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Motivation
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https://www.nikhef.nl/~pkoppenb/particles.html

the longest lived exotic 

hadron discovered to date

majority of exotic

hadrons contain cc



Doubly charm tetraquark ( Tcc )

- Tcc found as a virtual bound state ≈10 MeV 

below DD* threshold

- likely related to Tcc discovered by LHCb

Charmonium(like) states

- masses and decay widths of conventional charmonia roughly confirmed  

- two additional exotic charmonium-like states with JPC=0++ found just below thresholds

Outline and main lattice QCD results

I=0, JP=1+

I=0, JPC=0++,1--,2++,3-

q=u,d,s

likely related to   X(3915) / 𝜒𝑐0(3930) / X(3960) 
LHCb2020      LHCb2022

seen in dispersive re-analysis of exp. 

[Danilkin et al 2111.15033]

<latexit sha1_base64="G7nnGDqKRnoIW5VqfFsaxwFENIU=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCeCiJiHos2oPHCvYDmlg220m7dLMJuxuhhOLFv+LFgyJe/RXe/Ddu2h609cHA470ZZuYFCWdKO863tbC4tLyyWlgrrm9sbm3bO7sNFaeSQp3GPJatgCjgTEBdM82hlUggUcChGQyuc7/5AFKxWNzpYQJ+RHqChYwSbaSOvV+t3p942IuI7ssoU0bXIJnojTp2ySk7Y+B54k5JCU1R69hfXjemaQRCU06UartOov2MSM0oh1HRSxUkhA5ID9qGChKB8rPxCyN8ZJQuDmNpSmg8Vn9PZCRSahgFpjM/Vc16ufif1051eOlnTCSpBkEni8KUYx3jPA/cZRKo5kNDCJXM3Ippn0hCTQyqaEJwZ1+eJ43Tsntedm/PSpWraRwFdIAO0TFy0QWqoBtUQ3VE0SN6Rq/ozXqyXqx362PSumBNZ/bQH1ifPx77l0g=</latexit>

DD⇤ scattering
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DD̄ �DsD̄s scattering
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Lattice details

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

CLS ensembles with u/d, s dynamical quarks 

a≃0.086 fm, m𝝅 =280(3) MeV

L = 2.1 fm, 2.7 fm

relativistic charm quarks

lat         exp

mu/d > mu/d
exp

ms      <  ms
exp      

mu+md+ms = mu
exp +md

exp +ms
exp

only qualitative comparison to exp  !!
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Extract resonances and (virtual) bound states from H1 H2 scattering 

Scattering matrix T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991 

<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 matrix T(E)

periodic b.c.
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T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|

Virtual bound st.

p = - i |p|

<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�

Resonance 
or 

Bound state

bound st.

simple argument: next slide
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Relation between E and δ(E), T(E):   
1D nonrelativistic quantum mechanics

periodic boundary condition

relation between δ, T and  E

x=R

V= 0: outside the region of potential

<latexit sha1_base64="4spDFslKCV1w5HO+fv+Z36bAyJM=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyFgY9gNojZC0MbCIoJ5QDaE2clsMmR2dpm5K4QlX2Djr9hYKGJrbeffOElW0MQDF86ccy9z7/FjwTU4zpeVW1peWV3Lrxc2Nre2d+zdvYaOEkVZnUYiUi2faCa4ZHXgIFgrVoyEvmBNf3g18Zv3TGkeyTsYxawTkr7kAacEjNS1S/GFB4EiNK14MR+nN2N5/CNMXl6PCSBdu+iUnSnwInEzUkQZal370+tFNAmZBCqI1m3XiaGTEgWcCjYueIlmMaFD0mdtQyUJme6k03PGuGSUHg4iZUoCnqq/J1ISaj0KfdMZEhjoeW8i/ue1EwjOOymXcQJM0tlHQSIwRHiSDe5xxSiIkSGEKm52xXRATBZgEiyYENz5kxdJo1J2T8vu7UmxepnFkUcH6BAdIRedoSq6RjVURxQ9oCf0gl6tR+vZerPeZ605K5vZR39gfXwDBBKcug==</latexit>

p = 2⇡
L n� 2

L�
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p = 2⇡
L n
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 /cos(px)
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 /cos(px+�)

<latexit sha1_base64="bb3RpvRBF5CE1Aop9HQZ3e6a9wg=">AAACC3icbVDLSgNBEJyN7/iKevQyJAiCEHZDUC+CKIJHRfOA7BpmJ706ZPbBTK8Qlr178Ve8eFDEqz/gzb9xEnPQxIKGoqqb7i4/kUKjbX9ZhZnZufmFxaXi8srq2nppY7Op41RxaPBYxqrtMw1SRNBAgRLaiQIW+hJafv906LfuQWkRR9c4SMAL2W0kAsEZGqlbKtOrI2dPuBgoxrN6kmdn+fUR3GQ14fZAIsuL3VLFrtoj0GnijEmFjHHRLX26vZinIUTIJdO649gJehlTKLiEvOimGhLG++wWOoZGLATtZaNfcrpjlB4NYmUqQjpSf09kLNR6EPqmM2R4pye9ofif10kxOPQyESUpQsR/FgWppBjTYTC0JxRwlANDGFfC3Er5HTOpoIlvGIIz+fI0adaqzn61flmvHJ+M41gk26RMdolDDsgxOScXpEE4eSBP5IW8Wo/Ws/Vmvf+0FqzxzBb5A+vjG33Omhk=</latexit>

S = 1 + i 4pE T = e2i�
<latexit sha1_base64="ttXtpubnF82ZjV5Mpw6WKc/yoKA=">AAACEXicbZDLSsNAFIYnXmu9RV26GSxCN5akFHUjFEVwWaE3aEKZTCft0MmFmROhhLyCG1/FjQtF3Lpz59s4bbPQ1h8GPv5zDmfO78WCK7Csb2NldW19Y7OwVdze2d3bNw8O2ypKJGUtGolIdj2imOAhawEHwbqxZCTwBOt445tpvfPApOJR2IRJzNyADEPuc0pAW32zjHHzyvEloeltllazOdpZGjs0AmfABBB8xuOsb5asijUTXgY7hxLK1eibX84goknAQqCCKNWzrRjclEjgVLCs6CSKxYSOyZD1NIYkYMpNZxdl+FQ7A+xHUr8Q8Mz9PZGSQKlJ4OnOgMBILdam5n+1XgL+pZvyME6AhXS+yE8EhghP48EDLhkFMdFAqOT6r5iOiM4EdIhFHYK9ePIytKsV+7xSu6+V6td5HAV0jE5QGdnoAtXRHWqgFqLoET2jV/RmPBkvxrvxMW9dMfKZI/RHxucPApudKw==</latexit>

T =
E

2

1

p cot � � ip
one-channel scattering

E=p2/2m
in both cases
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Doubly heavy tetraquarks

Q=c,b   q=u,d,s

Sasa Prelovsek             Tcc and charmonium-like states from lattice 
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QQ0q̄q̄0

<latexit sha1_base64="xF7YSk5UXf85nwOc3QujQwUpjdY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69bC2CIJSkiHoRil7EUwX7AU1aNttNu3SzCbsboYT+DS8eFPHqn/Hmv3Hb5qCtDwYe780wM8+POVPatr+t3Mrq2vpGfrOwtb2zu1fcP2iqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx/dTv3WE5WKReJRj2PqhXggWMAI1kZy0X237pau3ZLTPesVy3bFngEtEycjZchQ7xW/3H5EkpAKTThWquPYsfZSLDUjnE4KbqJojMkID2jHUIFDqrx0dvMEnRilj4JImhIazdTfEykOlRqHvukMsR6qRW8q/ud1Eh1ceSkTcaKpIPNFQcKRjtA0ANRnkhLNx4ZgIpm5FZEhlphoE1PBhOAsvrxMmtWKc1FxHs7LtZssjjwcwTGcggOXUIM7qEMDCMTwDK/wZiXWi/Vufcxbc1Y2cwh/YH3+AHOpkAE=</latexit>

JP =1+
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Two strongly stable  tetraquarks

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

<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

models lattice models lattice

references from left to right 
models (many more references):
Eichten and Quigg (2017) 1707.09575 PRL
Karliner and Rosner (2017) 1707.07666 PRL
Ebert et al. (2007) 0706.3853
Silvestre-Brac and Semay (1993) 
Janc and Rosina (2004) hep-ph/0405208

lattice: most updated results
Leskovec, Meinel, Pflaumer, Wagner (2019) 1904.04197 
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman (2021) preliminary 
Bicudo, Wagner et al. 1612.02758 static potentials

models (many more references)
Eichten and Quigg (2017) 1707.09575 PRL
Parket al. (2018) 1809.05257
Ebert et al. (2007) 0706.3853
Silvestre-Brac and Semay (1993) 

lattice: most updated results
Pflaumer, Leskovec,Meinel,Wagner (2021) 2108.10704
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman  (2021) preliminary

m
 –

E t
h 

[M
eV

]

threshold: BB*                                     BBs*

not found in exp, difficult to find

<latexit sha1_base64="xF7YSk5UXf85nwOc3QujQwUpjdY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69bC2CIJSkiHoRil7EUwX7AU1aNttNu3SzCbsboYT+DS8eFPHqn/Hmv3Hb5qCtDwYe780wM8+POVPatr+t3Mrq2vpGfrOwtb2zu1fcP2iqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx/dTv3WE5WKReJRj2PqhXggWMAI1kZy0X237pau3ZLTPesVy3bFngEtEycjZchQ7xW/3H5EkpAKTThWquPYsfZSLDUjnE4KbqJojMkID2jHUIFDqrx0dvMEnRilj4JImhIazdTfEykOlRqHvukMsR6qRW8q/ud1Eh1ceSkTcaKpIPNFQcKRjtA0ANRnkhLNx4ZgIpm5FZEhlphoE1PBhOAsvrxMmtWKc1FxHs7LtZssjjwcwTGcggOXUIM7qEMDCMTwDK/wZiXWi/Vufcxbc1Y2cwh/YH3+AHOpkAE=</latexit>

