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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
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o 5,  (Phase Shifts, Lattice
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What is the Bare State ?

H=H,+H,
= 2 [B)m (B ]+ X]alk,) )z k2 JmE 42 [(e(,)
B> bare state, bare mass m;

la(ky,)> non-interaction channels

ANALOGY ( maybe inappropriate )

Quark > Person

Hadron Country

7

@ tesrTvexs ()

L //_\v/\v/ﬁ\\ L T

University of Chinese Academy of Sci




Why Bare State ?

H=H,+H, Tribes:
Ho = | B)m, (B, [+ ek, )|z + k2 JmE, 42 [(e(,) ‘ Independent
B> bare state, bare mass m;

la(ky,)> non-interaction channels

Countries:
Interacted

ANALOGY ( maybe inappropriate )
Quark > Person
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Introduction of HEFT

« T Matrix: v t -
.y (Ky i K (k,, kg, E)
by ook E) =V, (k) + D [ 2k, —— el ol ) Resonance
' 7 E —\/:gnﬁl +k’ —\/mﬁ2 +k’ +ie  (Mass, Width, Pole position, Coupling)
a 31 o 81 ap V1 21
aq B; 31 Ql\ 81 Sa’ﬂ =1-i2 pata"g (Ko koﬂ, E) V Pp H EFT
>—< X Ko, \/mcle + koza \/mozzl + kga
o G a9 Ba Po = E
) 1 77e2i5a — Sa,a
gi’“?migi'ﬂ Vap T matrix
(Phase Shifts, Lattice
Inelasticity) Spectrum
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I ntrOd u Cti O n Of H E FT J. M. M. Hall etc. PRD 87(2013), 094510

. ) ) ) 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 l (Mass , Width, Pole position, Coupling)
Discrete Z(Z” ,_)3 and (2%)-3/2‘:,—?% and ﬁ<_>j’__>j‘lzi’_#i>a:5aﬁ5ij
— . Compl ontinuum
Ho:i;|8i>mi<Bi|+;‘kw—ki>a[\/m25+k§+\/m§M+k§L< i’_ki‘ Mome Space
H= X (2 E X[, 0 BB, (6K [« X DRK), v (Rk]
me 0 0 o 00 2 _Lgl’(‘ko)_ 1195(&‘0)‘ Tlgi' (ko) LIQ}’(‘fﬁ)‘
R F{ A et e e e HEFT
gl I A R T R PN T b Gk o bk o k) o k) | REAICO m
? 0 [.l | 0 f](skl) | a1 (:k'l) 'U},1(7t:11k0) 1’}‘.2(1‘:"1-130) ""}',nc(}:"hk[}) Uil(;‘:l’k‘) Mo SpaCe Real
o | ~ Lattice _ Moment pace
(Hot+Hp) |¥>= E|¥> Eigen-Value <> Spectrum | matrix, |
. (Phase Shifts, Lattice
E1 gen—Vector inelasticity) Spectrum
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Introduction of HEFT

HEFT:
T matrix 1. Build a Hamiltonian model;
(Phase Shifts,
inelasticity) 2. If Experimental data available, we fit

Experimental data to fix the parameters in
Resonance  the model;
(Mass , Width, Pole If Lattice data available (close to physical
pion mass), we fit these data;
If both, we can use both of them constraint

HEFT

position, Coupling)

Lattice 1. BUIld MOdel the model parameters.
Spectrum If we only have Lattice data with
: unphysical pion mass, we need another
2- FIX Para- 3 EXtraCt PhyS parameter for the mass dependence, such
as mass slope.
i 3. From the fixed Hamiltonian, we can study
. . B, B o g1 the properties of Resonance. Especially,
Unphysical = >—< >< from the eigenvector in the finite volume, we
mass ?? g By oo 32 can estimate the internal structure of the
hadron.
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N*(1535)

