bound455

in figure 1. It should be noted that the non trivial fact that the upper bound MS  4/3456

falls inside the range (3.38) may indicate that the sum over intermediate octet states in the457

production LDME is dominated by the production of the �c1(3872).458
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excludes certain regions from the NRQCD prediction, thereby significantly reducing its454

uncertainties. We show the NRQCD prediction combined with the BOEFT upper bound455

in figure 1. It should be noted that the non trivial fact that the upper bound MS  4/3456

falls inside the range (3.38) may indicate that the sum over intermediate octet states in the457

production LDME is dominated by the production of the �c1(3872).458
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This transformation makes the centrifugal barrier in eq. (3.1) diagonal:5337

U

 
4 �2

p
2

�2
p
2 2

!
U

�1 =

 
0 0

0 6

!
. (3.23)338

From the diagonalized centrifugal barrier, it follows that we can identify the transformed339

wave functions with an S-wave function, �S , and a D-wave function, �D:6340

U

 
�⌃+0

g

�⇧g

!
⌘

 
�S

�D

!
. (3.24)341

Finally, under the transformation U the matrix M transforms into342

U

 
M⌃+0

g
0

0 M⇧g

!
U

�1
⌘

 
MS MSD

M
†
SD MD

!
, (3.25)343

with344

MS =
1

3

⇣
M⌃+0

g
+ 2M⇧g

⌘
, (3.26)345

MD =
1

3

⇣
2M⌃+0

g
+M⇧g

⌘
, (3.27)346

MSD =

p
2

3

⇣
M⌃+0

g
�M⇧g

⌘
. (3.28)347

In a different language, the transformation U changes from an adiabatic basis, where the348

potential matrix in (3.1) is diagonal in the tetraquark sector, to a diabatic basis, where the349

kinetic energy matrix in (3.1) is diagonal. In the diabatic basis, using a charm mass of350

about 1.4 GeV,7 we obtain for the wave functions at the origin, solutions of the coupled351

Schrödinger equations (3.1),352

|�⌃+
g
(0)|2 ⇡ 0, (3.29)353

|�S(0)|
2 = 5.78⇥ 10�3GeV3

, (3.30)354

|�D(0)|
2
⇡ 0, (3.31)355

5
We focus on the tetraquark sector here. The transformation may be extended to the quarkonium sector

by taking

U =
1p
3

0

B@

p
3 0 0

0 �1 �
p
2

0 �
p
2 1

1

CA .

6
For a system made of two particles of mass m, the centrifugal barrier has the form l(l + 1)/(mr2) on

an eigenstate of the orbital angular momentum with quantum number l.
7

The charm mass of about 1.4 GeV should be properly identified with the so-called Cornell mass [30]

(in the context of the computation of NRQCD LDMEs see also [31]). If we use the parameterization

of the potentials given in [21], which reflects the lattice parameterization of [32], then a Cornell mass of

about 1.4 GeV corresponds to a mass of about 1.97 GeV to be used in the coupled Schrödinger equations

(3.1). Twice a charm mass of about 1.97 GeV matches, indeed, the value of the long-distance spin-averaged

meson-antimeson threshold set in the lattice parameterization. In this section and the following one, we

use 1.4 GeV also for the charm mass to be used in the short-distance coefficients.
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Summing  over all states provides an upper bound for M_S (4/3)  that constraints the LDME
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Figure 1: Theoretical predictions for the prompt inclusive hadroproduction differential
cross section of the �c1(3872) state compared with CMS data [36] (upper-left panel), ATLAS
data [37] (upper-right panel) and LHCb data [34] (lower panel). MB: The central values
of the CMS and ATLAS data are taken from and, respectively; LHCb data is only avail-
able in binned form. If at all, then we can write: We choose to present our predictions for
the LHCb data in binned form, since Ref. [34] specifies no hpT i values for the data bins.

[AV: What was wrong with the previous formulation: "The central values of the CMS
and ATLAS data are taken from [38] and [39], respectively; LHCb data is only available
in binned form." ? Since we struggled to find the central values of the CMS and ATLAS
determinations it is worthwhile in my opinion to give the reference/link here.] The region
above the upper bound (3.35) has been excluded from the bands in the plots, effectively
reducing the uncertainties of the NRQCD predictions.

