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Zb(10610) and Zb(10650) from Υ(10860) decays at Belle 
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BB̄⇤B⇤B̄⇤

PDG:

Peaks near BB* and B*B*
thresholds in various channels:

BB̄⇤, B⇤B̄⇤
<latexit sha1_base64="afviaohnrwqTEK2nhtD0AMSb5os="></latexit>

⇡±hb(mP ), ⇡±⌥(nS)
<latexit sha1_base64="/9MBmOmTNXx1XvySDgj4/oNPb/U="></latexit>

dominant decays to open flavour channels ●

●

●

Introduction Theoretical framework Data analysis for Zb’s Predictions for WbJ ’s Conclusions

Two-pion decays of ⌥(10860)

⌥(10860)

⇡ ⇡

⌥(nS), hb(mP )

n = 1, 2, 3n = 1, 2, 3
m = 1, 2

Br[⌥(10860) ! ⇡⇡hb(mP )] ' Br[⌥(10860) ! ⇡⇡⌥(nS)]

Heavy quark spin flip No spin flip

Huge HQSS violation?!

Belle 2011
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Charged modes ⟹
Zb

(') must be made of ≥4 quarks

BB̄⇤B⇤B̄⇤

⟹ a strong hint for a large molecular component in Zb(10610)/Zb(10650)
Bondar et al. PRD 84, 054010 (2011)

MZb = 10607.2± 2.0 MeV, �Zb = 18.4± 2.4 MeV

MZ0
b
= 10652.2± 1.5 MeV, �Z0

b
= 11.5± 2.2 MeV

<latexit sha1_base64="tNQ0uYj+n1GD1k5opYZUTHMaZvM="></latexit>

Bondar et al.   PRL108, 122001(2012)
Garmash et al.PRL116, 212001(2016)
                        PRD91, 072003 (2015) 



Zb(10610) and Zb(10650) from Υ(10860) decays by Belle 
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MZb = 10607.2± 2.0 MeV, �Zb = 18.4± 2.4 MeV

MZ0
b
= 10652.2± 1.5 MeV, �Z0

b
= 11.5± 2.2 MeV
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PDG: Bondar et al.   PRL108, 122001(2012)
Garmash et al.PRL116, 212001(2016)
                        PRD91, 072003 (2015) 

Peaks near BB* and B*B*
thresholds in various channels:

BB̄⇤, B⇤B̄⇤
<latexit sha1_base64="afviaohnrwqTEK2nhtD0AMSb5os="></latexit>

⇡±hb(mP ), ⇡±⌥(nS)
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●

Charged modes ⟹

BB̄⇤B⇤B̄⇤

● Exp. analysis is made using a sum of Breit-Wigner amplitudes:

— reaction dependent,  no fits of all data simultaneously

How to improve?

— does not account for threshold behavior  

— naive coherent sum violates unitarity

Zb
(') must be made of ≥4 quarks



Fits to experimental  
line shapes Fits to lattice data

Coupled-Channel  
chiral EFT-based approach

 — unitary 
 — analytic 
— systematically 

improvable

Resonance parameters:  
poles and residues

Predictions for HQ  
spin partners Chiral Extrapolations

Nature of states

Roadmap for analysing near-threshold states



Chiral EFT approach at low energies

●   Elastic

☛

☛

Q is a typical soft scale 

Weinberg power counting:  Weinberg (1991)

—   Very similar to nuclear EFT ⇒ deuteron as proton-neutron bound state, … 
 review: Epelbaum, Hammer, Meißner

0

 ~  range of validity

Long range: OPE

+
2 S-S wave LECs at O(Q0)

S-D wave LEC at O(Q2)

ptyp =
p
m � ' 500 MeV,

<latexit sha1_base64="xVKnwMP/CE0uO6C6ZuUTwrpN4kU="></latexit>

� = Ethr
B⇤B⇤ � Ethr

BB⇤ = m⇤ �m ⇡ 45 MeV
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● Amplitudes:  non-perturbative solutions of coupled-channel integral equations

T↵�(E, p, p0) = V e↵
↵� (p, p

0)�
X

�

Z
d3q

(2⇡)3
V e↵
↵� (p, q)G�(M, q)T��(E, q, p0)

