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”Seminar”:

• examples chosen for pedagogical purpose 

• not review of all existing results

0



Sasa Prelovsek                               Doubly heavy tetraquarks from lattice 1

resonances above one th.

R → H1 H2 , H1
'
 H2

'
 

R → H1 H2  

strong, EW

How difficult it is to theoreticaly study a given hadron ab-initio?

En(P=0)  =  m
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T(E): scattering amplitude



Sasa Prelovsek                               Doubly heavy tetraquarks from lattice 1

resonances above one th.

R → H1 H2 , H1
'
 H2

'
 

R → H1 H2  

strong, EW

How difficult it is to theoreticaly study a given hadron ab-initio?



Discovered exotic hadrons 
contain heavy quarks
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ExoticHub

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

Ĥ =
p̂
2

2mr
+ V

Simplistic  argument: for a given V: 

heavier particles are easier to bind



Tetraquarks

3

doubly heavy tetraquarks           vs                  quarkonium-like states Zc, Zb, X(3872)

<latexit sha1_base64="DIA1/u9SJrKpOA1fy5W91jgnooQ=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaox6JXjxCIh8JrKRbBmjodte2qyEb/ocXDxrj1f/izX9jgT0o+JKZvLw3k05fEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHsk7M47RD+lA8j5n1FjpvlbrBFSRh3nvFktu2Z2BLBMvIyXIUO0Wvzq9iCUhSsME1brtubHxU6oMZwInhU6iMaZsRAfYtlTSELWfzq6ekBOr9Eg/UrakITP190ZKQ63HYWAnQ2qGetGbiv957cT0r/yUyzgxKNn8oX4iiInINALS4wqZEWNLKFPc3krYkCrKjA2qYEPwFr+8TBpnZe+i7NXOS5XrLI48HMExnIIHl1CBW6hCHRgoeIZXeHOenBfn3fmYj+acbOcQ/sD5/AGfS5Hy</latexit>

QQq̄q̄

<latexit sha1_base64="0YHP6cMqNMElgptV36T1Nigr6X8=">AAACD3icbZC7TsMwFIZPuJZyCzCyWFSgdqkShICxgoWxkehFaqPKcd3WquME20GqovIELLwKCwMIsbKy8Ta4bQZoOZKtT/85R/b/BzFnSjvOt7W0vLK6tp7byG9ube/s2nv7dRUlktAaiXgkmwFWlDNBa5ppTpuxpDgMOG0Ew+tJv3FPpWKRuNWjmPoh7gvWYwRrI3XsE89rB1iiu+zWESrO0Cs9ZIS8UscuOGVnWmgR3AwKkFW1Y3+1uxFJQio04VipluvE2k+x1IxwOs63E0VjTIa4T1sGBQ6p8tOpnzE6NkoX9SJpjtBoqv7eSHGo1CgMzGSI9UDN9ybif71WonuXfspEnGgqyOyhXsKRcT0JB3WZpETzkQFMJDN/RWSAJSbaRJg3Ibjzlhehflp2z8uud1aoXGVx5OAQjqAILlxABW6gCjUg8AjP8Apv1pP1Yr1bH7PRJSvbOYA/ZX3+AMoumpg=</latexit>

QQq̄q̄ ! (q̄Q) (q̄Q)
<latexit sha1_base64="G/bQuVeWjiHgN1xNWifYodkzPdw=">AAACEnicbVA7T8MwGHR4lvIKMLJYVEjtUiUIAWMFC2Mj0YfURJXjOq1V52U7SFVU/gILf4WFAYRYmdj4NziPAVpOsny6+z7Zd27EqJCG8a2trK6tb2xWtqrbO7t7+/rBYVeECcekg0MW8r6LBGE0IB1JJSP9iBPku4z03OlN5vfuCRc0DO7kLCKOj8YB9ShGUklDvWG7iEPLyq8YxrYMYb3QYNyADwWPrUZ1qNeMppEDLhOzJDVQoj3Uv+xRiBOfBBIzJMTANCLppIhLihmZV+1EkAjhKRqTgaIB8olw0jzSHJ4qZQS9kKsTSJirvzdS5Asx81016SM5EYteJv7nDRLpXTkpDaJEkgAXD3kJgyp31g8cUU6wZDNFEOZU/RXiCeIIS9ViVoK5GHmZdM+a5kXTtM5rreuyjgo4BiegDkxwCVrgFrRBB2DwCJ7BK3jTnrQX7V37KEZXtHLnCPyB9vkDxo2bAA==</latexit>

Q̄Qq̄q ! (Q̄q) (q̄Q)

<latexit sha1_base64="OchEU43VtwOc4duWUuj/yg+kS04=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6rLoxmUL9gFtKJPppB06maQzk0IJ/RM3LhRx65+482+cpFlo64HLPZxzL3Pn+DFnSjvOt1Xa2Nza3invVvb2Dw6P7OOTtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yUPmd2ZUKhaJJz2PqRfikWABI1gbaWDbfR9L1GzmbYqmlYFddWpODrRO3IJUoUBjYH/1hxFJQio04VipnuvE2kux1Ixwuqj0E0VjTCZ4RHuGChxS5aX55Qt0YZQhCiJpSmiUq783UhwqNQ99MxliPVarXib+5/USHdx5KRNxoqkgy4eChCMdoSwGNGSSEs3nhmAimbkVkTGWmGgTVhaCu/rlddK+qrk3Nbd5Xa3fF3GU4QzO4RJcuIU6PEIDWkBgBs/wCm9War1Y79bHcrRkFTun8AfW5w+qI5Jh</latexit>

Q̄Qq̄q

lower

lying

“easier” theoretically

more difficult experimentally

Q=c,b
q=u,d

<latexit sha1_base64="T0HIvt2P6lQlPnNcBpfWKwUal9I=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCuCgzIuqyaBcuK9gHdMaSyWTa0MyDJCOUobjxV9y4UMStX+HOvzGdzkJbD4QczrmX5Bwv4Uwqy/o2FhaXlldWS2vl9Y3NrW1zZ7cl41QQ2iQxj0XHw5JyFtGmYorTTiIoDj1O297weuK3H6iQLI7u1Cihboj7EQsYwUpLPXOfEMfDAvkov1LkqBjV6/cn5Z5ZsapWDjRP7IJUoECjZ345fkzSkEaKcCxl17YS5WZYKEY4HZedVNIEkyHu066mEQ6pdLM8whgdacVHQSz0iRTK1d8bGQ6lHIWengyxGshZbyL+53VTFVy6GYuSVNGITB8KUo50zEkfyGeCEsVHmmAimP4rIgMsMFG6tUkJ9mzkedI6rdrnVfv2rFK7KuoowQEcwjHYcAE1uIEGNIHAIzzDK7wZT8aL8W58TEcXjGJnD/7A+PwBPsiVZQ==</latexit>

ccd̄ū ! DD⇤ <latexit sha1_base64="2oQb519i8mbzWMvPnvPqgoZ5nUA=">AAACIXicbVDLSgMxFM3UV62vUZdugkUQKXVGRLss2oW4qmAf0BmHTCZjQzMPkoxQSvspbvwVNy4U6U78GTPTWWjrgZCTc+7l5h43ZlRIw/jSCkvLK6trxfXSxubW9o6+u9cWUcIxaeGIRbzrIkEYDUlLUslIN+YEBS4jHXdwnfqdJ8IFjcJ7OYyJHaDHkPoUI6kkR69ZLuIQ4+zyYAItGcFG9mo8nFTg5PbUigWFVkwrE4tI5GBo8X5UcvSyUTUywEVi5qQMcjQdfWp5EU4CEkrMkBA904ilPUJcUszIuGQlgsQID9Aj6SkaooAIe5RtOIZHSvGgH3F1Qgkz9XfHCAVCDANXVQZI9sW8l4r/eb1E+jV7RMM4kSTEs0F+wqBKIY0LepQTLNlQEYQ5VX+FuI84wlKFmoZgzq+8SNpnVfOiat6dl+tXeRxFcAAOwTEwwSWogxvQBC2AwTN4Be/gQ3vR3rRPbTorLWh5zz74A+37B5gioVM=</latexit>

c̄cd̄u ! DD̄⇤, J/ ⇡, ⌘c⇢example

ZcTcc



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

∫   

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

LQCD = 1
4G

µ⌫
a Gµ⌫

a + q̄i�µ(@
µ + igsG

µ
aT

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

gs ⌧ 1 at hadronic energy scale

Main quantity extracted: finite-volume eigen-energies En 

t=0, JP, It, JP, I

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

e�iEntM

Eucledian time

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

n

|nihn|

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

mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 2pt
E

All results in this talk will be based on En :

