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* Motivation

« Hamiltonian Effective Field Theory (HEFT)

» Study N*(1535), N*(1440), A*(1405)

» Study D.,(2317), D.,(2460), D,(2536), D,(2573)
» Predict B,,(5730), B.,(5770)
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Partial Wave Analysis
With various Model:

Such as Breit-Wigner Form,
Flatte Form, Coupled Channel
Form, and so on
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Resonance _
(Mass , Width, Pole position, Coupling) Lattice QCD

1.,QCD theory: on a box in the Euclid four space

QCD theory
(Na)* X (N)

| g(q) N

a

;I-tha?;rls)r(]ifts 2. a-> UV cutoff, N.a -> Infrared truncation
inelasticity) | 3. Lattice QCD -> a model of statistical physics.

(0)= I D#O[4IP[¢]  Plg]l= %e‘s[‘“ 7 _ J‘ Dge ¥
@: field quantity, S[¢]: Action, O[¢]:physical quantity
ave _ 4. Monte Carlo method
Lattice QCD 5. Three steps for Lattice QCD to real world
a, Configuration

b, Measurement 3 e (T(vENy'G7))-2ze™

(y-%)ez® i

c, Transformation
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(Differential Cross Sections)




Resonance _
(Mass , Width, Pole position, Coupling) Lattice QCD

1.,QCD theory: on a box in the Euclid four space

QCD theory
(Na)* X (N)

| g(q) N

a

;I-tha?;rls)r(]ifts Lattice 2. a -> UV cutoff, N.a -> Infrared truncation
inelasticity) | Spectrum 3. Lattice QCD -> a model of statistical physics.

*

(0)=[DOPI]  PIfI-2¢" 7 [pgew
@: field quantity, S[¢]: Action, O[¢]:physical quantity
4. Monte Carlo method

Parti

ave :
Anal Lattice QCD 5. Three steps for Lattice QCD to real world

a, Configuration
b, Measurement > e (T(y9)v' 7))~z

(y—)'()eZ3 L

c, Transformation
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Experimental Observable QCD theory
(Differential Cross Sections)
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Resonance _
(Mass , Width, Pole position, Coupling) Lattice QCD

1.,QCD theory: on a box in the Euclid four space

QCD theory
(Na)* X (N)

| g(q) N

a

T matrix .
(Phase Shifts, Lattice 2. a-> UV cutoff, Nsa -> Infrared truncation

inelasticity) _ Spectrum 3. Lattice QCD -> a model of statistical physics.

L (0)=[DUOIPIS  PIAI=Ze " 7 [pge
Luscher’s Method @: field quantity, S[¢]: Action, O[¢]:physical quantity
M. Luscher, NPB 354, 531 (1991). 4. Monte Carlo method
ave :
Lattice QCD 5. Three steps for Lattice QCD to real world
a, Configuration
rbative °

b, Measurement 2 eip'(y’x)<T(w(t;V),w"(t;y))>~ZziFe—Eft

(y—)'()eZ3 L

c, Transformation
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How to use Luscher’s Method ?
& mn—> KK & KK—> KK
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Below the threshold of KK
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M. Luscher, NPB 354, 531 (1991).
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Resonance _
(Mass , Width, Pole position, Coupling) Lattice QCD

1.,QCD theory: on a box in the Euclid four space

QCD theory
(Na)* X (N)

| g(q) N

a

T matrix .
(Phase Shifts, Lattice 2. a-> UV cutoff, Nsa -> Infrared truncation

inelasticity) _ Spectrum 3. Lattice QCD -> a model of statistical physics.

