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Zb in experiment
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discovered by Belle in 2011 [PRL 108 (2012) 122001]

Zb+(10610) , Zb+(10650) 

I=1, JPC=1+ -

Zb observed in decays   Y(1S) π , Y(2S) π, Y(3S) π  
hb(1S) π, hb(2S) π
B B* , B* B*

allowed (unobserved)     ηb ⍴
Belle PRD 91 (2015) 072003

ϒ(1S) π+ ϒ(2S) π+ ϒ(3S) π+

Zb
+ →ϒ π +

         bb du

mB+mB* Sasa Prelovsek, Zb tetraqurks

b bd u

Br≈85 %  



Theory in breif for Zb(10610) near BB*

Phenomenology + analysis of exp data 
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[S.P., Bahtiyar, Petkovic arXiv:1912.02656v4; Wagner, Peres, Bicudo, Cichy 1602.07621]

• a\rac8ve poten8al between B and B* at small distance r

• this a\rac8on leads to one bound state not far below mB+mB*

• this bound state is likely related to experimental Zb(10610) 

[This conclusion applies for channel Sh=1]

• this system is (to) challenginh for rigorous treatment

• several simplifying assump8ons have to be made : this talk

La$ce QCD 

• many works, to many to cite  [Belle’s PRL 2012 on Zb discovery has ~700 citations ..]
• many works find : threshold BB* important for existence, BB* molecular nature
• example: Zb(10650) found as virtual BB* bound st. 1-3 MeV below threshold when small couplings to lower channels 

are omitted  [Wang, Baru, Filin, Hanhart, Nefediev, Wynen, 1805.07453, PRD 2018]



La#ce study of Zb channel
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Reason: 
- at least 7 two-parKcle channels coupled 

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

- see back-up slides
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Y(1S) π , Y(2S) π, Y(3S) π  
hb(1S) π, hb(2S) π
B B* , B* B*

Study with non-sta7c b quarks and rigorous Luscher’s approach: 
(to) challenging



Zb with sta)c b and b
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Idea and the only previous lat study  
Bicudo, Cichy,  Peters, Wagner [proceedings : Lat16: 1602.07621 ,  Lat17: 1709.03306]

Born-Oppenheimer approach

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

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

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

~Sh = ~Sb + ~Sb̄

<latexit sha1_base64="ezRpqkuG9aRUPJAYhms7tZXV92k=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUQU3QhFNy4r2Ae0IUymk3bozCTMTIQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmhAmjSrvut7Wyura+sVnZqm7v7O7t2weHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTDyW3hdx+JVDQWDzpLiM/RSNCIYqSNFNg1HoTXA470WPI8ooJqMg3suttwZ3CWiVeSOpRoBfbXYBjjlBOhMUNK9T030X6OpKaYkWl1kCqSIDxBI9I3VCBOlJ/Pwk+dE6MMnSiW5gntzNTfGzniSmU8NJNFTLXoFeJ/Xj/V0ZWfU5Gkmgg8PxSlzNGxUzThDKkkWLPMEIQlNVkdPEYSYW36qpoSvMUvL5POWcO7aLj35/XmTVlHBY7gGE7Bg0towh20oA0YMniGV3iznqwX6936mI+uWOVODf7A+vwBUOCVNA==</latexit>

mb = finite

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

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

𝛶b         ↔ 𝜂b   , hb

𝛶b 𝜋 ↔ 𝜂b 𝜌 , hb 𝜋

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 : 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 ..]
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Zb channel with Sh=1
<latexit sha1_base64="n02sZNdJ7Yc8iqB2t/809z6Xhx0=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJQZUXQjFN24rGgv0BmGJE3b0ExmSDKFMswbuPFV3LhQxK1bd76NaTsFbf0h8PGfczg5P445U9pxvq2FxaXlldXCWnF9Y3Nr297ZrasokYTWSMQj2cRIUc4ErWmmOW3GkqIQc9rA/ZtRvTGgUrFIPOhhTP0QdQXrMIK0sQL7yBtQAu+DtJddTRFnJ3DKHkYS4iywS07ZGQvOg5tDCeSqBvaX145IElKhCUdKtVwn1n6KpGaE06zoJYrGiPRRl7YMChRS5afjezJ4aJw27ETSPKHh2P09kaJQqWGITWeIdE/N1kbmf7VWojuXfspEnGgqyGRRJ+FQR3AUDmwzSYnmQwOISGb+CkkPSUS0ibBoQnBnT56H+mnZPS87d2elynUeRwHsgwNwDFxwASrgFlRBDRDwCJ7BK3iznqwX6936mLQuWPnMHvgj6/MHk/qbvA==</latexit>

