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A(1405) since 1961

Kp->Xt+2n-+n”
Kp->X +2nt+n~
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PRL 6, 698(1961)
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Well-known lightest Hyperon Resonance w/ a
negative parity



Number of events

A(1405) since 1961
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« KbarN int. and its pole position are still unclear.
— Basic information on Kaonic Nuclei
* Not yet demonstrated if it is a molecular state.

— To establish it as an exotic state

* Hadron Picture in excited states
* New question related to classification in CQM

— Formation probability in hadronization
e EXHIC (Phys.Rev. C84 (2011) 064910)

Important to study Low Energy KP3'N scattering
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A(1405) : 1405.113 ), MeV (PDG in 2019)

JP= 37, I=0, M,q405¢ Mbary , lightest in neg. parity baryons
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A(1405) : Double pole?

JP=3,I=0, Myq405¢ Mybary , lightest in neg. parity baryons
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Chiral Unitary Model:
D. Jido et al.,, NPA725(03)181

ChU model, T. Hyodo




Pole Structure of the Lambda(1405) Region
PDG Reviews: Ulf-G. Meissner and T. Hyodo (Nov. 2015)

Table 1: Comparison of the pole positions of
A(1405) in the complex energy plane from next-
to-leading order chiral unitary coupled-channel
approaches including the SIDDHARTA con-

straint.

approach

Refs. 11,12, NLO
Ref. 14, Fit 11

Ref. 15, solution #2

Ref. 15, solution #4
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A(1405) : 1405.1+13 | , MeV (Part. Listing in '19)

JP=3,I=0, Myq05¢ Mybary , lightest in neg. parity baryons

M. Hassanvand et al: t2 IM J. Esmaili et al: 2 IM Spec. of R.H. Dalitz et al: t2 IM Spec.
Spec. of pp> KX Stopped K on “He in K-p>nnz w/ M-matrix




LQCD Evidence that A(1405)
is a KP2'N molecule

KstatelE) - 4@ Magnetic Moment of s quark is vanished

PRL114, 132002(2015)

= ]J - my,; (MeV)

 Study of KP3a'N scattering below the K2'N thres.

are important.
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A,(5920, 3/2")
A, (5912, 1/27)
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Phys. Rev. D92,
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If A(1405) is deeply KearN molecule?
bound KPe'N state...

O PS ° .
O
— B | > r
! By~8 MeV A(1405)?
E-~40 MeV
Nuclear Potential

50 MeV 500 MeV !
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H
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Y. Akaishi & T. Yamazaki, Phys. Rev. C65 (2002) 044005.
Y. Akaishi & T. Yamazaki, Phys. Lett. B535 (2002) 70.
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A(1405) : Controversial Experimental Data?

JP=3,I=0, Myq405¢ Mbary , lightest in neg. parity baryons
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K ~p scattering data




KPa'N scattering below the K*2'N thres. (J-PARC E31)

measuring an S-wave KN — T2 scattering below the KN
threshold in the d(K",n) 72 reactions at a forward angle of n.

K — @& —— ——— N
N ‘\K +,0
/n’

ID’s all the final states to decompose the 1=0 and 1 ampl’s.

non-resonant (2(1385) to be suppressed)
d(K,p) 20 [ A]

A(1405) (I1=0, S wave), non-resonant




Experimental Setup for E31
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Schematic Drawings of Detectors

* Event topology of d(K™,n)X 157

Solenoid mag.
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d(K~,nnt n™)"n"“ samples contain...
Signal Events
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Background Events
CDSrntn IM

Y
o
(=]

—_
< TT T T T T [ T T T[T T T [T T T TTT T

T T T T L L
oo
(=]

Counts/1 MeV/c?
3

o~
(=]

n
(=1

B U A A

I R - B - R 12 125 13 186
nw IM[GeV/c?] nn* IM [GeV/c?]
- +
/4 T




Count/10 MeV

[ R N T T I—A—I;J;W:I:
14 142 144 146 148 15
e T2 mlssmg mass [GeV/c?]

inary

d(K~,nmr )X [GeV/c?]

115 12 125 13 135 1.4 0 200 400 600 B0O 1000 1200
d(K~,nnt™)X [GeV/c?] Count/10 MeV




n+2_/n_2+ Mode (I = 0, 1)
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Event topology of d(K~,n)X_oyo

Solenoid mag.