3.3 Hadroproduction of Xb459

Once the universal matrix element MS has been established from the �c1(3872) octet460

LDME, see eq. (3.38), it can be used to make predictions in the bottomonium sector as461

well. In the bottomonium sector, the tetraquark state with the same quantum numbers as462

the �c1(3872) is named Xb. Solving the coupled Schrödinger equations (3.1) for the bottom463

mass, we obtain the wave function at the origin (3.34). Combining it with MS given in464

(3.38), we predict the prompt inclusive hadroproduction differential cross section of the465

Xb; the result with the same CMS kinematics as for the �c1(3872) production is displayed466

in figure 2. This is a genuine pNRQCD prediction that follows from the factorization467

formula (3.32).468
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The upper bound significantly

reduces uncertainties
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Xb

Figure 2: Prediction for the prompt inclusive hadroproduction differential cross section
of the Xb using the CMS kinematics from the �c1(3872) production and the value mb =

4.74GeV for the bottom mass. The region above the upper bound following from (3.35)
has been excluded from the band in the plot.

4 Inclusive production of pentaquarks469

Pentaquark states in the charmonium spectrum were discovered ten years ago at the470

LHCb [43]. In this section, we address the hadroproduction of the pentaquark states471

Pcc̄(4312)+, Pcc̄(4457)+, Pcc̄(4380)+, and Pcc̄(4440)+ in the BOEFT framework developed472

above for the �c1(3872). We do so in the two distinct scenarios analyzed in [44] (scenario473

I) and [45] (scenario II). In [44], it is assumed that all three Born–Oppenheimer potentials474

for pentaquarks labeled (1/2)g, (1/2)0g and (3/2)g support bound states.11 This leads to475

assign the J
P quantum numbers (1/2)� to Pcc̄(4312)+ and Pcc̄(4457)+, and the J

P quan-476

tum numbers (3/2)� to Pcc̄(4380)+ and Pcc̄(4440)+. In contrast, in [45], it is assumed477

that only the two Born–Oppenheimer potentials labeled (1/2)0g and (3/2)g support bound478

states. This leads to assign the J
P quantum numbers (1/2)� to Pcc̄(4312)+, the J

P quan-479

tum numbers (5/2)� to Pcc̄(4457)+, and the J
P quantum numbers (3/2)� to Pcc̄(4380)+480

and Pcc̄(4440)+. At present, both scenarios are possible as neither the Born–Oppenheimer481

potentials for pentaquarks in lattice QCD nor the pentaquark quantum numbers are known.482

4.1 Hadroproduction of charmonium pentaquarks in scenario I483

In scenario I, the pentaquark states Pcc̄(4312)+, Pcc̄(4457)+, Pcc̄(4380)+ and Pcc̄(4440)+484

are written as [44]485

|Pcc̄(4312)
+
i = a1 |S = 0; k = 1/2iJP=(1/2)� + a2 |S = 1; k = 1/2iJP=(1/2)�486

+ a3 |S = 1; k = 3/2iJP=(1/2)� (4.1)487

11
Born–Oppenheimer potentials for pentaquarks are classified in terms of the total angular momentum

of the light quarks projected on the heavy quark-antiquark axis and parity (g stands for positive parity).

The Born–Oppenheimer potential (1/2)g joins at short distance with the mass of a (1/2)+ adjoint baryon.

The Born–Oppenheimer potentials (1/2)0g and (3/2)g are degenerate at short distance with the mass of a

(3/2)+ adjoint baryon.
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Pure prediction, everything fixed on charm sector, only the BOEFT wave function

changes
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Pentaquarks for charm

since on the right-hand side, we can combine the experimentally known numerator for the635

Pcc̄(4457)+, eq. (4.35), and for the Pcc̄(4380)+, eq. (4.36), with the theoretically computed636

denominator in [44]:637

Br(Pcc̄(4457)
+
! J/ +X) = 0.172+0.186

�0.087 , (4.38)638

Br(Pcc̄(4380)
+
! J/ +X) = 0.085+0.077

�0.041 . (4.39)639

These values have been derived using Monte Carlo simulations to propagate the large,640

asymmetric uncertainties; the central values are the medians of the obtained distributions.641

