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Outline : Conventional and exotic charmonia
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• motivation

• glimpse of the results

• path to the results

• results (again)

      comparison to exp, implications

       .....

       - challenges & how we addressed them

       - challenges that remain open



Motivation    Charmonium(like) states

2

https://www.nikhef.nl/~pkoppenb/particles.html

majority of exotic

hadrons contain cc
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Charmonium(like) states
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I=1

I=0

discussed in this talk

<latexit sha1_base64="LSjTed3l7JXsBHZXh43FE7yC1cE="></latexit>

c̄cd̄u

c̄c , c̄cq̄q (q̄q = ūu+ d̄d, s̄s)

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

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

DD̄ �DsD̄s scattering
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PDG March 2022

X(3960)

Charmonium(like) system: experimental status (PDG)
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PDG March 2022

our lattice study: postdicted predicted, 

exp discovered 

X(3960)

predicted, 

exp not (yet) discovered 

Charmonium(like) system: experimental status (PDG) and summary of our lattice results 
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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, Guo et al 2101.01021] 

seen in re-analysis of exp.        
[Danilkin et al 2111.15033,                             
Ji, F.K. Guo et al., 2212.00613]

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

D̄D JP=0+  state

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

D̄sDs JP=0+  state 

+ expected conventional charmonia

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

m⇡'280 MeV

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

I=0

X(3960)/

X(3960)

DsDs th.

CLS ensembles

LHCb, 2210.15153, PRL
<latexit sha1_base64="QCmHaQb/uo78eWKLYn+N55BAZUA=">AAACGnicbVDLSsNAFJ34rPUVdelmsAh1YUmKqMuiCC4r9AVNGibTSTvtTBJmJkIJ8Tfc+CtuXCjiTtz4N04fC209cOFwzr3ce48fMyqVZX0bS8srq2vruY385tb2zq65t9+QUSIwqeOIRaLlI0kYDUldUcVIKxYEcZ+Rpj+8HvvNeyIkjcKaGsXE5agX0oBipLTkmTaseSkdZMUbL8U8O3Ek5dAJBMIp9ih8wN4gS6dep3zKO+XMMwtWyZoALhJ7RgpghqpnfjrdCCechAozJGXbtmLlpkgoihnJ8k4iSYzwEPVIW9MQcSLddPJaBo+10oVBJHSFCk7U3xMp4lKOuK87OVJ9Oe+Nxf+8dqKCSzelYZwoEuLpoiBhUEVwnBPsUkGwYiNNEBZU3wpxH+lclE4zr0Ow519eJI1yyT4v2XdnhcrVLI4cOARHoAhscAEq4BZUQR1g8AiewSt4M56MF+Pd+Ji2LhmzmQPwB8bXD9EIoL4=</latexit>

Tij(Ecm) ⇠ ci cj
E2

cm �m2

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

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01

<latexit sha1_base64="SVCUrKfjhib4cHT5umrUfANMxRc=">AAAB/HicbVC7TsMwFL3hWcor0JHFokJioUoQAsYKOjAWiT6kNooc12mtOk5kO0hRVH6FhQGEWPkQNv4Gt80ALUe27tE598rXJ0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGN9O/c4jlYrF4kFnCfUiPBQsZARrI/l2pR9giRqNs3n1lTm+XXVqzgxombgFqUKBpm9/9QcxSSMqNOFYqZ7rJNrLsdSMcDop91NFE0zGeEh7hgocUeXls+Un6MQoAxTG0lyh0Uz9PZHjSKksCkxnhPVILXpT8T+vl+rw2suZSFJNBZk/FKYc6RhNk0ADJinRPDMEE8nMroiMsMREm7zKJgR38cvLpH1ecy9r7v1FtX5TxFGCIziGU3DhCupwB01oAYEMnuEV3qwn68V6tz7mrStWMVOBP7A+fwD5B5Oy</latexit>

D̄D � D̄sDs
10

Outline of results:

Charmonium(like) resonances and bound states 

<latexit sha1_base64="ioQSjQC3ZYUrK63lQuMpr4St9rE=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCp5IUsXor6sGLUMG2QhPCZjttl+4mcXcjlNCTF/+KFw+KePU3ePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuYXFpeSW/Wlhb39jcKm7vNFWUSAoNGvFI3gVEAWchNDTTHO5iCUQEHFrB4GLstx5AKhaFt3oYgydIL2RdRok2kl/cF/6lq5iAe+ycVaoudgXRfSlSfA3NkV8s2WV7AjxPnIyUUIa6X/xyOxFNBISacqJU27Fj7aVEakY5jApuoiAmdEB60DY0JAKUl07eGOFDo3RwN5KmQo0n6u+JlAilhiIwneMj1aw3Fv/z2onunnopC+NEQ0ini7oJxzrC40xwh0mgmg8NIVQycyumfSIJ1Sa5ggnBmX15njQrZeek7Nwcl2rnWRx5tIcO0BFyUBXV0BWqowai6BE9o1f0Zj1ZL9a79TFtzVnZzC76A+vzB2kel9I=</latexit>

mD ' 1927 MeV
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Outline of results:

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

Br(DD̄)

Br(DsD̄s)
' 0.3

https://arxiv.org/abs/2210.15153


Path to results
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Lattice setup
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CLS ensembles with u/d, s dynamical quarks 

a≃0.086 fm, m𝝅 =280(3) MeV     

L = 2.1 fm, 2.7 fm

      U101     H105

            lat         exp

            mu/d > mu/d
exp

            ms      <  ms
exp      

 mu+md+ms = mu
exp

 +md
exp

 +ms
exp

      two values of mc (relativistic charm quarks)

             lat (mc    ≳  mc
exp)

             lat (mc     ≲  mc
exp)

               exp
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<latexit sha1_base64="5e01kR+CYezlLK1trgP8kv9B40k=">AAACHnicbVDLSsRAEJz4dn2tevQyuAiKsCa+j6IXEQQFdxU2IUxmOzo4k4SZjrCE+CNe/BUvHhQRPOnfOLvuwVfBQE1VN91dUSaFQdf9cAYGh4ZHRsfGKxOTU9Mz1dm5pklzzaHBU5nqi4gZkCKBBgqUcJFpYCqScB5dH3T98xvQRqTJGXYyCBS7TEQsOEMrhdUt6mOsGS+8stgsl1VY+IAs5OXqBrWfozU/M6JcufUVwyutitYxNIMyrNbcutsD/Uu8PqmRPk7C6pvfTnmuIEEumTEtz80wKJhGwSWUFT83kDF+zS6hZWnCFJig6J1X0iWrtGmcavsSpD31e0fBlDEdFdnK7pbmt9cV//NaOca7QSGSLEdI+NegOJcUU9rNiraFBo6yYwnjWthdKb9iNi20iVZsCN7vk/+S5nrd2657p5u1vf1+HGNkgSySZeKRHbJHDskJaRBO7sgDeSLPzr3z6Lw4r1+lA06/Z578gPP+CTQZoo8=</latexit>

