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Two exotic systems in exp and Lattice QCD
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JP=1+, I=0 JP=1+, I=1

exp                         no state found                                          two resonances Zb discovered (Belle 2011)
prospect: not easy

lattice QCD        strong bound state predicted              resonances with many strong decay ch.

“straightforward” : done                            very challenging

<latexit sha1_base64="PAH4U1WN8cweO2dzTMz65w8peck=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRZBPJRdKeqx1IvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSY3G48WgXHGr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQlv/JTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+S9mXVu6p697VKvZHHUYQTOIVz8OAa6nAHTWgBgTE8wyu8OcJ5cd6dj0VrwclnjuEPnM8fOPmNtA==</latexit>

BB⇤ <latexit sha1_base64="DmizAOm70GA12uPRCeaM454klyI=">AAACAHicbVDLSgMxFL1TX7W+Rl24cBMsgoiUGRF1WerGZQX7gHYsmTTThmYyQ5IRylAX/oobF4q49TPc+Tem7QjaeiDh5Jx7ubnHjzlT2nG+rNzC4tLySn61sLa+sbllb+/UVZRIQmsk4pFs+lhRzgStaaY5bcaS4tDntOEPrsZ+455KxSJxq4cx9ULcEyxgBGsjdey9StvHElXujk/Qg7l/Xh276JScCdA8cTNShAzVjv3Z7kYkCanQhGOlWq4Tay/FUjPC6ajQThSNMRngHm0ZKnBIlZdOFhihQ6N0URBJc4RGE/V3R4pDpYahbypDrPtq1huL/3mtRAeXXspEnGgqyHRQkHCkIzROA3WZpETzoSGYSGb+ikgfS0y0yaxgQnBnV54n9dOSe15yb86K5UoWRx724QCOwIULKMM1VKEGBEbwBC/waj1az9ab9T4tzVlZzy78gfXxDXKilGM=</latexit>

BB̄⇤, B⇤B̄⇤nearby 
threshold

<latexit sha1_base64="e3pNNP6MoiM2eiUR/aryHTGBLZU=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlEVHBTdOOygn1AE8pkMmmHTiZhZiKUUPFX3LhQxK3f4c6/cdpG0NYDl3s4517mzglSzpR2nC9rYXFpeWW1tFZe39jc2rZ3dpsqySShDZLwRLYDrChngjY005y2U0lxHHDaCgbXY791T6ViibjTw5T6Me4JFjGCtZG69r4XYIkC7/Kno/ABZV274lSdCdA8cQtSgQL1rv3phQnJYio04Vipjuuk2s+x1IxwOip7maIpJgPcox1DBY6p8vPJ+SN0ZJQQRYk0JTSaqL83chwrNYwDMxlj3Vez3lj8z+tkOrrwcybSTFNBpg9FGUc6QeMsUMgkJZoPDcFEMnMrIn0sMdEmsbIJwZ398jxpnlTds6p7e1qpXRVxlOAADuEYXDiHGtxAHRpAIIcneIFX69F6tt6s9+noglXs7MEfWB/fUcCUbg==</latexit>

b̄ b̄ d u

open-bottom closed-bottom



Zb in experiment
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Zb
+(10610) , Zb

+(10650)        I=1, JPC=1+ -

observed decays 
Y(1S) π , Y(2S) π, Y(3S) π 
hb(1S) π, hb(2S) π

dominant Br: B B* , B* B*

allowed (unobserved)     ηb ⍴

Belle PRD 91 (2015) 072003

ϒ(1S) π+ ϒ(2S) π+ ϒ(3S) π+

Sasa Prelovsek, Fourquark states from lattice QCD

b bd u

Br≈85 %  

mB*+mB*mB+mB*

discovered by Belle in 2011
[PRL 108 (2012) 122001]
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Lattice QCD with  non-static b quarks and Luscher’s method  



with Lattice QCD,  non-static b quarks and Luscher’s method :  done
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because it a strongly bound state !

above: 1904.04197 Leskovec, Meinel, Pflaumer, Wagner  

also works by: Lewis & Francis & Maltman & Hudspith; Orginos & Brown; Padmanath & Junnakar & Mathur; 

