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tetraquark             pentaquark

hybrid  meson             glueball                 

Minimal valence content

Plots: F.K. Guo Sasa Prelovsek                              Exotic hadrons from lattice

cypto exotic

(not within quark model of qqq, qq)

+

baryon                        meson



Exotic hadrons
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https://www.nikhef.nl/~pkoppenb/particles.html

https://qwg.ph.nat.tum.de/exoticshub/

BesIII

exp. talk by Yuan

<latexit sha1_base64="mQXy/NGBUgheNuvg5PHGhb8HSnQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEEoSTF10Youumygn1AE8NkOmmHziRhZiKUkJ0bf8WNC0Xc+gvu/BunaRbaeuDCmXPuZe49fsyoVJb1bSwsLi2vrJbWyusbm1vb5s5uW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr+6Gbidx6IkDQK79Q4Ji5Hg5AGFCOlJc88cIZIwcaVEwiE0/wR39eytMY9kZ20PbNiVa0ccJ7YBamAAk3P/HL6EU44CRVmSMqebcXKTZFQFDOSlZ1EkhjhERqQnqYh4kS6aX5HBo+00odBJHSFCubq74kUcSnH3NedHKmhnPUm4n9eL1HBpZvSME4UCfH0oyBhUEVwEgrsU0GwYmNNEBZU7wrxEOlElI6urEOwZ0+eJ+1a1T6vnt2eVurXRRwlsA8OwTGwwQWogwZoghbA4BE8g1fwZjwZL8a78TFtXTCKmT3wB8bnD96XmLE=</latexit>

Ĥ =
p̂
2

2mr
+ V

Simplistic  argument: for a given V: 

heavier particles are easier to bind



Outline
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resonances above one th.

R → H1 H2 , H1
' H2

'

R → H1 H2  

(1) hadrons well below threshold 

(2) hadrons from one-channel scattering

(3) hadrons from coupled-channel scat.

(4) hadrons from static potentials

• all examples: exotic hadrons

• this is NOT a review of all existing results !

• some overlap with lecture by Max Hansen

lattice QCD: strong, EW



Lattice QCD 
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C =  DG Dq Dq C e
−SQCD /!

∫   

<latexit sha1_base64="dRUwwZgfvizRyVb4ut/DBhxUuGk="></latexit>

LQCD = 1
4G

µ⌫
a Gµ⌫

a + q̄i�µ(@
µ + igsG

µ
aT

a)q �mq q̄qQCD: <latexit sha1_base64="+zkUEAJmlg6PO/OIsVgrY1X3ZVs=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6sJOEBZIMFY84JdZJj3jYNz0hsN8vV7yqNwdeJX5OKpCj0S9/9QYxTSVTlgpiTNf3EhtkRFtOBZuWeqlhCaFjMmRdRxWRzATZ/OApPnPKAEexdqUsnqu/JzIijZnI0HVKYkdm2ZuJ/3nd1EbXQcZVklqm6GJRlApsYzz7Hg+4ZtSKiSOEau5uxXRENKHWZVRyIfjLL6+S1kXVv6zW7muV+k0eRxFO4BTOwYcrqMMdNKAJFCQ8wyu8IY1e0Dv6WLQWUD5zDH+APn8Av1iPuw==</latexit>

gs ⌧ 1 at hadronic energy scale

Main quantity extracted: finite-volume eigen-energies En 

t=0, JP, It, JP, I

<latexit sha1_base64="rzEjgRrabiA8Wx3TeOx/aeloqvk=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgxbAroh6DIngRIpgHJGuYnUySIbOz60xvICz5Di8eFPHqx3jzb5w8DppY0FBUddPdFcRSGHTdbyeztLyyupZdz21sbm3v5Hf3qiZKNOMVFslI1wNquBSKV1Cg5PVYcxoGkteC/vXYrw24NiJSDziMuR/SrhIdwShayeeP6Ym4aSmCrbtRK19wi+4EZJF4M1KAGcqt/FezHbEk5AqZpMY0PDdGP6UaBZN8lGsmhseU9WmXNyxVNOTGTydHj8iRVdqkE2lbCslE/T2R0tCYYRjYzpBiz8x7Y/E/r5Fg59JPhYoT5IpNF3USSTAi4wRIW2jOUA4toUwLeythPaopQ5tTzobgzb+8SKqnRe+86N2fFUpXsziycACHcAweXEAJbqEMFWDwBM/wCm/OwHlx3p2PaWvGmc3swx84nz8Qs5Gl</latexit>

e�iEntM

Eucledian time

<latexit sha1_base64="zMKPtq+LmeCp/EFPmrl5079EIBY=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIRdVl047KCfUATwmQ6aYdOJmFmIpS04MZfceNCEbf+hDv/xmnahbYeuNzDOfcyc0+Ycqa043xbS8srq2vrpY3y5tb2zq69t99USSYJbZCEJ7IdYkU5E7Shmea0nUqK45DTVji4mfitByoVS8S9HqbUj3FPsIgRrI0U2IeeyuJAoJHwJBY9Tj1eNCRGgV1xqk4BtEjcGanADPXA/vK6CcliKjThWKmO66Taz7HUjHA6LnuZoikmA9yjHUMFjqny8+KGMToxShdFiTQlNCrU3xs5jpUaxqGZjLHuq3lvIv7ndTIdXfk5E2mmqSDTh6KMI52gSSCoyyQlmg8NwUQy81dE+lhiok1sZROCO3/yImmeVd2Lqnt3Xqldz+IowREcwym4cAk1uIU6NIDAIzzDK7xZT9aL9W59TEeXrNnOAfyB9fkDQ4yX6w==</latexit>X

n

|nihn|

<latexit sha1_base64="ALsMksMVfOJbmh91iW5+qL+5pj0="></latexit>

mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 2pt
E

All results in this talk will be based on En :

• for strongly stable state well below threshold :

• resonances (Luscher’s relation)

• static potentials:

<latexit sha1_base64="lOunyWs3wssA8y3qFjrXNpF+J9Y=">AAACCXicbVDLSgNBEJz1GeNr1aOXwSDES9gVUY9BETxGyAuSdZmdTJIh81hmZpWw5OrFX/HiQRGv/oE3/8ZJsoImFjQUVd10d0Uxo9p43pezsLi0vLKaW8uvb2xubbs7u3UtE4VJDUsmVTNCmjAqSM1Qw0gzVgTxiJFGNLgc+407ojSVomqGMQk46gnapRgZK4UuvArFbYr5CLYV7fUNUkrew2rxRz4K3YJX8iaA88TPSAFkqITuZ7sjccKJMJghrVu+F5sgRcpQzMgo3040iREeoB5pWSoQJzpIJ5+M4KFVOrArlS1h4ET9PZEirvWQR7aTI9PXs95Y/M9rJaZ7HqRUxIkhAk8XdRMGjYTjWGCHKoING1qCsKL2Voj7SCFsbHh5G4I/+/I8qR+X/NOSf3NSKF9kceTAPjgAReCDM1AG16ACagCDB/AEXsCr8+g8O2/O+7R1wclm9sAfOB/fDBmZ6w==</latexit>

Ecm
n ! T (Ecm

n )
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<latexit sha1_base64="bmAcoJHB9JQsck0lzKJ8Ev6mLVA=">AAAB/3icbZDLSgMxFIbP1Futt1HBjZtgESpImRFRN0LRhe6sYC/QDiWTZtrQTGZMMkIZu/BV3LhQxK2v4c63Mb0IWv0h8PGfczgnvx9zprTjfFqZmdm5+YXsYm5peWV1zV7fqKookYRWSMQjWfexopwJWtFMc1qPJcWhz2nN750P67U7KhWLxI3ux9QLcUewgBGsjdWyt9ImwRxdDU6/oXC7f7HXsvNO0RkJ/QV3AnmYqNyyP5rtiCQhFZpwrFTDdWLtpVhqRjgd5JqJojEmPdyhDYMCh1R56ej+Ado1ThsFkTRPaDRyf06kOFSqH/qmM8S6q6ZrQ/O/WiPRwYmXMhEnmgoyXhQkHOkIDcNAbSYp0bxvABPJzK2IdLHERJvIciYEd/rLf6F6UHSPiu71Yb50NokjC9uwAwVw4RhKcAllqACBe3iEZ3ixHqwn69V6G7dmrMnMJvyS9f4FKMKU5Q==</latexit>

O = O(q,G)

<latexit sha1_base64="mVATXqzPZwvyHUCzehTg9td5mJE=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DIniMYB6QXcLsZDYZMjuzzMwKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3hQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDv1209UaSbFoxknNIjxQLCIEWys5N/1BPKNRK2qOu2VK27NnQEtEy8nFcjR6JW//L4kaUyFIRxr3fXcxAQZVoYRTiclP9U0wWSEB7RrqcAx1UE2u3mCTqzSR5FUtoRBM/X3RIZjrcdxaDtjbIZ60ZuK/3nd1ETXQcZEkhoqyHxRlHJkv5wGgPpMUWL42BJMFLO3IjLEChNjYyrZELzFl5dJ66zmXdYuHs4r9Zs8jiIcwTFUwYMrqMM9NKAJBBJ4hld4c1LnxXl3PuatBSefOYQ/cD5/AG0akKY=</latexit>

En ! V (r)

<latexit sha1_base64="5UjIms8HKgVZpxo7ZPLwOp628eg=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoz42ghFEbqsYB/QGYY7adqGZjJDkhHK2LUbf8WNC0Xc+gXu/BvTx6K2Hrhwcs695N4TJpwp7Tg/1sLi0vLKam4tv76xubVt7+zWVJxKQqsk5rFshKAoZ4JWNdOcNhJJIQo5rYe9m6Fff6BSsVjc635C/Qg6grUZAW2kwD7wuqBxGT8KT4LocIqv8G0gpt6BXXCKzgh4nrgTUkATVAL722vFJI2o0ISDUk3XSbSfgdSMcDrIe6miCZAedGjTUAERVX42OmWAj4zSwu1YmhIaj9TpiQwipfpRaDoj0F016w3F/7xmqtuXfsZEkmoqyPijdsqxjvEwF9xikhLN+4YAkczsikkXJBBt0subENzZk+dJ7aTonhfP7k4LpetJHDm0jw7RMXLRBSqhMqqgKiLoCb2gN/RuPVuv1of1OW5dsCYze+gPrK9fWCeZbQ==</latexit>

Ĥ|ni = En|ni

En(P=0)  =  m

...



Exotic hadrons well below threshold
(or studied as if located well below threshold)
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En(P=0)  =  m



Doubly bottom tetraquarks
<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū
<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū
<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū
<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū

from left to right (lattice QCD)

Hudspith, Mohler, 2303.17295
HALQCD, 2306.03565 (cosidering coupling with B*B*)
Leskovec, Meinel, Pflaumer, Wagner, 1904.04197 
Junnarkar, Mathur, Padmanth, 1810.12285  
Frances, Colquhoun, Hudspith, Maltman (2021 PosLat) 
Bicudo, Wagner et al. 1612.02758, static potentials
Brown, Orginost, 1210.1953, static potentials

Hudspith, Mohler, 2303.17295
Meinel, Pflaumer, Wagner, 2205.13982
Junnarkar, Mathur, Padmanth 1810.12285  
Frances, Colquhoun, Hudspith, Maltman  (2021, PosLat) 

m
 –

 E
th

 [M
eV

]

threshold: BB*                                 BBs*

<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+

not found in exp, difficult to find

likely dominant 

(B and B* to close  

in BB* molecule

with binding ~0.1 GeV)
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<latexit sha1_base64="bLtG0F0+Rob7K7oDopmXhNZaF/c="></latexit>

O =(ū�5b) (d̄�ib) + .. = BB
⇤

[b�1b]3̄c [ū�2d̄]3c
...



Doubly bottom tetraquarks
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<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū

Colquhoun, Francis, Hudspith, Maltman, Lewis
1810.10550 , PoS LATTICE2021 (2022) 144
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Preliminary
udb̄0b̄0

lsb̄0b̄0

<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū
lattice: dependence on mb and  mu,d

<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+

mb’ decreasesmu,d increases

(m
bph

y  )

(m
u,

dph
y  )

Other                     and  JP : 
<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0
<latexit sha1_base64="MNgF9QqN7/m9CMM8vPd6P7TLx3I=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK4kDIjoq6k6MZlBfuATi2Z9E4bmsmMSUYoQ/0aN/6KG0FFdOmfmE5noW0PJBzOuffm5ngRZ0rb9reVW1hcWl7JrxbW1jc2t4rbO3UVxpJCjYY8lE2PKOBMQE0zzaEZSSCBx6HhDa7GfuMBpGKhuNXDCNoB6QnmM0q0kTrFi8RNhyQSuiPsUex6ROL7yX3nRpIFcIQfMaVzjBHuFEt22U6BZ4mTkRLKUO0U39xuSOMAhKacKNVy7Ei3EyI1oxxGBTdWEBE6ID1oGSpIAKqdpCuO8IFRutgPpTlC41T925GQQKlh4JnKgOi+mvbG4jyvFWv/vJ0wEcUaBJ085Mcc6xCPQ8NdJoFqPjSEUMnMrpj2iSRUm2gLJgRn+suzpH5cdk7Lzs1JqXKZxZFHe2gfHSIHnaEKukZVVEMUPaEX9I4+rGfr1fq0vialOSvr2UX/YP38Aq8jpc4=</latexit>

bcq̄q̄0, ccq̄q̄0

Theoretically expected near or above threshold

 States near or above threshold have to be identified from scattering T(E): next Section

Sasa Prelovsek                              Exotic hadrons from lattice



Di-baryons with heavy quarks
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Junnarkar Mathur 
1906.06054, PRL 

Mathur,  Padmanath, Chakraborty 
2205.02862

Junnarkar, Mathur, 2206.02942, PRL 

<latexit sha1_base64="XAjsRbDX72c7HgWgk9AmSzRF8EE=">AAAB8HicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6kUILuAxglkkGUJPpyZp0j0zdNcIYchXePGgiFc/x5t/Y2c5aOKDgsd7VVTVCxIpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dROnmkONxzLWzYAZkCKCGgqU0Ew0MBVIaASD67HfeAJtRBw94DABX7FeJELBGVrpsX0DEhm9vewUS27ZnYAuEm9GSmSGaqf41e7GPFUQIZfMmJbnJuhnTKPgEkaFdmogYXzAetCyNGIKjJ9NDh7RI6t0aRhrWxHSifp7ImPKmKEKbKdi2Dfz3lj8z2ulGF74mYiSFCHi00VhKinGdPw97QoNHOXQEsa1sLdS3meacbQZFWwI3vzLi6R+UvbOyt79aalyNYsjTw7IITkmHjknFXJHqqRGOFHkmbySN0c7L8678zFtzTmzmX3yB87nD85Cj8I=</latexit>