~Sh = ~Sb + ~Sb̄

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



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, Zb tetraqurks



Symmetries and 
quantum numbers
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z

x

y

I=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= reflec8on over yz plane  =  Pl * Rl(y,π)  :  ε=-1

momentum of light degrees of freedom: not conserved

Sasa Prelovsek, Zb tetraqurks

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
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[..] indicate color singlets

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

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

Sasa Prelovsek, Zb tetraqurks

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 : correla7on matrix (6x6) renders En and Zi
n

9/17

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

n
∑ Zi

n Z j
n* e−En t Zi

n ≡ 0Oi n

Sasa Prelovsek, Zb tetraqurks

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

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

full disMllaMon method to compute Wick contracMons

overlaps



Eigen-energies En(r) : channel Sh=1, 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*



Sta7c poten7al V(r) for interac7on between B and B*
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We assume that B B* eigenstate is decoupled 
from ϒπ and ϒb1 channels (overlaps support that).

Born-Oppenheimer approach: B and B* move in 

V(r)= En(r) – mB - mB* - EBB*
kin (mB*=mB)

We focus on most relevant : s-wave (L=0)

−
!2

2µ
d 2

dr2
+
!2L(L +1)
2µr2

+V (r)
⎡

⎣
⎢

⎤

⎦
⎥u(r) = Eu(r)

µ = 1
2mB

exp, ψ∝
u
r
YLM

Sasa Prelovsek, Zb tetraqurks

0



V(r) for interac7on between B and B*
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Open problems

• V(r/a<1) = ???

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

perturba8ve es8mate 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



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 laXce study [in agreement with  conclusion from  Wagner & Bicudo & Peters]
• Most robust conclusion:  a[racKon between B and B* at small distances

• a[racKon renders one bound state

• binding energy depends on parametrizaKon of the potenKal
• for certain parametrizaKons bound state is close below threshold 

and renders peak in BB* cross-secKon above threshold 

NBB*
for three parametriza1ons  
consistent with la6ce poten1al
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Zb channel with Sh=0
<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 



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

dot-dashed-lines:
En

non-int

15/17Sasa Prelovsek, Zb tetraqurks

mB+mB*

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

Preliminary

dominant



B B*  and B*B* are superpositions of Sh=1 and Sh=0

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

StaKc limit: heavy (Sh and Szh) and light (Jl) angular momomentum are separately conserved, 

because heavy quark can not flip direcKon of spin under interacKon with gluon. 
Physical b quarks: Sh is not conserved, Sh=1 and Sh=0 couple

Zb as a molecule BB*  or B*B*
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B         B*                B*            B
<latexit sha1_base64="tOw23fvirMYEiVYJqMsgf1tXMEM="></latexit>

b̄�5q q̄�zb+ b̄�zq q̄�5b / (Sh=1)(Jl=0) + (Sh=0)(Jl=1)

b̄�1q q̄�2b� b̄�2q q̄�1b / (Sh=1)(Jl=0)� (Sh=0)(Jl=1)

B*         B*               B*            B*    

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

~Sh = ~Sb + ~Sb̄



Conclusions
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Study of Zb channel with la(ce QCD

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

• study with staMc b, b :
agracMon between B and B* at small distances in channel Sh=1
this agracMon is most likely responsible for the existence of Zb exoMc hadron
no sizable agracMon between B and B*  in channel Sh=0

Request to the community: determine BO potenMals  at very small r 
determine analyMc “fit” form  for BO potenMals          

Much more work within la(ce QCD is required to overcome all the simplificaMons ... 

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



Backup
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Operators OBB* with given quantum numbers

19

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, Zb tetraqurks
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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

Posi7on of pole in S-matrix 
for bound state and virtual bund state



Zb
+ with non-sta7c b and Luscher’s approach: (to) challenging
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Eigen-energies in non-interacKng limit

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

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

And there 
are other 
two-parGcle 
states!

b u
b d

Physical masses  used

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

2 + (− !p)2

                           !p = 2π
L
!n     

Sasa Prelovsek, Zb tetraqurks



Poten7al between B and B* at very small r
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Suppelement S4 [S.P., H. Bahtiyar, J. Petkovic:  arXiv:1912.02656v4] 

V0, V8 at third order in alphas

Kniehl, hep-ph/0412083 

V0 and V8 cancel at the leading order

this contribution is negligible 

on or lattice

b b

r