<latexit sha1_base64="/wRUP9VwA5loNfOboLsfOsjOmPQ=">AAACFXicbVBdS8MwFE3n15xfVR99CQ5hgoxWRH0ciuDjhH3BWkqapVtYmpYkFUbZn/DFv+KLD4r4KvjmvzHtiujmheSec+69JPf4MaNSWdaXUVpaXlldK69XNja3tnfM3b2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xdVbv3hMhacRbahITN0RDTgOKkdKSZ57ceBw60FGRvls1zY5/aMYzllOdQ8+sWnUrD7gI7AJUQRFNz/x0BhFOQsIVZkjKvm3Fyk2RUBQzMq04iSQxwmM0JH0NOQqJdNN8qyk80soABpHQhyuYq78nUhRKOQl93RkiNZLztUz8r9ZPVHDpppTHiSIczx4KEgb1lplFcEAFwYpNNEBYUP1XiEdIIKy0kRVtgj2/8iLonNbt87p9d1ZtXBV2lMEBOAQ1YIML0AC3oAnaAIMH8ARewKvxaDwbb8b7rLVkFDP74E8YH9/4J5pO</latexit>

En ! T (En) ! T (E) ! m

NRQCD    Luscher         interpolation      pole in T(E)

one-channel 
BB* scattering



5

Rigorous treatment to challenging: 

- at least 7 two-particle channels coupled

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

Sasa Prelovsek, Fourquark states from lattice QCD

with Lattice QCD,  non-static b quarks and Luscher’s method : to challenging ! 
because Zb are resonances above many (>5) thresholds

Y(1S) π , Y(2S) π, Y(3S) π  

hb(1S) π, hb(2S) π

B B* , B* B*

problem: 
<latexit sha1_base64="dswAXCEalAM0WxXtPPZW5UyoJ1o=">AAACBXicbVDLSgMxFL1TX7W+Rl3qIlgEQSgzRdRl0Y3LCvYBnaFkMmkbmskMSUYoQzdu/BU3LhRx6z+4829M2xG09UDg5Jx7Sc4JEs6Udpwvq7C0vLK6VlwvbWxube/Yu3tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD64nfuqdSsVjc6VFC/Qj3BesxgrWRuvahp2PkIS/AEgWBYac/txClXbvsVJwp0CJxc1KGHPWu/emFMUkjKjThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMFjqjys2mKMTo2Soh6sTRHaDRVf29kOFJqFAVmMsJ6oOa9ifif10l179LPmEhSTQWZPdRLOTLJJ5WgkElKNB8Zgolk5q+IDLDERJviSqYEdz7yImlWK+55pXp7Vq5d5XUU4QCO4ARcuIAa3EAdGkDgAZ7gBV6tR+vZerPeZ6MFK9/Zhz+wPr4BtG6WJw==</latexit>

! b̄b + d̄u



Lattice QCD with  static b quarks and Born-Oppenheimer approach
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with Lattice QCD,  static b quarks and Born-Oppenheimer : done 
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a number of works by Bicudo, Wagner, Peters, Cichy (above  1209.6274)

<latexit sha1_base64="R57Z6Oqb3hmFjCQHgEJLvZNe9Zw=">AAACCXicbVDLSgMxFL1TX7W+qi7dBItQN2VGRF0WRXBZwT6gMwyZNNOGZjJDkhHK0K0bf8WNC0Xc+gfu/BvTdkBtPZBwcu693JwTJJwpbdtfVmFpeWV1rbhe2tjc2t4p7+61VJxKQpsk5rHsBFhRzgRtaqY57SSS4ijgtB0Mryb19j2VisXiTo8S6kW4L1jICNZG8svo2hdVeYxc5OrY3K2fh4GLIr9csWv2FGiRODmpQI6GX/50ezFJIyo04ViprmMn2suw1IxwOi65qaIJJkPcp11DBY6o8rKpkzE6MkoPhbE0R2g0VX9PZDhSahQFpjPCeqDmaxPxv1o31eGFlzGRpJoKMlsUphwZn5NYUI9JSjQfGYKJZOaviAywxESb8EomBGfe8iJpndScs5pze1qpX+ZxFOEADqEKDpxDHW6gAU0g8ABP8AKv1qP1bL1Z77PWgpXP7MMfWB/f1HKWmg==</latexit>

En(r) ! V (r) ! m

Lattice QCD non-relativisic Schr. eq. 