1
4 (m⌘c + 3mJ/ ) [MeV]



Quantity extracted from lattice: eigen-energy En
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Cij (t) = 0Oi (t)Oj
+(0) 0 =

n
∑ Zi

n Z j
n* e−En t

• correlators evaluated using  distillation method [Peardon et al, 2009]

• eigen-energies extracted  using GeVP

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

• in general : 
<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 )

Luscher’s relation



Ø Charmonia at rest 
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o Initial step: consider charmonia to be strongly stable

En(P=0) = m

<latexit sha1_base64="jw970tUe6pzNel89lg8V5tIQo7M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEVDwVvXizgv2ANJTNdtsu3WTD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHTaNSzXiDKal0O6SGSxHzBgqUvJ1oTqNQ8lY4up36rSeujVDxI44THkR0EIu+YBSt5JOsw6gk95Nr0i1X3Ko7A1kmXk4qkKPeLX91eoqlEY+RSWqM77kJBhnVKJjkk1InNTyhbEQH3Lc0phE3QTY7eUJOrNIjfaVtxUhm6u+JjEbGjKPQdkYUh2bRm4r/eX6K/asgE3GSIo/ZfFE/lQQVmf5PekJzhnJsCWVa2FsJG1JNGdqUSjYEb/HlZdI8q3oXVe/hvFK7yeMowhEcwyl4cAk1uIM6NICBgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AHnTJBb</latexit>

O :
(up to 30 interpolators in given irrep)

<latexit sha1_base64="tW+BAfXg6f9CuXRJyEvVqgvSbUk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY/FXsRTBfsB7VqyabaNzSZLkhXK0v/gxYMiXv0/3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvBuJ757SeqNJPi3kxi6kd4KFjICDZWat0+pI36tF+uuFV3BrRMvJxUIEejX/7qDSRJIioM4VjrrufGxk+xMoxwOi31Ek1jTMZ4SLuWChxR7aeza6foxCoDFEplSxg0U39PpDjSehIFtjPCZqQXvUz8z+smJrzyUybixFBB5ovChCMjUfY6GjBFieETSzBRzN6KyAgrTIwNqGRD8BZfXiats6p3UfXuziu16zyOIhzBMZyCB5dQgxtoQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBRZ+O7w==</latexit>

JPC
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<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 )

<latexit sha1_base64="RAY3za1ayh8cIw8U4T+65zqDcUk=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoC0tSRN0IRRFcVrAPaNMwmU7aoZNJnJkIJWTrxl9x40IRt/6BO//GaRtBWw9cOHPOvcy9x4sYlcqyvozcwuLS8kp+tbC2vrG5ZW7vNGQYC0zqOGShaHlIEkY5qSuqGGlFgqDAY6TpDS/HfvOeCElDfqtGEXEC1OfUpxgpLbkmvHJ5N8FBet6Rd0IlpZ/3YbdyVOtWUtcsWmVrAjhP7IwUQYaaa352eiGOA8IVZkjKtm1FykmQUBQzkhY6sSQRwkPUJ21NOQqIdJLJJSk80EoP+qHQxRWcqL8nEhRIOQo83RkgNZCz3lj8z2vHyj9zEsqjWBGOpx/5MYMqhONYYI8KghUbaYKwoHpXiAdIIKx0eAUdgj178jxpVMr2Sdm+OS5WL7I48mAP7IMSsMEpqIJrUAN1gMEDeAIv4NV4NJ6NN+N92pozspld8AfGxzeqnJmq</latexit>

Ecm
n =

p
(Ecm

n )2 � P 2

Motivation to study p≠0: extraction of scattering matrix

Challenge: identify JP of charmonium in flight

Ø Charmonia with momentum p≠0 :     Challenge   

o Initial step: consider charmonia to be strongly stable

p



Symmetries: p≠0

12

continuum

C: good
P: NOT good

Rotations/reflections: 
transformations that leave p invariant 

rotations around p; little group U(1)

spin J: not good  

helicity : good

: good (only for λ=0 states)

cubic lattice 

C: good
P: NOT good

Rotations/reflections: 
transformations that leave box and p invariant: 

p=(0,0,1): group Dic4 , 8 elements

p=(1,1,0); group Dic2 , 4 elements

irreps: good quantum numbers

helicity: not good

: good (only for λ=0 states)

Π is reflection in a plane that contains p; it preserves p

λ =
!
J ⋅ !p
| !p |

!η

Π p, J P,λ = !η p, J P,−λ

!η
Sasa Prelovsek             Conventional and exotic charmonia from lattice
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ΛC

ΛC

The challenge to determine JP

state with J has |λ|<=J   

state with |λ| can have |λ|<=J

refers to J P in charmonium’s rest frame 

<latexit sha1_base64="xQ/LCQnRNntkFJm7f3e6LMefENA=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG3FV0T6gHSWTZtrQTGZI7ghl6Ce4caGIW7/InX9j2s5CWw8EDuecS+49QSKFQdf9dgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsYXk381hPXRsTqHkcJ9yPaVyIUjKKV7m4e6o/lilt1pyCLxMtJBXLY/Fe3F7M04gqZpMZ0PDdBP6MaBZN8XOqmhieUDWmfdyxVNOLGz6arjsmRVXokjLV9CslU/T2R0ciYURTYZERxYOa9ifif10kxvPAzoZIUuWKzj8JUEozJ5G7SE5ozlCNLKNPC7krYgGrK0LZTsiV48ycvkuZJ1TurerenldplXkcRDuAQjsGDc6jBNdShAQz68Ayv8OZI58V5dz5m0YKTz+zDHzifP/T8jZY=</latexit>