The lower limits (4.37) for the Pcc̄(4457)+ and the Pcc̄(4380)+ applied to the left-hand side642

of eq. (4.34) lead to a lower limit on the matrix elements MS and M(1/2)g , due to the643

positivity of all coefficients in eqs. (4.30)-(4.32).644

Figure 3: Predicted prompt inclusive differential hadroproduction cross sections of the
charmonium pentaquark states Pcc̄(4312)+, Pcc̄(4457)+, Pcc̄(4380)+ and Pcc̄(4440)+ within
scenario I. [AV: The two lower plots seem identical. Is this correct?]

The lower limits combined with the upper limits from the BOEFT, M(1/2)g  4 and645

MS  2, provide an estimate of M(1/2)g and MS :646

0.024+0.14
�0.11 .MS  2 , (4.40)647

0.608+0.958
�0.414 .M(1/2)g  4 . (4.41)648
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Pentaquarks for bottom

Figure 5: Predicted prompt inclusive differential hadroproduction cross sections of the
bottomonium analogues of the charmonium pentaquark states Pcc̄(4312)+, Pcc̄(4457)+,
Pcc̄(4380)+ and Pcc̄(4440)+ in the scenarios I and II.

the �c1(3872), and eqs. (4.14), (4.26), (4.30) and (4.31) for the pentaquarks in scenario I763

and eqs. (4.54), (4.57) and (4.59)-(4.62) for the pentaquarks in scenario II. We provide an764

accurate definition of the wave functions as solutions of the BOEFT Schrödinger equations765

describing tetraquarks and pentaquarks in the multiplet of interest. For the �c1(3872) and766

its bottomonium partner, the coupled Schrödinger equations are given in eq. (3.1). For the767

considered pentaquarks the relevant Schrödinger equations are (4.16) and (4.17) in scenario768

I and only the latter in scenario II. In all cases, we solve the Schrödinger equations and769

compute numerically the square of the relevant wave functions at the origin. The nonper-770

turbative input to the Schrödinger equations comes from potentials computed in lattice771

QCD and constrained by symmetries, as discussed in detail in [21,44]. We also provide the772

field theoretical definition of the universal matrix elements.773

The BOEFT factorization of the LDMEs offers two main advantages. First, using a774

theoretical upper limit and data from b-hadron decays, we can constrain the matrix elements775

in the tetraquark case, eq. (3.38), and in the two pentaquark scenarios, eqs. (4.40), (4.41)776

and (4.63). Combining these constraints with the wave functions at the origin, we determine777

the LDMEs, which we, in turn, combine with short distance cross sections at next-to-leading778

order in ↵s [40,41] to finally obtain hadroproduction cross sections. Second, the universality779
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T ⇠ gT

The strongly QGP enters via transport coefficient defined in term of chromoelectric correlators at each T:

the EFT  acts as a layer that allows to use the lattice (equilibrium) input at each T
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Density matrices

• Subsystem: heavy quarks/quarkonium

• Environment: quark gluon plasma

We may define a density matrix in pNRQCD for the heavy quark-antiquark pair in a

singlet and octet configuration:

⟨r′,R′|ρs(t′; t)|r,R⟩ ≡ Tr{ρfull(t0)S†(t, r,R)S(t′, r′,R′)}

⟨r′,R′|ρo(t′; t)|r,R⟩
δab

8
≡ Tr{ρfull(t0)Oa†(t, r,R)Ob(t′, r′,R′)}

t0 ≈ 0.6 fm is the time formation of the plasma.

The system is in non-equilibrium because through interaction with the environment

(quark gluon plasma) singlet and octet quark-antiquark states continuously transform in

each other although the number of heavy quarks is conserved: Tr{ρs}+Tr{ρo} = 1.