JP =1+

I=0
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Other                     and  JP

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

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

QQ0q̄q̄0

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E)

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū

Theoretical PREdictions before 2021

for Tcc mass (I=0, JP=1+)

<latexit sha1_base64="3s4x+WoMn0nFb9Jf1bFhHUiUxiE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeqx6MWLUMF+QBLKZjttl+4mYXcjlFAP/hUvHhTx6s/w5r9x0+agrQ8GHu/NMDMvTDhT2nG+raXlldW19dJGeXNre2fX3ttvqTiVFJo05rHshEQBZxE0NdMcOokEIkIO7XB0nfvtB5CKxdG9HicQCDKIWJ9Roo3UtQ/9HnBNsHj0BdFDKTLvFlrBpGtXnKozBV4kbkEqqECja3/5vZimAiJNOVHKc51EBxmRmlEOk7KfKkgIHZEBeIZGRIAKsukDE3xilB7ux9JUpPFU/T2REaHUWISmM79SzXu5+J/npbp/GWQsSlINEZ0t6qcc6xjnaeAek0A1HxtCqGTmVkyHRBKqTWZlE4I7//IiaZ1V3fNq7a5WqV8VcZTQETpGp8hFF6iOblADNRFFE/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/9jiWqA==</latexit>

�m [MeV]

D*0D+

[compilation  by Polyakov]
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LHCb discovery of Tcc

<latexit sha1_base64="4dSq6QOuvmSpkNznAmsv5KvGejg=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoCCWRoi6LCrqsYB+QpGUynbRDZ5IwMxFK6NqNv+LGhSJu/QJ3/o2TNgutHmbgcM693HuPHzMqlWV9GYWFxaXlleJqaW19Y3PL3N5pySgRmDRxxCLR8ZEkjIakqahipBMLgrjPSNsfXWZ++54ISaPwTo1j4nE0CGlAMVJa6pn7vHLVtfRzY9o9PnKhC6HLkRoKnjrXpOVNembZqlpTwL/EzkkZ5Gj0zE+3H+GEk1BhhqR0bCtWXoqEopiRSclNJIkRHqEBcTQNESfSS6enTOChVvowiIT+oYJT9WdHiriUY+7rymxLOe9l4n+ek6jg3EtpGCeKhHg2KEgYVBHMcoF9KghWbKwJwoLqXSEeIoGw0umVdAj2/Ml/Seukap9Wa7e1cv0ij6MI9sABqAAbnIE6uAEN0AQYPIAn8AJejUfj2Xgz3melBSPv2QW/YHx8A1DEmM0=</latexit>

m(D0D0⇡+) [GeV]

<latexit sha1_base64="gC8ry6RuP4yKPBCNWnurReW6gVM=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmkVJdFNy4r2Ae0oUwmk3boZBJmJmIJ/RU3LhRx64+482+cpllo64F7OZxzL3Pn+AlnSjvOt1Xa2Nza3invVvb2Dw6P7ONqV8WpJLRDYh7Lvo8V5UzQjmaa034iKY58Tnv+9Hbh9x6pVCwWD3qWUC/CY8FCRrA20siuIkKGPpYozXuAEBrZNafu5EDrxC1IDQq0R/bXMIhJGlGhCcdKDVwn0V6GpWaE03llmCqaYDLFYzowVOCIKi/Lb5+jc6MEKIylKaFRrv7eyHCk1CzyzWSE9UStegvxP2+Q6vDay5hIUk0FWT4UphzpGC2CQAGTlGg+MwQTycytiEywxESbuComBHf1y+uke1l3m/XGfaPWuiniKMMpnMEFuHAFLbiDNnSAwBM8wyu8WXPrxXq3PpajJavYOYE/sD5/AKq+kuk=</latexit>

ccūd̄

D0D*+

The longest lived exotic hadron ever discovered  

<latexit sha1_base64="YHOJE8xXWyP0GOnPZQQQGv9O26U=">AAACGHicbVDLSsNAFJ34tr6qLt0MFqEq1kREXRYf6FLFtkIay2R6UwdnkjAzEUrIZ7jxV9y4UMRtd/6N0zaCrwMDh3POZe49fsyZ0rb9YY2Mjo1PTE5NF2Zm5+YXiotLdRUlkkKNRjyS1z5RwFkINc00h+tYAhE+h4Z/d9T3G/cgFYvCK92NwROkE7KAUaKN1CpuNwXRt1Kkl5CVT9a3RCs9vtnYzIbEzpr4K+CeQt3LWsWSXbEHwH+Jk5MSynHeKvaa7YgmAkJNOVHKdexYeymRmlEOWaGZKIgJvSMdcA0NiQDlpYPDMrxmlDYOImleqPFA/T6REqFUV/gm2d9S/fb64n+em+jgwEtZGCcaQjr8KEg41hHut4TbTALVvGsIoZKZXTG9JZJQbbosmBKc3yf/JfWdirNX2b3YLVUP8zqm0ApaRWXkoH1URWfoHNUQRQ/oCb2gV+vRerberPdhdMTKZ5bRD1i9T3twn3I=</latexit>

Re(E)�mD⇤+ �mD0 [GeV]

<latexit sha1_base64="a/J8bGXkKGijdvrhVRSkn9Latbo=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyWRoi6LIuqugn1AEspkOm2HziRhZiKUkJ0bf8WNC0Xc+gvu/BsnbQRtPTBw5px7ufceP2JUKsv6MgoLi0vLK8XV0tr6xuaWub3TkmEsMGnikIWi4yNJGA1IU1HFSCcSBHGfkbY/usj89j0RkobBnRpHxONoENA+xUhpqWvuuxypoeDJDU8rl0cu/Pk7V6TlpV2zbFWtCeA8sXNSBjkaXfPT7YU45iRQmCEpHduKlJcgoShmJC25sSQRwiM0II6mAeJEesnkjhQeaqUH+6HQL1Bwov7uSBCXcsx9XZltKWe9TPzPc2LVP/MSGkSxIgGeDurHDKoQZqHAHhUEKzbWBGFB9a4QD5FAWOnoSjoEe/bkedI6rton1dptrVw/z+Mogj1wACrABqegDq5BAzQBBg/gCbyAV+PReDbejPdpacHIe3bBHxgf34kjmRw=</latexit>Im
(E

)
[G

eV
]

D0D*+

Pole in T(E)

D*0D+
LHCb July 2021, 2109.01038, 2109.01056, Nature Physics 

<latexit sha1_base64="vqGG4k0BWoxnWkxLupN8ktDQLJU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KUoh6LHvRYwdZCE8pmu2mX7iZhdyKEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0tr6xuVXeruzs7u0f2IdHXR2nirIOjUWsegHRTPCIdYCDYL1EMSIDwR6CyfXMf3hkSvM4uocsYb4ko4iHnBIw0sCuYg9CRWjuTvPG1LshUpKBXXPqzhx4lbgFqaEC7YH95Q1jmkoWARVE677rJODnRAGngk0rXqpZQuiEjFjf0IhIpv18fvwUnxpliMNYmYoAz9XfEzmRWmcyMJ2SwFgvezPxP6+fQnjp5zxKUmARXSwKU4EhxrMk8JArRkFkhhCquLkV0zExWYDJq2JCcJdfXiXdRt09rzfvmrXWVRFHGR2jE3SGXHSBWugWtVEHUZShZ/SK3qwn68V6tz4WrSWrmKmiP7A+fwBNbZSQ</latexit>

1
2�

I=0, JP=1+

<latexit sha1_base64="qIO9LtQ9+94oLlDpqlpTCu5YrZI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4siIiURUZdFu3BZoS9oYphMp+3QySTMTIQSunfjr7hxoYhbf8Cdf+MkzUJbDwwczrmXO+f4EaNSWda3UVhaXlldK66XNja3tnfM3b22DGOBSQuHLBRdH0nCKCctRRUj3UgQFPiMdPzxTep3HoiQNORNNYmIG6AhpwOKkdKSZ5br9ydHjgph3YnoqQNh00swnmZKKjlOyTMrVtXKABeJnZMKyNHwzC+nH+I4IFxhhqTs2Vak3AQJRTEj05ITSxIhPEZD0tOUo4BIN8myTOGhVvpwEAr9uIKZ+nsjQYGUk8DXkwFSIznvpeJ/Xi9Wgys3oTyKFeF4dmgQM6iTpsXAPhUEKzbRBGFB9V8hHiGBsNL1pSXY85EXSfusal9U7bvzSu06r6MIDkAZHAMbXIIauAUN0AIYPIJn8ArejCfjxXg3PmajBSPf2Qd/YHz+AJ/CmOY=</latexit>

