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The status of hadrons in lattice QCD
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States:

• well below  threshold    “straighforward”

• above 1 threshold or just below it  “mostly done”

• above 2 or 3 threshold   “challenging, some of  them studied”    

• above more than 3 thresholds “very challenging, mostly unexplored” 

Ø Pc , Zc , Zb ,  X(6900),... above many threshold: that is why lattice  has not concluded yet on their nature

Ø still, lattice contributed conclusions on certain interesting states .. to be presented in this talk

Challenge: all experimentally discovered exotic hadrons are strongly decaying resonances !

most of them decay via several decay channels  
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Resonances and shallow bound states from one-channel scattering
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analytic relation: 
Luscher 1991 
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All experimentally discovered exotic hadrons are strongly decaying resonances !
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Resonances from coupled-channel scattering : challenging

Sasa Prelovsek            Exotic hadrons in lattice QCD

<latexit sha1_base64="jbRWZW00sSb0QrGq8BasrXBG9aA=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFEpIgqjLopsuq9gLNDFMppN26EwSZiZCKfUV3Pgqblwo4taVO9/GaZuFtv4w8PGfczhz/jBlVCrb/jYKS8srq2vF9dLG5tb2jrm715RJJjBp4IQloh0iSRiNSUNRxUg7FQTxkJFWOLia1Fv3REiaxLdqmBKfo15MI4qR0lZgntx4KoG1wKkFbgU+aLjzUkE50Z6bYwValgUDs2xb9lRwEZwcyiBXPTC/vG6CM05ihRmSsuPYqfJHSCiKGRmXvEySFOEB6pGOxhhxIv3R9KQxPNJOF0aJ0C9WcOr+nhghLuWQh7qTI9WX87WJ+V+tk6nowh/ROM0UifFsUZQxqFOY5AO7VBCs2FADwoLqv0LcRwJhpVMs6RCc+ZMXoelazpnlXp+Wq5d5HEVwAA7BMXDAOaiCGqiDBsDgETyDV/BmPBkvxrvxMWstGPnMPvgj4/MHoc+a7Q==</latexit>

R ! H1H2, H
0
1H

0
2, ...

H1

H2

H1

H2

H1'

H2'

H1

H2

H1'

H2'

H1'

H2'

channel a : H1H2

channel b : H1 'H2 '

T (E) =
Taa (E) Tab(E)
Tab(E) Tbb(E)

⎢

⎣
⎢
⎢

⎥

⎦
⎥
⎥

a -> a              a -> b  

b->a b -> b

← En
generalization of. 

Luscher’s method

• Challenging to get enough accurate En to 
determine the whole matrix T

• HadSpec extracted T for several channels
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Mesonic sector
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q̄qq̄q
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Excited bottomonia, bottomonium hybrids
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b b

EFT+lattice prediction of 
hybrids [Brambilla et al,  
1805.07713, PRD 2019] 

discretization effects in 
hybrid static potentials for 
SU(2) quenched theory: 
Riehl, Wagner, 2008.1221

Ryan & Wilson (HadSpec)  
2008.02656

relativistic b-quark: 

main challenge a mb errors

states above BB threshold 

treated as strongly stable

exotic JPC

b glue b

JPC

mhybrid ≥ 10.9 GeV

hybrids

BB

𝜂𝑏𝜂
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Strongly stable doubly bottom tetraquarks bbud (J P =1+, I = 0)
bbus (J P =1+ )

taken from Padmanath @ Charm2021

Hudspith et al 2006.14294

also reliably confirms those

        BB*                    BsB*   
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Exp: udbb and usbb not (yet) found 

and it will be challenging to find them  

Bicudo et al 2101.00723
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Hudspith et al 2006.14294 (lattice)  

no bound state found with 

binding energy larger than O(20 MeV) in channels

(significantly constrains pheno models!)