<latexit sha1_base64="EgZPcmAB+jazC6yMQUv5txcDJFA="></latexit>

V e↵
LO

<latexit sha1_base64="1ZhKthZgxn+w8UKEpdmGtH3g8Go=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARXJWkCrosunEhWMFeoI1hMp20Q2cmYWYi1BB8FTcuFHHre7jzbZymWWjrDwMf/zmHc+YPYkaVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKkokJk0csUh2AqQIo4I0NdWMdGJJEA8YaQejy0m9/UCkopG40+OYeBwNBA0pRtpYvr3fuk97kkMShpmf0/VN5tsVp+rkgvPgFlABhRq+/dXrRzjhRGjMkFJd14m1lyKpKWYkK/cSRWKER2hAugYF4kR5aX59Bo+M04dhJM0TGubu74kUcaXGPDCdHOmhmq1NzP9q3USH515KRZxoIvB0UZgwqCM4iQL2qSRYs7EBhCU1t0I8RBJhbQIrmxDc2S/PQ6tWdU+qtdvTSv2iiKMEDsAhOAYuOAN1cAUaoAkweATP4BW8WU/Wi/VufUxbF6xiZg/8kfX5AxcMlPw=</latexit>

potential is constructed to a given order in Q/𝛬h

=

Q

☛ include the mass splitting,   residual HQSS violation ~ 𝛬QCD/mb ≪ 1 

Imaginary part 
from inelastic channels



Input and fitting procedure
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Input:  experimental distributions for 

⌥(10860) ! ⇡Z(0)
b ! ⇡↵

and branching fractions (BF’s) for

 Belle:  Bondar et al. (2012), Garmash et al. (2015-2016)

↵ = BB̄⇤, B⇤B̄⇤, hb(1P )⇡, hb(2P )⇡,

⌥(1S)⇡, ⌥(2S)⇡, ⌥(3S)⇡
<latexit sha1_base64="Ma+jvEGX+81w1Qt0siezerSwA+w="></latexit>

Parameters of the fits:●

LO: 2 S-to-S + 1 S-to-D elastic CT’s
+ 5 elastic-inelastic constants

NLO:   2 S-to-S CT’s  

largely constrained by BF’s

OPE  (as well as all one-pseudoscalar exchange) potentials are parameter free!

●



Results:  pionless theory at LO

—consistent with the parameterisation
by   Guo et al. PRD 93, 074031 (2016)

— HQSS is preserved in the potentials
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𝜒2=1.29𝜋less:  LO CT’s

PRD 98, 074023 (2018)
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𝜒2=1.29𝜋less:  LO CT’s

𝜋ful 1: LO CT’s + OPE 𝜒2=0.95

Results:    LO contact terms (CT’s) + OPE

●  Cutoff independence requires
      S-wave-to-D-wave contact term 

  to appear together with OPE

Residual effect from OPE results in a quantitative improvement of the fit

 ●  S-wave-to-D-wave tensor forces 
from OPE are important

●  S-wave central OPE is weak   

PRD 98, 074023 (2018)

our work:  JHEP 1706, 158 (2017) 

see also our work:  PRD 91 034002 (2015)



𝜒2=0.83

BB̄⇤
B⇤B̄⇤

hb(1P )⇡ hb(2P )⇡

BB̄⇤ thr. B⇤B̄⇤ thr. B⇤B̄⇤ thr.
�2 ⌘ �2

dof.

1+-

����� ����� ����� ����� ����� �����

�

��

��

��

��

��

�(��*) [���/��]

�Γ
(�
�*
)/
��

[�
��
�]

����� ����� ����� ����� ����� ����� ����� �����

�

��

��

��

��

��

�(�*�*) [���/��]
�Γ

(�
* �

* )
/�
�

[�
��
�]

����� ����� ����� ����� ����� ����� �����-�

�

�

�

�

�(�� (��)π)[���/��]

�Γ
(�
�
(�
�)
π)

/�
�

[�
��
�]

����� ����� ����� �����-�

�

�

�

�

�

�

�

�(�� (��)π) [���/��]

�Γ
(�
�
(�
�)
π)

/�
�

[�
��
�]

𝜒2=1.29𝜋less:  LO CT’s

𝜋ful 1: OPE +LO CT’s 𝜒2=0.95

𝜋ful 2: OPE +(LO +NLO) CT’s 

Results:   LO CT’s + OPE + NLO CT’s

Effect from two NLO CT’s is subleading, as expected in EFT

PRD 98, 074023 (2018)
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Independence of the regulator

Residual cutoff dependence is small and expected to be removed by higher-order CT’s

we use sharp cutoff 𝛬 ∈ [0.8 GeV, 1.3 GeV]
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— All LECs are extracted from the best fit 
including 1𝜎 errors

— Visible effect from OPE

— Natural suppression of higher-order terms

— Data are consistent with HQSS

B⇤B̄⇤ thr.