�E =

<latexit sha1_base64="GDmhW/4BnRFCAhrHOVMSoJ9CdCA=">AAACAnicbVDLSgMxFM34rPU16krcBIvgxjJTRN0IpSq4rGAf0A5DJs20oUlmSDJCGQY3/oobF4q49Svc+Tem0y609cDlHs65l+SeIGZUacf5thYWl5ZXVgtrxfWNza1te2e3qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvBr7rQciFY3EvR7FxOOoL2hIMdJG8u192L0mTCN4c8lPuJ/W3Cxvlcy3S07ZyQHniTslJTBF3be/ur0IJ5wIjRlSquM6sfZSJDXFjGTFbqJIjPAQ9UnHUIE4UV6an5DBI6P0YBhJU0LDXP29kSKu1IgHZpIjPVCz3lj8z+skOrzwUiriRBOBJw+FCYM6guM8YI9KgjUbGYKwpOavEA+QRFib1IomBHf25HnSrJTds7J7d1qq1qZxFMABOATHwAXnoApuQR00AAaP4Bm8gjfryXqx3q2PyeiCNd3ZA39gff4AAVaV6Q==</latexit>

�E = m�mB1 �mB2

<latexit sha1_base64="/ti/j2lZuJGz5rm5EeXDosdnhzs=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H1788rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWKEjwI=</latexit> �

binding energy

<latexit sha1_base64="RMUaFyXoaoeq0eFB9vV74ivwY2M=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqBeh6MWbFewHtkvJptk2NJvdJlmhLPVXePGgiFf/jTf/jWm7B219MPB4b4aZeX4suDaO841yS8srq2v59cLG5tb2TnF3r66jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf3A98RuPTGkeyXszipkXkp7kAafEWOkB314Oh8MnW51iySk7U+BF4makBBmqneJXuxvRJGTSUEG0brlObLyUKMOpYONCO9EsJnRAeqxlqSQh0146vXiMj6zSxUGkbEmDp+rviZSEWo9C33aGxPT1vDcR//NaiQkuvJTLODFM0tmiIBHYRHjyPu5yxagRI0sIVdzeimmfKEKNDalgQ3DnX14k9ZOye1Z2705LlassjjwcwCEcgwvnUIEbqEINKEh4hld4Qxq9oHf0MWvNoWxmH/4Aff4AVPWQtA==</latexit>

O = qqq qqq

Sasa Prelovsek                              Exotic hadrons from lattice



Gluebals (no dynamical quarks)
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Hybrids (omitting strong decays)
<latexit sha1_base64="RX0f/37F2lowS3R1XXlHGZb+4bo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FD3qsYD+kXUqSZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWYeSQQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdJtgwwRVrWG4FayeaYUkEa5HRzdRvPTFteKwe7DhhocQDxSNOsXXSI+oSrBG5Jb1yxa/6M6BlEuSkAjnqvfJXtx/TVDJlqcDGdAI/sWGGteVUsEmpmxqWYDrCA9ZxVGHJTJjNDp6gE6f0URRrV8qimfp7IsPSmLEkrlNiOzSL3lT8z+ukNroKM66S1DJF54uiVCAbo+n3qM81o1aMHcFUc3crokOsMbUuo5ILIVh8eZk0z6rBRTW4P6/UrvM4inAEx3AKAVxCDe6gDg2gIOEZXuHN096L9+59zFsLXj5zCH/gff4AukyPtg==</latexit>

b̄Gb

Morningstar & Peardon 1999

<latexit sha1_base64="jZJLq8Rd7u92N6D5mfi9MX3nESE=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WSyCp5CIqMeih3qsYNpCG8pmu2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjuNyqtrW9sbpW3Kzu7e/sH1cOjlk4yRZlPE5GoTkg0E1wy33AjWCdVjMShYO1wfDfz209MaZ7IRzNJWRCToeQRp8RYyceNhuP0qzXXcefAq8QrSA0KNPvVr94goVnMpKGCaN313NQEOVGGU8GmlV6mWUromAxZ11JJYqaDfH7sFJ9ZZYCjRNmSBs/V3xM5ibWexKHtjIkZ6WVvJv7ndTMT3QQ5l2lmmKSLRVEmsEnw7HM84IpRIyaWEKq4vRXTEVGEGptPxYbgLb+8SloXjnfleA+XtfptEUcZTuAUzsGDa6jDPTTBBwocnuEV3pBEL+gdfSxaS6iYOYY/QJ8/W0SNvA==</latexit>

GG..

Ryan & Wilson (HadSpec)  2008.02656, JHEP

<latexit sha1_base64="VrcIyJgaVF2+8kB4V/N2xYrI93k=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahggwzIuqy6MZlBfuAzlAyaaYNzSTTJCOUoUs3/oobF4q49RPc+Tem7SBaPRA4nHMvN+eECaNKu+6nVVhYXFpeKa6W1tY3Nrfs7Z2GEqnEpI4FE7IVIkUY5aSuqWaklUiC4pCRZji4mvjNOyIVFfxWjxISxKjHaUQx0kbq2Ps+Fxr6WsCKHyIJh8Ojb3LsOE7HLruOOwX8S7yclEGOWsf+8LsCpzHhGjOkVNtzEx1kSGqKGRmX/FSRBOEB6pG2oRzFRAXZNMgYHhqlCyMhzeMaTtWfGxmKlRrFoZmMke6reW8i/ue1Ux1dBBnlSaoJx7NDUcqgyT1pBXapJFizkSEIS2r+CnEfSYS16a5kSvDmI/8ljRPHO3O8m9Ny9TKvowj2wAGoAA+cgyq4BjVQBxjcg0fwDF6sB+vJerXeZqMFK9/ZBb9gvX8BRW2XkQ==</latexit>

6! (q̄q)(q̄q), ...

<latexit sha1_base64="R8BAwkFHKsA8XnM0wgu7i+3EFek=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjsFcxFMEs0Ayhp5OTdKkp2fs7hHCkJ/w4kERr/6ON//GznLQxAcFj/eqqKoXJIJr47rfztLyyuraem4jv7m1vbNb2Nuv6zhVDGssFrFqBlSj4BJrhhuBzUQhjQKBjWBQGfuNJ1Sax/LeDBP0I9qTPOSMGis1Cbl9yKqVUadQdEvuBGSReDNShBmqncJXuxuzNEJpmKBatzw3MX5GleFM4CjfTjUmlA1oD1uWShqh9rPJvSNybJUuCWNlSxoyUX9PZDTSehgFtjOipq/nvbH4n9dKTXjlZ1wmqUHJpovCVBATk/HzpMsVMiOGllCmuL2VsD5VlBkbUd6G4M2/vEjqpyXvonR+d1YsX8/iyMEhHMEJeHAJZbiBKtSAgYBneIU359F5cd6dj2nrkjObOYA/cD5/APNlj0c=</latexit>

JPC

Sasa Prelovsek                              Exotic hadrons from lattice11



Incorporating strong decays and threshold effects
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Resonances R→ H1 H2 , bound states near threshold 
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Scattering amplitude T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991

generalizations by many authors 

<latexit sha1_base64="Y3byoQSLRiKo76Hv9s+biCQZJi4=">AAACCHicbVDLSgMxFL1TX7W+Rl26MFiEdlNmpKjLohRcVugLOmPJpGkbmnmQZIQydOnGX3HjQhG3foI7/8a0HURbL4ScnHMvN+d4EWdSWdaXkVlZXVvfyG7mtrZ3dvfM/YOmDGNBaIOEPBRtD0vKWUAbiilO25Gg2Pc4bXmj66neuqdCsjCoq3FEXR8PAtZnBCtNdc1jhKoOQo4KkYPqhWpRXz+PO1LsmnmrZM0KLQM7BXlIq9Y1P51eSGKfBopwLGXHtiLlJlgoRjid5JxY0giTER7QjoYB9ql0k5mRCTrVTA/1Q6FPoNCM/T2RYF/Kse/pTh+roVzUpuR/WidW/Us3YUEUKxqQ+aJ+zJF2Ok0F9ZigRPGxBpgIpv+KyBALTJTOLqdDsBctL4PmWck+L5Vvy/nKVRpHFo7gBApgwwVU4AZq0AACD/AEL/BqPBrPxpvxPm/NGOnMIfwp4+Mbo/uV8g==</latexit>

E ! T (E) ! T (Ec)
for real Ereal E for complex E

analytic contin.
to complex E

scattering amplitude T(E)

<latexit sha1_base64="qSHanakOI6zOXcbOsIB+l7QhYNA=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoEctMKeqyKEWXFfqCzrRk0kwbmswMSUYoQ7/Bjb/ixoUibl2582/MtF1o9UDgcM693JzjRYxKZVlfRmZldW19I7uZ29re2d0z9w9aMowFJk0cslB0PCQJowFpKqoY6USCIO4x0vbG16nfvidC0jBoqElEXI6GAfUpRkpLfbMIG4Va0YlEGKkQQscXCCf2NKn1yme8Vz6lNecGcY6mub6Zt0rWDPAvsRckDxao981PZxDimJNAYYak7NpWpNwECUUxI9OcE0sSITxGQ9LVNECcSDeZRZrCE60MoB8K/QIFZ+rPjQRxKSfc05McqZFc9lLxP68bK//STWgQxYoEeH7IjxnU6dN+4IAKghWbaIKwoPqvEI+QbkXpFtMS7OXIf0mrXLLPS5W7Sr56tagjC47AMSgAG1yAKrgFddAEGDyAJ/ACXo1H49l4M97noxljsXMIfsH4+AYAe5vS</latexit>

T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|, sheet I            sheet II

Virtual bound st.

p = - i |p|, sheet II

<latexit sha1_base64="tmP022e6H/PUEqxHRRe/rEbHy/4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoC0tSirosSsFlhb6gSctkOmmHTjJhZiKU0K0bf8WNC0Xc+gfu/BsnbRbaemDgcM693DnHixiVyrK+jdza+sbmVn67sLO7t39gHh61JY8FJi3MGRddD0nCaEhaiipGupEgKPAY6XiT29TvPBAhKQ+bahoRN0CjkPoUI6WlgQlhs1Q/dyLBI8UhdHyBcGLPknq/chH0K7PCwCxaZWsOuErsjBRBhsbA/HKGHMcBCRVmSMqebUXKTZBQFDMyKzixJBHCEzQiPU1DFBDpJvMkM3imlSH0udAvVHCu/t5IUCDlNPD0ZIDUWC57qfif14uVf+0mNIxiRUK8OOTHDOrQaS1wSAXBik01QVhQ/VeIx0iXoXR5aQn2cuRV0q6U7cty9b5arN1kdeTBCTgFJWCDK1ADd6ABWgCDR/AMXsGb8WS8GO/Gx2I0Z2Q7x+APjM8flb2YYA==</latexit>

T (E) / 1

E2 �m2

(p)

(-p)

<latexit sha1_base64="gg+Bkn7RnYX4BoCQllMUcLQ+tYg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btbhJ2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4bua3n1BpHkcPZpKgL+kw4iFn1FipIfvlilt15yCrxMtJBXLU++Wv3iBmqcTIMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtjahE7WfzQ6fkzCoDEsbKVmTIXP09kVGp9UQGtlNSM9LL3kz8z+umJrzxMx4lqcGILRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB14WM9w==</latexit>m
<latexit sha1_base64="eLDBI1MxttFlOQ6PPkrnSwGJy7M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5IUUY9FD3qsYD+gCWWy3bRLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9mG1o+JUEtomMY9lLwBFOYtoWzPNaS+RFETAaTeY3Mz87iOVisXRg54m1BcwiljICGgjDeyqp0MJJHPzrJF7tyAEDOyaU3fmwKvELUgNFWgN7C9vGJNU0EgTDkr1XSfRfgZSM8JpXvFSRRMgExjRvqERCKr8bH57jk+NMsRhLE1FGs/V3xMZCKWmIjCdAvRYLXsz8T+vn+rwys9YlKSaRmSxKEw51jGeBYGHTFKi+dQQIJKZWzEZg8lCm7gqJgR3+eVV0mnU3Yu6e39ea14XcZTRMTpBZ8hFl6iJ7lALtRFBT+gZvaI3K7derHfrY9FasoqZI/QH1ucP9IOUYw==</latexit>

1
2�

R

bound st.

