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Motivation to study charmonium resonances

Sasa Prelovsek, Charmonium resonances from lattice QCD 1

Experimentally discovered exotic hadrons

• Most of them contain cc

• All of them are resonances (decay strongly)  

<latexit sha1_base64="xaZcnDGdV/cLEisBAiAjIYcBPMg="></latexit>

Zc : c̄cd̄u

Pc : c̄cuud

X(3872) : c̄cq̄q

Current study: 
Charmonium(like) resonances with isospin=0 and JPC =0++ , 2++

conventional     +               exotic ?

This is the first extraction of the scattering matrix for coupled  channels in the charmonium sector

The only previous lattice studies that into account decaying nature of charmonium resonances

J=0,1 : Lang, Leskovec, Mohler, SP, 1503.05363, JHEP 2015 , conclusion concerning J=0 remains puzzling

J=1,3:  Piemonte, Collins, Padmanath, Mohler, SP,  1905.03506, PRD 2019

J=2 :    /  
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coupled-channel scattering
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PDG 2019

this lattice study:

likely nature        : 

postdicted predicted, 

exp discovered 

𝝌c0 (3930)

predicted, 

exp not (yet) discovered 

Charmonium system: experimental status (PDG) and summary of  lattice results 
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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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Charmonium resonances in coupled DD – Ds Ds scattering

aim: extract scattering matrix tij(E) illustrated below using Luscher's finite volume method

tl(E) =

l=0, 2



Implemented operators

5

!
P = !p1 +

!p2
P

p1

p2

P:  0                                 NL=24, 32
(0,0,1) 2π/NL

(1,1,0) 2π/NL

Sasa Prelovsek, Charmonium resonances from lattice QCD

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

n
∑ Zi

n Z j
n* e−En t

Towards En for coupled-channel DD – Ds Ds scattering
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<latexit sha1_base64="Xv7R9fLrILX4+7HGxLQ+3cOiYXc="></latexit>

O
J/ ! = J/ (~p1) !(~p2)

O
D̄⇤D⇤

= D̄
⇤(~p1) D

⇤(~p2)

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

D D

Ds Ds

non-interacting energies denoted

D D

Ds Ds

Extraction of matrix t(E) : i,j=1,2   1: DD,   2: DsDs,  l=0,2 Parametrization for K(s) matrix 

in each of two energy regions   

known matrix (we take into account that it is not diagonal in l=0,2)

package TwoHadronsInBox by C. Morningstar et al employed [1707.05817]

JPC =0++

JPC =2++, 2-+

for mD=1927 MeV

Sasa Prelovsek, Charmonium resonances from lattice QCD

black circles used for 

scattering analysis 

we verified  aposteriory  
that both regions can be 
smoothly connected 



JPC=0++ (l=0)  for low energy region : 
unexpected shallow bound state slightly below DD threshold  

Sasa Prelovsek, Charmonium resonances from lattice QCD 7

one-channel DD and two-channel analysis 

give consistent results

poles in complex E plane

D D D D

D D Ds Ds

exp: not claimed yet 

possible hint from Belle [0708.3812] and BaBar [1002.0281 ] ?

look for peak above DD threshold  

see strategies [Oset et al 1512.04048, 2004.05204, 2010.15431, 1211.1862] 

lattice :  a virtual bound state pole is present but not mentioned in

[Lang, Leskovec, Mohler, SP, 1503.05363 ] 

pheno: predicted by effective models with vector meson exchange

[Oset et al, many works, eg. state at ~1720 MeV in Table 4 of 0612179] 

predicted as spin partner of X(3872)
[Hildago Duque et al 1305.4487, Baru et al 1605.09649] 
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JPC=0++ : higher energy region around DsDs threshold 
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DD̄ ! DsD̄s

• conventional broad resonance coupling mostly to DD

• state near DsDs threshold coupling mostly to DsDs

near pole

Belle 2017

LHCb 2009.00026

Babar  (those two are likely the same exp state: to be verified by exp)

lat

DsDs th. DsDs th. DsDs th.

lat
DsDs nature explains why width to DD is so small

Pheno predictions of cssc state:

Lebed and Polosa: 1602.08421 

2103.12425

Guo et al, virtual state 2101.01021 
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<latexit sha1_base64="sUXAGYUdByYB3N1alQDvcKlQlzA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YA2lM100y7dbOLuRiih/ggvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqkDUwFrFqB1QzwSVrGG4EayeK0SgQrBWMbqZ+65EpzWN5b8YJ8yM6kDzkSI2V2t2AKoJP2CuV3Yo7A1kmXk7KkKPeK311+zGmEZMGBdW647mJ8TOqDEfBJsVuqllCcUQHrGOppBHTfja7d0JOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNUzifFGYCmJiMn2e9LliaMTYEoqK21sJDqmiaGxERRuCt/jyMmlWK95FpXp3Xq5d53EU4BhO4Aw8uIQa3EIdGoAg4Ble4c15cF6cd+dj3rri5DNH8AfO5w+6yY/G</latexit>

c̄ c

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

c̄ss̄c



JPC=2++ (l=2) :  conventional resonance  
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<latexit sha1_base64="XHJhL4HMDFo851qMcbsNNTA+fpo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFWSItVl0S5cVrAXaEKZTCft0MkkzEzEEvoqblwo4tYXcefbOG2z0NYfBj7+cw5zzh8knCntON9WYWNza3unuFva2z84PLKPyx0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpPbeb37SKVisXjQ04T6ER4JFjKCtbEGdrnpBViipqdjlOPArjhVZyG0Dm4OFcjVGthf3jAmaUSFJhwr1XedRPsZlpoRTmclL1U0wWSCR7RvUOCIKj9b7D5D58YZojCW5gmNFu7viQxHSk2jwHRGWI/Vam1u/lfrpzq89jMmklRTQZYfhSlH5tB5EGjIJCWaTw1gIpnZFZExlphoE1fJhOCunrwOnVrVrVdr95eVxk0eRxFO4QwuwIUraMAdtKANBJ7gGV7hzZpZL9a79bFsLVj5zAn8kfX5AyL+kzc=</latexit>

