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Exotics of Type-I: 
JPC are not allowed by QCQ configurations, 
e.g. 0−−,1−+  
• Direct observations

Exotics of Type-II: 
JPC are the same as QCQ configurations
• Outnumbering of conventional QM states? 
• Peculiar properties?

“Exotics” of Type-III: 
Leading kinematic singularity can cause 
measurable effects, e.g. the triangle singularity. 
• What’s the impact?
• How to distinguish a genuine state from 

kinematic effects?

Hadrons beyond the conventional quark model and their signatures 
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Heavy flavor states: Charmonia and charmonium-like states, i.e. X, Y, Z’s.

Zc(3900)
Zc(4020)

Zc(4200) 

(I): Zc(3900), Zc(4020), 
Z(4430) …
(II): Y(4260), Y(4360), 
X(3872) …



V(r) = −κ/r + σ r

Coulomb 

Linear conf. 

• The effect of vacuum polarization due to dynamical quark pair creation may be manifested by the strong 
coupling to open thresholds and compensated by that of the hadron loops, i.e. coupled-channel effects.  

E. Eichten et al., PRD17, 3090 (1987)
E. J. Eichten, K. Lane, and C. Quigg, Phys. Rev. D 69, 094019 (2004)
B.-Q. Li and K.-T. Chao, Phys. Rev. D79, 094004 (2009); 
T. Barnes and E. Swanson, Phys.Rev. C77, 055206 (2008) 

Cqq creation 

• Color screening effects? String breaking effects?   

The minimum input which breaks down the potential QM



Features with the charmonium spectrum and some general questions to ask: 

1) The states below the open charm thresholds are well described by the potential 
quark model.  
2) There exist apparent deviations of the energy levels from the experimental 
observations above the open charm thresholds.  

-- What causes such a change?
-- If there is a mechanism accounting for such a phenomenon, should it also have 
impact on the states below thresholds? 
-- Which observables could be sensitive to such a mechanism?

3) The signals for charged charmonium states definitely indicate novel phenomena 
beyond the potential quark model.  

-- What are they?  
-- What are the reliable criteria? 
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Systematic scan over energy regions covering 
the narrow two-body open thresholds  

• The number of states would depend on the 
interactions between the threshold hadrons. 

• So far, the S-wave phenomena is evidence. 
• Model-building is required.



Unanswered questions: 
•What are the proper effective degrees of freedom for hadron internal structures? 

•What are the possible color-singlet hadrons apart from the simplest 
conventional mesons (qCq) and baryons (qqq)? (e.g. multiquarks, hadronic 
molecules, hadroquarkonia …)

•What are the proper observables for determining the internal structures for 
hadrons ?

•What’s happening in between “perturbative” and “non-perturbative”? 

•… … 
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Issue 1: Pc structures

LHCb, 1904.03947
• Lots of XY Z structures (pattern?), whatever they are, likely

analogues in the baryon sector

• LHCb discovery: Pc(4312), Pc(4440) and Pc(4457); what are
they?

• If ⌃cD̄ (JP = 1
2

�
) and ⌃cD̄⇤ ( 12

�
, 3
2

�
) molecules, then why

are the others not seen? [Generally 7 states were predicted]
Xiao, Nieves, Oset, 1304.5368; Liu et al., 1903.11560; Sakai et al., 1907.03414;

. . .

• Were Pc(4457) due to ⇤c(2595)D̄ ( 12
+

) [Burns, Swanson, 1908.03528], should there be ⇤c(2595)D̄⇤

( 12
+
, 3
2

+
) states? Why not seen?

• One way to distinguish the two models for Pc(4457), isospin breaking decays into J/ �: huge for
⌃cD̄⇤ [FKG et al., 1903.11503; Burns, 1509.02460];

tiny for ⇤c(2595)D̄ [Burns, Swanson, 1908.03528]
Feng-Kun Guo (ITP) Round table discussion 16.05.2019 2 / 6



Issue 2: proper and practical amplitude analysis tools

LHCb, 1904.03947

• Final states contain three or more strongly interacting
hadrons, triangle singularities and threshold cusps are
around

• Producing peaks in the Pc region,
FKG et al. (2015); X.-H. Liu et al. (2015);

appendix of LHCb, 1904.03947

• and for many other near-threshold structures many related

talks in Session 5

• How can one build up a practical amplitude analysis toolbox with such kinematical singularities properly
taken into account?

• Essential to establish the hadronic resonance spectrum

Feng-Kun Guo (ITP) Round table discussion 16.05.2019 3 / 6



Issue 3: the X(3872) mass

PDG2018 average from the J/ ⇡⇡ and J/ ⇡⇡⇡ modes

PDG AVERAGE: MD0 = (1864.834±0.05) MeV, MD⇤0 = (2006.85±0.05) MeV

The most near-threshold hadron: MD0 +MD⇤0 �MX(3872) = (0.00± 0.18) MeV

Why is that??? Is the X(3872) below, above or exactly at the D0D̄⇤0 threshold?
Feng-Kun Guo (ITP) Round table discussion 16.05.2019 4 / 6



Issue 3: the X(3872) mass

� ⌘ MD0 +MD⇤0 �MX(3872) measurable via a triangle singularity (TS) FKG, arXiv:1902.11221

• Short-distance D⇤0D̄⇤0 source with JPC = 1+�

• TS for the X� invariant mass:

ETS
X� ' 2MD⇤0 +

�
MD⇤0 �MD0 � 2

p
�MD0� + �

�2

2MD0

) TS in EX� at around the D⇤0D̄⇤0 threshold

• To measure the X(3872)� line shape

• Precision may be improved by one order of magnitude

• Experiments:
PANDA [pp̄ ! D⇤0D̄⇤0 ! X�],
STCF [e+e� ! D⇤0D̄⇤0⇡0 ! X�⇡0],
LHCb, Belle-II
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THANK YOU FOR YOUR ATTENTION!
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Backup slides
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Sensitivity study (1)

Sensitivity study from a simple Monte Carlo simulation:

(1) Generate synthetic events following the distribution

F (EX�) =
|I(EX�)|2

|I(2m⇤)|2
E3

�

[(4m2
⇤ �m2

X)/(4m⇤)]
3

(2) Fit to the synthetic data treating � as a free parameter

Feng-Kun Guo (ITP) Round table discussion 16.05.2019 2 / 5



Sensitivity study (2)
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Sensitivity study (2)
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Sensitivity study (3)

A �in = �50 keV (127 events) �in = 0 (164 events) �in = 50 keV (192 events)

10 bins �24+24
�28 11+31

�20 22+41
�23

5 bins �17+24
�27 30+64

�29 40+67
�31

B �in = �50 keV (626 events) �in = 0 (831 events) �in = 50 keV (1006 events)

10 bins �47+13
�16 �1+13

�11 63+34
�24

5 bins �48+15
�19 �4+11

�10 53+38
�25

C �in = �50 keV (3133 events) �in = 0 (4027 events) �in = 50 keV (5015 events)