D⇤ ! D⇡, Tcc ! DD⇡Omitting 

Tcc would be a bound state
<latexit sha1_base64="qMRXj6yLa9hx17asWWC+odGi11I=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwYkhUqheh6MWLUMF+QBPKZjtpl+4mYXcjlFAvXvwrXjwo4tXf4M1/Y9L2oK0PBh7vzTAzz485U9q2v425+YXFpeXCSnF1bX1j09zarqsokRRqNOKRbPpEAWch1DTTHJqxBCJ8Dg2/f5X7jXuQikXhnR7E4AnSDVnAKNGZ1Db3sNsBrgkWF0e2dVJ+cAXRPSnSG6gPi22zZFv2CHiWOBNSQhNU2+aX24loIiDUlBOlWo4day8lUjPKYVh0EwUxoX3ShVZGQyJAeenojSE+yJQODiKZVajxSP09kRKh1ED4WWd+pJr2cvE/r5Xo4NxLWRgnGkI6XhQkHOsI55ngDpNANR9khFDJslsx7RFJqM6Sy0Nwpl+eJfVjyylbzu1pqXI5iaOAdtE+OkQOOkMVdI2qqIYoekTP6BW9GU/Gi/FufIxb54zJzA76A+PzB+wQl4Q=</latexit>

�m = �0.36 MeV

9



Sasa Prelovsek             Tcc and charmonium-like states from lattice 

Padmanath, S.P.: 2202.101101, 
Phys.Rev.Lett. 129 (2022) 3, 032002

& 
subsequent studies with S. Collins

=   Tcc

This is the first lattice extraction of the scattering amplitude T(E):

Previous lattice studies:  Had. Spec. JHEP11(2017)033, Junnarkar, Matur, Padmanath (2019) PRD.99.034507 

Subsequent study: Shi et al, Physics Letters B 833 (2022) 137391 (previous talk)

Lattice study of Tcc

10



Lattice  study 

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

C =  DG Dq Dq C e
−SQCD /!

∫   

t=0t

Eucledian time

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

n

|nihn|

<latexit sha1_base64="ohFF18nkk4Cf6oQuRj7Xs7j7hhg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiQi6rJYCi4r9AVtKJPppB06mYSZSaGE/okbF4q49U/c+TdO0yy09cAMh3Pu5d57/JgzpR3n29rY3Nre2S3sFfcPDo+O7ZPTtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8SW3hd6ZUKhaJpp7F1AvxSLCAEayNNLDtGurrCNWzv1muXw3sklNxMqB14uakBDkaA/urP4xIElKhCcdK9Vwn1l6KpWaE03mxnygaYzLBI9ozVOCQKi/NNp+jS6MMURBJ84RGmfq7I8WhUrPQN5Uh1mO16i3E/7xeooN7L2UiTjQVZDkoSDgyVy5iQEMmKdF8ZggmkpldERljiYk2YRVNCO7qyeukfV1xbyvu002p+pDHUYBzuIAyuHAHVXiEBrSAwBSe4RXerNR6sd6tj2XphpX3nMEfWJ8/sU2RwQ==</latexit>

C ! E ! T (E)

D(p1)

D*(p2)

<latexit sha1_base64="di/8RgMNjJ0mzD7LX+owW3R04q4="></latexit>

m⇡ ' 280 MeV :

D⇤ 6! D⇡, Tcc 6! DD⇡

DD⇡ above analyzed region

I=0
JP=1+

ccdu
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Non-interacting energies and interpolators

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

L = 2.1 fm, 2.7 fm

<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⇤

<latexit sha1_base64="SrCuB4Dln4QkPumAJpk7hUquBgI=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwUUpSiroRim5cuKhgH9CEMplO2qGTSZiZFEqIH+HGX3HjQhG3gjv/xmmahbYeGDj3nHu5c48XMSqVZX0bhZXVtfWN4mZpa3tnd8/cP2jLMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIxxtfz/zOhAhJQ36vphFxAzTk1KcYKS31zQqEzoRgGPUTu1JLL7OCzwv44ChfIJzUnIimyW3aN8tW1coAl4mdkzLI0eybX84gxHFAuMIMSdmzrUi5CRKKYkbSkhNLEiE8RkPS05SjgEg3ya5K4YlWBtAPhX5cwUz9PZGgQMpp4OnOAKmRXPRm4n9eL1b+hZtQHsWKcDxf5McMqhDOIoIDKghWbKoJwoLqv0I8QjoIpYMs6RDsxZOXSbtWtc+q9bt6uXGVx1EER+AYnAIbnIMGuAFN0AIYPIJn8ArejCfjxXg3PuatBSOfOQR/YHz+AEVznbQ=</latexit>

~p1,2 = ~n1,2
2⇡
L

<latexit sha1_base64="lkVkEWi/jFsd1s8q8kHlhUODraQ=">AAACJ3icbZDLSsNAFIYnXmu9RV26GSyCWChJKOpGKVrBZQV7gV7CZDpth84kcWZSKCE+jRtfxY2gIrr0TUzaitp6YODn/87hzPkdn1GpDONDm5tfWFxaTq2kV9fWNzb1re2K9AKBSRl7zBM1B0nCqEvKiipGar4giDuMVJ3+RcKrAyIk9dwbNfRJk6OuSzsUIxVbtn4GL08b8laokNvFlpVtDAiGvm22wjsrirLfKCy2DqMfbI0xTNt6xsgZo4KzwpyIDJhUydafG20PB5y4CjMkZd00fNUMkVAUMxKlG4EkPsJ91CX1WLqIE9kMR3dGcD922rDjifi5Co7c3xMh4lIOuRN3cqR6cpol5n+sHqjOSTOkrh8o4uLxok7AoPJgEhpsU0GwYsNYICxo/FeIe0ggrOJokxDM6ZNnRcXKmUe5/HU+UzifxJECu2APHAATHIMCuAIlUAYY3INH8AJetQftSXvT3setc9pkZgf8Ke3zCzHCpOo=</latexit>

E =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

D(0) D*(0)

D(-1) D*(1)

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

~P = ~0 JP=1+ ->  T1
+
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Eigen-energies on the lattice  

L = 2.1 fm, 2.7 fm

at m𝜋 ≈ 280 𝑀𝑒𝑉

lines
non-interacting energies

<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⇤

<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)

<latexit sha1_base64="5xufGvckSJOCvnk07DfQF5gAZHE="></latexit>

En.i. =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

~pi = ~ni
2⇡
L
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Eigen-energies and scattering amplitude  

L = 2.1 fm, 2.7 fm

at m𝜋 ≈ 280 𝑀𝑒𝑉

p cot 𝛿 (for partial wave l=0) 

Luscher’s relation

E -> T(E), 𝛿(𝐸)

<latexit sha1_base64="2tPDmdLDVGlkN1LKYWonTpuD66w=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQpkpRd0IRTcuK9gHdOqQSTNtaOZBckcow/RD3Pgrblwo4sKN+Dem7YDaeiBw7jn3cnOPGwmuwDS/jNzS8srqWn69sLG5tb1T3N1rqjCWlDVoKELZdoliggesARwEa0eSEd8VrOUOryZ+655JxcPgFkYR6/qkH3CPUwJacorVCNs0BLvHBBDHvLDBk4QmVproKj35KSvpGEvHHOPoruIUS2bZnAIvEisjJZSh7hQ/7F5IY58FQAVRqmOZEXQTIoFTwdKCHSsWETokfdbRNCA+U91kel2Kj7TSw14o9QsAT9XfEwnxlRr5ru70CQzUvDcR//M6MXjn3YQHUQwsoLNFXiwwhHgSFe5xySiIkSaESq7/iumA6DxAB1rQIVjzJy+SZqVsnZatm2qpdpnFkUcH6BAdIwudoRq6RnXUQBQ9oCf0gl6NR+PZeDPeZ605I5vZR39gfH4D2duhwQ==</latexit>

p cot �0 = 1
a0

+ 1
2 r0 p2

<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⇤

<latexit sha1_base64="ttXtpubnF82ZjV5Mpw6WKc/yoKA=">AAACEXicbZDLSsNAFIYnXmu9RV26GSxCN5akFHUjFEVwWaE3aEKZTCft0MmFmROhhLyCG1/FjQtF3Lpz59s4bbPQ1h8GPv5zDmfO78WCK7Csb2NldW19Y7OwVdze2d3bNw8O2ypKJGUtGolIdj2imOAhawEHwbqxZCTwBOt445tpvfPApOJR2IRJzNyADEPuc0pAW32zjHHzyvEloeltllazOdpZGjs0AmfABBB8xuOsb5asijUTXgY7hxLK1eibX84goknAQqCCKNWzrRjclEjgVLCs6CSKxYSOyZD1NIYkYMpNZxdl+FQ7A+xHUr8Q8Mz9PZGSQKlJ4OnOgMBILdam5n+1XgL+pZvyME6AhXS+yE8EhghP48EDLhkFMdFAqOT6r5iOiM4EdIhFHYK9ePIytKsV+7xSu6+V6td5HAV0jE5QGdnoAtXRHWqgFqLoET2jV/RmPBkvxrvxMW9dMfKZI/RHxucPApudKw==</latexit>