N.B., J. Soto, M. Escobedo, A. Vairo 2016,  
2018 (1612.07248, 1711.04515)
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m � 1/r ⇠ m↵s � T ⇠ gT � E

Quarkonium as a Coulombic bound state

The lowest quarkonium states (1S bottomonium and charmonium, 2S bottomonium) are

the most tightly bound. For these we assume the hierarchy of energy scales

M ≫
1

r
∼ Mαs ≫ T ∼ gT ≫ any other scale, v ∼ αs

This qualifies the bound state as Coulombic:

• quark-antiquark color singlet Hamiltonian = hs =
p2

M
−

4

3

αs

r

• quark-antiquark color octet Hamiltonian = ho =
p2

M
+
αs

6r

The octet potential describes an unbound quark-antiquark pair.
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3

↵s

r
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 Closed time path formalism

Closed-time path formalism

In the closed-time path formalism we can represent the density matrices as 12

propagators on a closed time path:
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 Expansions
Expansions

• The density of heavy quarks is much smaller than the one of light quarks:

we expand at first order in the heavy quark-antiquark density.

• We consider T much smaller than the Bohr radius of the quarkonium:

we expand up to order r2 in the multipole expansion.

The evolution depends on the density at initial time: non Markovian evolution.



 Using closed time path formalism
     and the expansions:

Evolution equations I

... and differentiating over time we obtain the coupled evolution equations:

dρs(t; t)

dt
= −i[hs, ρs(t; t)]− Σs(t)ρs(t; t)− ρs(t; t)Σ

†
s(t) + Ξso(ρo(t; t), t)

dρo(t; t)

dt
= −i[ho, ρo(t; t)]− Σo(t)ρo(t; t)− ρo(t; t)Σ

†
o(t) + Ξos(ρs(t; t), t)

+Ξoo(ρo(t; t), t)

• The evolution equations are now valid for large time.

• The evolution equations are Markovian.

NLO singlet interaction terms

Σs(t) =
g2

2Nc

∫ t

t0

dt2 r
i e−iho(t−t2) rj eihs(t−t2) ⟨Ea,i(t,0)Ea,j(t2,0)⟩

Ξso(ρo(t0; t0), t) =
g2

2Nc(N2
c − 1)

∫ t

t0

dt2
[

ri e−iho(t−t0) ρo(t0; t0) e
iho(t2−t0)

×rj eihs(t−t2) ⟨Ea,j(t2,0)E
a,i(t,0)⟩+ H.c.

]

A Wilson line in the adjoint representation is understood in the chromoelectric correlators.

Density matrix evolution equationsl

Self energies contain all  thermal nonperturbative effects

contains everything : 
 screening,  

singlet to octet, Landau damping
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Interpretation

• The self energies Σs and Σo provide the in-medium induced mass shifts, δms,o,

and widths, Γs,o, for the color-singlet and color-octet heavy quark-antiquark

systems respectively:

−iΣs,o(t) + iΣ†
s,o(t) = 2Re (−iΣs,o(t)) = 2δms,o(t)

Σs,o(t) + Σ†
s,o(t) = −2 Im (−iΣs,o(t)) = Γs,o(t)

• Ξso accounts for the production of singlets through the decay of octets, and Ξos

and Ξoo account for the production of octets through the decays of singlets and

octets respectively. There are two octet production mechanisms/octet

chromoelectric dipole vertices in the pNRQCD Lagrangian.

• The conservation of the trace of the sum of the densities, i.e., the conservation of

the number of heavy quarks, follows from

Tr
{

ρs(t; t)
(

Σs(t) + Σ†
s(t)

)}

= Tr {Ξos(ρs(t; t), t)}

Tr
{

ρo(t; t)
(

Σo(t) + Σ†
o(t)

)}

= Tr {Ξso(ρo(t; t), t) + Ξoo(ρo(t; t), t)}

Interpretation
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and Ξoo account for the production of octets through the decays of singlets and

octets respectively. There are two octet production mechanisms/octet

chromoelectric dipole vertices in the pNRQCD Lagrangian.

• The conservation of the trace of the sum of the densities, i.e., the conservation of

the number of heavy quarks, follows from

Tr
{

ρs(t; t)
(

Σs(t) + Σ†
s(t)

)}

= Tr {Ξos(ρs(t; t), t)}

Tr
{

ρo(t; t)
(

Σo(t) + Σ†
o(t)

)}
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Physical interpretation

contains everything : 
 screening,  

singlet to octet, Landau damping



Time scales

Environment correlation time: τE ∼
1

T

System intrinsic time scale: τS ∼
1

E

System relaxation time: τR ∼
1

self-energy
∼

1

αsa20Λ
3

a0 = Bohr radius, Λ = T,E

• Because we have assumed 1/a0 ≫ Λ, it follows τR ≫ τS , τE
which, after resummation, qualifies the system as Markovian.