JP

<latexit sha1_base64="xQ/LCQnRNntkFJm7f3e6LMefENA=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG3FV0T6gHSWTZtrQTGZI7ghl6Ce4caGIW7/InX9j2s5CWw8EDuecS+49QSKFQdf9dgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsYXk381hPXRsTqHkcJ9yPaVyIUjKKV7m4e6o/lilt1pyCLxMtJBXLY/Fe3F7M04gqZpMZ0PDdBP6MaBZN8XOqmhieUDWmfdyxVNOLGz6arjsmRVXokjLV9CslU/T2R0ciYURTYZERxYOa9ifif10kxvPAzoZIUuWKzj8JUEozJ5G7SE5ozlCNLKNPC7krYgGrK0LZTsiV48ycvkuZJ1TurerenldplXkcRDuAQjsGDc6jBNdShAQz68Ayv8OZI58V5dz5m0YKTz+zDHzifP/T8jZY=</latexit>

JP

|λ|<=J λ =
!
J ⋅ !p
| !p |



Identifying JP for hadrons in flight
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following strategy by HadSpec

employed for light mesons PRD 2012 

OΛ,µ = Tµµ
Λ

R∈Dic2,4

∑ (R)* RO construction of operators

considering 

overlaps of eigenstates
<latexit sha1_base64="IA0VADRoCjQxi0q8k+JV5d/95fA=">AAACAHicbVA9SwNBEJ2LXzF+RS0sbBaDYBXuRNQyaGNnBPMBuSPsbSbJkr29Y3dPCDGNf8XGQhFbf4ad/8ZNcoUmPhh4+94MO/PCRHBtXPfbyS0tr6yu5dcLG5tb2zvF3b26jlPFsMZiEatmSDUKLrFmuBHYTBTSKBTYCAfXE7/xgErzWN6bYYJBRHuSdzmjxkrt4gHxBZU9geSWPBJJfDV7tYslt+xOQRaJl5ESZKi2i19+J2ZphNIwQbVueW5ighFVhjOB44KfakwoG9AetiyVNEIdjKYHjMmxVTqkGytb0pCp+ntiRCOth1FoOyNq+nrem4j/ea3UdC+DEZdJalCy2UfdVBATk0kapMMVMiOGllCmuN2VsD5VlBmbWcGG4M2fvEjqp2XvvOzdnZUqV1kceTiEIzgBDy6gAjdQhRowGMMzvMKb8+S8OO/Ox6w152Qz+/AHzucPtlqVNA==</latexit>

hO|ni

<latexit sha1_base64="3KGm1xS4bECLYkcm8EJMaiWZfBk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5CIqMeigh4r2A9oQplsN+3S3STsbsQS6k/x4kERr/4Rb/4bt20OWn0w8Hhvhpl5YcqZ0q77ZZWWlldW18rrlY3Nre0de7faUkkmCW2ShCeyE4KinMW0qZnmtJNKCiLktB2OLqd++55KxZL4To9TGggYxCxiBLSRenbVD0Fi8uhfgxCArxyH9Oya67gz4L/EK0gNFWj07E+/n5BM0FgTDkp1PTfVQQ5SM8LppOJniqZARjCgXUNjEFQF+ez2CT40Sh9HiTQVazxTf07kIJQai9B0CtBDtehNxf+8bqaj8yBncZppGpP5oijjWCd4GgTuM0mJ5mNDgEhmbsVkCBKINnFVTAje4st/SevY8U4d7/akVr8o4iijfXSAjpCHzlAd3aAGaiKCHtATekGv1sR6tt6s93lrySpm9tAvWB/fW1OTWQ==</latexit>

c̄ �D..c

criteria :
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ΛC

ΛC

<latexit sha1_base64="Nw5vOtzdxpeovM5WBzUKvB9+LLM=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuJCSiKi4KtqFOyvYCzShnEyn7dDJJMxMhBK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOX8Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMQFHOBK1ppjltxpJCGHDaCAbX43rjgUrFInGvhzH1Q+gJ1mUEtLHa9j5OPQIc344usYe9ACQm5HgKlUrbLjolZyI8D24GRZSp2ra/vE5EkpAKTTgo1XKdWPspSM0Ip6OClygaAxlAj7YMCgip8tPJGSN8aJwO7kbSPKHxxP09kUKo1DAMTGcIuq9ma2Pzv1or0d0LP2UiTjQVZLqom3CsIzzOBHeYpETzoQEgkpm/YtIHCUSb5AomBHf25Hmon5Tcs5J7d1osX2Vx5NEeOkBHyEXnqIxuUBXVEEGP6Bm9ojfryXqx3q2PaWvOymZ20R9Znz+zHZa4</latexit>

O : c̄c, D̄D

En in scat. study

aimed at scalars in A1

Why these results are valuable ? 

DD

DD



Taking strong decays into account
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Extract resonances and (virtual) bound states from H1 H2 scattering 

Scattering matrix T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991 

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

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

analytic contin.
to complex E

scattering matrix T(E)

periodic b.c.

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

T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|

Virtual bound st.

p = - i |p|

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

T (E) / 1

E2 �m2

(p)

(-p)

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

1
2�

Resonance 
or 

Bound state

bound st.

simple argument: next slide
17Sasa Prelovsek             Conventional and exotic charmonia from lattice
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Relation between E and δ(E) , T(E):   1D quantum mechanics

periodic boundary condition

p= n 2π/L

relation between δ, L and p or E

𝜓

𝜓

x=R

E=p2/2mV≠ 0: outside the region of potential

E=p2/2m

<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="FFlerYaHrxd+XE+BDgbZlH6Gr5U=">AAAB8XicbVDLSgMxFL2pr1pfVZdugkWomzIjoi6LUnBZoS9sh5JJM21oJjMkGaEM/Qs3LhRx69+4829M21lo64HA4Zx7yT3HjwXXxnG+UW5tfWNzK79d2Nnd2z8oHh61dJQoypo0EpHq+EQzwSVrGm4E68SKkdAXrO2P72Z++4kpzSPZMJOYeSEZSh5wSoyVHnGtZyLcKNfO+8WSU3HmwKvEzUgJMtT7xa/eIKJJyKShgmjddZ3YeClRhlPBpoVeollM6JgMWddSSUKmvXR+8RSfWWWAg0jZJw2eq783UhJqPQl9OxkSM9LL3kz8z+smJrjxUi7jxDBJFx8FicA25Sw+HnDFqBETSwhV3N6K6YgoQo0tqWBLcJcjr5LWRcW9qrgPl6XqbVZHHk7gFMrgwjVU4R7q0AQKEp7hFd6QRi/oHX0sRnMo2zmGP0CfP5tgj5I=</latexit>

E ! T (E)



Charmonia with JPC=1-- and 3—

from one-channel DD scattering
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11D3

20/20

X(3842)

1 3D3 = n 2l+1LJ

1 3D3
Ψ(3770)

Ψ(2S)

2 3S1

thr. 
on lat.  