T =
E

2

1

p cot � � ip

parametrizing l=0,1 

with effective range expansion
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Sasa Prelovsek             Tcc and charmonium-like states from lattice 

at m𝜋 ≈ 280 𝑀𝑒𝑉

Scattering amplitude for l=0  

<latexit sha1_base64="ttXtpubnF82ZjV5Mpw6WKc/yoKA=">AAACEXicbZDLSsNAFIYnXmu9RV26GSxCN5akFHUjFEVwWaE3aEKZTCft0MmFmROhhLyCG1/FjQtF3Lpz59s4bbPQ1h8GPv5zDmfO78WCK7Csb2NldW19Y7OwVdze2d3bNw8O2ypKJGUtGolIdj2imOAhawEHwbqxZCTwBOt445tpvfPApOJR2IRJzNyADEPuc0pAW32zjHHzyvEloeltllazOdpZGjs0AmfABBB8xuOsb5asijUTXgY7hxLK1eibX84goknAQqCCKNWzrRjclEjgVLCs6CSKxYSOyZD1NIYkYMpNZxdl+FQ7A+xHUr8Q8Mz9PZGSQKlJ4OnOgMBILdam5n+1XgL+pZvyME6AhXS+yE8EhghP48EDLhkFMdFAqOT6r5iOiM4EdIhFHYK9ePIytKsV+7xSu6+V6td5HAV0jE5QGdnoAtXRHWqgFqLoET2jV/RmPBkvxrvxMW9dMfKZI/RHxucPApudKw==</latexit>

T =
E

2

1

p cot � � ip

virtual bound st. condition

i p =i(-i|p|)=|p|
Virtual bound st. pole: p= - i|p|

Lattice: virtual bound st. pole  

LHCb: bound st. pole  
<latexit sha1_base64="qIO9LtQ9+94oLlDpqlpTCu5YrZI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4siIiURUZdFu3BZoS9oYphMp+3QySTMTIQSunfjr7hxoYhbf8Cdf+MkzUJbDwwczrmXO+f4EaNSWda3UVhaXlldK66XNja3tnfM3b22DGOBSQuHLBRdH0nCKCctRRUj3UgQFPiMdPzxTep3HoiQNORNNYmIG6AhpwOKkdKSZ5br9ydHjgph3YnoqQNh00swnmZKKjlOyTMrVtXKABeJnZMKyNHwzC+nH+I4IFxhhqTs2Vak3AQJRTEj05ITSxIhPEZD0tOUo4BIN8myTOGhVvpwEAr9uIKZ+nsjQYGUk8DXkwFSIznvpeJ/Xi9Wgys3oTyKFeF4dmgQM6iTpsXAPhUEKzbRBGFB9V8hHiGBsNL1pSXY85EXSfusal9U7bvzSu06r6MIDkAZHAMbXIIauAUN0AIYPIJn8ArejCfjxXg3PmajBSPf2Qd/YHz+AJ/CmOY=</latexit>

D⇤ ! D⇡, Tcc ! DD⇡omitting
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Molecular component in simplest toy model: dependence on mu/d 

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

Yukava-like potential

analogous conclusion for any

fully attractive 

exchanged particles: 

light mesons 𝜋, 𝜌, . .

increasing mu/d

increasing mex

decreasing R or 

decreasing attraction |V|

<latexit sha1_base64="mPQJN41I4aRaHyO4lal5AD4CgnY=">AAACDnicbVC7SgNBFJ31GeNr1dJmMARikbAropZBG8sI5gHJusxO7iZDZh/MzIph2S+w8VdsLBSxtbbzb5wkW2jigYHDOfdy5xwv5kwqy/o2lpZXVtfWCxvFza3tnV1zb78lo0RQaNKIR6LjEQmchdBUTHHoxAJI4HFoe6Orid++ByFZFN6qcQxOQAYh8xklSkuuWW5VxHEvFlGsIlzFPV8QmsJdWg3cFB4yLLIsFZlrlqyaNQVeJHZOSihHwzW/ev2IJgGEinIiZde2YuWkRChGOWTFXiIhJnREBtDVNCQBSCedxslwWSt97EdCv1Dhqfp7IyWBlOPA05MBUUM5703E/7xuovwLJ2VhnCgI6eyQn3Cso0+6wX0mgCo+1oRQwfRfMR0S3YjSDRZ1CfZ85EXSOqnZZzX75rRUv8zrKKBDdIQqyEbnqI6uUQM1EUWP6Bm9ojfjyXgx3o2P2eiSke8coD8wPn8A/36cHg==</latexit>

V (r) / �e�mexr

r

Possible binding mechanisms of Tcc

molecular 

likely dominant

[e.g. Janc, Rosina 2003]

“molecular”

<latexit sha1_base64="7FOcSS0CyybVrB/EdHwai1bLQmQ=">AAAB83icbVBNSwMxEJ31s9avqkcvwSIIlbIroh6LXjxWsB/Q3ZZsmm1Ds5uQZIWy9G948aCIV/+MN/+NabsHbX0w8Hhvhpl5oeRMG9f9dlZW19Y3Ngtbxe2d3b390sFhU4tUEdogggvVDrGmnCW0YZjhtC0VxXHIaSsc3U391hNVmonk0YwlDWI8SFjECDZW8n01FN3KuS9Zt9Irld2qOwNaJl5OypCj3it9+X1B0pgmhnCsdcdzpQkyrAwjnE6KfqqpxGSEB7RjaYJjqoNsdvMEnVqljyKhbCUGzdTfExmOtR7Hoe2MsRnqRW8q/ud1UhPdBBlLZGpoQuaLopQjI9A0ANRnihLDx5Zgopi9FZEhVpgYG1PRhuAtvrxMmhdV76rqPVyWa7d5HAU4hhM4Aw+uoQb3UIcGEJDwDK/w5qTOi/PufMxbV5x85gj+wPn8ARVLkRA=</latexit>

⇢+,⇡+

subsequent lattice study: 
CLQCD,  Chen et al. 2206.06185   

comparison of I=0,1 : 
attraction in I=0 channel arises 

mainly from 𝜚 exchange

<latexit sha1_base64="XJiA/Ddqo1Q4iT/Tl8/zr3EON2w=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCe7AmIupFKHrxWMWmhTaEzXbTLt18sLtRSq3/xIsHRbz6S7z5b9y2OWj1wcDjvRlm5vkJZ1JZ1peRW1hcWl7JrxbW1jc2t8zitiPjVBDaIDGPRcvHknIW0YZiitNWIigOfU6b/uBy4jfvqJAsjm7VMKFuiHsRCxjBSkueWXTKonJ+4HgWegzK4vCm4pklq2pNgf4SOyMlyFD3zM9ONyZpSCNFOJaybVuJckdYKEY4HRc6qaQJJgPco21NIxxS6Y6mp4/Rvla6KIiFrkihqfpzYoRDKYehrztDrPpy3puI/3ntVAVn7ohFSapoRGaLgpQjFaNJDqjLBCWKDzXBRDB9KyJ9LDBROq2CDsGef/kvcY6q9knVvj4u1S6yOPKwC3tQBhtOoQZXUIcGELiHJ3iBV+PBeDbejPdZa87IZnbgF4yPbzpJkgs=</latexit>

V (r) = �V0 f(r/R)
<latexit sha1_base64="inO1f0mFXSqOZDF6l/5nY+LGwM0=">AAACEXicbZDJSgNBEIZ73I1b1KOXxiBEiJOZIOpFCHrxGINRIRs9nZqksWehu0YIQ17Bi6/ixYMiXr15823sLAeN/tDw8VcV1fV7sRQaHefLmpmdm19YXFrOrKyurW9kN7eudZQoDjUeyUjdekyDFCHUUKCE21gBCzwJN97d+bB+cw9Kiyi8wn4MzYB1Q+ELztBY7WzeP4VWeqCK1UFhBK1SsdoqDQoN7AGyfPVA7Rds26btbM6xnZHoX3AnkCMTVdrZz0Yn4kkAIXLJtK67TozNlCkUXMIg00g0xIzfsS7UDYYsAN1MRxcN6J5xOtSPlHkh0pH7cyJlgdb9wDOdAcOenq4Nzf9q9QT9k2YqwjhBCPl4kZ9IihEdxkM7QgFH2TfAuBLmr5T3mGIcTYgZE4I7ffJfuC7Z7pHtXh7mymeTOJbIDtkleeKSY1ImF6RCaoSTB/JEXsir9Wg9W2/W+7h1xprMbJNfsj6+ARBmmpw=</latexit>

f = e�r/R, e�r2/R2

, ✓(R� r), ...
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Simplest Example: scattering in square-well potential in QM

<latexit sha1_base64="OdcLJqntF/YGuQhYNEB/oRSF3V4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI7aUkIupFqHrxWMF+QBvKZrtpl242cXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd2i/beflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhm6rceqVQsEvd6HFMvxAPBAkawNlLPLqKkLCuXV13FRPlBVnp2yak6M6Bl4makBBnqPfur249IElKhCcdKdVwn1l6KpWaE00mhmygaYzLCA9oxVOCQKi+dHT5Bx0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAcXXspEnGgqyHxRkHCkIzRNAfWZpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5knVPau6d6el2nUWRx4O4QjK4MI51OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AOmAkfc=</latexit>

u(r) = A sin(qr)
<latexit sha1_base64="h1b8i4ln24UOA5v/VUPitXgzy8E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCi1ASEXUjlLpxWcE+oAllMr1ph04mYWYilNiFv+LGhSJu/Q13/o3Tx0JbD1w4nHMv994TJJwp7Tjf1tLyyuraem4jv7m1vbNr7+03VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC4GfvNB5CKxeJeDxPwI9ITLGSUaCN17EOcFmXpuuopJoqJPPW6wDUpdeyCU3YmwIvEnZECmqHWsb+8bkzTCISmnCjVdp1E+xmRmlEOo7yXKkgIHZAetA0VJALlZ5P7R/jEKF0cxtKU0Hii/p7ISKTUMApMZ0R0X817Y/E/r53q8MrPmEhSDYJOF4UpxzrG4zBwl0mgmg8NIVQycyumfSIJ1SayvAnBnX95kTTOyu5F2b07L1Sqszhy6AgdoyJy0SWqoFtUQ3VE0SN6Rq/ozXqyXqx362PaumTNZg7QH1ifP/qzlM4=</latexit>

u(r) = B sin(pr + �)

r
R

increasing mu/d , decreasing attraction V0     (or decreasing R)

