
L. Maiani. DoublyHeavy TetraquarksLHCb, CERN, 05/10/2023 1

 mass and decays:

Quark model and Born-Oppenheimer approximation in QCD


Luciano Maiani

Roma University La Sapienza and INFN, Roma, Italy

TQQq̄q̄



L. Maiani. DoublyHeavy TetraquarksLHCb, CERN, 05/10/2023 2

 1. Expected and Unexpected Charmonia
figure by:

S. L. Olsen (2015)

 arXiv:1511.01589

1st Unexpected (2003):

same q# as  but 


considerably lighter
χc133P1
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 1. Expected and Unexpected Charmonia

2nd Unexpected (2007)

a radial excitation?

recent additions:

more than coincidence?


or

an almost filled multiplet?

3rd Unexpected (2013):

a multiplet ground 
state Tetraquarks?

figure by:
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Terminology

• R. Jaffe (1977): light scalar mesons = diquark-antidiquark states

• Maiani et al. (2005) diquark-antidiquark state 

• Bigi et al. (2005) hidden charm exotic mesons=4-quark states(for brief)

•  later tetraquarks”, then “compact tetraquarks”… 

• …to distinguish from molecular model: 4-quarks segregated into two mesons 

and bound in a hadron molecule by pion exchange (like atomic nuclei);


• Bigi et al. were the first to suggest that non-leptonic B meson decays could 
provide an efficient source of exotic hadrons, a process much used in later 
experiments to discover tetra- and pentaquarks.


• Searching for  around  thresholds is essential!!

X(3872) =

𝒯cc, I = 1 DD/D*D

3

I. Bigi, L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer,

Four-quark mesons in non-leptonic B decays''

Phys. Rev. D 72 (2005), 114016; [arXiv:hep-ph/0510307 [hep-ph]].

meson tetraquark



L. Maiani. DoublyHeavy TetraquarksLHCb, CERN, 05/10/2023

No consensus, yet , on the structure of 

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

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

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

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

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

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

Nuclear 

Forces Hadron Molecule

F-K. Guo, C. Hanhart, U-G Meißner, 
Q. Wang, Q.  Zhao, and B-S Zou, 
arXiv 1705.00141 (2017)
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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>
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<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 Tetraquark
 L. Maiani, F. Piccinini, A. D. Polosa and 
V. Riquer, Phys. Rev. D 71 (2005) 014028; 
D 89 (2014) 114010.
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Nuclear 

Forces Hadron Molecule

F-K. Guo, C. Hanhart, U-G Meißner, 
Q. Wang, Q.  Zhao, and B-S Zou, 
arXiv 1705.00141 (2017)



L. Maiani. DoublyHeavy TetraquarksLHCb, CERN, 05/10/2023

No consensus, yet , on the structure of 

Hidden Charm Tetraquarks

4

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 Tetraquark
 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)



L. Maiani. DoublyHeavy TetraquarksLHCb, CERN, 05/10/2023

No consensus, yet , on the structure of 

Hidden Charm Tetraquarks

More variations in recent literature

For a review, see: 

A. Ali, L. Maiani and A.D. Polosa, Multiquark 
Hadrons, Cambridge University Press (2019)

4

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>
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Nuclear 

Forces Hadron Molecule

F-K. Guo, C. Hanhart, U-G Meißner, 
Q. Wang, Q.  Zhao, and B-S Zou, 
arXiv 1705.00141 (2017)
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2. Compact tetraquarks : the first multiplets[cq][c̄q̄′￼]

• The spectrum of 1S ground states  is characterised by two quantities:  

- the diquark mass, m[cq] 


- the spin-spin interaction inside the diquark or the antidiquark, κcq. 

• The first radially excited, 2S, states are shifted up by a common 

quantity, the radial excitation energy, Δ Er expected to be mildly 
dependent on the diquark mass: Er (cq) ∼Er (cs)
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•  

• Assignement of S-wave tetraquark multiplets of the first found “unexpected charmonia”
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•  

• Assignement of S-wave tetraquark multiplets of the first found “unexpected charmonia”
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•  

• Assignement of S-wave tetraquark multiplets of the first found “unexpected charmonia”
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J/Ψ-φ structures and S-wave tetraquarks (2016)
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J/Ψ-φ structures and S-wave tetraquarks (2016)
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2. Strange Exotics