No bound state with sizable binding found in other channels (listed below) 

taken from Padmanath @ Charm2021 
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<latexit sha1_base64="6T1Q7r83E0tqbXGR3sWYKHcYCKk="></latexit>

udc̄b̄ , uds̄b̄ , uds̄c̄ : I = 0, JP = 1+, 0+

usc̄b̄ : I = 1
2 , JP = 1+, 0+

ucb̄b̄ , s̄c̄bb : I = 1
2 , JP = 1+
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Resonance Zb+
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decays that make bbdu channel much more challenging than bbdu

Υ 𝜋

first study: Bicudo et al, proceedings : Lat16: 1602.07621

recent study: S.P., H. Bahtiyar, J. Petkovic:  1912.02656v4  

all parametrizations of V lead to a bound state

the binding energy depends on the parametrization

Belle 2011, 2014
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exp: 
challenging x

discovered

theory: 
straightforward

challenging

Strongly stable bbdu
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New paradigm for heavy-light mesons
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Example: single-charm mesons with JP=0+

Quark model expectation: 

Many puzzles:  m[D0
*(2300)] ≈ m[Ds0

*(2317)] ??

0

1

-1/2           1/2 I3

S

cu cd

cs

New paradigm: several states owe existence to scattering of  (cq) and (qq)
SU(3)F 3 ⨂ 8  = 3 ⨁6 ⨁15

D0
*(2300) 

Ds0
*(2317)  

Ds0
*(2317) 

D0
*(2100) D0

*(2450) 

X0(2340)  virtual 

no state (mix with repulsive 15)

meson masses at mq
phy from 1712.07957   

New paradigm & ChPT:

Du et al, 1712.07957

Albaladejo et al,  1610.06727

Lutz et al, 0371332

Lattice with Nf=2+1:  

S=1 

Mohler et al, 1308.3175

Lang et al, 1403.8103

Cox et al (RQCD), 1706.01247

S=1,-1

Cheung et al (HadSpec), 2008.06432

S=0

Moir et al (HadSpec), 1607.07093

Gayer et al (HadSpec ) 2102.04973 
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cq̄
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New paradigm for heavy-light mesons, cont'd
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Example: single-charm mesons with JP=0+

Ds0
*(2317) 

D0
*(2100) D0

*(2450) 

X0(2340)  virtual 

no state (mix with repulsive 15)

meson masses at mq
phy from 1712.07957   

S=1 & I=0:   Ds0
*(2317)  :  lighter than quark model prediction due to DK threshold Mohler et al 1308.3175 ; Lang et al 1403.8103; RQCD 1706.01247; HadSpec 2008.06432

S=0:              m1 = 2105 +6
-8 MeV               m2  = 2451 +36

-26 MeV
!
" 𝛤1=  102 +10

-12 MeV            !" 𝛤2 = 134 +7
-8 MeV

m1 = 2189±72 MeV               2:  not explored
!
" 𝛤1= 205 ±49 MeV

S=-1 & I=0 :   m = 2170 ±140𝑀𝑒𝑉
csud suggestion of a virtual bound state ~0.2 GeV below DK

reanalysis of HadSpec 1607.07093 (m𝜋 ≈390 MeV)  
by Albaladejo et al  1610.06727 and chirally extrapolated 
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D⇡ �D⌘ �DsK̄
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DK

HadSpec 2102.04973 
(m𝜋 ≈ 240 MeV)
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DK̄HadSpec 2008.06432 
(m𝜋 ≈ 240 MeV)

partner of X0(2900)=csud ?
LHCb 2009,00025

challenging for lattice, not (yet) done
(high, above several thresholds)

Lattice results seem to support this paradigm, more results on heavier S=0 and S=-1 state(s) are welcome  
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cq̄
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cq̄qq̄
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PDG 2019

lattice study
S.P et al 2011.02541, J=0,2
Piemonte et al 1905.03506: J=1,3 

postdicted predicted, 

exp discovered 

𝝌c0 (3930)

predicted, 

exp not (yet) discovered 

Charmonium  resonances with isospin 0
<latexit sha1_base64="Xv8sImiLmOKlm1gDLIsCVqPLSDI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnX5ANWFsUK64VXcBsk68nFQgR3NQ/uoPY5ZGXCGT1Jie5yboZ1SjYJLPSv3U8ISyCR3xnqWKRtz42eLcGbmwypCEsbalkCzU3xMZjYyZRoHtjCiOzao3F//zeimGN34mVJIiV2y5KEwlwZjMfydDoTlDObWEMi3srYSNqaYMbUIlG4K3+vI6adeqXr1ae7iqNG7zOIpwBudwCR5cQwPuoQktYDCBZ3iFNydxXpx352PZWnDymVP4A+fzB9RAjz4=</latexit>