V(
r)

 a

m-mB-mB* = - 38 (18) MeV
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with Lattice QCD,  static b quarks and Born-Oppenheimer 

Take-home message   ... with more details to follow

• attractive potential between B and B* at small distance r (for Sh=1)

• this attraction leads to one bound state not far below mB+mB*

[S.P., Bahtiyar, Petkovic arXiv:1912.02656v4; 
Wagner, Peres, Bicudo, Cichy 1602.07621]



Zb with static b and b
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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, Fourquark states from lattice QCD

general idea: talks by 

Nora Brambilla

Jaume Tarrus 



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

<latexit sha1_base64="n02sZNdJ7Yc8iqB2t/809z6Xhx0=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJQZUXQjFN24rGgv0BmGJE3b0ExmSDKFMswbuPFV3LhQxK1bd76NaTsFbf0h8PGfczg5P445U9pxvq2FxaXlldXCWnF9Y3Nr297ZrasokYTWSMQj2cRIUc4ErWmmOW3GkqIQc9rA/ZtRvTGgUrFIPOhhTP0QdQXrMIK0sQL7yBtQAu+DtJddTRFnJ3DKHkYS4iywS07ZGQvOg5tDCeSqBvaX145IElKhCUdKtVwn1n6KpGaE06zoJYrGiPRRl7YMChRS5afjezJ4aJw27ETSPKHh2P09kaJQqWGITWeIdE/N1kbmf7VWojuXfspEnGgqyGRRJ+FQR3AUDmwzSYnmQwOISGb+CkkPSUS0ibBoQnBnT56H+mnZPS87d2elynUeRwHsgwNwDFxwASrgFlRBDRDwCJ7BK3iznqwX6936mLQuWPnMHvgj6/MHk/qbvA==</latexit>

~Sh = ~Sb + ~Sb̄

<latexit sha1_base64="h298HlTMWA8lIwYEqMshnw4tOL4=">AAAB+XicbVBNS8NAEN3Ur1q/oh69bC2Cp5KIoheh6MVjBfsBTQib7aZdutmE3UmhhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF1+A431ZpbX1jc6u8XdnZ3ds/sA+P2jrJFGUtmohEdUOimeCStYCDYN1UMRKHgnXC0f3M74yZ0jyRTzBJmR+TgeQRpwSMFNh2HIRe9darYo/LCCY4sGtO3ZkDrxK3IDVUoBnYX14/oVnMJFBBtO65Tgp+ThRwKti04mWapYSOyID1DJUkZtrP55dP8ZlR+jhKlCkJeK7+nshJrPUkDk1nTGCol72Z+J/XyyC68XMu0wyYpItFUSYwJHgWA+5zxSiIiSGEKm5uxXRIFKFgwqqYENzll1dJ+6LuXtWdx8ta466Io4xO0Ck6Ry66Rg30gJqohSgao2f0it6s3Hqx3q2PRWvJKmaO0R9Ynz/Pv5J6</latexit>mb=1
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

<latexit sha1_base64="w+5mvBcKC05PwnaHTXKgcnnSLAU="></latexit>

Sh = 0 & Jl = 1 (Jz
l = 0, CP = +1, ✏ = +1 : ⌃+

g )

<latexit sha1_base64="82LpGa/Nc+ctVfpZbIaAFsGOpZE="></latexit>

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

u )

<latexit sha1_base64="RqkEithmB26+QtG5hzXr3UtbjWA="></latexit>

b̄�5q q̄�zb+ b̄�zq q̄�5b / (Sh=1)(Jl=0) + (Sh=0)(Jl=1)
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Zb channel with Sh=1 & Jl=0  
<latexit sha1_base64="n02sZNdJ7Yc8iqB2t/809z6Xhx0=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJQZUXQjFN24rGgv0BmGJE3b0ExmSDKFMswbuPFV3LhQxK1bd76NaTsFbf0h8PGfczg5P445U9pxvq2FxaXlldXCWnF9Y3Nr297ZrasokYTWSMQj2cRIUc4ErWmmOW3GkqIQc9rA/ZtRvTGgUrFIPOhhTP0QdQXrMIK0sQL7yBtQAu+DtJddTRFnJ3DKHkYS4iywS07ZGQvOg5tDCeSqBvaX145IElKhCUdKtVwn1n6KpGaE06zoJYrGiPRRl7YMChRS5afjezJ4aJw27ETSPKHh2P09kaJQqWGITWeIdE/N1kbmf7VWojuXfspEnGgqyGRRJ+FQR3AUDmwzSYnmQwOISGb+CkkPSUS0ibBoQnBnT56H+mnZPS87d2elynUeRwHsgwNwDFxwASrgFlRBDRDwCJ7BK3iznqwX6936mLQuWPnMHvgj6/MHk/qbvA==</latexit>