8

LHCb (2021): B → Ψ + K+ + ϕ → Zcs(4003) + ϕ

BES III(2021): e+e− → K+ + Z−
cs(3985) → K+(D*s D0 + D−

s D*0)
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LHCb (2021): B → Ψ + K+ + ϕ → Zcs(4003) + ϕ

BES III(2021): e+e− → K+ + Z−
cs(3985) → K+(D*s D0 + D−

s D*0) Inconsistent widths: not the same particle !!!
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2. Strange Exotics

8

LHCb (2021): B → Ψ + K+ + ϕ → Zcs(4003) + ϕ

BES III(2021): e+e− → K+ + Z−
cs(3985) → K+(D*s D0 + D−

s D*0)

Predicted  in 2017:

X(4140) + X(3872)

2
= 4007

L. Maiani, A. D. Polosa and V. Riquer, Sci. Bull. 66 (2021), 1616, arXiv:2103.08331

Inconsistent widths: not the same particle !!!
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LHCb (2021): B → Ψ + K+ + ϕ → Zcs(4003) + ϕ

BES III(2021): e+e− → K+ + Z−
cs(3985) → K+(D*s D0 + D−

s D*0)

Predicted  in 2017:

X(4140) + X(3872)

2
= 4007

L. Maiani, A. D. Polosa and V. Riquer, Sci. Bull. 66 (2021), 1616, arXiv:2103.08331

•LHCb sees a Zcs(4220), : is it too heavy for Zc(4020) ? A bold proposal:JP = 1+or 1−

Inconsistent widths: not the same particle !!!
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3. The new sensation: doubly heavy baryons and doubly heavy tetraquarks

9

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

• QCD forces are mainly spin independent, so there is an approximate symmetry relating 
masses of DH baryons to SH mesons: e.g. M(Ξ*cc) − M(Ξ) =

3
4

(M(D*) − M(D))

• Doubly heavy baryons are 
related to single quark heavy 
mesons: q c̄q

c

c
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• Doubly heavy tetraquarks have been anticipated long ago.


• The possibility has been raised that the   be stable under 
strong and e.m. decays

I = 0, JP = 1+, 𝒯+
cc = bbūd̄

Esposito, M. Papinutto, A. Pilloni, A. D. Polosa, and N. Tantalo, Phys. Rev. D88, 054029 (2013) 

M. Karliner and J. L. Rosner, PRL 119 (2017) 202001. E. J. Eichten and C. 
Quigg, PRL 119 (2017) 202002.;  S. Q. Luo et al. Eur. Phys. J. C  77 (2017) 709.
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• extended calculations of  and  mass in the Born-Oppenheimer approximation 
have been presented: analytical


• and  in Lattice QCD

𝒯cc, 𝒯cb 𝒯bb

see later for Reffs.

L. Maiani, A. D.Polosa and V. Riquer, PRD 100 (2019) 074002,

L. Maiani, A. Pilloni, A. D.Polosa and V. Riquer, PL B 836 (2023), 137624
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M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

Quark model calculation, Tbbūd̄
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M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

from single b Baryon masses

Quark model calculation, Tbbūd̄
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10

M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

 hf coupling from 

lowest lying Baryons
ūd̄

from single b Baryon masses

Quark model calculation, Tbbūd̄
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M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

 hf coupling from 

lowest lying Baryons
ūd̄

from single b Baryon masses
 hf coupling from 


with 1/2 color factor
bb Yb − ηb

Quark model calculation, Tbbūd̄
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M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

 hf coupling from 

lowest lying Baryons
ūd̄

from single b Baryon masses
 hf coupling from 


with 1/2 color factor
bb Yb − ηb




factor 1/2 = color factor

Ebb =
1
2

[
3Yb + ηb

4
− 2mb

b]

Quark model calculation, Tbbūd̄
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10

M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

 hf coupling from 

lowest lying Baryons
ūd̄

from single b Baryon masses
 hf coupling from 


with 1/2 color factor
bb Yb − ηb




factor 1/2 = color factor

Ebb =
1
2

[
3Yb + ηb

4
− 2mb

b]

• :10558; Q-value: -170 MeV:  a stable 
tetraquark against strong and e.m. decays !
BBγ threshold

• A similar estimate gives:   

and a mass close to the   threshold, as later observed.