c̄c <latexit sha1_base64="36vMYRNiozeA9RHXbwu8APR4WqQ=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+4B2LJk004ZmkmmSUcrQ/3DjQhG3/os7/8Z0OgttPXC5h3PuJTcniDnTxnW/nZXVtfWNzcJWcXtnd2+/dHDY1DJRhDaI5FK1A6wpZ4I2DDOctmNFcRRw2gpGNzO/9UiVZlLcm0lM/QgPBAsZwcZKD90AK0TGWRuTXqnsVtwMaJl4OSlDjnqv9NXtS5JEVBjCsdYdz42Nn2JlGOF0WuwmmsaYjPCAdiwVOKLaT7Orp+jUKn0USmVLGJSpvzdSHGk9iQI7GWEz1IveTPzP6yQmvPJTJuLEUEHmD4UJR0aiWQSozxQlhk8swUQxeysiQ6wwMTaoog3BW/zyMmlWK95FpXp3Xq5d53EU4BhO4Aw8uIQa3EIdGkBAwTO8wpvz5Lw4787HfHTFyXeO4A+czx/XUZIX</latexit>

c̄qq̄c
<latexit sha1_base64="bqKKBFySPQyY5kiTKNC/Gv2YUlk=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRi8cK9gPatWTT2TY0m12SrFJK/4cXD4p49b9489+YbvegrQ+Gebw3QyYvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZua3HlFpHst7M07Qj+hA8pAzaqz00A2oIkxnTbNeqexW3AxkmXg5KUOOeq/01e3HLI1QGiao1h3PTYw/ocpwJnBa7KYaE8pGdIAdSyWNUPuT7OopObVKn4SxsiUNydTfGxMaaT2OAjsZUTPUi95M/M/rpCa88idcJqlByeYPhakgJiazCEifK2RGjC2hTHF7K2FDqigzNqiiDcFb/PIyaVYr3kWlenderl3ncRTgGE7gDDy4hBrcQh0awEDBM7zCm/PkvDjvzsd8dMXJd47gD5zPH91xkhs=</latexit>

c̄ss̄c
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Charmonium–like resonances: exotic candidates with JPC=0++, I=0 

Sasa Prelovsek            Exotic hadrons in lattice QCD

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 : conventional

• state near DsDs threshold coupling mostly to DsDs : exotic

• state near DD threshold : exotic 

near pole

[Belle 2017]

LHCb 2020

Babar 2008

lat

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

in rough agreement with X(3860)

not yet claimed by experiment

X(3700) proposed by many pheno works

DD partner of DD*=X(3872)

pheno: Oset et al 0612179, 0712.1758,  
1211.1862, 2004.05204,...
Baru et al, PLB763 20 (2016) 20

Nieves et al, PRD86 (2012) 056004

<latexit sha1_base64="j2ztMFRMVJBF6DRIcaK5Z08QpYo=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzoziLoRig90WcE+oJ0OmTRtQ5PMkGSEMnbhr7hxoYhbf8Odf2PazkJbD1w4nHMv994Txowq7Tjf1tz8wuLScm4lv7q2vrFpb21XVZRITCo4YpGsh0gRRgWpaKoZqceSIB4yUgv7lyO/9kCkopG414OY+Bx1Be1QjLSRAnu3eYM4R+fdlhcHV0fXQYr5sOUFdsEpOmPAWeJmpAAylAP7q9mOcMKJ0JghpRquE2s/RVJTzMgw30wUiRHuoy5pGCoQJ8pPx/cP4YFR2rATSVNCw7H6eyJFXKkBD00nR7qnpr2R+J/XSHTnzE+piBNNBJ4s6iQM6giOwoBtKgnWbGAIwpKaWyHuIYmwNpHlTQju9MuzpOoV3ZOid3dcKF1kceTAHtgHh8AFp6AEbkEZVAAGj+AZvII368l6sd6tj0nrnJXN7IA/sD5/AK1UlT8=</latexit>

� = g2pD/E2
cm

Positions of poles in complex energy plane

pheno: Lebed, Polosa et al., 1602.08421
2005.07100, Chet et al. 1706.097231
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light hybrid meson 𝜋1

