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Introduction

Strange quark in QCD
Strong interaction is governed by QCD

Poen = — ~G& G + G (iy"DY — m 5P
QCD — — Z uva + qa(ly w — My )Qﬂ
- nonperturbative at low energy (confinement, SCSB)

Quark mass scale and QCD symmetries

Chiral symmetry (m, - 0) Aqcp(200) HQ symmetry (m, — )

1(4.67) s(93) c(1270)

q/ MeV)

s quark at intermediate —> rich/complicated hadron spectrum
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New states in 2 years (6 strange baryons)
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Introduction

Relation to unstable nuclei
Stable nuclei (~300), nuclei (~2000)
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tructure of unstable nuclei
- clustering, halo nuclei, Efimov effect, ...



Introduction

Pole of resonances

Signals of a resonance

c(E)4 S(E)4

Schrédinger eq. + outgoing b.c.
atenergy £ (p = v/2uE) (pole of s-matrix/ \
- bound states (E < 0) zero of Jost function scattering amplitude
p=ix (k>0) = [/Z(p)o ] < [fe(p)| = oo
- resonances (E € C) \ |S£(p) | = o J
peC (Imp<0)

\_ _J
Theoretical analysis to pin down the pole position




Introduction

QCD calculation

Lattice QCD (effective mass method)
G.P. Engel et al. (BGR), Phys. Rev. D87, 074504 (2013)
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- lowest quark mass m_~ 255 MeV

- ground states : OK

- excited states : noisy
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Scattering calculations are awaited.
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« Introduction : strange baryon spectrum

P. A Zyla, et al (Particle Data Group ), PTEP 2020, 083C01 (2020)

u Selected baryon resonances
o o S AOS AR T

Y. Ikeda, T. Hvodo, W. Weise, PLLB 706, 63 (2011); NPA 881, 98 (2012); |
Y. Kamiva, T. Hvodo, K. Morita, A. Ohnishi, W. Weise. PR1.124, 132501 (2020) #

K. Miyahara, T. Hyodo, M. Oka, ]. Nieves, E. Oset. PRC9S5, 035212 (2017)

- S =—3:Q(2012)
s« Summary
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S = —1: A(1405)/A(1380)

A(1405) and KN scattering

A(1405) does not fit in standard picture —> exotic candidate
N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978)

T T T T T T T T T T T T T T T
2100 |

| - - | == :theory
1900 | _ s _— —

’ _
2 77 w— 22 peeeer]
“
/

g 1700 ‘,
V///l % ===
1600 %

7 . 7.
1s0 — = o= -
- \=/ A(1405) 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
N*1/2 - A*1/2- A*112-L*1/2-Z *112- Q*1/2-N*3/2- 8*312- A*312- £*312-Z*312- Q* 312-N"5/2- A*5/2-E%5/2- =5/

2-

~

[
X
~ 1800 |-
"

: experiment

I
E

I
[
N

o

Resonance in coupled-channel scattering

A
- coupling to MB states —— KN threshold

T A(1405)

energy

7~ threshold

Detailed analysis of KkN-zx scattering Is necessary.

11



S = —1: A(1405)/A(1380)

Strategy for K~ interaction

Above the KN threshold : direct constraints
- K~p total cross sections (old data)

- KN threshold branching ratios (old data)
- K p scattering length (new data : SIDDHARTA)

Below the KN threshold: indirect constraints

- 72 mass spectra (new data : LEPS, CLAS, HADES, ...)

A(1405)

T2

energy
>

\

12



S = —1: A(1405)/A(1380)

Construction of the realistic amplitude

Chiral SU(3) coupled-channels (XN, X, zA, nA, 3z, KE) approach

Y. Ikeda, T. Hyodo, W. Weise, PL.B 706, 63 (2011); NPA 881 98 (2012

N - N ~ \\ - _
N N 7 ~ r e
7 7 = \ -
N P N 2 = j Z e

Chiral perturbation theory

1) TW term

\ /
AN
/
N
N 7
7/

>
O(p)
6 cutoffs

TW model

2) Born terms

TWB model

3) NLO terms

V4
N

>\.'/>
O(p*)
7 LECs

NLO model

13



S =—1:A(1405)/A(1380)
Best-fit results

TW TWB NLO Experiment
"‘7', AE [eV] 373 377 306 283+36+6 [10] SI DDHARTA
@D v 495 514 591 541 4+ 89 £22 [10]
e
- 2.36 2.36 2.37 2.36+0.04 [11]
®© =, 0.20 0.19 0.19 0.189 +0.015 [11] Branch|ng ratios
g, 0.66 0.66 0.66 0.664 & 0.011 [11]
x2/d.o.f 1.12 1.15 0.96
3‘ 60 =
0 - 7w &
: |Q' ’E 40 - -EJ
o ;T a0} «
- 1 1
i l& IR 20 |g“
O = L S
0 ® 0 L . L ° 0 °
m 50 100 150 200 250 50
m Plab [MeV/c] Plab [MeV/c]
8 =
£ a )
& B E
e £ g
O i o 5
n y 5
S S S
|Q” ! 1 1
M = & &
S X <
b b b
50 1 60 1 ‘50 260 250 50 1 60 1 50 260 250 0 50 160 1 50 260 250
Plab [MeV/c] Plab [MeV/c] Plab [MeV/c]

