
Tetraquarks with two heavy quarks from lattice QCD

Sasa Prelovsek

University of Ljubljana & 

Jozef Stefan Institute,  Slovenia 

Exotic Hadron Spectroscopy
Durham University
April 2023 

0



Tetraquarks with two heavy quarks 

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

Aim:

• Which states exist?  flavor, JP

• Mass ? Strongly stable ?

• Binding mechanism ?

“molecular”

exchange of 

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

⇡, ⇢,⇡⇡ ?

p

n

deuterium

<latexit sha1_base64="74kDzOJzQvFzZLNNhdeN2LgLfpc=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg4RERD0WvXisYD+gDWWz3bRrN7thdyOU0P/gxYMiXv0/3vw3btMctPXBwOO9GWbmhQln2njet1NaWV1b3yhvVra2d3b3qvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfDvz209UaSbFg5kkNIjxULCIEWys1Ool7Mx1+9Wa53o50DLxC1KDAo1+9as3kCSNqTCEY627vpeYIMPKMMLptNJLNU0wGeMh7VoqcEx1kOXXTtGJVQYoksqWMChXf09kONZ6Eoe2M8ZmpBe9mfif101NdB1kTCSpoYLMF0UpR0ai2etowBQlhk8swUQxeysiI6wwMTagig3BX3x5mbTOXf/S9e8vavWbIo4yHMExnIIPV1CHO2hAEwg8wjO8wpsjnRfn3fmYt5acYuYQ/sD5/AGSx455</latexit>⇡, ..

Eb= − 2.2 MeV
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Outline:
<latexit sha1_base64="FHVbRhxRhL3AbC9P2K2HpnPZ1GI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCwFjBwthK9CE1oXKcm9aq88B2kKooP8DCr7AwgBArOxt/g5t2gJYj2To6597r6+MlnEllWd9GaWl5ZXWtvF7Z2Nza3jF399oyTgWFFo15LLoekcBZBC3FFIduIoCEHoeON7qe+J0HEJLF0a0aJ+CGZBCxgFGitNQ3jzKnGJIJ8HPcbGLHIwLfT+87JxEshLxvVq2aVQAvEntGqmiGRt/8cvyYpiFEinIiZc+2EuVmRChGOeQVJ5WQEDoiA+hpGpEQpJsVi+T4WCs+DmKhT6Rwof7uyEgo5Tj0dGVI1FDOexPxP6+XquDSzViUpAoiOn0oSDlWMZ5Eg30mgCo+1oRQwfSumA6JIFTpACs6BHv+y4ukfVqzz2t286xav5rFUUYH6BCdIBtdoDq6QQ3UQhQ9omf0it6MJ+PFeDc+pqUlY9azj/7A+PwBWPGbvA==</latexit>

QQq̄q̄0
<latexit sha1_base64="VsCGLMEJFfoj3kKtkzf6ToUPaps=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmKkEIGCtYGFuJPqQmVI5z01p1HrUdpCrKD7DwKywMIMTKzsbf4KYdoOVIlo/Ouff6+ngJZ1JZ1rextLyyurZe2ihvbm3v7Jp7+y0Zp4JCk8Y8Fh2PSOAsgqZiikMnEUBCj0PbG95M/PYDCMni6E6NE3BD0o9YwChRWuqZx5lTDMkE+Dl2PCJwAzeKezS6dxLBQsh7ZsWqWgXwIrFnpIJmqPfML8ePaRpCpCgnUnZtK1FuRoRilENedlIJCaFD0oeuphEJQbpZsUiOT7Ti4yAW+kQKF+rvjoyEUo5DT1eGRA3kvDcR//O6qQqu3IxFSaogotOHgpRjFeNJNNhnAqjiY00IFUzviumACEKVDrCsQ7Dnv7xIWmdV+6JqN84rtetZHCV0iI7QKbLRJaqhW1RHTUTRI3pGr+jNeDJejHfjY1q6ZMx6DtAfGJ8/WYWbvA==</latexit>