<latexit sha1_base64="mEIbKOt9zeyu4gU2NQ51tkcikxU=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBAiQtwNol6EoAQ8KiYaSGKYnfQmg7MPZnqFsGz+wou/4sWDIl69+TdOHgc1FjTUVHUz3eVGUmi07S9rZnZufmExs5RdXlldW89tbN7oMFYcajyUoaq7TIMUAdRQoIR6pID5roRb9/586N8+gNIiDKrYj6Dls24gPMEZGqmdO7guVPZO4S4piWYHJDLzTE+d/RIVA9pETzGelKI0qaR0UDVeO5e3i/YIdJo4E5InE1y2c5/NTshjHwLkkmndcOwIWwlTKLiENNuMNUSM37MuNAwNmA+6lYwOS+muUTrUC5WpAOlI/TmRMF/rvu+aTp9hT//1huJ/XiNG76SViCCKEQI+/siLJcWQDlOiHaGAo+wbwrgSZlfKe8yEgSbLrAnB+XvyNLkpFZ2jonN1mC+fTeLIkG2yQwrEIcekTC7IJakRTh7JM3klb9aT9WK9Wx/j1hlrMrNFfsH6/Aa8gp28</latexit>

S(E) = e2i�(E) = 1 + 2i 2p
E T (E)

<latexit sha1_base64="UFPDctFivBO77bAjOgH8RbbG/5c=">AAACEHicbVDLSgMxFM34rPU16tJNsIhuLDMi6rLoxmWFvqBTSibNtKGZSUjuCGXoJ7jxV9y4UMStS3f+jZm2C209EDiccy8354RKcAOe9+0sLa+srq0XNoqbW9s7u+7efsPIVFNWp1JI3QqJYYInrA4cBGspzUgcCtYMh7e533xg2nCZ1GCkWCcm/YRHnBKwUtc9CUDiANcCpaXKaaQJzfxxpgIqIegxAeSMq3HXLXllbwK8SPwZKaEZql33K+hJmsYsASqIMW3fU9DJiAZOBRsXg9QwReiQ9Fnb0oTEzHSySaAxPrZKD0dS25cAnqi/NzISGzOKQzsZExiYeS8X//PaKUTXnYwnKgWW0OmhKBXYJs/bwT2uGQUxsoRQze1fMR0QWwnYDou2BH8+8iJpnJf9y7J/f1Gq3MzqKKBDdIROkY+uUAXdoSqqI4oe0TN6RW/Ok/PivDsf09ElZ7ZzgP7A+fwB1MCdHQ==</latexit>

! T / 1

p cot � � ip

T here is M in Hansen’s talk

Sasa Prelovsek                              Exotic hadrons from lattice

p2<0

E.= 𝑚!
" + 𝑝" + 𝑚"

" + 𝑝"

talk by Pilloni

<latexit sha1_base64="V+EazvchjCVur2xbvi2fa7n7HYU=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJsyU7wtiyK4rNAbdMaSSdM2NDMJSUYo04IbX8WNC0Xc+hLufBvTdhba+kPg4z/ncHL+QDCqtON8W5ml5ZXVtex6bmNza3vH3t2rKx5LTGqYMy6bAVKE0YjUNNWMNIUkKAwYaQSD60m98UCkojyq6qEgfoh6Ee1SjLSx2vYBhJ6ivRAVbk48IbnQfFQ1PLovte28U3SmgovgppAHqSpt+8vrcByHJNKYIaVariO0nyCpKWZknPNiRQTCA9QjLYMRConyk+kNY3hsnA7scmlepOHU/T2RoFCpYRiYzhDpvpqvTcz/aq1Ydy/9hEYi1iTCs0XdmEHN4SQQ2KGSYM2GBhCW1PwV4j6SCGsTW86E4M6fvAj1UtE9L57dnebLV2kcWXAIjkABuOAClMEtqIAawOARPINX8GY9WS/Wu/Uxa81Y6cw++CPr8wfnk5Zu</latexit>

�(E) / |T (E)|2
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Relation between E and δ(E) , T(E):   1D quantum mechanics

periodic boundary condition

p= n 2π/L

relation between δ, L and p or E

𝜓

𝜓

x=R

E=p2/2m

<latexit sha1_base64="mEIbKOt9zeyu4gU2NQ51tkcikxU=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBAiQtwNol6EoAQ8KiYaSGKYnfQmg7MPZnqFsGz+wou/4sWDIl69+TdOHgc1FjTUVHUz3eVGUmi07S9rZnZufmExs5RdXlldW89tbN7oMFYcajyUoaq7TIMUAdRQoIR6pID5roRb9/586N8+gNIiDKrYj6Dls24gPMEZGqmdO7guVPZO4S4piWYHJDLzTE+d/RIVA9pETzGelKI0qaR0UDVeO5e3i/YIdJo4E5InE1y2c5/NTshjHwLkkmndcOwIWwlTKLiENNuMNUSM37MuNAwNmA+6lYwOS+muUTrUC5WpAOlI/TmRMF/rvu+aTp9hT//1huJ/XiNG76SViCCKEQI+/siLJcWQDlOiHaGAo+wbwrgSZlfKe8yEgSbLrAnB+XvyNLkpFZ2jonN1mC+fTeLIkG2yQwrEIcekTC7IJakRTh7JM3klb9aT9WK9Wx/j1hlrMrNFfsH6/Aa8gp28</latexit>

S(E) = e2i�(E) = 1 + 2i 2p
E T (E)

<latexit sha1_base64="2rs6mTD+tN5EB/xSqu28JQpILsU=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSmJiLosSsFlhb6gCWUymbRDJw9mboQair/ixoUibv0Pd/6N0zYLrR6Y4XDOvdx7j5cIrsCyvozC0vLK6lpxvbSxubW9Y+7utVWcSspaNBax7HpEMcEj1gIOgnUTyUjoCdbxRjdTv3PPpOJx1IRxwtyQDCIecEpAS33zANcdiLHjMwGkUj85beqvb5atqjUD/kvsnJRRjkbf/HT8mKYhi4AKolTPthJwMyKBU8EmJSdVLCF0RAasp2lEQqbcbLb9BB9rxcdBLPWLAM/Unx0ZCZUah56uDAkM1aI3Ff/zeikEV27GoyQFFtH5oCAVWN87jQL7XDIKYqwJoZLrXTEdEkko6MBKOgR78eS/pH1WtS+q9t15uXadx1FEh+gIVZCNLlEN3aIGaiGKHtATekGvxqPxbLwZ7/PSgpH37KNfMD6+AX2Rk08=</latexit>

E ! �(E), T (E)

Sasa Prelovsek                              Exotic hadrons from lattice

derivation of relation



Relation between E and δ(E) , T(E): QFT      
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Luscher 1991
generalization by many authors

talk by Hansen

general :

one channel :

<latexit sha1_base64="2rs6mTD+tN5EB/xSqu28JQpILsU=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSmJiLosSsFlhb6gCWUymbRDJw9mboQair/ixoUibv0Pd/6N0zYLrR6Y4XDOvdx7j5cIrsCyvozC0vLK6lpxvbSxubW9Y+7utVWcSspaNBax7HpEMcEj1gIOgnUTyUjoCdbxRjdTv3PPpOJx1IRxwtyQDCIecEpAS33zANcdiLHjMwGkUj85beqvb5atqjUD/kvsnJRRjkbf/HT8mKYhi4AKolTPthJwMyKBU8EmJSdVLCF0RAasp2lEQqbcbLb9BB9rxcdBLPWLAM/Unx0ZCZUah56uDAkM1aI3Ff/zeikEV27GoyQFFtH5oCAVWN87jQL7XDIKYqwJoZLrXTEdEkko6MBKOgR78eS/pH1WtS+q9t15uXadx1FEh+gIVZCNLlEN3aIGaiGKHtATekGvxqPxbLwZ7/PSgpH37KNfMD6+AX2Rk08=</latexit>

E ! �(E), T (E)

E.= 𝑚!
" + 𝑝" + 𝑚"

" + 𝑝"

Sasa Prelovsek                              Exotic hadrons from lattice

<latexit sha1_base64="i5q3EDpLOAfWTMSc1X8CM2nmdBc="></latexit>

T / 1

K�1 � 2
E i p

/ 1

p cot � � ip

Luscher’s relation:

<latexit sha1_base64="hxPbKsD1k7lrWkuBbje+x2xu8J8="></latexit>

det[K�1(E) + F (E, ~P ,L)] = 0

<latexit sha1_base64="o/Xi8Pez/Jeo04p5em8Dr4EnIsI="></latexit>

2
E p cot �(E) = K(E)�1 = �F (E, ~P ,L)

17



Exotic hadrons from one-channel scattering

Sasa Prelovsek                              Exotic hadrons from lattice
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Scalar charmed  meson

+ 

other 

total momenta

and irreps
E c

m
 [M

eV
]

HadSpec, Gayer et al, 2102.04973
 m𝜋 ≈ 240MeV 

not explicity exotic;

 it’s low mass indicates non-conventional states in this sector

Sasa Prelovsek                              Exotic hadrons from lattice

p1

p2

<latexit sha1_base64="zWr6oMRRSGImTzmIBbeS4HEOc4A="></latexit>

O ⇠(ū�1c)~p1(d̄�2u)~p2 + ..

⇠ D(~p1) ⇡(~p2)

red lines: Enon-int.= 𝑚#
" + 𝑝1" + 𝑚$

" + 𝑝2"

<latexit sha1_base64="f9tpPS8weonbUv+DNJZlFwWoeMM=">AAACA3icbZDLSgMxFIbPeK31NupON8EiuJAyI96WRTcuK9gLdIaSyWTa0MylSUYopeLGV3HjQhG3voQ738Z0OoK2Hgj5+P9zSM7vJZxJZVlfxtz8wuLScmGluLq2vrFpbm3XZZwKQmsk5rFoelhSziJaU0xx2kwExaHHacPrXY39xh0VksXRrRok1A1xJ2IBI1hpqW3uIuJ4WCD//sj5wX529dtmySpbWaFZsHMoQV7Vtvnp+DFJQxopwrGULdtKlDvEQjHC6ajopJImmPRwh7Y0Rjik0h1mO4zQgVZ8FMRCn0ihTP09McShlIPQ050hVl057Y3F/7xWqoILd8iiJFU0IpOHgpQjFaNxIMhnghLFBxowEUz/FZEuFpgoHVtRh2BPrzwL9eOyfVY+vTkpVS7zOAqwB/twCDacQwWuoQo1IPAAT/ACr8aj8Wy8Ge+T1jkjn9mBP2V8fAMFxpaC</latexit>

cd̄ , cd̄qq̄

<latexit sha1_base64="7tAUKg+Ujae4RJ5zNaw9qjrBhOs=">AAACCnicbZC7TsMwFIadcivlFmBkMVRITFVScVuQKlgYGIpEL1ITRY7rtFYdJ7KdSlWUmYVXYWEAIVaegI23wU0zQMsvWfr0n3N0fH4/ZlQqy/o2SkvLK6tr5fXKxubW9o65u9eWUSIwaeGIRaLrI0kY5aSlqGKkGwuCQp+Rjj+6mdY7YyIkjfiDmsTEDdGA04BipLTlmYfOmGAYe/QqB+5R6KhAIJzWnZhm6V3mmVWrZuWCi2AXUAWFmp755fQjnISEK8yQlD3bipWbIqEoZiSrOIkkMcIjNCA9jRyFRLppfkoGj7XTh0Ek9OMK5u7viRSFUk5CX3eGSA3lfG1q/lfrJSq4dFPK40QRjmeLgoRBFcFpLrBPBcGKTTQgLKj+K8RDpINQOr2KDsGeP3kR2vWafV47uz+tNq6LOMrgAByBE2CDC9AAt6AJWgCDR/AMXsGb8WS8GO/Gx6y1ZBQz++CPjM8ftFSaTQ==</latexit>

~pi = ~ni
2⇡
L
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Scalar charmed  meson, cont’

+ 

other 

irreps

E c
m

 [M
eV

]

HadSpec, Gayer et al, 2102.04973
 m𝜋 ≈ 240MeV 

Sasa Prelovsek                              Exotic hadrons from lattice

<latexit sha1_base64="98bx3mK7IKfZC44NTWKUy7mYaX4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVBIR9Vj04rGC/YAmhM1m0y7dbMLuRCyh/hQvHhTx6h/x5r9x2+agrQ8GHu/NMDMvzATX4Djf1srq2vrGZmWrur2zu7dvH9Q6Os0VZW2ailT1QqKZ4JK1gYNgvUwxkoSCdcPRzdTvPjCleSrvYZwxPyEDyWNOCRgpsGskAPyUYezRFLyICSCBXXcazgx4mbglqaMSrcD+8qKU5gmTQAXRuu86GfgFUcCpYJOql2uWEToiA9Y3VJKEab+Y3T7BJ0aJcJwqUxLwTP09UZBE63ESms6EwFAvelPxP6+fQ3zlF1xmOTBJ54viXGBI8TQIHHHFKIixIYQqbm7FdEgUoWDiqpoQ3MWXl0nnrOFeNNy783rzuoyjgo7QMTpFLrpETXSLWqiNKHpEz+gVvVkT68V6tz7mrStWOXOI/sD6/AE9oZPv</latexit>

at p cot �

<latexit sha1_base64="5Oz4DC8sAUVU/U9/kG54enkcj3Y=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRi8cK9gPatWTTbBua3Q3JrFCW+jO8eFDEq3/Gm//GtN2Dtj6Y4fHeDJm8QElh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNEmqGW+wRCa6HVDDpYh5AwVK3laa0yiQvBWMbqZ+65FrI5L4HseK+xEdxCIUjKKVurSHD1XypGwjvVLZrbgzkGXi5aQMOeq90le3n7A04jEySY3peK5CP6MaBZN8UuymhivKRnTAO5bGNOLGz2Y3T8ipVfokTLStGMlM/b2R0ciYcRTYyYji0Cx6U/E/r5NieOVnIlYp8pjNHwpTSTAh0wBIX2jOUI4toUwLeythQ6opQxtT0YbgLX55mTSrFe+i4t2dl2vXeRwFOIYTOAMPLqEGt1CHBjBQ8Ayv8Oakzovz7nzMR1ecfOcI/sD5/AFhU5Ca</latexit>

a2t p2

<latexit sha1_base64="8rx9RY1VWL9Baj7kL3cE55HzcX0=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoioh6LXjxWsB+QxrLZbNqlm03YnQg11D/ixYMiXv0p3vw3btsctPXBwOO9GWbmBangGhzn2yqtrK6tb5Q3K1vbO7tVe2+/rZNMUdaiiUhUNyCaCS5ZCzgI1k0VI3EgWCcYXU/9zgNTmifyDsYp82MykDzilICR+na1FzIB5Mm771GuqN+3a07dmQEvE7cgNVSg2be/emFCs5hJoIJo7blOCn5OFHAq2KTSyzRLCR2RAfMMlSRm2s9nh0/wsVFCHCXKlAQ8U39P5CTWehwHpjMmMNSL3lT8z/MyiC79nMs0AybpfFGUCQwJnqaAQ64YBTE2hFDFza2YDokiFExWFROCu/jyMmmf1t3zunt7VmtcFXGU0SE6QifIRReogW5QE7UQRRl6Rq/ozXq0Xqx362PeWrKKmQP0B9bnD+Qdkz4=</latexit>

� [�]
<latexit sha1_base64="Hwpm1T437gJTCqcCtH3qVgMPon4=">AAACCXicbVDLSgMxFM3UV62vqks3wSLUTZkRUTdCUQQ3QhX7gHYomfS2DU1mhiQjlGFcuvFX3LhQxK1/4M6/MW1H0NYDgZNz7uXee7yQM6Vt+8vKzM0vLC5ll3Mrq2vrG/nNrZoKIkmhSgMeyIZHFHDmQ1UzzaERSiDC41D3Bucjv34HUrHAv9XDEFxBej7rMkq0kdp5jMVpSxDdlyK+gaR4sX//821eQc1N2vmCXbLHwLPESUkBpai085+tTkAjAb6mnCjVdOxQuzGRmlEOSa4VKQgJHZAeNA31iQDlxuNLErxnlA7uBtI8X+Ox+rsjJkKpofBM5WhLNe2NxP+8ZqS7J27M/DDS4NPJoG7EsQ7wKBbcYRKo5kNDCJXM7Ippn0hCtQkvZ0Jwpk+eJbWDknNUcq4PC+WzNI4s2kG7qIgcdIzK6BJVUBVR9ICe0At6tR6tZ+vNep+UZqy0Zxv9gfXxDSTtmgA=</latexit>

m = Re(E) [MeV]