• for strongly stable state well below threshold :

• resonances (Luscher’s relation)

• static potentials:

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

Ecm
n ! T (Ecm

n )

Sasa Prelovsek                               Doubly heavy tetraquarks from lattice

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

O = O(q,G)

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

En ! V (r)

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

Ĥ|ni = En|ni

En(P=0)  =  m

...

not covered in this talk

Lectures by Bulava and Jackura



well below threshold
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En(P=0)  =  m
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<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0



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

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

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

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

bbd̄ū

from left to right (lattice QCD)
 
Hudspith, Mohler, 2303.17295

HALQCD, 2306.03565 (cosidering coupling with B*B*)
Leskovec, Meinel, Pflaumer, Wagner, 1904.04197 
Junnarkar, Mathur, Padmanth, 1810.12285  
Frances, Colquhoun, Hudspith, Maltman (2021 PosLat) 

Bicudo, Wagner et al. 1612.02758, static potentials
Brown, Orginost, 1210.1953, static potentials

Hudspith, Mohler, 2303.17295 

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

there are even more recent results ..  

m
 –

 E
th

 [M
eV

]

threshold: BB*                                 BBs*

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

I=0, JP =1+

not found in exp, difficult to find

likely dominant 

(B and B* to close  

in BB* molecule

with binding ~0.1 GeV)

6Sasa Prelovsek                               Doubly heavy tetraquarks from lattice

<latexit sha1_base64="bLtG0F0+Rob7K7oDopmXhNZaF/c="></latexit>

O =(ū�5b) (d̄�ib) + .. = BB
⇤

[b�1b]3̄c [ū�2d̄]3c
...



Doubly bottom tetraquarks

7

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

bbd̄ū

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

Preliminary
udb̄0b̄0

lsb̄0b̄0

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

bbs̄ū
lattice: dependence on mb and  mu,d 

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

I=0, JP =1+

mb’ decreasesmu,d increases

(m
bph

y  )

(m
u,

dph
y  )

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

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

bcq̄q̄0, ccq̄q̄0

Theoretically expected near or above threshold

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

Sasa Prelovsek                               Doubly heavy tetraquarks from lattice



from one-channel scattering

Sasa Prelovsek                               Doubly heavy tetraquarks from lattice

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

QQ0q̄q̄0

example
LHCb 2021: Tcc

8



One-channel scattering : Luscher’s relation between E and δ(E) , T(E)     

9

<latexit sha1_base64="+pEaYunXVVhb4hq/epaHutxlsa0=">AAACD3icbVDLSgMxFM34rPU16tJNsChuLDMi6rLoxmWFvqBThkyaaUMzk5DcEcrQP3Djr7hxoYhbt+78G9PHQlsPBA7n3MvNOZES3IDnfTtLyyura+uFjeLm1vbOrru33zAy05TVqRRStyJimOApqwMHwVpKM5JEgjWjwe3Ybz4wbbhMazBUrJOQXspjTglYKXRPcC0UgdJSgcRBrAnN/VGuAioh6DIBJBRnXI1Ct+SVvQnwIvFnpIRmqIbuV9CVNEtYClQQY9q+p6CTEw2cCjYqBplhitAB6bG2pSlJmOnkkzwjfGyVLo6lti8FPFF/b+QkMWaYRHYyIdA3895Y/M9rZxBfd3KeqgxYSqeH4kxgm31cDu5yzSiIoSWEam7/immf2FLAVli0JfjzkRdJ47zsX5b9+4tS5WZWRwEdoiN0inx0hSroDlVRHVH0iJ7RK3pznpwX5935mI4uObOdA/QHzucPb9ec7g==</latexit>

Tl /
1

p cot �l � ip
scattering 

amplitude

lectures by Andrew Jackura

T here is M in Jacura’s talk

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

S(E) = e2i�(E) = 1 + 2i 2p
E T (E)

Eδ(E) , T(E) 
Luscher’s rel.

Luscher’s rel.



One-channel scattering H1 H2  

10

<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

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

T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|, sheet I            sheet II

Virtual bound st.

p = - i |p|, sheet II

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

T (E) / 1

E2 �m2

<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�

bound st.

Sasa Prelovsek                               Doubly heavy tetraquarks from lattice

p2<0

E.= 𝑚!
" + 𝑝" + 𝑚"

" + 𝑝"	

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

�(E) / |T (E)|2



Tbc : next exciting 
           discovery from exp ?

11

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

bcūd̄

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

O ⇠ (ūb)(d̄c), [bc][ūd̄]

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

I=0, JP =1+, 0+

Alexandrou et al, 2312.02925 PRL

𝑚! ≈ 220𝑀𝑒𝑉

<latexit sha1_base64="EIxVQRA+fk8W6xx3iEDIEEgS4Vg=">AAACD3icbVDLSsNAFJ34rPUVdelmsChuLImIuiy6cVmhL2hCmEwn7dBJJszcCCX0D9z4K25cKOLWrTv/xmmbhbYeGDiccy93zglTwTU4zre1tLyyurZe2ihvbm3v7Np7+y0tM0VZk0ohVSckmgmesCZwEKyTKkbiULB2OLyd+O0HpjSXSQNGKfNj0k94xCkBIwX2CW4EjpcqmYLEXqQIzd1xPvSoBK/HBJDAOePDcWBXnKozBV4kbkEqqEA9sL+8nqRZzBKggmjddZ0U/Jwo4FSwcdnLNEsJHZI+6xqakJhpP5/mGeNjo/RwJJV5CeCp+nsjJ7HWozg0kzGBgZ73JuJ/XjeD6NrPeZJmwBI6OxRlApvsk3JwjytGQYwMIVRx81dMB8SUAqbCsinBnY+8SFrnVfey6t5fVGo3RR0ldIiO0Cly0RWqoTtUR01E0SN6Rq/ozXqyXqx362M2umQVOwfoD6zPH6GDnGw=</latexit>

T0 / 1

k cot �0 � ik

B*  D
B    D*

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

En.i. =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

~pi = ~ni
2⇡
L

B*

lines:



Tbc : next exciting 
           discovery from exp ?
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<latexit sha1_base64="xE6t0GStZSoXLewVWqBHfxMZZOw=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0yQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+greNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvpn5nUeqNIvlvZkk1Bd4KFnECDZWeghIP8AKpXkPB9WaW3dzoGXiFaQGBZqD6lc/jEkqqDSEY617npsYP8PKMMLptNJPNU0wGeMh7VkqsaDaz/Krp+jEKiGKYmVLGpSrvzcyLLSeiMBOCmxGetGbif95vdREV37GZJIaKsn8oSjlyMRoFgEKmaLE8IklmChmb0VkhBUmxgZVsSF4i19eJu2zundR9+7Oa43rIo4yHMExnIIHl9CAW2hCCwgoeIZXeHOenBfn3fmYj5acYucQ/sD5/AHIgJIM</latexit>

bcūd̄

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

O ⇠ (ūb)(d̄c), [bc][ūd̄]

another study M. Padmanath et al, 2307.1428: also finds a bound state, with deeper binding