~Sh = ~Sb + ~Sb̄

[S.P., H. Bahtiyar, J. Petkovic:  arXiv:1912.02656v4] 

<latexit sha1_base64="82LpGa/Nc+ctVfpZbIaAFsGOpZE="></latexit>

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

u )



Fock components incorporated
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not incorporated before

• main aim: extract static potential V(r) between B and B*

• momentum of light degrees of freedom not conserved 

in presence of static quarks 

Sasa Prelovsek, Fourquark states from lattice QCD

main challenge: BB* is not the gound state ! 

this state does not have Jl=0 but it has
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[..] indicate color singlets

• momentum in z direction  ensures that (Jz)light=0

• the sum ensures that  CP is good q.n.

Sasa Prelovsek, Fourquark states from lattice QCD

p=n 2π/L

in this way Sh=1 and  (Sz)h=0 and (Jz)l =0 and  are indeed separately good quantum num. (inspired by Wagner et al.)

Determine  En with operators O that annihilate/create the system 



For each r : correlation matrix (6x6) renders En and Zi
n

14

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

n
∑ Zi

n Z j
n* e−En t Zi

n ≡ 0Oi n

Sasa Prelovsek, Fourquark states from lattice QCD

ensemble used: Nf=2, mπ≈266 MeV, a≈0.124 fm, L≈2 fm

[larger L would require Υπ(p=003) ... ]

full distillation method to compute Wick contractions

overlaps



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

15Sasa Prelovsek, Fourquark states from lattice QCD

mB+mB*



V(r) for interaction between B and B*
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Open problems

• V(r/a<1) = ? 

• V(r/a>>1) = ?

• analytic fit form for V(r) = ?

request to the community to consider this 

V (r) = �A e�(r/d)F

<latexit sha1_base64="8KmOeO6kT4EL6XlJS/NWvW4cojw=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovQLloTqehGqArisoJ9QJuWyWTSDp1MwsxEKKHir7hxoYhbv8Odf+O0zUJbD1w4nHMv997jRoxKZVnfxsLi0vLKamYtu76xubVt7uzWZRgLTGo4ZKFoukgSRjmpKaoYaUaCoMBlpOEOrsd+44EISUN+r4YRcQLU49SnGCktdc39el4ULoqX8JF0kmJeHHuFzs2oa+askjUBnCd2SnIgRbVrfrW9EMcB4QozJGXLtiLlJEgoihkZZduxJBHCA9QjLU05Coh0ksn5I3ikFQ/6odDFFZyovycSFEg5DFzdGSDVl7PeWPzPa8XKP3cSyqNYEY6ni/yYQRXCcRbQo4JgxYaaICyovhXiPhIIK51YVodgz748T+onJbtcOr0r5ypXaRwZcAAOQR7Y4AxUwC2oghrAIAHP4BW8GU/Gi/FufExbF4x0Zg/8gfH5A0nvk8k=</latexit>

−
!2

2µ
d 2

dr2
+
!2L(L +1)
2µr2

+V (r)
⎡

⎣
⎢

⎤

⎦
⎥u(r) = Eu(r)

we find one bound state with binding enery 

Employed form V(r) for various choices F and fits r/a=[1,4] and [2,4]

• all parametrizations of V give one bound state 

• the binding energy depends on the parametrization

[S.P., H. Bahtiyar, J. Petkovic:  1912.02656v4] 

• in agreement with only previous lattice study 

Bicudo, Cichy,  Peters, Wagner [proceedings : Lat16: 1602.07621] 

Assuming that B B* eigenstate is decoupled 

from ϒπ and ϒb1 channels (overlaps support that)

a=0.12 fm



Peak above BB*  for shallow bound state Zb
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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