Sasa Prelovsek            Exotic hadrons in lattice QCD

<latexit sha1_base64="k7DKbJsEYE5y7JhSfAzXL32rpSA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEtSRL0IxV7EUwX7AW1aNtttu3SzibubQgn5HV48KOLVH+PNf+O2zUFbHww83pthZp4Xcqa0bX9bmZXVtfWN7GZua3tndy+/f1BXQSQJrZGAB7LpYUU5E7Smmea0GUqKfY/ThjeqTP3GmErFAvGoJyF1fTwQrM8I1kZy7ztxtZLcOJ34/Czp5gt20Z4BLRMnJQVIUe3mv9q9gEQ+FZpwrFTLsUPtxlhqRjhNcu1I0RCTER7QlqEC+1S58ezoBJ0YpYf6gTQlNJqpvydi7Cs18T3T6WM9VIveVPzPa0W6f+3GTISRpoLMF/UjjnSApgmgHpOUaD4xBBPJzK2IDLHERJucciYEZ/HlZVIvFZ3LYunholC+TePIwhEcwyk4cAVluIMq1IDAEzzDK7xZY+vFerc+5q0ZK505hD+wPn8AkH+RUg==</latexit>

JPC = 1�+ <latexit sha1_base64="uXFx6JkLWxzHQaSQkIyr6TUb82c=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj0oMcK9gPbUDabSbt0swm7G6GU/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8HwZuq3nlBpnsgHM0rRj2lf8ogzaqz02A2oIiG5JVmvVHYr7gxkmXg5KUOOeq/01Q0TlsUoDRNU647npsYfU2U4EzgpdjONKWVD2seOpZLGqP3x7OIJObVKSKJE2ZKGzNTfE2Maaz2KA9sZUzPQi95U/M/rZCa68sdcpplByeaLokwQk5Dp+yTkCpkRI0soU9zeStiAKsqMDaloQ/AWX14mzWrFu6hU78/Ltes8jgIcwwmcgQeXUIM7qEMDGEh4hld4c7Tz4rw7H/PWFSefOYI/cD5/ADPqj/Y=</latexit>

d̄Gu

Woss et al. (HadSpec) 

2009.10034

mu= md= ms, m𝜋 ≈ 700 𝑀𝑒𝑉

physical world

<latexit sha1_base64="86M3RKeN1bo9jnvmlsP+prb8878=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpIUUZdFNy4r2Ae0IUymk3bamUmYmQglxLUbf8WNC0Xc+gPu/BunbRbaeuDC4Zx7ufeeIGZUacf5tgorq2vrG8XN0tb2zu6evX/QUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYX0/99j2RikbiTk9i4nE0EDSkGGkj+XZZ+ykdZT1FOeyFEuEU+xQ+QOyPslT5zqnKfLviVJ0Z4DJxc1IBORq+/dXrRzjhRGjMkFJd14m1lyKpKWYkK/USRWKEx2hAuoYKxIny0tkvGTw2Sh+GkTQlNJypvydSxJWa8MB0cqSHatGbiv953USHl15KRZxoIvB8UZgwqCM4DQb2qSRYs4khCEtqboV4iEwi2sRXMiG4iy8vk1at6p5Xa7dnlfpVHkcRHIEyOAEuuAB1cAMaoAkweATP4BW8WU/Wi/VufcxbC1Y+cwj+wPr8AQb6mwg=</latexit>

tij ⇠
ci cj
s0 � s

b1 𝜋f1 𝜋𝜌 𝜋 𝜂′ 𝜋

dominant coupling 

resemblence to experimental 𝜋1(1564): COMPASS+JPAC Rodas 1810.04171 [PRL]

𝜋1(1564) in COMPASS+JPAC replaces two older resonances 𝜋1(1400) and 𝜋1(1600) 

pheno 

analysis
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Lattice QCD: No indication for strongly stable state (below threshold) with 

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

[Hughes, Eichten, Davies, HPQCD, 1710.03236, PRD 2018] 

Non-existence of
strongly stable fully beautiful tetraquark

Sasa Prelovsek            Exotic hadrons in lattice QCD

bbbb

ηbηb ηbϒ ϒϒthreshold

Existence of
fully charming tetraquark resonances (high above threshold)

