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Outline:

Doubly charm tetraquark

Charmonium(like) resonances

Padmanath, S.P.: 2202.101101, PRL
mu/d , mc  dependence in supplemental material

S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02541 JHEP, 1905.03506 PRD, 2111.02934

versus experimental discoveries in 2022 

both on Nf=2+1, CLS ensembles, 𝑚! ≈ 280MeV 



Sasa Prelovsek             Doubly charm tetraquark and its quark mass dependence   1

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

& 
subsequent studies with S. Collins

=   Tcc



LHCb discovery of Tcc
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The longest lived exotic hadron ever discovered  
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Pole in T(E)

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

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

1
2�

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



Tcc on the lattice  
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Pole of T(E) at mc
(h)

omitting 

Previous talk by Padmanath: lattice results This talk: simple analytic arguments 

Hypothesis to be verified by future simulations 

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

|�mTcc | increases for virtual bound st. 

(both in agreement with the lattice result)
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mu/d increases :

mphy
u/d ! mlat

u/d

sketch of expected binding energy
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Tcc ! DD⇡

D⇤ ! D⇡closer-to physical mc



Definitions: bound state, virtual bound state & resonance             
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Poles of T(E),  E=E cm
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T (E) / 1

E2 �m2
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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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E =
q
m2

1 + p2 +
q

m2
2 + (�p)2 < m1 +m2

example: 

deuteron

example: 

di-neutron



Molecular component: dependence on mu/d
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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|
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V (r) / �e�mexr

r

Possible binding mechanisms of Tcc

molecular 

likely dominant

[e.g. Janc, Rosina 2003]

“molecular”
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⇢+,⇡+

subsequent lattice study: 
CLQCD,  Chen et al. 2206.06185   

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

mainly from 𝜚 exchange
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V (r) = �V0 f(r/R)
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f = e�r/R, e�r2/R2

, ✓(R� r), ...



Simplest Example: scattering in square-well potential in QM
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u(r) = A sin(qr)
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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
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<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

<latexit sha1_base64="JiAhX1eF5wfLR/m2wM0svo6et0s=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwIXWmiHZTKLpxWcU+oB2HTJppQ5PMkGQKZahf4saFIm79E3f+jWk7C209cOFwzr3ce08QM6q043xbuZXVtfWN/GZha3tnd8/eP2iqKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvpn5rRKSikXjQ45h4HPUFDSlG2ki+bd9X3bMn7stqN6aP5fOKbxedkjMDXCZuRoogQ923v7q9CCecCI0ZUqrjOrH2UiQ1xYxMCt1EkRjhIeqTjqECcaK8dHb5BJ4YpQfDSJoSGs7U3xMp4kqNeWA6OdIDtehNxf+8TqLDipdSESeaCDxfFCYM6ghOY4A9KgnWbGwIwpKaWyEeIImwNmEVTAju4svLpFkuuZcl9+6iWLvO4siDI3AMToELrkAN3II6aAAMRuAZvII3K7VerHfrY96as7KZQ/AH1ucPqUWSYg==</latexit>

R = 1, mr = ⇡2/8
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<latexit sha1_base64="OdcLJqntF/YGuQhYNEB/oRSF3V4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI7aUkIupFqHrxWMF+QBvKZrtpl242cXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd2i/beflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhm6rceqVQsEvd6HFMvxAPBAkawNlLPLqKkLCuXV13FRPlBVnp2yak6M6Bl4makBBnqPfur249IElKhCcdKdVwn1l6KpWaE00mhmygaYzLCA9oxVOCQKi+dHT5Bx0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAcXXspEnGgqyHxRkHCkIzRNAfWZpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5knVPau6d6el2nUWRx4O4QjK4MI51OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AOmAkfc=</latexit>

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

u(r) = B sin(pr + �)

r
R

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

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

eipr=e�|p|r

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

eipr=e|p|r

partial wave l=0

p cot𝛿

p2

i p, p=-i|p| 

i p, p=i|p| 

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

t / (p cot � � ip)�1
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<latexit sha1_base64="OdcLJqntF/YGuQhYNEB/oRSF3V4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI7aUkIupFqHrxWMF+QBvKZrtpl242cXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd2i/beflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhm6rceqVQsEvd6HFMvxAPBAkawNlLPLqKkLCuXV13FRPlBVnp2yak6M6Bl4makBBnqPfur249IElKhCcdKdVwn1l6KpWaE00mhmygaYzLCA9oxVOCQKi+dHT5Bx0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAcXXspEnGgqyHxRkHCkIzRNAfWZpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5knVPau6d6el2nUWRx4O4QjK4MI51OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AOmAkfc=</latexit>