Q̄Qq̄q0



Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

<latexit sha1_base64="FHVbRhxRhL3AbC9P2K2HpnPZ1GI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCwFjBwthK9CE1oXKcm9aq88B2kKooP8DCr7AwgBArOxt/g5t2gJYj2To6597r6+MlnEllWd9GaWl5ZXWtvF7Z2Nza3jF399oyTgWFFo15LLoekcBZBC3FFIduIoCEHoeON7qe+J0HEJLF0a0aJ+CGZBCxgFGitNQ3jzKnGJIJ8HPcbGLHIwLfT+87JxEshLxvVq2aVQAvEntGqmiGRt/8cvyYpiFEinIiZc+2EuVmRChGOeQVJ5WQEDoiA+hpGpEQpJsVi+T4WCs+DmKhT6Rwof7uyEgo5Tj0dGVI1FDOexPxP6+XquDSzViUpAoiOn0oSDlWMZ5Eg30mgCo+1oRQwfSumA6JIFTpACs6BHv+y4ukfVqzz2t286xav5rFUUYH6BCdIBtdoDq6QQ3UQhQ9omf0it6MJ+PFeDc+pqUlY9azj/7A+PwBWPGbvA==</latexit>

QQq̄q̄0 Q=c,b   
q=u,d,s

Doubly heavy tetraquarks 
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Doubly bottom tetraquarks

Sasa Prelovsek                            Tetraquarks with two heavy quarks 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
references from left to right (lattice QCD)

Hudspith, Mohler, 2303.17295
HALQCD, 2212.00202 
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 t
h 

[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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Doubly bottom tetraquarks

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

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

bbd̄ū

Frances, Colquhoun, Lewis, Maltman (2021) 
PoS LATTICE2021 (2022) 144

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
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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’ decreases

mu,d increases

(m
bph

y
)

(m
u,

dph
y

)
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Other                     and  JP

Sasa Prelovsek Tetraquarks with two heavy quarks from lattice

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

QQ0q̄q̄0

<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

Experimental discovery of  Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056, Nature Physics

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>

m(D0D0⇡+) GeV

The longest lived exotic hadron ever discovered  I=0, JP=1+  (most likely)

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

bcq̄q̄0, ccq̄q̄0

Omitting 

Tcc would-be a bound state

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

D⇤ ! D⇡, Tcc ! DD⇡

Theoretically expected near or above threshold

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

q=u,d,s

5

talk by M. Pflaumer



Tcc from lattice 

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

• pre-2020 simulations extracted En , not T(E):  Junnarkar et al 1810.12285, HadSpec 1709.01417

• near-threshold states require extraction of scattering amplitude T(E)

• states correspond to poles in T(E)

Our lattice study of Tcc channel
CLS 2+1 ensembles,  a≃0.086 fm, L = 2.1 fm, 2.7 fm

I=0, JP=1+

m𝝅=280(3) MeV Padmanath, S.P.: 2202.10110, PRL 2022

6

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

T (E) / 1

E2 �m2

for E~m



Tcc channel: finite-volume energies and scattering amplitude  

at m𝜋 ≈ 280 𝑀𝑒𝑉

Luscher’s relation

E -> T(E), 𝛿(𝐸)

<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

effects of left-hand cut (pion exchange in t-channel) omitted, 

effective range approx. employed 

see discussion later on in the talk and 

Du, F.K. Guo et al. 2303.09441

partial wave l=0 

7

Padmanath, S.P.: 2202.10110, PRL 2022

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

~P = ~0
<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)



at m𝜋 ≈ 280 𝑀𝑒𝑉

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

T =
E

2

1

p cot � � ip

partial wave l=0 

Padmanath, S.P.: 2202.10110, PRL

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice 8

Tcc channel: scattering amplitude and pole  



Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

Simple arguments in QM :

trend already partly verified  on lattice

sketch of expected binding energy

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

V (r) / �e�mexr

r

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

⇡, ⇢,⇡⇡ ?