This figure:

strong decays omitted

Sasa Prelovsek             Conventional and exotic charmonia from lattice

E

Charmonia with JPC=1-- and 3--

from one-channel DD scattering



Operators                        

21/20

O cc=  cΓc( ) !P  

O DD =  cΓ1q( ) !p1
qΓ2c( ) !p2

= D( !p1)D( !p2 ) 
!
P = !p1 +

!p2

P

p1

p2P:  0 
(0,0,1) 2π/NL

(1,1,0) 2π/NL

Eigen-energies En

Plots for 

mD ≈1762 MeV

strong decay 

Sasa Prelovsek             Conventional and exotic charmonia from lattice

Cij (t) = 0Oi (t)Oj
+(0) 0 =

n
∑ Zi

n Z j
n* e−En t



22/20

p =  D-meson momentum in CMF

l=1

l=3

Sasa Prelovsek             Conventional and exotic charmonia from lattice

Ψ(2S)         Ψ(3770)

X(3842)

l=1 and mD ≈1762 MeV

Ψ(3770)

Charmonia with JPC=1-- and 3--

from one-channel DD scattering

p2l+1 cot(δl )
s

=
m2 − s
G2

Breit Wigner



Masses of charmonium resonances and bound states
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Charmonium(like) states with JPC=0++ and 2++

from coupled-channel scattering
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<latexit sha1_base64="kO8eOZkAuiG2g3s4jzKjGsqwJTE=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILFQJQsBYQQfGItGL1ESR4zitVceJbAepijKz8CosDCDEyhOw8Ta4aQZoOZKlT/9/jn38+wmjUlnWt1FZWl5ZXauu1zY2t7Z3zN29roxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT88c3U7z0QIWnM79UkIW6EhpyGFCOlJc88zJzikkyQIIctx0cCtk5bnpyRJ3PPrFsNqyi4CHYJdVBW2zO/nCDGaUS4wgxJObCtRLkZEopiRvKak0qSIDxGQzLQyFFEpJsVW+TwWCsBDGOhD1ewUH9PZCiSchL5ujNCaiTnvan4nzdIVXjlZpQnqSIczx4KUwZVDKe5wIAKghWbaEBYUL0rxCMkEFY6vZoOwZ7/8iJ0zxr2RcO+O683r8s4quAAHIETYINL0AS3oA06AINH8AxewZvxZLwY78bHrLVilDP74E8Znz9T1ZoE</latexit>

DD̄ �DsD̄s

the only available coupled-channel study for charmonia with I=0



Operators

O cc=  cΓc( ) !P  

O DD =  cΓ1q( ) !p1
qΓ2c( ) !p2

= D( !p1)D( !p2 ) 
!
P = !p1 +

!p2

P

p1

p2P:  0 
(0,0,1) 2π/NL

(1,1,0) 2π/NL

NL=24,32
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Charmonia with JPC=0++ and 2++

from coupled-channel scattering
<latexit sha1_base64="kO8eOZkAuiG2g3s4jzKjGsqwJTE=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILFQJQsBYQQfGItGL1ESR4zitVceJbAepijKz8CosDCDEyhOw8Ta4aQZoOZKlT/9/jn38+wmjUlnWt1FZWl5ZXauu1zY2t7Z3zN29roxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT88c3U7z0QIWnM79UkIW6EhpyGFCOlJc88zJzikkyQIIctx0cCtk5bnpyRJ3PPrFsNqyi4CHYJdVBW2zO/nCDGaUS4wgxJObCtRLkZEopiRvKak0qSIDxGQzLQyFFEpJsVW+TwWCsBDGOhD1ewUH9PZCiSchL5ujNCaiTnvan4nzdIVXjlZpQnqSIczx4KUwZVDKe5wIAKghWbaEBYUL0rxCMkEFY6vZoOwZ7/8iJ0zxr2RcO+O683r8s4quAAHIETYINL0AS3oA06AINH8AxewZvxZLwY78bHrLVilDP74E8Znz9T1ZoE</latexit>

DD̄ �DsD̄s



Energies of eigen-states En in irreps that contain JPC=0++ ,2++ 

D D

Ds Ds

non-interacting energies denoted

D D

Ds Ds

<latexit sha1_base64="0acJEWjkebeiVwO4x/eDiNMl1qA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoiCUpom6EogguK9oHtCFMppN27EwSZiZCCelPuPFX3LhQxK2482+cPha29cCFwzn3cu89XsSoVJb1Y2QWFpeWV7KrubX1jc0tc3unJsNYYFLFIQtFw0OSMBqQqqKKkUYkCOIeI3WvdzX0649ESBoG96ofEYejTkB9ipHSkmse37kJfUgL126CeXp4Ae0jWIJ0AFuiGw6gmnKha+atojUCnCf2hOTBBBXX/G61QxxzEijMkJRN24qUkyChKGYkzbViSSKEe6hDmpoGiBPpJKO3UniglTb0Q6ErUHCk/p1IEJeyzz3dyZHqyllvKP7nNWPlnzsJDaJYkQCPF/kxgyqEw4xgmwqCFetrgrCg+laIu0ggrHSSOR2CPfvyPKmVivZpsXR7ki9fTuLIgj2wDwrABmegDG5ABVQBBk/gBbyBd+PZeDU+jM9xa8aYzOyCKRhfv1c0nZ4=</latexit>

Sij(Ecm) = 1 + 2i ⇢ tij(Ecm)

Extraction of matrix t(E) : NOT straightforward !