<latexit sha1_base64="I9959FE086a2AJpYKwS4O12HWr4=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRi8cK9gPatcym2TY0m12SrFKW/g8vHhTx6n/x5r8xbfegrQ+Gebw3QyYvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqZ+65EpzWN5b8YJ8yMcSB5yisZKD90AFaE0b71S2a24M5Bl4uWkDDnqvdJXtx/TNGLSUIFadzw3MX6GynAq2KTYTTVLkI5wwDqWSoyY9rPZ1RNyapU+CWNlSxoyU39vZBhpPY4COxmhGepFbyr+53VSE175GZdJapik84fCVBATk2kEpM8Vo0aMLUGquL2V0CEqpMYGVbQheItfXibNasW7qFTvzsu16zyOAhzDCZyBB5dQg1uoQwMoKHiGV3hznpwX5935mI+uOPnOEfyB8/kDrHGR+w==</latexit>

c̄cc̄c
LHCb 2006.16957

X(6900)

challenging for lattice, not (yet) done 
(high, above several thresholds)

14



di-baryons

Sasa Prelovsek            Exotic hadrons in lattice QCD

<latexit sha1_base64="Y+7Wp8O7c1Yt5eCwiLG8WgoywOU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BLx4jmAckS5idTJIhs7ObmV4hLPEfvHhQxKvf482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFRw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwup35zUeujYjUA05i7od0oERfMIpWao7H4ydb3WLJLbtzkFXiZaQEGWrd4lenF7Ek5AqZpMa0PTdGP6UaBZN8WugkhseUjeiAty1VNOTGT+fnTsmZVXqkH2lbCslc/T2R0tCYSRjYzpDi0Cx7M/E/r51g/9pPhYoT5IotFvUTSTAis99JT2jOUE4soUwLeythQ6opQ5tQwYbgLb+8ShqVsndZrtxflKo3WRx5OIFTOAcPrqAKd1CDOjAYwTO8wpsTOy/Ou/OxaM052cwx/IHz+QPcYI/r</latexit>qqq qqq

15



Strongly and EM stable di-baryons 

Sasa Prelovsek            Exotic hadrons in lattice QCD

lattice QCD: Junnarkar, Mathur, [1906.06054, PRL 2019]

strong decay 
threshold

Ωccc
J=3/2Ωbbb

J=3/2 Ωsss
J=3/2Ωbbb

J=3/2 Ωcss
J=1/2Ωccs

J=1/2

JP=1+

ΔE
  [

M
eV

]

deuterium-like
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H-dibaryon

Sasa Prelovsek            Exotic hadrons in lattice QCD

<latexit sha1_base64="BSQF828U8b+LKuvV5r7bI4M2gZc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWw223bpZhN2J0IJ9T948aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789iPXRsTqAScJ9yM6VGIgGEUrtdPQPNnqlytu1Z2DrBIvJxXI0eiXv3phzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m587JWdWCckg1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8XBtZ8JlaTIFVssGqSSYExmv5NQaM5QTiyhTAt7K2EjqilDm1DJhuAtv7xKWrWqd1mt3V9U6jd5HEU4gVM4Bw+uoA530IAmMBjDM7zCm5M4L86787FoLTj5zDH8gfP5A8cCj90=</latexit>

uds uds

<latexit sha1_base64="GPeIXJ6c1o3YdIR3WKE/466NCfs=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KGWmiLosunEhUtE+oDOUTCbThiaZIckIZWj3bvwVNy4UcesHuPNvTNtZaOuB5B7OPZfkHj9mVGnb/rZyS8srq2v59cLG5tb2TnF3r6miRGLSwBGLZNtHijAqSENTzUg7lgRxn5GWP7ic9FsPRCoaiXs9jInHUU/QkGKkjdQtltxrYw5QVspw7N7RHkezuzy+cdvUuOyKPQVcJE5GSiBDvVv8coMIJ5wIjRlSquPYsfZSJDXFjIwKbqJIjPAA9UjHUIE4UV46XWYEj4wSwDCS5ggNp+rviRRxpYbcN06OdF/N9ybif71OosNzL6UiTjQRePZQmDCoIzhJBgZUEqzZ0BCEJTV/hbiPJMLa5FcwITjzKy+SZrXinFaqtyel2kUWRx4cgENwDBxwBmrgCtRBA2DwCJ7BK3iznqwX6936mFlzVjazD/7A+vwBr2yaww==</latexit>