Q = Tccūd̄ − DD̄ = + 140
DD̄*

Quark model calculation, Tbbūd̄



L. Maiani. DoublyHeavy TetraquarksLHCb, CERN, 05/10/2023

10

M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

 hf coupling from 

lowest lying Baryons
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 hf coupling from 


with 1/2 color factor
bb Yb − ηb




factor 1/2 = color factor

Ebb =
1
2

[
3Yb + ηb

4
− 2mb

b]

• :10558; Q-value: -170 MeV:  a stable 
tetraquark against strong and e.m. decays !
BBγ threshold

• A similar estimate gives:   

and a mass close to the   threshold, as later observed.

Q = Tccūd̄ − DD̄ = + 140
DD̄*

LHCb arXiv:2109.01056v2 

Mass : D*+D0 = 3875.1 MeV

Mass : D*0D+ = 3876.5 MeV

Quark model calculation, Tbbūd̄
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The limit of large  heavy quarks mass

• Most clearly stated by Eichten and Quigg:


- in the large mass  limit, the heavy quarks go to short distance, where the 
coulomb-like QCD potential dominates


- the QQ binding energy is then given by the QCD Rydberg, so that:    




-  the reduced mass of the QQ pair

- P is the pseudoscalar  meson


• for  large enough  is stable against strong as well as 
electromagnetic decays into .


• but: is the b quark mass heavy enough for stability?

Qvalue = M(T ) − 2M(P) = −
1
2

(
2
3

αs)2M̄Q + 𝒪(m, M−1)

M̄Q
(Qq̄)

M̄Q T = (QQq̄q̄)
PP + γ

11



L. Maiani. DoublyHeavy TetraquarksLHCb, CERN, 05/10/2023

1. Consider the heavy quarks as classical sources with fixed position and quantum numbers;

2. Compute  the energy of the light quarks in the field of the heavy sources, ;

3. The tetraquark binding energy is the eigenvalue of the Schrödinger equation for QQ’ with 

potential ;         


 ;          ;

ϵlight(xA, xB)

VTOT(R)

(−
∇2

2M̄QQ′￼
+ VTOT)Ψ = EBOΨ VTOT(R) = Vbb(R) + ϵlight(R)

4. Born-Oppenheimer approximation in QCD, with heavy (QQ’) and light (ūd̄)

12
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4. Born-Oppenheimer approximation in QCD, with heavy (QQ’) and light (ūd̄)
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R

b

r
xA xB

ū(r)
d̄(r′￼)

ψū(r) =
2 A3/2e−Ar

4π
ϕd̄(r′￼) =

2 A3/2e−Ar′￼

4π

r′￼

b

• Perturbation theory: 

• interactions   (black lines in Fig.) make bound states (orbitals). We take as 

ground state: 


;    


• other interactions (one gluon exchange or spin-spin interactions (the blue lines in the Fig.) are 
treated as first order perturbations: 

b − ū, or b − d̄

f0 =
ψūϕd̄ + ψd̄ϕū

2(1 + S)
ϵ0 = Eψ + Eϕ

ϵlight(R) = ϵ0 + < f0 |Hpert | f0 >
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T = | (bb)3̄, (ūd̄3⟩1 =

=
1
3

| (ūb)1, (d̄b)1⟩1 −
2
3

| (ūb)8, (d̄b)8⟩1;

• Orbitals have triality zero. 

• Soft gluons can screen the color of the orbital: 

orbitals are not confined!

• we must add a constant C, so that 




• that is 
VTOT(R) + C → 2Mmes

b + 2Mmes
q at R → ∞

ϵ0 + C = 2(Mmes
b + Mmes

q )

R

b

r
xA xB

ū(r)
d̄(r′￼)

ψū(r) =
2 A3/2e−Ar

4π
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NOTE: Spin-spin interactions can be included in the BO potential 
(as in lattice QCD)

13

R

•  is represented by the blue lines in the figure


• it includes gluon exchange, e.g. 

 


and spin-spin interaction





• Integrating the delta function with the wave functions of 
light quarks, one obtains a function of R: 





this is the hf potential, to be added in the  potential.

Hpert(ū)

−2/3
αs

|xū − xd̄ |

Hhfq̄q̄ =
8παs

9M2
q

2(sq̄ ⋅ sq̄)δ(3)(xū − xd̄)

Vhf(R) = < f0 |Hhfq̄q̄ | fo > (R)
VBO

b

r
xA

d̄(r′￼)

ψū(r) =
2 A3/2e−Ar

4π
ϕd̄(r′￼) =

2 A3/2e−Ar′￼

4π

r′￼

b

ū(r)

xB
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R

•  is represented by the blue lines in the figure


• it includes gluon exchange, e.g. 