Tcc channel: dependence on mu/d  and  mc

<latexit sha1_base64="Yc6QadoezBDn9TbAQ4FGre0oVew=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF1I1QdNNlBfuANobJZNIOnUzCzEQoIX6CG3/FjQtF3Lpz5984TbPQ1gMXDufcy733eDGjUlnWt1FaWV1b3yhvVra2d3b3zP2DrowSgUkHRywSfQ9JwignHUUVI/1YEBR6jPS8yfXM790TIWnEb9U0Jk6IRpwGFCOlJdesDcdIwZabTijPLoeBQDjNpfiukaUN+BC6qSB+lrlm1apbOeAysQtSBQXarvk19COchIQrzJCUA9uKlZMioShmJKsME0lihCdoRAaachQS6aT5Rxk80YoPg0jo4grm6u+JFIVSTkNPd4ZIjeWiNxP/8waJCi6clPI4UYTj+aIgYVBFcBYP9KkgWLGpJggLqm+FeIx0KkqHWNEh2IsvL5Nuo26f1e2b02rzqoijDI7AMagBG5yDJmiBNugADB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCfGJ2I</latexit>

Ĥkin =
p̂
2

2 mred

mu/d

mc

sketch of expected scattering lenght a0

Padmanath, S.P.: 2202.10110, PRL
Supplemental material

<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

in case of molecular binding mechanism

9



Dependence on mc

decreasing mc and mr

p cot𝛿

p2

V(r)
1                                                               1                                                            1                                                                 1

Square well potential (analogous conclusion for other fully attractive shapes), s-wave

Padmanath, S.P.: 2202.10110, PRL

𝛿m

1/a0

bound st. vir. bound st.

10



Dependence on mu/d

r
R

increasing mu/d , decreasing attraction

p cot𝛿

p2

i p, p=-i|p| 

i p, p=i|p| 

Square well potential (analogous conclusion for other shapes), s-wave

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

⇡, ⇢,⇡⇡ ?

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice 11

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

V (r) / �e�mexr

r



Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

Tcc from lattice: dependence on mu/d

subsequent lattice sim.

HALQCD coll, 2302.04505

HALQCD method

summary from 2302.04505

𝛿m :    - 0.36(4) MeV    - 0.045(77) MeV                                                          

our lattice sim.

Luscher’s method

subsequent lat. sim.
CLQCD 2206.06185
Luscher’s method

LHCb

virtual bound st.bound st.

<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

12



Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

subsequent lattice study via Luscher’s method
CLQCD,  Chen et al. 2206.06185, PLB

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

mainly from 𝜚 exchange

Tcc channel: dominant exchanged particles at  m𝜋 ≈ 348 MeV

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

⇡, ⇢,⇡⇡ ?

13



Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

Tcc channel: dominant exchanged particles
at  m𝜋 ≈ 146 MeV, L ≈ 8.1 fm !!

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

⇡, ⇢,⇡⇡ ?

subsequent lattice sim.

HALQCD coll, 2302.04505

HALQCD method

14

-



Tcc channel: pion exchange and left-hand cut

Sasa Prelovsek Tetraquarks with two heavy quarks from lattice

• possible effects from left-hand cut : requires further work

• pion exchange: suppressed near threshold due to derivative coupling

• pheno studies: one-pion exchange not dominant

• CLQCD, HALQCD lattice studes: one-pion exchanges not dominant

• generalization of Luscher’s relation on left-hand cut: 2301.03981, Raposo& Hansen @ lat22

• reanalysis our Tcc data incorporating left-hand cut

Du, F.K. Guo et al. 2303.09441

two virtual bound states two conjugate poles of one narrow resonance

“.. The appearance of a pair of 
virtual states is indeed natural near 
the point where they are about to 
turn to a narrow resonance ... “ Padmanath, S.P.: 2202.10110, PRL

one virtual bound state 

pion exchange 

in t-channel

both conclusions support the presence of significant attraction and poles, likely due to Tcc   