Final remarks

(a)

����� ����� ����� ����� ����� �����

�

��

��

��

��

��

��

�(��*)(���/��)

�
��
���
��
�
��
���

(b)

����� ����� ����� ����� ����� ����� ����� �����

�

��

��

��

��

��

�(�*�*)(���/��)

�
��
���
��
�
��
���

(c)

����� ����� ����� ����� ����� ����� �����-�

�

�

�

�

�

�(��(��)π)(���/��)

�
��
���
��
�
��
���

(d)

����� ����� ����� �����

�

�

�

�

�(��(��)π)(���/��)

�
��
���
��
�
��
���

— All LECs are extracted from the best fit 
including 1𝜎 errors

— Visible effect from OPE

— Natural suppression of higher-order terms

— Data are consistent with HQSS

— Data: no pronounced coupled-channel 
structure around B*B* threshold.

Why? 

B⇤B̄⇤ thr.
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Applications:  spin partners of Zb(10610)/Zb(10650)

WbJ : J = 0, 1, 2, PC = ++
<latexit sha1_base64="RJ+SXZQl59LnPNOZhIY6Ap14Vxk="></latexit>

PC = +�
<latexit sha1_base64="cHu1+Y9h1wKwn5sNOThv3HYJCaE=">AAACDXicbVDLSsNAFL2pr1pfUZduBqsgiCWpgm6EYjcuK9gHtKFMJpN26OTBzEQoIT/gxl9x40IRt+7d+TdO0y5q9cCFwzn3zp173JgzqSzr2ygsLa+srhXXSxubW9s75u5eS0aJILRJIh6Jjosl5SykTcUUp51YUBy4nLbdUX3itx+okCwK79U4pk6AByHzGcFKS33zCKFG2svfSQX1snqGrtEpmpfOsr5ZtipWDvSX2DNShhkaffOr50UkCWioCMdSdm0rVk6KhWKE06zUSySNMRnhAe1qGuKASifNV2boWCse8iOhK1QoV+cnUhxIOQ5c3RlgNZSL3kT8z+smyr9yUhbGiaIhmS7yE45UhCbRII8JShQfa4KJYPqviAyxwETpAEs6BHvx5L+kVa3Y55Xq3UW5djOLowgHcAgnYMMl1OAWGtAEAo/wDK/wZjwZL8a78TFtLRizmX34BePzB2yImys=</latexit>

Z(0)
b : J = 1,

<latexit sha1_base64="MhCuKL4zgIN1BPuK4ckQZieFsEU=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotYQUpSBUUQim7EVQX7wDaGyWTSDp08nJkIJWThxl9x40IRt36EO//GaZuFth64cDjnXu69x4kYFdIwvrXc3PzC4lJ+ubCyura+oW9uNUUYc0waOGQhbztIEEYD0pBUMtKOOEG+w0jLGVyM/NYD4YKGwY0cRsTyUS+gHsVIKsnWi7d24qR3SXlvPz2F3fsYufDqDJoQHkBbLxkVYww4S8yMlECGuq1/dd0Qxz4JJGZIiI5pRNJKEJcUM5IWurEgEcID1CMdRQPkE2El4ydSuKsUF3ohVxVIOFZ/TyTIF2LoO6rTR7Ivpr2R+J/XiaV3YiU0iGJJAjxZ5MUMyhCOEoEu5QRLNlQEYU7VrRD3EUdYqtwKKgRz+uVZ0qxWzMNK9fqoVDvP4siDItgBZWCCY1ADl6AOGgCDR/AMXsGb9qS9aO/ax6Q1p2Uz2+APtM8fqrGVgw==</latexit>

⌥(10860) ! �WbJ ! final state
<latexit sha1_base64="HVU4pzrgwaXz6OWw+Xh5NGuPu5g=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIJewq4G9Sh6EU8KxgjZEHons3FwHstMrxiW/IgXf8WLB0U8eBH/xknMwVdBQ01VN9NdSSaFwzD8CMbGJyanpmdmS3PzC4tL5eWVC2dyy3idGWnsZQKOS6F5HQVKfplZDiqRvJFcHw38xg23Thh9jr2MtxR0tUgFA/RSu1yL65kT0ujNKNzfDbdiNHEXlALaaBfJSX/wVom5LVKhQVKHgLzfLlfCajgE/UuiEamQEU7b5be4Y1iuuEYmwblmFGbYKsCiYJL3S3HueAbsGrq86akGxV2rGF7Xpxte6dDUWF8a6VD9PlGAcq6nEt+pAK/cb28g/uc1c0z3W4XQWY5cs6+P0lxSNHQQFe0IyxnKnifArPC7UnYFFhj6QEs+hOj3yX/JxXY12qlun9UqB4ejOGbIGlknmyQie+SAHJNTUieM3JEH8kSeg/vgMXgJXr9ax4LRzCr5geD9ExcCofk=</latexit>

