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Lattice QCD study of 

• charmonium-like resonances with I= 0

• bottomonium-like resonances with I=1



Charmonium-like resonances with I=0
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S. P., Collins, Mohler, Padmanath and Piemonte
2011.02542, PRD 2021, JPC=0++, 2++

1905.03506, PRD 2019, JPC=1--, 3—

2111.02934 (proceedings for Lattice 2021)

Motivation to study charmonium resonances:

Experimentally discovered exotic hadrons

• Most of them contain cc

• All of them are resonances (decay strongly)  
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PDG 2020

this lattice study: exp discovered 

𝝌c0 (3930)

predicted, 

exp not (yet) discovered 

Charmonia with I=0 considered
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D̄D
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D̄sDs
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c̄ c

I=0

likely nature

according 

to this study

other 
states

lat prediction
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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=0,1,2,3

l=1,2,3

etracted from

DD scattering

the first extraction of the scattering matrix for coupled  channels in the charmonium sector
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Hadronic resonances and shallow bound states from lattice 
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analytic relation: 
Luscher 1991 

m

E   g

energy of 
eigenstate

scattering  
matrix 
for real E

resonance
mass and width

En σ

Γ

H1 H2

E(H1H2 )

T (E)

σ (E)∝|T (E) |2

continuation 
to complex E location of poles in complex E plane

H1

H2

H1

H2

TB (E)∝
1

s−mB
2 TR (E) =

−mR Γ
E 2 −mR

2 + imR Γ

TB (E =mB ) =∞

c

c

one-channel example



Implemented operators
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!
P = !p1 +

!p2

P

p1

p2

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

(1,1,0) 2π/NL
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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

<latexit sha1_base64="heZICZiTDjhpBqed3MtwUhdSw38="></latexit>

O
c̄c = (c̄�c)~P

O
D̄D = (c̄�1q)~p1(q̄�2c)~p2

= D̄(~p1) D(~p2)

O
D̄sDs = (c̄�1s)~p1(s̄�2c)~p2

= D̄s(~p1) Ds(~p2)

<latexit sha1_base64="Xv7R9fLrILX4+7HGxLQ+3cOiYXc="></latexit>

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

O
D̄⇤D⇤

= D̄
⇤(~p1) D

⇤(~p2) omission of channel 𝜂𝑐 𝜂 for 0++

lat         exp

mu/d > mu/d
exp

ms      <  ms
exp      

mu+md+ms = mu
exp +md

exp +ms
exp

mc      ≿ mc
exp

CLS Nf=2+1 ensembles

mπ~280 MeV
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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) :

the need to parametrize  tij(Ecm)

JPC =0++

JPC =2++, 2-+

for mD=1927 MeV
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black circles used for 

scattering analysis 

Luscher's equation for 2x2 coupled system

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

Sij(Ecm) = 1 + 2i ⇢ tij(Ecm)

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

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

known 2x2 matrix



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

"X(3720)" [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] 

molecular models F.-K. Guo 2101.01021 

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

DD̄ ! DD̄

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

D̄D



JPC=0++ : higher energy region around DsDs threshold 
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<latexit sha1_base64="5VpY4P+Q3NniKWVYcp4BrJJTcgk=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksghtLUkRdFu3CZQV7gTaEyXTSDp1MwsxEKKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDN/kHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsY3U7r7UcqFYvFgx4n1IvwQLCQEayN5dtH9V6AJaqjc1T31Zx95dtlp+LMhJbBzaEMuRq+/dXrxySNqNCEY6W6rpNoL8NSM8LppNRLFU0wGeEB7RoUOKLKy2bnT9CpcfoojKV5QqOZ+3siw5FS4ygwnRHWQ7VYm5r/1bqpDq+9jIkk1VSQ+aIw5UjHaJoF6jNJieZjA5hIZm5FZIglJtokVjIhuItfXoZWteJeVqr3F+XaTR5HEY7hBM7AhSuowR00oAkEMniGV3iznqwX6936mLcWrHzmEP7I+vwBrFWUBw==</latexit>

DD̄ �DsD̄s

<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

• 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: listed as one state in PDG)

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 

<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
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c̄ss̄c
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couplings of state near DsDs threshold to both channels

<latexit sha1_base64="SekuAAUvPMZT6XmtoLDnxOyhTjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRHjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2vVeQDWp98sVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2LqndVvXy4rNRu8ziKcAKncA4eXEMN7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wd2cI8C</latexit>

DD̄

<latexit sha1_base64="ongGC5rbfq8U0RIP09FBwlzUt/U=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LevBYwX7AdinZNNuGZrNLMiuU0p/hxYMiXv013vw3pu0etPVByOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnZAaLoXiTRQoeSfVnMah5O1wdDvz209cG5GoRxynPIjpQIlIMIpW8u96phtSTezfK1fcqjsHWSVeTiqQo9Erf3X7CctirpBJaozvuSkGE6pRMMmnpW5meErZiA64b6miMTfBZL7ylJxZpU+iRNunkMzV3x0TGhszjkNbGVMcmmVvJv7n+RlG18FEqDRDrthiUJRJggmZ3U/6QnOGcmwJZVrYXQkbUk0Z2pRKNgRv+eRV0rqoepfV2kOtUr/J4yjCCZzCOXhwBXW4hwY0gUECz/AKbw46L86787EoLTh5zzH8gfP5A5NBkM4=</latexit>