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

I=0, JP =1+, 0+

Alexandrou et al, 2312.02925 PRL

𝑚! ≈ 220𝑀𝑒𝑉

<latexit sha1_base64="EIxVQRA+fk8W6xx3iEDIEEgS4Vg=">AAACD3icbVDLSsNAFJ34rPUVdelmsChuLImIuiy6cVmhL2hCmEwn7dBJJszcCCX0D9z4K25cKOLWrTv/xmmbhbYeGDiccy93zglTwTU4zre1tLyyurZe2ihvbm3v7Np7+y0tM0VZk0ohVSckmgmesCZwEKyTKkbiULB2OLyd+O0HpjSXSQNGKfNj0k94xCkBIwX2CW4EjpcqmYLEXqQIzd1xPvSoBK/HBJDAOePDcWBXnKozBV4kbkEqqEA9sL+8nqRZzBKggmjddZ0U/Jwo4FSwcdnLNEsJHZI+6xqakJhpP5/mGeNjo/RwJJV5CeCp+nsjJ7HWozg0kzGBgZ73JuJ/XjeD6NrPeZJmwBI6OxRlApvsk3JwjytGQYwMIVRx81dMB8SUAqbCsinBnY+8SFrnVfey6t5fVGo3RR0ldIiO0Cly0RWqoTtUR01E0SN6Rq/ozXqyXqx362M2umQVOwfoD6zPH6GDnGw=</latexit>

T0 / 1

k cot �0 � ik

<latexit sha1_base64="PhFimwfU8EpZrBlG33UygOvW6Sk="></latexit>

mTbc�mB⇤�mD = �2.4+2.0
�0.7 MeV

mR�mB⇤�mD = 67± 24 MeV �R = 132± 32

<latexit sha1_base64="DZm3gGxz2wspRFJjvaauWYfVpFI=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Vj04rGC/YAmhM1m0y7dbMLuRCmxP8WLB0W8+ku8+W/ctjlo64OBx3szzMwLM8E1OM63tbK6tr6xWdmqbu/s7u3btYOOTnNFWZumIlW9kGgmuGRt4CBYL1OMJKFg3XB0M/W7D0xpnsp7GGfMT8hA8phTAkYK7BrGmIw8moIXMQEkcAK77jScGfAycUtSRyVagf3lRSnNEyaBCqJ133Uy8AuigFPBJlUv1ywjdEQGrG+oJAnTfjE7fYJPjBLhOFWmJOCZ+nuiIInW4yQ0nQmBoV70puJ/Xj+H+MovuMxyYJLOF8W5wJDiaQ444opREGNDCFXc3IrpkChCwaRVNSG4iy8vk85Zw71ouHfn9eZ1GUcFHaFjdIpcdIma6Ba1UBtR9Iie0St6s56sF+vd+pi3rljlzCH6A+vzB9+Rkx4=</latexit> ak
co
t
� 0

B*  D
B    D*

Luscher’s rel.

δ(E), T(E) 

E  
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<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)

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⇡

13

Tcc from LHCb experiment
<latexit sha1_base64="9KYyPdxMPssSl23IvpIEOIucDV4=">AAAB8nicbVDLSgMxFM34rPVVdekmWARxUWZEqsuiXbisYB8wM5ZMmmlDM8mQ3BFK6We4caGIW7/GnX9j2s5CWw8EDufcS+45USq4Adf9dlZW19Y3Ngtbxe2d3b390sFhy6hMU9akSijdiYhhgkvWBA6CdVLNSBIJ1o6Gt1O//cS04Uo+wChlYUL6ksecErCSX388D0DhepDybqnsVtwZ8DLxclJGORrd0lfQUzRLmAQqiDG+56YQjokGTgWbFIPMsJTQIekz31JJEmbC8ezkCT61Sg/HStsnAc/U3xtjkhgzSiI7mRAYmEVvKv7n+RnE1+GYyzQDJun8ozgT2Kac5sc9rhkFMbKEUM3trZgOiCYUbEtFW4K3GHmZtC4qXrVSvb8s127yOgroGJ2gM+ShK1RDd6iBmogihZ7RK3pzwHlx3p2P+eiKk+8coT9wPn8AO0eQlw==</latexit>

D⇤ ! D⇡
<latexit sha1_base64="OZeb98RP9XdUx/lDhBDZypdiz54="></latexit>

m⇡0 ' 135 MeV

mD⇤+�mD+ ' 140 MeV
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Tcc from lattice 
all analyzed in 2402.14715, PRD 

Collins, Nefediev, Padmanath , SP

mc mpi L ensmbles ref.

five values
mD=1.7–2.4 GeV 

280 MeV ~ 2.1, 2.8  fm CLS Nf=2+1 our, 2402.14715, PRD
eigenenergies

mc mpi L ensembles ref.
~ physical 146 MeV ~ 8 fm Nf=2+1 HALQCD, 2302.04505, PRL

HALQCD potentials

~ physical 280 MeV ~ 2.1, 2.8  fm Nf=2+1, CLS our,  2402.14715, PRD
eigenenergies

~ physical 348 MeV ~ 2.4 fm Nf=2 CLQCD, 2206.06186, PLB
eigenenergies

all simulations :

single lattice spacing
(J. Green et al are  exploring

several lattice spacings, lat 2023, unpublished)

<latexit sha1_base64="QdqQIq7jCBhigT76wP1U1piINxU=">AAACBHicbVC7TsMwFHV4lvIKMHZxqZAYUJUgBCygChbGItGH1ITIcZzWqp1EtoNURRlY+BUWBhBi5SPY+BvcNgO0HOleHZ1zr+x7/IRRqSzr21hYXFpeWS2tldc3Nre2zZ3dtoxTgUkLxywWXR9JwmhEWooqRrqJIIj7jHT84fXY7zwQIWkc3alRQlyO+hENKUZKS55Z4V7qVC+cKuReAC91z9KjIL/PkkHumTWrbk0A54ldkBoo0PTMLyeIccpJpDBDUvZsK1FuhoSimJG87KSSJAgPUZ/0NI0QJ9LNJkfk8EArAQxjoStScKL+3sgQl3LEfT3JkRrIWW8s/uf1UhWeuxmNklSRCE8fClMGVQzHicCACoIVG2mCsKD6rxAPkEBY6dzKOgR79uR50j6u26d1+/ak1rgq4iiBCtgHh8AGZ6ABbkATtAAGj+AZvII348l4Md6Nj+noglHs7IE/MD5/AN36lvw=</latexit>

mu=md > mph
u,d

recent Hsc 2405.15741 
presented at the end 



Interpolators and En   [our simulation, CLQCD] 
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<latexit sha1_base64="5Rcu078CNe1goMCl29YYxqYrTrE=">AAACAXicbZDLSgMxFIYzXmu9jboR3ASLIAhlpoi6EYpuXFawF2iHIZOeaUMzmSHJFEqpG1/FjQtF3PoW7nwb0+kstPVAyMf/n0Ny/iDhTGnH+baWlldW19YLG8XNre2dXXtvv6HiVFKo05jHshUQBZwJqGumObQSCSQKODSDwe3Ubw5BKhaLBz1KwItIT7CQUaKN5NuHnSFQXLvOrsR3z3Ko+HbJKTtZ4UVwcyihvGq+/dXpxjSNQGjKiVJt1 0m0NyZSM8phUuykChJCB6QHbYOCRKC8cbbBBJ8YpYvDWJojNM7U3xNjEik1igLTGRHdV/PeVPzPa6c6vPLGTCSpBkFnD4UpxzrG0zhwl0mgmo8MECqZ+SumfSIJ1Sa0ognBnV95ERqVsntRdu/PS9WbPI4COkLH6BS56BJV0R2qoTqi6BE9o1f0Zj1ZL9a79TFrXbLymQP0p6zPH1XTlYg=</latexit>