<latexit sha1_base64="Wyhfv28Qed/x0X6ZHG3sGJADIW0=">AAACAHicbZC7TsMwFIadcivlFmBgYHGpkFioEoSABamChbFI9CI1oXJcp7XqOJbtIFVpFl6FhQGEWHkMNt4Gt80AhV+y9Ok/5+j4/IFgVGnH+bIKC4tLyyvF1dLa+sbmlr2901RxIjFp4JjFsh0gRRjlpKGpZqQtJEFRwEgrGF5P6q0HIhWN+Z0eCeJHqM9pSDHSxuraexCS+5QKmXnlS69s+HgsxjLr2hWn6kwF/4KbQwXkqnftT68X4yQiXGOGlOq4jtB+iqSmmJGs5CWKCISHqE86BjmKiPLT6QEZPDROD4axNI9rOHV/TqQoUmoUBaYzQnqg5msT879aJ9HhhZ9SLhJNOJ4tChMGdQwnacAelQRrNjKAsKTmrxAPkERYm8xKJgR3/uS/0DypumdV9/a0UrvK4yiCfXAAjoALzkEN3IA6aAAMMvAEXsCr9Wg9W2/W+6y1YOUzu+CXrI9vrPCV1g==</latexit>

eipr=e�|p|r

p=i|p| p=-i|p|
<latexit sha1_base64="rvlHt4RTzPomlqyyBlRLpGJ6AFc=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4ya1CK7KjIi6EYpuXFawF+iMJZNm2tBMJiQZoUxn4au4caGIW1/DnW9j2s5CW38IfPznHM7JHwhGlXacb6uwtLyyulZcL21sbm3v2Lt7TRUnEpMGjlks2wFShFFOGppqRtpCEhQFjLSC4c2k3nokUtGY3+uRIH6E+pyGFCNtrK59ACF5SKmQmVe+8sqGx2Iss65dcarOVHAR3BwqIFe9a395vRgnEeEaM6RUx3WE9lMkNcWMZCUvUUQgPER90jHIUUSUn07vz+CxcXowjKV5XMOp+3siRZFSoygwnRHSAzVfm5j/1TqJDi/9lHKRaMLxbFGYMKhjOAkD9qgkWLORAYQlNbdCPEASYW0iK5kQ3PkvL0LztOqeV927s0rtOo+jCA7BETgBLrgANXAL6qABMBiDZ/AK3qwn68V6tz5mrQUrn9kHf2R9/gA885Wf</latexit>

eipr=e|p|r

partial wave l=0

p cot𝛿

p2

i p, p=-i|p| 

i p, p=i|p| 

<latexit sha1_base64="qPD37+HKxxME2TNb9Fghf/2Av/s=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAxCLBLuRNQyaGMZwXxALoa9zSZZsne77M4J4Uhp41+xsVDE1p9g579xk1yhiQ8GHu/NMDMvUIIbcN1vJ7O0vLK6ll3PbWxube/kd/fqRsaashqVQupmQAwTPGI14CBYU2lGwkCwRjC8nviNB6YNl9EdjBRrh6Qf8R6nBKzUyR9iDL7SUoEsKp9K8LtMAClxdXKflLxxJ19wy+4UeJF4KSmgFNVO/svvShqHLAIqiDEtz1XQTogGTgUb5/zYMEXokPRZy9KIhMy0k+kjY3xslS7uSW0rAjxVf08kJDRmFAa2MyQwMPPeRPzPa8XQu2wnPFIxsIjOFvVigUHiSSq4yzWjIEaWEKq5vRXTAdGEgs0uZ0Pw5l9eJPXTsnde9m7PCpWrNI4sOkBHqIg8dIEq6AZVUQ1R9Iie0St6c56cF+fd+Zi1Zpx0Zh/9gfP5A6tXmR4=</latexit>

t / (p cot � � ip)�1
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Simplest Example: scattering in square-well potential in QM

<latexit sha1_base64="OdcLJqntF/YGuQhYNEB/oRSF3V4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI7aUkIupFqHrxWMF+QBvKZrtpl242cXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd2i/beflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhm6rceqVQsEvd6HFMvxAPBAkawNlLPLqKkLCuXV13FRPlBVnp2yak6M6Bl4makBBnqPfur249IElKhCcdKdVwn1l6KpWaE00mhmygaYzLCA9oxVOCQKi+dHT5Bx0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAcXXspEnGgqyHxRkHCkIzRNAfWZpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5knVPau6d6el2nUWRx4O4QjK4MI51OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AOmAkfc=</latexit>

u(r) = A sin(qr)
<latexit sha1_base64="h1b8i4ln24UOA5v/VUPitXgzy8E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCi1ASEXUjlLpxWcE+oAllMr1ph04mYWYilNiFv+LGhSJu/Q13/o3Tx0JbD1w4nHMv994TJJwp7Tjf1tLyyuraem4jv7m1vbNr7+03VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC4GfvNB5CKxeJeDxPwI9ITLGSUaCN17EOcFmXpuuopJoqJPPW6wDUpdeyCU3YmwIvEnZECmqHWsb+8bkzTCISmnCjVdp1E+xmRmlEOo7yXKkgIHZAetA0VJALlZ5P7R/jEKF0cxtKU0Hii/p7ISKTUMApMZ0R0X817Y/E/r53q8MrPmEhSDYJOF4UpxzrG4zBwl0mgmg8NIVQycyumfSIJ1SayvAnBnX95kTTOyu5F2b07L1Sqszhy6AgdoyJy0SWqoFtUQ3VE0SN6Rq/ozXqyXqx362PaumTNZg7QH1ifP/qzlM4=</latexit>

u(r) = B sin(pr + �)

r
R

increasing mu/d , decreasing attraction V0     (or decreasing R)

<latexit sha1_base64="Wyhfv28Qed/x0X6ZHG3sGJADIW0=">AAACAHicbZC7TsMwFIadcivlFmBgYHGpkFioEoSABamChbFI9CI1oXJcp7XqOJbtIFVpFl6FhQGEWHkMNt4Gt80AhV+y9Ok/5+j4/IFgVGnH+bIKC4tLyyvF1dLa+sbmlr2901RxIjFp4JjFsh0gRRjlpKGpZqQtJEFRwEgrGF5P6q0HIhWN+Z0eCeJHqM9pSDHSxuraexCS+5QKmXnlS69s+HgsxjLr2hWn6kwF/4KbQwXkqnftT68X4yQiXGOGlOq4jtB+iqSmmJGs5CWKCISHqE86BjmKiPLT6QEZPDROD4axNI9rOHV/TqQoUmoUBaYzQnqg5msT879aJ9HhhZ9SLhJNOJ4tChMGdQwnacAelQRrNjKAsKTmrxAPkERYm8xKJgR3/uS/0DypumdV9/a0UrvK4yiCfXAAjoALzkEN3IA6aAAMMvAEXsCr9Wg9W2/W+6y1YOUzu+CXrI9vrPCV1g==</latexit>

eipr=e�|p|r

p=i|p| p=-i|p|
<latexit sha1_base64="rvlHt4RTzPomlqyyBlRLpGJ6AFc=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4ya1CK7KjIi6EYpuXFawF+iMJZNm2tBMJiQZoUxn4au4caGIW1/DnW9j2s5CW38IfPznHM7JHwhGlXacb6uwtLyyulZcL21sbm3v2Lt7TRUnEpMGjlks2wFShFFOGppqRtpCEhQFjLSC4c2k3nokUtGY3+uRIH6E+pyGFCNtrK59ACF5SKmQmVe+8sqGx2Iss65dcarOVHAR3BwqIFe9a395vRgnEeEaM6RUx3WE9lMkNcWMZCUvUUQgPER90jHIUUSUn07vz+CxcXowjKV5XMOp+3siRZFSoygwnRHSAzVfm5j/1TqJDi/9lHKRaMLxbFGYMKhjOAkD9qgkWLORAYQlNbdCPEASYW0iK5kQ3PkvL0LztOqeV927s0rtOo+jCA7BETgBLrgANXAL6qABMBiDZ/AK3qwn68V6tz5mrQUrn9kHf2R9/gA885Wf</latexit>

eipr=e|p|r

partial wave l=0

p cot𝛿

p2

i p, p=-i|p| 

i p, p=i|p| 

<latexit sha1_base64="qPD37+HKxxME2TNb9Fghf/2Av/s=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAxCLBLuRNQyaGMZwXxALoa9zSZZsne77M4J4Uhp41+xsVDE1p9g579xk1yhiQ8GHu/NMDMvUIIbcN1vJ7O0vLK6ll3PbWxube/kd/fqRsaashqVQupmQAwTPGI14CBYU2lGwkCwRjC8nviNB6YNl9EdjBRrh6Qf8R6nBKzUyR9iDL7SUoEsKp9K8LtMAClxdXKflLxxJ19wy+4UeJF4KSmgFNVO/svvShqHLAIqiDEtz1XQTogGTgUb5/zYMEXokPRZy9KIhMy0k+kjY3xslS7uSW0rAjxVf08kJDRmFAa2MyQwMPPeRPzPa8XQu2wnPFIxsIjOFvVigUHiSSq4yzWjIEaWEKq5vRXTAdGEgs0uZ0Pw5l9eJPXTsnde9m7PCpWrNI4sOkBHqIg8dIEq6AZVUQ1R9Iie0St6c56cF+fd+Zi1Zpx0Zh/9gfP5A6tXmR4=</latexit>

t / (p cot � � ip)�1

p 
|T

|2
[a

rb
itr

ar
y 

sc
.]