<latexit sha1_base64="c18s7cq2o0VIEB6SB9a93mEKyjE=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6sMwUUTdCUURdCBXsA2aGkkkzbWiSGZKMUIb6CW78FTcuFHHrzp1/Y/pAtPVA4OSce7n3niBmVGnb/rJmZufmFxYzS9nlldW19dzGZk1FicSkiiMWyUaAFGFUkKqmmpFGLAniASP1oHs28Ot3RCoaiVvdi4nPUVvQkGKkjdTMFaB3gThHJ/ule48j3ZE8veL9wvnez9e9JjW/38zl7aI9BJwmzpjkwRiVZu7Ta0U44URozJBSrmPH2k+R1BQz0s96iSIxwl3UJq6hAnGi/HR4UR/uGqUFw0iaJzQcqr87UsSV6vHAVA62VJPeQPzPcxMdHvspFXGiicCjQWHCoI7gIB7YopJgzXqGICyp2RXiDpIIaxNi1oTgTJ48TWqlonNYdG4O8uXTcRwZsA12QAE44AiUwSWogCrA4AE8gRfwaj1az9ab9T4qnbHGPVvgD6yPb70LnP4=</latexit> �
=

�
2
Im

(E
)
[M

eV
]

Luscher’s 

relation

<latexit sha1_base64="NKQV3qe5WrxBU6wp0tYEOFMt5+0=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBAS0LArvi5CUCIePEQwKmRDmJ30JkNmH8z0CmGJX+HFX/HiQRGvevNvnMQc1FjQUFR1093lxVJotO1Pa2JyanpmNjOXnV9YXFrOraxe6ShRHGo8kpG68ZgGKUKooUAJN7ECFngSrr3uycC/vgWlRRReYi+GRsDaofAFZ2ikZq7koq8YT3f6aaVP72Lq8gjdFkhkhUqRHtHt00Jly70FTqtb58VmLm+X7CHoOHFGJE9GqDZzH24r4kkAIXLJtK47doyNlCkUXEI/6yYaYsa7rA11Q0MWgG6kw7/6dNMoLepHylSIdKj+nEhZoHUv8ExnwLCj/3oD8T+vnqB/2EhFGCcIIf9e5CeSYkQHIdGWUMBR9gxhXAlzK+UdZnJCE2XWhOD8fXmcXO2UnP3S3sVuvnw8iiND1skGKRCHHJAyOSNVUiOc3JNH8kxerAfryXq13r5bJ6zRzBr5Bev9CxyanVQ=</latexit>

2
E p cot �(E) = �F (E, ~P ,L)



Scalar heavy-light mesons

14

Conventional 

quark model

New paradigm 

<latexit sha1_base64="1JEt3MYbGWe5JbgRl1XjG3sTdV4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69pBZBEEoiRb0IRS/iqYL9gCQtm+22XbrZDbsToYT+DC8eFPHqr/Hmv3Hb5qCtDwYe780wMy+MOdPgON9WbmV1bX0jv1nY2t7Z3SvuHzS1TBShDSK5VO0Qa8qZoA1gwGk7VhRHIaetcHQ79VtPVGkmxSOMYxpEeCBYnxEMRvLuO3W/dO2XnM5Zt1h2Ks4M9jJxM1JGGerd4pffkySJqADCsdae68QQpFgBI5xOCn6iaYzJCA+oZ6jAEdVBOjt5Yp8YpWf3pTIlwJ6pvydSHGk9jkLTGWEY6kVvKv7neQn0r4KUiTgBKsh8UT/hNkh7+r/dY4oS4GNDMFHM3GqTIVaYgEmpYEJwF19eJs3zintRqT5Uy7WbLI48OkLH6BS56BLV0B2qowYiSKJn9IreLLBerHfrY96as7KZQ/QH1ucPHEGP2Q==</latexit>

JP =0+

<latexit sha1_base64="k3t5EaVln7KRVU2O3Tq4/SXF5ww=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpoi6LblxWsA9oQ5lMJ+3QySSdmQg11B9x40IRt36KO//GaZqFth643MM59zJ3jh9zprTjfFuFtfWNza3idmlnd2+/bB8ctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2/mfvuBSsUica+nMfVCPBQsYARrI/XtMun5WKLJ02TR+3bFqToZ0Cpxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LprNRLFI0xGeMh7RoqcEiVl2aHz9CpUQYoiKQpoVGm/t5IcajUNPTNZIj1SC17c/E/r5vo4MpLmYgTTQVZPBQkHOkIzVNAAyYp0XxqCCaSmVsRGWGJiTZZlUwI7vKXV0mrVnUvqrW780r9Oo+jCMdwAmfgwiXU4RYa0AQCCTzDK7xZj9aL9W59LEYLVr5zBH9gff4ATwuS3g==</latexit>

cq̄ qq̄ q=u,d,s        n=u,d
<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄ +
Lutz et al, 2003 PLB,  2209.10601
Du et al, 1712.07957, PRD
Albaladejo et al,  1610.06727 3  ⨂  8  = 3 ⨁ 6 ⨁ 15 SU(3)F 

3
6

Scattering on the lattice
SU(3)F
S=1  Mohler et al, 1308.3175, PRL
         Lang et al, 1403.8103, PRD
         RQCD, 1706.01247, PRD
         HadSpec 2008.06432, JHEP
S=0   Mohler et al. 1208.4059, PRD
          HadSpec, 1607.07093, JHEP
          HadSpec 2102.04973, JHEP
S=-1  HadSpec, 2008.06432, JHEP

SU(3)F : Gregory et al, 2106.15391
              attraction in 6, repulsion in 15 

Ds0
*

D0
*

lat: 2.1-2.2 GeV (pole)

PDG: 2.3 GeV     (BW)

2.3 GeV

mixes with 15

2.4-2.5 GeV      r
eanalysis of lat 1607.07093 by 
Albaladejo 1610.06727

<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄
new paradigm supported by:

• lattice

• ChPT+HQET, UChPT

• reanalysis of exp data

• states circled by  blue 
feature in the spectrum

mix

q=u,d,s

SU(3)F

most 
attractive

attractive repulsive

Ds0(2317):  70-100% 
DK molecule  

Sasa Prelovsek                              Exotic hadrons from lattice

virtual bound state 
HadSpec 2008.06432
partner of X(2900)  [LHCb] ? 
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<latexit sha1_base64="4aHTT4BcpSgVvWuq+lG2ruQ1RIE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoioi6LbkQQKtgHJKFMppN26EwSZiZCCe3Cjb/ixoUibv0Hd/6NkzYLbT1w4XDOvdx7jx8zKpVlfRuFhcWl5ZXiamltfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1xlfuuBCEmj8F4NY+Jx1AtpQDFSWuqY+7xyc+zGko7jIziGLkeqL3jq3JKmN+qYZatqTQDniZ2TMshR75hfbjfCCSehwgxJ6dhWrLwUCUUxI6OSm0gSIzxAPeJoGiJOpJdOvhjBQ610YRAJXaGCE/X3RIq4lEPu687sSjnrZeJ/npOo4MJLaRgnioR4uihIGFQRzCKBXSoIVmyoCcKC6lsh7iOBsNLBlXQI9uzL86R5UrXPqvbdabl2mcdRBHvgAFSADc5BDVyDOmgADB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwB6v5fx</latexit>

m(J/ p) [MeV]

LHCb 2019

H. Xiang et al.,  2210.08555  m𝜋 ≈ 294MeV 
caution: coupling to charmonium+proton omitted 

Pc 

DΣ𝑐 in s-wave  

pole in T: 

real bound st.

Sasa Prelovsek                              Exotic hadrons from lattice

<latexit sha1_base64="8A7xarkTNkDO8A3NF+6bIhHMGMU=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWAbymQyaYdOJmEeQgn9CzcuFHHr37jzb5ymWWjrgQuHc+7l3nuClDOlXffbKa2srq1vlDcrW9s7u3vV/YO2SowktEUSnshugBXlTNCWZprTbiopjgNOO8H4duZ3nqhULBEPepJSP8ZDwSJGsLbSYz/AEhFiTDio1ty6mwMtE68gNSjQHFS/+mFCTEyFJhwr1fPcVPsZlpoRTqeVvlE0xWSMh7RnqcAxVX6WXzxFJ1YJUZRIW0KjXP09keFYqUkc2M4Y65Fa9Gbif17P6Ojaz5hIjaaCzBdFhiOdoNn7KGSSEs0nlmAimb0VkRGWmGgbUsWG4C2+vEzaZ3Xvsn5xf15r3BRxlOEIjuEUPLiCBtxBE1pAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBRzWQrQ==</latexit>

c̄cuud
<latexit sha1_base64="4YwmaQKyCZ/ONswi078thDHpcD8=">AAACGHicbVDLSsNAFJ3UV42vqEs3g8XSgsREfC2LblxWsA9oQplMJ+3QyYN5CCX0M9z4K25cKOK2O//GaZtFrR4YOJxzL3fOCVJGhXScb6Owsrq2vlHcNLe2d3b3rP2DpkgUx6SBE5bwdoAEYTQmDUklI+2UExQFjLSC4d3Ubz0RLmgSP8pRSvwI9WMaUoyklrrWWRl6MoEVL0AcYqiqFax61VPbtj3PLC9YuFpR2ulaJcd2ZoB/iZuTEshR71oTr5dgFZFYYoaE6LhOKv0McUkxI2PTU4KkCA9Rn3Q0jVFEhJ/Ngo3hiVZ6MEy4frGEM3VxI0OREKMo0JMRkgOx7E3F/7yOkuGNn9E4VZLEeH4oVAzqvNOWYI9ygiUbaYIwp/qvEA8QR1jqLk1dgrsc+S9pntvulX35cFGq3eZ1FMEROAYV4IJrUAP3oA4aAINn8ArewYfxYrwZn8bXfLRg5DuH4BeMyQ8ZuJwb</latexit>

! (c̄u)(cud), ...

! (c̄c)(uud)

<latexit sha1_base64="K2RIdiTzy9IL9smTGc8phwpPNYE="></latexit>

T / 1

p cot � � ip
, p cot � = 1

a0
+ 1

2r0 p2

1
a0

+ 1
2r0p

2 � ip = 0 ! pb = i|pb|

mPc =
q

m2
D + p2b +

q
m2

⌃c
+ p2b

mPc � (mD +m⌃c) = �6± 3 MeV

Wu, Molina, Oset, Zou, PRL 2010

JP=1/2-



Tbc : next exciting 
           discovery from exp ?

Sasa Prelovsek                              Exotic hadrons from lattice 16

<latexit sha1_base64="xE6t0GStZSoXLewVWqBHfxMZZOw=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0yQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+greNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvpn5nUeqNIvlvZkk1Bd4KFnECDZWeghIP8AKpXkPB9WaW3dzoGXiFaQGBZqD6lc/jEkqqDSEY617npsYP8PKMMLptNJPNU0wGeMh7VkqsaDaz/Krp+jEKiGKYmVLGpSrvzcyLLSeiMBOCmxGetGbif95vdREV37GZJIaKsn8oSjlyMRoFgEKmaLE8IklmChmb0VkhBUmxgZVsSF4i19eJu2zundR9+7Oa43rIo4yHMExnIIHl9CAW2hCCwgoeIZXeHOenBfn3fmYj5acYucQ/sD5/AHIgJIM</latexit>

bcūd̄
<latexit sha1_base64="wSBuJjaCcIFmLMCp84S0Ne9mrQk=">AAACF3icbZDLSsNAFIYn9VbrLerSzWARWpCSiKjLoht3VrAXSEKZTCbt0JkkzEyEEupTuPFV3LhQxK3ufBunTRbaemDg4//P4cz5/YRRqSzr2ygtLa+srpXXKxubW9s75u5eR8apwKSNYxaLno8kYTQibUUVI71EEMR9Rrr+6Grqd++JkDSO7tQ4IR5Hg4iGFCOlpb7ZuHEl5bDm+kjAFPr1nAKI68cPjo89J3dy1eubVathzQougl1AFRTV6ptfbhDjlJNIYYakdGwrUV6GhKKYkUnFTSVJEB6hAXE0RogT6WWzuybwSCsBDGOhX6TgTP09kSEu5Zj7upMjNZTz3lT8z3NSFV54GY2SVJEI54vClEEVw2lIMKCCYMXGGhAWVP8V4iESCCsdZUWHYM+fvAidk4Z91rBvT6vNyyKOMjgAh6AGbHAOmuAatEAbYPAInsEreDOejBfj3fjIW0tGMbMP/pTx+QNTW52N</latexit>

O ⇠ (ūb)(d̄c), [bc][ūd̄]

lattice spacing [fm]

from ground En near DB* threshold

<latexit sha1_base64="j91tKDdjgjYBI5AbXkx+/t6G78I=">AAACCHicbVDLSsNAFJ3UV62vqksXDhZBFEoioi5LdeGygn1AU8NkOmmHziRh5kYoIUs3/oobF4q49RPc+TdOHwttPXDhcM693HuPHwuuwba/rdzC4tLySn61sLa+sblV3N5p6ChRlNVpJCLV8olmgoesDhwEa8WKEekL1vQHVyO/+cCU5lF4B8OYdSTphTzglICRvOK+GyhC0xi7NALsdpkAkqXSuz6RXvX+OPOKJbtsj4HniTMlJTRFzSt+ud2IJpKFQAXRuu3YMXRSooBTwbKCm2gWEzogPdY2NCSS6U46fiTDh0bp4iBSpkLAY/X3REqk1kPpm05JoK9nvZH4n9dOILjspDyME2AhnSwKEoEhwqNUcJcrRkEMDSFUcXMrpn1ikgGTXcGE4My+PE8ap2XnvOzcnpUq1WkcebSHDtARctAFqqAbVEN1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx8KeplY</latexit>

p
co
t
�

m
D
+

m
⇤ B

a0<0

M. Padmanath et al, 2307.1428: JP=1+

<latexit sha1_base64="Wvll/ebljxY4sLzkxlxztKMZ88U=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEqlgSEXVZqguXFfqCNobJdNIOnUnCzEQoIbjxV9y4UMStX+HOv3HaZqGtBy4czrmXe+/xIkalsqxvI7ewuLS8kl8trK1vbG6Z2ztNGcYCkwYOWSjaHpKE0YA0FFWMtCNBEPcYaXnD67HfeiBC0jCoq1FEHI76AfUpRkpLrrnH3aTuJh5O01NY4u7NiRaq98fpkWsWrbI1AZwndkaKIEPNNb+6vRDHnAQKMyRlx7Yi5SRIKIoZSQvdWJII4SHqk46mAeJEOsnkhRQeaqUH/VDoChScqL8nEsSlHHFPd3KkBnLWG4v/eZ1Y+VdOQoMoViTA00V+zKAK4TgP2KOCYMVGmiAsqL4V4gESCCudWkGHYM++PE+aZ2X7omzfnRcr1SyOPNgHB6AEbHAJKuAW1EADYPAInsEreDOejBfj3fiYtuaMbGYX/IHx+QOcs5ZG</latexit>

mTbc � (mD +mB⇤)

after continuum extrap. and 

chiral extrap. from m𝜋 = 0.5 − 1 GeV

<latexit sha1_base64="4zMkHp7POTqT/vvBBFXhlTYd53c=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4Con42ghFF7qsYB/QhDCZTtqhM0mYmQglRNz4K25cKOLWn3Dn3zhps9DWAxcO59zLvfcECaNS2fa3MTe/sLi0XFmprq6tb2yaW9stGacCkyaOWSw6AZKE0Yg0FVWMdBJBEA8YaQfDq8Jv3xMhaRzdqVFCPI76EQ0pRkpLvrnL/cxNaH5hWyfwweVIDQTPrkkrh75Zsy17DDhLnJLUQImGb365vRinnEQKMyRl17ET5WVIKIoZyatuKkmC8BD1SVfTCHEivWz8Qw4PtNKDYSx0RQqO1d8TGeJSjnigO4sj5bRXiP953VSF515GoyRVJMKTRWHKoIphEQjsUUGwYiNNEBZU3wrxAAmElY6tqkNwpl+eJa0jyzm1nNvjWv2yjKMC9sA+OAQOOAN1cAMaoAkweATP4BW8GU/Gi/FufExa54xyZgf8gfH5A/4Jlxs=</latexit>

m⇡ = 0.5 GeV

approx

pole in T :

real bound st.

