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=B A bit of history
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Number of events

1 About the A(1405)

[Alston et al., PRL 6 (1961) 698]

(a)

1 1 1 1 ! 1
%20 1360 1400 1440 1480 1520 1560 1600
Mass (2m)°  ( Mev)

A(1405) —» I(F)=0(3") S=-1

Barbara Cid-Mora

|

— Theoretical Prediction K~ p — %
[Dalitz & Tuan, PRL 2 (1959) 425]

—+ Experimental evidence of resonance
(7> mass spectrum)
[Alston et al., PRL 6 (1961) 698]

-+Meson-Baryon comp. A(1405) (Chiral sym.)
[Veit et al., PLB 137 (1984) 415]
[Jennings, PLB 176 (1986) 229]

|

—First time two-pole picture
[Fink et al., PRC 41 (1990) 2720]

|

+Chiral dynamics: coupled-channel
[Kaiser et al., NPA 594 (1995) 325]
[Oset & Ramos, NPA 635 (1997) 99]

— SIDDHARTA at DA®NE: K~ p Scattering Length det.
[Bazzi et al., PLB 704 (2011) 113]

+ Spin & Parity by CLAS Collab.
[Moriya et al., PRC 87 (2013) 035206]
[Moriya et al., PRL 112 (2014) 082004]

|

|

University of Glasgow - Hadron Spectroscopy with Strangeness 2024



== One or two-pole picture?

1 About the A(1405)

A resonances
[PDG, PTEP 2022 (2022) 083C01]

Hadron  J¥  status
A(1116)  1/2F (o * *x)
A(1380) 1/27  (s%)
A(1405)  1/27 (k)

3/18  Barbara Cid-Mora

Is A(1380) a second pole of the scattering
amplitude in the complex energy planein the
A(1405) region?
[Isgur & Karl, PRD 18 (1978) 4187]
[Oller & MeiRner, PLB 500 (2001) 263]
[Roca & Oset, PRC 88 (2013) 055206]
[Mai & Meif3ner, EPJA 51 (2015) 30]
[Anisovich et al., EPJA 56 (2020) 139]
[Scheluchin et al., PLB 833 (2022) 137375]
[Wickramaarachchi et al., EP) 271 (2022) 07005]
[Aikawa et al., PLB 837 (2023) 137637]
[Acharya et al., EPJC 83 (2023) 340]
% [Bulava et al., PRL 132 (2024) 5]

% [Bulava et al., PRD 109 (2024) 1]
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== Our approach: Lattice

2 Lattice QCD

Quarks and gluons in a finite size discretized grid

%\uons.

Observables estimated by sampling gauge
configurations

—p—

Correlation functions are computed

q_\)(\\'Kﬁ

Finite-volume energy spectrum extraction

Importance of lattice QCD to study the A(1405)
Predictions once quark masses and couplings fixed

Facilitates exploration of the elastic region 7% — KN

Resulting motion of poles under variation of quark masses
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=B Lattice details

2 Lattice QCD

Details of the D200 ensemble generated by the Coordinated Lattice Simulations
consortium (CLS) [Bruno et al., JHEP 02 (2015) 043]:

alfim]

(L/a)* x (T/a)

mr

mg

0.0633(4)(6)

643 x 128

~ 200 MeV

~ 487 MeV

(B 2000 gauge

tHH Open temporal

configurations
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boundary conditions
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N

Hadrons in the lattice
2 Lattice QCD

Single hadron operator in
the latice (A)

» Operators

— Single and meson-baryon

s A[P]

S W[ﬁl} E[ﬁg]

6/18

Barbara Cid-Mora

o

e

Multihadron operators in
the lattice (X and KN)

A(d?) Operators
Gig(0) AlG14(0)]
K[A(1)] N[Gy(1)]

Ay (D] %[6:(1)]
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== Correlation functions

2 Lattice QCD

» Correlation matrices —  Stochastic LapH method (sLaph)
[Peardon et al., PRD 80 (2009) 054506] (Original distillation)
[Morningstar et al., PRD 83 (2011) 114505]