<latexit sha1_base64="wlZ812FKmCmFoRqZDoziafrlHVQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKkKZKaJuhKIoLivYC0yHIZOmbWjmQnJGKEO7deOruHGhiFufwJ1vY3oRtPpD4OM/53Byfj8WXIFlfRqZufmFxaXscm5ldW19w9zcqqkokZRVaSQi2fCJYoKHrAocBGvEkpHAF6zu9y5G9fodk4pH4S30Y+YGpBPyNqcEtOWZuy0Gjn3IhxgKl15Kg8EBHuKrb3bPLM/MW0VrLPwX7Cnk0VQVz/xotiKaBCwEKohSjm3F4KZEAqeCDXLNRLGY0B7pMEdjSAKm3HR8ygDva6eF25HULwQ8dn9OpCRQqh/4ujMg0FWztZH5X81JoH3qpjyME2AhnSxqJwJDhEe54BaXjILoayBUcv1XTLtEEgo6vZwOwZ49+S/USkX7uFi6OcqXz6dxZNEO2kMFZKMTVEbXqIKqiKJ79Iie0YvxYDwZr8bbpDVjTGe20S8Z7187Wpiz</latexit>

det[1 + i t(Ecm) F (Ecm)] = 0

1: DD,   2: DsDs
one equation, three unknowns (at each Ecm)

known 2x2 matrix

JPC =0++

JPC =2++, 2-+ 

26Sasa Prelovsek             Conventional and exotic charmonia from lattice

<latexit sha1_base64="l8rY/9hMj5q3K6FMrx5WCtomDbU=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0WpeCxgv2A7lqyadqGZpMlmVXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhbHgBlz328mtrK6tb+Q3C1vbO7t7xf2DplGJpqxBlVC6HRLDBJesARwEa8eakSgUrBWObqZ+65Fpw5W8h3HMgogMJO9zSsBKD7jmSwU+KAzl2mm3WHIr7gx4mXgZKaEM9W7xy+8pmkRMAhXEmI7nxhCkRAOngk0KfmJYTOiIDFjHUkkiZoJ0dvUEn1ilh/tK25KAZ+rviZRExoyj0HZGBIZm0ZuK/3mdBPpXQcplnACTdL6onwg8/dJGgHtcMwpibAmhmttbMR0STSjYoAo2BG/x5WXSPKt4FxXv7rxUvc7iyKMjdIzKyEOXqIpuUR01EEUaPaNX9OY8OS/Ou/Mxb8052cwh+gPn8wf74JGH</latexit>

E 6! t(E)



Challenge: determine coupled-channel scattering matrix
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1: DD,   2: DsDs



Challenge: parametrization of scattering matrix

Sasa Prelovsek             Conventional and exotic charmonia from lattice 28

“gluing” via hyperbolas2mD 2mDs

linear parametrization 

for low and high energy regions



Poles of the scattering amplitude <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

Sasa Prelovsek             Conventional and exotic charmonia from lattice 29



JPC=2++ :  conventional resonance 

Sasa Prelovsek             Conventional and exotic charmonia from lattice

D-wave (L=2, JPC=2++ )
<latexit sha1_base64="XHJhL4HMDFo851qMcbsNNTA+fpo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSItVl0S5cVrAXaEKZTCft0MkkzEzEEvoqblwo4tYXcefbOG2z0NYfBj7+cw5zzh8knCntON9WYWNza3unuFva2z84PLKPyx0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpPbeb37SKVisXjQ04T6ER4JFjKCtbEGdrnpBViipqdjlOPArjhVZyG0Dm4OFcjVGthf3jAmaUSFJhwr1XedRPsZlpoRTmclL1U0wWSCR7RvUOCIKj9b7D5D58YZojCW5gmNFu7viQxHSk2jwHRGWI/Vam1u/lfrpzq89jMmklRTQZYfhSlH5tB5EGjIJCWaTw1gIpnZFZExlphoE1fJhOCunrwOnVrVrVdr95eVxk0eRxFO4QwuwIUraMAdtKANBJ7gGV7hzZpZL9a79bFsLVj5zAn8kfX5AyL+kzc=</latexit>

DD̄ ! DD̄

• 2++ resonance

<latexit sha1_base64="17xGv6fILmNSZUsx/jPHWlQ5NDU="></latexit>

lat : m = 3973+14
�22 MeV g = 4.5+0.7

�1.5 GeV �1

�c2(3930) : m = 3923± 1 MeV g = 2.65± 0.12 GeV �1

PDG

30



JPC=0++ : some expected and unexpected states found 
<latexit sha1_base64="5VpY4P+Q3NniKWVYcp4BrJJTcgk=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksghtLUkRdFu3CZQV7gTaEyXTSDp1MwsxEKKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDN/kHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsY3U7r7UcqFYvFgx4n1IvwQLCQEayN5dtH9V6AJaqjc1T31Zx95dtlp+LMhJbBzaEMuRq+/dXrxySNqNCEY6W6rpNoL8NSM8LppNRLFU0wGeEB7RoUOKLKy2bnT9CpcfoojKV5QqOZ+3siw5FS4ygwnRHWQ7VYm5r/1bqpDq+9jIkk1VSQ+aIw5UjHaJoF6jNJieZjA5hIZm5FZIglJtokVjIhuItfXoZWteJeVqr3F+XaTR5HEY7hBM7AhSuowR00oAkEMniGV3iznqwX6936mLcWrHzmEP7I+vwBrFWUBw==</latexit>

DD̄ �DsD̄s

S-wave (L=0, JPC=0++ )
<latexit sha1_base64="XHJhL4HMDFo851qMcbsNNTA+fpo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSItVl0S5cVrAXaEKZTCft0MkkzEzEEvoqblwo4tYXcefbOG2z0NYfBj7+cw5zzh8knCntON9WYWNza3unuFva2z84PLKPyx0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpPbeb37SKVisXjQ04T6ER4JFjKCtbEGdrnpBViipqdjlOPArjhVZyG0Dm4OFcjVGthf3jAmaUSFJhwr1XedRPsZlpoRTmclL1U0wWSCR7RvUOCIKj9b7D5D58YZojCW5gmNFu7viQxHSk2jwHRGWI/Vam1u/lfrpzq89jMmklRTQZYfhSlH5tB5EGjIJCWaTw1gIpnZFZExlphoE1fJhOCunrwOnVrVrVdr95eVxk0eRxFO4QwuwIUraMAdtKANBJ7gGV7hzZpZL9a79bFsLVj5zAn8kfX5AyL+kzc=</latexit>

DD̄ ! DD̄
<latexit sha1_base64="XHJhL4HMDFo851qMcbsNNTA+fpo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSItVl0S5cVrAXaEKZTCft0MkkzEzEEvoqblwo4tYXcefbOG2z0NYfBj7+cw5zzh8knCntON9WYWNza3unuFva2z84PLKPyx0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpPbeb37SKVisXjQ04T6ER4JFjKCtbEGdrnpBViipqdjlOPArjhVZyG0Dm4OFcjVGthf3jAmaUSFJhwr1XedRPsZlpoRTmclL1U0wWSCR7RvUOCIKj9b7D5D58YZojCW5gmNFu7viQxHSk2jwHRGWI/Vam1u/lfrpzq89jMmklRTQZYfhSlH5tB5EGjIJCWaTw1gIpnZFZExlphoE1fJhOCunrwOnVrVrVdr95eVxk0eRxFO4QwuwIUraMAdtKANBJ7gGV7hzZpZL9a79bFsLVj5zAn8kfX5AyL+kzc=</latexit>