L (0)=[DUOIPIS  PIAI=Ze " 7 [pge
Luscher’s Method @: field quantity, S[¢]: Action, O[¢]:physical quantity
M. Luscher, NPB 354, 531 (1991). 4. Monte Carlo method
ave :
Lattice QCD 5. Three steps for Lattice QCD to real world
a, Configuration
rbative °

b, Measurement 2 eip'(y’x)<T(w(t;V),w"(t;y))>~ZziFe—Eft

(y—)'()eZ3 L

c, Transformation
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Resonance _
(Mass , Width, Pole position, Coupling) Lattice QC D

1.,QCD theory: on a box in the Euclid four space

QCD theory
(Na)* X (N)

Hamiltonian ld N

T matrix [ \

(Phase Shifts Lattice 2. a-> UV cutoff, Nsa -> Infrared truncation

inelasticity) _ Spectrum 3. Lattice QCD -> a model of statistical physics.

L (0)=[DUOIPIS  PIAI=Ze " 7 [pge
Luscher’s Method @: field quantity, S[¢]: Action, O[¢]:physical quantity
M. Luscher, NPB 354, 531 (1991). 4. Monte Carlo method
ave :
Lattice QCD 5. Three steps for Lattice QCD to real world
a, Configuration
rbative °

b, Measurement > e (T(y9)v' 7))~z

(y—)'()eZ3 L

c, Transformation
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Resonance

(Mass , Width, Pole position, Coupling) Lattice QCD
J. M. M. Hall etc. PFED 87;2013), 094510 1./QCD theory: on a box in the Euclid four space
J.-j. Wu etc. PRC90 (2014), 055206
Y. Li etc. PRD 101(2020), 114501 QCD theory
PRD 103(2021), 094518 (Nga)® x (Na)
Hamiltonian JHD Nga
a

T matrix i .

(Phase Shifts Same Quality L attice 2. a-> UV cutoff, N.a -> Infrared truncation

nelusticity) , _ Spectrum 3. Lattice QCD -> a model of statistical physics.

L (0)=[DIOIPIY  PlgI-Ze ™ 7_[pgest
Luscher’s Method @: field quantity, S[¢]: Action, O[¢]:physical quantity
M. Luscher, NPB 354, 531 (1991). 4. Monte Carlo method
ave -
Lattice QCD 5. Three steps for Lattice QCD to real world
a, Configuration
b, Measurement ¥ e (T(yty).w'Ey)))~2ze™

(y-%)ez® i

c, Transformation
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Resonance
(Mass , Width, Pole position, Coupling)

J. M. M. Hall etc. PRD 87(2013), 094510
J.-j. Wu etc. PRC90 (2014), 055206
Y. Li etc. PRD 101(2020), 114501

PRD 103(2021), 094518

Hamiltonian

T matrix Same Quality
(Phase Shifts,

Lattice
nelasticity) ()

Spectrum
Luscher’s Method

M. Luscher, NPB 354, 531 (1991). .

ave Lattice QCD

Parti
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Non—p rbative

Experimental Observable QCD theory
(Differential Cross Sections)
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Lattice QCD

1.,QCD theory: on a box in the Euclid four space

QCD theory
(N)* X (Na)