<latexit sha1_base64="ir0KAS2wr/fsws13zdRiJjm96d4="></latexit>

T / 1

p cot � � ip
, p cot � = 1

a0

1
a0

� ip = 0 ! pb = �i 1
a0

= i | 1
a0
|

(p
≈
0)

<latexit sha1_base64="uMeF0rq4CCx9zjTp8PwdTKozOMY=">AAACA3icbZDLSsNAFIYn9VbrLepON1OLILSURLxthKIbdVXBXqBJy2Q6aYdOLsxMhBIqbnwVNy4UcetLuPNtnKZZaOsPAx//OYcz53dCRoU0jG8tMze/sLiUXc6trK6tb+ibW3URRByTGg5YwJsOEoRRn9QklYw0Q06Q5zDScAaX43rjnnBBA/9ODkNie6jnU5diJJXV0XfgtZU/t/JGCT7ctKsJm+1iyWgXO3rBKBuJ4CyYKRRAqmpH/7K6AY484kvMkBAt0wilHSMuKWZklLMiQUKEB6hHWgp95BFhx8kNI7ivnC50A66eL2Hi/p6IkSfE0HNUp4dkX0zXxuZ/tVYk3TM7pn4YSeLjySI3YlAGcBwI7FJOsGRDBQhzqv4KcR9xhKWKLadCMKdPnoX6Ydk8KR/fHhUqF2kcWbAL9sABMMEpqIArUAU1gMEjeAav4E170l60d+1j0prR0plt8Efa5w9Pu5Qh</latexit>

I=0, JP =1+, 0+

26



Sasa Prelovsek                              Exotic hadrons from lattice

L = 2.1 fm, 2.7 fm

Padmanath & SP, PRL2022,  m𝜋 ≈ 280MeV

<latexit sha1_base64="wkuW+oSsNo5AUAjymftIB+FrtlA=">AAACDHicbVDLSsNAFJ3UV62vqks3E4sgCiWRoi6LVnBZwT6giWEynbRDZ5I4MymU0A9w46+4caGIWz/AnX/jtM1CqwcGDuecy517/JhRqSzry8gtLC4tr+RXC2vrG5tbxe2dpowSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT8weXEbw2JkDQKb9UoJi5HvZAGFCOlJa9YgldeWqvdHY0d0yH3CR06JuRezTGPHZNrSzs6ZZWtKeBfYmekBDLUveKn041wwkmoMENSdmwrVm6KhKKYkXHBSSSJER6gHuloGiJOpJtOjxnDA610YRAJ/UIFp+rPiRRxKUfc10mOVF/OexPxP6+TqODcTWkYJ4qEeLYoSBhUEZw0A7tUEKzYSBOEBdV/hbiPBMJK91fQJdjzJ/8lzZOyfVqu3FRK1YusjjzYA/vgENjgDFTBNaiDBsDgATyBF/BqPBrPxpvxPovmjGxmF/yC8fENTMeZQw==</latexit>

EDD⇤ ⌘mD+mD⇤

17

<latexit sha1_base64="5Rcu078CNe1goMCl29YYxqYrTrE=">AAACAXicbZDLSgMxFIYzXmu9jboR3ASLIAhlpoi6EYpuXFawF2iHIZOeaUMzmSHJFEqpG1/FjQtF3PoW7nwb0+kstPVAyMf/n0Ny/iDhTGnH+baWlldW19YLG8XNre2dXXtvv6HiVFKo05jHshUQBZwJqGumObQSCSQKODSDwe3Ubw5BKhaLBz1KwItIT7CQUaKN5NuHnSFQXLvOrsR3z3Ko+HbJKTtZ4UVwcyihvGq+/dXpxjSNQGjKiVJt10m0NyZSM8phUuykChJCB6QHbYOCRKC8cbbBBJ8YpYvDWJojNM7U3xNjEik1igLTGRHdV/PeVPzPa6c6vPLGTCSpBkFnD4UpxzrG0zhwl0mgmo8MECqZ+SumfSIJ1Sa0ognBnV95ERqVsntRdu/PS9WbPI4COkLH6BS56BJV0R2qoTqi6BE9o1f0Zj1ZL9a79TFrXbLymQP0p6zPH1XTlYg=</latexit>

~P = ~p1 + ~p2

<latexit sha1_base64="IWcfok+yHiD9ynWRTq5BLdBBk74=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Krsi6kUoevFYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pts9aOuDYR7vzZDJCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv5zREqzWP5aMYJ+hHtSx5yRo2V/M4IGandZM3tlspuxc1AlomXkzLkqHVLX51ezNIIpWGCat323MT4E6oMZwKnxU6qMaFsSPvYtlTSCLU/yY6eklOr9EgYK1vSkEz9vTGhkdbjKLCTETUDvejNxP+8dmrCa3/CZZIalGz+UJgKYmIyS4D0uEJmxNgSyhS3txI2oIoyY3Mq2hC8xS8vk8Z5xbuseA8X5eptHkcBjuEEzsCDK6jCPdSgDgye4Ble4c0ZOS/Ou/MxH11x8p0j+APn8wdjZ5Ez</latexit>

~P = ~0
<latexit sha1_base64="Cbkw4V9xU348CirKfxGAxlZ+gig=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQoZSkiLoRim5cuKhgH9CEMplO2qGTSZiZFEqIKzf+ihsXirj1F9z5N07bLLT1wIXDOfdy7z1exKhUlvVt5JaWV1bX8uuFjc2t7R1zd68pw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW94PfFbIyIkDfm9GkfEDVCfU59ipLTUNQ+dEcGwfukoXyCcVJ2Ipslt+lCyylbZPumaRatiTQEXiZ2RIshQ75pfTi/EcUC4wgxJ2bGtSLkJEopiRtKCE0sSITxEfdLRlKOASDeZ/pHCY630oB8KXVzBqfp7IkGBlOPA050BUgM5703E/7xOrPwLN6E8ihXheLbIjxlUIZyEAntUEKzYWBOEBdW3QjxAOhCloyvoEOz5lxdJs1qxzyr23WmxdpXFkQcH4AiUgA3OQQ3cgDpoAAwewTN4BW/Gk/FivBsfs9ackc3sgz8wPn8AuLyX6w==</latexit>

~P = 2⇡
L (0, 0, 1)

Tcc  

E < Enon.int. (lines)  :  

attractive interaction between D and D*

<latexit sha1_base64="aERPBpTgU6prZ5TBe5ov4UN+acs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KomIehGKXjxWsB/QhrLZTtqlm03c3RRK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkM76Z+c4RK81g+mnGCfkT7koecUWOlVmeEjNRu3G6p7FbcGcgy8XJShhy1bumr04tZGqE0TFCt256bGD+jynAmcFLspBoTyoa0j21LJY1Q+9ns3gk5tUqPhLGyJQ2Zqb8nMhppPY4C2xlRM9CL3lT8z2unJrz2My6T1KBk80VhKoiJyfR50uMKmRFjSyhT3N5K2IAqyoyNqGhD8BZfXiaN84p3WfEeLsrV2zyOAhzDCZyBB1dQhXuoQR0YCHiGV3hznpwX5935mLeuOPnMEfyB8/kD+1mPRw==</latexit>

~P = 0
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<latexit sha1_base64="kAjrcMVBQOXlKfx7+WrSxQ7WmMs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQF5akiLosSsFlhb6gSctkOmmHTjJhZiKUkJUbf8WNC0Xc+g3u/BunbRbaemDgcM693DnHixiVyrK+jdzK6tr6Rn6zsLW9s7tn7h+0JI8FJk3MGRcdD0nCaEiaiipGOpEgKPAYaXvj26nffiBCUh421CQiboCGIfUpRkpLffO4UaqdOZHgkeLQ8QXCiZ0mtV7lPOhV0r5ZtMrWDHCZ2Bkpggz1vvnlDDiOAxIqzJCUXduKlJsgoShmJC04sSQRwmM0JF1NQxQQ6SazGCk81coA+lzoFyo4U39vJCiQchJ4ejJAaiQXvan4n9eNlX/tJjSMYkVCPD/kxwzqyNNO4IAKghWbaIKwoPqvEI+Q7kLp5gq6BHsx8jJpVcr2Zdm+vyhWb7I68uAInIASsMEVqII7UAdNgMEjeAav4M14Ml6Md+NjPpozsp1D8AfG5w+gjZf1</latexit>

T (E) / 1

E2 �m2

Tcc I=0, JP=1+

HALQCD method, 2302.04505, m𝜋 ≈146 MeV CLQCD 2206.06185, PLB, m𝜋 ≈ 348 MeVPadmanath, SP: 2202.10110, PRL,  m𝜋 ≈ 280 MeV  

<latexit sha1_base64="PD1uyPlDdH3O7PdN8wTcf+Bz8gc=">AAACC3icbVDLSgMxFM34rPVVdekmtAhuLDMi6rLoxmWFvqAzlEwm04ZmJiG5I5Shezf+ihsXirj1B9z5N6aPhbYeCBzOuZebc0IluAHX/XZWVtfWNzYLW8Xtnd29/dLBYcvITFPWpFJI3QmJYYKnrAkcBOsozUgSCtYOh7cTv/3AtOEybcBIsSAh/ZTHnBKwUq9UbvhKSwUS+7EmNPfGufKpBD9iAgg+42rcK1XcqjsFXibenFTQHPVe6cuPJM0SlgIVxJiu5yoIcqKBU8HGRT8zTBE6JH3WtTQlCTNBPs0yxidWiXAstX0p4Kn6eyMniTGjJLSTCYGBWfQm4n9eN4P4Osh5qjJgKZ0dijOBbfRJMTjimlEQI0sI1dz+FdMBsZ2Ara9oS/AWIy+T1nnVu6x69xeV2s28jgI6RmV0ijx0hWroDtVRE1H0iJ7RK3pznpwX5935mI2uOPOdI/QHzucPRAKbMA==</latexit>

T / 1

p cot � � ip

D* is stable 
at these m𝜋

for E~m

LHCb

- 0.36(4) MeV    - 0.045(77) MeV                                 −9.9(./."01.2) MeV     :    binding energy  𝛿m                                                           

virtual bound st. polebound st.

Disclaimer:

• the extaction of pole omits possible 
effect from the left hand cut  

• investigated by Du, F.K. Guo, Nefediev 
et al. 2303.09441, talk by Nefediev

• under ongoing investigation, keep tuned

<latexit sha1_base64="nxN35OB73n7vcckZgGFO4jWDgw0=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJe4GUY9BLx4jmAds1jA7mU2GzIuZWSEs+QwvHhTx6td482+cJHvQxIKGoqqb7q5YMWqs7397K6tr6xubha3i9s7u3n7p4LBlZKoxaWLJpO7EyBBGBWlaahnpKE0Qjxlpx6Pbqd9+ItpQKR7sWJGIo4GgCcXIOimsqHPe6yp69ljrlcp+1Z8BLpMgJ2WQo9ErfXX7EqecCIsZMiYMfGWjDGlLMSOTYjc1RCE8QgMSOioQJybKZidP4KlT+jCR2pWwcKb+nsgQN2bMY9fJkR2aRW8q/ueFqU2uo4wKlVoi8HxRkjJoJZz+D/tUE2zZ2BGENXW3QjxEGmHrUiq6EILFl5dJq1YNLqvB/UW5fpPHUQDH4ARUQACuQB3cgQZoAgwkeAav4M2z3ov37n3MW1e8fOYI/IH3+QMFJJBv</latexit>

(p/m⇡)
2

<latexit sha1_base64="ikKDxZjUDhxv/qr0bbXY5MGwbNc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPNVERD0WvXisYG2hCWGz2bRLd5OwOxFKKPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvDATXIPjfFuVpeWV1bXqem1jc2t7x97de9Bprihr01SkqhsSzQRPWBs4CNbNFCMyFKwTDm8mfueRKc3T5B5GGfMl6Sc85pSAkQL7IPNoCl7EBJDAwadYBl7GA7vuNJwp8CJxS1JHJVqB/eVFKc0lS4AKonXPdTLwC6KAU8HGNS/XLCN0SPqsZ2hCJNN+MT1/jI+NEuE4VaYSwFP190RBpNYjGZpOSWCg572J+J/XyyG+8gueZDmwhM4WxbnAkOJJFjjiilEQI0MIVdzciumAKELBJFYzIbjzLy+Sh7OGe9Fw787rzesyjio6REfoBLnoEjXRLWqhNqKoQM/oFb1ZT9aL9W59zForVjmzj/7A+vwBLa+U+g==</latexit>

p
co
t
� 0
/m

⇡

dependence on mu/d

<latexit sha1_base64="oMVINwFunofkPCQ6qwPD75wyI9g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GRfAYxTwgWcLspJOMmd1ZZmaFsOQfvHhQxKv/482/cZLsQaMFDUVVN91dQSy4Nq775eSWlldW1/LrhY3Nre2d4u5eQ8tEMawzKaRqBVSj4BHWDTcCW7FCGgYCm8Hoauo3H1FpLqN7M47RD+kg4n3OqLFSg9xh+fq4Wyy5FXcG8pd4GSlBhlq3+NnpSZaEGBkmqNZtz42Nn1JlOBM4KXQSjTFlIzrAtqURDVH76ezaCTmySo/0pbIVGTJTf06kNNR6HAa2M6RmqBe9qfif105M/8JPeRQnBiM2X9RPBDGSTF8nPa6QGTG2hDLF7a2EDamizNiACjYEb/Hlv6RxUvHOKt7taal6mcWRhwM4hDJ4cA5VuIEa1IHBAzzBC7w60nl23pz3eWvOyWb24Recj28X5o4p</latexit>

Re(E)
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I=0, JP=1+

D* is stable 
at these m𝜋

Exchange of which particles drives the attraction (within molecular picture)?