~P = ~p1 + ~p2
<latexit sha1_base64="dVApDkQDDOT5wXiR7M6p8/y3Juw=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8SNgVUS9C0IvHCOYB2SXMTnqTIbMPZmYDYZPf8OJBEa/+jDf/xkmyB00saCiquunu8hPBlbbtb2tldW19Y7OwVdze2d3bLx0cNlScSoZ1FotYtnyqUPAI65prga1EIg19gU1/cD/1m0OUisfRkx4l6IW0F/GAM6qN5I7dITJSG9/a506nVLYr9gxkmTg5KUOOWqf05XZjloYYaSaoUm3HTrSXUak5EzgpuqnChLIB7WHb0IiGqLxsdvOEnBqlS4JYmoo0mam/JzIaKjUKfdMZUt1Xi95U/M9rpzq48TIeJanGiM0XBakgOibTAEiXS2RajAyhTHJzK2F9KinTJqaiCcFZfHmZNC4qzlXFebwsV+/yOApwDCdwBg5cQxUeoAZ1YJDAM7zCm5VaL9a79TFvXbHymSP4A+vzB6KWkMQ=</latexit>

|~P | = 0, 1

[cc][ud] interloators  not employed
[forthcoming paper with Emmanuel Pacheco and Ivan Vujmilovic]

<latexit sha1_base64="wLV4GHoOWwDGBkvwv1Bs/OVrPt0=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bqYWQVBKIqJuhKIbdVXBXqBJy2Q6aYdOJmFmIpRYwVdx40IRt76GO9/GaZqFtv4w8PGfczhnfi9iVCrL+jZmZufmFxZzS/nlldW1dXNjsybDWGBSxSELRcNDkjDKSVVRxUgjEgQFHiN1r385qtfviZA05HdqEBE3QF1OfYqR0lbb3IbXTuHcKViH8PGmVUnZbh20zaJVslLBabAzKIJMlbb55XRCHAeEK8yQlE3bipSbIKEoZmSYd2JJIoT7qEuaGjkKiHST9P4h3NNOB/qh0I8rmLq/JxIUSDkIPN0ZINWTk7WR+V+tGSv/zE0oj2JFOB4v8mMGVQhHYcAOFQQrNtCAsKD6Voh7SCCsdGR5HYI9+eVpqB2V7JOSfXtcLF9kceTADtgF+8AGp6AMrkAFVAEGD+AZvII348l4Md6Nj3HrjJHNbIE/Mj5/AEczkxA=</latexit>

I=0, JP =1+

2pt
E

En using GeVP

D(p1)        D*(p2)



Tcc : finite-volume eigen-energies
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<latexit sha1_base64="5xufGvckSJOCvnk07DfQF5gAZHE="></latexit>

En.i. =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

~pi = ~ni
2⇡
L

lines

<latexit sha1_base64="kpCvPLgCmT+S1Q4uN8o+2xNkPSY=">AAAB+HicbVBNS8NAEN34WetHox69bC2Cp5KIVC9C0YvHCvYDmlA222m7dLMJu5tCTftLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDmTGnH+bbW1jc2t7ZzO/ndvf2Dgn141FBRIinUacQj2QqIAs4E1DXTHFqxBBIGHJrB8G7mN0cgFYvEox7H4IekL1iPUaKN1LELeOKNgOLaxCveeEWnY5ecsjMHXiVuRkooQ61jf3ndiCYhCE05UartOrH2UyI1oxymeS9REBM6JH1oGypICMpP54dP8ZlRurgXSVNC47n6eyIloVLjMDCdIdEDtezNxP+8dqJ7137KRJxoEHSxqJdwrCM8SwF3mQSq+dgQQiUzt2I6IJJQbbLKmxDc5ZdXSeOi7FbKlYfLUvU2iyOHTtApOkcuukJVdI9qqI4oStAzekVv1pP1Yr1bH4vWNSubOUZ/YH3+ALPMkdU=</latexit>

|~P |=0
<latexit sha1_base64="lXAGI84/tz8RhtObsimDOz/GgJU=">AAAB+HicbVBNS8NAEN34WetHox69bC2Cp5KIVC9C0YvHCvYDmlA222m7dLMJu5tCTftLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDmTGnH+bbW1jc2t7ZzO/ndvf2Dgn141FBRIinUacQj2QqIAs4E1DXTHFqxBBIGHJrB8G7mN0cgFYvEox7H4IekL1iPUaKN1LELeOKNgOLaxCveeEW3Y5ecsjMHXiVuRkooQ61jf3ndiCYhCE05UartOrH2UyI1oxymeS9REBM6JH1oGypICMpP54dP8ZlRurgXSVNC47n6eyIloVLjMDCdIdEDtezNxP+8dqJ7137KRJxoEHSxqJdwrCM8SwF3mQSq+dgQQiUzt2I6IJJQbbLKmxDc5ZdXSeOi7FbKlYfLUvU2iyOHTtApOkcuukJVdI9qqI4oStAzekVv1pP1Yr1bH4vWNSubOUZ/YH3+ALVQkdY=</latexit>

|~P |=1

<latexit sha1_base64="mfDTboP+elmvgoErqJeslxp5PM8=">AAAB7nicbVBNSwMxEJ2tX7V+VT16SS2Cp7IrUr0IRS8eK9gP6C4lm2bb0Gw2JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXig508Z1v53C2vrG5lZxu7Szu7d/UD48auskVYS2SMIT1Q2xppwJ2jLMcNqViuI45LQTju9mfueJKs0S8WgmkgYxHgoWMYKNlTrcr9z4Fbdfrro1dw60SrycVCFHs1/+8gcJSWMqDOFY657nShNkWBlGOJ2W/FRTickYD2nPUoFjqoNsfu4UnVllgKJE2RIGzdXfExmOtZ7Eoe2MsRnpZW8m/uf1UhNdBxkTMjVUkMWiKOXIJGj2OxowRYnhE0swUczeisgIK0yMTahkQ/CWX14l7YuaV6/VHy6rjds8jiKcwCmcgwdX0IB7aEILCIzhGV7hzZHOi/PufCxaC04+cwx/4Hz+ANvCjp4=</latexit>

l=0
<latexit sha1_base64="NK6J/8VSRnvDmMNNYAyh7aieF6Q=">AAAB8HicbVDLSgNBEOyNrxhfUY9eJgbBg4RdkehFCHrxGME8JLuE2clsMmRmdpmZFcKSr/DiQRGvfo43/8bJ46CJBQ1FVTfdXWHCmTau++3kVlbX1jfym4Wt7Z3dveL+QVPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHg78VtPVGkWywczSmggcF+yiBFsrPTI/dK1X3LPvG6x7FbcKdAy8eakDHPUu8UvvxeTVFBpCMdadzw3MUGGlWGE03HBTzVNMBniPu1YKrGgOsimB4/RiVV6KIqVLWnQVP09kWGh9UiEtlNgM9CL3kT8z+ukJroKMiaT1FBJZouilCMTo8n3qMcUJYaPLMFEMXsrIgOsMDE2o4INwVt8eZk0zytetVK9vyjXbuZx5OEIjuEUPLiEGtxBHRpAQMAzvMKbo5wX5935mLXmnPnMIfyB8/kDtnmPDw==</latexit>

