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Hadrons: color singlets made of quarks and gluons

* Ordinary Hadrons e Exotic Hadrons
baryon meson tetra-quark penta-quark Glueball
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Many Experimental Progress on Hadron Exotics

Heavy Exotics

2020 Z. (3985)firstly by BESIII
2020 X(6900) firstly by LHCb

2015 P_(4380/4450) firstly by LHCb

2013 Z.(3900) firstly by BESIII and Belle
2012 Z,(10610/10650) firstly by Belle

2005 Y(4260) firstly by BaBar

2003 X(3872) firstly by Belle



Theoretical Tools to study Hadrons
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Many Excellent Reviews:

Chen, et.al, Phys.Rept. 639,1(2016)

Guo, et.al, Rev.Mod.Phys. 90,015004(2018)
Brambilla, et.al, Phys.Rept. 873,1(2020)




Lattice QCD
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Lattice QCD
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What can study from Lattice QCD
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Different steps for Lattice QCD analysis of Hadron
Exotics

* Conventional approach: Hadron spectrum from 2pt
* LUscher Formula

e Non-Luscher Formula



Hadron spectrum from 2pt: conventional approach

* Choose the operator O, with correct quantum number

e (Calculate correlation function matrix
Cap(t) = < 2]0()04(0) |2 >

Many brilliant results in the past decades, but | will show some toy results.



Some TOY results: 2-point correlation
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Some TOY results: 2-point correlation

Or = uysd Oscua = |Uuysc][Sysd]

|  Orignal

Time / Lattice Unit

m = log 10 20 configurations
Co(t+1)




Hadron spectrum from 2pt: conventional approach

* Choose the operator O, with correct quantum number
* C(Calculate correlation function matrix
Cap(t) = < Q0()0F(0) |2 >
* Calculate the eigenvalue of Cyg(t) as e Eit E. as discrete energy
Below the threshold, a bound state, direct corresponding to the hadron states,
such as proton, pion
Above the threshold, just the discrete energy of continuum scattering state,
not just the energy of hadron, such as p, N*

[Note: These states can roughly corresponding to the hadron state just for the small
lattice size since it maybe only one state around the hadron energy and therefore
takes the most information of hadron]

Question: How to get the physical information exactly from these energy levels ? 12



Lischer Formula
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Lischer Formula
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 Luscher formula + Model (such as K matrix)

Lischer formula
Model
(Parameters)

» S orT Matrix > Lattice Septra

Fix parameters
through fitting

Properties of Hadron

o HR: (J1ab 3 F4)

J.J. Dudek ect., PRL 113, 182001 (2014); PRD 93, 094506 (2016);PRD 92, 094502 (2015); PRD 93, 094506 (2016).
G. Moir, M. Peardon, S.M. Ryan, C.E. Thomas, and D.J. Wilson, J. High Energy Phys. 10 (2016) 011
15



Non-Luscher Formula

 Hamiltonian Approach (HEFT)
* T matrix method
 Hal QCD
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The properties of Hadron

Complex Continuum
Momentum space

Hamiltonian
Real Continuum Real Discrete
Momentum space Momentum space
T matrix Lattice Energy
Experimental data Level

T TTVEAT 2 (HEFT)

e Hamiltonian Matrix for discrete momentum
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SCHk: (Adelaide and UCAS 5&F2H)
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IS B AG ZTVEN A (HEFT)

Main point is try to understand N*(1535),
. Finite-volume matrix Hamiltonian model for a A->Nn system

J.M.M. Hall, A.C.-P. Hsu, D.B. Leinweber, A.W.Thomas, R.D. Young N*(1440), A(1405)
Phys.Rev. D87 (2013) no.9, 094510
. Finite-volume Hamiltonian method for coupled-channels interactions in lattice QCD

J- W, T.-5.H.Lee, AW.Thomas, R.D. Young From the eigenvector of Hamiltonian to
Phys.Rev. C90 (2014) no.5, 055206 check the compositeness of these state, and
. Hamiltonian effective field theory study of the N*(1535) resonance in lattice QCD .
Zhan-Wei Liu, Waseem Kamleh, Derek B. Leinweber, Finn M. Stokes, Anthony W. Thomas, Jia-Jun Wu ma ke the COﬂCl usion,
Phys.Rev.Lett. 116 (2016) no.8, 082004
. Lattice QCD Evidence that the A(1405) Resonance is an Antikaon-Nucleon Molecule * *
J.M.M. Hall, Waseem Kamleh, Derek B. Leinweber, Benjamin J. Menadue, Benjamin J. Owen, A.W.Thomas, R.D. Young N (1535) N (1440)’ A(1405)
Phys.Rev.Lett. 114 (2015) no.13, 132002
. Hamiltonian effective field theory study of the N*(1440) resonance in lattice QCD .
Zhan-Wei Liu, Waseem Kamleh, Derek B. Leinweber, Finn M. Stokes, Anthony W. Thomas, Jia-Jun Wu The main components (at IeaSt
Phys.Rev. D95 (2017) no.3, 034034 50% ) of N*(1535) is from the 3
. Structure of the A(1405) from Hamiltonian effective field theory k
Zhan-Wei Liu, Jonathan M.M. Hall, Derek B. Leinweber, Anthony W. Thomas, Jia-Jun Wu quar core.

