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Discovery of A(1405)

- The resonance first appeared in bubble chamber experiments

R. H. Dalitz and S. F. Tuan, PRL 2, 425(1959)
1™ R. H. Dalitz and S. F. Tuan, Annals Phys, 10, 307
-/1(1405):]”:5 , 1 =0 Y

PDG, Prog. Theor. Exp. Phys. 2022, 083C01 (2022)

- mass: 1406.5 + 4 MeV, width: 50 + 2 MeV

A(1405)
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- A good candidate of hadronic molecular state
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1. Coupled-channel framework -
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2. Chiral approach o
0.2
- Two pole structures of A(1405) - g
-20
v Two poles of the scattering amplitude found PR el | TP

around nominal A(1405) energy region.
T. Hyodo et al. Part. Nucl. Phys. 67, 1(2012)



Chiral unitary model(LO)
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- Lagrangian at leading order bwr = 772 Tr |Biv#[®0,® - 9,0, B]|
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Chiral unitary approach up to NLO

£ = bp(B{x+, BY) + br(Bxs, B]) + bo(BB)x+) + dy(B{w,, [u, BI}) + d2< |, [#, B]]> + d3(Bu, JuB) + d,(BB)utu,)

» Lagrangian

» Potential
-{...): the trace in flavor space

D;i—2k, k"™L;:
VNLO Lj u L] NlN]

_ + .+
- X+ = 2Bg(u™Mu™ + uMu) 1 Iz
breaks chiral symmetry 5> Swave: VS = NiN;(D;j—2L;jw;w;)
. [ [] — 2
- M = Diag(m,, mg, mg) f
_ BO — {0lgql0) Partial wave decomposition v, =~ [, P(cos 6)V(6)d cos 6
f2
- b; and d;, the low energy constants s b _ﬁ(bb_bm% ad + 1 40, é(d1+d2_2d3)
D = Lij =
- D;j and L;; depend on b; and d; —é(bu—bp)u% 2(2bo + 3bp + br)m} ﬁ@lﬁdz—z‘iﬂ di +3d; +2(ds +dy)



A(1405) in coupled-channel scattering(LO)

» Bethe-Salpether equation « 4+ /— stands for unphysical/physical sheet
1 A(1380) A(1405)
— V Mgz = 1331 MeV  mgy = 1433 MeV
1-VG Lower pole Higher pole
A
e e, T
G _ 2M { L M12+m12—M12+s1 mp o
(4m) 7} 2s M;
2 -
L em [(s +24/5qem)” — (M} — m]) ]} Z
2 =
V5 L(s = 24/5gem)? — (M? — m?) :
« 1= 630MeV
" Oz = 2 e
* agy = —1.84 I R v v
Re[Eum] [MeV]
E. Oset et al, PLB, 527(2002) v" Both of two poles are resonaces with physical hadronic masses.



A(1405) in lattice QCD simulation

+ - » Hadron masses and decay constants(units in MeV)
1550} o TR

o4

%
2 203 486 979
S 1450 ¢ + + +
1400 F - - - - oo ; _______________
; + + 1193 93 108
0.0.00 0010 [OL1]  [LLI]
Boost
2T — * Virtual state: 1392 + 27 MeV

- Total momentum: P = TN
e Resonance: (1455 + 32,11.5 + 8) MeV

BaSc, arXiv: 2307.13471



The trajectories of two poles of A(1405)

20 5 5 I450
[ channels(LO) st 2 channels(LO)
Bound i Resonant — 2
___________ I : 400 Mp(m,) = My + E m
0 H‘ | Virtual OF W Higher pole e B ( T[) 0 €B’¢ d)
= e : Resonant ~ _ : 1350 ¢=m,K
v 20} I v - I ]
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- : - —10E : 1300 §
Z = | = .5 = ay=—17 agy = —2
£ £ 15} I 1250 X 1y YKN
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i ~20| i 200
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| 3 |
20 0 20 ma
Re[zgr] —mzx [MeV] Re[zg] — mgy [MeV]

m, > 207 MeV, lower pole become a virtual state v The lower pole of

m, > 250 MeV, lower pole become a bound state A(1405) becomes a

Higher pole is resonance
m, > 250 MeV, Re|zz]| > mgy

virtual state in unphys.

