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Hamiltonian EFT

H=H,+H,
Ho = 2 [B)m (B[ + X |a(k,))| 2, + K2+, +k? |(a(k,)
i=1,n a
B> bare state, bare mass m;

la(k,)> non-interaction channels

+V Y
@=Z_2Ua(k )6r. (B|+[B) g, (ak,)]] >—Er
Z‘Of(k )> <ﬂ(kﬂ)‘ r11X31

a,p
a2 o2
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e Hamiltonian with discrete momentum

Continuous fdk and |a(k,)) and  (B(k,)|a(k,)) =360k, —K,)

| | | |
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Hamiltonian Matrix for discrete momentum
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Why equivalent with Luscher Equation ?
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What are the eigenstates in the FV ?
(Hy+H) |¥ >= E|¥ >
[ UE) =ColB > + ) > Crlkn)lo(ky))

kn=2C7

What is the relationship between these
eigenstates and resonance ?

Infinite-Volume

250

The eigenstate of Hamiltonian is final scattering state, 5
which are continuum, 200
150 |
‘<B|\Ij(+)>’2 - F’?TN(kTrN;E) oor
E,'L E_mo—Z(E) 50-_

0 1 i 1 |
1000 1200 1400 1600 1800 2000
E (MeV)
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Elgenstate VS Resonance

1.0

[ L=3fm |} L=5fm |} [ L=10fm
0.8} AE =250 MeV |+ AE = 150 MeV | + AE =75 MeV | -
Sato-Lee Model for oef I I =
A(1232) region 2 04f 1\ o 1
=02} ‘: X 1 Tﬂﬁ_‘l 1 F L
o oo = T ’ “L.?
JIa_Jun Wu etc. ;_:0'8_ &E;L’%fgev " AEZ%%fI\TeV ‘-' Aé;i%f;ﬂnev b
Phys.Rev. D95 (2017) o6l 1 1
no.11, 114507 0.4r ' " T
0.2} 1

0_ i i i 1
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Black Solid line ( ) ZV AE (B EQH
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1=1,n,

LQCD -> N* resonance -> coupled-channel data

Since PY(E)-> P(E) as volume size increase, P(E) which can be readily calculated using
ANL-Osaka Hamiltonian can already bridge
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Structure of Baryon Resonance

e 3 quark

5 quark

 Meson Cloud + 3 quark core
e Meson-Baryon Molecule
 Dynamical generated state

Question: How to distinguish them ???

Fitting from the limited data from Experiments and
Lattice.

Model with various parameters are always powerful !!!
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How to distinguish Models? 7 7

* From our Finite-Volume Hamiltonian matrix:

diagnose

Hamiltonian ‘ Eigen-Values “ Lattice Spectrum

Matrix

1

Various Models
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How to distinguish Models? 7 7

* From our Finite-Volume Hamiltonian matrix:

diagnose

Hamiltonian ‘ Eigen-Values “ Lattice Spectrum

Matrix

1

Various Models

5 S H.S.1
H, a'lava T TheSame

Hy > S, H, S,

~~ Diagonal Matrix

H.———> S H.S?
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How to distinguish Models? 7 7

From our Finite-Volume Hamiltonian matrix:

diagnose

Hamiltonian Elgen -Values Lattice Spectrum
Matrix

| Eigen-Vector

> S H,S.1
i a a-d \ The Same

Various Models
H,——— S, H, S, *

~~ Diagonal Matrix

H.———> S H.S?
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How to distinguish Models? 7 7

* From our Finite-Volume Hamiltonian matrix:

diagnose

Hamiltonian ‘ Eigen-Values “ Lattice Spectrum

Matrix
Eigen-Vector

However, the Eigen-Vector can not be
measured from experiment or lattice. Actually,
the eigenvector is the interpretation of the

Various Models eigenstate, which is based on the knowledge of

ourselves.
A A In the HEFT, we take bare state and non-
<Oé O 04> VS <\Ij O \Ij> interaction hadrons states as the basic states. It
/ / means we fix a frame here. Then the eigenvector
can be calculated by following ways.
Theory or Model Lattice

|o>: bare state or non—interaction states
W>: eigenstate of interaction Hamiltonian
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get Eigen-Vector
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Unfortunately, current Lattice techniques can not
measure all Eigen-states and Eigen-vectors for Baryon
Resonances.