BG Process: d(K~,n )X o5, d(K~,n )X 004,
d(K~,n)X -5+, d(K~,27p)X
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d(K—,n)r"2" vs d(K n)n yt
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Comparison w/ theory
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Remarks

 Structures below and above the KN threshold are
observed in d(K™,n)X_+s+
— Interference btw I=0 and 1.

— 1=0 amp. seems dominant in TX* modes.

* From measured pure I=1 channel, d(K~, p)X ,-so.
* How to decompose the |I=0 and 1 amps. ?

— Significant yield nearby the KPa'N threshold but no
clear peak structure

— A simple “BW + Some plausible function” seems too
naive to explain the spectra...
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Decompose the Spectra...

* 2-step process K \i\}\// $
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E31: Response Function, For(M5)

2
* For(Mps) = |fG0(CI2:CI1) D;(q2) d3612|

<\/P,§Z+M2 \/P22+W(q’)2)

~ Go(q2,91) = q,zﬂgf (90,9") o, :

f(ao0, )" = [E1(qo) + E1(q")] ™" + [E2(q0) + E2(q)] ™!
Miyagawa and Haidenbauer, PRC85, 065201(2012)

—T:Kn->Kn(=1),K p- K°n( =0,1) amplitude,
Gopal et al.,, NPB119, 362(1977)
c T(Kkn->Kn)=fU=1)

* TKp->K'n)=[fU=1)—fU=0)]/2
— ®,4(qg,): deuteron wave function, PRC63, 024001(2001)
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S-wave contributions in the threshold region

K- p = MB total cross sections
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Scattering Amplitude

L. Lensniak, arXiv:0804.3479v1(2008)

A —_ —_
* Ty = — 1 (KN = KN)
1-iAky+-ARKS
s \/ImA—%lAIZImRk% _
e T,, = —e'% KN - X
N 1-iAk,+3ARK? ( )
. ¢i6o (sin o+irm(e ™20 A)k,—11m(e 00 AR)K3)
o j—
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To deduce KN scattering amplitude

~|(nmZ|TI(KN, 72) g2 Gog: Ti (KN, KN)|K~®,4)|?

On=0
2
~|T21| FQF(MnZ)

1
T,, =—=k¢e
12 4 1-iAk,+;ARK3

, \/ImA—%lAlzlmRk% A
109 (KN - n¥)

A - A
1-iAk,+>ARK3 B )

Ty, =
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To deduce KN scattering amplitude

1350 1400 1450 1500 1350 1400 1450 1500
nx Mass (MeV/c?) > Mass (MeV/c?)




To deduce KN scattering amplitude

D

N

e Tzz

o

Strength (arbitrary)

1350 1400 450

!
N

5 1350 1400 1450
2 Mass (MeV/c?) 0S Mass (MeV/c?




Further Studies of A(1405) : KbarN molecule?

Measurement of KPeN —nZ transition below KPe"N threshold

Reactions coupled to the KNA* vertex ( KN—=X channel)

y(1) V\’Zf\,\\)/) K*+(1) K- .
L K __\‘—K/>
p/‘\ o d)___--- 0\ e
LEPS2 J-PARC
(4n Detector) (FWD(n)+CDS)

Identification of the Spin-Isospin states

Non-resonant S-wave, |=1

0 A, -+
>(1385) P-wave, 1=1



'.-4_

n Detector developed for LEPS?2

E949 Solenoid Magnet
size: #5m x 3.5m
weight: ~400 t
Field: 1.0T

e - e \“l = Barrel Tracker

\
v B A,
| g

TPC or cpc MWDC
Target and Vetex dEtectPr“_”Ju__

""

TOF




Contents
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I-1: Standing Point of this Lecture
|-2: Basic Introduction of Hadrons

Part II: Experimental Study of Hadrons

11-1: A(1405) and KP2'N Interaction
II-2: Charmed Baryon and diquark correlation
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What are good building blocks of Hadrons?