C(O) = (O:(010:(0)) = 3 ne ™™

» Extraction of energy spectra —  Solving the GEVP
[Michael & Teasdale, NPB 215 (1983) 433]
[Blossier et al., JHEP 04 (2009) 094]

C(td)Vn(th td) - >\n(t0a td) C(to) Vn(t07 td)
Single Pivot & Rolling Pivot
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GEVP Results

2 Lattice QCD
9.0
Single Pivot tq = 12a
8.5 §% % 17 ? % Single Pivot tq = 16a
%} E [ -2 Rolling Pivot M
8.0 3801 ¥  Rolling Pivot B
oo $Ey P50 gg I
g7 §891 3t i1
\570 Ee Y LY KRS ey
& - — -
6.5
6.0
5.5 TOoocy soc¥ TOs¥
G(0) Gi(1) G(2) G@3)

Center-of-mass finite-volume energy spectra results under variation of implementation
of the GEVP method.
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==z Jr Single hadrons energy

3 Finite-volume energy spectra

0.150 i e it y2/dof = 1.22 §  singleexp
it limit T twoexp
1 data o geometric
0125y
5
§
0.100 -
-
0.075 .,
s> T
0 10 20 30 40 5 10 15 20

t/a tmin/ @

Single hadrons results: 7 effective mass and variety of fits to Lattice data using different
values of tmin.

Bulava et al., PRD 109 (2024) 1
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== Multi-hadron energy spectra

3 Finite-volume energy spectra

72 threshold

0.45 e
¢
3 0.44
&
0.43 } 9 single-exp. N(0)K(0) ratio
} g single-exp. 3(0)7(0) ratio
& two-exponential

0.42 ¥ geometric
10 15 20
tmin/ a

Multihadron results: Variety of fit forms to lattice data vs tmi, in the energy laboratory
frame. (Lowest level of the G14(0) irrep)

Bulava et al., PRL 132 (2024) 5
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=1 Energy spectra

3 Finite-volume energy spectra

8.25 ] {
8.00 % i % [{
7.75 ¥ t t %
[ { { I
S E & & L3 A
\§7.50 II ; }{
= 7.25 t i}
it 1 Fre
7.00
675 ----------- I o I I I TrZ

Gi(0) Gu(0) Gi(1) Go(l) G(2) K(3) BB GEB)
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== Liischer formalism

4 Scattering amplitude analysis

The recipe for scattering amplitudes goes as
[M. Liischer, NPB 354 (1991) 53] [M. Liischer, NPB 364 (1991) 237; and extensions.]

Im(s)
— )
— det [K + F*l} =0 M —® s Re(s)
E Quantization Scattfr‘lng
condition matrix
Discrete energy Pole
spectra Positions
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== Quantization condition

4 Scattering amplitude analysis

8.25 } }
8.00 i . }i
LT # Pl . ; = %
%Too g3 EI{ A Finite-volume
« 7.25 ! 11 i -~ energy spectra
3 E E i KN
7.00
e 3 3 i o

Quantization

e —1| _
det [KJrF }70 condition
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4 Scattering amplitude analysis

det |:<IS7TE~>7TE K‘ITE*)KN) 4 (F;é (Em Pa L)
Kinsns  Kinoin 0

78
=K1 —ik y
T4
g
~
E7.2
c2 CrxCR =
t= = s TN 70
cm — Lpole CﬂECI_(N CKN
6.8

13/18  Barbara Cid-Mora

Scattering amplitude parametrization

K — matrix
parametrization

i input data |
£ amplitude fit

KN

byl E i
ppo i TEEET
o an  d)
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Analytic structure of Scattering amplitude
E 5 ][ 4 Scattering amplitude analysis

10
=
= 05
(&

0.0
2. 00
e ) -
E -01 .