15



Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

HALQCD, 2302.04505, m𝜋 ≈146 MeV

CLQCD 2206.06185, m𝜋 ≈ 348 MeV, PLB

Padmanath, S.P.: 2202.10110, m𝜋 ≈ 280 MeV PRL

Intermezzo: p cot 𝛿0 in Tcc chanel from available lattice simulations (other two simulations will be detailed later in the talk)

16

<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 p2eff. range approx.:
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q=u,d,s

charmonium-like and bottomonium-like states 

<latexit sha1_base64="zB7qWDopr4232ySN9ddbWQgKwok=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJWYqgQhYKxgYWwl+pCaUDnOTWvVedR2kKqoX8DCr7AwgBArMxt/g5tmgJYjWT46597r6+MlnEllWd/Gyura+sZmaau8vbO7t28eHLZlnAoKLRrzWHQ9IoGzCFqKKQ7dRAAJPQ4db3Qz8zsPICSLozs1ScANySBiAaNEaalvVjMnH5IJ8KfY8YjAzeb8HuPxvZMIFsK0b1asmpUDLxO7IBVUoNE3vxw/pmkIkaKcSNmzrUS5GRGKUQ7TspNKSAgdkQH0NI1ICNLN8k2muKoVHwex0CdSOFd/d2QklHISeroyJGooF72Z+J/XS1Vw5WYsSlIFEZ0/FKQcqxjPssE+E0AVn2hCqGB6V0yHRBCqdIJlHYK9+OVl0j6r2Rc1u3leqV8XcZTQMTpBp8hGl6iOblEDtRBFj+gZvaI348l4Md6Nj3npilH0HKE/MD5/ALp9m+Y=</latexit>

Q̄Qq̄q0



Charmonium(like) resonances and bound states 

17

<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

S.P. , Collins,  Padmanath, 
Mohler, Piemonte

2011.02541 JHEP, 
1905.03506 PRD

LHCb, 2210.15153

<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

https://arxiv.org/abs/2210.15153
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<latexit sha1_base64="ALKdrArKXSivojWXGzHEtviJHF8=">AAACDnicbVC7TsMwFHV4lvIqMLJYVJWYqgQhYEGqYGEsEn2IJopsx2mtOk5kO0hVlC9g4VdYGECIlZmNv8FNM0DLsSwdnXPv9fXBCWdK2/a3tbS8srq2Xtmobm5t7+zW9va7Kk4loR0S81j2MVKUM0E7mmlO+4mkKMKc9vD4eur3HqhULBZ3epJQL0JDwUJGkDaSX2tkbjEkkzTI4b2PL6GLkYTYnIIEMIW5X6vbTbsAXCROSeqgRNuvfblBTNKICk04Umrg2In2MiQ1I5zmVTdVNEFkjIZ0YKhAEVVeVmySw4ZRAhjG0lyhYaH+7shQpNQkwqYyQnqk5r2p+J83SHV44WVMJKmmgsweClMOdQyn2cCASUo0nxiCiGRmV0hGSCKiTYJVE4Iz/+VF0j1pOmdN5/a03roq46iAQ3AEjoEDzkEL3IA26AACHsEzeAVv1pP1Yr1bH7PSJavsOQB/YH3+ACfCmuA=</latexit>

Zb = b̄bd̄u
<latexit sha1_base64="eZy9ulFgKxUCjT3hdh/cMQ8C/5k=">AAACGHicbVBNS8MwGE7n15xfVY9egkMQkdmKqMcxLx4n2G2w1pGm6RaWpiFJhTH2M7z4V7x4UMTrbv4bs64Hnb4h8OR53pc3zxMKRpV2nC+rtLS8srpWXq9sbG5t79i7ey2VZhITD6cslZ0QKcIoJ56mmpGOkAQlISPtcHgz09uPRCqa8ns9EiRIUJ/TmGKkDdWzz6AfIglDc3IQwQz6OoWN/NV4ODn1oe8JRVnKoS9oz646NScv+Be4BaiCopo9e+pHKc4SwjVmSKmu6wgdjJHUFDMyqfiZIgLhIeqTroEcJUQF49zYBB4ZJoJxKs3lGubsz4kxSpQaJaHpTJAeqEVtRv6ndTMdXwdjykWmCcfzRXHGoHE+SwlGVBKs2cgAhCU1f4V4gCTC2mRZMSG4i5b/gtZ5zb2suXcX1XqjiKMMDsAhOAYuuAJ1cAuawAMYPIEX8AberWfr1fqwPuetJauY2Qe/ypp+A1zsnYU=</latexit>