| g(q) N

a

2. a-> UV cutoff, N.a -> Infrared truncation

3. Lattice QCD -> a model of statistical physics.
(0)=[DOPI]  PIfI-2¢" 7 [pgew

@: field quantity, S[¢]: Action, O[¢]:physical quantity

4. Monte Carlo method

5. Three steps for Lattice QCD to real world

a, Configuration

b, Measurement 3 e (T(vENy'G7))-2ze™

(y-%)ez® L

c, Transformation




Introduction of HEFT

1. Finite-volume matrix Hamiltonian model for a A—N1r system
J.M.M. Hall, A.C.-P. Hsu, D.B. Leinweber, AW.Thomas, R.D. Young Phys.Rev. D87 (2013) no.9, 094510
2. Finite-volume Hamiltonian method for coupled-channels interactions in lattice QCD
Jia-Jun Wu, T.-S.H.Lee, AW.Thomas, R.D. Young Phys.Rev. C90 (2014) no.5, 055206
3. Hamiltonian effective field theory study of the N+(1535) resonance in lattice QCD Resonan Ce
Zhan-Wei Liu, Waseem Kamleh, Derek B. Leinweber, Finn M. Stokes, Anthony W. Thomas, Jia-Jun Wu . L. .
Phys.Rev.Lett. 116 (2016) no.8, 082004 (Mass , Width, Pole position, Coupling)
4. 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
Phys.Rev.Lett. 114 (2015) no.13, 132002
5. 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
Phys.Rev. D95 (2017) no.3, 034034
6. Structure of the A(1405) from Hamiltonian effective field theory
Zhan-Wei Liu, Jonathan M.M. Hall, Derek B. Leinweber, Anthony W. Thomas, Jia-Jun Wu
Phys.Rev. D95 (2017) no.1, 014506
7. 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 Phys.Rev. D95 (2017) no.11, 114507
8. Structure of the Roper Resonance from Lattice QCD Constraints H E FT
Jia-jun Wu, Derek B. Leinweber, Zhan-wei Liu, Anthony W.Thomas Phys.Rev. D97(2018) no.9, 094509
9. Kaonic Hydrogen and Deuterium in Hamiltonian Effective Field Theory
Zhan-wei Liu, Jia-jun Wu, Derek B. Leinweber, Anthony W. Thomas Phys.L ett.B 808(2020),135652
10. Partial Wave Mixing in Hamiltonian Effective Field Theory
Yan Li, Jia-jun Wu, Curtis D. Abell, Derek B. Leinweber, Anthony W. Thomas Phys.Rev. D101(2020) n0.11,114501
11. Hamiltonian effective field theory in elongated or moving finite volume
Yan Li, Jia-jun Wu, Derek B. Leinweber, Anthony W. Thomas Phys.Rev. D103(2021) no.9, 094518
12. Regularisation in Nonperturbative Extensions of Effective Field Theory T ma‘[rix
Curtis D. Abell, Derek B. Leinweber, Anthony W. Thomas, Jia-jun Wu arxiv: 2110.14113 . .
13. Novel Coupled Channel Framework Connecting the Quark Model and Lattice QCD for the Near-threshold (Phase ShlftS, Lattice

Ds States zhi Yang, Guang-Juan Wang, Jia-jun Wu, Shi-lin Zhu, Makoto Oka Phys.Rev.Lett.128(2022),112001
14. The investigations of the P-wave B, states combining quark model and lattice QCD in the coupled

Inelasticity) Spectrum

channel framework zhi Yang, Guang-Juan Wang, Jia-jun Wu, Shi-lin Zhu, Makoto Oka arXiv: 2207.07320
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I ntrOd U Ctl O N Of H E FT Y. J|_i etli:.ePCRD 101(2020), 114501

PRD 103(2021), 094518

H = H0 4+ HI Resonance
(Mass , Width, Pole position, Coupling)

Ho = 2 [B)m, (B [+ 3 [ar(k,)| mzy + k2 +mZ, +K2 (k)]
B> bare state, bare mass m,

la(k,)> non-interaction channels
1 HEFT

2lak)]] _ :

X T matrix
o 5,  (Phase Shifts, Lattice

Inelasticity) Spectrum
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Introduction of HEFT  aweoskamon

« T Matrix: v -
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I ntrOd u Cti O n Of H E FT J.-j. Wu etc. PRC90 (2014), 055206

« Hamiltonian with discrete momentum

Continuous fd< and  a(k,)) and  (B(K,)|a(K,))=,,0(k, ~K,) Resonance
l | l l (Mass , Width, Pole position, Coupling)
Discrete  [S(27{) and (2] (K. K), and (K, K[K. oK), =0,0,
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I ntrOd u Cti O n Of H E FT Y. Li etc. PRD 101(2020), 114501

PRD 103(2021), 094518

« Partial Wave Mixing, Moving system, Elongated volume

Resonance

0(3) (Mass , Width, Pole position, Coupling)