DD̄ ! DD̄ <latexit sha1_base64="mU5FD/2QVDomTAES1XfMc4OKJns=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEV2WmiLos6sJlBfuAdhgyaaYNzWSGJCOUoeDGX3HjQhG3/oQ7/8ZM20VtvRBycs693JwTJJwp7Tg/VmFldW19o7hZ2tre2d2z9w+aKk4loQ0S81i2A6woZ4I2NNOcthNJcRRw2gqGN7neeqRSsVg86FFCvQj3BQsZwdpQvn1066tugCXKbx2juadvl52KMym0DNwZKMOs6r793e3FJI2o0IRjpTquk2gvw1Izwum41E0VTTAZ4j7tGChwRJWXTTyM0alheiiMpTlCowk7P5HhSKlRFJjOCOuBWtRy8j+tk+rwysuYSFJNBZkuClOOjNk8ENRjkhLNRwZgIpn5KyIDLDHRJraSCcFdtLwMmtWKe1Gp3p+Xa9ezOIpwDCdwBi5cQg3uoA4NIPAEL/AG79az9Wp9WJ/T1oI1mzmEP2V9/QKFZJbP</latexit>

DsD̄s ! DsD̄s

<latexit sha1_base64="7oX0P3LofpQsT6L01ZVRGLA0ZDw=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCpJEXVZtAuXFewDmhAm00k7dDIJMxOh1C78FTcuFHHrb7jzb5y2WWjrgYEz59zLvfeEKWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWSjJJaJMkPJGdECvKmaBNzTSnnVRSHIectsPhzdRvP1CpWCLu9Silfoz7gkWMYG2kwD6qeyGWqO7pBNUDNf8EKrDLTsWZAS0TNydlyNEI7C+vl5AspkITjpXquk6q/TGWmhFOJyUvUzTFZIj7tGuowDFV/ni2/wSdGqWHokSaJzSaqb87xjhWahSHpjLGeqAWvan4n9fNdHTlj5lIM00FmQ+KMo7MsdMwUI9JSjQfGYKJZGZXRAZYYqJNZCUTgrt48jJpVSvuRaV6d16uXedxFOEYTuAMXLiEGtxCA5pA4BGe4RXerCfrxXq3PualBSvvOYQ/sD5/AE8DlQM=</latexit>

DD̄ ! DsD̄s

• broad resonance coupling mostly to DD 

• state near DsDs threshold coupling mostly to DsDs 

• state near DD threshold 

<latexit sha1_base64="/a/KpgJJwfYLNMQQ/f4q/emES7s="></latexit>

lat : m = 3949+28
�20 MeV g = 1.35+0.04

�0.08 GeV

X(3860) : m = 3862+48
�35 MeV g = 2.5+1.2

�0.9 GeV

near pole

Belle 2017 

lat

DD th.
DsDs th. DsDs th. DsDs th.

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

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01

31Sasa Prelovsek             Conventional and exotic charmonia from lattice

<latexit sha1_base64="Y76r92hVCOHs7YvdXwlY/RPFLDk=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBDiJewGUY9BLx4jmAcka5jtTJIhs7PLzKwSlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXEAuujet+Oyura+sbm7mt/PbO7t5+4eCwoaNEIatjJCLVCqhmgktWN9wI1ooVo2EgWDMY3Uz95iNTmkfy3oxj5od0IHmfIzVWeiAdHPJuiu6kVKmddQtFt+zOQJaJl5EiZKh1C1+dXoRJyKRBQbVue25s/JQqw1GwSb6TaBZTHNEBa1sqaci0n86unpBTq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MUzifFE/EcREZBoB6XHF0IixJRQVt7cSHFJF0dig8jYEb/HlZdKolL2Lsnd3XqxeZ3Hk4BhOoAQeXEIVbqEGdUBQ8Ayv8OY8OS/Ou/Mxb11xspkj+APn8wfm1pF5</latexit>

�c0(2P )
candidate for
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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, Guo et al 2101.01021] 

seen in re-analysis of exp.        
[Danilkin et al 2111.15033,                             
Ji, F.K. Guo et al., 2212.00613]

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

D̄D JP=0+  state

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

D̄sDs JP=0+  state 

+ expected conventional charmonia

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

m⇡'280 MeV

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

I=0

X(3960)/

X(3960)

DsDs th.

CLS ensembles

LHCb, 2210.15153, PRL
<latexit sha1_base64="QCmHaQb/uo78eWKLYn+N55BAZUA=">AAACGnicbVDLSsNAFJ34rPUVdelmsAh1YUmKqMuiCC4r9AVNGibTSTvtTBJmJkIJ8Tfc+CtuXCjiTtz4N04fC209cOFwzr3ce48fMyqVZX0bS8srq2vruY385tb2zq65t9+QUSIwqeOIRaLlI0kYDUldUcVIKxYEcZ+Rpj+8HvvNeyIkjcKaGsXE5agX0oBipLTkmTaseSkdZMUbL8U8O3Ek5dAJBMIp9ih8wN4gS6dep3zKO+XMMwtWyZoALhJ7RgpghqpnfjrdCCechAozJGXbtmLlpkgoihnJ8k4iSYzwEPVIW9MQcSLddPJaBo+10oVBJHSFCk7U3xMp4lKOuK87OVJ9Oe+Nxf+8dqKCSzelYZwoEuLpoiBhUEVwnBPsUkGwYiNNEBZU3wpxH+lclE4zr0Ow519eJI1yyT4v2XdnhcrVLI4cOARHoAhscAEq4BZUQR1g8AiewSt4M56MF+Pd+Ji2LhmzmQPwB8bXD9EIoL4=</latexit>