• If T ≫ E then τS ≫ τE
which qualifies the motion of the system as quantum Brownian.
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Then

and  we have a Markovian,  quantum Brownian system 

 We can separate the bound state from the medium contribution in the self-energy and  
we can obtain a Linblad equation 



Heavy quark-antiquarks in a strongly coupled medium: T ≫ E

If E ≪ T ∼ mD the Lindblad equation for a strongly coupled plasma reads
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C_i collapse  or jump 
operators: connect  

different internal states

Linblad equation at LO in the E/T expansion 
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C_i collapse  or jump 
operators: connect  

different internal states

Linblad equation at LO in the E/T expansion 

the sQGP is characterised by two nonperturbative parameters (transport 
coefficients) kappa and  gamma that must  be calculated on the lattice

κ

Low energy parameters may be determined by numerical calculations in lattice QCD.

κ is the heavy-quark momentum diffusion coefficient:
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γ

γ =
g2

18
Im
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γ is known only in perturbation theory:

γ = −4ζ(3)
αs

π
Tm2

D +
16

3
ζ(3)α2

sT
3

A value that at leading order is negative (−7 ! γ/T 3 ! −4.5 for αs(π × 300MeV)).

◦ Brambilla Ghiglieri Petreczky Vairo PRD 78 (2008) 014017
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γ

γ =
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A value that at leading order is negative (−7 ! γ/T 3 ! −4.5 for αs(π × 300MeV)).

◦ Brambilla Ghiglieri Petreczky Vairo PRD 78 (2008) 014017

the EFT allows   to use lattice QCD equilibrium calculation to study the non 
equilibrium evolution! EFT is intermediate layer to non equilibrium



Nuclear modification factor R_AA  (Linblad Leading order, t_F =250 MeV)

calculation with no free parameters, results depends on kappa function 
 of T (calculated on the lattice) and gamma (extracted from the lattice)

N.B. Escobedo , Strickland, Vairo, Vander Griend, Weber, 2107.06222

R_AA of singlet  Bottomonium in comparison to ALICE, ATLAS and CMS data, left plot bands from variation in kappa,  
right plot variation in gamma —> we can use R_AA to learn about  the QGP!
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Bottomonium nuclear modification factor

We compute the nuclear modification factor RAA from

RAA(nS) =
⟨n,q|ρs(tF ; tF )|n,q⟩
⟨n,q|ρs(0; 0)|n,q⟩

N.B., M. Escobedo, M. Strickland, 
 A. Vairo  P. VanderGriend et al 
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What About Evolution in Medium? 

Now we  know how to obtain and solve the master equation without using  the quantum brownian  or the 
quantum optic limit: no hierarchy assumed between T and E !

N. B, A. Lin, T. Magorsch, A. Brambilla 2026
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Now we  know how to obtain and solve the master equation without using  the quantum brownian  or the 
quantum optic limit: no hierarchy assumed between T and E !

N. B, A. Lin, T. Magorsch, A. Brambilla 2026

 Can we use this new technology and BOEFT plus open quantum system to describe the 
X(3872) evolution in QGP?



Outlook
• BOEFT aims at  describing  all states containing two heavy quarks  in a QCD derived controlled framework  

•It is based on symmetry and scales factorization

at the short distance  scale we have  control of the perturbative calculation  
at the large distance  scale the EFT predicts the heavy-light static energy behaviour 

the structure of the EFT allows for model independent predictions  (in particular from the charm/bottom sector  

• Once the lattice input is there the BOEFT allows applications to domain in general not directly accessible to a 
lattice calculation (decay, production, medium propagation)

• The results obtained on the X and the Tcc gives is an idea of their nature beyond the models and redefine 
our knowledge of the strong force

—>especially their nature may appear different at different scales 

we need lattice calculations of few gauge invariant universal correlators 
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