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

u(r) = B sin(pr + �)

r
R

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

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

eipr=e�|p|r

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

eipr=e|p|r

partial wave l=0

p cot𝛿

p2

i p, p=-i|p| 

i p, p=i|p| 

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

t / (p cot � � ip)�1
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All fully attractive potentials lead to analogous conclusions 
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video: courtesy M. Padmanath
supplemental material of

Phys.Rev.Lett. 129 (2022) 3, 032002
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lattice results 
at  𝑚! ≈ 280MeV and mc

(h)

toy model
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<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

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

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

⇢+,⇡+



9

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>

⇢+,⇡+
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9

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)

Sasa Prelovsek             Doubly charm tetraquark and its quark mass dependence   
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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 and its quark mass dependence   
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<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
supports  internal structure below

color Coulomb

strongly binds bb

<latexit sha1_base64="97FMMoP3S54Q0TnUkFXsXro+tjw=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m0qMeiF48VrC2kIexut+3SzSbsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5JBVcG8/7dkpr6xubW+Xtys7u3v6Be3j0pJNMUdaiiUhUh2DNBJesZbgRrJMqhmMiWJuM7mZ+e8yU5ol8NJOUhTEeSN7nFBsrRa6LAkLCKO8SrNBlRKeRW/Vq3hxolfgFqUKBZuR+dXsJzWImDRVY68D3UhPmWBlOBZtWuplmKaYjPGCBpRLHTIf5/PIpOrNKD/UTZUsaNFd/T+Q41noSE9sZYzPUy95M/M8LMtO/CXMu08wwSReL+plAJkGzGFCPK0aNmFiCqeL2VkSHWGFqbFgVG4K//PIqebqo+Ve1+kO92rgt4ijDCZzCOfhwDQ24hya0gMIYnuEV3pzceXHenY9Fa8kpZo7hD5zPH3qOku0=</latexit>

[bb]3̄c

<latexit sha1_base64="AyQPTUwZKhTBETz7Jtcc6vwqm50=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkqiRV0W3bisYB+QhjCZTNqhkwczE6GEgr/ixoUibv0Od/6N0zQLbT1wL4dz7mXuHD/lTCrL+jYqK6tr6xvVzdrW9s7unrl/0JVJJgjtkIQnou9jSTmLaUcxxWk/FRRHPqc9f3w783uPVEiWxA9qklI3wsOYhYxgpSXPPELOwMcCZUUPXC+/8MjUM+tWwyqAloldkjqUaHvm1yBISBbRWBGOpXRsK1VujoVihNNpbZBJmmIyxkPqaBrjiEo3L86folOtBChMhK5YoUL9vZHjSMpJ5OvJCKuRXPRm4n+ek6nw2s1ZnGaKxmT+UJhxpBI0ywIFTFCi+EQTTATTtyIywgITpROr6RDsxS8vk+55w75sNO+b9dZNGUcVjuEEzsCGK2jBHbShAwRyeIZXeDOejBfj3fiYj1aMcucQ/sD4/AECRpTl</latexit>

[ūd̄]3c SP = 0+

good anti-diquark

SP = 1+

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

I=0, JP =1+

mb decreases

mu,d increases

(m
bph

y
)

(m
u,

dph
y

)

good and bad diquark properties:  

Francis et al, 2201.03332

[QQ][ud] dominated state: dependence on mQ and  mu,d

known only for a bound state well bellow threshold 

mb 
phy /mb

Δ𝐸
[𝑀
𝑒𝑉
]

As [QQ][ud] dominated state reaches threshold:

virtual bound st. or resonance ? 

not known yet (from rigorous studies)

Sasa Prelovsek             Doubly charm tetraquark and its quark mass dependence   

see also next talk by S. Aoki
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v The longest lived exotic hadron ever discovered  

v It lies very close to DD* threshold: t(E) has to be extracted

v virtual bound state pole slightly below DD* at mu/d>mu/d
phy

virtual bound state pole further below th. as mc is decreased:

consistent with expectations from dominant molecular Fock comp.
(this alone does not rule out the presence of other Fock components or other binding mechanisms)
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v The longest lived exotic hadron ever discovered  

v It lies very close to DD* threshold: t(E) has to be extracted

v virtual bound state pole slightly below DD* at mu/d>mu/d
phy

virtual bound state pole further below th. as mc is decreased:

consistent with expectations from dominant molecular Fock comp.
(this alone does not rule out the presence of other Fock components or other binding mechanisms)

v current study:

v one of the future challenges

formalisms developed by three groups,  particularly suitable for DD𝜋 ∶ [Blanton, Sharpe, Lopez,

2105.12094, 2111.12734, talk by S. Sharpe ]

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

m⇡ ' 280 MeV :

