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Disclaimer: 
- I will not discuss lattice simulations of Tbc (see talk of Padmanath and others for Tbc)

- I will review several recent lattice simulations of Tcc 

   and make some simplistic arguments on what these might imply for Tbc



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

QQ0q̄q̄0

Q=c,b   q=u,d,s
• Exotic hadrons
• 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 = −2.2MeV



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

QQ0q̄q̄0

<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

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

I=0, JP =1+ The only ones expected significantly below strong-decay thresholds BB*
(s) 



Lattice QCD 

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

• 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 Tcc and its quark mass dependence 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

...

talk by P. Bicudo

talk by R. Lewis (Tbb,...)

this talk (Tcc)

talk by Padmanath (Tbc)



Why m(Tcc) can not be extracted as m=E1 ?

Sasa Prelovsek                    Tcc and its quark mass dependence from lattice

D  D*

• eigenstate with E1 < mD + mD* could correspond to a essentially free pair of D(0) and D*(0)

       whose energy is slightly shifted down  due to feeble attraction on a finite lattice

• E1 < mD + mD* by itself does not imply there is a (virtual) bound state or resonance 

• Scattering amplitude T(E) has to be extracted

• pole in T(E) indicates a presence of Tcc  
  

E1(L) 
mD + mD* 

L

applies for states 

near or above 

threshold

E



Resonances R→ H1 H2 , bound states near threshold 

Scattering amplitude T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991

generalizations by many authors 

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

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

analytic contin.
to complex E

scattering amplitude T(E)

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

T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance
p = i |p|, sheet I            sheet II

Virtual bound st.
p = - i |p|, sheet II

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

T (E) / 1

E2 �m2

(p)

(-p)

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

1
2�

R

bound st.

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

S(E) = e2i�(E) = 1 + 2i 2p
E T (E)

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

! T / 1

p cot � � ip

Sasa Prelovsek                    Tcc and its quark mass dependence 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



Sasa Prelovsek                    Tcc and its quark mass dependence from lattice

L = 2.1 fm, 2.7 fm

Padmanath & SP, PRL2022,  m𝜋 ≈ 280MeV

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

EDD⇤ ⌘mD+mD⇤

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

~P = ~p1 + ~p2

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

~P = 2⇡
L (0, 0, 1)

Tcc  

E < Enon.int. (lines)  :
  

attractive interaction between D and D*

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

~P = 0

<latexit sha1_base64="LD3aYAyO3UfIxJ8xbaAObL8dky8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0yQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+greNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvpn5nUeqNIvlvZkk1Bd4KFnECDZWeiCkH2CF0ryHg2rNrbs50DLxClKDAs1B9asfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ/nVU3RilRBFsbIlDcrV3xsZFlpPRGAnBTYjvejNxP+8XmqiKz9jMkkNlWT+UJRyZGI0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buoe3fntcZ1EUcZjuAYTsGDS2jALTShBQQUPMMrvDlPzovz7nzMR0tOsXMIf+B8/gDKEZIN</latexit>

ccūd̄
<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+

these applies to all available lattice studies of Tcc

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

En.i. =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

~pi = ~ni
2⇡
L



Eigen-energies and scattering amplitude  

at m𝜋 ≈ 280𝑀𝑒𝑉

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

partial wave l=0 

Sasa Prelovsek                    Tcc and its quark mass dependence from lattice

Padmanath, S.P.: 2202.10110, PRL 2022Tcc  



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

T (E) / 1

E2 �m2

Tcc I=0, JP=1+

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

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

T / 1

p cot � � ip

D* is stable 
at these m𝜋

for E~m

LHCb

- 0.36(4) MeV    - 0.045(77) MeV                                 −9.9(#$."&'.() MeV     :    binding energy  𝛿m                                                           

virtual bound st. polebound st.