W

T
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All fully attractive potentials lead to analogous conclusions 

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

video: courtesy M. Padmanath
supplemental material of

Phys.Rev.Lett. 129 (2022) 3, 032002
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Conclusions on Tcc

Pole of T(E) at mc
(h)

omitting 

Simple arguments within molecular picture:

Hypothesis to be verified by future simulations 

(LHCb) would-be bound st. → virtual bound st.  

<latexit sha1_base64="pyXMOF5QmDfMDHG3ZNt06Valuak="></latexit>

mc decreases

|�mTcc | increases for virtual bound st. 

Both in agreement with the lattice result

<latexit sha1_base64="F8b9Hfb4ljp/9c9MxcUJC83xHKE=">AAACKXicbVBLSwMxGMz6rOtr1aOXYFE81V0RFU9FLx4r2Ad0a8mmaRuaZJckK5Rl/Tle/CteFBT16h8x266irQOBYeb7kswEEaNKu+67NTM7N7+wWFiyl1dW19adjc2aCmOJSRWHLJSNACnCqCBVTTUjjUgSxANG6sHgIvPrt0QqGoprPYxIi6OeoF2KkTZS2ynDPd5O4oNOeudzpPuSJ1Rgc4MiKj2Dvm9/+zdJ1B+mvg7hj8CQTttO0S25I8Bp4uWkCHJU2s6z3wlxzInQmCGlmp4b6VaCpKaYkdT2Y0UihAeoR5qGCsSJaiWjpCncNUoHdkNpjtBwpP7eSBBXasgDM5mlUZNeJv7nNWPdPW2Z6FGsicDjh7oxgyZuVhvsUEmwZkNDEJbU/BXiPpIIa1OubUrwJiNPk9phyTsueVdHxfJ5XkcBbIMdsA88cALK4BJUQBVgcA8ewQt4tR6sJ+vN+hiPzlj5zhb4A+vzCyKsp9I=</latexit>

mu/d increases :

mphy
u/d ! mlat

u/d

sketch of expected binding energy

<latexit sha1_base64="D6ah4JpT0uT9I1/+gGAwxLGO9kQ=">AAACCnicbVC7TsMwFL0prxJeAUYWQwVCDFWCEDBW0IGxSH1JTYgc122tOg/ZDlIVdWbhV1gYQIiVL2Djb3DbDFA4kqVzz7lX1/cECWdS2faXUVhYXFpeKa6aa+sbm1vW9k5TxqkgtEFiHot2gCXlLKINxRSn7URQHAactoLh9cRv3VMhWRzV1SihXoj7EesxgpWWfGsfobqfETI+clWMqlU3Ya5rVu9OZrUufatkl+0p0F/i5KQEOWq+9el2Y5KGNFKEYyk7jp0oL8NCMcLp2HRTSRNMhrhPO5pGOKTSy6anjNGhVrqoFwv9IoWm6s+JDIdSjsJAd4ZYDeS8NxH/8zqp6l16GYuSVNGIzBb1Uo70lZNcUJcJShQfaYKJYPqviAywwETp9EwdgjN/8l/SPC0752Xn9qxUucrjKMIeHMAxOHABFbiBGjSAwAM8wQu8Go/Gs/FmvM9aC0Y+swu/YHx8A9y1mHo=</latexit>

Tcc ! DD⇡

D⇤ ! D⇡closer-to physical mc

(see backup slides)

The longest lived exotic hadron discovered to date 
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I=0 S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02541 JHEP, 1905.03506 PRD, 2111.02934

This is the first coupled-channel extraction of T(E)  in the charmonium system with I=0. 

The only earlier scattering lattice study: Lang, Leskovec, Mohler, SP, JHEP(2015) 
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PDG 2022

our lattice study: postdicted predicted, 

exp discovered 

X (3960)/

predicted

Charmonium system: experimental status (PDG) and summary of our lattice results 
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Operators

O cc=  cΓc( ) !P  

O DD =  cΓ1q( ) !p1
qΓ2c( ) !p2

= D( !p1)D( !p2 ) 
!
P = !p1 +

!p2

P

p1

p2P:  0 
(0,0,1) 2π/NL

(1,1,0) 2π/NL

NL=24,32

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

Cij (t) = 0Oi (t)Oj
+(0) 0 =

n
∑ Zi

n Z j
n* e−En t

Coupled-channel scattering
<latexit sha1_base64="0NBPMAtpg/gF0Gfy77RHZiAVheQ=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIbiyJiLos2oXLCvYCbQiT6aQdOpmEmYkQQn0VNy4UceuDuPNtnLZZaOsPAx//OYdz5g8SzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca303rnkUrFYvGgs4R6ER4KFjKCtbF8u9LoB1iixlnDV3PylW9XnZozE1oGt4AqFGr69ld/EJM0okITjpXquU6ivRxLzQink3I/VTTBZIyHtGdQ4IgqL58dP0EnxhmgMJbmCY1m7u+JHEdKZVFgOiOsR2qxNjX/q/VSHV57ORNJqqkg80VhypGO0TQJNGCSEs0zA5hIZm5FZIQlJtrkVTYhuItfXob2ec29rLn3F9X6TRFHCY7gGE7BhSuowx00oQUEMniGV3iznqwX6936mLeuWMVMBf7I+vwB+QWTsg==</latexit>

DD̄ �DsD̄s
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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-+
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Poles of the scattering amplitude <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
<latexit sha1_base64="4KIiOYySCud60v91Q2yek+LLjq4=">AAAB7nicbVBNSwMxEJ31s9avqkcvqUXwVHalqBeh6EVvFewHdJeSTbNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoOR7dTv/1ElWZSPJpxQoMYDwSLGMHGSu17v3ztl91eqeJW3RnQMvFyUoEcjV7py+9LksZUGMKx1l3PTUyQYWUY4XRS9FNNE0xGeEC7lgocUx1ks3Mn6NQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XTU10FWRMJKmhgswXRSlHRqLp76jPFCWGjy3BRDF7KyJDrDAxNqGiDcFbfHmZtM6r3kW19lCr1G/yOApwDCdwBh5cQh3uoAFNIDCCZ3iFNydxXpx352PeuuLkM0fwB87nD6VAjnk=</latexit>

I=0
<latexit sha1_base64="0Vs10aCMVut4MstCGAFB7tT9YB4=">AAAB/3icbZDLSsNAFIZP6q3WW1Rw42awCG4siYi6LNqFywr2Am0Ik+mkHTqZhJmJUGIXvoobF4q49TXc+TZO2yy09YeBj/+cwznzBwlnSjvOt1VYWl5ZXSuulzY2t7Z37N29popTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC4c2k3nqgUrFY3OtRQr0I9wULGcHaWL59gGrdAEtUQ6eo5qsZ+8q3y07FmQotgptDGXLVffur24tJGlGhCcdKdVwn0V6GpWaE03GpmyqaYDLEfdoxKHBElZdN7x+jY+P0UBhL84RGU/f3RIYjpUZRYDojrAdqvjYx/6t1Uh1eeRkTSaqpILNFYcqRjtEkDNRjkhLNRwYwkczcisgAS0y0iaxkQnDnv7wIzbOKe1Fx787L1es8jiIcwhGcgAuXUIVbqEMDCDzCM7zCm/VkvVjv1sestWDlM/vwR9bnDwRdlDA=</latexit>

DD̄ �DsD̄s

Sasa Prelovsek             Tcc and charmonium-like states from lattice 25



JPC=2++ :  conventional resonance 

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

D-wave (L=2, JPC=2++ )
<latexit sha1_base64="XHJhL4HMDFo851qMcbsNNTA+fpo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSItVl0S5cVrAXaEKZTCft0MkkzEzEEvoqblwo4tYXcefbOG2z0NYfBj7+cw5zzh8knCntON9WYWNza3unuFva2z84PLKPyx0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpPbeb37SKVisXjQ04T6ER4JFjKCtbEGdrnpBViipqdjlOPArjhVZyG0Dm4OFcjVGthf3jAmaUSFJhwr1XedRPsZlpoRTmclL1U0wWSCR7RvUOCIKj9b7D5D58YZojCW5gmNFu7viQxHSk2jwHRGWI/Vam1u/lfrpzq89jMmklRTQZYfhSlH5tB5EGjIJCWaTw1gIpnZFZExlphoE1fJhOCunrwOnVrVrVdr95eVxk0eRxFO4QwuwIUraMAdtKANBJ7gGV7hzZpZL9a79bFsLVj5zAn8kfX5AyL+kzc=</latexit>