<latexit sha1_base64="kuzx48aGwFRN9Uvx/DnwEpoPKp4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAILkpJRNSdRTcuK9gLNKFMppN26GQSZiZiCX0VNy4UceuLuPNtnLRZaOthBj7+/xzmzB8knCntON/Wyura+sZmaau8vbO7t28fVNoqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca3ud95pFKxWDzoSUL9CA8FCxnB2kh9u+IlrObJUVwzkB903berTt2ZFVoGt4AqFNXs21/eICZpRIUmHCvVc51E+xmWmhFOp2UvVTTBZIyHtGdQ4IgqP5vtPkUnRhmgMJbmCo1m6u+JDEdKTaLAdEZYj9Sil4v/eb1Uh1d+xkSSairI/KEw5UjHKA8CDZikRPOJAUwkM7siMsISE23iKpsQ3MUvL0P7rO5e1N3782rjpoijBEdwDKfgwiU04A6a0AICT/AMr/BmTa0X6936mLeuWMXMIfwp6/MH8zWTvA==</latexit>

⇡, ⇢,⇡⇡ ?

HALQCD, 2302.04505, m𝜋 ≈146 MeV
<latexit sha1_base64="kuzx48aGwFRN9Uvx/DnwEpoPKp4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAILkpJRNSdRTcuK9gLNKFMppN26GQSZiZiCX0VNy4UceuLuPNtnLRZaOthBj7+/xzmzB8knCntON/Wyura+sZmaau8vbO7t28fVNoqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca3ud95pFKxWDzoSUL9CA8FCxnB2kh9u+IlrObJUVwzkB903berTt2ZFVoGt4AqFNXs21/eICZpRIUmHCvVc51E+xmWmhFOp2UvVTTBZIyHtGdQ4IgqP5vtPkUnRhmgMJbmCo1m6u+JDEdKTaLAdEZYj9Sil4v/eb1Uh1d+xkSSairI/KEw5UjHKA8CDZikRPOJAUwkM7siMsISE23iKpsQ3MUvL0P7rO5e1N3782rjpoijBEdwDKfgwiU04A6a0AICT/AMr/BmTa0X6936mLeuWMXMIfwp6/MH8zWTvA==</latexit>

⇡, ⇢,⇡⇡ ?

CLQCD 2206.06185, PLB, 
m𝜋 ≈ 348 MeV

<latexit sha1_base64="kuzx48aGwFRN9Uvx/DnwEpoPKp4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAILkpJRNSdRTcuK9gLNKFMppN26GQSZiZiCX0VNy4UceuLuPNtnLRZaOthBj7+/xzmzB8knCntON/Wyura+sZmaau8vbO7t28fVNoqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca3ud95pFKxWDzoSUL9CA8FCxnB2kh9u+IlrObJUVwzkB903berTt2ZFVoGt4AqFNXs21/eICZpRIUmHCvVc51E+xmWmhFOp2UvVTTBZIyHtGdQ4IgqP5vtPkUnRhmgMJbmCo1m6u+JDEdKTaLAdEZYj9Sil4v/eb1Uh1d+xkSSairI/KEw5UjHKA8CDZikRPOJAUwkM7siMsISE23iKpsQ3MUvL0P7rO5e1N3782rjpoijBEdwDKfgwiU04A6a0AICT/AMr/BmTa0X6936mLeuWMXMIfwp6/MH8zWTvA==</latexit>

⇡, ⇢,⇡⇡ ?

not 
excluded

<latexit sha1_base64="dGzgettIuxeZEF+8/JIiR1Ql1DI=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWMF+wFtKJvtpF26m6S7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY0HGqGNZZLGLVCqhGwSOsG24EthKFVAYCm8Hwbuo3n1BpHkePZpygL2k/4iFn1Fip1dFc4oicd0tlt+LOQJaJl5My5Kh1S1+dXsxSiZFhgmrd9tzE+BlVhjOBk2In1ZhQNqR9bFsaUYnaz2b3TsipVXokjJWtyJCZ+nsio1LrsQxsp6RmoBe9qfif105NeONnPEpSgxGbLwpTQUxMps+THlfIjBhbQpni9lbCBlRRZmxERRuCt/jyMmlcVLyrivdwWa7e5nEU4BhO4Aw8uIYq3EMN6sBAwDO8wpszcl6cd+dj3rri5DNH8AfO5w93So+Y</latexit>' �

Sasa Prelovsek                              Exotic hadrons from lattice

Tcc

C2 drives attraction in I=0 channel
I=0 attractive, I=1: repulsive

HALQCD method

31
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Relation between E and Tij(E): QFT      

2x2 matrices

a: DD

b: DsDs

strategy:

• parametrize energy dependence of K matrix

• perform global fit to all eigen-energies

• applied for many light-meson resonances by HadSpec

generalized Luscher’s relation

[Hansen & Sharpe 2012, ...]

talk by Hansen

at given E: 

<latexit sha1_base64="hxPbKsD1k7lrWkuBbje+x2xu8J8="></latexit>

det[K�1(E) + F (E, ~P ,L)] = 0

(E)
(E)

(E)
(E)

<latexit sha1_base64="Fz1LBXI8IK0H0bnbw4nUplzjEAM=">AAACLHicbZDJSgNBEIZ7XGPcRj16aQxCAhJmxO0iBIMgeIlgFsiEUNPpSZr0LHT3CGHIA3nxVQTxYBCvPoedZHBJ/KHh56sqqut3I86ksqyRsbC4tLyymlnLrm9sbm2bO7s1GcaC0CoJeSgaLkjKWUCriilOG5Gg4Luc1t1+eVyvP1AhWRjcq0FEWz50A+YxAkqjtln28olDgOPbYTsBR4UYhvnrwtEPdMfQnYHwDQuXVtvMWUVrIjxv7NTkUKpK23xxOiGJfRoowkHKpm1FqpWAUIxwOsw6saQRkD50aVPbAHwqW8nk2CE+1KSDvVDoFyg8ob8nEvClHPiu7vRB9eRsbQz/qzVj5V20EhZEsaIBmS7yYo71pePkcIcJShQfaANEMP1XTHoggCidb1aHYM+ePG9qx0X7rHh6d5IrXaVxZNA+OkB5ZKNzVEI3qIKqiKBH9Ize0Mh4Ml6Nd+Nj2rpgpDN76I+Mzy9QB6XJ</latexit>

f(Ka!a(E),Kb!b(E),Ka!b(E)) = 0

F=known matrix

<latexit sha1_base64="ThTi+531FYObi+atU8i68lRdnek=">AAACGnicbVC7TsMwFHXKq4RXgJHFoqJiqhLEa0GqoANMFIk+pCaKHNdprToPbAepispvsPArLAwgxIZY+BvcNAO0HMnyuefcK/seL2ZUSNP81gpz8wuLS8VlfWV1bX3D2NxqiijhmDRwxCLe9pAgjIakIalkpB1zggKPkZY3uBj7rXvCBY3CWzmMiROgXkh9ipFUkmtY1256dWaObEEDcgcfyjXbQxzWbFsv11wxKdStyoxj7Bols2JmgLPEykkJ5Ki7xqfdjXASkFBihoToWGYsnRRxSTEjI91OBIkRHqAe6SgaooAIJ81WG8E9pXShH3F1Qgkz9fdEigIhhoGnOgMk+2LaG4v/eZ1E+qdOSsM4kSTEk4f8hEEZwXFOsEs5wZINFUGYU/VXiPuIIyxVmroKwZpeeZY0DyrWceXo5rBUPc/jKIIdsAv2gQVOQBVcgjpoAAwewTN4BW/ak/aivWsfk9aCls9sgz/Qvn4AYKOelw==</latexit>

OI=0 ' DD̄

DsD̄s

c̄c

=
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<latexit sha1_base64="cny7ABc+7OMfVqy/HOctj0c+/iY=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiuJAyI0VdFt24rGAv0BlK5jTThmYuTTJCGSq48VXcuFDErQ/hzrcxnc5CWw+EfPz/OSTn92LOpLKsb6Owsrq2vlHcLG1t7+zumfsHLRklAmgTIh6Jjkck5SykTcUUp51YUBJ4nLa90fXMb99TIVkU3qlJTN2ADELmMyBKSz2zjLHjEYEBHk6dHMfZNYaeWbGqVlZ4GewcKiivRs/8cvoRJAENFXAiZde2YuWmRCgGnE5LTiJpTGBEBrSrMSQBlW6aLTHFx1rpYz8S+oQKZ+rviZQEUk4CT3cGRA3lojcT//O6ifIv3ZSFcaJoCPOH/IRjFeFZIrjPBAXFJxoICKb/imFIBAGlcyvpEOzFlZehdVa1z6u121qlfpXHUURldIROkI0uUB3doAZqIkCP6Bm9ojfjyXgx3o2PeWvByGcO0Z8yPn8AWqqWqQ==</latexit>

c̄c , c̄qq̄c q=u,d,s

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4

m
 [G

eV
]

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4.0

JPC

2mD

2mDs

Lat : m

χc2(1P)

Exp

χc0(1P)

χc2(3930)

X(3860)

X(3915)/
χc0(3930)

ψ(3770)

ψ(2S)

X(3842)

1- - 1- - 3- -3- -

predicted in models [Oset et al,  
0612179 PRD, Guo et al 2101.01021] 

seen in re-analysis of exp.        
[Danilkin et al 2111.15033,                             
Ji, F.K. Guo et al., 2212.00613]

<latexit sha1_base64="Tbd46OB/QHJJdN6fbkSyJMGGs4M=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W7cFjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hY6RGhXogVqtf7btmreHOgVeLnpAw5Gn33qzeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5gdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ92jAFCWGTyzBRDF7KyIjrDAxNqOSDcFffnmVtC4q/mWlel8t127yOIpwAqdwDj5cQQ3uoAFNICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+ACOej1Y=</latexit>

D̄D JP=0+  state

<latexit sha1_base64="Pwn86D4cCpwdSJwmv/BEcT2LTkc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LevBYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pu0etPUxA4/3ZsjkBYng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb2d+c4RK81g+mnGCfkT7koecUWMln5BOQBW562pb3WLJLbtzkFXiZaQEGWrd4lenF7M0QmmYoFq3PTcx/oQqw5nAaaGTakwoG9I+ti2VNELtT+ZHT8mZVXokjJVtachc/b0xoZHW4yiwkxE1A73szcT/vHZqwmt/wmWSGpRs8VCYCmJiMkuA9LhCZsTYEsoUt7cSNqCKMmNzKtgQvOUvr5LGRdm7LFceKqXqTRZHHk7gFM7Bgyuowj3UoA4MnuAZXuHNGTkvzrvzsRjNOdnOMfyB8/kDQMeRIg==</latexit>

D̄sDs JP=0+  state 

+ expected conventional charmonia

<latexit sha1_base64="ykqhlYWgs1xXhFrhiL8g2G+q3K8=">AAACC3icbVC7SgNBFJ31GeMramkzSRCswm4IGrAJ2tgIEcwDsmGZndxNhszsrjOzQljS2/grNhaK2PoDdv6Nk0ehiQcuHM65l3vv8WPOlLbtb2tldW19YzOzld3e2d3bzx0cNlWUSAoNGvFItn2igLMQGpppDu1YAhE+h5Y/vJr4rQeQikXhnR7F0BWkH7KAUaKN5OUKwnNj5uZdxQTcu3lcrtruBXYF0QMp0htojr1c0S7ZU+Bl4sxJEc1R93Jfbi+iiYBQU06U6jh2rLspkZpRDuOsmyiICR2SPnQMDYkA1U2nv4zxiVF6OIikqVDjqfp7IiVCqZHwTefkRrXoTcT/vE6ig2o3ZWGcaAjpbFGQcKwjPAkG95gEqvnIEEIlM7diOiCSUG3iy5oQnMWXl0mzXHLOSpXbSrF2OY8jg45RAZ0iB52jGrpGddRAFD2iZ/SK3qwn68V6tz5mrSvWfOYI/YH1+QMVEpnU</latexit>

m⇡'280 MeV

<latexit sha1_base64="4KIiOYySCud60v91Q2yek+LLjq4=">AAAB7nicbVBNSwMxEJ31s9avqkcvqUXwVHalqBeh6EVvFewHdJeSTbNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoOR7dTv/1ElWZSPJpxQoMYDwSLGMHGSu17v3ztl91eqeJW3RnQMvFyUoEcjV7py+9LksZUGMKx1l3PTUyQYWUY4XRS9FNNE0xGeEC7lgocUx1ks3Mn6NQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XTU10FWRMJKmhgswXRSlHRqLp76jPFCWGjy3BRDF7KyJDrDAxNqGiDcFbfHmZtM6r3kW19lCr1G/yOApwDCdwBh5cQh3uoAFNIDCCZ3iFNydxXpx352PeuuLkM0fwB87nD6VAjnk=</latexit>

I=0

X(3960)/

X(3960)

DsDs th.

