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CLS ensembles: u,d,s dynamical quarks 

mu =m d > mu,d
phy , m𝝅 ≈ 𝟐𝟖𝟎𝐌𝐞𝐕

a ≈ 0.086 fm, L = 2.1 fm, 2.7 fm

Outline

I=0
JP=1+

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

q=u,d,s
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DD⇤ scattering
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DD̄ �DsD̄s scattering
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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 
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E ! T (E) ! T (Ec)
for real Ereal E for complex E

analytic contin.
to complex E

scattering matrix T(E)

periodic b.c.
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T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|

Virtual bound st.

p = - i |p|
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T (E) / 1

E2 �m2

(p)

(-p)
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Resonance 
or 

Bound state

bound st.

simple argument: next slide
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Sasa Prelovsek                   Doubly charm tetraquark from lattice

Padmanath, S.P.: 2202.10110, 
Phys.Rev.Lett. 129 (2022) 3, 032002

& 
subsequent studies with S. Collins

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

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

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



LHCb discovery of Tcc

Sasa Prelovsek                   Doubly charm tetraquark from lattice
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m(D0D0⇡+) [GeV]
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ccūd̄

D0D*+

The longest lived exotic hadron ever discovered  
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Re(E)�mD⇤+ �mD0 [GeV]
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(E

)
[G

eV
]

D0D*+

Pole in T(E)

D*0D+
LHCb July 2021, 2109.01038, 2109.01056, Nature Physics 
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I=0, JP=1+
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D⇤ ! D⇡, Tcc ! DD⇡Omitting 

Tcc would be a bound state
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�m = �0.36 MeV
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Lattice  study 

Sasa Prelovsek                   Doubly charm tetraquark from lattice

C =  DG Dq Dq C e
−SQCD /!

∫   

t=0t

Eucledian time
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n

|nihn|
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C ! E ! T (E)

D(p1)

D*(p2)

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

m⇡ ' 280 MeV :

D⇤ 6! D⇡, Tcc 6! DD⇡

DD⇡ above analyzed region
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Eigen-energies on the lattice  

Sasa Prelovsek                   Doubly charm tetraquark from lattice

L = 2.1 fm, 2.7 fm

at m𝜋 ≈ 280 𝑀𝑒𝑉

lines
non-interacting energies
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EDD⇤ ⌘mD+mD⇤

6

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

~P = ~p1 + ~p2
<latexit sha1_base64="IWcfok+yHiD9ynWRTq5BLdBBk74=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Krsi6kUoevFYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pts9aOuDYR7vzZDJCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv5zREqzWP5aMYJ+hHtSx5yRo2V/M4IGandZM3tlspuxc1AlomXkzLkqHVLX51ezNIIpWGCat323MT4E6oMZwKnxU6qMaFsSPvYtlTSCLU/yY6eklOr9EgYK1vSkEz9vTGhkdbjKLCTETUDvejNxP+8dmrCa3/CZZIalGz+UJgKYmIyS4D0uEJmxNgSyhS3txI2oIoyY3Mq2hC8xS8vk8Z5xbuseA8X5eptHkcBjuEEzsCDK6jCPdSgDgye4Ble4c0ZOS/Ou/MxH11x8p0j+APn8wdjZ5Ez</latexit>

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

~P = 2⇡
L (0, 0, 1)

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

En.i. =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

~pi = ~ni
2⇡
L



Eigen-energies and scattering amplitude  

Sasa Prelovsek                   Doubly charm tetraquark from lattice

L = 2.1 fm, 2.7 fm

at m𝜋 ≈ 280 𝑀𝑒𝑉

p cot 𝛿 (for partial wave l=0) 

Luscher’s relation

E -> T(E), 𝛿(𝐸)

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

p cot �0 = 1
a0

+ 1
2 r0 p2

7

<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



Sasa Prelovsek                   Doubly charm tetraquark from lattice

at m𝜋 ≈ 280 𝑀𝑒𝑉

Scattering amplitude for l=0  

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

T =
E

2

1

p cot � � ip

virtual bound st. condition

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

Lattice: virtual bound st. pole  

8

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

D⇤ ! D⇡, Tcc ! DD⇡omitting



Molecular component in simplest toy model: dependence on mu/d 

Sasa Prelovsek                   Doubly charm tetraquark from lattice

Yukava-like potential

analogous conclusion for any

fully attractive 

exchanged particles: 

light mesons 𝜋, 𝜌, . .

increasing mu/d

increasing mex

decreasing R or 

decreasing attraction |V|

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

V (r) / �e�mexr

r

Possible binding mechanisms of Tcc

molecular 

likely dominant

[e.g. Janc, Rosina 2003]

“molecular”

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

⇢+,⇡+

subsequent lattice study: 
CLQCD,  Chen et al. 2206.06185   

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

mainly from 𝜚 exchange

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

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

f = e�r/R, e�r2/R2

, ✓(R� r), ...