Constituent Quark o o
Q hadron (colorless cluster)

[q

Diquark?
(Colored cluster)

45



ILIEILE

Color-Magnetic Interaction of two quarks

Ve~ La/ (mm))]*(4,4)( o, 0))
-0 if m;, —o°

“Good Diquark”: Strong Attraction

VCMI(lsO' 3) =1/ Z*VCMI(lsO' 1)
[qq] [qq]

46



Emergent Diquarks

Baryons as well as Mesons seem to be well described by a
Rotating String Configuration with a universal string tension.

Ty L8V

M2~

A distance of [qq]-q/ q-q increases as L increases.
47



Emergent Diquarks

Baryons as well as Mesons seem to be well described by a
Rotating String Configuration with a universal string tension.

[y
o
[HY
o

Baryons

M?ec1.1L

¢ N

® Delta
Lambda

X Sigma

X Xi

9
8
7
6
5
4
3
2
1
0

O r N W &~ U1 O N 0 ©
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Emergent Diquarks

Baryons as well as Mesons seem to be well described by a
Rotating String Configuration with a universal string tension.

“diguark”

qq kj in low-lying modes
Kj ;\
q

49



What we can learn from
baryons with heavy flavors

g

=

 Quark motion of “gq” is singled out by a heavy Q
* Diquark correlation

* Level structure, Production rate, Decay properties
e sensitive to the internal quark(diquark) WFs.
* Properties are expected to depend on a Q mass. *°



High-res., High-momentum Beam Line

* High-intensity secondary Pion beam (unseparated)
30 GeV — 1.0 x 107 pions/sec @ 20GeV/c

proton beam o High-resolution beam:

— Ap/p~0.1%

* High-res. Spectrometer:

— Ap/p~0.2% at ~5 GeV/c

S5

2

pectrometer
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Spectrometer Design




Spectrometer Design

N 24 /

X
e

Acceptance: ~ 60% for D*, ~ 80% for decay =*
Resolution: Ap/p~0.2% at ~5 GeV/c (Rigidity: ~2.1 Tm) 53



Charmed Baryon Spectroscopy
Using Missing Mass Techniques

I, ~ (0 /A) - exp(-05 / 2A%)

v" Production and Decay reflect [qq] correlation in Excited Y. *
v C.S. DOES NOT go down at higher L when g,.>1 GeV/c.

S.H. Kim, A. Hosaka, H.C. Kim, and HN, PTEP, (2014) 103D01,

S.H. Kim, A. Hosaka, H.C. Kim, and HN, Phys.Rev. D92 (2015) 094021 54



Production Cross Section

* Experimental data:

— o(p(n=,D*7)A ) <7 nb (68%CL) (BNL exp., 1985)

— BG spectrum is well reproduced by a MC simulation w/ JAM
* Regge Theory suggests 10+ of the hyperon production
— olp(n—,D*7)A )~ a few nb

S.H. Kim, A. Hosaka, H.C. Kim, and HN
PRD92, 094021(2015)

@ 1000} D*? + JAM
s | R > (KA & D"AJ)
i | | T — Data -
500t | ﬂb_ rﬂt.“'—iﬂ,_ [REEEfj
+ | T e—— '
; e oo
+ + e do‘ I"'":.. ;'"l!h ]
0+‘ L 1 1 +% _oCSZCZ(t)_Z
1.5 2.0 2.5 3.0 ¢ i
Invariant mass (K'nn) [GeV/c?] — 10nb ]
DOSCgP% — - "",___:_ __________________________________ 7
SNk \ TH% _____ Ea“ﬁlnb _____ !
TARGET T . - 4
= % b : ~_D"AJ ]
T
Bi%MDOSCOPE)/ rGen ZZ PTC:ZO GEV/C E“‘aqﬂ:
e e —EE L L L]
120036 > 1'::] 1 _'_:l . l._1_ E
S/Si

J.H. Christensen et al.,

PRL55, 154(1985)



discussed with A. Hosaka

Revisit the Regge Theory

* shows the typical s-dependence of binary reaction cross
sections at the large s region;
A — T i 0
dt  647s(pc")° <f ‘T‘ |> =0,9,'(—a(t))(s/s,)

| a(t) = a(0) — yINT —Vt-T]
— Regge trajectory:

— scale parameter s, :
s at the threshold energy of the reaction AB - CD
(*In Kaidalov’s Model: s,2(@0*(0)-1) =g . apO0)-1 *g ay/y(0)-1

Sas=(2m;),*(Zm/)g, m;:transversal masses of the consituent
quark)




Production Cross Section

Puh=45GeVic /’.