<latexit sha1_base64="DrjdzOU901Wva+zx9+MplRA2uCM=">AAACCnicbVDLSsNAFJ34rPUVdelmahHERUlE1GWpG1dSwT6giWEynbRDJzNhZiKUULdu/BU3LhRx6xe482+ctllo64ELh3Pu5d57woRRpR3n21pYXFpeWS2sFdc3Nre27Z3dphKpxKSBBROyHSJFGOWkoalmpJ1IguKQkVY4uBz7rXsiFRX8Vg8T4seox2lEMdJGCuzSdZDVvBBJWLs7HnklL5Ei0cIrwcGDp2gvRoFddirOBHCeuDkpgxz1wP7yugKnMeEaM6RUx3US7WdIaooZGRW9VJEE4QHqkY6hHMVE+dnklRE8NEoXRkKa4hpO1N8TGYqVGsah6YyR7qtZbyz+53VSHV34GeVJqgnH00VRyqAWcJwL7FJJsGZDQxCW1NwKcR9JhLVJr2hCcGdfnifNk4p7VnFvTsvVWh5HAeyDA3AEXHAOquAK1EEDYPAInsEreLOerBfr3fqYti5Y+cwe+APr8wfvi5nN</latexit>

NBB̄⇤ /k �
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Zb channel with Sh=0 & Jl=1 
<latexit sha1_base64="n02sZNdJ7Yc8iqB2t/809z6Xhx0=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJQZUXQjFN24rGgv0BmGJE3b0ExmSDKFMswbuPFV3LhQxK1bd76NaTsFbf0h8PGfczg5P445U9pxvq2FxaXlldXCWnF9Y3Nr297ZrasokYTWSMQj2cRIUc4ErWmmOW3GkqIQc9rA/ZtRvTGgUrFIPOhhTP0QdQXrMIK0sQL7yBtQAu+DtJddTRFnJ3DKHkYS4iywS07ZGQvOg5tDCeSqBvaX145IElKhCUdKtVwn1n6KpGaE06zoJYrGiPRRl7YMChRS5afjezJ4aJw27ETSPKHh2P09kaJQqWGITWeIdE/N1kbmf7VWojuXfspEnGgqyGRRJ+FQR3AUDmwzSYnmQwOISGb+CkkPSUS0ibBoQnBnT56H+mnZPS87d2elynUeRwHsgwNwDFxwASrgFlRBDRDwCJ7BK3iznqwX6936mLQuWPnMHvgj6/MHk/qbvA==</latexit>

~Sh = ~Sb + ~Sb̄

Mitja Sadl  and  S.P., in progress, preliminary result 

<latexit sha1_base64="w+5mvBcKC05PwnaHTXKgcnnSLAU="></latexit>

Sh = 0 & Jl = 1 (Jz
l = 0, CP = +1, ✏ = +1 : ⌃+

g )



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

dot-dashed-lines:
En

non-int

19Sasa Prelovsek, Fourquark states from lattice QCD

mB+mB*

No sizable attraction between B and B* 
is found in this channel.  

Preliminary

dominant



Conclusions
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channel with lattice QCD

• study with non-static b-quarks and rigorous Luscher’s approach to challenging

• study with static b, b :

attraction between B and B* at small distances in channel Sh=1

this attraction is most likely responsible for the existence of Zb exotic hadron

no sizable attraction between B and B*  in channel Sh=0

Request to the community: determine BO potentials  at very small r 

determine analytic “fit” form  for BO potentials          

Much more work within lattice QCD is required to overcome all the simplifications ... 

It would be great to see experimental confirmation of Belle’s Zb at another exp (LHCb)  

exp: no state, very difficult             lattice QCD: done 

exp: Zb                                                lattice QCD: difficult 

Sh=1



Backup

Sasa Prelovsek, Fourquark states from lattice QCD
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Eigen-energies in non-interacting limit

Rigorous treatment to challenging: 
- at least 7 two-particle channels coupled 

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

And there 
are other 
two-particle 
states!

Physical masses  used

En.i. (L) = m1
2 +
!p2 + m2

2 + (− !p)2

                           !p = 2π
L
!n     

Sasa Prelovsek, Fourquark states from lattice QCD

with Lattice QCD,  non-static b quarks and Luscher’s method : to challenging ! 
because Zb are resonances above many (>5) thresholds

Y(1S) π , Y(2S) π, Y(3S) π  
hb(1S) π, hb(2S) π
B B* , B* B*



Symmetries and quantum numbers
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z

x

yI=1  I3=0 (consider neutral Zb) 

Sh=1   (Sz)h= 0

(Jz)l =0    [Jx and Jy not conserved]

C�P= -1   (P= inversion over midpoint between b and b)