DD̄ ! DD̄

• 2++ resonance

PDG

lat

<latexit sha1_base64="sUXAGYUdByYB3N1alQDvcKlQlzA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YA2lM100y7dbOLuRiih/ggvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqkDUwFrFqB1QzwSVrGG4EayeK0SgQrBWMbqZ+65EpzWN5b8YJ8yM6kDzkSI2V2t2AKoJP2CuV3Yo7A1kmXk7KkKPeK311+zGmEZMGBdW647mJ8TOqDEfBJsVuqllCcUQHrGOppBHTfja7d0JOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNUzifFGYCmJiMn2e9LliaMTYEoqK21sJDqmiaGxERRuCt/jyMmlWK95FpXp3Xq5d53EU4BhO4Aw8uIQa3EIdGoAg4Ble4c15cF6cd+dj3rri5DNH8AfO5w+6yY/G</latexit>

c̄ c
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JPC=0++ ,2++ :  summary of masses for charmonium-like states

m [MeV] lat exp

m𝝅 280(3) 137

mD 1927(2) 1867

mDs 1981(1) 1968

Mav 3103(3) 3068

mu/d > mu/d
exp

ms      <  ms
exp      

mc      ≿ mc
exp

DsDs

DD

those two are likely the same state
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JPC=0++ ,2++ :  summary of masses for charmonium-like states

Eref

2mD(s): for state closest to DsDs th.

Mav : for other four states

DsDs

DD

those two are likely the same state



Simplifications / assumptions
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• 𝜼c 𝜼 omitting from operator basis, assuming to be decoupled from DD, DsDs

• J/𝞇 𝞈 taking into operator basis,      assuming to be decoupled from DD, DsDs

• analysis of DD with l=2: assuming  negligible coupling to DsDs

• further assumptions: see section 5 of 2011.02541, JHEP

Challenges

• accurate determination of highly excited En

• several JP contribute to each irrep

• extraction of scattering matrices for coupled-channel scattering 
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this lattice study:

likely nature        : 

postdicted predicted, 

exp discovered 

𝝌c0 (3930)

predicted, 

exp not (yet) discovered 

Conclusions ... on charmonium-like states with JPC=  0++, 2++

<latexit sha1_base64="LbsXJqVxh0gqCNakzUPDV1eZXjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRHjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSuxdQRer1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndV9R4uK7XbPI4inMApnIMH11CDe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AF1147/</latexit>

D̄D
<latexit sha1_base64="NQD98unG33KDVyWmHlSKq0O4dY4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRDx4rWFtIQ9lsN+3SzSbsToQS+jO8eFDEq7/Gm//GbZuDtj524fHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDP1209cG5GoBxynPIjpQIlIMIpW8rsh1eS2Z+zrVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNcb33BSDnGoUTPJJpZsZnlI2ogPuW6pozE2Qz1aekBOr9EmUaPsVkpn6uyOnsTHjOLSVMcWhWfSm4n+en2F0FeRCpRlyxeaDokwSTMj0ftIXmjOUY0so08LuStiQasrQplSxIXiLJy+Tx7O6d1H37s9rjesijjIcwTGcggeX0IA7aEILGCTwDK/w5qDz4rw7H/PSklP0HMIfOJ8/kfCQyw==</latexit>

D̄sDs

<latexit sha1_base64="sUXAGYUdByYB3N1alQDvcKlQlzA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YA2lM100y7dbOLuRiih/ggvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqkDUwFrFqB1QzwSVrGG4EayeK0SgQrBWMbqZ+65EpzWN5b8YJ8yM6kDzkSI2V2t2AKoJP2CuV3Yo7A1kmXk7KkKPeK311+zGmEZMGBdW647mJ8TOqDEfBJsVuqllCcUQHrGOppBHTfja7d0JOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNUzifFGYCmJiMn2e9LliaMTYEoqK21sJDqmiaGxERRuCt/jyMmlWK95FpXp3Xq5d53EU4BhO4Aw8uIQa3EIdGoAg4Ble4c15cF6cd+dj3rri5DNH8AfO5w+6yY/G</latexit>

c̄ c

PDG 2019
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this lattice study: postdicted predicted, 

exp discovered 

𝝌c0 (3930)

predicted, 

exp not (yet) discovered 

Conclusions ... on charmonium-like states with JPC=  0++, 2++,     1--, 3--PDG 2019

[2011.02541]  [1905.03506]



Backup
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T(E) near poles
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Analysis combining lower and higher energy regions
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confirms conclusions based on analysis of seperate energy regions



Charmonium-like states with JPC=1--,3--

Sasa Prelovsek, Charmonium resonances from lattice QCD 18

[1905.03506, PRD 2019]
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ΛC

ΛC

Results based on cc operators and the challenge to determine JP

lower mc : mD=1762(2) MeV

Sasa Prelovsek, Charmonium resonances from lattice QCD

[1811.04116, PRD 2019]