Difficulties in identifying: 
𝛼=1/137  penalty

⌥(10860) ! ⇡⇡Wb0 ! final state
<latexit sha1_base64="j6ZiYwNF0OhZoV+odrxOoV+hzwU=">AAACHnicbVDLSgMxFM34rPVVdekmWIS6KTP11WXRjcsK9gGdUjJppg3NJENyRyxDv8SNv+LGhSKCK/0b08dCWw/3wuGce0nuCWLBDbjut7O0vLK6tp7ZyG5ube/s5vb260YlmrIaVULpZkAME1yyGnAQrBlrRqJAsEYwuB77jXumDVfyDoYxa0ekJ3nIKQErdXLnfi02XChZ8NzyhXvig8J+zG3hRicN3JEV/ChQD2nIJRHYAAE26uTybtGdAC8Sb0byaIZqJ/fpdxVNIiaBCmJMy3NjaKdEA6eCjbJ+YlhM6ID0WMtSSSJm2unkvBE+tkoXh0rbloAn6u+NlETGDKPATkYE+mbeG4v/ea0EwnI75TJOgEk6fShMBLYZjLPCXa4ZBTG0hFDN7V8x7RNNKNhEszYEb/7kRVIvFb3TYun2LF+5msWRQYfoCBWQhy5RBd2gKqohih7RM3pFb86T8+K8Ox/T0SVntnOA/sD5+gFfWaIU</latexit>

very limited phase space

⌥(10860)��! ⇡⇡Wb1, ⇡⇡W 0
b0, ⇡⇡Wb2

<latexit sha1_base64="D7mMWLa723q4TfZQ8vRNPC6m4H0="></latexit>

⌥(11020) ! ⇡⇡WbJ ! final state
<latexit sha1_base64="zApY5gxuZGxo7DEONZa3gHmgP0k=">AAACHXicbVDLSgMxFM3UV62vqks3wSLUTZmpBV0W3YirCvYBnVIyaaYNzSRDckcsQ3/Ejb/ixoUiLtyIf2P6WGjrIYGTc+7l5p4gFtyA6347mZXVtfWN7GZua3tndy+/f9AwKtGU1akSSrcCYpjgktWBg2CtWDMSBYI1g+HVxG/eM224kncwilknIn3JQ04JWKmbr/j12HChZNHz3LJ76oPyY24PbnbT4GY8eUeBekhDLonABgiwcTdfcEvuFHiZeHNSQHPUuvlPv6doEjEJVBBj2p4bQyclGjgVbJzzE8NiQoekz9qWShIx00mn243xiVV6OFTaXgl4qv7uSElkzCgKbGVEYGAWvYn4n9dOILzopFzGCTBJZ4PCRGBQeBIV7nHNKIiRJYRqbv+K6YBoQsEGmrMheIsrL5NGueSdlcq3lUL1ch5HFh2hY1REHjpHVXSNaqiOKHpEz+gVvTlPzovz7nzMSjPOvOcQ/YHz9QMWoKH5</latexit>

very limited phase space

not possible

Bondar et al. (2011),  Voloshin (2011) 
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Applications:  spin partners of Zb(10610)/Zb(10650)

WbJ : J = 0, 1, 2, PC = ++
<latexit sha1_base64="RJ+SXZQl59LnPNOZhIY6Ap14Vxk="></latexit>

PC = +�
<latexit sha1_base64="cHu1+Y9h1wKwn5sNOThv3HYJCaE=">AAACDXicbVDLSsNAFL2pr1pfUZduBqsgiCWpgm6EYjcuK9gHtKFMJpN26OTBzEQoIT/gxl9x40IRt+7d+TdO0y5q9cCFwzn3zp173JgzqSzr2ygsLa+srhXXSxubW9s75u5eS0aJILRJIh6Jjosl5SykTcUUp51YUBy4nLbdUX3itx+okCwK79U4pk6AByHzGcFKS33zCKFG2svfSQX1snqGrtEpmpfOsr5ZtipWDvSX2DNShhkaffOr50UkCWioCMdSdm0rVk6KhWKE06zUSySNMRnhAe1qGuKASifNV2boWCse8iOhK1QoV+cnUhxIOQ5c3RlgNZSL3kT8z+smyr9yUhbGiaIhmS7yE45UhCbRII8JShQfa4KJYPqviAyxwETpAEs6BHvx5L+kVa3Y55Xq3UW5djOLowgHcAgnYMMl1OAWGtAEAo/wDK/wZjwZL8a78TFtLRizmX34BePzB2yImys=</latexit>