W oe



Coupled-channel approach in a finite volume

» Loop function in a finite volume > With the effect of finite volume, P = 0,
_ d3 |Q|<Qmax
G = j(z )BI(ICII) = z I(lq1) Lorentz invariance of the system will be broken
" e Momentum in the moving frame
11GD 2mpg w1 + w,
ql) = Vs P
2wiwy E? — (w1 + wy)? e _ o vS§ q q
¢ =q+ |50~ B | po P
> Scattering matrix 1. (P°, P): the total momentum of system
~ 1 2. q*:the momentum in center of mass frame
T = =V
1-Va

» Moving frame
» Energy levels

Det(1 = VE) = 0 G(P) = EEZ 113 @0



Fitting result(Leading order)
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= Green circle: lattice energy levels
» [E;:the prediction of energy levels
= N;:boost

» Subtraction constants

—1.67 —2.0




Pole structures of A(1405)(LO)

» Pole structures of A4(1405) within 1-0 confidence level(CL)

o} LOKS-vave) o et | B " Couple channels scattering(LO in S-wave)
a0l 4 Lattice pole 45 _
5 ! = Poles coupling with 2 or KN are encoded by colors
i :40: i 25
L
e N 1402.59%3580 — i 47.60%35°25 1452.7113328 — 1 23.182337,
RS T vy R VT P R T g

Re[Ecn] [MeV]

|Gz 3.41%57¢ 2.05%%%9

|9z 2.89+2:30 3.181123

Im[Ecn] [MeV]
IDet[/ - VGII

1. Both of A(1405) states are resonances states

@~ % 2. Within 1-o CL, the lower pole becomes a virtual state partly

RelEcn] [MeV]




Fitting result (Up to NLO, S-wave)
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Up to next to leading order (S-wave)

» Pole positions of A(1405) up to NLO

s = Aresonance
"= Avirtual state with non-zero imaginary part
1380 1400 Re[Eiﬁz[(l)v[ o] 1440 1460 >0
i : (LO+NLO, S—wave)
0.14f i | = |Tazorzl?
o i T Tl - -
; | e Mass[MeV] 1390.37 —i91.86 1454.72 —i32.78
NEZ:Z:: n=(1397) ; i RN(1466) |gn2| 418 284
0.04} E / \i |gI?N| 362 46
ome e Y
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Effect of higher partial waves

» Partial wave mixing with boost _
M. Doring et al, EPJA(2012)48,114

~ AT q 1+1 o ~
Glm,l’m’ = L_?’Z <CI_) Ylm(CI)I(CI) Yy (q)
n

on

2 -
* Qon: E% — ((U1(Clon) + wz(qon)) = 0, Energy level: Det[dll/5mm, — VlGlm,l'm’] =0

1. The case of P

“2[0,0,0]: 1 = 0, det[I = VyGoo,00] = 0
2. Thecaseof P = 27”[0,0,1]: [ =0,1,det[(I = VyGoo,00)(I — V1G1910)] = O
3. Thecaseof P = ZTn [0,1,1]:
[ =0,1, det [(1 - Voéoo,oo) [1 - V1(51—1,1—1 - iG~11,1—1 ) - V0V1(éoo,11 - 500,1—1)2” =0
4. Thecase of P = ZTE [1,1,1]:

[ = 0,1, det [(1 — Vo Goo,00) (1 Vi (Gyogqq + 2ic‘;'1_1,11)) - 3V0V16"g0,10] =0



Summary and Outlook

» Summary: study the lattice data of 4(1405) with chiral unitary approach

1. The lower pole in the first time becomes a virtual state from a resonance by varying the mass of pion
2. At LO(S-wave), the higher pole is a resonance, the lower pole could be a virtual state or a resonance

3. Up to NLO(S-wave), both of resonance and virtual state are present

» Outlook

1. Include the effect of P-wave in potential and fit to energy levels to obtain the parameters
2. Analyze the pole structures of A(1405) in infinite volume to fix the poles position

3. Accomplish the paper %W/WW attontion]
Thanks for Prof Raguel and Dy _Jing for polishing slides



