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2. Introduction — Why charmed baryons? —
Separation of A and p modes

3. Pion emission decays

5. Summary
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Supercomputer

e Cooperating SX-ACE (NEC) vector processor ~ 393 TF
Spend about 20 million yen (~ 0.2 million dollar)/year

~ 100 users (about 10 foreign uses), ~ 30 active users
Lattice QCD, Nuclear structure, Few-body, Supernova
About 10-20 publications/year

Role 1n the community

High Performance Computer Infra
with the Janan largest supercomputer. KEI
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Physics now

1. Introduction
— Why charmed baryons —

* There are only a few number of |
» Simplest system of a heavy and |

neavy baryons known
1ght quarks

* Helpful to understand exotic had
Next page

1ons
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Better understanding is needed for exotic hadrons of heavy
and light quarks

Charmonium-like states

4.2

4.0

3.8

3.6

34

3.2
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2.8

I
- e _— Z(4430)
. — 7(3900)

..... e
—————————————— - - - -
B X(3872)
_____________________
7.
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Physics now

1. Introduction
— Why charmed baryons —

* There are only a few number of heavy baryons known
« Simplest system of a heavy and light quarks

* Helpful to understand exotic hadrons
Next page
* As a unique feature, separation of two orbital motions
A and p motions

Seminar at Genova, Italy, October 5 (Wed), 2016 16



Heavy quarks distinguish the internal modes
Aand p

Isotope-shift: Copley-Isgur-Karl, PRD20, 768 (1979)
N, A, ...
Jo,
o0——>0
£
O
p=A

mQ — mu’d

Seminar at Genova, Italy, October 5 (Wed), 2016
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Heavy quarks distinguish the internal modes
Aand p

Isotope-shift: Copley-Isgur-Karl, PRD20, 768 (1979)

=y ... NoyAsuens Acy Xicy oee

A« € —-=—=—==== ;
P &
Mg ,Mg —>

These structures should be sensitive to reactions

Seminar at Genova, Italy, October 5 (Wed), 2016 18



Wave functions ~ Harmonic oscillator

p? e 2 p2 m = 0.35 + 0.05 GeV

H:21 +22 +25\743 -5 M =15 + 0.1 GeV
m‘I My 0 My k = 0.02 — 0.04 GeV?

Veont (HO)+ Vi oin(Color —magnetic) + ... l
. : hwy ~ 0.3 — 0.4 GeV
A¥e, Ze, .. charm spin 2
_13 ,/(R?)~0.45 — 0.55 fm
N . 0 1 ]_2’ 2
A = [ Dol x| 0,
\ / flavor

H. 3(%@ . /
2:(1/2%) = | [0 (D)o (@), d'] »Xc] D'c

etc.
di-quark spin

Seminar at Genova, Italy, October 5 (Wed), 2016 19



2. Decays —P1on emission—
On going, Nagahiro, Yasui, ..., Arifi
Nagahiro et al, arXi1v:1609.01085
three-body

< two-body -
A*C *' \ :
>, X

C C

Two-body decays
and
Three-body decays

Seminar at Genova, Italy, October 5 (Wed), 2016 20



2. Decays —P1on emission—
On going, Nagahiro, Yasui, ..., Arifi

Two-body decays

A5(2940) 27
A¢(2880) 5/2F

A(2765) 27

A5(2625) 3/2-
A4(2595) 1/2-
A

Ac(2286) 1727

NavEr T

o

N
)
/
/

-
B\

n\;{»

7,
Ye(2520) 3/2+
.4\\‘&\ Yc(2455) 12+

I=1

Orbital excitation

1

I
-

1s suppressed

.
[a Vel nr\v\/\ﬂnvoA 1t crnin o

ao \/Ulllt](«tl\/bl |4 Ot}lll Une
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Nagahiro et al, arXi1v:1609.01085

R

One-body operator
in the quark model
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2. Decays —P1on emission—

Two-body decays

On going, Nagahiro, Yasui, ..., Arifi

A5(2940) 27
A¢(2880) 5/2F

A(2765) 27

A5(2625) 3/2~
A4(2595) 1/2-
A

Ac(2286) 1727

AN
N \W=27?