Z(0)
b : J = 1,

<latexit sha1_base64="MhCuKL4zgIN1BPuK4ckQZieFsEU=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotYQUpSBUUQim7EVQX7wDaGyWTSDp08nJkIJWThxl9x40IRt36EO//GaZuFth64cDjnXu69x4kYFdIwvrXc3PzC4lJ+ubCyura+oW9uNUUYc0waOGQhbztIEEYD0pBUMtKOOEG+w0jLGVyM/NYD4YKGwY0cRsTyUS+gHsVIKsnWi7d24qR3SXlvPz2F3fsYufDqDJoQHkBbLxkVYww4S8yMlECGuq1/dd0Qxz4JJGZIiI5pRNJKEJcUM5IWurEgEcID1CMdRQPkE2El4ydSuKsUF3ohVxVIOFZ/TyTIF2LoO6rTR7Ivpr2R+J/XiaV3YiU0iGJJAjxZ5MUMyhCOEoEu5QRLNlQEYU7VrRD3EUdYqtwKKgRz+uVZ0qxWzMNK9fqoVDvP4siDItgBZWCCY1ADl6AOGgCDR/AMXsGb9qS9aO/ax6Q1p2Uz2+APtM8fqrGVgw==</latexit>

⌥(10860) ! �WbJ ! final state
<latexit sha1_base64="HVU4pzrgwaXz6OWw+Xh5NGuPu5g=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIJewq4G9Sh6EU8KxgjZEHons3FwHstMrxiW/IgXf8WLB0U8eBH/xknMwVdBQ01VN9NdSSaFwzD8CMbGJyanpmdmS3PzC4tL5eWVC2dyy3idGWnsZQKOS6F5HQVKfplZDiqRvJFcHw38xg23Thh9jr2MtxR0tUgFA/RSu1yL65kT0ujNKNzfDbdiNHEXlALaaBfJSX/wVom5LVKhQVKHgLzfLlfCajgE/UuiEamQEU7b5be4Y1iuuEYmwblmFGbYKsCiYJL3S3HueAbsGrq86akGxV2rGF7Xpxte6dDUWF8a6VD9PlGAcq6nEt+pAK/cb28g/uc1c0z3W4XQWY5cs6+P0lxSNHQQFe0IyxnKnifArPC7UnYFFhj6QEs+hOj3yX/JxXY12qlun9UqB4ejOGbIGlknmyQie+SAHJNTUieM3JEH8kSeg/vgMXgJXr9ax4LRzCr5geD9ExcCofk=</latexit>

Difficulties in identifying: 
𝛼=1/137  penalty

⌥(10860) ! ⇡⇡Wb0 ! final state
<latexit sha1_base64="j6ZiYwNF0OhZoV+odrxOoV+hzwU=">AAACHnicbVDLSgMxFM34rPVVdekmWIS6KTP11WXRjcsK9gGdUjJppg3NJENyRyxDv8SNv+LGhSKCK/0b08dCWw/3wuGce0nuCWLBDbjut7O0vLK6tp7ZyG5ube/s5vb260YlmrIaVULpZkAME1yyGnAQrBlrRqJAsEYwuB77jXumDVfyDoYxa0ekJ3nIKQErdXLnfi02XChZ8NzyhXvig8J+zG3hRicN3JEV/ChQD2nIJRHYAAE26uTybtGdAC8Sb0byaIZqJ/fpdxVNIiaBCmJMy3NjaKdEA6eCjbJ+YlhM6ID0WMtSSSJm2unkvBE+tkoXh0rbloAn6u+NlETGDKPATkYE+mbeG4v/ea0EwnI75TJOgEk6fShMBLYZjLPCXa4ZBTG0hFDN7V8x7RNNKNhEszYEb/7kRVIvFb3TYun2LF+5msWRQYfoCBWQhy5RBd2gKqohih7RM3pFb86T8+K8Ox/T0SVntnOA/sD5+gFfWaIU</latexit>