• possible effects of left-hand cuts 
discussed later in this talk 

• their effects are omitted till then:

       - effective range approx. assumed

       -  poles extracted 
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dependence on mu/d
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Simple arguments in QM 

for arbitrary fully attractive potential

sketch of expected binding energy
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Dependence on mu/d  and  mc
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sketch of expected scattering lenght a0

Padmanath, S.P.: 2202.10110, PRL
Supplemental material
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in case of molecular binding mechanism

simplest example of attractive potential



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 fully attractive shapes)
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Tcc

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

- 0.36(4) MeV    - 0.045(77) MeV                                 −9.9(#$."&'.() MeV     :    binding energy  𝛿m                                                           

virtual bound st. polebound st.
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summary from 2302.04505



Exchange of which particles drives the attraction (within molecular picture)?
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HALQCD, 2302.04505, m𝜋 ≈146 MeV
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CLQCD 2206.06185, PLB, 
m𝜋 ≈ 348 MeV
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Tcc

C2 drives attraction in I=0 channel

I=0 attractive, I=1: repulsive

HALQCD method



Dependence on mQ

increasing mc and mr

p cot𝛿

p2

V(r)
1                                                               1                                                            1                                                                 1

Square well potential (analogous conclusion for other fully attractive shapes)

Tcc: Padmanath, S.P.: 2202.10110, PRL

𝛿m

1/a0

bound st. vir. bound st.

Collins, Nefediev, Padmanath, S.P.: 23xx.xxxxx:

further mc>mc
phy:

increasing mr increasing mr
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Tcc : 1/mr = 1/mD + 1/mD⇤

Tbc : 1/mr = 1/mD + 1/mB⇤



Effect of [cc][ud] interpolators grows from c to b

Sasa Prelovsek                    Tcc and its quark mass dependence from lattice
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O = (ū�5c)~p(d̄�ic)�~p � (u $ d)

O =
X

x

[c(x)C�ic(x)][ū(x)C�5d̄(x)]e
iPx |P=0

effective eigen-energies
(as a function of lattice time) 

energy shift 

of the ground state

Emmanuel Ortiz Pacheco, Collins, Leskovec, Padmanath, SP

(talk by Pacheco at lattice 2023)

DD*

[cc][ud]



Effects of pion exchange and left-hand cut
• pion exchange: suppressed near threshold due to derivative coupling

• CLQCD, HALQCD lattice studes: one-pion exchanges not  crucial for existence of Tcc

• Du, Hanhart, Nefediev et al. 2303.09441: incorporate pion exchange and left-hand cut

        - pion exchange at large r: feeble attraction for

                                                       feeble repulsion for

         - reanalysis our Tcc data : lattice data supports significant attraction at small r

two virtual bound states one  narrow resonance 

Padmanath, S.P.: 2202.10110, PRL

one virtual bound state 

pion exchange 

in u-channel

both conclusions support the presence of significant attraction at small distances and poles, likely related to Tcc   
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Sasa Prelovsek                    Tcc and its quark mass dependence from lattice

Dependence on mu/d  and  mc

in case of diquark antidiquark binding mechanism

• [QQ] binding increases with increasing mQ

• [ud] binding decreases with decreasing mu/d

•  [QQ][ud] binding  with respect to DD* threshold, 
         dependence on mQ , mu/d : ??

generic/robust predictions for 𝛿m and 1/a0  needed:

looking forward to test those from lattice 



Conclusions: Tcc and its quark mass dependence from lattice

Sasa Prelovsek Tcc and its quark mass dependence from lattice

• Tcc is the longest-lived exotic hadron discovered in experiment

• lies near threshold  -> has to be extracted from DD* scattering amplitude 

• lattice studies find attraction

• attraction increases with decreasing pion mass

• attraction increases with increasing heavy quark mass 
        this would (naively) imply that Tbc is more strongly bound than Tcc

• can quark-mass dependence be used to dissentangle which binding mechanism is dominant ?



Backup

Sasa Prelovsek                    Tcc and its quark mass dependence from lattice



Interpolators for Tcc

Sasa Prelovsek                    Tcc and its quark mass dependence from lattice

Example: P=0
JP=1+  -> cubic irrep T1

+

P=D, V=D*



Previous lattice QCD study of Tcc channel

Sasa Prelovsek                    Tcc and its quark mass dependence from lattice

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

lowest finite-volume
eigen-energy for

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



Sasa Prelovsek                    Tcc and its quark mass dependence from lattice

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



HALQCD study of Tcc

Sasa Prelovsek                    Tcc and its quark mass dependence from lattice
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V(r)                            r > 1 fm-



Simplest Example: scattering in square-well potential in QM
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u(r) = A sin(qr)
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increasing mu/d , decreasing attraction V0     (or decreasing R)
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partial wave l=0
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