Tij(Ecm) ⇠ ci cj
E2

cm �m2

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

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01

<latexit sha1_base64="SVCUrKfjhib4cHT5umrUfANMxRc=">AAAB/HicbVC7TsMwFL3hWcor0JHFokJioUoQAsYKOjAWiT6kNooc12mtOk5kO0hRVH6FhQGEWPkQNv4Gt80ALUe27tE598rXJ0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGN9O/c4jlYrF4kFnCfUiPBQsZARrI/l2pR9giRqNs3n1lTm+XXVqzgxombgFqUKBpm9/9QcxSSMqNOFYqZ7rJNrLsdSMcDop91NFE0zGeEh7hgocUeXls+Un6MQoAxTG0lyh0Uz9PZHjSKksCkxnhPVILXpT8T+vl+rw2suZSFJNBZk/FKYc6RhNk0ADJinRPDMEE8nMroiMsMREm7zKJgR38cvLpH1ecy9r7v1FtX5TxFGCIziGU3DhCupwB01oAYEMnuEV3qwn68V6tz7mrStWMVOBP7A+fwD5B5Oy</latexit>

D̄D � D̄sDs
10

Charmonium(like) states: poles and masses

Charmonium(like) resonances and bound states 

<latexit sha1_base64="ioQSjQC3ZYUrK63lQuMpr4St9rE=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCp5IUsXor6sGLUMG2QhPCZjttl+4mcXcjlNCTF/+KFw+KePU3ePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuYXFpeSW/Wlhb39jcKm7vNFWUSAoNGvFI3gVEAWchNDTTHO5iCUQEHFrB4GLstx5AKhaFt3oYgydIL2RdRok2kl/cF/6lq5iAe+ycVaoudgXRfSlSfA3NkV8s2WV7AjxPnIyUUIa6X/xyOxFNBISacqJU27Fj7aVEakY5jApuoiAmdEB60DY0JAKUl07eGOFDo3RwN5KmQo0n6u+JlAilhiIwneMj1aw3Fv/z2onunnopC+NEQ0ini7oJxzrC40xwh0mgmg8NIVQycyumfSIJ1Sa5ggnBmX15njQrZeek7Nwcl2rnWRx5tIcO0BFyUBXV0BWqowai6BE9o1f0Zj1ZL9a79TFtzVnZzC76A+vzB2kel9I=</latexit>

mD ' 1927 MeV

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

Br(DD̄)

Br(DsD̄s)
' 0.3
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Charmonium(like) states: widths and masses

0++ 2++

3.4
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3.7
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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- -

<latexit sha1_base64="wJD2gpPYEORbrijGtSjf8kq++Q0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJIEUZdFBV1WsA9o0jKZTtqhM0mcmRRKiL/gxl9x40IRt67c+TdOHwttPXDhcM693HuPHzMqlWV9G7mFxaXllfxqYW19Y3PL3N6pySgRmFRxxCLR8JEkjIakqqhipBELgrjPSN3vX478+oAISaPwTg1j4nHUDWlAMVJaaptH0L1GnCOX3Cd0ALstBz64gUA4jdtXrdRhx3aWpbzlZG2zaJWsMeA8saekCKaotM0vtxPhhJNQYYakbNpWrLwUCUUxI1nBTSSJEe6jLmlqGiJOpJeOX8rggVY6MIiErlDBsfp7IkVcyiH3dSdHqidnvZH4n9dMVHDupTSME0VCPFkUJAyqCI7ygR0qCFZsqAnCgupbIe4hHYjSKRZ0CPbsy/Ok5pTs05J9e1IsX0zjyIM9sA8OgQ3OQBncgAqoAgwewTN4BW/Gk/FivBsfk9acMZ3ZBX9gfP4AK9mdLQ==</latexit>

� ⌘ g2
p2l+1
D

m2

X(3960)



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

D̄sDs

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

D̄D

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

I=0
JP=0+

D=cu D

D D

<latexit sha1_base64="B6Ip2zTQ9A6DQluwhBc8PdIsfIg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1G1jdM=</latexit>⇡
D                       D

D                       D

<latexit sha1_base64="DJn1g4YqnvIomGhTcyeVgkK+HlU=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMevEYwZjA7hJmJ7PJkHksM7NCCPkMLx4U8erXePNvnCR70MSChqKqm+6uJOPMWN//9korq2vrG+XNytb2zu5edf/g0ahcE9oiiivdSbChnEnassxy2sk0xSLhtJ0Mb6d++4lqw5R8sKOMxgL3JUsZwdZJYaQH6ixSgvZxt1rz6/4MaJkEBalBgWa3+hX1FMkFlZZwbEwY+JmNx1hbRjidVKLc0AyTIe7T0FGJBTXxeHbyBJ04pYdSpV1Ji2bq74kxFsaMROI6BbYDs+hNxf+8MLfpdTxmMsstlWS+KM05sgpN/0c9pimxfOQIJpq5WxEZYI2JdSlVXAjB4svL5PG8HlzWg/uLWuOmiKMMR3AMpxDAFTTgDprQAgIKnuEV3jzrvXjv3se8teQVM4fwB97nDxrOkSQ=</latexit>⇢,!

Ds=cs                   Ds

Ds                       Ds

<latexit sha1_base64="f5NrmU0LCNgBXKtmZNV78UH5SLc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V01vYfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxWAjkU=</latexit>

�

a number of pheno studies
Oset et al,  0612179 PRD, 
Wu, Molina, Oset, Zou, 1007.0573, PRL
Guo et al, 2101.01021,...

th

<latexit sha1_base64="4aHTT4BcpSgVvWuq+lG2ruQ1RIE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoioi6LbkQQKtgHJKFMppN26EwSZiZCCe3Cjb/ixoUibv0Hd/6NkzYLbT1w4XDOvdx7jx8zKpVlfRuFhcWl5ZXiamltfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1xlfuuBCEmj8F4NY+Jx1AtpQDFSWuqY+7xyc+zGko7jIziGLkeqL3jq3JKmN+qYZatqTQDniZ2TMshR75hfbjfCCSehwgxJ6dhWrLwUCUUxI6OSm0gSIzxAPeJoGiJOpJdOvhjBQ610YRAJXaGCE/X3RIq4lEPu687sSjnrZeJ/npOo4MJLaRgnioR4uihIGFQRzCKBXSoIVmyoCcKC6lsh7iOBsNLBlXQI9uzL86R5UrXPqvbdabl2mcdRBHvgAFSADc5BDVyDOmgADB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwB6v5fx</latexit>

m(J/ p) [MeV]

LHCb 

2019

D=cu               D
<latexit sha1_base64="B6Ip2zTQ9A6DQluwhBc8PdIsfIg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1G1jdM=</latexit>⇡