very limited phase space

⌥(10860)��! ⇡⇡Wb1, ⇡⇡W 0
b0, ⇡⇡Wb2

<latexit sha1_base64="D7mMWLa723q4TfZQ8vRNPC6m4H0="></latexit>

⌥(11020) ! ⇡⇡WbJ ! final state
<latexit sha1_base64="zApY5gxuZGxo7DEONZa3gHmgP0k=">AAACHXicbVDLSgMxFM3UV62vqks3wSLUTZmpBV0W3YirCvYBnVIyaaYNzSRDckcsQ3/Ejb/ixoUiLtyIf2P6WGjrIYGTc+7l5p4gFtyA6347mZXVtfWN7GZua3tndy+/f9AwKtGU1akSSrcCYpjgktWBg2CtWDMSBYI1g+HVxG/eM224kncwilknIn3JQ04JWKmbr/j12HChZNHz3LJ76oPyY24PbnbT4GY8eUeBekhDLonABgiwcTdfcEvuFHiZeHNSQHPUuvlPv6doEjEJVBBj2p4bQyclGjgVbJzzE8NiQoekz9qWShIx00mn243xiVV6OFTaXgl4qv7uSElkzCgKbGVEYGAWvYn4n9dOILzopFzGCTBJZ4PCRGBQeBIV7nHNKIiRJYRqbv+K6YBoQsEGmrMheIsrL5NGueSdlcq3lUL1ch5HFh2hY1REHjpHVXSNaqiOKHpEz+gVvTlPzovz7nzMSjPOvOcQ/YHz9QMWoKH5</latexit>

very limited phase space

not possible

Good news:  large statistics by BELLE II!

Bondar et al. (2011),  Voloshin (2011) 



0++

����� ����� ����� ����� ����� �����
�

�

�

�

�

�

�(��) [���/��]

�Γ
(�
�)

/�
�

[�
��
�]

1++

����� ����� ����� ����� ����� �����

���

���

���

�(��*) [���/��]

�Γ
(�
�*

)/
��

[�
��
�]

2++

����� ����� ����� ����� ����� ����� �����
�

�

�

�

�

�

�(��) [���/��]

�Γ
(�
�)

/�
�

[�
��
�]

0++

������ ������ ������ ������ ������
���

���

���

���

�(�*�*) [���/��]
�Γ

(�
* �

* )
/�
�

[�
��
�]

0++

����� ����� ����� ����� ����� �����
���

���

���

���

���

���

�(χ�� (� �) π) [���/��]

�Γ
(χ

� �
(�
�)

π)
/�
�

[�
��
�]

0++

����� ����� ����� ����� ����� �����
���

���

���

���

���

���

���

�(η�� (� �) π) [���/��]

�Γ
(η
� �

(�
�)
π)

/�
�

[�
��
�]

1++

����� ����� ����� ����� ����� ����� �����
���

���

���

���

�(χ�� (� �) π) [���/��]
�Γ

(χ
� �

(�
�)

π)
/�
�

[�
��
�]

2++

����� ����� ����� ����� ����� �����

�

���

���

���

���

�(��*) [���/��]

�Γ
(�
�*

)/
��

[�
��
�]

2++

������ ������ ������ ������ ������ ������
�

���

���

���

���

�(�*�*) [���/��]

�Γ
(�

* �
* )

/�
�

[�
��
�]

2++

������ ������ ������ ������

���

���

���

�(χ�� (� �) π) [���/��]
�Γ

(χ
� �

(�
�)

π)
/�
�

[�
��
�]

Line shapes for spin partners in ⌥(10860) ! �WbJ ! final state
<latexit sha1_base64="yIUVmAXuH4Wzst6lRDJeka9IG9Y="></latexit>
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Line shapes for spin partners in ⌥(10860) ! �WbJ ! final state
<latexit sha1_base64="yIUVmAXuH4Wzst6lRDJeka9IG9Y="></latexit>

Parameter free predictions 

PRD 99, 094013 (2019)
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Line shapes for spin partners in ⌥(10860) ! �WbJ ! final state
<latexit sha1_base64="yIUVmAXuH4Wzst6lRDJeka9IG9Y="></latexit>

 spin partners as peaks 
or enhancements
 above thresholds 

Inelastic channels:



Introduction Theoretical framework Data analysis for Zb’s Predictions for WbJ ’s Conclusions

Pole positions (mirror poles not shown)

JPC State Threshold EB w.r.t. threshold, [MeV] Residue at pole

1+� Zb BB̄⇤ (�2.3± 0.5)� i(1.1± 0.1) (�1.2± 0.2) + i(0.3± 0.2)
1+� Z 0

b B⇤B̄⇤ (1.8± 2.0)� i(13.6± 3.1) (1.5± 0.2)� i(0.6± 0.3)
0++ Wb0 BB̄ (2.3± 4.2)� i(16.0± 2.6) (1.7± 0.6)� i(1.7± 0.5)
0++ W 0

b0 B⇤B̄⇤ (�1.3± 0.4)� i(1.7± 0.5) (�0.9± 0.3)� i(0.3± 0.2)
1++ Wb1 BB̄⇤ (10.2± 2.5)� i(15.3± 3.2) (1.3± 0.2)� i(0.4± 0.2)
2++ Wb2 B⇤B̄⇤ (7.4± 2.8)� i(9.9± 2.2) (0.7± 0.1)� i(0.3± 0.1)