Rl= reflection over yz plane  =  Pl * Rl(y,π)  :  ε=-1

momentum of light degrees of freedom: not conserved

Sasa Prelovsek, Fourquark states from lattice QCD

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

<latexit sha1_base64="HU44PGnVUvsm319O6tLuHJj61rk=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgCCURRTdC0Y24qmgf0IYwmd62QycPZiaFErJz46+4caGIW3/BnX/jNM1CWw9c7uGce5m5x4s4k8qyvo3CwuLS8kpxtbS2vrG5ZW7vNGQYCwp1GvJQtDwigbMA6oopDq1IAPE9Dk1veD3xmyMQkoXBgxpH4PikH7Aeo0RpyTX3OyOg+PYya/duMkiPp4qb8BRj1yxbFSsDnid2TsooR801vzrdkMY+BIpyImXbtiLlJEQoRjmkpU4sISJ0SPrQ1jQgPkgnye5I8aFWurgXCl2Bwpn6eyMhvpRj39OTPlEDOetNxP+8dqx6F07CgihWENDpQ72YYxXiSSi4ywRQxceaECqY/iumAyIIVTq6kg7Bnj15njROKvZZxbo7LVev8jiKaA8doCNko3NURTeohuqIokf0jF7Rm/FkvBjvxsd0tGDkO7voD4zPH/wrmBo=</latexit>

~J = ~Sh + ~Jl

<latexit sha1_base64="vP/Ey+O/MsL9r/3+O4+OLyZqclM=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoC0siom6EYjfiqqJ9QJOGyXTSDp1JwsxEqKFrN/6KGxeKuPUL3Pk3TtsstHrgwuGce7n3Hj9mVCrL+jJyc/MLi0v55cLK6tr6hrm51ZBRIjCp44hFouUjSRgNSV1RxUgrFgRxn5GmP6iO/eYdEZJG4a0axsTlqBfSgGKktOSZu7B05d132EHHIbGkTGtptTY6d25oj6POoZd4ZtEqWxPAv8TOSBFkqHnmp9ONcMJJqDBDUrZtK1ZuioSimJFRwUkkiREeoB5paxoiTqSbTl4ZwX2tdGEQCV2hghP150SKuJRD7utOjlRfznpj8T+vnajgzE1pGCeKhHi6KEgYVBEc5wK7VBCs2FAThAXVt0LcRwJhpdMr6BDs2Zf/ksZR2T4p29fHxcpFFkce7IA9UAI2OAUVcAlqoA4weABP4AW8Go/Gs/FmvE9bc0Y2sw1+wfj4BgzqmeA=</latexit>

(J l
z)

✏
CP = ⌃�

u



Operators OBB* with given quantum numbers
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in this way (Jz)light, Sheavy and  (Sz)heavy

are indeed separately good quantum num.

inspired by Wagner et al.

qq→ uu− ddI=1  I3=0 : 
Sasa Prelovsek, Fourquark states from lattice QCD



Example: r=2
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WB = mB
2 + p2 + m

B*
2 + p2

p= + i |p|    for bound state
p=  - i |p|    for virtual bound state

a=0.12 fm

Position of pole in S-matrix 
for bound state and virtual bund state



V(r) for interaction between B and B*

Sasa Prelovsek, Fourquark states from lattice QCD 27

Open problems

• V(r/a<1) = ???

reqest to the community: determine V(r) 
for small r in this and similar channels

perturbative estimate at very small r
supp. S4 1912.02656 & backup-slides
green line : negligible effect     

• V(r/a>>1) = ???  

• analytic fit form for V(r) = ???

reqest to the community:  

determine analytic form for V(r) 

We employ form below for various choices F

V (r) = �A e�(r/d)F

<latexit sha1_base64="8KmOeO6kT4EL6XlJS/NWvW4cojw=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovQLloTqehGqArisoJ9QJuWyWTSDp1MwsxEKKHir7hxoYhbv8Odf+O0zUJbD1w4nHMv997jRoxKZVnfxsLi0vLKamYtu76xubVt7uzWZRgLTGo4ZKFoukgSRjmpKaoYaUaCoMBlpOEOrsd+44EISUN+r4YRcQLU49SnGCktdc39el4ULoqX8JF0kmJeHHuFzs2oa+askjUBnCd2SnIgRbVrfrW9EMcB4QozJGXLtiLlJEgoihkZZduxJBHCA9QjLU05Coh0ksn5I3ikFQ/6odDFFZyovycSFEg5DFzdGSDVl7PeWPzPa8XKP3cSyqNYEY6ni/yYQRXCcRbQo4JgxYaaICyovhXiPhIIK51YVodgz748T+onJbtcOr0r5ypXaRwZcAAOQR7Y4AxUwC2oghrAIAHP4BW8GU/Gi/FufExbF4x0Zg/8gfH5A0nvk8k=</latexit>