9



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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Conclusions on Tcc

Sasa Prelovsek                   Doubly charm tetraquark from lattice

Pole of T(E) at mc
(h)

omitting 

Simple arguments within molecular picture:

Hypothesis to be verified by future simulations 

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

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

mc decreases

|�mTcc | increases for virtual bound st. 

Both in agreement with the lattice result

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

mu/d increases :

mphy
u/d ! mlat

u/d

sketch of expected binding energy

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

Tcc ! DD⇡

D⇤ ! D⇡closer-to physical mc

(see backup slides)
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The longest lived exotic hadron discovered to date 



I=0 S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02542 JHEP, 1905.03506 PRD, 2111.02934
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This is the first coupled-channel extraction of T(E)  in the charmonium system with I=0. 

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



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

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

DD̄ �DsD̄s

Luscher formalism

<latexit sha1_base64="HBLiM2sOnjOiSH6MR5blYWb7Szc=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0WRfBYoV+wXUo2zbax2WRJZoWy9Gd48aCIV3+NN/+NabsHrT4YeLw3w8y8MBHcgOt+OYWV1bX1jeJmaWt7Z3evvH/QNirVlLWoEkp3Q2KY4JK1gINg3UQzEoeCdcLxzczvPDJtuJJNmCQsiMlQ8ohTAlbyMW72M/4wrd6e9ssVt+bOgf8SLycVlKPRL3/2BoqmMZNABTHG99wEgoxo4FSwaamXGpYQOiZD5lsqScxMkM1PnuITqwxwpLQtCXiu/pzISGzMJA5tZ0xgZJa9mfif56cQXQUZl0kKTNLFoigVGBSe/Y8HXDMKYmIJoZrbWzEdEU0o2JRKNgRv+eW/pH1W8y5q3v15pX6dx1FER+gYVZGHLlEd3aEGaiGKFHpCL+jVAefZeXPeF60FJ585RL/gfHwDv3mQQg==</latexit>

Tij(E)
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Eigen-energies



Charmonium(like) resonances and bound states <latexit sha1_base64="cny7ABc+7OMfVqy/HOctj0c+/iY=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiuJAyI0VdFt24rGAv0BlK5jTThmYuTTJCGSq48VXcuFDErQ/hzrcxnc5CWw+EfPz/OSTn92LOpLKsb6Owsrq2vlHcLG1t7+zumfsHLRklAmgTIh6Jjkck5SykTcUUp51YUBJ4nLa90fXMb99TIVkU3qlJTN2ADELmMyBKSz2zjLHjEYEBHk6dHMfZNYaeWbGqVlZ4GewcKiivRs/8cvoRJAENFXAiZde2YuWmRCgGnE5LTiJpTGBEBrSrMSQBlW6aLTHFx1rpYz8S+oQKZ+rviZQEUk4CT3cGRA3lojcT//O6ifIv3ZSFcaJoCPOH/IRjFeFZIrjPBAXFJxoICKb/imFIBAGlcyvpEOzFlZehdVa1z6u121qlfpXHUURldIROkI0uUB3doAZqIkCP6Bm9ojfjyXgx3o2PeWvByGcO0Z8yPn8AWqqWqQ==</latexit>

c̄c , c̄qq̄c q=u,d,s

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4

m
 [G

eV
]

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4.0

JPC

2mD

2mDs

Lat : m

χc2(1P)

Exp

χc0(1P)

χc2(3930)

X(3860)

X(3915)/
χc0(3930)

ψ(3770)

ψ(2S)

X(3842)

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

predicted in models [Oset et al,  
0612179 PRD, Hildago Duque et al 
1305.4487, Baru et al 1605.09649 PLB] 

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

It has large coupling to DsDs and small coupling to DD    
It is likely related to  X(3915) / 𝜒𝑐0(3930) / X(3960) 
[BaBar,  LHCb 2009.00026, LHCb 2022 indico..../1176505/]
explaining why it has narrow width to DD. 
Supported by some pheno studies:           
Lebed, Polosa  1602.08421, Oset et al . 2207.08490, 
Guo et al, 2101.01021, .... 