Relevant pole = pole with the shortest path to the physical region

Riemann sheet is fixed by combination of signs of Im(p) for all channels

Relevant pole can be bound state, virtual state, resonance

Virtual state enhances threshold cusp

Resonance distorts line shape above threshold (hump for nearby pole)

Conclusion: All Zb’s and WbJ ’s are resonances

(without pions — virtual states)
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Pole positions and residues

●     Criterion of relevance for poles:  shortest path to the physical region

●     Classification of  poles:  quasi-bound state, virtual states, resonances

☛ quasi-bound state affects line shapes below threshold

☛ virtual state  ⇒ enhanced threshold cusp in inelastic line shapes

☛ resonance ⇒ peak or enhancement in inelastic line shapes above threshold

Conclusion from our EFT analysis:    All Zb’s and WbJ’s are resonances 
(without pions ⇒ virtual states)

PRD 99, 094013 (2019)



JPC BB̄ BB̄⇤ B⇤B̄⇤ �b0(1P )⇡ �b0(2P )⇡ �b1(1P )⇡ �b1(2P )⇡ �b2(1P )⇡ �b2(2P )⇡ ⌘b0(1S)⇡ ⌘b0(2S)⇡

2++ 0.06 0.07 0.54 — — 0.03 0.06 0.09 0.16 — —

1++ — 0.76 — 0.03 0.06 0.02 0.04 0.04 0.05 — —

0++ 0.73 — 0.14 — — 0.05 0.06 — — 0.002 0.01
<latexit sha1_base64="BnAy1nZw0Txyqd02LaTjMGBVi8A="></latexit>

Partial decay widths

Predicted ratios of the decay widths for a given J

⇒ largest fractions to nearby elastic channels

Introduction Theoretical framework Data analysis for Zb’s Predictions for WbJ ’s Conclusions

Predicted relations between partial decay widths

Predicted partial branching fractions (not considered channels neglected):

JPC BB̄ BB̄⇤ B⇤B̄⇤ �b0(1P )⇡ �b0(2P )⇡ �b1(1P )⇡ �b1(2P )⇡ �b2(1P )⇡ �b2(2P )⇡ ⌘b0(1S)⇡ ⌘b0(2S)⇡

0++ 0.73 — 0.14 — — 0.05 0.06 — — 0.002 0.01
1++ — 0.76 — 0.03 0.06 0.02 0.04 0.04 0.05 — —
2++ 0.06 0.07 0.54 — — 0.03 0.06 0.09 0.16 — —

Predicted ratios of partial widths:

�1++

BB̄⇤(3S1)
: �2++

B⇤B̄⇤(5S2)
: �0++

BB̄(1S0)
: �0++

B⇤B̄⇤(1S0)
⇡ 15 : 12 : 5 : 1

�2++

BB̄(1D2)
: �2++

BB̄⇤(3D2)
: �0++

B⇤B̄⇤(1S0)
⇡ 3 : 3 : 2

17 / 19

Predicted ratios of the elastic decay widths for different J

⇒ 1++ and 2++ elastic channels have the largest elastic widths



Summary and Perspectives
●

● Effects from pion cloud have visible impact on the observables   ⟹

poles of Zb
(') and WbJ’s  are above threshold resonances (vs virtual states w/o pions)

Employing HQSS line shapes for spin partners of Zb
(')

  states and their poles are predicted 
parameter free  ⟹  WbJ   can be searched for at Belle II

Line shapes in c and b-sectors can be systematically analysed within an EFT approach 
consistent with chiral and heavy quark symmetries, analyticity and unitarity 

● A combined analysis of the line shapes with⌥(10860) ! ⇡Z(0)
b ! ⇡↵

<latexit sha1_base64="9YNpowsOTLuZSvcZ1DOYiSvroP8="></latexit>

↵ = BB̄⇤, B⇤B̄⇤, hb(1P )⇡, hb(2P )⇡
<latexit sha1_base64="yoxTC5aUjpgMWHG/TbQx0Fmf81E="></latexit>

●

⟹ poles and residues of Zb
(') are extracted

�2

dof.
. 1
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☛
☛

 Inclusion of S-wave 𝜋𝜋  FSI  ⟹ access to data on ⌥(5S) ! ⌥(mS)⇡⇡

Include pion loop contributions at NLO (no new params.) ⟹  check convergence,  reduce errors

☛ Application to the charm sector:   yes!
But no reliable predictions employing flavour symmetry for heavy-heavy molecules is possible!