10 bins �53+7
�8 �2± 5 55+13

�11

5 bins �52+7
�8 �2+7

�6 61+17
�14

10 bins: 1 MeV/bin

5 bins: 2 MeV/bin
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exotics from lattice QCD — executive summary  1

glueballs 
definitely exist in pure Yang-Mills (QCD without quarks) mostly as stable states

properties as excited isoscalar resonances in QCD basically unknown

hybrids
very likely exist as isovector, isoscalar and hidden charm mesons in QCD

exotic q.n.  
<latexit sha1_base64="JYw04vsjycBU/wlIIlhP/M5GnFI=">AAACDnicbVDLSgMxFM34rPU1KrhxEyyCUFtmSkGXBTcuK9gHtNOSSTNtaJIZkoxQxv6D3+BW1+7Erb/g0j8x087Cth643MM593Ivx48YVdpxvq219Y3Nre3cTn53b//g0D46bqowlpg0cMhC2faRIowK0tBUM9KOJEHcZ6Tlj29Tv/VIpKKheNCTiHgcDQUNKEbaSH371O0lpeL0Cjq9pFgyvTLrfbvglJ0Z4CpxM1IAGep9+6c7CHHMidCYIaU6rhNpL0FSU8zINN+NFYkQHqMh6RgqECfKS2b/T+GFUQYwCKUpoeFM/buRIK7UhPtmkiM9UsteKv7ndWId3HgJFVGsicDzQ0HMoA5hGgYcUEmwZhNDEJbU/ArxCEmEtYls4YrP00zc5QRWSbNSdg2/rxZq1SydHDgD5+ASuOAa1MAdqIMGwOAJvIBX8GY9W+/Wh/U5H12zsp0TsADr6xdUnppE</latexit>

and many non-exotic q.n. also likely to be hybrid baryons

decay properties basically unknown currently

‘tetraquarks’
most likely candidate, a stable bbud

__
state, about 150 MeV below BB*

so far no evidence for Zc as a narrow resonance

molecules, 
other stuff what observable tells us the internal structure of a hadron … ?

??????



lattice QCD — rigorously  2

rigorous calculation in QCD → the full complexity of the real world

unstable resonances in coupled-channels

can this be done? yes, so far for relatively simple cases, e.g.
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compute matrix of correlation functions 
extract discrete spectrum in finite volume 
use f.v. formalism to infer coupled t-matrix

extract pole singularities of amplitudes

e.g.
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lattice QCD — advantages / disadvantages  3

not restricted by available production mechanisms

vs. experimental situation

e.g.
<latexit sha1_base64="cjoJ6gXpinN6yAuxRuNfC6odTTA=">AAACGHicbVDLSgMxFM34rPU16tJNsAiCWmekoMuCG3FVwT6gM5ZMmmlDk0xIMkIp3foRfoNbXbsTt+5c+iem7Qi29cAlh3Pu5eaeSDKqjed9OQuLS8srq7m1/PrG5ta2u7Nb00mqMKnihCWqESFNGBWkaqhhpCEVQTxipB71rkZ+/YEoTRNxZ/qShBx1BI0pRsZKLReS+2NbpzAwCQwkhcHJ73NzFkhNW27BK3pjwHniZ6QAMlRa7nfQTnDKiTCYIa2bvidNOEDKUMzIMB+kmkiEe6hDmpYKxIkOB+NLhvDQKm0YJ8qWMHCs/p0YIK51n0e2kyPT1bPeSPzPa6YmvgwHVMjUEIEni+KUQXv1KBbYpopgw/qWIKyo/SvEXaQQNja8qS0RH9pM/NkE5kntvOhbflsqlEtZOjmwDw7AEfDBBSiDa1ABVYDBI3gGL+DVeXLenHfnY9K64GQze2AKzucPcC6eCw==</latexit>

<latexit sha1_base64="W3sRqOhjJDFRq+4eseYRBsEgBn4=">AAAB+XicbZDLSgMxFIbP1Futt6pLN8EiuCozMljdFdy4rGgv2A4lk2ba0CQzJBmhDH0Et7p2J259Gpe+iWk7C1v9IfDxn3M4J3+YcKaN6345hbX1jc2t4nZpZ3dv/6B8eNTScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxzfzOrtJ6o0i+WDmSQ0EHgoWcQINta6f+yTfrniVq9rl37NQ27Vd2ey4C7Ay6ECuRr98ndvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rUosaA6yOanTtGZdQYoipV90qC5+3siw0LriQhtp8BmpFdrM/O/Wjc10VWQMZmkhkqyWBSlHJkYzf6NBkxRYvjEAiaK2VsRGWGFibHpLG0JxdRm4q0m8BdaF1XP8p1fqft5OkU4gVM4Bw9qUIdbaEATCAzhGV7g1cmcN+fd+Vi0Fpx85hiW5Hz+AA7klGI=</latexit>

three-body environment complicates matters

lattice can ‘directly’ study π J/ψ scattering without the third hadron

a disadvantage is that the finite-volume spectrum is influenced by all kinematically accessible channels

can’t look channel by channel like experiment, get it all at once

unphysically heavy pion masses still common for spectroscopy calculations 

this is to push up three-body thresholds 
( formalism to determine such amplitudes is not yet ‘ripe’ )

additional singularities, rescattering … 
however you want to phrase it

means high lying resonances become increasingly challenging



lattice QCD at a lower level of rigour  4

large basis of qq-like operators
<latexit sha1_base64="OCZ+l+WPnx+cv1CJhnSMS0UIpWI=">AAACNHicdVDLSgMxFM34rPVVdekmWARXMiOCLgsKCm4q2Ad0SrmTZtpgMhmSO0oZ+lFu/BA3IrhQxK3fYPpY+DwQOJxzT5J7olQKi77/5M3Mzs0vLBaWissrq2vrpY3NutWZYbzGtNSmGYHlUiS8hgIlb6aGg4okb0TXJyO/ccONFTq5wkHK2wp6iYgFA3RSp3QRRmDyMLViSMMzUApoqF1A8hiN6PURjNG3+alzZVej/dd1N3RKZX/fH4P+JsGUlMkU1U7pIexqlimeIJNgbSvwU2znYFAwyYfFMLM8BXYNPd5yNAHFbTsfLz2ku07p0lgbdxKkY/VrIgdl7UBFblIB9u1PbyT+5bUyjI/buUjSDHnCJg/FmaSo6ahB2hWGM5QDR4AZ4f5KWR8MMHQ9F10Jwc+Vf5P6wX7g+OVhuXI4raNAtskO2SMBOSIVck6qpEYYuSOP5IW8evfes/fmvU9GZ7xpZot8g/fxCdi3rVU=</latexit>