00 02 04 06 08 02 04 06 08
Re (Eqy — mz — my)/ms Re (B — mqz —my) /my

(Left) Scattering amplitude results based on different parametrizations
(Right) "Preferred” parametrization of the scattering amplitude
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Main results: Two-pole structure

4 Scattering amplitude analysis

[
®
1.0 é E, = 1392(9)st(2)md(16)a MeV
=]
N S (1)
5 3 Eg—g = 1.9(4)5:(6)ma
<> 05 £ KN
[y >
00 .| E2= [1455(13)5t(2)ma(17)a
« 0.0 Q
SE Virtual stat & _j
S o1 irtual state R%nce g 111~5(4-4)st(4-0)md(0-1)a] MeV
& 2)
= — — TE = 0.53(9)5:(10)ma
0.0 0.2 0.4 0.6 0.8
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Re (Ecm — My — mZ)/mﬂ'
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== Example | of motion of the poles vs m

4 Scattering amplitude analysis

30 . . : : ,
2 =
[+
2 2
NM I Nm
kE| | E
20 virtual ' resonant
-10 1 1 1 1 1 ‘I 1 -120 L 1 i L L
-6 5 -4 3 ) -1 0 1 2 -60 -40 -20 0 20 40 60
Re zp-(mg+My) [MeV] Re zp-(m+My) [MeV]

Trajectories of the two poles of A(1405) as functions of the pion mass m from 137 MeV
to 497 MeV. Critical masses are labeled by solid squares, between which the points are
equally spaced. (zg = mg — il'g/2) [Xie et al., PRD 108 (2023) 11]
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Example Il of motion of the poles vs m .

4 Scattering amplitude analysis

0.00 N
. -005} 1
% - 405
9 - ]380
E —0.10} == 1680 4
-0.151 q
o) KN nA K=
1.3 1.4 1.5 1.6 1.7 1.8
Re W [GeV]

Motion of the poles from the SU(3) limit to the physical values of the particle masses. Blue, red

Im W [GeV]

0.00

-0.05

-0.10

-0.15

nA

1.5 1.6 1.7

Re W[GeV]

and green lines denote the A(1380), A(1405) and A(1680), respectively. Left panel:

Weinberg-Tomozawa term; Right panel: includes NLO.

17/18
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s Summary

5 Summary

First Lattice QCD study of coupled-channel 7% — KN in the A(1405) region
Every parametrization used found two poles in this region
% NOTE: These parametrizations could accommodate zero, one or two poles

Our results show qualitative agreement with phenomenological extractions [see PDG, section 83]
Lower Pole: E; = 1392(9)stat(2) mode1(16)a MeV
Higher Pole: Es = [1455(13)stat(2)model(17)a — i11.5(4.4)stat (4.0)mode1 (0.1)a] MeV

Reference Results: Re (E1) = 1325 — 1380 MeV; Re (E3) = 1421 — 1434 MeV

Future work:

- Explore quark masses dependence of the poles: strange mass dependence
- Explore impact of three particle operators

- Study lattices with a closer to physical m,

18/18  Barbara Cid-Mora University of Glasgow - Hadron Spectroscopy with Strangeness 2024
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== GlueX Preliminary analysis

Back-up

4500
4000

+ A(1520) G'-UEX‘ :

Preliminary

3500
3000

Counts / 10 MeV

2500
2000
1500

1000
"""-'*.,
Y+ -+ -+ -+
hndhs he e ,-N."' RESCICN

||||I|||||||l||||||I||||||||II||||I|||||||

500

PUREPURT SRS SNTUN AT S (ST ST S S (ST ST S S ST S SN S S S S S S N 't
14 15 16 1.7 1.8 1.9 2
M., (GeV)

o
w [TTTT

Wickramaarachchi et al., EP) Web Conf. 271 (2022) 07005, [e-Print: 2209.06230]
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=B Lattice details

Back-up

Ensemble D200 generated by CLS was used. Its properties are:
e Dynamical mass-degenerate u— and d—quarks (heavier than physical), and s—quarke (lighter
than physical).
e Tree-level improved Liischer-Weisz gauge action.
e Non-perturbatively O(a)-improved Wilson fermion action.
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I = JI Effective masses and correlated-y?