S.H. Kim, A. Hosaka, H.C. Kim, and HN
PRD92, 094021(2015)

{K*‘]‘i & D¥AL)

|
. [Regge] -
———
KA ]
[
.......... ]
E'““ﬂ-h
..................... S oo m ooy
RH *- 3 +
~ DA
“'H-hq_“hh;
| | L1 ]
2 B 8
S/5th




Production Rate

Production Rates are determined
by the overlap of WFs

R~ <gof ‘\/EG_ eXP (I f)‘ (pi>

and depend on:

1. Spin/lIsospin Config. of Y.
Spin/Isospin Factor
2. Momentum transfer (q.)

e t-channel D* Reggeon
at a forward angle

I, ~ Qe /A) " exp(-Qg / 2A%)

S. H. Kim, et al., A~0.42 GeV ([Baryon size] 1)

PTEP. 2014, 103D01(2014) G~ 1.4 GeV/c
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discussed by A. Hosaka

Excitation Energy Dependence

Production Rate in a quark-diquark model: T ! D*
— D* exchange at a forward angle g ID*
u C
R -~ 7/C | K . I |2 pB //ud//‘ //ud//
P Y.

— Radial integral of wave functions
| ~2[dP[p; (F)exp(@y P)g (F)]

Taking Harmonic Oscillator Wave Functions

1 ~(qe/A)exp(-qu7/2A%), where A: oscillator parameter (0.4~0.45 GeV)

* For larger g4, the relative rate of a higher L state to the GS increases as ~ (q/A)"
— Spectroscopic Factor: y

* pick up good/bad diquark configuration in a proton v=1/2 for A s

* Aresidual “ud” diquark acts as a spectator =1/6 for 2's

— Kinematic Factor w/ a propagator :
K~ kg*kn(l Pe |/2mB -1) /(q2 _m|23*)

— Spin Dependent Coefficient, C:
* Products of CG coefficients based on quark-diquark spin configuration
e Characterized by the spin operator in the vector meson exchange, éé* Yoy

Ot = ﬁpxmd/Mp_f’chmd/Mvcl
m, :"ud" diquak mass



Production Cross Section

A. Hosaka et al.
* Experimental data:

— o(p(n—,D*7)A) <7 nb (68%CL) (BNL exp., 1985)
— BG spectrum is well reproduced by a MC simulation w/ JAM

* Regge Theory suggests 10 of the hyperon production
— o(p(7—,D*)A )~ afew nb

Regge Theory

2.0 2.5

Invariant mass (K'nn) [GeVIé]

SOFT PION
HODOSCOPE
Ny

CERENKOV
COUNTER

N
x

BEAM /5

HODOSCOPE

s 4
COUNTERS A

J.H. Christensen et al., PRL55°154(1985) -




Missing Mass Spectrum (Sim.) A mode 2\ mode?
* ~1000 Y.*/1 nb/100 days '

* Sensitivity: c~0.1 nb for LS partner LS partner?
Y *w/ I"'=100 MeV (HQS doublet) § (HQS doublet?)

A(2595)

f

i I EEE T TP B | T PP EP N I P | R I
02723 24 25 26 27 28 29 3
Missing Mass [GeV/c?]

>
@
=
0
—
»
whd
c
=)
O
&




charm

strange

0.8
0.6
0.4
0.2

-0.2
-0.4

0.8
0.6
0.4
0.2

-0.2
-0.4

Ac( 1/2+)—r*wf"p s1/2(r)

—r*wfALc_s1/2+(r)

\ ——ij_0(qr), g=1.33

de=1.33 GeV/c

5

4
r {fm}

—r*wfrp_s1/2(r)

——r*wfALs_s1/2+(r)

—j_0(qgr), q=0.29

A \de0.29 GeV/c

[ N\~
) 1 2 i,/ 5
r {fm}

[=0

1
0.8 AC( 1/2 ) —r*wfrp_s1/2(r)
* /AN -
0.6 r*wfArLc_pl1/2-(r)
—j_1(qgr), q=1.37
0.4 A~

g.~1.37 GeV/c

0
-0.2 4 >
r {fm}
0.4
1 A(1/2)
—r*wfrp_s1/2(r)
0.8
—r*wfALs_p3/2-(r)
0.6 ——j_1(qr), q=0.27
0.4 - =
- e 0- /c
o/ NN~
0o 0 1 2 M 5
0.4 r{fm}
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Comparison of production rates
L=0 [=1 L=2