 


and spin-spin interaction





• Integrating the delta function with the wave functions of 
light quarks, one obtains a function of R: 





this is the hf potential, to be added in the  potential.

Hpert(ū)

−2/3
αs

|xū − xd̄ |

Hhfq̄q̄ =
8παs

9M2
q

2(sq̄ ⋅ sq̄)δ(3)(xū − xd̄)

Vhf(R) = < f0 |Hhfq̄q̄ | fo > (R)
VBO

• Numerically, we find:

 = - 4.5 (-13.8) MeV= 


to be compared with , had we taken the hf coupling of baryons (as in K&R).

• An explanation is that confinement in baryons keep light quarks closer w.r.t. tetraquarks with orbitals 

not confined.

Ewith hf − Eno hf −
3
2

(κqq)Tetraq

−
3
2

(κqq)Baryon = − 150 MeV

b

r
xA

d̄(r′￼)

ψū(r) =
2 A3/2e−Ar

4π
ϕd̄(r′￼) =

2 A3/2e−Ar′￼

4π

r′￼

b

ū(r)

xB
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The Born-Oppenheimer approximation satisfies the 

Eichten & Quigg criterion for increasing heavy quark mass  

• write:

 


, vanishes for  





-  

VTOT(R) = V(R) + 2Mmes
b + 2Mmes

q ;

V = −
2
3

αs

r
+ < f0 |Hpert | f0 > (R) r → + ∞

EBO = E + 2Mmes
b + 2Mmes

q

Qvalue = E +
1
2

κ′￼′￼QQ + 3κQq̄

14

- =eigenvalue of the BO Schroedinger equation without rest masses, negative of  ;


-    (heavy quark hf interaction) is positive but subdominant, 


-  is the spin-spin interaction of the  meson, 

E 𝒪[ − (
2
3

αs)2M̄Q]

κ′￼′￼QQ 𝒪[ + (
2
3

αs)4M̄Q]

κQq̄ > 0 (Qq̄) 𝒪(Mq /MQ)

(−
∇2

2M̄
+ VTOT)Ψ = EBOΨ

However: Is the b-quark mass heavy enough?
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The mass of the lightest double heavy tetraquarks can be computed!

15

• Recent estimates of the mass of the lightest, double heavy tetraquarks indicate that the I=0,   
tetraquark could be stable. The table below gives a comparison of different theoretical results. 


• Q-value is taken with respect to PS-PS threshold (not V-PS!)

• BO (2023):

bbūd̄

M(D*) − M(D) = 140 MeV
L. Maiani, A. Pilloni, A. D. Polosa and V. Riquer, Phys. Letters B  (2023)836 137624

Q values in MeV for decays into meson+meson+γ obtained with string tension 1/4 k (in parentheses  
string tension k). Models used in K&R (2017), E&Q (2017), Luo (2017) are different elaborations of the 
constituent quark model, more details are found in the original references. In the last column the lattice 
QCD results. 

[1] L. Maiani et al. (2023) [2]M. Karliner and J. L. Rosner (2017). [3] E. J. Eichten and C. Quigg, (2017); 
[4] S. Q. Luo et al. (2017)

[5] Junnarkar  et al.  Phys. Rev. D 99 (2019) 034507; [6] Francis et al. Phys. Rev. Lett. 118 (2017), Phys. 
Rev. D 99 (2019); [7] L. Leskovec et al.  Phys. Rev. D 100 (2019) 014503; [8] P. Bicudo et al. (BO in 
lattice QCD) Phys. Rev. D 103 (2021) 114506.
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Born-Oppenheimer approximation: M(𝒯BO
cc ) = 3871(3846)[expt. 3875]
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Comparison with BO in Lattice QCD

16

L. Maiani, A. D.Polosa and V. Riquer, PR D100 (2019) 074002

Perturbative:

Lattice QCD: P.Bicudo et al. Phys. Rev. D 103 (2021) 114506
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Comparison with BO in Lattice QCD

16

For  VBO(R) vanishes in both 
cases: why not confined?