CLS ensembles

LHCb, 2210.15153, PRL
<latexit sha1_base64="QCmHaQb/uo78eWKLYn+N55BAZUA=">AAACGnicbVDLSsNAFJ34rPUVdelmsAh1YUmKqMuiCC4r9AVNGibTSTvtTBJmJkIJ8Tfc+CtuXCjiTtz4N04fC209cOFwzr3ce48fMyqVZX0bS8srq2vruY385tb2zq65t9+QUSIwqeOIRaLlI0kYDUldUcVIKxYEcZ+Rpj+8HvvNeyIkjcKaGsXE5agX0oBipLTkmTaseSkdZMUbL8U8O3Ek5dAJBMIp9ih8wN4gS6dep3zKO+XMMwtWyZoALhJ7RgpghqpnfjrdCCechAozJGXbtmLlpkgoihnJ8k4iSYzwEPVIW9MQcSLddPJaBo+10oVBJHSFCk7U3xMp4lKOuK87OVJ9Oe+Nxf+8dqKCSzelYZwoEuLpoiBhUEVwnBPsUkGwYiNNEBZU3wpxH+lclE4zr0Ow519eJI1yyT4v2XdnhcrVLI4cOARHoAhscAEq4BZUQR1g8AiewSt4M56MF+Pd+Ji2LhmzmQPwB8bXD9EIoL4=</latexit>

Tij(Ecm) ⇠ ci cj
E2

cm �m2

<latexit sha1_base64="F5h+YlAbq/6aSSyY/ti3cfAJL9M="></latexit>

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01

<latexit sha1_base64="SVCUrKfjhib4cHT5umrUfANMxRc=">AAAB/HicbVC7TsMwFL3hWcor0JHFokJioUoQAsYKOjAWiT6kNooc12mtOk5kO0hRVH6FhQGEWPkQNv4Gt80ALUe27tE598rXJ0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGN9O/c4jlYrF4kFnCfUiPBQsZARrI/l2pR9giRqNs3n1lTm+XXVqzgxombgFqUKBpm9/9QcxSSMqNOFYqZ7rJNrLsdSMcDop91NFE0zGeEh7hgocUeXls+Un6MQoAxTG0lyh0Uz9PZHjSKksCkxnhPVILXpT8T+vl+rw2suZSFJNBZk/FKYc6RhNk0ADJinRPDMEE8nMroiMsMREm7zKJgR38cvLpH1ecy9r7v1FtX5TxFGCIziGU3DhCupwB01oAYEMnuEV3qwn68V6tz7mrStWMVOBP7A+fwD5B5Oy</latexit>

D̄D � D̄sDs

<latexit sha1_base64="ioQSjQC3ZYUrK63lQuMpr4St9rE=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCp5IUsXor6sGLUMG2QhPCZjttl+4mcXcjlNCTF/+KFw+KePU3ePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuYXFpeSW/Wlhb39jcKm7vNFWUSAoNGvFI3gVEAWchNDTTHO5iCUQEHFrB4GLstx5AKhaFt3oYgydIL2RdRok2kl/cF/6lq5iAe+ycVaoudgXRfSlSfA3NkV8s2WV7AjxPnIyUUIa6X/xyOxFNBISacqJU27Fj7aVEakY5jApuoiAmdEB60DY0JAKUl07eGOFDo3RwN5KmQo0n6u+JlAilhiIwneMj1aw3Fv/z2onunnopC+NEQ0ini7oJxzrC40xwh0mgmg8NIVQycyumfSIJ1Sa5ggnBmX15njQrZeek7Nwcl2rnWRx5tIcO0BFyUBXV0BWqowai6BE9o1f0Zj1ZL9a79TFtzVnZzC76A+vzB2kel9I=</latexit>

mD ' 1927 MeV

Charmonium(like) resonances and bound states 

<latexit sha1_base64="2daXF1T8OyeXJj6SC8ToF2RWjbc=">AAACFnicbVDLSsNAFJ34rPUVdelmsAjtwpCoqMtSu3BZwT6gCWEynbRDJw9nJkIJ+Qo3/oobF4q4FXf+jdM0C209MHDuOfdy5x4vZlRI0/zWlpZXVtfWSxvlza3tnV19b78jooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut74eup3HwgXNArv5CQmToCGIfUpRlJJrn5i+xzhtMGrTdtDHDZrWV64Yla6opbZggbkHprGmatXTMPMAReJVZAKKNBy9S97EOEkIKHEDAnRt8xYOinikmJGsrKdCBIjPEZD0lc0RAERTpqflcFjpQygH3H1Qglz9fdEigIhJoGnOgMkR2Lem4r/ef1E+ldOSsM4kSTEs0V+wqCM4DQjOKCcYMkmiiDMqforxCOkcpIqybIKwZo/eZF0Tg3rwrBuzyv1RhFHCRyCI1AFFrgEdXADWqANMHgEz+AVvGlP2ov2rn3MWpe0YuYA/IH2+QNx2p2n</latexit>

Br(DD̄)

Br(DsD̄s)
' 0.3

S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02541 JHEP, 1905.03506 PRD

lat

https://arxiv.org/abs/2210.15153
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<latexit sha1_base64="Pwn86D4cCpwdSJwmv/BEcT2LTkc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LevBYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pu0etPUxA4/3ZsjkBYng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb2d+c4RK81g+mnGCfkT7koecUWMln5BOQBW562pb3WLJLbtzkFXiZaQEGWrd4lenF7M0QmmYoFq3PTcx/oQqw5nAaaGTakwoG9I+ti2VNELtT+ZHT8mZVXokjJVtachc/b0xoZHW4yiwkxE1A73szcT/vHZqwmt/wmWSGpRs8VCYCmJiMkuA9LhCZsTYEsoUt7cSNqCKMmNzKtgQvOUvr5LGRdm7LFceKqXqTRZHHk7gFM7Bgyuowj3UoA4MnuAZXuHNGTkvzrvzsRjNOdnOMfyB8/kDQMeRIg==</latexit>

D̄sDs

<latexit sha1_base64="Tbd46OB/QHJJdN6fbkSyJMGGs4M=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W7cFjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hY6RGhXogVqtf7btmreHOgVeLnpAw5Gn33qzeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5gdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ92jAFCWGTyzBRDF7KyIjrDAxNqOSDcFffnmVtC4q/mWlel8t127yOIpwAqdwDj5cQQ3uoAFNICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+ACOej1Y=</latexit>

D̄D

<latexit sha1_base64="4KIiOYySCud60v91Q2yek+LLjq4=">AAAB7nicbVBNSwMxEJ31s9avqkcvqUXwVHalqBeh6EVvFewHdJeSTbNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoOR7dTv/1ElWZSPJpxQoMYDwSLGMHGSu17v3ztl91eqeJW3RnQMvFyUoEcjV7py+9LksZUGMKx1l3PTUyQYWUY4XRS9FNNE0xGeEC7lgocUx1ks3Mn6NQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XTU10FWRMJKmhgswXRSlHRqLp76jPFCWGjy3BRDF7KyJDrDAxNqGiDcFbfHmZtM6r3kW19lCr1G/yOApwDCdwBh5cQh3uoAFNIDCCZ3iFNydxXpx352PeuuLkM0fwB87nD6VAjnk=</latexit>

I=0
JP=0+

D=cu D

D D

<latexit sha1_base64="B6Ip2zTQ9A6DQluwhBc8PdIsfIg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1G1jdM=</latexit>⇡
D                       D

D                       D

<latexit sha1_base64="DJn1g4YqnvIomGhTcyeVgkK+HlU=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMevEYwZjA7hJmJ7PJkHksM7NCCPkMLx4U8erXePNvnCR70MSChqKqm+6uJOPMWN//9korq2vrG+XNytb2zu5edf/g0ahcE9oiiivdSbChnEnassxy2sk0xSLhtJ0Mb6d++4lqw5R8sKOMxgL3JUsZwdZJYaQH6ixSgvZxt1rz6/4MaJkEBalBgWa3+hX1FMkFlZZwbEwY+JmNx1hbRjidVKLc0AyTIe7T0FGJBTXxeHbyBJ04pYdSpV1Ji2bq74kxFsaMROI6BbYDs+hNxf+8MLfpdTxmMsstlWS+KM05sgpN/0c9pimxfOQIJpq5WxEZYI2JdSlVXAjB4svL5PG8HlzWg/uLWuOmiKMMR3AMpxDAFTTgDprQAgIKnuEV3jzrvXjv3se8teQVM4fwB97nDxrOkSQ=</latexit>⇢,!

Ds=cs                   Ds

Ds                       Ds

<latexit sha1_base64="f5NrmU0LCNgBXKtmZNV78UH5SLc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V01vYfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxWAjkU=</latexit>

�

DsDs th.

X(3960)

2022

a number of pheno studies
Oset et al,  0612179 PRD, 
Guo et al, 2101.01021,...

Likely interpretation of some near-threshold states: “molecules” attracted by V exchange  

now support also from lattice 
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<latexit sha1_base64="k7DKbJsEYE5y7JhSfAzXL32rpSA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEtSRL0IxV7EUwX7AW1aNtttu3SzibubQgn5HV48KOLVH+PNf+O2zUFbHww83pthZp4Xcqa0bX9bmZXVtfWN7GZua3tndy+/f1BXQSQJrZGAB7LpYUU5E7Smmea0GUqKfY/ThjeqTP3GmErFAvGoJyF1fTwQrM8I1kZy7ztxtZLcOJ34/Czp5gt20Z4BLRMnJQVIUe3mv9q9gEQ+FZpwrFTLsUPtxlhqRjhNcu1I0RCTER7QlqEC+1S58ezoBJ0YpYf6gTQlNJqpvydi7Cs18T3T6WM9VIveVPzPa0W6f+3GTISRpoLMF/UjjnSApgmgHpOUaD4xBBPJzK2IDLHERJucciYEZ/HlZVIvFZ3LYunholC+TePIwhEcwyk4cAVluIMq1IDAEzzDK7xZY+vFerc+5q0ZK505hD+wPn8AkH+RUg==</latexit>

JPC = 1�+
<latexit sha1_base64="uXFx6JkLWxzHQaSQkIyr6TUb82c=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj0oMcK9gPbUDabSbt0swm7G6GU/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8HwZuq3nlBpnsgHM0rRj2lf8ogzaqz02A2oIiG5JVmvVHYr7gxkmXg5KUOOeq/01Q0TlsUoDRNU647npsYfU2U4EzgpdjONKWVD2seOpZLGqP3x7OIJObVKSKJE2ZKGzNTfE2Maaz2KA9sZUzPQi95U/M/rZCa68sdcpplByeaLokwQk5Dp+yTkCpkRI0soU9zeStiAKsqMDaloQ/AWX14mzWrFu6hU78/Ltes8jgIcwwmcgQeXUIM7qEMDGEh4hld4c7Tz4rw7H/PWFSefOYI/cD5/ADPqj/Y=</latexit>

d̄Gu

Woss et al. (HadSpec) 

2009.10034

mu= md= ms, m𝜋 ≈ 700 𝑀𝑒𝑉

physical worldb1 𝜋f1 𝜋𝜌 𝜋 𝜂′ 𝜋
dominant coupling 

resemblence to experimental 𝜋1(1564): COMPASS+JPAC Rodas 1810.04171 [PRL]

 𝜋1(1564) in COMPASS+JPAC replaces two older resonances 𝜋1(1400) and 𝜋1(1600) 

pheno 

analysis

<latexit sha1_base64="TbHhNDzjMaW5z1c5Rx8PUhoxT0E=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1U2ZKUaEIRRF1V8E+oFPKnTRtQ5OZIckIZegPuPFX3LhQxK17d/6N6WOhrQcCJ+fcy733+BFnSjvOt7WwuLS8sppaS69vbG5t2zu7VRXGktAKCXko6z4oyllAK5ppTuuRpCB8Tmt+/3Lk1x6oVCwM7vUgok0B3YB1GAFtpJZ9iL1rEAK8IpzjPPaK2BOge1Ikt2KYvTJ/OMYtO+PknDHwPHGnJIOmKLfsL68dkljQQBMOSjVcJ9LNBKRmhNNh2osVjYD0oUsbhgYgqGom42uG+MgobdwJpXmBxmP1d0cCQqmB8E3laFU1643E/7xGrDtnzYQFUaxpQCaDOjHHOsSjaHCbSUo0HxgCRDKzKyY9kEC0CTBtQnBnT54n1XzOPckV7gqZ0sU0jhTaRwcoi1x0ikroBpVRBRH0iJ7RK3qznqwX6936mJQuWNOePfQH1ucPXZ2ZOg==</latexit> �
a
=

2
Im

(E
a)

<latexit sha1_base64="CaGQg+Uh1aQJ9EFWgetD3lELv28=">AAACA3icbVDLSgMxFM34rPU16k43wSLUTZmRokIRiiK4rGIf0BlKJk3b0CQzJBmhDAU3/oobF4q49Sfc+Tdm2llo64ELh3Pu5d57gohRpR3n21pYXFpeWc2t5dc3Nre27Z3dhgpjiUkdhyyUrQApwqggdU01I61IEsQDRprB8Cr1mw9EKhqKez2KiM9RX9AexUgbqWPvc6+CLiD0ONIDyZM7Mi5eexWIjmHHLjglZwI4T9yMFECGWsf+8rohjjkRGjOkVNt1Iu0nSGqKGRnnvViRCOEh6pO2oQJxovxk8sMYHhmlC3uhNCU0nKi/JxLElRrxwHSmp6pZLxX/89qx7p37CRVRrInA00W9mEEdwjQQ2KWSYM1GhiAsqbkV4gGSCGsTW96E4M6+PE8aJyX3tFS+LReql1kcOXAADkERuOAMVMENqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW5w89l5X8</latexit>

m a = Re(E a)

<latexit sha1_base64="LcOOCF0SqSC9zkCGbyVvzYBmGQg=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxY0lKUZdFKbis0Bc0aZhMJ+20kwczE6GE+AVu/BU3LhRx69adf+O0zUJbD1w4nHMv997jRowKaRjfWm5ldW19I79Z2Nre2d3T9w9aIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO2Ob6Z++55wQcOgIScRsX00CKhHMZJKcvTThpPQUWoJ6kPL4wgn2KHwAWJnlCY1J+qVz2u9curoRaNkzACXiZmRIshQd/Qvqx/i2CeBxAwJ0TWNSNoJ4pJiRtKCFQsSITxGA9JVNEA+EXYy+yeFJ0rpQy/kqgIJZ+rviQT5Qkx8V3X6SA7FojcV//O6sfSu7IQGUSxJgOeLvJhBGcJpOLBPOcGSTRRBmFN1K8RDpFKRKsKCCsFcfHmZtMol86JUuasUq9dZHHlwBI7BGTDBJaiCW1AHTYDBI3gGr+BNe9JetHftY96a07KZQ/AH2ucPJlScFg==</latexit>

Tij ⇠
ci cj

E2
p � E2

Couplings of the resonance to various channels

see also talk by Szczepaniak



Exotic hadrons from static potentials
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omit strong decays 

quenched

Juge, Kuti, Morningstar, 1997, 1998

Schlosser & Wagner, 2111.00741I=0, varius JP

V(
r)

 [G
eV

]

r [fm]