® A (2625)
oA (2595)

by

‘ZC(ZSZO) & e*e™ Belle Data
(Hadron2013)

O p(m™, D" )Y
(Calculation)

~o
<
o
)
©
9
©
9
v
—
o

o
=

¥ (2800)

®3 (2455)

24 25 26 27 28 29 3
Mass (GeV/c?)
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New data from LHCb

J. High Energ. Phys. (2017) 2017
e D% invariant massin A, = D%pm~ [
— A:(2940)
* likely 3/2-, (acceptable 1/2, 7/2)
— A.(2880)
e 5/2+ confirmed
— A.(2860)

* likely 3/2+, new D-wave resonance?

-
K
£
=

Candidates

!_ -
2 C 2 05 3

M Dip) 1GeV]
* Production rates of these states in p(n~,D™)Y." tell us:

— if A,(2940) is an L=3 state (AL mode).
— if A,(2880) and A.(2860) are LS partners of L=2 (A modes).
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A(1830, 5/2°)

A(1690, ??)
A(1670, 1/2°)

A(1520, 3/2°)

A(1405, 1/27)

A(GS)

| A (2940, ?7)

>
Sl p
v 600
> 500 | A P
[
300 L -
200 1
100 Rl

/
A

(2880, 5/2+)

A or X2 (2765, ?%)

?

A (2625, 3/27)
A.(2595, 1/27)

,(5920, 3/2")

P p—— el 9
= =
p—

A
A

,(5912, 1/27)

A (GS)

O 05 1 15 2 25 3 35 4 45 5
Mq [GeV/c?]

non-rel. QM:H=H,+V, -+ VstV 4V

p—A mixing (cal. By T. Yoshida)




()

Lc(2880)Belle, PRL9S, 262001(°07)

A(2880)->1E,(2455)

.2

|||||I’\

A(2880)

[2.5MeV/c©

Events /0
on
]
[

Events

J=5/2 = /=1/2

0 0.5 1

cos B

['(A.(2880)->1X."(2520)) a L =3
I'(A(2880)->1tZ_(2455)) =0.23

transition

L =1 contribution may affect...

JP=5/2* for A(2880)

WJ s it a D-wave Lambda-c Baryon?
I 'I'"* """" T“Hr'T'T}"l*‘H"l '|'+'+‘

245 25 2.55 If so, where is a spin partner ?

M (A} ), GeVic?




Does A(2880) have L=2? _4q

P-wave trasnsition seems to be suppressed in

A,(2880)2" = £%(2520)2" + 7 (07).

It would be forbidden only in the case of J5,; = 3%:
— Negative party states “5/2-" have large widths.

(H. Nagahiro et al., PRD95 (2017) no.1, 014023)

color Asymm.

Isospin Asymm. (1=0)

Diguark spin Symm. 1
Diquark orbit Asymm. 1

Lambda orbit 1
1+, 2+, 3+

JBM

5
A,(2880)z" is likely to be Ap mode (A=1, p=1).
— Since, Naively, Ex(AL)<Ex(Ap), Ex(2880) is too low if it is a Ap state.
This can be tested by measuring its production rate.
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Y " Decay Branching Ratio

* *

p mode ‘ . :6' A mode
P 4
v~

72"\

~<
~<

By

I'(Yr) >T[DN) IT[DN) >I"(Yn)

K
> f
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>
%)
=
o
ha
—
2]
el
c
3
O
o

Counts/10 MeV

=1, H H -
2.4 2.5 2.6 2.7 1.8 1.9 2 21
Missing Mass (r* tag.) [GeV/c?]