Of, 4+ , - [PN}I’,m’;l,m c= HEFT
2F 4T e, R R

b dm Z l?'kmf( 1)}/:5771( 1)
4 5 o |n|2:N
2+ , 4+ , ces. _

T matrix

3, T, 9=, - (Phase Shifts, Lattice
1=, 3, -, inelasticity) Spectrum
3,




I ntrOd u Cti O n Of H E FT Y. Li etc. PRD 101(2020), 114501

.. ) PRD 103(2021), 094518
Partial Wave Mixing, Moving system, Elongated volume

s;\_.«f:e p-wave d-wave fowave g-qwa\.re _ R eS O n an Ce
(Mass , Width, Pole position, Coupling)

L)
-1.08 —-1.08 0.94
1.75 140 L.1% R LIE
0
1.08 1.08 0.94 094

[PN:1]/03(1} C3(1) =6 / \

(PN mitm o= (NG U [NsLom) = A7 Y Yl () ¥ (5) T matrix
In|Z=N - .
25 x 25 matrix ordered as (I,m) = (0,0), (1,—1), (1,0), (1,1), ---, (4.4) _(Phase_s_hlfts’ Lattice
inelasticity) Spectrum
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I ntrOd u Cti O n Of H E FT Y. Li etc. PRD 101(2020), 114501

. .. : PRD 103(2021), 094518
Partial Wave Mixing, Moving system, Elongated volume

s-wave p-wave d-wave f-wave E-wave R
gy ) esonance
L 007 0.11 007
100 1085 0,08 T Y R T
(Mass , Width, Pole position, Coupling)
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/ \

Lattice
Spectrum

A

T matrix
(Phase Shifts,
inelasticity)

) YRR TRRT

[Pr)e it m o= {N; U, m' | N L) = dn Z Yyl (1) Y, (R)

In|Z=N

25 x 25 matrix ordered as (I, m) = (0,0), (1,—1), (1,0), (1,1), ---, (4,4)
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I ntrOd u Cti O n Of H E FT Y. Li etc. PRD 101(2020), 114501

PRD 103(2021), 094518

Partial Wave Mixing, Moving system, Elongated volume

s-wave pwave d-wave fowave E-wave R
— esonance
100 001 D2 0.01
] 0 04z
(Mass , Width, Pole position, Coupling)
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I ntrOd u Cti O n Of H E FT Y. Li etc. PRD 101(2020), 114501

PRD 103(2021), 094518
Partial Wave Mixing

" Resonance
n - - - -
Pl st 7= (N2 |N: L = 3 Vit (8) Vi () (Mass , Width, Pole position, Coupling)
Y. (1) In
X Vi)l ‘ y
|
IN:1om) oo a7
o CIPlC T
for leye =4 - N

Z[CI]F-f,C\':m |E\r: l, 7?1)

m

N0 HEFT

Orthonormalization (Pyral gy = (NT, f alNT, )
/ = Z [CII]F,f’,Lx:m’[PN}Z’,m’:l‘m [Clh",f,.oc:m
IN; T, F, ) '

Combination Coefficients: (Gl e = Y (VT F | NSLT, f,a) (N3 LT, f,a|N: T, F,a) T matrix - -
” (Phase Shifts, Lattice
inelasticity) Spectrum
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I ntrOd u Cti O n Of H E FT Y. Li etc. PRD 101(2020), 114501

 Analysis the 1 scattering with =2

@ [yt = 4, only s-, d- and g-waves are present

e Separable potential model:

v(p. k) = filp)Gifi(k)

(dg X k‘)g

fi(k) ~ 1+ (d x k)22

@ 0 parameters: Gy, Go, G4, dy, da, dy
@ Dimensions of Hamiltonians (N, = 600):
A7 : 923 ET:965 T : 963

@ The fitted data: 11 energy levels

] F|_l //_\v/\vf\\ L T

PRD 86, 034031 (2012)
Jozef J. Dudek et al.