D⇤ 6! D⇡, Tcc 6! DD⇡

DD⇡ above analyzed region

<latexit sha1_base64="hhYYouWosOfLiflUvSLj19ghpR0=">AAACHHicbVBLSwMxGMzWV62vqkcvwWIRkbKrouKpaA8eK/QF3XbJptk2NPsgyQplWf+HF/+KFw+KePEg+G/MbvegrQOBycz3kczYAaNC6vq3lltYXFpeya8W1tY3NreK2zst4Ycckyb2mc87NhKEUY80JZWMdAJOkGsz0rbHN4nfvidcUN9ryElAei4aetShGEklWcXTsmtFZkDjfhSMJjG8Ms1CudY/gqb0YU0Zxw8NK8I4Tu+JYJpWsaRX9BRwnhgZKYEMdav4aQ58HLrEk5ghIbqGHshehLikmJG4YIaCBAiP0ZB0FfWQS0QvSsPF8EApA+j4XB1PwlT9vREhV4iJa6tJF8mRmPUS8T+vG0rnshdRLwgl8fD0ISdkUAVNmoIDygmWbKIIwpyqv0I8QhxhqfosqBKM2cjzpHVSMc4rxt1ZqXqd1ZEHe2AfHAIDXIAquAV10AQYPIJn8AretCftRXvXPqajOS3b2QV/oH39AIoxoGo=</latexit>

mphy
⇡ :

D⇤ ! D⇡, Tcc ! DD⇡
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I=0 S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02541 JHEP, 1905.03506 PRD, 2111.02934
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<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="eRB28S4l4r11BwnF+SLzMj+3jRo=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0WRfBYwX7AdinZNNvGZpMlmRXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhYngBlz32ymsrK6tbxQ3S1vbO7t75f2DllGppqxJlVC6ExLDBJesCRwE6ySakTgUrB2ObqZ++4lpw5V8gHHCgpgMJI84JWAlH2PoZfxxUr097ZUrbs2dAS8TLycVlKPRK391+4qmMZNABTHG99wEgoxo4FSwSambGpYQOiID5lsqScxMkM1OnuATq/RxpLQtCXim/p7ISGzMOA5tZ0xgaBa9qfif56cQXQUZl0kKTNL5oigVGBSe/o/7XDMKYmwJoZrbWzEdEk0o2JRKNgRv8eVl0jqreRc17/68Ur/O4yiiI3SMqshDl6iO7lADNRFFCj2jV/TmgPPivDsf89aCk88coj9wPn8A8PmQYg==</latexit>

tij(E)

<latexit sha1_base64="0Vs10aCMVut4MstCGAFB7tT9YB4=">AAAB/3icbZDLSsNAFIZ P6q3WW1Rw42awCG4siYi6LNqFywr2Am0Ik+mkHTqZhJmJUGIXvoobF4q49TXc+TZO2yy09YeBj/+cwznzBwlnSjvOt1VYWl5ZXSuulzY2t7Z37N29popTSWiDxDyW7QArypmgDc00p+1EU hwFnLaC4c2k3nqgUrFY3OtRQr0I9wULGcHaWL59gGrdAEtUQ6eo5qsZ+8q3y07FmQotgptDGXLVffur24tJGlGhCcdKdVwn0V6GpWaE03GpmyqaYDLEfdoxKHBElZdN7x+jY+P0UBhL84RGU/f3RIYjpUZRYDojrAdqvjYx/6t1Uh1eeRkTSaqpILNFYcqRjtEkDNRjkhLNRwYwkczcisgAS0y0iaxkQnDnv7wIzbOKe1Fx787L1es8jiIcwhGcgAuXUIVbqEMDCDzCM7zCm/VkvVjv1sestWDlM/vwR9bnDwRdlDA=</latexit>

DD̄ �DsD̄s

Luscher formalism
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<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]

<latexit sha1_base64="Tbd46OB/QHJJdN6fbkSyJMGGs4M=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W7cFjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hY6RGhXogVqtf7btmreHOgVeLnpAw5Gn33qzeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5gdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ92jAFCWGTyzBRDF7KyIjrDAxNqOSDcFffnmVtC4q/mWlel8t127yOIpwAqdwDj5cQQ3uoAFNICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+ACOej1Y=</latexit>

D̄D JP=0+  state

<latexit sha1_base64="Pwn86D4cCpwdSJwmv/BEcT2LTkc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LevBYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pu0etPUxA4/3ZsjkBYng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb2d+c4RK81g+mnGCfkT7koecUWMln5BOQBW562pb3WLJLbtzkFXiZaQEGWrd4lenF7M0QmmYoFq3PTcx/oQqw5nAaaGTakwoG9I+ti2VNELtT+ZHT8mZVXokjJVtachc/b0xoZHW4yiwkxE1A73szcT/vHZqwmt/wmWSGpRs8VCYCmJiMkuA9LhCZsTYEsoUt7cSNqCKMmNzKtgQvOUvr5LGRdm7LFceKqXqTRZHHk7gFM7Bgyuowj3UoA4MnuAZXuHNGTkvzrvzsRjNOdnOMfyB8/kDQMeRIg==</latexit>