Phys.Rev. D95 (2017) no.1, 014506
. Nucleon resonance structure in the finite volume of lattice QCD

Jia-jun Wu, H. Kamano, T.-S.H.Lee , Derek B. Leinweber, Anthony W. Thomas The A*(1405) is predominantly d

Phys.Rev. D95 (2017) no.11, 114507
. Structure of the Roper Resonance from Lattice QCD Constraints molecular K N bound State.

Jia-jun Wu, Derek B. Leinweber, Zhan-wei Liu, Anthony W. Thomas
Phys.Rev. D97 (2018) no.9, 094509
. Partial Wave Mixing in Hamiltonian Effective Field Theory

Yan Li, Jia-jun Wu, C. D. Abell, Derek B. Leinweber, Anthony W. Thomas * q
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M. Doring, U.-G. Meissner, E. Oset, and A. Rusetsky, EPJA 47, 139 (2011),

M. Doring, U.-G. Meissner, E. Oset, and A. Rusetsky, EPJA 48, 114 (2012),

A.M. Torres, L.R. Dai, C. Koren, D. Jido, and E. Oset, PRD 85, 014027 (2012),

M. Doring and U.-G. Meissner, JHEP. 01 (2012) 009,

M. Doring,M.Mai,andU.-G.Meissner, PLB722,185 (2013),

L.S. Geng, X.L. Ren, Y. Zhou, H.X. Chen, and E. Oset, PRD 92, 014029 (2015).

Dan Zhou, E.-L. Cui, H.-X. Chen, L.-S. Geng, L.-H. Zhu PRD 91 (2015) no.9,094505

R. Molina, M. Déring PRD94 (2016) no.5, 056010,

Dehua Guo, A. Alexandru, R. Molina, M. Déring PRD94 (2016) no.3, 034501 19
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Some Examples: Zc states

BESIII Coll., PRL110 (2013).  Belle Coll., PRL110 (2013).

Lattice studies : @ e S
1. DD*bar scattering (single channel) 5 ¥ &%Q %ﬁﬂ““‘""" g « ﬁ% hy o
. % 40; ! ﬂ»‘- % 20; : )
Zc 3900 : (CLQCD), PRD89(2014)094506 F st

1 iR codhe i o)

Zc 4020 : (CLQCD), PRD92(2015)054507 i T il
Zc 4430 : (CLQCD), PRD 70(2009) 034503, 93(2016)114501
2. DD*bar + J/y m (2 channel)
Z¢(3900) (CLQCD), CPC43 (2019) 103103
3. DD*bar +J/Y ™ +nP (3 channel) ... to continue ... N T B
Zc(3900) C. Liu et al., PRD101(2020) , 054502 N
4. Spectroscopy study (S. Prelovsek et al. PRD91(2015)014504)
5. Potential matrix and scattering amplitudes
(HAL Collab.), PRL117(2016) 242001 e ]

lllllllllllllllllllllllllllllll

4Q  |DWD*-1)| DD* D*D* | only4Q

E [GeV]

interpolating fields. For our pion mass of 266 MeV we find all the expected two-meson states but no
additional candidate for Z below 4.2 GeV. [Possible reasons for not seeing an additional eigenstate
— -1 _ 4 1 4 ’7+ —— A1 A W WA [ i I E S . [ S . S R S H) [



Events / 0.01 GeV/c?

BESIII Coll., PRL110 (2013).
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Lattice studies:Zc¢(3900)
1. DD*bar: (CLQCD), PRD89(2014)094506
2. DD*bar + J/Y m: (CLQCD), CPC43 (2019) 103103
3. DD*bar +]J/Y m+nP (3 channel) ... to
continue ...

C. Liu et al., PRD101(2020) , 054502

4. Potential matrix and scattering amplitudes
(HAL Collab.), PRL117(2016) 242001

Jign-DD

« Ayl e Unlike what the HALQCD collaboration finds out,
X our results do not support a narrow resonance-like
peak close to the threshold by taking into account

the most relevant two coupled channels in the prob-
lem.
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2ite T o A, estimated the systematic uncertainties. All error
.%" estimates are purely statlsj(.lcal angl the systema.jclcs
u' ~i5H could be due to finite lattice spacing, non-physical
. } pion and charm quark masses, finite volume effects,
’ etc. which needs to be clarified in future studies.
e e % =

CPC43 (2019) 103103 22



Conclusion

e Lattice QCD can provide a systematic approach to study hadron
spectrum.

 Many progresses have been made in the past years.

* To draw a definite conclusion on the internal structure, many
more detailed (mostly expensive) analyses are requested.

Thank you for your attention.
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