_
an uncontrolled approximation,  
should only be used as a guide to which 
states likely manifest as narrow resonances 
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mπ ~ 390 MeV  
L ~ 3 fm

isovector

isoscalar

hybrid

PRD  8 8  0 9 4 5 0 5  ( 2 0 1 3 )

imagine an extra error bar on each state  
the size of the decay width

and some objects could be missing 

hybrids associated with large  
overlap with 

<latexit sha1_base64="10QRhGLlMvw8UHFuu9KrK77PZQQ=">AAACGHicbZC7TsMwFIYdrqXcAowsFhUSA6oSVFHYKhhgLBK9SE1anbhua9VOIttBqqKuPATPwAozG2JlY+RNcNoOtPBLlj7/5xwd+w9izpR2nC9raXlldW09t5Hf3Nre2bX39usqSiShNRLxSDYDUJSzkNY005w2Y0lBBJw2guF1Vm88UKlYFN7rUUx9Af2Q9RgBbayOjb0AZOrFio29GxACsG4Dzu7YO8VXbejYBad4WT4vlV3sFEtOJgPOFNwZFNBM1Y797XUjkggaasJBqZbrxNpPQWpGOB3nvUTRGMgQ+rRlMARBlZ9OfjLGx8bp4l4kzQk1nri/J1IQSo1EYDoF6IFarGXmf7VWonsXfsrCONE0JNNFvYRjHeEsFtxlkhLNRwaASGbeiskAJBBtwpvbEoixycRdTOAv1M+KruG7UqFSmqWTQ4foCJ0gF5VRBd2iKqohgh7RM3pBr9aT9Wa9Wx/T1iVrNnOA5mR9/gCQ5J/t</latexit>

— certainly a model
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resonances in a finite volume ?  7

the approach can be illustrated within one-dimensional quantum mechanics

imagine two identical bosons separated by a distance z  
interacting through a finite-range potential V(z)

V(z)

z

E

bound 
states

scattering 
continuum

R

phase-shift

E

resonance

−R

E



‘scattering’ in a finite-volume  8

now put the system in a ‘box’  
— periodic boundary condition at z = ±L/2

V(z)

z

E

L/2−L/2

discrete 
spectrum

if you can compute the discrete finite-volume spectrum 
in a quantum theory, you can find the scattering amplitude

reversing the logic:

<latexit sha1_base64="6oq357ECMP2F56d2Wh9nqyPzVIU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUzZAZ+1oWRXDhooJ9QDuUTJppYzOZIckIZeg/uHGhiFv/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZldW19Y3sZm5re2d3L79/0FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P76Y+e17KhWLxK2exNQL8VCwgBGsjdS67Ivi9Wk/X0C2i85qlRpEdsktVyuuIajkVstl6NhojgJYotHPv/cGEUlCKjThWKmug2LtpVhqRjid5nqJojEmYzykXUMFDqny0vm1U3hilAEMImlKaDhXv0+kOFRqEvqmM8R6pH57M/Evr5vooOalTMSJpoIsFgUJhzqCs9fhgElKNJ8Ygolk5lZIRlhiok1AORPC16fwf9JybQfZzk2pUD9fxpEFR+AYFIEDqqAOrkADNAEBd+ABPIFnK7IerRfrddGasZYzh+AHrLdP6PqOsQ==</latexit> <latexit sha1_base64="Acq68UN88fi05PyqAUQzVO9BXAs=">AAAB8HicbZDLSgMxFIYz9VbrrerSTbAIdTNkpFjdFUVwWcFepB1KJpNpQ5PMkGSEMvQp3LhQxK2P4863MW1nodUfAh//OYec8wcJZ9og9OUUVlbX1jeKm6Wt7Z3dvfL+QVvHqSK0RWIeq26ANeVM0pZhhtNuoigWAaedYHw9q3ceqdIslvdmklBf4KFkESPYWOuhH1JucPXmdFCuIPeyfl6rexC5NTSTBbQAL4cKyNUclD/7YUxSQaUhHGvd81Bi/Awrwwin01I/1TTBZIyHtGdRYkG1n80XnsIT64QwipV90sC5+3Miw0LriQhsp8BmpJdrM/O/Wi810YWfMZmkhkqy+ChKOTQxnF0PQ6YoMXxiARPF7K6QjLDCxNiMSjYEb/nkv9A+cz3kene1SuMqj6MIjsAxqAIP1EED3IImaAECBHgCL+DVUc6z8+a8L1oLTj5zCH7J+fgGI+mP9g==</latexit>

momentum 
quantization 

condition

3dim QFT result conceptually similar …



determining the t-matrix  9

one approach:  

 — parameterize the energy dependence of t(E; {ai}) 

 — solve  

 — compare ‘model’ spectrum to lattice spectrum …
<latexit sha1_base64="NZ6KHzHkMba+Pw0eUxQX5ozeV0c="></latexit>

ensure important features are independent of 
parameterization details by varying parameterization …

<latexit sha1_base64="wveF51tMMw7RqCKUeKl9WyjZTgc=">AAACPHicbZDLSgMxFIYzXmu9VV26CZaCIJYZEXQjCN0obirYC7TjcCZN22DmQnJGKMM8kC/hK7i1W3Enbl2bXha29UDgy//ncE5+P5ZCo20PraXlldW19dxGfnNre2e3sLdf11GiGK+xSEaq6YPmUoS8hgIlb8aKQ+BL3vCfKiO/8cyVFlH4gIOYuwH0QtEVDNBIXqHS9kWvRfExPXUyOrq4Xgp+Rq/oxLlbcE7orQe03eESYax4haJdtsdFF8GZQpFMq+oVPtqdiCUBD5FJ0Lrl2DG6KSgUTPIs3040j4E9QY+3DIYQcO2m489mtGSUDu1GypwQ6Vj925FCoPUgMIuWAsC+nvdG4n9eK8HupZuKME6Qh2wyqJtIihEdJUc7QnGGcmAAmBJmV8r6oIChyXdmih9keROKMx/BItTPyo7h+/Pi9fk0nhw5JEfkmDjkglyTG1IlNcLIC3kj72RovVqf1pf1PXm6ZE17DshMWT+/ySKs9Q==</latexit>

<latexit sha1_base64="1bEYbQWuWc57KhOZVKjSc7OiHCk=">AAACFnicbZDLSsNAFIYn9VbrLepShMEiuNCSSEE3QsGN3VWwF2hCmEwn7dCZJMxMhBKy8iV8Bbe6dydu3br1SZy0WdjWHwY+/nMO58zvx4xKZVnfRmlldW19o7xZ2dre2d0z9w86MkoEJm0csUj0fCQJoyFpK6oY6cWCIO4z0vXHt3m9+0iEpFH4oCYxcTkahjSgGClteeaxw5EaCZ42eQadc9j0ELyBF9ARo8hDnlm1atZUcBnsAqqgUMszf5xBhBNOQoUZkrJvW7FyUyQUxYxkFSeRJEZ4jIakrzFEnEg3nX4jg6faGcAgEvqFCk7dvxMp4lJOuK8786PlYi03/6v1ExVcuykN40SREM8WBQmDKoJ5JnBABcGKTTQgLKi+FeIREggrndzcFp9nFR2KvRjBMnQua7bm+3q1US/iKYMjcALOgA2uQAPcgRZoAwyewAt4BW/Gs/FufBifs9aSUcwcgjkZX7+Gyp34</latexit>

e.g. can ensure unitarity with K-matrix approach

consider many parameterizations of K …

<latexit sha1_base64="ELj4c9TIn145VclqHcSfEnYvPV0="></latexit>

e.g. Chew-Mandelstam phase-space

<latexit sha1_base64="ifZm+ZLVOGqSVF63fYFCRWkiH9M="></latexit> lattice energy level 
data covariance