Accurate description of all existing data (,°/d.o.f ~ 1)
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S = —1: A(1405)/A(1380)

Comparison with SIDDHARTA

TW |TWB [ NLO
v/d.of. |1.12 |1.15 |0.957

800
6001 . ||SIDDHARTA |
0 f :
— | : |
= 400 i g
= i 5 :
= : |
2001} 5 |
KEK-PS  ii DEAR:
O | | | |
5500 400 300 200 -100 0

Shift AE [eV]
TW and TWB are reasonable, while best-fit requires NLO.
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S = —1: A(1405)/A(1380)

Subthreshold extrapolation

Uncertainty of kv — KN( = 0) amplitude below threshold
f =0 = (fK—pK—p + sz—pKon + fro,20,)/2

|

/\ SIDDHARTA . [l
1 —
0 / Z

2

1340 1360 1380 1400 1420 1440 1340 1360 1380 1400 1420 1440
W [MeV] W [MeV]

Y. Kamiva, K. Mivahara. S. Ohnishi, Y. Ikeda, T. Hvodo. E. Oset. W. Weise
NPA 954, 41 (2016)

- c.f. without SIDDHARTA
R. Nissler, Doctoral Thesis (2007)

NN W A

O [fm]

Relf!

ALbowsow
T T T T T

SN B~ N 0 O

SIDDHARTA is essential for subthreshold extrapolation. y



S =

— 1 : A(1405)/A(1380)

Extrapolation to complex energy: two poles

Two poles : superposition of two eigenstates

J.A. Oller, U.G. Meifiner, PLB 500, 263 (2001);
D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. MeiBlner, NPA 723, 205 (2003);
U.G. MeiBner, Symmetry 12 981 (2020); M. Mai, arXiv: 2010 00056 [nucl-th];

0
A(1405) I T T T T T
*
ot TW AR
0.8 |
. «-  TWB |-
ITI [1/MeV] oa = oL NLO ]
08 - ' =)
i S L B
0.6 02 E S0 . ]
B T 1
0.4 1001 | R
L X B
02
120 6 .
1460 Im(z] [MeV] T . E T R R R B
440 oo 220 1320 1340 1360 1380 1400 1420 1440
Re[z] [MeV] 1400 Re 7 [MeV]

T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012
NLO analysis confirms the two-pole structure.
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S = —1: A(1405)/A(1380)

PDG has changed

2020 update of PDG
P.A. Zyla, et al., PTEP 2020, 083C01 (2020); http://pdg.1bl.gov/

- Particle Listing section: it T
P Y
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
40 - A
— IJP) = 0(27) Status: kokk*k
A(1405) 1/2 : = ol |
=
N o H H
= o f T -
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) T
a0t [ -
— P_ 1- .
A(1380) 1/2 new" -2 Status: Kk 1205 e
-140 | 1 | L | I |
1320 1360 1400 1440
Re z [MeV]

- “A(1405)” is no longer at 1405 MeV but ~ 1420 MeV.
- Lower pole: two-star resonance A(1330)

18



S = —1: A(1405)/A(1380)

New data : Kp correlation function

K p total cross sections
Y. Ikeda, T. Hyodo, W. Weise, PLLB 706, 63 (2011

- Old bubble chamber data

K—p correlation function
ALICE collaboration, PRL 124, 092301 (2020)
C(q) = Ng-,(Pk--Pp)
Ng-(Px-IN,(P,)

& 0% Pk- @

- Excellent precision (K"z cusp)
- Low-energy data below &%

C(q)

cross section

0 L ‘ ‘ P
50 100 150 200 250 [MeV/c]

correlation function
I ¥
ALICE pp E
Fo=1.15£0.02 7> fm E
A = 0.68 + 0.07 E
. e Kp@®K'p =
:  []Coulomb _

Coulomb+Strong (Kyoto Model)

[]Coulomb+Strong (Julich Model)

.....................................................................................................................

—> important constraint on A(1405) theories lq]

19



S =

— 1 : A(1405)/A(1380)
Prediction from chiral SU(3) dynamics

Theoretical calculation of C(g)

- )y g2 S(r) HefRs® cor. r
C(q)—Jd3r S(r) | ¥ () | Faydn @

- wave function ¥, "(r) : coupled-channel KN-zZ-zA potential
K. Miyahara. T. Hyodo, W. Weise, PRC98, 025201 (2018

- source function S(r) : determined by K*p data

|| ALICE (pp 13 TeV HM) |_._|
2.5l Cp(R = 0.9 fm) ——
| Chit + Cres(R = 0.9 fm) oo
Cie(R = 1.6 fm) —
= 2 |

| | | |
0 50 100 150 200 250 300
q [MeV/c]

Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PR1.124, 132501 (2020
Correlation function is well reproduced.