⇤⇤, ⌃⌃, N⌅

• HALQCD method, mq ≈ 𝑚𝑞
phy,  Sasaki et al. (HALQCD) 1912.08630

only small  attraction  in channel ΛΛ found, not enough to form the bound state

• Luscher's method,  mu= md= ms, m𝜋 ≈ 420 𝑀𝑒𝑉, extrapolation a→ 0 Green et al (Mainz) 2103.01054 

shallow bound state found which is sensitive to the lattice spacing

Most charming di-baryon <latexit sha1_base64="044lBRkJkDZbVSMlJ/NgHeJcYeI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWymm3bpZhN2N0IJ9T948aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epQtbEWMSqE1DNBJesabgRrJMoRqNAsHYwvp357UemNI/lg5kkzI/oUPKQIzVWaiPik61+ueJW3TnIKvFyUoEcjX75qzeIMY2YNCio1l3PTYyfUWU4CjYt9VLNEopjOmRdSyWNmPaz+blTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlhEheLwlQQE5PZ72TAFUMjJpZQVNzeSnBEFUVjEyrZELzll1dJq1b1Lqu1+4tK/SaPowgncArn4MEV1OEOGtAEhDE8wyu8OYnz4rw7H4vWgpPPHMMfOJ8/XBSPlw==</latexit>ccc ccc
<latexit sha1_base64="CznK4qy712OXd5hPOGI89cwLovk=">AAACAXicbZDLSsNAFIYn9VbrLepGcBMsgquSFFGXRTfurGAv0IYwOZ20Q2cmYWYilFA3voobF4q49S3c+TZO2yxq6w8DH/85hzPnDxNGlXbdH6uwsrq2vlHcLG1t7+zu2fsHTRWnEkgDYhbLdogVYVSQhqaakXYiCeYhI61weDOptx6JVDQWD3qUEJ/jvqARBayNFdhH3TtO+jjIAGA8z4FddivuVM4yeDmUUa56YH93ezGknAgNDCvV8dxE+xmWmgIj41I3VSTBMMR90jEoMCfKz6YXjJ1T4/ScKJbmCe1M3fmJDHOlRjw0nRzrgVqsTcz/ap1UR1d+RkWSaiJgtihKmaNjZxKH06OSgGYjAxgkNX91YIAlBm1CK5kQvMWTl6FZrXgXler9ebl2ncdRRMfoBJ0hD12iGrpFddRAgJ7QC3pD79az9Wp9WJ+z1oKVzxyiP7K+fgHfxZcs</latexit>

⌦ccc⌦ccc• HALQCD method, mq ≈ 𝑚𝑞
phy,  Lyu et al. (HALQCD) 2102.00181

QCD: shallow bound state found: B ≈ 6𝑀𝑒𝑉
QCD + Coulomb repulsion: no bound state

17



Conclusions concerning recent studies of exotic hadrons from lattice

Sasa Prelovsek            Exotic hadrons in lattice QCD 18

Unrelated to exotic hadrons, but relevant to relation of FCP & lattice: JLQCD,  1901.08784

Lattice study of B->K l+l- beyond factorization, incorporating long-distance effects from cc

predictions (exotic)         

𝜒c0(3930)=cssc 

bottomonium hybrids

doubly bottom tetraquarks 

D0*(2100)  & D0* (2450)

virtual st. below DK

DD threshold state

postdictions (exotic):  

Zb
+

Ds
0(2317)

𝜋1(1564)

postdictions (conventional): many

numerous bottomonia

resonant charmonia: X(3860), 𝜓(3770), 𝜓3(3842), 𝜒c2(3930)

.... 

exp

yes

no 

yes or no?

no

no

yes or no?

ruled out a number of bound states 

https://arxiv.org/abs/1901.08784


Backup
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Lattice QCD 

LQCD = − 1
4Gµν

a Ga
µν + qiγµ (

q=u,d,s,c,b,t
∑ ∂ µ + igs Ga

µ T a )q−mqqq

C =  DG Dq Dq C e
−SQCD /!

∫   

Sasa Prelovsek            Exotic hadrons in lattice QCD

charmonium :   J PC :   cΓc , (cΓ1u)(uΓ2c) = DD , [cΓ3u][cΓ4u]

Determine energies of eigenstates En and overlaps 

discretized finite Eucledian

space-time

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

n
∑ 0Oi n e−En t nOj

+ 0

J PC =1−− : E1(
!p = 0) =mJ /ψ

cc and bb annihilation omitted for all result in this talk.

Then hadrons below DD or BB are strongly stable  

overlap energy of 
eigenstate |n>
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Charmonium resonances
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S.P et al 2011.02541, J=0,2
Piemonte et al 1905.03506: J=1,3 
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