for 
<latexit sha1_base64="31odzI5yvnNckpDQVYpT70XOsww=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KokIdlkQwWUF+4A2hsl00g6dTMLMRCwhv+LGhSJu/RF3/o2TNgttPTBwOOde7pkTJJwp7Tjf1tr6xubWdmWnuru3f3BoH9W6Kk4loR0S81j2A6woZ4J2NNOc9hNJcRRw2gum14Xfe6RSsVjc61lCvQiPBQsZwdpIvl278cVDNoywnsgoS7DMc9+uOw1nDrRK3JLUoUTbt7+Go5ikERWacKzUwHUS7WVYakY4zavDVNEEkyke04GhAkdUedk8e47OjDJCYSzNExrN1d8bGY6UmkWBmSxCqmWvEP/zBqkOm17GRJJqKsjiUJhypGNUFIFGTFKi+cwQTCQzWRGZYImJNnVVTQnu8pdXSfei4Rp+d1lvNcs6KnACp3AOLlxBC26hDR0g8ATP8ApvVm69WO/Wx2J0zSp3juEPrM8fwV+U3Q==</latexit>



‘Zc(3900)’ channel — JP=1+  10
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<latexit sha1_base64="rpqPHRDM55QcZiyDQRWiCSoGNhw=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix4MVjBdsKbSibzaZdu8mG3UmhhP4HLx4U8er/8ea/cdvmoK0vLDy8M8POvEEqhUHX/XZKG5tb2zvl3cre/sHhUfX4pGNUphlvMyWVfgyo4VIkvI0CJX9MNadxIHk3GN/O690J10ao5AGnKfdjOkxEJBhFa3X6k1ChGVRrbt1diKyDV0ANCrUG1a9+qFgW8wSZpMb0PDdFP6caBZN8VulnhqeUjemQ9ywmNObGzxfbzsiFdUISKW1fgmTh/p7IaWzMNA5sZ0xxZFZrc/O/Wi/D6MbPRZJmyBO2/CjKJEFF5qeTUGjOUE4tUKaF3ZWwEdWUoQ2oYkPwVk9eh85V3bN836g1G0UcZTiDc7gED66hCXfQgjYweIJneIU3RzkvzrvzsWwtOcXMKfyR8/kDxzuPNA==</latexit>

no tetraquark ops

see also HALQCD approach …



tetraquarks ?  11

3400

3500

3600

3700

3800

3900

4000

3400

3500

3600

3700

3800

3900

4000

3300

π J/ψ

π J/ψɡ

‘ρ’ ηc

D D*
_

D* D*
_

D* D*
_

D D
_

D D
_

π ηc

π ηc

‘ρ’ J/ψ

I = 1  G=+  J P= “1+” I = 1  G=−  J P= “0+”

JH EP  1 7 1 1  0 3 3  ( 2 0 1 7 )

MM & 
qqqq

__ MM
qqqq

__
MM & 
qqqq

__ MM
qqqq

__

mπ ~ 391 MeV

Zc ?



glueballs are excited isoscalar meson resonances  12

0.10

 0.12

 0.14

 0.16

 0.18

0.20

 0.22

 0.24

 16  20  24  16  20  24  16  20  24  16  20  24  16  20  24

680

1250

1700

ππππ

 0.2

 0.4

 0.6

 0.8

 1

 800  1000  1200  1400

-300

-200

-100

scalar glueball here ?

glueballs in QCD are much more complicated beasts …

lightest glueball will be the nth resonance 
in numerous coupled channels …

scalar  
glueball ?



transition form-factors of unstable ρ→ππ  13
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<latexit sha1_base64="bAyOHKTOI6C2O67ktXIscwaccMU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahgpSkFHRZEcFlC/YBTQyT6aQdOpmEmYlQQjZu/BU3LhRx6z+482+ctF1o62EGDufcy733+DGjUlnWt1FYWV1b3yhulra2d3b3zP2DjowSgUkbRywSPR9JwignbUUVI71YEBT6jHT98XXudx+IkDTid2oSEzdEQ04DipHSkmceOyFSI4xYepVVbrzUial+2Tls3dfOPLNsVa0p4DKx56QM5mh65pcziHASEq4wQ1L2bStWboqEopiRrOQkksQIj9GQ9DXlKCTSTadXZPBUKwMYREJ/ruBU/d2RolDKSejrynxnuejl4n9eP1HBpZtSHieKcDwbFCQMqgjmkcABFQQrNtEEYUH1rhCPkEBY6eBKOgR78eRl0qlVbatqt+rlRn0eRxEcgRNQATa4AA1wC5qgDTB4BM/gFbwZT8aL8W58zEoLxrznEPyB8fkDMgeXqA==</latexit>

<latexit sha1_base64="s3HOf57taoueriEEm/e9Q0sP5Dc=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxC3ZQZKeiyIIrLCvYB7TBk0kwbmskMSUYpYz/FjQtF3Pol7vwb03YW2npIuIdz7iU3J0g4U9pxvq3C2vrG5lZxu7Szu7d/YJcP2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxlczv/NApWKxuNeThHoRHgoWMoK1kXy7fOP3E1a99jNTzJme+XbFqTlzoFXi5qQCOZq+/dUfxCSNqNCEY6V6rpNoL8NSM8LptNRPFU0wGeMh7RkqcESVl81Xn6JTowxQGEtzhUZz9fdEhiOlJlFgOiOsR2rZm4n/eb1Uh5dexkSSairI4qEw5UjHaJYDGjBJieYTQzCRzOyKyAhLTLRJq2RCcJe/vEra5zXXqbl39UqjnsdRhGM4gSq4cAENuIUmtIDAIzzDK7xZT9aL9W59LFoLVj5zBH9gff4AhqyTeA==</latexit>

Feng et al | u,d,s | mπ~290 MeV
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PRL 1 1 5  2 4 2 0 0 1  ( 2 0 1 5 )
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<latexit sha1_base64="A1VZ/EDlSFXSbQ/QuIfjYKcMw9U=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCeCiJFPRY8OKxgv2AJpbJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQz9duPVGmWyHszTmkoYCBZzAgYK/Xc40ANExwYWynDwQCEgIeLnlvxqt4MeJn4BamgAo2e+xX0E5IJKg3hoHXX91IT5qAMI5xOykGmaQpkBAPatVSCoDrMZ+dP8JlV+jhOlC1p8Ez9PZGD0HosItspwAz1ojcV//O6mYmvw5zJNDNUkvmiOOPYfjvNAveZosTwsSVAFLO3YjIEBcTYxMo2BH/x5WXSuqz6XtW/q1XqtSKOEjpBp+gc+egK1dEtaqAmIihHz+gVvTlPzovz7nzMW1ecYuYI/YHz+QMBZpTP</latexit>



truly flavor-exotic hadrons  14

one recent observation in lattice QCD that has a good chance of being robust:

a double-bottom bound-state
<latexit sha1_base64="4jz5Mx1chhnQ9CZ3xXp/Rk8Ueyg=">AAAB+XicbZDLSgMxFIbP1Futt1GXboJFcFVmpKDLghuXFewF2qEkmUwbmskMSaZQhr6JGxeKuPVN3Pk2ptNZaOuBkI//P4ec/CQVXBvP+3YqW9s7u3vV/drB4dHxiXt61tVJpijr0EQkqk+wZoJL1jHcCNZPFcMxEaxHpvdLvzdjSvNEPpl5yoIYjyWPOMXGSiPXJWRIsMqzRXGFi5Fb9xpeUWgT/BLqUFZ75H4Nw4RmMZOGCqz1wPdSE+RYGU4FW9SGmWYpplM8ZgOLEsdMB3mx+QJdWSVEUaLskQYV6u+JHMdaz2NiO2NsJnrdW4r/eYPMRHdBzmWaGSbp6qEoE8gkaBkDCrli1Ii5BUwVt7siOsEKU2PDqtkQ/PUvb0L3puFbfmzWW80yjipcwCVcgw+30IIHaEMHKMzgGV7hzcmdF+fd+Vi1Vpxy5hz+lPP5AyDPk+w=</latexit>