b̄bd̄u ! BB̄⇤, ⌥⇡
Peter, Wagner, Bicudo

SP, Bahtiyar, Petkovic, Sadl 2019, 2020,

attraction between B and B* likely responsible for Zb

several lattice studies find 

[Leskovec Mohler Lang SP:  1308.2097,1405.7623 

HadSpec 1709.01417

Liuming Liu et al. 1907.03371, 1911.08560

Sadl, SP, Padmanath, Collins 2212.04835: preliminary] 

<latexit sha1_base64="mlg0z53GcWrXtrAScu4LoBM6H/U=">AAACFnicbVBNS8MwGE7n15xfVY9egkMQ0dmKqMehO4inCe4D1jrSNN3C0jYkqTDKfoUX/4oXD4p4FW/+G7OuB918Q+DJ87wvb57H44xKZVnfRmFufmFxqbhcWlldW98wN7eaMk4EJg0cs1i0PSQJoxFpKKoYaXNBUOgx0vIGV2O99UCEpHF0p4acuCHqRTSgGClNdc0j6HhIQKxPBnyYQEfFsJa9avcHhw68OXa4pNDhtGuWrYqVFZwFdg7KIK961/xy/BgnIYkUZkjKjm1x5aZIKIoZGZWcRBKO8AD1SEfDCIVEumlmawT3NOPDIBb6Rgpm7O+JFIVSDkNPd4ZI9eW0Nib/0zqJCi7clEY8USTCk0VBwqD2Pc4I+lQQrNhQA4QF1X+FuI8EwkonWdIh2NOWZ0HzpGKfVezb03L1Mo+jCHbALtgHNjgHVXAN6qABMHgEz+AVvBlPxovxbnxMWgtGPrMN/pTx+QM/55xS</latexit>

c̄cd̄u ! DD̄⇤, J/ ⇡

[BessIII, Belle 2013]

static b quarks &
Born-Oppenheimer approach non-static c quarks  

<latexit sha1_base64="3AZX+sJqtd2dK28J+KJxNDABrek=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIAhlpoi6LEqhywr2Ae0wZNK0DU0yY5IRyjAbf8WNC0Xc+hnu/Bsz7Sy09cDlHs65l+SeIGJUacf5tgorq2vrG8XN0tb2zu6evX/QVmEsMWnhkIWyGyBFGBWkpalmpBtJgnjASCeY3GZ+55FIRUNxr6cR8TgaCTqkGGkj+fZR3Rd9RTl5gHU/abjpedaqqW+XnYozA1wmbk7KIEfTt7/6gxDHnAiNGVKq5zqR9hIkNcWMpKV+rEiE8ASNSM9QgThRXjI7IIWnRhnAYShNCQ1n6u+NBHGlpjwwkxzpsVr0MvE/rxfr4bWXUBHFmgg8f2gYM6hDmKUBB1QSrNnUEIQlNX+FeIwkwtpkVjIhuIsnL5N2teJeVty7i3LtJo+jCI7BCTgDLrgCNdAATdACGKTgGbyCN+vJerHerY/5aMHKdw7BH1ifP1hBlZo=</latexit>