At present, for the Baryon spectrum, pure 3 quark local
operators are mostly used, while rarely some calculations

use Meson-Baryon non-local operators.

C. B. Lang, etc. Phys.Rev. D95

For the 3 quark operators; ~ (?%*7) o1 014510

* Overlap with the meson baryon scattering states is
suppressed by factor of thousand relative to the nucleon.

 Therefore, the 3 quark operator excites the bare state of
the Hamiltonian model.

* Thus, the Eigen-states seen on the lattice should have large
bare state components.
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1.

2.

HEFT

Fitting Experimental Data to fix the
parameters.

Using these fitted parameters to generate
the Finite-Volume Hamiltonian matrix. And
for high pion mass, another parameter for
the mass slope is needed.

. Calculate the eigenvalue and eigenvector of

this matrix to compare with Lattice data.
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A*(1405)
Zhan-wei Liu etc. Phys.Rev. D95 (2017) no.1, 014506
e |=0, 12, RN, nA and K=
e |=1, ®>, KN, tA
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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

* 2 Channels: N and nN
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N*(1535)

Zhan-wei Liu etc. Phys.Rev.Lett. 116 (2016) no.8, 082004

20001 ' ' ' e
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N*(1440)

No State
extracted from
3 quark
operator
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N*(1440)
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C. B. Lang, etc. Phys.Rev. D95
(2017) no.1, 014510
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N*(1440)

Jia-jun Wu etc. arXiv: 1703.10715

Include 3 channels: N, TA and oN
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N*(1440)

Jia-jun Wu etc. arXiv: 1703.10715
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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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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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We need more data and detailed study, for the contribution from N7t three body.



# University of Chinese Academy of Sciences

N(1/2+) -
~2.0 GeV

A(1/2-)

N(1/2-)
~1.5 GeV

1ho

A(1/2+)
N(1/2+)

~1 GeV QUark Model

Ohw

A*(1670)
N*(1535)
N*(1440)
A*(1405)

A(1115)
N(940)

Experiment

Lattice

niN-nD-oN
KN-7t2

Mainly
Dynamical
generated
states

Not in the
Quark Model



sity of Chir

N(1/2+)
~2.0 GeV

A(1/2-)

N(1/2-)
~1.5 GeV

A(1/2+)

N(1/2+)
~1 GeV Quark Model

@ tanvexy

Ohw

A#*(1405)

A(1115)
N(940)

Experiment

Lattice

nN-tD-oN
KN-t2

Mainly
Dynamical
generated
states

Not in the
Quark Model



4" Ry » /
(% ‘f W4 FIRK
g University of Chinese Academy of Sciences

Outline

Motivation
Hamiltonian Effective Field Theory (HEFT)

Eigenstate in the Lattice VS Resonance in the
scattering

The Multihadron system
Summary and Outlook



@ T 7TRXT

e University of Chinese Academy of Sciences

Finite volume VS Infinite volume
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Finite volume VS Infinite volume

IR 2 : NS
H; = Hy;, + Z Vi 7 ) [0} (n]
n’ neZ?
‘ n |2 S\( ut
>, = D,
p— nezs In the early works, for pure s- and p- waves,
For Ncyr = 600, we have 61565 states| 61565 — about 600

(For L = 3 fm, Ny ~ 10 GeV)

cut =600

e Original basis |n} Z C3(N) ~ 60,000

600
@ Basis |N;l,m) with lcye = 4: > 25 ~ 600 x 25
N=0
600
o Basis [N.I;T = A7, f,a): > 2~600x 2
N=0