(I=0, JP=1+, lying well below B B* threshold)
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<latexit sha1_base64="qjlCk/3ypmJAifL3tCqkFUczLNI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQmpSCrosuNBlBfuAJg2T6aQdOjMJMxOhhK7c+CtuXCji1m9w5984abvQ1gMXDufcy733hAmjSjvOt1VYWV1b3yhulra2d3b37P2DlopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh6Dr32w9EKhqLez1OiM/RQNCIYqSNFNjHPPAS2qtC7xxemPI40kPJsxvSmvSqgV12Ks4UcJm4c1IGczQC+8vrxzjlRGjMkFJd10m0nyGpKWZkUvJSRRKER2hAuoYKxInys+kbE3hqlD6MYmlKaDhVf09kiCs15qHpzK9Ui14u/ud1Ux1d+RkVSaqJwLNFUcqgjmGeCexTSbBmY0MQltTcCvEQSYS1Sa5kQnAXX14mrWrFNfyuVq7X5nEUwRE4AWfABZegDm5BAzQBBo/gGbyCN+vJerHerY9Za8GazxyCP7A+fwDJwJde</latexit>

<latexit sha1_base64="ik9Xlr2lBUI0hFOcpFB6HyHenTA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwUWsigi5cFKTgRqhgH9CEMJlO2qEzSZiZCCXkB9z4K25cKOLWvTv/xklbQVsPzHA4517uvcePGZXKsr6MwsLi0vJKcbW0tr6xuWVu77RklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q+vcr99T4SkUXinRjFxOeqHNKAYKS155kEdHsO653CkBoKn+qtmTuXEqfwoN6SVeWbZqlpjwHliT0kZTNHwzE+nF+GEk1BhhqTs2las3BQJRTEjWclJJIkRHqI+6WoaIk6km46vyeChVnowiIR+oYJj9XdHiriUI+7rynxHOevl4n9eN1HBhZvSME4UCfFkUJAwqCKYRwN7VBCs2EgThAXVu0I8QAJhpQMs6RDs2ZPnSeu0amt+e1auXU7jKII9sA+OgA3OQQ1cgwZoAgwewBN4Aa/Go/FsvBnvk9KCMe3ZBX9gfHwD/Iea4A==</latexit>

Francis et al (2017) 
Junnarkar et al (2018) 
Leskovec et al (2018)

Junnarkar et al (2018)

<latexit sha1_base64="nk2PCjAi82VDj06nDuzBKtZ6vfo="></latexit>

<latexit sha1_base64="N+50B5VMKk8TAqoeiu6JOTpwqvE="></latexit>

see Eichten & Quigg (2017) for heavy quark symmetry argument

and probably a strange partner

<latexit sha1_base64="3BSt8tWUGxX6aN+KWDn0K9aP4Uo=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQlKq0V3BjcsK9gFtKDOTSTt0Mgkzk0IJ+RM3LhRx65+482+cplVU9MDlHs65l7lzcMqZ0q77bq2srq1vbFa2qts7u3v79sFhRyWZJLRNEp7IHkaKciZoWzPNaS+VFMWY0y6eXM/97pRKxRJxp2cpDWI0EixiBGkjDW0b4wFGMs+KsoXF0K65jn9ev2p40HW8L+JfNHwPeo5bogaWaA3tt0GYkCymQhOOlOp7bqqDHEnNCKdFdZApmiIyQSPaN1SgmKogLy8v4KlRQhgl0pTQsFS/b+QoVmoWYzMZIz1Wv725+JfXz3R0GeRMpJmmgiweijIOdQLnMcCQSUo0nxmCiGTmVkjGSCKiTVhVE8LnT+H/pFN3PMNvG7VmYxlHBRyDE3AGPOCDJrgBLdAGBEzBPXgET1ZuPVjP1stidMVa7hyBH7BePwCO65Q4</latexit>

<latexit sha1_base64="1ncotDSk8kKZiXUnR3FuHzO8BfI=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQhLTx7LgxmUF+4A2lMlk0g6dTMLMpFBC/sSNC0Xc+ifu/BunaQUVPXC5h3PuZe6cIGVUKtv+MDY2t7Z3dit71f2Dw6Nj8+S0J5NMYNLFCUvEIECSMMpJV1HFyCAVBMUBI/1gdrP0+3MiJE34vVqkxI/RhNOIYqS0NDbNIBgFSOSyKFtYjM2abbn2davRgrblufVmw9XE9txmvQ4dyy5RA2t0xub7KExwFhOuMENSDh07VX6OhKKYkaI6yiRJEZ6hCRlqylFMpJ+XlxfwUishjBKhiytYqt83chRLuYgDPRkjNZW/vaX4lzfMVNTyc8rTTBGOVw9FGYMqgcsYYEgFwYotNEFYUH0rxFMkEFY6rKoO4eun8H/Scy1H8zuv1vbWcVTAObgAV8ABTdAGt6ADugCDOXgAT+DZyI1H48V4XY1uGOudM/ADxtsni6yUNg==</latexit>



binding energy with changing heavy quark mass  15
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just tetraquark operators,  
no meson-meson,  
so not reliable when close to threshold

<latexit sha1_base64="j+RqdWWsT+m1Mu4OYIzq34Tq604=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqsyIwVdFty4bMFeoB2GTJppQ5PMkGSEOvRJ3LhQxK2P4s63MW1noa0HEj7+/xxy8kcpZ9p43rdT2tre2d0r71cODo+Oq+7JaVcnmSK0QxKeqH6ENeVM0o5hhtN+qigWEae9aHq38HuPVGmWyAczS2kg8FiymBFsrBS61WGsMMlFGM3t1Z6Hbs2re8tCm+AXUIOiWqH7NRwlJBNUGsKx1gPfS02QY2UY4XReGWaapphM8ZgOLEosqA7y5eJzdGmVEYoTZY80aKn+nsix0HomItspsJnodW8h/ucNMhPfBjmTaWaoJKuH4owjk6BFCmjEFCWGzyxgopjdFZEJtkkYm1XFhuCvf3kTutd133K7UWs2ijjKcA4XcAU+3EAT7qEFHSCQwTO8wpvz5Lw4787HqrXkFDNn8Keczx858pNm</latexit>