+ expected conventional charmonia

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

m⇡'280 MeV

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

I=0

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

JPC=0++

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

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

X(3960) ! DsD̄s

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

�c0(3930) ! DD̄

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

X(3915) ! J/ !

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

Br(DD̄)

Br(DsD̄s)
' 0.3exp:

talk by 
Chen Chen 
today

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

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01lat:

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

c̄ss̄c

https://indico.cern.ch/


Doubly charm tetraquark ( Tcc )

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

- likely related to Tcc discovered by LHCb

Charmonium(like) states

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

first excitations  (resonances)

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

Summary

I=0
JP=1+

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

q=u,d,s

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

seen in dispersive re-analysis of exp. 

[Danilkin et al 2111.15033]

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

DD⇤ scattering

<latexit sha1_base64="NYKcAkH/EWbX/46V/b5P2A1kyLg=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqQpUgBIwVdGAsEn1ITRQ5rtNatZ3IdpCqqL/Awq+wMIAQKxsbf4PTZoCWK1k+Oudc3XtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb3K9+0CkorG415OE+BwNBY0oRtpQgV1reiGSsHnaDNQcmR96HOmR5JkyNk0kFcNpYFedujMruAzcAlRBUa3A/vIGMU45ERozpFTfdRLtZ0hqihmZVrxUkQThMRqSvoECcaL8bHbRFJ4YZgCjWJonNJyxvzsyxJWa8NA481XVopaT/2n9VEdXfkZFkmoi8HxQlDKoY5jHAwdUEqzZxACEJTW7QjxCEmETg6qYENzFk5dB56zuXtTdu/Nq47qIowyOwDGoARdcgga4BS3QBhg8gmfwCt6sJ+vFerc+5taSVfQcgj9lff4A0jKdEQ==</latexit>

DD̄ �DsD̄s scattering

16



Backup
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Sasa Prelovsek                   Doubly charm tetraquark from lattice

Relation between E and δ(E), T(E):   
1D nonrelativistic quantum mechanics

periodic boundary condition

relation between δ, T and  E

x=R

V= 0: outside the region of potential

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

p = 2⇡
L n� 2

L�

<latexit sha1_base64="OqpCtOSz4gXkgDbIfok29SvU6p8=">AAAB/HicbVBNS8NAEN34WetXtUcvi0XwVJIi6kUoevHgoYL9gCaUzXbTLt1swu5ECCH+FS8eFPHqD/Hmv3Hb5qCtDwYe780wM8+PBddg29/Wyura+sZmaau8vbO7t185OOzoKFGUtWkkItXziWaCS9YGDoL1YsVI6AvW9Sc3U7/7yJTmkXyANGZeSEaSB5wSMNKgUo2vXAgUoVnDjXme3eUSDyo1u27PgJeJU5AaKtAaVL7cYUSTkEmggmjdd+wYvIwo4FSwvOwmmsWETsiI9Q2VJGTay2bH5/jEKEMcRMqUBDxTf09kJNQ6DX3TGRIY60VvKv7n9RMILr2MyzgBJul8UZAIDBGeJoGHXDEKIjWEUMXNrZiOiYkCTF5lE4Kz+PIy6TTqznnduT+rNa+LOEroCB2jU+SgC9REt6iF2oiiFD2jV/RmPVkv1rv1MW9dsYqZKvoD6/MHkvmUuQ==</latexit>

p = 2⇡
L n

<latexit sha1_base64="lFmsWZ+VdWr5pedjxFOiIAGT2CE=">AAACAHicbZDLSgMxFIYz9VbrbdSFCzfRItRNmRFRl0U3LivYC3SGkkkzbWgmCUlGLEM3voobF4q49THc+Tam7Sy09YfAx3/O4eT8kWRUG8/7dgpLyyura8X10sbm1vaOu7vX1CJVmDSwYEK1I6QJo5w0DDWMtKUiKIkYaUXDm0m99UCUpoLfm5EkYYL6nMYUI2OtrnsQSE2Do0AqIY2wgIWuyMfTrlv2qt5UcBH8HMogV73rfgU9gdOEcIMZ0rrje9KEGVKGYkbGpSDVRCI8RH3SschRQnSYTQ8YwxPr9GAslH3cwKn7eyJDidajJLKdCTIDPV+bmP/VOqmJr8KMcpkawvFsUZwyaAScpAF7VBFs2MgCworav0I8QAphYzMr2RD8+ZMXoXlW9S+q/t15uXadx1EEh+AYVIAPLkEN3II6aAAMxuAZvII358l5cd6dj1lrwcln9sEfOZ8/FX2WEw==</latexit>