@ Orthonormalization needs the inner products P-Matrix

H.{, — HHL + Z Z -“J-_-IJL':‘JL'U}"\'F. ﬁ.\}z |_"'l.'!2 [, J'HrH: H\ 1

N'NT.F!.F

o(3) | o,
0t |Af
1 [T
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Example of Isospin-2 Scattering

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

Separable potential model:

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

(dg X ]i)l

Y
fi(k) 11 (d) = k)2)/27

6 parameters: Gg. Go. Gy, dgy. ds, dy
Dimensions of Hamiltonians (N, = 600):
AT :923 ET:965 T : 963

The fitted data: 11 energy levels

PRD 86, 034031 (2012)
Jozef J. Dudek et al.
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Example of Isospin-2 Scattering

Volume dependent spectra  Phase shifts with errors

AT |N=0 N=1 N=2 N=3 N=4 .- ~—— U 0w om om sow ooz oo
Ist | 99.7 0.2 0.0 0.0 0.0 - p = N

ond | 0.1 97.4 1.9 0.2 0.0 .- . o e
3rd | 0.0 1.5 94.5 2.8 0.3 .- -

@ Fitting — Parameters — H and Ay

E(L
2]
[

o H — §/(F)

e H, — E,(T, L)

OHL—> H ()
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I 1. It is a different formalism Correction
2. EigenVector  Model dependent

Hamiltonian
3. Different parameters method ajso can be applied in
s other Method
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Resonance Properties: Mass , Width,

useful information.

Lischer Equation



& T 4%/“@&/?

sity of Chir

Story from

Akaki ( Fi] 5 2. 175 ZE 2L ) asked :
What is really benefit compare to other Process ?

Hamiltonian EFT

e | try to answer: Exponential Suppressed
I 1. It is a different formalism Correction
L 2. EigenVector Model dependent
3. Different parameters method ajso can be applied in
e . other Method
Other Method | admit that this formalism can not provide more
I ''''''' useful information.
Model (K matrix or others)
{— e BUL, NOW | found

Bethe Forum Multihadron Dynamics in a Box



%) T M@w

sity of Chir

Story from

Akaki ( Fi] 5 2. 175 ZE 2L ) asked :
What is really benefit compare to other Process ?

Hamiltonian EFT
e | try to answer: Exponential Suppressed
I 1. It is a different formalism Correction
2. EigenVector  Model dependent

3. Different parameters method ajso can be applied in
. other Method

Hamiltonian

Other Method | admit that this formalism can not provide more
useful information.

I Hamiltonian Approach can be extended to multi-hadron case

'/ e But, now | found t

Bethe Forum Multihadron Dynamics in a Box



The Multihadron system
|B> | |aijBk> | | B, B, B3>

| B> diagonal B->q;B, decay | 0
H — | aijBk> ;B -> o'yB’y o; > BB,
- ' Rest Frame two body | Boost Frame decay
i [31[32[33 -> 618263
| Bl Bz B3> | Three bodies contact

Term



H=

The Multihadron system

|B> | | ;B> | | B, B, B3>
i Vo
|B> diagona\fi B ->a;f, decay 0 Y
| aijBk> . aijBk -> a’ijB’k v Q; -> B iBj ?
' Rest Frame two body | Boost Frame decay
B1B,B;->B1BB; *
| Bl Bz Bg> . Three bodies contact

Term

Long way, Heavy work ......



(R % ?/&}9 p

4" Ry » /

i f (¥ q) ‘% b&
g University of Chinese Academy of Sciences

Summary

HEFT can connect experimental data, Lattice data
and effective model.

HEFT studies Hamiltonian in the different
Momentum spaces, “Complex / Real”,
“Continuous / Discrete” .

Eigenstates in the finite volume are the discrete
states of continuous final scattering states in the
infinite volume.

Eigenvector can be used to explore the internal
structure of resonance based on basic states
setting.

The angular momentum mixing can be studied in
the HEFT frame work.
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