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

2 Channels: nN and nN | 3
i 1 1
— P
a9 a2 P

Gy (k) = (3% ane /A7) sl () 392 Bk)a(K)
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N*(1535)

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

Parameter Value Parameter Value
myy) / GeV 1.6301 m) / GeV 1.8612
gy 0.0898 gz 0.2181
Iok 0.1525 v 0.0009
—g i ———————0:0000 IKA 02367
ANL 1 GeV 1.2335 AN/ Gev 1.4000
A% 1 GeV 1.2642 AD% 1 GeV 0.9521
A AGeV e AN2 | GeV 0.7283
UnN,mN -0.0655 UnN,nN -0.0245
UrN,nN 0.0388 UnN,KA 0.0320
UnN,KA -0.0757 VKA, KA 0.1371
Av.xn 1 GeV 0.6000 Avyn 1 GeV 0.9036
Aw.xcr 1 GeV 0.6060

G (k) =

_ V3gy"
27 fr

vVowm, (k) u(k),

N*(1535)/ N*(1650)

20 1_0:
100 I 0.9 -
I 0.8F

80 r
I 0.7+

Lo|= 60 I = 0.6
40 r 0.5 _—
[ 0.4 :—

20 r
[ 0.3 :—
07 1.1

We consider three channels: En- (1535 = 1510 £ 10 — (65 % 10)i MeV , E; = 1500 — 50i MeV ,

TN, nN, KA
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Parameter Value Parameter Value
m{) / GeV 1.6301 mSy) / GeV 1.8612
9 0.0898 gz 0.2181
go 0.1525 g0 0.0009
g 0.0000 IrA 10.2367
AN 1 GeV 1.2335 AN2 [ GeV 1.4000
A% 1 GeV 1.2642 A% 1 GeV 0.9521
AL 1 GeV ARR / GeV 0.7283
VaN, 7N -0.0655 ’U,]N!,]N -0.0245
’U;TN!',?N 0.0388 'U'r,rN,KA 0.0320
UnN,KA -0.0757 VKA KA 0.1371
Avxn 1 GeV 0.6000 Avnn 1 GeV 0.9036
Ay.xa ! GeV 0.6060

For N*(1535)/ N*(1650)

L~3fm

Fitting

eV)
eV)

~
b
-

b

E(
E (

2

0
my,(m2) = mg\,) + an;, (mTr — mﬂphys) ,

an, =0.944GeV~!, an, =0.611 GeV ™.

Fitting

1B EDP

Largest my,
2nd Largest my, |
Largest mp, :
2nd Largest myy,
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Parameter Value Parameter Value
m{) / GeV 1.6301 mSy) / GeV 1.8612
9 0.0898 gz 0.2181
go 0.1525 g0 0.0009
g 0.0000 IrA 10.2367
AN 1 GeV 1.2335 AN2 [ GeV 1.4000
A% 1 GeV 1.2642 A% 1 GeV 0.9521
AL 1 GeV ARR / GeV 0.7283
VaN, 7N -0.0655 ’U,]N!,]N -0.0245
'UrrN,'qN 0.0388 'U'r,rN,KA 0.0320
UnN,KA -0.0757 VKA KA 0.1371
Avxn 1 GeV 0.6000 Avnn 1 GeV 0.9036
Ay.xa ! GeV 0.6060

2

0
mNn; (m?r) = mg\lg + an; (WLTF o mff'phys) ’

ay, =0.944GeV™', an,

Fitting

1B EDP

—0.611GeV ',

R ks = ey [T R i o e B B B RS B

For N*(1535)/ N*(1650)

L~3fm

Fitting
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matrix Hamiltonian model
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1. Scattering state
3q state
2. Two clear states

For N*(1535)/ N*(1650)
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For N*(1535)

x(0)[€2) = [Bo)

= e P (Qlx(x, 1) %(0,0)|Q) ,

*Z| QBN e Pt Golt)

2 —Et

For One bare states:

Correlation Function: @G, (¢, p)

Z\BO|E |2 e~ Bt

Contamination function: Csg,(t)
1‘,#80

D) TAMTRREY

29

Define “Contamination Function
to compare HEFT VS LQCD

If [Eg,> IS a ground state,
Cgo~ 0.