DD̄ ! DD̄

• 2++ resonance

<latexit sha1_base64="17xGv6fILmNSZUsx/jPHWlQ5NDU="></latexit>

lat : m = 3973+14
�22 MeV g = 4.5+0.7

�1.5 GeV �1

�c2(3930) : m = 3923± 1 MeV g = 2.65± 0.12 GeV �1

PDG
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JPC=0++ : some expected and unexpected states found 
<latexit sha1_base64="5VpY4P+Q3NniKWVYcp4BrJJTcgk=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksghtLUkRdFu3CZQV7gTaEyXTSDp1MwsxEKKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDN/kHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsY3U7r7UcqFYvFgx4n1IvwQLCQEayN5dtH9V6AJaqjc1T31Zx95dtlp+LMhJbBzaEMuRq+/dXrxySNqNCEY6W6rpNoL8NSM8LppNRLFU0wGeEB7RoUOKLKy2bnT9CpcfoojKV5QqOZ+3siw5FS4ygwnRHWQ7VYm5r/1bqpDq+9jIkk1VSQ+aIw5UjHaJoF6jNJieZjA5hIZm5FZIglJtokVjIhuItfXoZWteJeVqr3F+XaTR5HEY7hBM7AhSuowR00oAkEMniGV3iznqwX6936mLcWrHzmEP7I+vwBrFWUBw==</latexit>

DD̄ �DsD̄s

S-wave (L=0, JPC=0++ )
<latexit sha1_base64="XHJhL4HMDFo851qMcbsNNTA+fpo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSItVl0S5cVrAXaEKZTCft0MkkzEzEEvoqblwo4tYXcefbOG2z0NYfBj7+cw5zzh8knCntON9WYWNza3unuFva2z84PLKPyx0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpPbeb37SKVisXjQ04T6ER4JFjKCtbEGdrnpBViipqdjlOPArjhVZyG0Dm4OFcjVGthf3jAmaUSFJhwr1XedRPsZlpoRTmclL1U0wWSCR7RvUOCIKj9b7D5D58YZojCW5gmNFu7viQxHSk2jwHRGWI/Vam1u/lfrpzq89jMmklRTQZYfhSlH5tB5EGjIJCWaTw1gIpnZFZExlphoE1fJhOCunrwOnVrVrVdr95eVxk0eRxFO4QwuwIUraMAdtKANBJ7gGV7hzZpZL9a79bFsLVj5zAn8kfX5AyL+kzc=</latexit>

DD̄ ! DD̄
<latexit sha1_base64="XHJhL4HMDFo851qMcbsNNTA+fpo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSItVl0S5cVrAXaEKZTCft0MkkzEzEEvoqblwo4tYXcefbOG2z0NYfBj7+cw5zzh8knCntON9WYWNza3unuFva2z84PLKPyx0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpPbeb37SKVisXjQ04T6ER4JFjKCtbEGdrnpBViipqdjlOPArjhVZyG0Dm4OFcjVGthf3jAmaUSFJhwr1XedRPsZlpoRTmclL1U0wWSCR7RvUOCIKj9b7D5D58YZojCW5gmNFu7viQxHSk2jwHRGWI/Vam1u/lfrpzq89jMmklRTQZYfhSlH5tB5EGjIJCWaTw1gIpnZFZExlphoE1fJhOCunrwOnVrVrVdr95eVxk0eRxFO4QwuwIUraMAdtKANBJ7gGV7hzZpZL9a79bFsLVj5zAn8kfX5AyL+kzc=</latexit>

DD̄ ! DD̄ <latexit sha1_base64="mU5FD/2QVDomTAES1XfMc4OKJns=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEV2WmiLos6sJlBfuAdhgyaaYNzWSGJCOUoeDGX3HjQhG3/oQ7/8ZM20VtvRBycs693JwTJJwp7Tg/VmFldW19o7hZ2tre2d2z9w+aKk4loQ0S81i2A6woZ4I2NNOcthNJcRRw2gqGN7neeqRSsVg86FFCvQj3BQsZwdpQvn1066tugCXKbx2juadvl52KMym0DNwZKMOs6r793e3FJI2o0IRjpTquk2gvw1Izwum41E0VTTAZ4j7tGChwRJWXTTyM0alheiiMpTlCowk7P5HhSKlRFJjOCOuBWtRy8j+tk+rwysuYSFJNBZkuClOOjNk8ENRjkhLNRwZgIpn5KyIDLDHRJraSCcFdtLwMmtWKe1Gp3p+Xa9ezOIpwDCdwBi5cQg3uoA4NIPAEL/AG79az9Wp9WJ/T1oI1mzmEP2V9/QKFZJbP</latexit>

DsD̄s ! DsD̄s

<latexit sha1_base64="7oX0P3LofpQsT6L01ZVRGLA0ZDw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCpJEXVZtAuXFewDmhAm00k7dDIJMxOh1C78FTcuFHHrb7jzb5y2WWjrgYEz59zLvfeEKWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWSjJJaJMkPJGdECvKmaBNzTSnnVRSHIectsPhzdRvP1CpWCLu9Silfoz7gkWMYG2kwD6qeyGWqO7pBNUDNf8EKrDLTsWZAS0TNydlyNEI7C+vl5AspkITjpXquk6q/TGWmhFOJyUvUzTFZIj7tGuowDFV/ni2/wSdGqWHokSaJzSaqb87xjhWahSHpjLGeqAWvan4n9fNdHTlj5lIM00FmQ+KMo7MsdMwUI9JSjQfGYKJZGZXRAZYYqJNZCUTgrt48jJpVSvuRaV6d16uXedxFOEYTuAMXLiEGtxCA5pA4BGe4RXerCfrxXq3PualBSvvOYQ/sD5/AE8DlQM=</latexit>

DD̄ ! DsD̄s

• broad resonance coupling mostly to DD

• state near DsDs threshold coupling mostly to DsDs

• state near DD threshold 

<latexit sha1_base64="/a/KpgJJwfYLNMQQ/f4q/emES7s="></latexit>

lat : m = 3949+28
�20 MeV g = 1.35+0.04

�0.08 GeV

X(3860) : m = 3862+48
�35 MeV g = 2.5+1.2

�0.9 GeV

near pole

Belle 2017

LHCb

lat

DD th.
DsDs th. DsDs th. DsDs th.

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

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01
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Charmonium(like) resonances and bound states <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, Hildago Duque et al 
1305.4487, Baru et al 1605.09649 PLB] 

seen in dispersive re-analysis of exp. 
[Danilkin et al 2111.15033]

large coupling to DsDs and small to DD
likely related to  X(3915) / 𝜒𝑐0(3930) / X(3960) 
[BaBar,  LHCb 2009.00026, LHCb 2022] explaining  
why it has narrow width to DD. Supported by some 
pheno studies:           Lebed, Polosa  1602.08421, 
Oset et al . 2207.08490, Guo et al, 2101.01021, .... 

+ 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)/

lat:

near the pole

<latexit sha1_base64="wJD2gpPYEORbrijGtSjf8kq++Q0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJIEUZdFBV1WsA9o0jKZTtqhM0mcmRRKiL/gxl9x40IRt67c+TdOHwttPXDhcM693HuPHzMqlWV9G7mFxaXllfxqYW19Y3PL3N6pySgRmFRxxCLR8JEkjIakqqhipBELgrjPSN3vX478+oAISaPwTg1j4nHUDWlAMVJaaptH0L1GnCOX3Cd0ALstBz64gUA4jdtXrdRhx3aWpbzlZG2zaJWsMeA8saekCKaotM0vtxPhhJNQYYakbNpWrLwUCUUxI1nBTSSJEe6jLmlqGiJOpJeOX8rggVY6MIiErlDBsfp7IkVcyiH3dSdHqidnvZH4n9dMVHDupTSME0VCPFkUJAyqCI7ygR0qCFZsqAnCgupbIe4hHYjSKRZ0CPbsy/Ok5pTs05J9e1IsX0zjyIM9sA8OgQ3OQBncgAqoAgwewTN4BW/Gk/FivBsfk9acMZ3ZBX9gfP4AK9mdLQ==</latexit>

� ⌘ g2
p2l+1
D

m2

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

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01

<latexit sha1_base64="s76wC9h3sJFu4jASpordlkG5uGI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9o15KdZtvQbHZJskpZ+j+8eFDEq//Fm//GtN2Dtj4Y5vHeDJm8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUIWtgLGLVDqhmgkvWMNwI1k4Uo1EgWCsY3Uz91iNTmsfy3owT5kd0IHnIkRorPXQDqgjqWdPYK1fcqjsDWSZeTiqQo94rf3X7MaYRkwYF1brjuYnxM6oMR8EmpW6qWUJxRAesY6mkEdN+Nrt6Qk6s0idhrGxJQ2bq742MRlqPo8BORtQM9aI3Ff/zOqkJr/yMyyQ1TOL8oTAVxMRkGgHpc8XQiLElFBW3txIcUkXR2KBKNgRv8cvLpHlW9S6q3t15pXadx1GEIziGU/DgEmpwC3VoAIKCZ3iFN+fJeXHenY/5aMHJdw7hD5zPH90fkho=</latexit>

c̄ss̄c

<latexit sha1_base64="UAUTEPmSwFy2Bd/Gj9fRJkQmnig=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWTSTBuaZKZJRilD/8ONC0Xc+i/u/BvT6Sy09cDlHs65l9ycIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupn5rUeqNIvkvZnE1Bd4IFnICDZWeugGWCEyztqY9MoVt+pmQMvEy0kFctR75a9uPyKJoNIQjrXueG5s/BQrwwin01I30TTGZIQHtGOpxIJqP82unqITq/RRGClb0qBM/b2RYqH1RAR2UmAz1IveTPzP6yQmvPJTJuPEUEnmD4UJRyZCswhQnylKDJ9Ygoli9lZEhlhhYmxQJRuCt/jlZdI8q3oXVe/uvFK7zuMowhEcwyl4cAk1uIU6NICAgmd4hTfnyXlx3p2P+WjByXcO4Q+czx/W/5IW</latexit>

c̄qq̄cq=u,d
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likely related to X(3915) / 𝜒𝑐0(3930) / X(3960) 
all three likely the same state  
currently named 𝜒𝑐0(3914) in PDG