l=0, 1

lhc

<latexit sha1_base64="Cji4KW7KD8Vy0HmJuWRRpO+uadg=">AAACE3icbVDLSgNBEJz1bXxFPXqZGAQJGHZFosegHjwqmAdk4zI7mU2GzOwsM71CWPYfvPgrXjwo4tWLN//GSczBV0FDUdVNd1eYCG7AdT+cmdm5+YXFpeXCyura+kZxc6tpVKopa1AllG6HxDDBY9YADoK1E82IDAVrhcOzsd+6ZdpwFV/DKGFdSfoxjzglYKWgWMEyyM5vKrlfOvBLMjj3S36iVQLKL2EfIk1o5uWZDGgeFMtu1Z0A/yXelJTRFJdB8d3vKZpKFgMVxJiO5ybQzYgGTgXLC35qWELokPRZx9KYSGa62eSnHO9ZpYcjpW3FgCfq94mMSGNGMrSdksDA/PbG4n9eJ4XopJvxOEmBxfRrUZQKDAqPA8I9rhkFMbKEUM3trZgOiM0BbIwFG4L3++W/pHlY9WrV2tVRuX46jWMJ7aBdtI88dIzq6AJdogai6A49oCf07Nw7j86L8/rVOuNMZ7bRDzhvnxEanRc=</latexit>

m
D

⇤�m
D /

1m
c

≈mc
ph

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD 



Tcc : scattering amplitude
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δ(E)            E  

lhc



18

Pion exchange, left-hand cut etc

<latexit sha1_base64="IgaxaCYVWsqr5AZonFytGbWBMKk=">AAACI3icbVDLSgMxFM3UV62vUZdugkVxVWaKL4pI0Y3LCvYBzVgyadqGJjNDkhHKMP/ixl9x40Ipblz4L6YPobYeuHA4517uvcePOFPacb6szNLyyupadj23sbm1vWPv7tVUGEtCqyTkoWz4WFHOAlrVTHPaiCTFwue07vdvR379iUrFwuBBDyLqCdwNWIcRrI3UsktIYN2TIuFYpyUEj5GIWyhij8VrB6Hcrxv10hJEcMa+clp23ik4Y8BF4k5JHkxRadlD1A5JLGigCcdKNV0n0l6CpWaE0zSHYkUjTPq4S5uGBlhQ5SXjH1N4ZJQ27ITSVKDhWJ2dSLBQaiB80zm6Wc17I/E/rxnrzqWXsCCKNQ3IZFEn5lCHcBQYbDNJieYDQzCRzNwKSQ9LTLSJNWdCcOdfXiS1YsE9L5zdn+bLN9M4suAAHIIT4IILUAZ3oAKqgIBn8ArewYf1Yr1ZQ+tz0pqxpjP74A+s7x/g66Mk</latexit>

lat : µ2
⇡ > 0

ph : µ2
⇡ < 0

attraction at

short distance 

slight repulsion 

at long distance 

Re(z)

Im(z)

Re(p2)

Im(p2)

branch cut

branch 
point 
z=0

branch 
point

left-hand cut 
(lhc)

<latexit sha1_base64="dODPFztuB06hK8xdPZphJX+GMPs=">AAACCHicbVDLSsNAFJ3UV62vqEsXTi2CG0tS6mMjFN24rGAf0KRlMp20QyfJMDMRSsjSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7j8cZlcqyvo3c0vLK6lp+vbCxubW9Y+7uNWUUC0waOGKRaHtIEkZD0lBUMdLmgqDAY6TljW4mfuuBCEmj8F6NOXEDNAipTzFSWuqZhxDybsUpXjnFU0f5AuHECeKew2m3kibVtGeWrLI1BVwkdkZKIEO9Z345/QjHAQkVZkjKjm1x5SZIKIoZSQtOLAlHeIQGpKNpiAIi3WT6SAqPtdKHfiR0hQpO1d8TCQqkHAee7gyQGsp5byL+53Vi5V+6CQ15rEiIZ4v8mEEVwUkqsE8FwYqNNUFYUH0rxEOk01A6u4IOwZ5/eZE0K2X7vHx2Vy3VrrM48uAAHIETYIMLUAO3oA4aAINH8AxewZvxZLwY78bHrDVnZDP74A+Mzx+fBJiB</latexit>

p2=�µ2
⇡
4

<latexit sha1_base64="Igku7uolNWIZwbOIGNBjDY5VWc4=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gFJCLOT3mTI7Ow6MyvEJT/hxYMiXv0db/6Nk2QPmljQUFR1093lx4Jr47rfztLyyuraem4jv7m1vbNb2Nuv6yhRDGssEpFq+lSj4BJrhhuBzVghDX2BDX94M/Ebj6g0j+S9GcXYCWlf8oAzaqzUJKQtZOnppFsoumV3CrJIvIwUIUO1W/hq9yKWhCgNE1TrlufGppNSZTgTOM63E40xZUPax5alkoaoO+n03jE5tkqPBJGyJQ2Zqr8nUhpqPQp92xlSM9Dz3kT8z2slJrjqpFzGiUHJZouCRBATkcnzpMcVMiNGllCmuL2VsAFVlBkbUd6G4M2/vEjqp2Xvonx+d1asXGdx5OAQjqAEHlxCBW6hCjVgIOAZXuHNeXBenHfnY9a65GQzB/AHzucPp++PFQ==</latexit>

ln(z)
<latexit sha1_base64="GYQDJ4RLDPLWaDQDJCY428mUkuM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahgpSZ4mtZdOOyQl/QGYdMmmlDM5mQZIQyFNz4K25cKOLWn3Dn35g+EK0euHByzr3k3hMKRpV2nE8rt7C4tLySXy2srW9sbtnbO02VpBKTBk5YItshUoRRThqaakbaQhIUh4y0wsHV2G/dEalowut6KIgfox6nEcVIGymw9yBsBp6gJXFbOTqGHqx/vwK76JSdCeBf4s5IEcxQC+wPr5vgNCZcY4aU6riO0H6GpKaYkVHBSxURCA9Qj3QM5Sgmys8mN4zgoVG6MEqkKa7hRP05kaFYqWEcms4Y6b6a98bif14n1dGFn1EuUk04nn4UpQzqBI4DgV0qCdZsaAjCkppdIe4jibA2sRVMCO78yX9Js1J2z8qnNyfF6uUsjjzYBwegBFxwDqrgGtRAA2BwDx7BM3ixHqwn69V6m7bmrNnMLvgF6/0L/mKVNQ==</latexit>

V⇡(p
2), T⇡(p

2)

<latexit sha1_base64="Ash3qFdD4n+4uaiCZtfsuRD7HMs="></latexit>

V S
⇡ (p, p) / ln

✓
1 +

4p2

µ2
⇡

◆

<latexit sha1_base64="pf8XI5Xp+7DmKrRK9pLI4MXQ49c=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIVJdFN7qrYB/QGUomzbShSWZIMsI41F9x40IRt36IO//GTDsLbT0QOJxzL/fkBDGjSjvOt7Wyura+sVnaKm/v7O7t2weHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSDyXXudx+IVDQS9zqNic/RSNCQYqSNNLAr0ONIjyXPbvm05jEBH08HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/Q1JTzMi07CWKxAhP0Ij0DRWIE+Vns/BTeGKUIQwjaZ7QcKb+3sgQVyrlgZnMk6pFLxf/8/qJDi/9jIo40UTg+aEwYVBHMG8CDqkkWLPUEIQlNVkhHiOJsDZ9lU0J7uKXl0nnrO426o2782rzqqijBI7AMagBF1yAJrgBLdAGGKTgGbyCN+vJerHerY/56IpV7FTAH1ifP96NlEg=</latexit>

Im(ln z)

Heavy meson ChPT

lhc slightly below 
DD*, BB*, NN ... th.