 /cos(px)

<latexit sha1_base64="EWS2X+ty+MGu8fberApzSdP09NQ=">AAACC3icbZDLSsNAFIYn9VbrLerSTdoiVISSiKjLohuXFewFmlAm00k7dJIZZk7EUrp346u4caGIW1/AnW/jtM1Cqz8MfPznHM6cP5ScaXDdLyu3tLyyupZfL2xsbm3v2Lt7TS1SRWiDCC5UO8SacpbQBjDgtC0VxXHIaSscXk3rrTuqNBPJLYwkDWLcT1jECAZjde2SLzXzi75UQoIwQISuyHu/eGy4Rzngo65ddqvuTM5f8DIoo0z1rv3p9wRJY5oA4VjrjudKCMZYASOcTgp+qqnEZIj7tGMwwTHVwXh2y8Q5NE7PiYQyLwFn5v6cGONY61Ecms4Yw0Av1qbmf7VOCtFFMGaJTIEmZL4oSrkDwpkG4/SYogT4yAAmipm/OmSAFSZg4iuYELzFk/9C86TqnVW9m9Ny7TKLI48OUAlVkIfOUQ1dozpqIIIe0BN6Qa/Wo/VsvVnv89aclc3so1+yPr4BfFuaDA==</latexit>

 /cos(px+�)

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

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

T =
E

2

1

p cot � � ip
one-channel scattering

E=p2/2m
in both cases

18



Sasa Prelovsek                   Doubly charm tetraquark from lattice

Lattice results on Tcc

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

V (r) = �V0 f(r/R)

DD𝜋

19



Interpolators for Tcc

Sasa Prelovsek                   Doubly charm tetraquark from lattice

Example: P=0

JP=1+ -> cubic irrep T1
+

P=D, V=D*

20
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s-wave scattering on spherical potential well 

q = 2µ(V0 +E) = 2µV0 + p
2

A sinqr B sin(pr +δ0 ) 

δ0 (p) = arctan
p
q
tan(qR)

⎛

⎝
⎜

⎞

⎠
⎟− pR+ nπ

Sasa Prelovsek                   Doubly charm tetraquark from lattice

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

1
𝑞
tan 𝑞𝑅 =

1
𝑝
tan(𝑝𝑅 + 𝛿)dividing both eqs

22



Molecular component: dependence on mc

V(r) independent on mc ,  

mc  decreases : reduced mass mr of D,D* system decreases <latexit sha1_base64="7FOcSS0CyybVrB/EdHwai1bLQmQ=">AAAB83icbVBNSwMxEJ31s9avqkcvwSIIlbIroh6LXjxWsB/Q3ZZsmm1Ds5uQZIWy9G948aCIV/+MN/+NabsHbX0w8Hhvhpl5oeRMG9f9dlZW19Y3Ngtbxe2d3b390sFhU4tUEdogggvVDrGmnCW0YZjhtC0VxXHIaSsc3U391hNVmonk0YwlDWI8SFjECDZW8n01FN3KuS9Zt9Irld2qOwNaJl5OypCj3it9+X1B0pgmhnCsdcdzpQkyrAwjnE6KfqqpxGSEB7RjaYJjqoNsdvMEnVqljyKhbCUGzdTfExmOtR7Hoe2MsRnqRW8q/ud1UhPdBBlLZGpoQuaLopQjI9A0ANRnihLDx5Zgopi9FZEhVpgYG1PRhuAtvrxMmhdV76rqPVyWa7d5HAU4hhM4Aw+uoQb3UIcGEJDwDK/w5qTOi/PufMxbV5x85gj+wPn8ARVLkRA=</latexit>

⇢+,⇡+

decreasing mc and mr

p cot𝛿

p2

V(r)
1                                                               1                                                            1                                                                 1

Square well potential (analogous conclusion for other shapes)

lattice results
Sasa Prelovsek                   Doubly charm tetraquark from lattice 23
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CLQCD,  Chen et al. 2206.06185

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

mainly from 𝜚 exchange

Subsequent lattice QCD study of Tcc channel

24