−
!2

2µ
d 2

dr2
+
!2L(L +1)
2µr2

+V (r)
⎡

⎣
⎢

⎤

⎦
⎥u(r) = Eu(r)

we find one bound state with binding enery bi
nd

in
g 

en
er

y 

<latexit sha1_base64="fSanKt1/7NJPqxWuI3ROrIstkR4=">AAACBHicbVDLSgNBEJz1GeNr1WMug0GIB5NdFfUiBHPxGME8IFmX3skkGTL7YGZWCEsEL/6KFw+KePUjvPk3TpI9aGJBQ1HVTXeXF3EmlWV9GwuLS8srq5m17PrG5ta2ubNbl2EsCK2RkIei6YGknAW0ppjitBkJCr7HacMbVMZ+454KycLgVg0j6vjQC1iXEVBacs1c3U3skhgVxOHlUQU/tIFHfXDl3UlJuGbeKloT4HlipySPUlRd86vdCUns00ARDlK2bCtSTgJCMcLpKNuOJY2ADKBHW5oG4FPpJJMnRvhAKx3cDYWuQOGJ+nsiAV/Koe/pTh9UX856Y/E/rxWr7oWTsCCKFQ3IdFE35liFeJwI7jBBieJDTYAIpm/FpA8CiNK5ZXUI9uzL86R+XLTPivbNab58lcaRQTm0jwrIRueojK5RFdUQQY/oGb2iN+PJeDHejY9p64KRzuyhPzA+fwBweJay</latexit>

V1/r(r) = �C ↵3
s/r



Analytic study of interest .. yet to be done
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• Consider resulting lattice potentials in channels Sh=1 and 0

• Think about analytic expectation for potentials at small r (maybe also large r)

• Take into account that BB* and B*B* are linear combinations of  channels Sh=1 and 0

• consequences concerning Zb ? 

• ... not easy/straightforward ... also because of sizable errors on lattice eigen-energies EBB*(r)

...  these are partly due to the fact that BB* is not the ground state



Zb with static b and b
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static b   →  b quark can not flip spin via gluon exchange

conserved   :        Sh=1   and     Sh=0         are seperate channels
𝛶b         ↮ 𝜂b   , hb

𝛶b 𝜋 ↮ 𝜂b 𝜌 , hb 𝜋
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<latexit sha1_base64="n02sZNdJ7Yc8iqB2t/809z6Xhx0=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJQZUXQjFN24rGgv0BmGJE3b0ExmSDKFMswbuPFV3LhQxK1bd76NaTsFbf0h8PGfczg5P445U9pxvq2FxaXlldXCWnF9Y3Nr297ZrasokYTWSMQj2cRIUc4ErWmmOW3GkqIQc9rA/ZtRvTGgUrFIPOhhTP0QdQXrMIK0sQL7yBtQAu+DtJddTRFnJ3DKHkYS4iywS07ZGQvOg5tDCeSqBvaX145IElKhCUdKtVwn1n6KpGaE06zoJYrGiPRRl7YMChRS5afjezJ4aJw27ETSPKHh2P09kaJQqWGITWeIdE/N1kbmf7VWojuXfspEnGgqyGRRJ+FQR3AUDmwzSYnmQwOISGb+CkkPSUS0ibBoQnBnT56H+mnZPS87d2elynUeRwHsgwNwDFxwASrgFlRBDRDwCJ7BK3iznqwX6936mLQuWPnMHvgj6/MHk/qbvA==</latexit>

~Sh = ~Sb + ~Sb̄
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mb = finite
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~Sh = ~Sb + ~Sb̄
not conserved   :        Sh=1   and     Sh=0             couple

𝛶b         ↔ 𝜂b   , hb

𝛶b 𝜋 ↔ 𝜂b 𝜌 , hb 𝜋

Sasa Prelovsek, Fourquark states from lattice QCD