Segovia, Tarrus; Brambilla @ MITP 2022

Ryan & Willson
2020

Sasa Prelovsek Exotic hadrons from lattice

• Born-Oppenheimer approach with static heavy particles renders V(r) 

• Motion of heavy particles under this V(r) is given by                                
r

Bottomonia and bottomonium hybrids

see also talk by Szczepaniak

E = V(r) + const.

heavy: b

light: G, u,d,s
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Belle 2011  PRL 2011
S.P., Bahtiyar, Petkovic, PLB 2019

Sadl, S.P., PRD 2021

<latexit sha1_base64="Jpq64MHT1wrvQJKhRnM+eYkqKyI=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCqzIjoi6LblxWsLXQGUqSybShmQdJRihDV278FTcuFHHrN7jzb0yns9DWAyGHc+69uTkkFVxpx/m2KkvLK6tr1fXaxubW9o69u9dRSSYpa9NEJLJLsGKCx6ytuRasm0qGIyLYPRldT/37ByYVT+I7PU6ZH+FBzENOsTZS3z5EuVdMySULJsgjWCJCiivIJn277jScAmiRuCWpQ4lW3/7ygoRmEYs1FVipnuuk2s+x1JwKNql5mWIppiM8YD1DYxwx5efFAhN0bJQAhYk0J9aoUH935DhSahwRUxlhPVTz3lT8z+tlOrz0cx6nmWYxnT0UZgLpBE0zQQGXjGoxNgRTyc2uiA6xxFSb5GomBHf+y4ukc9pwzxvu7Vm9eVXGUYUDOIITcOECmnADLWgDhUd4hld4s56sF+vd+piVVqyyZx/+wPr8AdU3mLg=</latexit>

b̄bd̄u
Zb Zb

• Born-Oppenheimer approach with static heavy particles renders V(r) 

• Motion of heavy particles under this V(r) is given by                                

V(
r)

  [
kJ

/m
ol

]

<latexit sha1_base64="Cu5ff0iKPmdYXX345rnVnxIG1v8=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KkkRdVl002UF+4A2hMlk0g6dPJiZKCXmU9y4UMStX+LOv3GaZqGtBy4czrl37tzjJZxJZVnfxtr6xubWdmWnuru3f3Bo1o56Mk4FoV0S81gMPCwpZxHtKqY4HSSC4tDjtO9Nb+d+/4EKyeLoXs0S6oR4HLGAEay05Jq1bFQ8kgnq56jtNnPXrFsNqwBaJXZJ6lCi45pfIz8maUgjRTiWcmhbiXIyLBQjnObVUSppgskUj+lQ0wiHVDpZsTVHZ1rxURALXZFChfp7IsOhlLPQ050hVhO57M3F/7xhqoJrJ2NRkioakcWiIOVIxWieA/KZoETxmSaYCKb/isgEC0yUTquqQ7CXT14lvWbDvmzYdxf11k0ZRwVO4BTOwYYraEEbOtAFAo/wDK/wZjwZL8a78bFoXTPKmWP4A+PzBztUk/o=</latexit>

H2

r

<latexit sha1_base64="kO02zs/bW437QocMubXA48R8CQU=">AAACA3icbVDLSsNAFJ34rPUVdaebqUUQlJKIqBuh6EZdVbAPaNIymU7aoZNJmJkIJUTc+CtuXCji1p9w5984bbPQ1gMXzpxzL3Pv8SJGpbKsb2Nmdm5+YTG3lF9eWV1bNzc2azKMBSZVHLJQNDwkCaOcVBVVjDQiQVDgMVL3+pdDv35PhKQhv1ODiLgB6nLqU4yUltrmNrx2CudOwT58gDetpJKOX63kIG2bRatkjQCniZ2RIshQaZtfTifEcUC4wgxJ2bStSLkJEopiRtK8E0sSIdxHXdLUlKOASDcZ3ZDCPa10oB8KXVzBkfp7IkGBlIPA050BUj056Q3F/7xmrPwzN6E8ihXhePyRHzOoQjgMBHaoIFixgSYIC6p3hbiHBMJKx5bXIdiTJ0+T2lHJPinZt8fF8kUWRw7sgF2wD2xwCsrgClRAFWDwCJ7BK3gznowX4934GLfOGNnMFvgD4/MH6x+VKQ==</latexit>

I=1, JP =1+

Sasa Prelovsek                              Exotic hadrons from lattice

many other channels: Wagner et al.

B B*



More in recent reviews
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hadron spectrum from lattice:

N. Brambilla et al.  1907.07583,  Phys. Rept

M. Mai, U. Meissner, C. Urbach, 2206.01477 

N. Brambilla, 2111.10788

P. Bicudo, 2212.07793

.....



All presented results are extracted from En 
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C =  DG Dq Dq C e
−SQCD /!

∫   

t=0, JP, It, JP, I

<latexit sha1_base64="ALsMksMVfOJbmh91iW5+qL+5pj0="></latexit>

mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 2pt
E

1

• for strongly stable state well below threshold :   En(P=0) =  m

• resonances (Luscher’s relation)

• static potentials:

<latexit sha1_base64="lOunyWs3wssA8y3qFjrXNpF+J9Y=">AAACCXicbVDLSgNBEJz1GeNr1aOXwSDES9gVUY9BETxGyAuSdZmdTJIh81hmZpWw5OrFX/HiQRGv/oE3/8ZJsoImFjQUVd10d0Uxo9p43pezsLi0vLKaW8uvb2xubbs7u3UtE4VJDUsmVTNCmjAqSM1Qw0gzVgTxiJFGNLgc+407ojSVomqGMQk46gnapRgZK4UuvArFbYr5CLYV7fUNUkrew2rxRz4K3YJX8iaA88TPSAFkqITuZ7sjccKJMJghrVu+F5sgRcpQzMgo3040iREeoB5pWSoQJzpIJ5+M4KFVOrArlS1h4ET9PZEirvWQR7aTI9PXs95Y/M9rJaZ7HqRUxIkhAk8XdRMGjYTjWGCHKoING1qCsKL2Voj7SCFsbHh5G4I/+/I8qR+X/NOSf3NSKF9kceTAPjgAReCDM1AG16ACagCDB/AEXsCr8+g8O2/O+7R1wclm9sAfOB/fDBmZ6w==</latexit>

Ecm
n ! T (Ecm

n )
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<latexit sha1_base64="bmAcoJHB9JQsck0lzKJ8Ev6mLVA=">AAAB/3icbZDLSgMxFIbP1Futt1HBjZtgESpImRFRN0LRhe6sYC/QDiWTZtrQTGZMMkIZu/BV3LhQxK2v4c63Mb0IWv0h8PGfczgnvx9zprTjfFqZmdm5+YXsYm5peWV1zV7fqKookYRWSMQjWfexopwJWtFMc1qPJcWhz2nN750P67U7KhWLxI3ux9QLcUewgBGsjdWyt9ImwRxdDU6/oXC7f7HXsvNO0RkJ/QV3AnmYqNyyP5rtiCQhFZpwrFTDdWLtpVhqRjgd5JqJojEmPdyhDYMCh1R56ej+Ado1ThsFkTRPaDRyf06kOFSqH/qmM8S6q6ZrQ/O/WiPRwYmXMhEnmgoyXhQkHOkIDcNAbSYp0bxvABPJzK2IdLHERJvIciYEd/rLf6F6UHSPiu71Yb50NokjC9uwAwVw4RhKcAllqACBe3iEZ3ixHqwn69V6G7dmrMnMJvyS9f4FKMKU5Q==</latexit>

O = O(q,G)

<latexit sha1_base64="mVATXqzPZwvyHUCzehTg9td5mJE=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DIniMYB6QXcLsZDYZMjuzzMwKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3hQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDv1209UaSbFoxknNIjxQLCIEWys5N/1BPKNRK2qOu2VK27NnQEtEy8nFcjR6JW//L4kaUyFIRxr3fXcxAQZVoYRTiclP9U0wWSEB7RrqcAx1UE2u3mCTqzSR5FUtoRBM/X3RIZjrcdxaDtjbIZ60ZuK/3nd1ETXQcZEkhoqyHxRlHJkv5wGgPpMUWL42BJMFLO3IjLEChNjYyrZELzFl5dJ66zmXdYuHs4r9Zs8jiIcwTFUwYMrqMM9NKAJBBJ4hld4c1LnxXl3PuatBSefOYQ/cD5/AG0akKY=</latexit>

En ! V (r)

(except from HALQCD Tcc)
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Compliments to experimental colleagues for great  results 

Status on exotic hadrons from Lattice :

• exotic hadrons that are not resolved (yet)

strongly decay via many decay channels: Zc(4430) , X(6900),...  

• available: valuable results on exotic (and conventional) hadrons 

strongly stable ;  strongly decaying to 1,2,3  channels 

support for specific binding mechanisms 

       one picture can not explain all exotic hadrons

       for each exotic hadron there is at least one viable picture

V ...

Pc, certain charmonium-like states

Sasa Prelovsek                              Exotic hadrons from lattice
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Energies of eigen-states En in irreps that contain JPC=0++ ,2++ 

D D

Ds Ds

non-interacting energies denoted

D D

Ds Ds

<latexit sha1_base64="0acJEWjkebeiVwO4x/eDiNMl1qA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoiCUpom6EogguK9oHtCFMppN27EwSZiZCCelPuPFX3LhQxK2482+cPha29cCFwzn3cu89XsSoVJb1Y2QWFpeWV7KrubX1jc0tc3unJsNYYFLFIQtFw0OSMBqQqqKKkUYkCOIeI3WvdzX0649ESBoG96ofEYejTkB9ipHSkmse37kJfUgL126CeXp4Ae0jWIJ0AFuiGw6gmnKha+atojUCnCf2hOTBBBXX/G61QxxzEijMkJRN24qUkyChKGYkzbViSSKEe6hDmpoGiBPpJKO3UniglTb0Q6ErUHCk/p1IEJeyzz3dyZHqyllvKP7nNWPlnzsJDaJYkQCPF/kxgyqEw4xgmwqCFetrgrCg+laIu0ggrHSSOR2CPfvyPKmVivZpsXR7ki9fTuLIgj2wDwrABmegDG5ABVQBBk/gBbyBd+PZeDU+jM9xa8aYzOyCKRhfv1c0nZ4=</latexit>

Sij(Ecm) = 1 + 2i ⇢ tij(Ecm)

Extraction of matrix t(E) : NOT straightforward !

<latexit sha1_base64="wlZ812FKmCmFoRqZDoziafrlHVQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKkKZKaJuhKIoLivYC0yHIZOmbWjmQnJGKEO7deOruHGhiFufwJ1vY3oRtPpD4OM/53Byfj8WXIFlfRqZufmFxaXscm5ldW19w9zcqqkokZRVaSQi2fCJYoKHrAocBGvEkpHAF6zu9y5G9fodk4pH4S30Y+YGpBPyNqcEtOWZuy0Gjn3IhxgKl15Kg8EBHuKrb3bPLM/MW0VrLPwX7Cnk0VQVz/xotiKaBCwEKohSjm3F4KZEAqeCDXLNRLGY0B7pMEdjSAKm3HR8ygDva6eF25HULwQ8dn9OpCRQqh/4ujMg0FWztZH5X81JoH3qpjyME2AhnSxqJwJDhEe54BaXjILoayBUcv1XTLtEEgo6vZwOwZ49+S/USkX7uFi6OcqXz6dxZNEO2kMFZKMTVEbXqIKqiKJ79Iie0YvxYDwZr8bbpDVjTGe20S8Z7187Wpiz</latexit>

det[1 + i t(Ecm) F (Ecm)] = 0

1: DD,   2: DsDs
one equation, three unknowns (at each Ecm)

known 2x2 matrix

JPC =0++

JPC =2++, 2-+ 

35Sasa Prelovsek             Conventional and exotic charmonia from lattice
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E 6! t(E)



X(3915) ,  𝜒𝑐0(3930) ,  X(3960) 
all three likely the same state  
currently named 𝜒𝑐0(3914) in PDG

JPC=0++
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X(3960) ! DsD̄s
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�c0(3930) ! DD̄
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X(3915) ! J/ !

<latexit sha1_base64="2daXF1T8OyeXJj6SC8ToF2RWjbc=">AAACFnicbVDLSsNAFJ34rPUVdelmsAjtwpCoqMtSu3BZwT6gCWEynbRDJw9nJkIJ+Qo3/oobF4q4FXf+jdM0C209MHDuOfdy5x4vZlRI0/zWlpZXVtfWSxvlza3tnV19b78jooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut74eup3HwgXNArv5CQmToCGIfUpRlJJrn5i+xzhtMGrTdtDHDZrWV64Yla6opbZggbkHprGmatXTMPMAReJVZAKKNBy9S97EOEkIKHEDAnRt8xYOinikmJGsrKdCBIjPEZD0lc0RAERTpqflcFjpQygH3H1Qglz9fdEigIhJoGnOgMkR2Lem4r/ef1E+ldOSsM4kSTEs0V+wqCM4DQjOKCcYMkmiiDMqforxCOkcpIqybIKwZo/eZF0Tg3rwrBuzyv1RhFHCRyCI1AFFrgEdXADWqANMHgEz+AVvGlP2ov2rn3MWpe0YuYA/IH2+QNx2p2n</latexit>

Br(DD̄)

Br(DsD̄s)
' 0.3exp:

<latexit sha1_base64="F5h+YlAbq/6aSSyY/ti3cfAJL9M="></latexit>

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01lat:

<latexit sha1_base64="s76wC9h3sJFu4jASpordlkG5uGI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9o15KdZtvQbHZJskpZ+j+8eFDEq//Fm//GtN2Dtj4Y5vHeDJm8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUIWtgLGLVDqhmgkvWMNwI1k4Uo1EgWCsY3Uz91iNTmsfy3owT5kd0IHnIkRorPXQDqgjqWdPYK1fcqjsDWSZeTiqQo94rf3X7MaYRkwYF1brjuYnxM6oMR8EmpW6qWUJxRAesY6mkEdN+Nrt6Qk6s0idhrGxJQ2bq742MRlqPo8BORtQM9aI3Ff/zOqkJr/yMyyQ1TOL8oTAVxMRkGgHpc8XQiLElFBW3txIcUkXR2KBKNgRv8cvLpHlW9S6q3t15pXadx1GEIziGU/DgEmpwC3VoAIKCZ3iFN+fJeXHenY/5aMHJdw7hD5zPH90fkho=</latexit>
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Eigen-energies En(r) : channel Sh=1, Jl=0 (CP=-1, ε=-1)

dominant operator 

in each |n> 

according to Oi n

dot-dashed-lines:
En

non-int
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