charm over here

<latexit sha1_base64="Uwf4tKKdVRppoBgGwqQ7iaULdwk=">AAAB+XicdVDLSsNAFL3xWesr6tLNYBFchaRUo+Ci4MZlC/YBbSiTyaQdOnkwMymU0D9x40IRt/6JO//GaVpFRQ9c7uGce5k7x085k8q2342V1bX1jc3SVnl7Z3dv3zw4bMskE4S2SMIT0fWxpJzFtKWY4rSbCoojn9OOP76Z+50JFZIl8Z2aptSL8DBmISNYaWlgms1m38ciz2ZFC2YDs2Jb7nn1quYg23K+iHtRcx3kWHaBCizRGJhv/SAhWURjRTiWsufYqfJyLBQjnM7K/UzSFJMxHtKepjGOqPTy4vIZOtVKgMJE6IoVKtTvGzmOpJxGvp6MsBrJ395c/MvrZSq89HIWp5miMVk8FGYcqQTNY0ABE5QoPtUEE8H0rYiMsMBE6bDKOoTPn6L/SbtqOZo3a5X69TKOEhzDCZyBAy7U4RYa0AICE7iHR3gycuPBeDZeFqMrxnLnCH7AeP0AW96UHg==</latexit>

<latexit sha1_base64="FUwQtCOOCGh2Eo8zAOMrbQ00wBs=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWTGvhYuCm5ctmBtoR1KJpNpQzMPkkyhDPMnblwo4tY/ceffmE4rqOiByz2ccy+5OV7CmVQIfRiljc2t7Z3ybmVv/+DwyDw+uZdxKgjtkZjHYuBhSTmLaE8xxekgERSHHqd9b3az9PtzKiSLozu1SKgb4knEAkaw0tLYNLvdkYdFJvOi+fnYrCLLQVetRgsiq+bUmw1HE1RzmvU6tC1UoArW6IzN95EfkzSkkSIcSzm0UaLcDAvFCKd5ZZRKmmAywxM61DTCIZVuVlyewwut+DCIha5IwUL9vpHhUMpF6OnJEKup/O0txb+8YaqClpuxKEkVjcjqoSDlUMVwGQP0maBE8YUmmAimb4VkigUmSodV0SF8/RT+T+4dy9a8W6u2r9dxlMEZOAeXwAZN0Aa3oAN6gIA5eABP4NnIjEfjxXhdjZaM9c4p+AHj7RNYn5Qc</latexit>

<latexit sha1_base64="ik9Xlr2lBUI0hFOcpFB6HyHenTA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwUWsigi5cFKTgRqhgH9CEMJlO2qEzSZiZCCXkB9z4K25cKOLWvTv/xklbQVsPzHA4517uvcePGZXKsr6MwsLi0vJKcbW0tr6xuWVu77RklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q+vcr99T4SkUXinRjFxOeqHNKAYKS155kEdHsO653CkBoKn+qtmTuXEqfwoN6SVeWbZqlpjwHliT0kZTNHwzE+nF+GEk1BhhqTs2las3BQJRTEjWclJJIkRHqI+6WoaIk6km46vyeChVnowiIR+oYJj9XdHiriUI+7rynxHOevl4n9eN1HBhZvSME4UCfFkUJAwqCKYRwN7VBCs2EgThAXVu0I8QAJhpQMs6RDs2ZPnSeu0amt+e1auXU7jKII9sA+OgA3OQQ1cgwZoAgwewBN4Aa/Go/FsvBnvk9KCMe3ZBX9gfHwD/Iea4A==</latexit>

Francis et al (2018)
lighter than bottomheavier than bottom



what happens for ccud ?  16
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direct calculation of ccud  17

<latexit sha1_base64="3SV+9+yNrW5XLUCkOG/evGIUnbM="></latexit>

<latexit sha1_base64="onHUW7goTRQzJsH297s9m3L6pN4=">AAACJXicdVDLSgMxFM34rPVVdekmWAQRKZkyWgUXBbtwWcE+oB1LJk3b0MyD5I5Qhv6MG3/FjQuLCK78FdOHomIPJBzOOZfkHi+SQgMh79bC4tLyympqLb2+sbm1ndnZreowVoxXWChDVfeo5lIEvAICJK9HilPfk7zm9a/Gfu2eKy3C4BYGEXd92g1ERzAKRmplLkutpKmZEhHMbhhI3iCEuEPcPMHp0t3x3EArkyW5wmn+wrExydnfpHDmFGxs58gEWTRDuZUZNdshi30eAJNU64ZNInATqkAwyYfpZqx5RFmfdnnD0ID6XLvJZMshPjRKG3dCZU4AeKL+nEior/XA90zSp9DTf72x+J/XiKFz7iYiiGLgAZs+1IklhhCPK8NtoTgDOTCEmgrMXzHrUUUZmGLTpoSvTfF8Us3nbMNvnGzRmdWRQvvoAB0hGxVQEV2jMqoghh7QE3pBI+vRerZerbdpdMGazeyhX7A+PgHfzaVw</latexit>

<latexit sha1_base64="hmDtV0EboU4b2kQWcm7JCrHmLeQ=">AAACJ3icdVDLSgMxFM3UV62vUZdugkUQkZLRkXYlBV24rGAf0I4lk6ZtaOZBckcoQ//Gjb/iRlARXfonpg9BxR5IOJxzLsk9fiyFBkI+rMzC4tLySnY1t7a+sbllb+/UdJQoxqsskpFq+FRzKUJeBQGSN2LFaeBLXvcHF2O/fseVFlF4A8OYewHthaIrGAUjte3zy9ujdtrSTIkYZjcMJW8SQrwRbh3jnEnMDbTtPCk4JffUcTEpuMUxmxD3zCHYKZAJ8miGStt+bnUilgQ8BCap1k2HxOClVIFgko9yrUTzmLIB7fGmoSENuPbSyZ4jfGCUDu5GypwQ8ET9OZHSQOth4JtkQKGv/3pj8T+vmUC35KUijBPgIZs+1E0khgiPS8MdoTgDOTSEmgrMXzHrU0UZmGpzpoTvTfF8UjspOIZfu/myO6sji/bQPjpEDiqiMrpCFVRFDN2jR/SCXq0H68l6s96n0Yw1m9lFv2B9fgEPI6YF</latexit>
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no obvious sign of a narrow resonance …

JH EP 1 7 1 1  0 3 3  ( 2 0 1 7 )

mπ ~ 390 MeV,  
L ~ 2 fm



direct calculation of ccud  18

<latexit sha1_base64="3SV+9+yNrW5XLUCkOG/evGIUnbM="></latexit>
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just tetraquark ops

JH EP  1 7 1 1  0 3 3  ( 2 0 1 7 )

mπ ~ 390 MeV,  
L ~ 2 fm

BE CAREFUL WITH SMALL OPERATOR BASES !

completely misleading spectrum
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‘qualitative’ picture of the charmonium spectrum  19JH EP  1 6 1 2  0 8 9  ( 2 0 1 6 )
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Y(42xx)



chromo-magnetic gluonic excitation  21

• lightest set of hybrid mesons appear to contain a 1+− gluonic excitation

quarks in  
an S-wave

quarks in  
a P-wave

1000

1500

CHARMONIUM HYBRIDS

- 1+− in a Coulomb-gauge approach

- bag model also has 1+− lowest in energy

• some models have similar systematics



excited baryons  22

PRD84 074508 (2011)

PRD85 054016 (2012)

• a ‘super’-multiplet of hybrid baryons

spectrum from large basis of baryon operators 



chromo-magnetic excitation  23

• subtract the ‘quark mass’ contribution

0.5

1.0

1.5

2.0

0.5

1.0

1.5

2.0

SU(3)F point
common energy scale of 
chromomagnetic gluonic excitation

lowest gluonic excitation in QCD now determined ?