D̄sDs JP=0+  state 

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)/

X(3960)

DsDs th.

indico.cern.ch/event/1176505/
july 2022X(3915) / 𝜒𝑐0(3930) / X(3960)

likely the same state 
currently named 𝜒𝑐0(3914) in PDG

https://indico.cern.ch/


Backup
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Lattice details
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CLS ensembles with u/d, s dynamical quarks 

a≃0.086 fm     

NL=24, 32

lat         exp

mu/d > mu/d
exp

ms      <  ms
exp      

mu+md+ms = mu
exp +md

exp +ms
exp

mc      ≿ mc
exp

separation between DD and DsDs threshols smaller than in exp

Wick contractions evaluated with 

distillation or stochastic distillation method. 

m [MeV] lat exp

m𝝅 280(3) 137

mD 1927(2) 1867

mDs 1981(1) 1968

Mav 3103(3) 3068
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Lattice results

<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



Interpolators
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Example: P=0

JP=1+ -> cubic irrep T1
+

P=D, V=D*



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

1
𝑞
tan 𝑞𝑅 =

1
𝑝
tan(𝑝𝑅 + 𝛿)dividing both eqs
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other lattice studies of Tcc
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Previous lattice QCD study of Tcc channel
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Junnarkar, Mathur, Padmanath, PRD 99, 034507 (2019), 1810.12285 

lowest finite-volume

eigen-energy for

P=0, JP=1+, I=0
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Previous lattice QCD study of Tcc channel

finite-volume

eigen-energies for

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

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



Phenomenological theoretical predictions 
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Theoretical PREdictions
courtesy: Ivan Polyakov, EPS-HEP 2021

(references at the back)

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

�m [MeV] references at the back

D*0D+

v Phenomenological approaches 

* Janc & Rosina , Few Body Syst. 35, 175 (2004), hep-ph/0405208

one of the most sophisticated quark model predictions:

Vij between all pairs of quarks,  ground state energy of four-body problem
<latexit sha1_base64="nvySxLoP97y6oqQcs1RNYH7Lmrs=">AAACC3icbVA9SwNBEN2LXzF+RS1tlgTBxuNOQrQRgjY2QgTzAbkj7G0myZLdu2N3TwhHehv/io2FIrb+ATv/jXtJCk18MPB4b4aZeUHMmdKO823lVlbX1jfym4Wt7Z3dveL+QVNFiaTQoBGPZDsgCjgLoaGZ5tCOJRARcGgFo+vMbz2AVCwK7/U4Bl+QQcj6jBJtpG6x5PWAa4LF5alrV71YYNd2POwJoodSpLfQnHSLZcd2psDLxJ2TMpqj3i1+eb2IJgJCTTlRquM6sfZTIjWjHCYFL1EQEzoiA+gYGhIByk+nv0zwsVF6uB9JU6HGU/X3REqEUmMRmM7sRrXoZeJ/XifR/Qs/ZWGcaAjpbFE/4VhHOAsG95gEqvnYEEIlM7diOiSSUG3iK5gQ3MWXl0nzzHarduWuUq5dzePIoyNUQifIReeohm5QHTUQRY/oGb2iN+vJerHerY9Za86azxyiP7A+fwAqqJlD</latexit>

�m = �1.6± 1.0 MeV
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Resonances from coupled-channel scattering 
• most results by HadSpec. coll.: mostly light meson sector 

• example in heavy-quark sector

two coupled channels
<latexit sha1_base64="0NBPMAtpg/gF0Gfy77RHZiAVheQ=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIbiyJiLos2oXLCvYCbQiT6aQdOpmEmYkQQn0VNy4UceuDuPNtnLZZaOsPAx//OYdz5g8SzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca303rnkUrFYvGgs4R6ER4KFjKCtbF8u9LoB1iixlnDV3PylW9XnZozE1oGt4AqFGr69ld/EJM0okITjpXquU6ivRxLzQink3I/VTTBZIyHtGdQ4IgqL58dP0EnxhmgMJbmCY1m7u+JHEdKZVFgOiOsR2qxNjX/q/VSHV57ORNJqqkg80VhypGO0TQJNGCSEs0zA5hIZm5FZIQlJtrkVTYhuItfXob2ec29rLn3F9X6TRFHCY7gGE7BhSuowx00oQUEMniGV3iznqwX6936mLeuWMVMBf7I+vwB+QWTsg==</latexit>

DD̄ �DsD̄s

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

physics interpretation:  two slides later
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likely yes

slide by Mikhashenko, Hadron Spectrum in Confinement, aug 2022
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slide by Mikhashenko, Hadron Spectrum in Confinement, aug 2022

likely yes