(p)             

(-p)               

<latexit sha1_base64="MJPkMhwWDyJ9NdXp3SrBdoJcu6g=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpIUqS6LblxWsA9o0jKZTtqhM5MwMxFKyN6Nv+LGhSJu/QF3/o3TNgttPXDhcM693HtPEDOqtON8W4W19Y3NreJ2aWd3b//APjxqqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBNMbmZ+54FIRSNxr6cx8TkaCRpSjLSRBnbZ06FEOPV4MvBi2q9lqcxIPz3PBSizgV1xqs4ccJW4OamAHM2B/eUNI5xwIjRmSKme68TaT5HUFDOSlbxEkRjhCRqRnqECcaL8dP5LBk+NMoRhJE0JDefq74kUcaWmPDCdHOmxWvZm4n9eL9HhlZ9SESeaCLxYFCYM6gjOgoFDKgnWbGoIwpKaWyEeI5ONNvGVTAju8surpF2ruvVq/e6i0rjO4yiCE1AGZ8AFl6ABbkETtAAGj+AZvII368l6sd6tj0VrwcpnjsEfWJ8/xqqbhg==</latexit>

µ2
⇡
r e�µ⇡r

<latexit sha1_base64="0ekO2nk0RJBgEKxISMCfe3lKRGg="></latexit>

V S
⇡ (p, p) /

Z
V⇡(~q) d cos ✓, ~q 2 = 2p2(1� cos ✓)

<latexit sha1_base64="quv6oMa352GBUS8xSyazd4na6KA="></latexit>

q2 = q20 � ~q 2 ' (mD⇤�mD)2 � ~q 2

complex p cot 𝛿	(Luscher!s	eq	would	render	it	real)

Re[z]

Im[z]

<latexit sha1_base64="8YysvHW2VWGqDKlLSwHcrJGYE+s="></latexit>

V cent
⇡ (~q) =

g2c
4f2

⇡

~q 2

q2 �m2
⇡

=
g2c
4f2

⇡

✓
�1 +

µ2
⇡

~q 2 + µ2
⇡

◆

<latexit sha1_base64="rQb8qDNigJapErxzFDYGtfeAla8=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxCcjDMqESPQS8eI5gFMmPo6alJmvQsdPcEwpiDv+LFgyJe/Q1v/o2d5aCJDwoe71VRVc9LOJPKsr6NpeWV1bX13EZ+c2t7Z9fc22/IOBUU6jTmsWh5RAJnEdQVUxxaiQASehyaXv9m7DcHICSLo3s1TMANSTdiAaNEaaljHuJTxweuyENWPC+Nis4AKBaljlmwytYEeJHYM1JAM9Q65pfjxzQNIVKUEynbtpUoNyNCMcphlHdSCQmhfdKFtqYRCUG62eT+ET7Rio+DWOiKFJ6ovycyEko5DD3dGRLVk/PeWPzPa6cquHIzFiWpgohOFwUpxyrG4zCwzwRQxYeaECqYvhXTHhGEKh1ZXodgz7+8SBpnZbtSrtxdFKrXszhy6AgdoyKy0SWqoltUQ3VE0SN6Rq/ozXgyXox342PaumTMZg7QHxifP6rwlJw=</latexit>

��(3)(~r)

s-wave projection

2



Tcc analysis based on EFT
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Du, Hanhart, Guo, Nefediev, Filin, et al, PRL 2023, 2303.09441

<latexit sha1_base64="tipL5nKh3OTqdGERu2S+AUU9ANE=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KknxtSy6cVnBPqAJYTKdtEMnD2cmhRKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33uMnnEllWd/Gyura+sZmaau8vbO7t28eHLZlnApCWyTmsej6WFLOItpSTHHaTQTFoc9pxx/dTP3OmArJ4uheTRLqhngQsYARrLTkmRXkqEBgkg08kmf1wHMSliNnTAl68MyqVbNmQMvELkgVCjQ988vpxyQNaaQIx1L2bCtRboaFYoTTvOykkiaYjPCA9jSNcEilm82eyNGJVvooiIWuSKGZ+nsiw6GUk9DXnSFWQ7noTcX/vF6qgis3Y1GSKhqR+aIg5UjFaJoI6jNBieITTTARTN+KyBDrTJTOraxDsBdfXibtes2+qJ3fnVUb10UcJajAMZyCDZfQgFtoQgsIPMIzvMKb8WS8GO/Gx7x1xShmjuAPjM8fRtmX3w==</latexit> gc
2f⇡

~q<latexit sha1_base64="z8KZrfnl18TKzdHK8L3rh6xr0/8=">AAACEHicbVDLSgMxFM3UV62vUZduUotYKZSZwddGKHbjskJf0GmHTJq2oZmZkGSEMvQT3Pgrblwo4talO//G9LHQ1gP3cjjnXpJ7fM6oVJb1baRWVtfWN9Kbma3tnd09c/+gLqNYYFLDEYtE00eSMBqSmqKKkSYXBAU+Iw1/WJ74jQciJI3Cqhpx0g5QP6Q9ipHSkmeewrqXlKvjGwd7VkE3J887jpstuFneSVwuaECgMz7zzJxVtKaAy8SekxyYo+KZX243wnFAQoUZkrJlW1y1EyQUxYyMM24sCUd4iPqkpWmIAiLbyfSgMTzRShf2IqErVHCq/t5IUCDlKPD1ZIDUQC56E/E/rxWr3nU7oSGPFQnx7KFezKCK4CQd2KWCYMVGmiAsqP4rxAMkEFY6w4wOwV48eZnUnaJ9Wby4P8+VbudxpMEROAZ5YIMrUAJ3oAJqAINH8AxewZvxZLwY78bHbDRlzHcOwR8Ynz9sPZpY</latexit>

VCT = 2c0 + 2c2(p
2+p02)

c0,2 fitted from lat. data

significant short-distance attraction

<latexit sha1_base64="u3Fblr72U5emSnmnZro9zhbLKV8=">AAACCnicbZDLSsNAFIYn9VbjLerSzWhRBGlJRKoboeiiLiu0aaGJZTKdtEMnF2YmQglZu/FV3LhQxK1P4M63cdpmodUfBj7+cw5nzu/FjAppml9aYWFxaXmluKqvrW9sbhnbO7aIEo5JC0cs4h0PCcJoSFqSSkY6MSco8Bhpe6PrSb19T7igUdiU45i4ARqE1KcYSWX1jH3YPLq0y3a96Ti6QsfnCKdWltp3adnKTupZzyiZFXMq+BesHEogV6NnfDr9CCcBCSVmSIiuZcbSTRGXFDOS6U4iSIzwCA1IV2GIAiLcdHpKBg+V04d+xNULJZy6PydSFAgxDjzVGSA5FPO1iflfrZtI/8JNaRgnkoR4tshPGJQRnOQC+5QTLNlYAcKcqr9CPEQqDKnS01UI1vzJf8E+rVjVSvX2rFS7yuMogj1wAI6BBc5BDdyABmgBDB7AE3gBr9qj9qy9ae+z1oKWz+yCX9I+vgGWophZ</latexit>

T = V � V GT

T =
1

V �1 +G

inspired by

integral 

equation=

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD 

Limann-Schwinger eq.