20
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« Introduction : strange baryon spectrum

P. A Zyla, et al (Particle Data Group ), PTEP 2020, 083C01 (2020)

N
s« Selected baryon resonances

=S =-1:A(1405)/A(1380)
Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881, 98 (2012);

Y. Kamiva. T. Hvodo, K. Morita. A. Ohnishi, W. Weise. PR1.124. 132501 (2020

_'f’ - S % 2 _(1620)/_(1690)
' Y. Miyahara, T. Hyodo, M. Oksa, J. Nieves, E. Oset. PRC95, 035212 (2017)

|- S=-3:0(2012) |

u Summary

21



S=—2:E(1620)/E(1690); S = — 3 : Q2012
S = -2,-3 baryon spectrum

Baryon spectrum with §=-2,-3

2600
not well explored % [ E2500 oo S—
(difficulty in fixed target S 2400 | =0370) e Q@30 e
. 2! - T two star
. .5 2(2250) ... Q(2250)
eXperlmentS) é conp |l e . oneli
[ E(2120)
- Flavor SU(3) symmetry? 2o~ 2000 - 9002
Nz ~ Ny + N, 1800 | E =(1820)
L 2(1690) NG
NQ d NA 1600 [ 3(1620)
2(1530)
. 1400 | :
- /¥ determined only for 7 - J' determined
a few states s-2  s=a

—> New data (heavy hadron decays at Belle, LHCb, BES,...)
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S=—2:E(1620)/E(1690); S = — 3 : Q2012
New data for = resonances

=. - zz= decay at Belle
M. Sumihama, et al. (Belle), PRL 122, 072501 (2019)

- clear peaks of =(1620) =(1530)
and =(1690) “Fa ]
- Breit-Wigner fit U o
Mz(1620) = 1610 £ 6.07) MeV  Zae; J /T E
: : € i TR TYTI TR
- not seen in the sideband | Q#WMWW@MHWM WWMWM@

N 15 155 16 165 17 175 15 155 16 165 17 175
(non'Ec) events M. [GeV/c?] M. [GeV/c?]

Effect of thresholds? KA ~ 1612 MeV, KX ~ 1689 MeV 23



S =—2:5(1620)/2(1690); S = — 3 : Q(2012)
Theoretical analysis

Theoretical study of =. - 2= decay (before experiment)

K. Miyahara, T. Hyodo, M. Oka, J. Nieves, E. Oset. PRC9S, 035212 (2017)

- spectrum near KX threshold

0.04 ‘ .
GLN . Sekihara |
@ 0.03 | 3 — 2 5
< L ’|‘<§+ L S 0.3
e 2
S 0.02 8,
E 202
= =
2 2
5 0.01 Al S 0.1
B
O _______ '4‘; AL _______________ ; 0 - PR L SO n
1660 1680 1700 1720 1660 1680 1700 1720
M, [MeV] M,y [MeV]
resonance peak threshold cusp

- even without resonance, peak like structure appears

Update of meson-baryon amplitude with Belle data



S =—2:E5(1620)/E(1690); S = — 3 : Q2012
New Q resonance

K= spectra in YnS) decays at Belle
J. Yelton, et al. (Belle), PRL 121, 052003 (2018)

- clear peak of ©(2012)
- Breit-Wigner fit

Combinations/2.5 MeV/c?

27K

- KZ(1530) molecule?
M.P. Valderrama, PRD 98, 054009 (2018), ... 9 195 > 2.05 21 215 2

M(E K) GeV/c?

Combinations/2.5 MeV/c?

- not seen in Q2012) - K=(1530) » Kz=
S. Jia, et al. (Belle), PRD 100, 032006 (2019)

- upper limit is compatible with K=(1530) molecule
J.X.Lu, et al., EPJC 80, 361 (2020), ...

Discussion is ongoing... y



Summary
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Strange baryons complicated but mterestlng'

P. A Zyla, et al (Particle Data Group ), PTEP 2020, 083C01 (2020)

Pole structure of the A(1405) region is now well
constrained by the experimental data.
“A(1405)” —> A(1405) and A(1380)

Y. Ikeda, T. Hyodo, W. Weise, PL.B 706, 63 (2011); NPA 881, 98 (2012);
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PR1.124, 132501 (2020

Spectroscopy of s = -2, — 3 sectors are

stimulated by the new data of heavy hadron

decays. Theoretical investigation is needed.
K. Miyahara, T. Hyodo, M. Oka, J. Nieves, E. Oset. PRC95, 035212 (2017)
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