Ongoing :

VB,  Epelbaum, Gegelia, Hanhart, Meißner, Nefediev  Eur. Phys. J. C79 (2019) 
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Conformal mapping of 4 RS surface to a single sheet surface in omega-plane:  

Energy relative to the BB* threshold:

Definition of Riemann Sheets  (RS):

� = mB⇤ �mB

W/O  inelastic channels two-channel problem:  BB* and B*B* 

physical region of 
a real energy

●

Only the poles close to the physical region are relevant●

Kato (1965)

! � plane



Contact + one-pion exchange (OPE) interactions

● Extended basis states: 

0++ : {PP̄ (1S0), V V̄ (1S0), V V̄ (5D0)},

1+� : {PV̄ (3S1,�), P V̄ (3D1,�), V V̄ (3S1), V V̄ (3D1)},

1++ : {PV̄ (3S1,+), P V̄ (3D1,+), V V̄ (5D1)},

2++ : {PP̄ (1D2), P V̄ (3D2), V V̄ (5S2), V V̄ (1D2), V V̄ (5D2), V V̄ (5G2)}

1

Coupled-channel transitions in S,  D and even G-waves☛

● Pions enhance HQSS violation due to V-P mass splitting

D⇤D̄⇤

DD̄⇤

(a) (b1) (b2)

(c) (d1) (d2) (e)

Figure 1: One-loop diagrams which stem from two iterations of the OPE potential: The upper row shows
contributions to theDD̄⇤ ! DD̄⇤ transition potential and the lower row is for theD⇤D̄⇤ ! D⇤D̄⇤ transition.
Single (double) lines are for the D (D⇤) mesons and the dashed lines are for the pion.

shall therefore investigate now the possible role of OPE from an e↵ective field theory point
of view. Since OPE in leading order is in line with HQSS, its inclusion does not destroy the
multiplet structure discussed above. However, as we shall demonstrate below, this is only
true if both coupled channels and D waves are included properly. Before studying this issue
for the full, nonperturbative system, for illustrative purposes, we start with a discussion of
the OPE contributions to one-loop order. This is su�cient to make the mentioned features
apparent from the divergence structure of the amplitudes.

3.1. Strict heavy-quark limit: Renormalisation to one loop

In this subsection we study the leading divergences of the one-loop diagrams which stem
from two iterations of the OPE potential. We are going to demonstrate that, in the heavy-
quark limit, the coe�cients in front of the leading divergences in the DD̄⇤ ! DD̄⇤ (3S1

partial wave) and D⇤D̄⇤ ! D⇤D̄⇤ (5S2 partial wave) transition amplitudes coincide only if
both DD̄⇤ and D⇤D̄⇤ intermediate states are considered and all partial wave are kept in the
calculation. The corresponding set of diagrams is shown in Fig. 1, where the upper row is
for the DD̄⇤ ! DD̄⇤ transition while the lower row is for the D⇤D̄⇤ ! D⇤D̄⇤ transition. For
convenience, we adopt the following convention: the meson floating along the upper line in
each diagram is labelled by index 1 while the meson in the lower line is labelled by index 2.
Also, particles in the final state are marked with a prime while particles in the intermediate
state are marked with a double prime.

In order to extract the leading divergences it is su�cient to retain only the loop momen-
tum, denoted as l, in each vertex. Then, for example, the D⇤ ! D⇡ and D⇤ ! D⇤⇡ vertices
for the upper row read

va(D⇤ ! D⇡) =
gc
2f⇡

⌧a1 (✏1 · l),
(22)

va(D⇤ ! D⇤⇡) =
gc
2f⇡

⌧a1 (�i[✏1 ⇥ ✏01] · l),

where ✏ denotes the polarisation vector of the D⇤ meson and ⌧a is the isospin Pauli matrix.
Further, gc = 0.57 is the dimensionless coupling constant which can be extracted from the
D⇤ ! D⇡ width and f⇡ = 92.2 MeV stands for the pion decay constant.
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GPP̄

V

V V

VP

P

V V

V V
GPV̄

V

P

⟹  2++ VV states acquire finite widths

P = D and B V = D⇤ and B⇤

  PP  and PV intermediate states can go on shell