En ' EH1 + EH2

<latexit sha1_base64="zoCWVf3WzzoP0FykfesO+5Sv814="></latexit>

|~P | = 0; single volume

|~P | = 0, 1; two volumes

<latexit sha1_base64="7sBM5z4JVZBzjEZbCQOXoohYKwI=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiFoUoA8RiQKlgYi0Qfookix3Fbq44T2Q5SFeUfWPgVFgYQYmVh429w0wzQciTLR+fce319/JhRqSzr25ibX1hcWi6tlFfX1jc2za3tlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT94fXYbz8QIWnE79QoJm6I+pz2KEZKS555mDr5kFSQIIP3Hq4eX1jWwSV0fCQgxpM7gAnMPLNi1awccJbYBamAAg3P/HKCCCch4QozJGXXtmLlpkgoihnJyk4iSYzwEPVJV1OOQiLdNF8ng/taCWAvEvpwBXP1d0eKQilHoa8rQ6QGctobi/953UT1zt2U8jhRhOPJQ72EQRXBcUAwoIJgxUaaICyo3hXiARIIKx1jWYdgT395lrSOavZpzb49qdSvijhKYBfsgSqwwRmogxvQAE2AwSN4Bq/gzXgyXox342NSOmcUPTvgD4zPH5uznBI=</latexit>

Zc(3900) = c̄cd̄u

already constrains interpretations of Zc

puzzling !

[Belle 2011]



Conclusions

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

• Tcc=ccud is the longest-lived exotic hadron ever discovered

• doubly heavy tetraquarks are good probes for binding mechanisms

• valuable theoretical probe: explore states as a function of quark masses

• excited to see whether more states get discovered in exp or theory

likely dominant

20

<latexit sha1_base64="WR67OhrLd+S5GxpHovWDmWZ67bg=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVERF0W3bhswT6giWUyvWmHTiZxZiKU2IW/4saFIm79DXf+jdM2C209cC+Hc+5l7pwg4Uxpx/m2CkvLK6trxfXSxubW9o69u9dUcSopNGjMY9kOiALOBDQ00xzaiQQSBRxawfB64rceQCoWi1s9SsCPSF+wkFGijdS1D3C97gVE4vtZv/MSySLo2mWn4kyBF4mbkzLKUevaX14vpmkEQlNOlOq4TqL9jEjNKIdxyUsVJIQOSR86hgoSgfKz6f1jfGyUHg5jaUpoPFV/b2QkUmoUBWYyInqg5r2J+J/XSXV46WdMJKkGQWcPhSnHOsaTMHCPSaCajwwhVDJzK6YDIgnVJrKSCcGd//IiaZ5W3POKWz8rV6/yOIroEB2hE+SiC1RFN6iGGoiiR/SMXtGb9WS9WO/Wx2y0YOU7++gPrM8f6/aVag==</latexit>

QQq̄q̄0

In general: 

lots of progress, a number of challenges remain

: talk by M. Pflaumer



Backup
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Interpolators for Tcc

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

Example: P=0

JP=1+ -> cubic irrep T1
+

P=D, V=D*

22
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Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

Details on Tcc

DD𝜋

24



Previous lattice QCD study of Tcc channel

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

Junnarkar, Mathur, Padmanath, PRD 99, 034507 (2019), 1810.12285 

lowest finite-volume

eigen-energy for

P=0, JP=1+, I=0

25
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Previous lattice QCD study of Tcc channel

finite-volume

eigen-energies for

P=0, JP=1+, I=0

Hadron Spectrum, JHEP 11, 033 (2017), 1709.01417

26



Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

HALQCD, 2302.04505, m𝜋 ≈146 MeV

CLQCD 2206.06185, m𝜋 ≈ 348 MeV, PLB

Padmanath, S.P.: 2202.10110, m𝜋 ≈ 280 MeV PRL

Intermezzo: p cot 𝛿0 in Tcc chanel from available lattice simulations (other two simulations will be detailed later in the talk)

27

<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 p2eff. range approx.:



Tcc from lattice: 
dependence of 1/a0 on mu/d

summary from 2302.04505

HALQCD, 2302.04505, m𝜋 ≈146 MeV

CLQCD 2206.06185, m𝜋 ≈ 348 MeV, PLB

Padmanath, S.P.: 2202.10110, m𝜋 ≈ 280 MeV PRL

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice 28



HALQCD study of Tcc

Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice

Lyu, Aoki et al, 2302.04505

V(r)                            r > 1 fm

29
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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.