" University of Chinese Academy of Sciences

PRD 103(2021), 094518

Resonance
(Mass , Width, Pole position, Coupling)

/ H EFT\
T matrix
(Phase Shifts, Lattice
inelasticity) Spectrum
T e i




I ntrOd u Cti O n Of H E FT Y. Li etc. PRD 101(2020), 114501

. PRD 103(2021), 094518
* Analysis the 1 scattering with |=2

Resonance
Components of eigenstates Volume dependent spectra  Phase shifts with errors (MaSS ! Wldth’ POIe pOSItlon’ Coup“ng)
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Partial Wave Mixing, Moving system, Elongated volume

Special cases of the parallelepiped
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* Analysis the 1 scattering with 1=2
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* Analysis the 1 scattering with 1=2
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Introduction of HEFT

HEFT:

1. Build a Hamiltonian model; Resonance

(Mass , Width, Pole position, Coupling)

2. If Experimental data available, we fit Experimental data to fix
the parameters in the model;
If Lattice data available (close to physical pion mass), we fit

Compl ontinuum

these data; Mome Space
If both, we can use both of them constraint the model
parameters.
- - cal pi HEFT

If we only have Lattice data with unphysical pion mass, we
need another parameter for the mass dependence, such as
mass slope.

Real Continuum

Momentum Sp

Real te

Momen ace

3. From the fixed Hamiltonian, we can study the properties of T matrix
Resonance. Especially, from the eigenvector in the finite (Phase Shifts, L attice
volume, we can estimate the internal structure of the hadron. inelasticity) Spectrum
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A*(1405)

Zhan-wei Liu etc. Phys.Rev. D95 (2017) no.1, 014506
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A*(1405)

Zhan-wei Liu etc. Phys.Rev. D95 (2017) no.1, 014506
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the A*(1405) is predominantly a
molecular K N bound State,
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N*(1535)

Zhan-wei Liu etc. Phys.Rev.Lett. 116 (2016) no.8, 082004
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Zhan-wei Liu etc. Phys.Rev.Lett. 116 (2016) no.8, 082004
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Jia-jun Wu etc. arXiv: 1703.10715

Paaeter | I Experimental data
0on 1.156 0.634 - - .
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0438 0581 these two models
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The first scenario with a bare state for P11 around the
pole at 2.0 GeV can fit both Lattice data and
experimental data well, it indicates that N*(1440) seems
a re-scattering state, and first radial excitation of nucleon
should be around 2.0 GeV.
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m? (GeV?) m? (GeV?)
The first scenario with a bare state for P11 around the
pole at 2.0 GeV can fit both Lattice data and
experimental data well, it indicates that N*(1440) seems
a re-scattering state, and first radial excitation of nucleon
should be around 2.0 GeV.

The Second scenario with a bare state for N*(1440) fit
the experimental data well. But the largest possibility
for bare state does not touch the lattice point. Thus, it
fails to explain Lattice data.
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Summary

Introduction of HEFT, until now, it can be applied to calculate the
finite volume effect of two body system.

The study of N*(1535) [3-quark core~50%], N*(1440) [rN-rtA-cN],
A*(1405) [ KN—-=nZ |.

The study of D.,(2317) [cs-DK(s-wave)], D.,(2460) [cS-DK*(s-
wave)], D4;(2536) [c5s](DK*(d-wave)), D.,(2573) [cS] DK*(d-wave).

Predict new B_,(5730) and B.,(5770).
We can find gqg and gqgq core are always there!
Interactions between hadrons are always there too !
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Outlook

« HEFT combines the Lattice data and
Experimental data to constraint the Effective
Model, and connects the Quark model (quark
level bound state) and Hadron interaction
(Hadron level physics), thus provides a
complete formalism of physical sates and help
us understand the nature of hadron deeply.
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Thanks for attention !