DsD̄s



JPC=2++ (l=2) :  conventional resonance  

Sasa Prelovsek, Lattice study of quarkonium-like states 11
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DD̄ ! DD̄

• 2++ resonance

PDG

lat
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summary of masses for charmonium-like states

mu/d > mu/d
exp

ms      <  ms
exp      

mc      ≿ mc
exp

mπ~ 280 MeV
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summary of couplings that parametrize the width
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PDG 2020

this lattice study: exp discovered 

𝝌c0 (3930)

predicted, 

exp not (yet) discovered 

summary on charmonium-like states 
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likely 
nature

other 
states



Bottomonium-like resonances with I=1
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M. Sadl, S. P.: 2109.08560, accpeted to PRD
S.P., Bahtyar, Petkovic: 1912.02656, PLB
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Rigorous treatment to challenging: 

- at least 7 two-particle channels coupled

- very dense BB*  and B*B* energy levels

Sasa Prelovsek, Lattice study of quarkonium-like states

with Lattice QCD,  non-static b quarks and Luscher’s method : to challenging ! 

Zb
+(10610) , Zb

+(10650)        I=1, JPC=1+- discovered by Belle in 2011
[PRL 108 (2012) 122001]



Zb with static b and b

17

Idea and the only previous lat study  
Bicudo, Cichy,  Peters, Wagner [proceedings : Lat16: 1602.07621 ]

Born-Oppenheimer approach

h = heavy: b, b l=light:u,d,gluons

Step 1: fix static b and b at  distance r: determine En(r) for light d.o.f.: lattice QCD 

Step 2: consider motion of heavy d.o.f.  in the potential determined in step 1  with non-relativistic Schrodinger equation
[Braaten et al PRD 1402.0438 , Brambilla et al PRD 1707.09647, Bali et al. hep-lat/0505012 PRD, Bicudo & Wagner 1209.6274 + many others ..]

Sasa Prelovsek, Lattice study of quarkonium-like states

general idea: talk by 

Marc Wagner

aim: 



Four different sets of quantum numbers considered
couple to JPC=1+- (Zb)
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Eigen-energies En(r) 
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mB+mB*

Sh=1, Jl=0 
CP=-1, ε=-1

Sh=0, Jl=1 
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Potential V(r) between B and B* 

−
!2

2µ
d 2

dr2
+
!2L(L +1)
2µr2

+V (r)
⎡

⎣
⎢

⎤

⎦
⎥u(r) = Eu(r)

in agreement with only previous lattice study 
Bicudo, Cichy,  Peters, Wagner [proceedings : Lat16: 1602.07621] 

V (r) = �A e�(r/d)F
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Conclusions on Sh=1, Jl=0: peak above BB*  for shallow bound state Zb

Sasa Prelovsek, Lattice study of quarkonium-like states 21

Schrodinger equation for BB* motion -> scattering phase shift 𝛅 -> cross section 𝝈

Conclusion from our lattice study [in agreement with Wagner & Bicudo & Peters]

• attraction between B and B* renders bound state Zb

• for certain parametrizations bound state is close below threshold 

and renders peak in BB* cross-section above threshold 

for three parametrizations  
consistent with lattice  V(r)

Re-analysis of exp data
[Wang, Baru, Filin, Hanhart, Nefediev, 

Wynen, 1805.07453, PRD 2018]:

• Zb is virtual bound state 

few MeV below BB*
[when coupling to (bb)(du) omitted]

• renders peak above threshold
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NBB̄⇤ /k �



Conclusions
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Results of these lattice QCD studies:

• many conventional charmonium resonances and bound states with I=0 confirmed

• two unconventional charmonium-like states with I=0 identified

• Zb resonances likely related to significant attraction between B and B* 
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Backup
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Lattice details for charmonium-like studies
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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

m [MeV] lat exp

m𝝅 280(3) 137

mD 1927(2) 1867

mDs 1981(1) 1968

Mav 3103(3) 3068
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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, Lattice study of quarkonium-like states

black circles used for 

scattering analysis 

we verified  aposteriory  
that both regions can be 
smoothly connected Luscher's equation
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Quantum numbers relevant for Zb
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exp+pheno 
continuum

JPC=1^+- B         B*            B*       B

Zb(10610) as BB* molecule

Bondar, Garmash, Milstein, Mizuk, Voloshin PRD84 054010, Voloshin  PRD84 (2011) 031502

Wang, Baru, Filin, Hanhart, Nefediev, Wynen, 1805.07453, PRD 2018

h=heavy=b,b

l=light=u,d,gluons
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~Sh = ~Sb + ~Sb̄
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static b   →  b quark can not flip spin via gluon exchange

Sh is conserved

seperate 

channels, 

considered 

seperately

lattice with static b

reflection over yz planeJx, Jy not goot q.n.

quantum numbers of light degrees of freedom in static limit
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Sh = 0 & Jl = 1 (Jz
l = 0, CP = +1, ✏ = +1 : ⌃+

g )
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Sh = 1 & Jl = 0 (Jz
l = 0, CP = �1, ✏ = �1 : ⌃�

u )
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Eigen-energies En(r) : channel Sh=1, Jl=0 (CP=-1, ε=-1)

dominant operator 

in each |n> 

according to Oi n

dot-dashed-lines:
En

non-int
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mB+mB*