<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|

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
Sasa Prelovsek                            Tetraquarks with two heavy quarks from lattice 30



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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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- -

+ 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)/
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<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 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

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

2111.02934
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<latexit sha1_base64="J3SO3G/8yNVZuxtk2zvICz5/GOI="></latexit>

c̄cd̄u ! (c̄u) (d̄c) = D̄⇤D

! (c̄c) (ūd) = J/ ⇡, ...

challenging: 

<latexit sha1_base64="bRJQnS/Dnm/qITrOmvrurgMHq1Q=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURUZdFNy4r2Ae0oUwmk3boZBLmIdTQL3HjQhG3foo7/8Zpm4W2Hrjcwzn3MndOmHGmtOd9O6W19Y3NrfJ2ZWd3b7/qHhy2VWokoS2S8lR2Q6woZ4K2NNOcdjNJcRJy2gnHtzO/80ilYql40JOMBgkeChYzgrWVBm61H2KJCJm3yKCBW/Pq3hxolfgFqUGB5sD96kcpMQkVmnCsVM/3Mh3kWGpGOJ1W+kbRDJMxHtKepQInVAX5/PApOrVKhOJU2hIazdXfGzlOlJokoZ1MsB6pZW8m/uf1jI6vg5yJzGgqyOKh2HCkUzRLAUVMUqL5xBJMJLO3IjLCEhNts6rYEPzlL6+S9nndv6z79xe1xk0RRxmO4QTOwIcraMAdNKEFBAw8wyu8OU/Oi/PufCxGS06xcwR/4Hz+AJsvkmg=</latexit>

c̄cd̄u

several lattice studies find 

almost non-interacting finite-volume energies 
<latexit sha1_base64="3AZX+sJqtd2dK28J+KJxNDABrek=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIAhlpoi6LEqhywr2Ae0wZNK0DU0yY5IRyjAbf8WNC0Xc+hnu/Bsz7Sy09cDlHs65l+SeIGJUacf5tgorq2vrG8XN0tb2zu6evX/QVmEsMWnhkIWyGyBFGBWkpalmpBtJgnjASCeY3GZ+55FIRUNxr6cR8TgaCTqkGGkj+fZR3Rd9RTl5gHU/abjpedaqqW+XnYozA1wmbk7KIEfTt7/6gxDHnAiNGVKq5zqR9hIkNcWMpKV+rEiE8ASNSM9QgThRXjI7IIWnRhnAYShNCQ1n6u+NBHGlpjwwkxzpsVr0MvE/rxfr4bWXUBHFmgg8f2gYM6hDmKUBB1QSrNnUEIQlNX+FeIwkwtpkVjIhuIsnL5N2teJeVty7i3LtJo+jCI7BCTgDLrgCNdAATdACGKTgGbyCN+vJerHerY/5aMHKdw7BH1ifP1hBlZo=</latexit>

En ' EH1 + EH2

• Leskovec Mohler Lang SP:  1308.2097,1405.7623 
• HadSpec 1709.01417
• Liuming Liu et al. 1907.03371, 1911.08560

• Sadl, SP, Padmanath, Collins 2212.04835: preliminary 

<latexit sha1_base64="/9AvYvnUi1vRvIcc/xV+IcKTH9Q="></latexit>

|~P | = 0; single volume

|~P | = 0, 1; two volumes

This may already be constaining interpretations of Zc(3900)

Is it suggesting significant coupled-channel effect?   

Supported by HALQCD method Ikeda et al. PRL (2016) 

symbols      lines

Sadl, SP et al
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M. Sadl and SP, 2109.08560

Zb channel in the Born Oppenheimer approach

SP, Bahtiyar, Petkovic, 1912.02656