Missing Mass (proton tag.) [GeWcz]

* Branching ratios: Diquark corr. affects I'(A.*->pD)/T(A*->2 7).
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Hint in R(NK)/R(72)

PDG Data

- (17

A(1890)3/2+

—@—

A(1820)5/2+

— —@—
75)1/2;

i A(1690)3/2-
—o— n—%
5(1670)3/2- A(167(

)1/2-
A(1520)3/2-

0.5 1

p TSN

@
>(1750)1/2-

* Decay ratios in known hyperons
SUGGEST the A/p mode states
* A/p mode ID by productions
correlate w/ Decay Ratios
— to be established

* Hyperon data indicate mode dependence
— Errors should be improved.
* No data in charmed baryons




Double Strange Baryon Spectroscopy
Using Missing Mass Techniques

K- » N
o. 3 %"wl- oL Ys (—'ss
D Y'Y K (7)
% ° KO0 T
K—l—

v Production and Decay reflect [QQ] correlation...
v U-channel production may be dominant...
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Level Structure of double-Q baryons

* A and p mode excitations interchange

0,Caq (+S0O)

E(1/2-, 3/2-, 5/2-)

" B(1/2-3/2-)

E(1/2-, 3/2-)

="(3/2+)

o E(1/24)
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Xi Baryons

— S C
(=) 2?
(2030, ??) —
= _c/9? -\ "
2(1950, >=5/27) c00 | \\/1
p— _ \
=(1820, 3/27) 500 _ \X E.(1/27,3/27)
(1690, 77) 200 | —_— E.(1/27,3/2~5/2")
0 =P
300 1 S B (1/27,3/27)
=*(1530, 3/2%) 00— \
100 | —
I Ee(3/27)
=(GS, 1/2+) Qi b | ECC(GS; 1/2+)
0 05 1 15 2 25 3 35 4 45 5
Mq [GeV/c?]

non-rel. QM:H=H, +V, - +Vs+V +V;

p—A mixing (cal. By T. Yoshida)




Little is known for =

Threshold

QK(2166)

~20 ~80

K #(1983)

5K (1878)AK*(1308)

seen

Large Small

>K(1685) 2 seen seen
AK(1610)

=#7(1665)

=m(1450)
e Narrow width: ~ a few 10 MeV

* Large production cross section: ~ 1 ub
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Spectrometer Design




M U O n I D By W.C. Chang, T. Sawada (Academia Sinica)

Conceptual design of muon identification system
for the J-PARC E50

Hadron Absorber _ . .

Ring Image Walls
Internal TOF L—herinlfov (2 stations with
Counter vertical (X) and
] ¥ \ horizontal (Y)

20 GeV/c N i !
-c Beam i ) A i g ]’.' , u+
Beam GC ‘.. b it

VL\%::*K) ’u "

Fiber tracker

%_J
Internal TOF | located at the
downstream end of E50
spectrometer 6




T. Sawada, W.C. Chang et al., PRD93, 114034(2016)

Hadron Tomography w/ Exclusive Drell-Yan

CHARM Spectrometer + Muon Detector at High-p BL

n-+p->ut+pu +n

(?
2
>
()]
O
—
o
o
=
)
C
(]
>
()]
pd

10 15 2.0 2.5
Missing Mass M, (GeV/c?)

T +p-o ut+u +A°

%k
K~ + pish B - N->A (Y*) TDA
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P.(4380), P.(4450) from LHCb

* FoundinJ/Yp invariant massin Ay, = J/YpK~
— Myago = (4380 + 8 + 29)MeV, I = (205 + 18 + 86)MeV

Myseo = (4449.8+ 1.7 + 2.5)MeV, I'=(39+ 5+ 19)MeV
— JP: (3/2-, 5/2+) most likely, respectively e i
* (3/24,5/2-), (5/2+,3/2-) are acceptable. l 072001 '(2015)
— Hidden cc state, P may exist.

e decay branch?
— J/Y+N,D® 4+
e |ts spin family?

Events/(15 MeV)
o n =) =4 o



P.(4380), P.(4450) at J-PARC

e PY:s-channel formation with 10 GeV/c = on p
& J/y, D&
lié
N ”N”, uYC(*) "

e Cross Section: <1 nb? S.H. Kim, H.C. Kim, A. Hosaka
xs PLB763, 358(2016)

— Iy / FtotN 10—5 o0 IIIH:II _ =i : : -11 ,_. AL
— j/l/)p/FtOtNO‘OS = B I

s Fan T
k2 (E 2 m)z + thot/4'

o, = (2L + 1)




Thank you for your attention
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