1−− operator overlaps  24

• consider the relative size of operator overlaps



BESIII, Belle II & XYZ states

Changzheng Yuan

IHEP, Beijing

Hadron2019, Aug. 19, 2019
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10x109 0.5x109
2.9 fb-1

0.5 fb-1

3.2 fb-1

1.9 fb-1

1.1 fb-1

~16 fb-1 XYZ 
scan data

~1.3 fb-1 R scan, 130 pts 

~ 0.5 fb-1 R scan 

Can cover 0-4.6 GeV from 
direct annihilation or ISR

From 
2020

2



Belle II luminosity
4.4-4.9 GeV
Int. Lum. 

(fb-1)
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HBelle II ~ ¼ HBESIII for e�e�ÆS�S�J/\

4.4-4.9 GeV
Peak Lum.  

(u1033)

2.5

2.0

1.5

1.0

0.5

0.0

3



5.2. Issues and opportunities in experiments

4

Brambilla, Eidelman, Hanhart, Nefediev, Shen, Thomas, Vairo, Yuan.  arXiv:1907.07583v1. To appear in Phys. Rep.  
The XYZ states: experimental and theoretical status and perspectives

In X sector:
• X(3872) line shape
• X(3872) BR
• Inclusive BÆKX(3872)
• Search for Xb [the 

bottomonium analog of 
the X(3872)]

• Search for states with 
exotic JPC

In Y sector:
• Study Y(4630)/Y(4660)
• Line shapes of more final 

states in e+e� annihilation
• Coupled-channel analysis
• Search for the Y/\ states 

above 4.7 GeV
• Yb states?

In Z sector:
• Zc production in e+e� annihilation, 

in B or other particle decays 
• Spin-parity, Argand plot of the 

resonant amplitude
• Search for more Zc states, search 

for Zcs and Zs states
• More decay modes
• Zb production & properties
• Search for quantum number 

partners of the Z states



Y(4630)=Y(4660)? Zc(4430) in e+e�ÆS+S�\’? Zcs exists?
Belle:   PRD91, 112007 (2015), 980/fb
BaBar: PRD89, 111103 (2014), 520/fb
Belle:   PRL101, 172001 (2008), 695/fb

Experiment Mass (MeV) Width (MeV)
Belle, Y(4630) 4634+8

-7
+5

-8 92+40
-24

+10
-21

Belle, Y(4660) 4652r10r8 68r11r1
Babar,Y(4660) 4669r21r3 104r48r10

e+e�ÆK+K-J/\

Search for Zcs (cCc uCs)
in K+K-J/\, K+Ds

-D*, 
K+Ds

*-D, and K+Ds
*-D*

final states.

Zcs related to DsD*/Ds*D/ 
Ds*D* thresholds?

e+e�ÆSS\’

e+e�Æ/+
c/�

c 

5



From Y. P. Guo’s talk:       Y states with high precision data

6



7

After we have measured all the e+e� annihilation cross sections, what do we do to 
get the resonant parameters of the vector charmonium(-like) states?

D*D*

DD
*

\
(4

04
0)

\
(4

16
0)

Y
(4

00
8)

\
(4

41
5)

Y
(4

66
0)

Y
(4

26
0)

Y
(4

35
0)

DD

DDπ

Λc
+Λc

–

?

PRD77,011103(2008)

PRL100,062001(200
8)

PRL98, 092001 (2007)

PRL101, 172001(2008)



Are they charmonium states?

8Y4220 Y4360  Y4630 Y4660

Y4320  Y4390



backup

9



Belle II vs. BESIII in XYZ study

10

ISR mode LBESIII/LBelle II HBESIII/HBelle II NBESIII/NBelle II

S+S-J/\ @ 4.26 GeV 0.5 fb-1 / 2.2 fb-1 46% / 10% 1.07
S+S-\’ @ 4.36 GeV 0.5 fb-1 / 2.3 fb-1 41% / 5% 1.82

@ 4.66 GeV 0.5 fb-1 / 2.5 fb-1 35% / 6% 1.19
S+S-hc @ 4.26 GeV

@ 4.36 GeV
0.5 fb-1 / 2.2 fb-1 2.7% / — > 5

K+K-J/\ @ 4.6 GeV 0.5 fb-1 / 2.4 fb-1 29% / 7.5% 0.81
@ 4.9 GeV 0.5 fb-1 / 2.7 fb-1 ~29% / 10% 0.54

/+
c/�

c   @ 4.6 GeV 0.5 fb-1 / 2.4 fb-1 51% / 7.5% 1.42
@ 4.9 GeV 0.5 fb-1 / 2.7 fb-1 ~37% / 7.5% 0.91

Full Belle II data sample (50 ab-1 at 10.58 GeV, ISR events 
in 10 MeV) compared with 0.5 fb-1 at BESIII



   Liming Zhang



Exotic hadrons

• A large amount of studies are under way and/or prospected to 
understand the nature of exotic hadrons, e.g. 
– Establishing multiplets of observed tetraquarks and pentaquarks
– Prompt production of exotic hadrons
– Tetraquarks with open heavy flavour(s): ("")($%$%&), ('')($%$%&), 
"( $%$%& , ('()($%$%&)

– Search for analogs in the beauty sector

Most of them might need a much lager sample 

L.	Zhang 1



Pentaquarks
• Three narrow )*+ states observed in
,-
. → 0/2345 decays

• A lot of open questions:
– 06, mode decay modes,…?
– SU(3) partners, hidden-bottom pentaquarks?