Bethe-Salpeter eq.
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Tcc : scattering amplitude and pole trajectory

levels below lhc omitted from the fit

reassuring:  plane-wave method incorporates levels below lhc and gets consistent s-
wave amplitude Meng, Baru, Epelbaum et al., 2312.01930, PRD

<latexit sha1_base64="dzUTruxfSaH6LWw1+f7st800PpM=">AAACCXicbVA9SwNBEN2LXzF+RS1tNgbBKtwFiSmDNjZCBPMBuSPsbSbJkt27c3dPCEcsbfwrNhaK2PoP7Pw3bpIrNPHBwOO9GWbm+RFnStv2t5VZWV1b38hu5ra2d3b38vsHTRXGkkKDhjyUbZ8o4CyAhmaaQzuSQITPoeWPLqd+6x6kYmFwq8cReIIMAtZnlGgjdfNYdN2IuQVXMQF3bgGXq/aDK4geSpFcQ3PSzRftkj0DXiZOSoooRb2b/3J7IY0FBJpyolTHsSPtJURqRjlMcm6sICJ0RAbQMTQgApSXzD6Z4BOj9HA/lKYCjWfq74mECKXGwjed0xvVojcV//M6se5XvYQFUawhoPNF/ZhjHeJpLLjHJFDNx4YQKpm5FdMhkYRqE17OhOAsvrxMmuWSUylVbs6KtYs0jiw6QsfoFDnoHNXQFaqjBqLoET2jV/RmPVkv1rv1MW/NWOnMIfoD6/MHZMCZiQ==</latexit>

m⇡'280 MeV

2

resonance pole
virtual state pole
lhc
arrow: increasing mc

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD 
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V(r)=FT V(q)  at p~const

Tcc  : interpretation

long-range due to one-pion exchange
regularized

<latexit sha1_base64="dzUTruxfSaH6LWw1+f7st800PpM=">AAACCXicbVA9SwNBEN2LXzF+RS1tNgbBKtwFiSmDNjZCBPMBuSPsbSbJkt27c3dPCEcsbfwrNhaK2PoP7Pw3bpIrNPHBwOO9GWbm+RFnStv2t5VZWV1b38hu5ra2d3b38vsHTRXGkkKDhjyUbZ8o4CyAhmaaQzuSQITPoeWPLqd+6x6kYmFwq8cReIIMAtZnlGgjdfNYdN2IuQVXMQF3bgGXq/aDK4geSpFcQ3PSzRftkj0DXiZOSoooRb2b/3J7IY0FBJpyolTHsSPtJURqRjlMcm6sICJ0RAbQMTQgApSXzD6Z4BOj9HA/lKYCjWfq74mECKXGwjed0xvVojcV//M6se5XvYQFUawhoPNF/ZhjHeJpLLjHJFDNx4YQKpm5FdMhkYRqE17OhOAsvrxMmuWSUylVbs6KtYs0jiw6QsfoFDnoHNXQFaqjBqLoET2jV/RmPVkv1rv1MW/NWOnMIfoD6/MHZMCZiQ==</latexit>

m⇡'280 MeV

V(r) almost independent on mc

2

<latexit sha1_base64="MJPkMhwWDyJ9NdXp3SrBdoJcu6g=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpIUqS6LblxWsA9o0jKZTtqhM5MwMxFKyN6Nv+LGhSJu/QF3/o3TNgttPXDhcM693HtPEDOqtON8W4W19Y3NreJ2aWd3b//APjxqqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBNMbmZ+54FIRSNxr6cx8TkaCRpSjLSRBnbZ06FEOPV4MvBi2q9lqcxIPz3PBSizgV1xqs4ccJW4OamAHM2B/eUNI5xwIjRmSKme68TaT5HUFDOSlbxEkRjhCRqRnqECcaL8dP5LBk+NMoRhJE0JDefq74kUcaWmPDCdHOmxWvZm4n9eL9HhlZ9SESeaCLxYFCYM6gjOgoFDKgnWbGoIwpKaWyEeI5ONNvGVTAju8surpF2ruvVq/e6i0rjO4yiCE1AGZ8AFl6ABbkETtAAGj+AZvII368l6sd6tj0VrwcpnjsEfWJ8/xqqbhg==</latexit>

µ2
⇡
r e�µ⇡r

> 0

<latexit sha1_base64="dAgvLMzx/TeK4/edmNtqcmIllC4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0UQhJIUqW6EopsuK9gHtDFMppN26MwkzEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce08QM6q043xbS8srq2vrhY3i5tb2zq69t99SUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxjdTPz2A5GKRuJOj2PicTQQNKQYaSP59mH9qnXWCyXCaXxfydIK92Xm2yWn7EwBF4mbkxLI0fDtr14/wgknQmOGlOq6Tqy9FElNMSNZsZcoEiM8QgPSNVQgTpSXTq/P4IlR+jCMpCmh4VT9PZEirtSYB6aTIz1U895E/M/rJjq89FIq4kQTgWeLwoRBHcFJFLBPJcGajQ1BWFJzK8RDZKLQJrCiCcGdf3mRtCplt1qu3p6Xatd5HAVwBI7BKXDBBaiBOmiAJsDgETyDV/BmPVkv1rv1MWtdsvKZA/AH1ucP1v6U3A==</latexit>

H = V +
p
2

2mr

DD*

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD 

interpretation consistent with 

(does not uniqely imply)
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Tcc 

caution: see disclaimers in our paper

errors on pole positions could not be reliably determined

see also:  2407.04649, 

Abolnikov, Baru, Epelbaum, Filin, Hanhart, Meng

resonance pole             virtual state pole

CLQCD

HALQCD

attraction increases 
with decreasing mpi

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD 

<latexit sha1_base64="dAgvLMzx/TeK4/edmNtqcmIllC4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0UQhJIUqW6EopsuK9gHtDFMppN26MwkzEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce08QM6q043xbS8srq2vrhY3i5tb2zq69t99SUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxjdTPz2A5GKRuJOj2PicTQQNKQYaSP59mH9qnXWCyXCaXxfydIK92Xm2yWn7EwBF4mbkxLI0fDtr14/wgknQmOGlOq6Tqy9FElNMSNZsZcoEiM8QgPSNVQgTpSXTq/P4IlR+jCMpCmh4VT9PZEirtSYB6aTIz1U895E/M/rJjq89FIq4kQTgWeLwoRBHcFJFLBPJcGajQ1BWFJzK8RDZKLQJrCiCcGdf3mRtCplt1qu3p6Xatd5HAVwBI7BKXDBBaiBOmiAJsDgETyDV/BmPVkv1rv1MWtdsvKZA/AH1ucP1v6U3A==</latexit>

H = V +
p
2

2mr



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

QQ0q̄q̄0

in channel space

23



Coupled-channel DD*-D*D* scattering 
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Hadspec 2405.15741
<latexit sha1_base64="n26u5GSECuKTI0/lGP14JEb9LpY=">AAACBXicbVA9SwNBEN3zM8avU0stFoNgFe5UonZBGxshgvmA3BH2NpNkye7dubsnhCMWNv4VGwtFbP0Pdv4b95IUmvhg4PHeDDPzgpgzpR3n25qbX1hcWs6t5FfX1jc27a3tmooSSaFKIx7JRkAUcBZCVTPNoRFLICLgUA/6l5lfvwepWBTe6kEMviDdkHUYJdpILXtPtLyYeYoJuMPH5+6DJ4juSZFeQ23YsgtO0RkBzxJ3QgpogkrL/vLaEU0EhJpyolTTdWLtp0RqRjkM816iICa0T7rQNDQkApSfjr4Y4gOjtHEnkqZCjUfq74mUCKUGIjCd2Y1q2svE/7xmojtnfsrCONEQ0vGiTsKxjnAWCW4zCVTzgSGESmZuxbRHJKHaBJc3IbjTL8+S2lHRLRVLNyeF8sUkjhzaRfvoELnoFJXRFaqgKqLoET2jV/RmPVkv1rv1MW6dsyYzO+gPrM8fN0yYag==</latexit>

m⇡ ' 391 MeV

Tcc virtual state below DD* threshold (effects from left-hand cut not incorporated)

  +
Tcc’ resonance below D*D* threshold : look for it in experiment !
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Conclusions



All presented results are extracted from En 

C =  DG Dq Dq C e
−SQCD /!