T
12 @)Y
ERS:
\l=1

/

(2\\\ s

) Yu(2520) 3/2F
0 / \\ .Z’J\X\ 5(2455) 1/2+
@ 1
M Orbital excitation

| =
I1=0

1s suppressed

.
[a Vel nr\ﬂ/\ﬂnvoA 1t crnin o

(1) 0
2) 1
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(3) 2

ao \/Ulllt](«l«l\/\«l |4 Ot}lll \4

Seminar at Genova, Italy, October 5 (Wed), 2016

ne

10
10

nw — O

10

22



Low lying decays, Ohow — Ohw, 1Thow — Ohw
with small p, (MeV)

A(2625) 3/2 100 MeV
A(2595) 1/2- Ty ~0MeV

2.(2520) 1/2+ : Closed
2.(2455) 1/2*

-
—‘
-
-
-

A(2286) 1/2*

To compare with A — nN at pr ~ 230 MeV
Low energy pion dynamics works well

Seminar at Genova, Italy, October 5 (Wed), 2016
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Low energy mqq interaction

,/
4
7’
,/
s

Non-relativistic O Di» 0P f

Relativistic q}/ "y5q0,9,

PS PV prefemble

= S a(aynsta(e)-0"F(a)

9, ~ 1: Quark axial coupling

Seminar at Genova, Italy, October 5 (Wed), 2016
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A(2625) 3/2-
A(2595) 1/2-

2(2520) 12 Closedr" _
(2455172 -

{ spin-isospin flip

-
—”
-
-
-

0

:;,"" Sy
Il

A(2286) 1/2*

Seminar at Genova, Italy, October 5 (Wed), 2016

(1) Ground to ground transitions, Ohw — Ohw
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Ground (1/2, 3/27) —> Ground (1/2") Nagahiro et al, arXiv:1609.01085

B;J* Fg‘j(%(ri) q Cin(Ze(JT)TT — AI5(1/27;2286) 7 T)
(MeV) (MeV) (MeV) (MeV)
>.(2455) 1/27 [ 2.26 (2.26) | 89 1.27 4.33
(2453.98) (2.26)
(wr = 0 limit)
$.(2520) 3/2+ |[14.9 (14.9) | 176 30.0 31.2
(2517.9)
(wr = 0 limit)

Factor 2 difference, which 1s due to ...

Seminar at Genova, Italy, October 5 (Wed), 2016



(2) P-wave to ground transitions, lhow — Ohw

A2625)32 100 MeV
A2595) 12~ f1=1 T, ~0MeV |

“
‘4
<

RN

2,(2520) 1/2+ h Close ,

A(2286) 1/2* S
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P-wave (1/2-,3/27) to ground state (1/27)

Nagahiro et al, arXiv:1609.01085

A(2595) 1/2-

decay channel  full [Eem] ™ DI Yot DI
Experiments (MeV) [5]B6£0.6 | -  0.624 (24%) 0.624 (24%) -
Momentum g (MeV/c) - - T 1 29
(n>\7€>\)7 (npagp) JA(j)P
(0,1), (0,0)  1/2(1)" 1.5-2.9 | 0.13-0.25 0.15-0.28 1.2-2.4
(0,0), (0,1)  1/2(0)" 0 0 isospin violated
1/2(1)~ 6.5-11.9 | 0.57-1.04 0.63-1.15 5.3-9.7

* 80 % of the decay of 1s explained with strong 1sospin breaking
« A-mode results consistent, p-mode results overestimate

Seminar at Genova, Italy, October 5 (Wed), 2016 28



Isospin breaking between n°%." and "X, m X
Mass distribution of A*(2595) and different phase space

12

— Allowed phase space ™

Q

AY

[a—
O
T
0

oo
T

BW of Ac
w/ fixed widt

decay width [MeV]
BN @)}

-
Py
e

BW of A¢ I \ -
2 wi E-dep. width | s =N -
\ | _
0 — - .\;~ '''''''''''
2580 2585 2590 2595 2600 2605

Mass distribution of A*(2595) [MeV]

Seminar at Genova, Italy, October 5 (Wed), 2016

29



P-wave (1/2-,3/27) to ground state (1/27)