• An incomplete list of decays for pentaquark 
studies

L.	Zhang 2

ü 78+ → 9/:;;<=+

ü > ?@ → 9/:;;<
ü 7AB → 9/:;;<
ü 7+ → 9/:;C<
ü Prompt 9/:;, 9/:C, >;
ü CD

B → E8;F5

ü CD
B → G8?;F5

ü HD
5 → 9/:CF5

ü CD
B → C8+I<BF5

ü CD
B → C8+I<∗BF5

ü CD
B → C8+I5F∗

ü CD
B → C8+IA5K	

ü CD
B → 9/:;=+=5F5

ü CD
B → M8++I5F5

ü CD
B → 9/:CK

ü CD
B → 9/:CE(&)

PRL	122	(2019)	222001

Similar strategy 
for tetraquarks



Searches for ('')($%$%&)
• Mesons with double charm or beauty flavours, such as ("")($%$%&), 
('')($%$%&), would unambiguously be states with four quarks

• If ('')($%$%&), which decay into N+N+ or N+NO+, are narrow states, they 
could be easily observed in prompt production 
– Associate production of N+N+ or N+NO+ with 0.3fb-1 data

– Expected yields P N+N+ ≈ 100k	P N+NO+ ≈ 20k with 50fb-1

• Can be also searched for in V*+ decays with 300fb-1

L.	Zhang 3

LHCb, JHEP 06 (2012) 141 



LHCb upgrade schedule

• LHCb is now boosting the data to a new level
– Most of LHCb results are still finalizing with full Run 1-2 data 
– Expect to 7x more data (14x more hadronic events) by 2029 than current data
– Could have another factor of 6 increase from Upgrade II 

L.	Zhang 4

23	fb-1+6	fb-13	fb-1 50	fb-1 300	fb-1

CERN-LHCC-2018-027
arXiv:1808.08865



Summary
• A good review of open questions and many 

interesting ideas for physics at LHCb upgrade 
from theorist and experimentalists 
[arXiv:1812.07638]

L.	Zhang 5

680k										1.4M												8M

Before getting the new data, from theoretical point view, what’re 
the most priority questions you want experiment to do with the 
current data? 



Round-Table Discussion on Exotic Hadrons
The Light-Meson Sector

Boris Grube

Institute for Hadronic Structure and Fundamental Symmetries
Technische Universität München

Garching, Germany

XVIII International Conference
on Hadron Spectroscopy and Structure

Guilin, 18. August 2019



The Light-Meson Sector

Huge data sets for multitude of decay and
production channels

O(107 to 108) events

Light-meson exotics

Broad states

Often large branchings to multi-
particle final states

Often small signals: O(1 % to 0.1 %)
of total intensity

Partial-wave analysis necessary

Example: COMPASS
p1(1600) ! p�p�p+

0.8 % of total intensity
COMPASS, PRD 98 (2018) 092003

Analyses limited by systematics

Need to understand, quantify, and reduce systematic uncertainties

1 Boris Grube, TU München Round-Table Discussion on Exotic Hadrons
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The Light-Meson Sector
Multifaceted and Intertwined Challenges

Partial-wave decomposition

Where to truncate the partial-wave
expansion?

Model comparison/selection

Need to improve models for multi-
particle decay amplitudes

How to correctly include knowl-
edge about subsystems?
How to take into account final-state
interactions?
Model-independent methods
(“freed-isobar PWA”) provide test-
ing ground

Example: COMPASS
p(1800) ! [p�p+]0++ + p� S

COMPASS, PRD 95 (2017) 032004

2 Boris Grube, TU München Round-Table Discussion on Exotic Hadrons
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The Light-Meson Sector
Multifaceted and Intertwined Challenges

Partial-wave decomposition
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particle decay amplitudes
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The Light-Meson Sector
Multifaceted and Intertwined Challenges

Resonance-model fits
Goal: extract pole parameters of reso-
nances

Requires amplitudes that fulfill
S-matrix principles: analyticity,
unitarity, and crossing

Conventional states used as interfer-
ometers ) need to describe domi-
nant ground states precisely

Scattering experiments: improved
understanding of production mech-
anisms, non-resonant diagrams, and
target excitations required

Computational cost

3 Boris Grube, TU München Round-Table Discussion on Exotic Hadrons
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questions	about	the	X(3872)

-- S.	Olsen	(UCAS)	--

3870.6 3870.8 3871 3871.2 3871.4 3871.6 3871.8 3872 3872.2 3872.4

BaBar

CDF

Belle

LHCb

New W.A.

)0)+M(D*0M(D

New W.A. 3871.62 +- 0.16 
X(3872) mass measurements

w 3871.67±0.10	MeV

PDG	2018	3871.69	± 0.17

“B.E.”=-2 ± 148 keV

1)	What	is	its	mass	relative	
to	mD0+mD0* ?

still no precision result from LHCb

2)	What	is	its	total	width?

Gtot<1.2	MeV

For comparison:
Gcc1 =	840	+	40	keV
Gy’ =	294	+		8		keV
GD*0 ≈	50	keV

Belle	PRD	84	052004

are the rumors that LHCb
has a result true?



3)	What	is	Bf(B-àK-X(3872))?

needed	to	determine
absolute	X(3872)	Bfs

G.	Wormser,	QWG2019	(BaBar)

Bf(B
-à K

-
X(3872)	=	(2.1	+	0.6	+	0.3)	x	10-4

U(4S)

K-

B-

B+

fully	reconstructed

undetected

Belle	PRD	97,	012005

Bf(B
-à K

-
X(3872)	=	(1.2	+	1.1	+	0.1)	x	10-4

K- momentum	in	B- frame

MX (GeV)MX (GeV)

good subject for a joint
BaBar-Belle analysis? 

C.Z.	Yuan’s	average:



My scorecard for my favorite XYZ mesons. (Charm 2018)



X(3872)	as	a	DD*	molecule	+	a	cc-“core”	mixture?

c

_

c

D0

D*0

_

D+

D*-

c

_

c

“core”
state

… …>8	fm ≈1	fm

~90% ~5%
~5%

Specific	model	by	
Takizawa	&	Takeuchi,	PTEP	9,	093D01

most of the time looks
like a  D0D*0 molecule

_ _

-- “consensus” opinion (?) --

≈0.5	fm



X(3872)	as	a	DD*	molecule	+	a	cc-“core”	mixture?

c

_

c

D0

D*0

_

D+

D*-

c

_

c

“core”
state

… …>8	fm ≈1	fm

~90% ~5%
~5%

Specific	model	by	
Takizawa	&	Takeuchi,	PTEP	9,	093D01

most of the time looks
like a  D0D*0 molecule

_ _

-- “consensus” opinion (?) --

≈0.5	fm

Vol ~ (8	fm)3
Vol ~ (0.5	fm)3

Polosa:			“Multiquark Hadrons,”	pg 56	

Achasov:		MPLA	30,	1550181	(2015)

Impossible!
wave fcn overlap is too tiny, <10-3



X(3872)àp+p-J/y ≈	5%	of	y’àp+p-J/y ⟸ all	production	modes

X(3872)

D0

BaBar

CMS
X(3872)

CDF

X(3872)

a)	 			Belle														

Ψ’	

X(3872)	

M(π+π-l+l-)-M(l+l-)		(GeV)	

X(3872)

Q4)	proposal	to	test	this	(LHCb?		NICA?			Panda?)



!	
!	

!	|	
X(3872)	
@ATLAS	

Ψ’	@ATLAS	

!	

!	|	

X(3872)	
@ATLAS	

Ψ’	@ATLAS	!	

!	|	

!	|	

!	

pT	(GeV)	

dσ
pp
/d
p T

			
	(n

b/
G
eV

)	

even	at	very	high	pT



compare	production	ratio	for	pp	with	that	for	pA

��

��

ppàX(3872)àπ+π-J/ψ

pAràX(3872)àπ+π-J/ψ
Ar

Strong	quenching
for	A~40	nuclei??

X (3872)→ π +π −J /ψ
ψ '→ π +π −J /ψ

≈ 5%

X (3872)→ π +π −J /ψ
ψ '→ π +π −J /ψ

= ???