Σ" = udc Σ"

<latexit sha1_base64="RTu/I9eGgTZx3tzIEJr2Rdvbwac=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJczOziZDZmeWeQhhyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtLa0itEUkl6obYU05E7RlmOG0mymK04jTTjS+m/mdJ6o0k+LRTDIapngoWMIINk7qIdKPsELE2nhQrfl1fw60SoKC1KBAc1D96seS2JQKQzjWuhf4mQlzrAwjnE4rfatphskYD2nPUYFTqsN8fvIUnTklRolUroRBc/X3RI5TrSdp5DpTbEZ62ZuJ/3k9a5KbMGcis4YKsliUWI6MRLP/UcwUJYZPHMFEMXcrIiOsMDEupYoLIVh+eZW0L+rBVT14uKw1bos4ynACp3AOAVxDA+6hCS0gIOEZXuHNM96L9+59LFpLXjFzDH/gff4AnOGQ0w==</latexit>

cc̄uud

Possible interpretation of some near-threshold states: 

“molecules” attracted by V exchange  

<latexit sha1_base64="DJn1g4YqnvIomGhTcyeVgkK+HlU=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMevEYwZjA7hJmJ7PJkHksM7NCCPkMLx4U8erXePNvnCR70MSChqKqm+6uJOPMWN//9korq2vrG+XNytb2zu5edf/g0ahcE9oiiivdSbChnEnassxy2sk0xSLhtJ0Mb6d++4lqw5R8sKOMxgL3JUsZwdZJYaQH6ixSgvZxt1rz6/4MaJkEBalBgWa3+hX1FMkFlZZwbEwY+JmNx1hbRjidVKLc0AyTIe7T0FGJBTXxeHbyBJ04pYdSpV1Ji2bq74kxFsaMROI6BbYDs+hNxf+8MLfpdTxmMsstlWS+KM05sgpN/0c9pimxfOQIJpq5WxEZYI2JdSlVXAjB4svL5PG8HlzWg/uLWuOmiKMMR3AMpxDAFTTgDprQAgIKnuEV3jzrvXjv3se8teQVM4fwB97nDxrOkSQ=</latexit>⇢,!

D=cu               D

Σ" = udc Σ"

<latexit sha1_base64="g3Q+gFRoMs+pCVTkoUby4jV2LZk=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FPXisaD+gu5Zsmm1Dk+ySZJWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YcKZNq777RSWlldW14rrpY3Nre2d8u5eU8epIrRBYh6rdog15UzShmGG03aiKBYhp61weDXxW49UaRbLezNKaCBwX7KIEWys9OCHWKFr/471Be6SbrniVt0p0CLxclKBHPVu+cvvxSQVVBrCsdYdz01MkGFlGOF0XPJTTRNMhrhPO5ZKLKgOsunVY3RklR6KYmVLGjRVf09kWGg9EqHtFNgM9Lw3Ef/zOqmJLoKMySQ1VJLZoijlyMRoEgHqMUWJ4SNLMFHM3orIACtMjA2qZEPw5l9eJM2TqndW9W5PK7XLPI4iHMAhHIMH51CDG6hDAwgoeIZXeHOenBfn3fmYtRacfGYf/sD5/AHMwpIQ</latexit>

D̄⌃c

now support also from lattice 

currently to challenging for  lattice
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Challenges, caveats, ...   
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Ø caveat:  lattice simulation at unphysical quark masses and single lattice spacing

Ø  further channels:

•     incorporated with interpolators, treated as decoupled: 

•     omitted 

Ø charm annihilation omitted 

<latexit sha1_base64="cNRErJESZGZNZHFwfF2SyNkfO9Y=">AAACB3icbVDLSgMxFM34rPU16lKQYBFEpM6IqMuiLsRVBfuAzlgyaaYNTTJDkhHK0K7c+CtuXCji1l9w59+YtrPQ1gOXezjnXpJ7gphRpR3n25qZnZtfWMwt5ZdXVtfW7Y3NqooSiUkFRyyS9QApwqggFU01I/VYEsQDRmpB93Lo1x6IVDQSd7oXE5+jtqAhxUgbqWnvwJsjL1YUDryIkzY6hIPB1f2BFyAJTW/aBafojACniZuRAshQbtpfXivCCSdCY4aUarhOrP0USU0xI/28lygSI9xFbdIwVCBOlJ+O7ujDPaO0YBhJU0LDkfp7I0VcqR4PzCRHuqMmvaH4n9dIdHjup1TEiSYCjx8KEwZ1BIehwBaVBGvWMwRhSc1fIe4gibA20eVNCO7kydOkelx0T4vu7UmhdJHFkQPbYBfsAxecgRK4BmVQARg8gmfwCt6sJ+vFerc+xqMzVrazBf7A+vwBVWeXsg==</latexit>

J/ !, D⇤D̄⇤

<latexit sha1_base64="cwaYj3WaHVKERTi/Ul0JsD7W+P8=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Krsi6rHoxWMF+wHtUrLpbBuaza5JtlBK/RtePCji1R/jzX9jut2Dtj4Y5vHeDJm8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD25nfHKHSPJYPZpygH9G+5CFn1FjJJ6SDhnbZU9ZKZbfiZiDLxMtJGXLUuqWvTi9maYTSMEG1bntuYvwJVYYzgdNiJ9WYUDakfWxbKmmE2p9kR0/JqVV6JIyVLWlIpv7emNBI63EU2MmImoFe9Gbif147NeG1P+EySQ1KNn8oTAUxMZklQHpcITNibAllittbCRtQRZmxORVtCN7il5dJ47ziXVa8+4ty9SaPowDHcAJn4MEVVOEOalAHBo/wDK/w5oycF+fd+ZiPrjj5zhH8gfP5Axt7ka4=</latexit>⌘c ⌘

see:  Assumptions and simplifications (Section 5, 2011.02542, JHEP 2021 )  



Instead of conclusions 

Sasa Prelovsek             Conventional and exotic charmonia from lattice 36

<latexit sha1_base64="z7dLEIwqkqx2z3ySzZSYGL1Z3OA="></latexit>

c̄c , c̄cq̄q (q̄q = ūu+ d̄d, s̄s) I = 0

c̄cd̄u I = 1

ccd̄ū

....

this talk

further exciting studies with Regensburg group

Thanks to prof. Andreas Schafer for 
involvement, support, effort, patience, enthusiasm, ....  !



Backup
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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
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