• At  ∞, the  orbitals, B, are in a 
superposition of: 


 and 

• but in  color can be 

screened by soft gluons from vacuum

• the asymptotic state is 

 with vanishing 
interaction at 

R → + ∞

(bq̄)

Bcolor 8 − Bcolor 8 Bcolor 1 − Bcolor 1
Bcolor 8 − Bcolor 8

Bcolor 1 − Bcolor 1
R → ∞

L. Maiani, A. D.Polosa and V. Riquer, PR D100 (2019) 074002
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• Projection of the lattice  result 
over Dd (yellow) or BB (blue) 
gives a picture of  the space 
arrangement of light quarks at a 
given bb distance, R


• Mainly  at the peak of 
the bb wave function ~0.2 fm. 

q̄q̄

[bb]3̄[q̄q̄]3

Meson-Meson← B1B1 =

← Dd = [bb][q̄q̄]

Lattice QCD

L. Maiani, A. D.Polosa and V. Riquer, PR D100 (2019) 074002
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Towards stability ?

B B*

B B

Mass (GeV)

3 4 5 6 7 8
10.45

10.50

10.55

10.60

10.65

10.70

BO approx

Lattice 
QCD

𝒯+
bbūd̄

D B*

D B

Mass (GeV)

D* B

4 5 6 7
7.0

7.1

7.2

7.3

7.4

BO approx.

𝒯+
bcūd̄

D D*

D D

Mass (GeV)

3 4 5 6 7 8
3.65

3.70

3.75

3.80

3.85

3.90

3.95

4.00

4.05

Expt
BO approx.

𝒯+
ccūd̄
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mb′￼= 25 GeVMass (GeV)

B' B'

3 4 5 6 7 8
49.5

49.6

49.7

49.8

49.9

50.0

50.1

50.2

50.3

for very large b mass…

Eichten-Quigg’s theorem 

shows up more clearly

Is b quark mass large enough for a 

stable tetraquark?
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Mass (GeV)

3 4 5 6 7 8
10.45

10.50

10.55

10.60

10.65

10.70

BO approx

Lattice 
QCD

𝒯+
bbūd̄

D B*

D B

Mass (GeV)

D* B

4 5 6 7
7.0

7.1

7.2

7.3

7.4

BO approx.

𝒯+
bcūd̄

D D*

D D

Mass (GeV)

3 4 5 6 7 8
3.65

3.70

3.75

3.80

3.85

3.90

3.95

4.00

4.05

Expt
BO approx.

𝒯+
ccūd̄
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Searching for 𝒯0
cb

• The state with  could be produced strongly in 
LHC collisions, in association with one  pair;


• Most likely, it decays strongly: 


, followed by 


• Other spin states can be produced at the LHC, in particular



•  and no gamma ray in the final state: search 
for collisions:  

JP = 1+ (Sq̄q̄ = 0, Scb = 1)
B̄D̄

𝒯0
cb → D0B*0, D+B*− B* → B + γ

JP = 0+, (Sq̄q̄ = 0, Scb = 0)

𝒯0
cb(J

P = 0+) → D0B0, D+B−

p + p → D̄B̄ + DB + …
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Searching for a stable 𝒯−
bb(1+)

•  should be produced at LHCb, together with a  pair;

• if stable,  should decay weakly with the b lifetime, at a detectable 

distance from the p-p interaction point

• the expected weak decay  gives rise to the chain 

decays

  


in total




• the weak decay could produce also the tetraquark , which 
would decay into  without the gamma ray

𝒯−
bb B̄B̄

𝒯−
bb

b → c + c̄ + s (c + ū + d)

𝒯−
bb → D̄s(π−) + 𝒯0

bc → D̄s(π−) + D+/0 + B*−/0 → D̄s(π−) + D + B + γ

p + p → B̄B̄ + … + (D̄s(π−) + D + B + γ)(at a distance)

𝒯0
bc (JP = 0+)

D + B

19
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Conclusions

• Quark model and Born-Oppenheimer give similar predictions for the  mass, in 
agreement with the observed value;


• The BO approximation in QCD:

• many similarities with the molecular picture, in particular for the feature of unconfined 

orbitals;

• the use of quark masses from meson spectrum is justified and crucial;

• light quark hf interaction is much smaller than in the baryons: another effect of 

unconfined orbitals; 

• A stable Double Beauty tetraquarks is still possible but not so clearcut;

• if  is stable, it has a very interesting cascade weak decay:


 

𝒯+
cc

𝒯−
bb

𝒯−
bb → D̄s + 𝒯0

cb
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• The search for other spin and isotopic spin states is very 
important!!


• and so is the search of strange-double heavy 
tetraquarks: for each  pair one predicts two 

 multiplets: .
QQ′￼

SU(3)flavour 3 (Sq̄q̄ = 0) ⊕ 6̄ (Sq̄q̄ = 1)