∫   

t=0, JP, It, JP, I

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

mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 2pt
E

1

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

• resonances (Luscher’s relation)

• static potentials:

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

Ecm
n ! T (Ecm

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

O = O(q,G)

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

En ! V (r)

(except from HALQCD Tcc)

not covered in this talk



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

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

bbs̄ūDeeply bound  

Likely bound, with small binding

<latexit sha1_base64="vd36hBoELppBuPI+NbncTcpNUVE=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXRL0IRS/iqYL9wHZbsmm2Dc1mlyQrlKX/wosHRbz6b7z5b0zbPWjrg4HHezPMzPNjwbVxnG+UW1peWV3Lrxc2Nre2d4q7e3UdJYqyGo1EpJo+0UxwyWqGG8GasWIk9AVr+MObid94YkrzSD6YUcy8kPQlDzglxkqPGOO7TvXK7Zx0iyWn7EyBF4mbkRJkqHaLX+1eRJOQSUMF0brlOrHxUqIMp4KNC+1Es5jQIemzlqWShEx76fTiMT6ySg8HkbIlDZ6qvydSEmo9Cn3bGRIz0PPeRPzPayUmuPRSLuPEMElni4JEYBPhyfu4xxWjRowsIVRxeyumA6IINTakgg3BnX95kdRPy+552b0/K1WuszjycACHcAwuXEAFbqEKNaAg4Rle4Q1p9ILe0cesNYeymX34A/T5AwftjzM=</latexit>

JP = 1+

<latexit sha1_base64="Q8blhMlhcGdoJe2cY0IsY+HLEpk=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIQqUkIupFKHoRTxXsB7Rp2Wy37dLNJuxuhBrqH/HiQRGv/hRv/hu3bQ7a+mDg8d4MM/P8iDOlHefbyiwtr6yuZddzG5tb23l7Z7emwlgSWiUhD2XDx4pyJmhVM81pI5IUBz6ndX94PfHrD1QqFop7PYqoF+C+YD1GsDZSx84jhG7blUu3XTx+ctrFjl1wSs4UaJG4KSlAikrH/mp1QxIHVGjCsVJN14m0l2CpGeF0nGvFikaYDHGfNg0VOKDKS6aHj9GhUbqoF0pTQqOp+nsiwYFSo8A3nQHWAzXvTcT/vGasexdewkQUayrIbFEv5kiHaJIC6jJJieYjQzCRzNyKyABLTLTJKmdCcOdfXiS1k5J7VnLvTgvlqzSOLOzDARyBC+dQhhuoQBUIxPAMr/BmPVov1rv1MWvNWOnMHvyB9fkDYTCQ+Q==</latexit>

JP = 1+, 0+
<latexit sha1_base64="+ygZsgaBAmxaI9bpEHrh48QTfxw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsK9gFtKJPJpB06mYSZiVhCf8WNC0Xc+iPu/BsnaRbaeuByD+fcy9w5fsKZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVXEqCe2QmMey72NFORO0o5nmtJ9IiiOf054/vc393iOVisXiQc8S6kV4LFjICNZGGtl1hJBPhj6WKEVFC0Z2w2k6BdAqcUvSgBLtkf01DGKSRlRowrFSA9dJtJdhqRnhdF4bpoommEzxmA4MFTiiysuK2+fo1CgBCmNpSmhUqL83MhwpNYt8MxlhPVHLXi7+5w1SHV57GRNJqqkgi4fClCMdozwIFDBJieYzQzCRzNyKyARLTLSJq2ZCcJe/vEq65033suneXzRaN2UcVTiGEzgDF66gBXfQhg4QeIJneIU3a269WO/Wx2K0YpU7R/AH1ucPoF+S5Q==</latexit>

bcūd̄

<latexit sha1_base64="0iVxewYQ3ENaxXcfKoEp90mB+cg=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsK9gFtKJPJpB06mYSZiVhCf8WNC0Xc+iPu/BsnaRbaeuByD+fcy9w5fsKZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVXEqCe2QmMey72NFORO0o5nmtJ9IiiOf054/vc393iOVisXiQc8S6kV4LFjICNZGGtl1hBAhQx9LlKKiBSO74TSdAmiVuCVpQIn2yP4aBjFJIyo04Vipgesk2suw1IxwOq8NU0UTTKZ4TAeGChxR5WXF7XN0apQAhbE0JTQq1N8bGY6UmkW+mYywnqhlLxf/8wapDq+9jIkk1VSQxUNhypGOUR4ECpikRPOZIZhIZm5FZIIlJtrEVTMhuMtfXiXd86Z72XTvLxqtmzKOKhzDCZyBC1fQgjtoQwcIPMEzvMKbNbderHfrYzFascqdI/gD6/MHofGS5g==</latexit>

ccūd̄
<latexit sha1_base64="vd36hBoELppBuPI+NbncTcpNUVE=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXRL0IRS/iqYL9wHZbsmm2Dc1mlyQrlKX/wosHRbz6b7z5b0zbPWjrg4HHezPMzPNjwbVxnG+UW1peWV3Lrxc2Nre2d4q7e3UdJYqyGo1EpJo+0UxwyWqGG8GasWIk9AVr+MObid94YkrzSD6YUcy8kPQlDzglxkqPGOO7TvXK7Zx0iyWn7EyBF4mbkRJkqHaLX+1eRJOQSUMF0brlOrHxUqIMp4KNC+1Es5jQIemzlqWShEx76fTiMT6ySg8HkbIlDZ6qvydSEmo9Cn3bGRIz0PPeRPzPayUmuPRSLuPEMElni4JEYBPhyfu4xxWjRowsIVRxeyumA6IINTakgg3BnX95kdRPy+552b0/K1WuszjycACHcAwuXEAFbqEKNaAg4Rle4Q1p9ILe0cesNYeymX34A/T5AwftjzM=</latexit>

JP = 1+

V more attractive with decreasing mu/d

V  almost independent on mc

<latexit sha1_base64="jfncsTTr0klhycl7SWjTeq7qjSA=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFclRmR6kqKblxWsA9oxyGTpm1okglJRizD/IobF4q49Ufc+Tem01lo64HLPZxzL7k5kWRUG8/7dlZW19Y3Nktb5e2d3b1996DS1nGiMGnhmMWqGyFNGBWkZahhpCsVQTxipBNNbmZ+55EoTWNxb6aSBByNBB1SjIyVQrfCw76k8Arm/SGV4yx0q17NywGXiV+QKijQDN2v/iDGCSfCYIa07vmeNEGKlKGYkazcTzSRCE/QiPQsFYgTHaT57Rk8scoADmNlSxiYq783UsS1nvLITnJkxnrRm4n/eb3EDC+DlAqZGCLw/KFhwqCJ4SwIOKCKYMOmliCsqL0V4jFSCBsbV9mG4C9+eZm0z2p+vVa/O682ros4SuAIHINT4IML0AC3oAlaAIMn8AxewZuTOS/Ou/MxH11xip1D8AfO5w92S5QY</latexit>

m⇡ > mph
⇡

<latexit sha1_base64="VY/8T8aW1bwl0y3Qg8s624sBG3k=">AAAB+nicbVDLSsNAFJ3UV62vVJduBosgLkoiUl0W7cJlBfuAJpbJdNIOnUzCzI1SYj/FjQtF3Pol7vwbp4+Fth64cDjnXu69J0gE1+A431ZuZXVtfSO/Wdja3tnds4v7TR2nirIGjUWs2gHRTHDJGsBBsHaiGIkCwVrB8Hritx6Y0jyWdzBKmB+RvuQhpwSM1LWLtftTT8aAPYhxzUs47tolp+xMgZeJOyclNEe9a395vZimEZNABdG64zoJ+BlRwKlg44KXapYQOiR91jFUkohpP5uePsbHRunhMFamJOCp+nsiI5HWoygwnRGBgV70JuJ/XieF8NLPuExSYJLOFoWpwObNSQ64xxWjIEaGEKq4uRXTAVGEgkmrYEJwF19eJs2zslspV27PS9WreRx5dIiO0Aly0QWqohtURw1E0SN6Rq/ozXqyXqx362PWmrPmMwfoD6zPH5h5kvE=</latexit>

D⇤ 6! D⇡

consistent with 

(does not uniqely imply)