If |Egy> IS a excited state,
Cgo(t) will have a minimal
value as function of t.

versity of Chinese Academy of Sciences



For N*(1535)  teompurerert vs Loco

For One bare states: ~ X(0)[2) = [Bo) IfEL> i d stat
| - - 50> IS a ground state,
Correlation Function: G, (t,p) = > e P (Qx(x,t) X(0,0)|9) Cgo~ 0.
_ V2eFit G (Bo|E)|* e~ Eit : :
= Z' x|l . Oaoll Z Bol If |[Eg,> is a excited state,

)2 e~ Eit Cgo(t) will have a minimal
value as function of t.

Contamination function: Csg,(t)
1‘,#80

For Two bare states: (o*x1+ 5 Xx2) |Q2) = ™ |[N1) + 5% |N2) ,

Correlation Function: ~ G(p,t) = > e (] (o xa (@, 1) + B X2 (2, 1) (cf X1(0) + 55 X2(0)) |€2) . < ‘

€T
E;t

Gi(t) =D _ (o (Nal + B; (Nal) [} (Eil (o [N1) + 5 [Na)) e P,

=" |y (Ni|Ei) + B; (Na| Bg)|? e 5t

|
1o L : L ‘ -
Y T 1 = R R R

Contamination function: C;(¢) = G_lt Z (aj (N1|E;) + By (Na|E))? e~ Bit e (GeV?)
j( ) i#NlaNZ CE1:<N1|EN1>= 51:<N2|EN1>:
as = (N1|En,), P2 = (N2|EN,).
ﬂ» @ Pads 16
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Cilt)

Cyit)

Cyit)

Cylt)

oy [, from lattice il ;. from lattice QCD a3, from HEFT
T T T T T T

;. 3, from HEFT
T T

T T T
— m = 0028 GV, Ey Tk E ik —— mj = 0028 GeV?, Ey | 0T
wif w6k E 1.6
.'.—\-/ =S B )5
=04 4 ‘::l e B :: 1.4
] 8)
Laf 3 [
12f E [
HE — m? = 0.028 Ge\?, B !
o ) s 1 L 1 s I
L5 U0 05 1N 15 0 15 [T) L5 10 L5 i) 181 15 220
t (fm) L0  {fm)
o T T T T T o T T T T T d T T T T T T T T T
ik — ol = 0079 GVE, En P — m? = 0070 GeV?, ik — = 0079 GV, By b
nif E a E [
wif E - i
naf 4 =
naf E [
< F [
nif E 13 E [ .
, s L L . L 4 ° L L . . ' d o . . . s . d . . s d
0.0 Lo L5 P 25 a0 L 05 18 L5 20 25 10 T [3 L L5 o 25 a0 0 (8] [ 0 25 10
t (fin) # (fm) t (fn) t (fm)
0 T T T T T T 08, T T T T T T 0 T T T T T T hE T T T T T
wob — ml = 0162 GeV?, By § -E — m= 0162 GeV?, By Wb — ml = 0162 GeV?, By § .3 — m} =0.162 GeV?, £ {
il E Lk E [T 3 E 6k E
[ 3 [ 3 E 15 Ei
L 4 ‘::l i E ‘; L4 Ei
] 8)
[ E naf E 1af 3
[ E 02 3 12k
P I I 1 1 I 1 " L 1 I 1 P I I 1 1 I 1 0.0 1 I 1 1 I
L) 5 L %3 20 25 0 S [ L0 L5 20 25 ] L0 [ L0 L3 20 2.5 E o L5 21 25 1
t (fm) t {fm] t (fm)  {fm)
0 T T T T T T 08, T T T T T T 0 T T T T T T hE T T T T T
b — mf = 0270 GeV?, By § .3 — ml=0270 G\ E, ] wk — md = 0270 GeV?, B, .3 — m? = 0.270 GeV?, E; ]
[T 3 E ik E [T 3 E 1.6
sk 4 15 E| (%13 4 1.5
b E 4 Zuf 4 ZFoa
] 8)
naf E E naf E 1.1
I E A E [ E 1.2
wif E L E wif E 1.1
T N R B T e 3
t (fm) t {fm] t (fm)  {fm)
0 T T T T T T 08, T T T T T T 0 T T T T T T hE T T T T T
web —— mf =038 Ge\?, B ] - — m? = 0388 GV, B, web — mi = (U388 GV, B - — m? = 0388 GeV?, E, ]
s E i 3 s E 1ok E
(%1 B - (%1 3 - 1.5 -
A E 4 =Zuaf 4 Zoap 4
=] 8]
[ E E naf E 3 3
[ 3 E 13 E 0.2} E 1. e
._:\'\ 4 wif 3 ._\\ 3 3 4
Ly Li T i ] L a— TE 225 an L v LI [ i 5 44 0 T3 ey 1
t (fm) i {fm] t [fm) i {fm)