JPC=0++

indico.cern.ch/event/1176505/   july 2022
LHCb-PAPER-2022-018 019 (in preparation)

<latexit sha1_base64="ua1PYT3rj+r9VeclNWZ0su+k/4U=">AAACA3icbVDLSsNAFL3xWesr6k43g0Wom5KoVN0VdeGygn1AE8JkOm2HTh7MTIQSCm78FTcuFHHrT7jzb5y0WWjrgYHDOfdy5xw/5kwqy/o2FhaXlldWC2vF9Y3NrW1zZ7cpo0QQ2iARj0Tbx5JyFtKGYorTdiwoDnxOW/7wOvNbD1RIFoX3ahRTN8D9kPUYwUpLnrmPULt8elm1jpGjInTjSeT4WGTEM0tWxZoAzRM7JyXIUffML6cbkSSgoSIcS9mxrVi5KRaKEU7HRSeRNMZkiPu0o2mIAyrddJJhjI600kW9SOgXKjRRf2+kOJByFPh6MsBqIGe9TPzP6ySqd+GmLIwTRUMyPdRLONJps0JQlwlKFB9pgolg+q+IDLDAROnairoEezbyPGmeVOxqxb47K9Wu8joKcACHUAYbzqEGt1CHBhB4hGd4hTfjyXgx3o2P6eiCke/swR8Ynz+GupTs</latexit>

X(3960) ! DsD̄s

<latexit sha1_base64="jBhKDZIiGzUyFn8GSj0LI5zuJ9Y=">AAACB3icbVC7SgNBFL0bXzG+Vi0FGQxCbMKuER9d0BSWEcwDsssyO5kkQ2YfzMwKYUln46/YWChi6y/Y+TdOki008cDA4Zx7uXOOH3MmlWV9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPR9rGknIW0oZjitB0LigOf05Y/vJn4rQcqJIvCezWKqRvgfsh6jGClJc88RMghA+alxBqXKlcV6wQ5KkI15PhYoJpnFq2yNQVaJHZGipCh7plfTjciSUBDRTiWsmNbsXJTLBQjnI4LTiJpjMkQ92lH0xAHVLrpNMcYHWuli3qR0C9UaKr+3khxIOUo8PVkgNVAznsT8T+vk6jepZuyME4UDcnsUC/hSCedlIK6TFCi+EgTTATTf0VkgAUmSldX0CXY85EXSfO0bJ+X7buzYvU6qyMPB3AEJbDhAqpwC3VoAIFHeIZXeDOejBfj3fiYjeaMbGcf/sD4/AGLP5aP</latexit>

�c0(3930) ! DD̄

<latexit sha1_base64="6/8aXww+5OFq0Ddve0EQFFalK/8=">AAACBHicbVDLSgMxFM34rPU16rKbYBHqps74dld0I64q2Ad0hpJJM21oMhmSjFCGCm78FTcuFHHrR7jzb0zbWWjrgcDhnHu5OSeIGVXacb6tufmFxaXl3Ep+dW19Y9Pe2q4rkUhMalgwIZsBUoTRiNQ01Yw0Y0kQDxhpBP2rkd+4J1JREd3pQUx8jroRDSlG2khtuwBhs3R04Z7sQ08LeHPgxYo+eIKTLmrbRafsjAFniZuRIshQbdtfXkfghJNIY4aUarlOrP0USU0xI8O8lygSI9xHXdIyNEKcKD8dhxjCPaN0YCikeZGGY/X3Roq4UgMemEmOdE9NeyPxP6+V6PDcT2kUJ5pEeHIoTBg0cUeNwA6VBGs2MARhSc1fIe4hibA2veVNCe505FlSPyy7p2X39rhYuczqyIEC2AUl4IIzUAHXoApqAINH8AxewZv1ZL1Y79bHZHTOynZ2wB9Ynz9E3ZX9</latexit>

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:

talk by 
Chen Chen 
today

<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>

c̄ss̄c
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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>⇡
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th

<latexit sha1_base64="4aHTT4BcpSgVvWuq+lG2ruQ1RIE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoioi6LbkQQKtgHJKFMppN26EwSZiZCCe3Cjb/ixoUibv0Hd/6NkzYLbT1w4XDOvdx7jx8zKpVlfRuFhcWl5ZXiamltfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1xlfuuBCEmj8F4NY+Jx1AtpQDFSWuqY+7xyc+zGko7jIziGLkeqL3jq3JKmN+qYZatqTQDniZ2TMshR75hfbjfCCSehwgxJ6dhWrLwUCUUxI6OSm0gSIzxAPeJoGiJOpJdOvhjBQ610YRAJXaGCE/X3RIq4lEPu687sSjnrZeJ/npOo4MJLaRgnioR4uihIGFQRzCKBXSoIVmyoCcKC6lsh7iOBsNLBlXQI9uzL86R5UrXPqvbdabl2mcdRBHvgAFSADc5BDVyDOmgADB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwB6v5fx</latexit>

m(J/ p) [MeV]

LHCb 

2019

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

Σ# = udc Σ#

<latexit sha1_base64="RTu/I9eGgTZx3tzIEJr2Rdvbwac=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJczOziZDZmeWeQhhyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtLa0itEUkl6obYU05E7RlmOG0mymK04jTTjS+m/mdJ6o0k+LRTDIapngoWMIINk7qIdKPsELE2nhQrfl1fw60SoKC1KBAc1D96seS2JQKQzjWuhf4mQlzrAwjnE4rfatphskYD2nPUYFTqsN8fvIUnTklRolUroRBc/X3RI5TrSdp5DpTbEZ62ZuJ/3k9a5KbMGcis4YKsliUWI6MRLP/UcwUJYZPHMFEMXcrIiOsMDEupYoLIVh+eZW0L+rBVT14uKw1bos4ynACp3AOAVxDA+6hCS0gIOEZXuHNM96L9+59LFpLXjFzDH/gff4AnOGQ0w==</latexit>

cc̄uud
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“molecules” attracted by V exchange  
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now support also from lattice 

currently to challenging for  lattice

LHCb discoveries: 
talk by Mikhasenko 
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Doubly charm tetraquark ( Tcc )

- Tcc found as a virtual bound state ≈10 MeV below DD* threshold

- likely related to Tcc discovered by LHCb

Charmonium(like) states

- masses and decay widths of conventional charmonia confirmed :  ground states (bound states)

first excitations  (resonances)

- two additional exotic charmonium-like states with JPC=0++ found just below thresholds                                 

Summary

I=0
JP=1+

I=0
JPC=0++,1--,2++,3--

q=u,d,s

likely related to   X(3915) / 𝜒𝑐0(3930) / X(3960) 
LHCb2020      LHCb2022

seen in dispersive re-analysis of exp. 

[Danilkin et al 2111.15033]
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DD̄ �DsD̄s scattering
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Sasa Prelovsek             Tcc and charmonium-like states from lattice 

Details on Tcc
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V (r) = �V0 f(r/R)

DD𝜋
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s-wave scattering on spherical potential well 

q = 2µ(V0 +E) = 2µV0 + p
2

A sinqr B sin(pr +δ0 ) 

δ0 (p) = arctan
p
q
tan(qR)

⎛

⎝
⎜

⎞

⎠
⎟− pR+ nπ

Sasa Prelovsek             Tcc and charmonium-like states from lattice 

𝑢 𝑅 = 𝐴 sin 𝑞𝑅 = 𝐵 sin(𝑝𝑅 + 𝛿)
𝑢′ 𝑅 = 𝑞 𝐴 cos 𝑞𝑅 = 𝑝 𝐵 cos(𝑝𝑅 + 𝛿)

1
𝑞
tan 𝑞𝑅 =

1
𝑝
tan(𝑝𝑅 + 𝛿)dividing both eqs
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Molecular component: dependence on mc

V(r) independent on mc ,  
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⇢+,⇡+

decreasing mc and mr

p cot𝛿

p2

V(r)
1                                                               1                                                            1                                                                 1

Square well potential (analogous conclusion for other shapes)

lattice results
Sasa Prelovsek             Tcc and charmonium-like states from lattice 36



Sasa Prelovsek             Tcc and charmonium-like states from lattice 

CLQCD,  Chen et al. 2206.06185

comparison of I=0,1 : 
attraction in I=0 channel arises 

mainly from 𝜚 exchange

Subsequent lattice QCD study of Tcc channel
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