Back-up

The effective mass is calculated as:

mep(t + 1/2)—1n< f(t) )

C(t+1)
¢= 3 (€0 -10) g (€0 A
where
fle) = Ae ™"t
and !
Covn(t.#) = 1 ((€(6) ~ (CODw) (C(E) — (CE D)

t,t' : lattice time E;: Energy N :Nr.samples (...)y : statistical average
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== Binning results

Back-up

—o— jackknife
—¢— bootstrap
“e 3 (Top) Ratios of variances for fits to
Q: m, versus Npi, for jackknife and
szz 5 I 1 bootstrap resampling.
! 1 (Bottom) Correlated-x? of two-
exponential fit to m, versus Ny;,.
1 In both panels, the final binning
1.75 choice is illustrated as a blue solid
‘g - square.
N\
~1.25
1 5 10 15 20 25
Nbin
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=1 Correlation function fits

Back-up

Several fit forms used to extract the finite-volume energy spectra:

C(t) = A,e~En (Single exponential)
C(t) = Ape~Er + Ay e~2” (Two-exponential)
C(t) = l%ﬂ% (Geometric)

Ry(t) = W&im = Aye "2 (Ratio of correlators)
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Back-up

Single Hadron results

18/18

am;, 0.06533(25) amg 0.15602(16) amy 0.3143(37)
ampa 0.3634(14) amsy, 0.3830(19) amszs 0.41543(96)
Table: Summary of hadron masses in Lattice units.
am, ~ 200 amg ~ 487 amy ~ 980
ampy ~ 1120 ams, ~ 1194 ams ~ 1295

Table: Summary of hadron masses in MeV units.

Barbara Cid-Mora
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== Amplitude Analysis

Back-up

Basically one searches for the zero’s of the following equation, using the finite-volume energy
spectra as constrain.

det (IE”EHWZ I?{WZ*)KN) + (F;le (Env ﬁa L) ) 0 . ) -0
Kinorys  Kinoiw 0 Foy (En,P,L)
Multi-channel Matrix Zeta Function

One fits with respect to the energy shifts of the non-interacting energies:
AE; = Egf — Eiif
Where one minimize correlated y?:
8 = AEem; — AEQ: |

And the preferred fit is based on lowest Akaike Information Criterion:

AIC = x* — 2ngyp
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== Amplitude Analysis

Back-up

The following quantity is defined proportional to the scattering transition amplitude and to K as:

t_l = ﬁ_l — ik
where k = diag(kxx, kgy), and

2 1 2 2 2
kTrE - ET)\K (Ecmvmﬂ-vmz)

2 1™ 2 2 2
kg =z Ak (E2,,m2, m§)

where \g is the Kallén function. Which is equivalent to searching for the oc’s of

my Cg‘-z} CrxCRN
t= ——7— g 2 —+ ...
Ecm - Epole CrnCRN cf(N
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== Amplitude Analysis: Parametrizations

Back-up

1. An effective range expansion (ERE) of the form
Mmx
Kij = Ef <AU + BijAﬂz (Ecm))- (1)
cm
2. Avariation of the first parametrization without the factor of m /E¢p:
Ky = Ay + BjArs(Eem).- (2)

3. An ERE of K~ ! of the form

+ Eem [+ | =
Kij - nf;m (Aij + BijA‘n'E(Ecm)) . (3)

s
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== Amplitude Analysis: Parametrizations

Back-up

1. A Blatt-Biederharn parametrization:

K=CFct, (4)
where
c - (co§e sine)’ (s)
—sine cose
Eem) 0
F = O( cm 6
( 0 f1(Ecm)>’ ©
and

my a; + biAﬂ'E (Ecm)

(E B .
fl( cm) Ecm 1 + CiAﬂE(Ecm)
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== Scattering amplitude parametrization

Back-up
det |:<I:<7r2—>71'2 E‘ITE—)RN) + <F;§13(En7ﬁ’ L) . 0 . >:| =0
iN—rs  Kinoky 0 FI%N (En, P, L)
K — matrix 78 0 bt
parametrization . {E T amplitude fi
7.6 A
Kj' = B (& + ByAns) = o
~U m7r1 U+uw2 qu }E {E }E fi KN
K = CFC— 7.0
Ky:Cq(QEcm_MI_M]) 6.8 i3 1] iy it fo)
Gu(0) Gi(1) G(2) G(3)
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