0.8 ————

3 —— m2 =0028GCeV% E; T E

a3 from lattice QCD

‘ —— m2 =0.028 GeV?, Ey |

— a;.3; from lattice QCD 3
] e —_—

L T L o S e B S S S B

LI L E B B S B S S B B S B B S B L E H

— m2 =0.028 GeV?, E,
o, 3; from HEFT

—— m2 = 0028 GeV?, Eg 1
o, 3; from HEFT E

|

1.6

E (GeV)

1.4

1.2

Largest my,
2nd Largest my, |
Largest my;, ]
= = Ind Largest my, -
H o CssM 1
2 Cyprus

L1
l'&UU 0.05 0.10

PaiysRRz
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P PR
0.15  0.20

P PRI
0.25 030 035

m2(GeV?)

0.40

.‘2.5.‘..

0.5 1.0 1.5 2.0
t (fm)

This result shows that
HEFT is quiet consistent
with Lattice data.




Summary

« Here we find that the interpretation of the two resonances as three-quark cores dressed by
scattering-state dynamics is consistent with the L ~ 3 fm lattice calculations.

« Toextend to the L ~ 2 fm and 4 fm are both quiet good.

« We define a “contamination function” related to the overlap of bare states with eigenstates,
then we compare this function by Lattice input and HEFT results.

« All of these consistent comparisons show that the results of HEFT correctly reflect the
structure of hadron from experimental and lattice data.
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Parameter Value Parameter Value
myy) / GeV 1.6301 m,) / GeV 1.8612
O u tl O O k gy 0.0898 g2 0.2181
I 0.1525 PN 0.0009
. ] T 00000 IRA -0.2367
The most big problem is too many parameters. ANy 1 Gev 12335 AN 1Gev 1.4000
] ) ) A% 1 GeV 1.2642 Aj}s / GeV 0.9521
We have 21 free parameters! Data driven motivation. Hici /Gy Tl ARGy o
v:r:: 0.6388 U:::F:\i 0.6320
VUnN.KA -0.0757 VKA KA 0.1371
1 1 1 Av.xn 1 GeV 0.6000 Ay w1 GeV 0.9036
Now we want to Improve our model by including KX LT o
channel, i.e., it will be four coupled channels.
By using SU(3) symmetry, we set the fixed relationship Bare masses (2):
of coupling constants of bare state with channels, and My ~ 1535, Myey ~ 1650

channels.

e’ University of Chinese Academy of Sciences

Bare-Channel couplings (2+2):
Correspondingly, the fitting will be much hard. go1,

A4,

Jo2 »

Channel-Channel coupling:
1 couplings: mN,nN, KA, KX
4 (or 1) cuts for each channel

Total: 8 or 11 parameters !
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Thanks for attention!
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