Nagahiro et al, arXiv:1609.01085

A (2625) 31/2-
decay channel full SHtn-
Experimental value I' (MeV) [5] [< 0.97| < 0.05(< 5%)[ D-wave decay

momentum of final particle ¢ (MeV/c) - 101
this work (na,fy), (ny,£,)  Ja(5)"

r (0,1), (0,0)  1/2(1)" 5.4-10.7

(MeV) 3/2(1)" 0.024-0.039
(0,0), (0,1)  1/2(0)" 0

e Only a small part of the decay width 1s from the two-body
* The remaining is considered later

Seminar at Genova, Italy, October 5 (Wed), 2016 30



(3) Transitions from higher states, 2h®w — Ohw

A5(2940) 27
A%(2880)5/2+

ALQT65Y8. -

A(2625) 3/27 ezt 77T

Ae(2595) 172~
g 57(2520) 3/2+
o Y (2455) 1/2F
Ae(2286) 127 2L ’

R= Iz, (3/2")7) sensitive to J* and the structure
INONCVIADY of the decaying particle

Seminar at Genova, Italy, October 5 (Wed), 2016 31



A (2880) 5/2*

decay channel full [Eg*)w]wtal [Eem] ™ [Xin)t R
Experimental value I' (MeV) 5.8 + 1.1 [5] 0.225 [14
m of final particle ¢ (MeV/c) 375 315
(’I’L,\,g)\), (?’I,p,gp) JA(])P
5/2(1)F 11.2-26.1 1.2-2.8 9.9-23.3 8184
(0,0), (1,0) 1/2(0)" 16.5—40.2 7.0-18.2 9.5-22.1 1.2-1.4
(0,0), (0,2 3/2(2)" 44.8-85.4 39.5-76.0 5.3-9.4 0.12-0.13
5/2(2)" 27.8-52.2 1.4-2.6 26.4-49.5  18.7-18.9
(nx, 00), (np, L) In(4)e
(0,1), (0,1) 5/2(2)5 51.7-109.6 1.8-3.5 49.9-106.1 27.5-30.1
5/2(2)7 0.63-1.68 0 0.63-1.68 (00)
5/2(3)5 2.9-5.8 2.1-4.0 0.85-1.73  0.41-0.43

« Both absolute values and R ratio are sensitive to configurations

» Brown muck of j = 3 seems preferred.

R =

o This implies that A (2940) could be 7/2°

Seminar at Genova, Italy, October 5 (Wed), 2016

(. (3/2)m)

(=, (1/25)7)
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Three-body decay

Seminar at Genova, Italy, October 5 (Wed), 2016
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Three-body decay

Experimentally, A (2625) 3/2-, A (2595) 1/2- — nnA (2286) 1/2°

Closed one allowed
through virtual
transition

A (2625) 3/2-
A (2595) 1/2-

S (2520) 1/2+ : Closed
S (2455) 1/2*

A(2286) 1/2" e

1 T T
Sequential process v v

s ¢"” ¢"”
AC * #AC

Seminar at Genova, Italy, October 5 (Wed), 2016 34



Effective Lagrangian
Three-Body Decay of A:(2595)

T (s-wave) 7 (p—wave)  (d-wave) 1 (p—wave)
. - . | -
AL(2595
) p ) p
l"l l" + ,l" 'I'
——0 O > —>—.' O >

A (1/2) A zc(2v B A (1/2)  At2) € zre) D A (1/2%)

Non-Relativistic | Coupling constants are determined by the quark model
lar -
A Ly Z@XTECXA; C Lc : (ST PO * Dr — gST ' 0|p7r|2) XA:
B L5={)h (@ F)xs D Lo={guh, (5-5) xs

Seminar at Genova, Italy, October 5 (Wed), 2016 35



Effective Lagrangian
Three-Body Decay of A:(2595)

T (s-wave) 7 (p—wave)  (d-wave) 1 (p—wave)
. - . | -
AL(2595
) p ) p
l"l l" + ,l" 'I'
—>—‘ O > —>—.' O >

A (1/2) A zc(2v B A (1/2)  At2) € zre) D A (1/2%)

Non-Relativistic | Coupling constants are determined by the quark model

— o = - ]- =~ —| =
A Ly :@XTZCXA; C Lo=(o (ST P P — ST Glpwlz) XAz
B L= A@) j\ (G- Pr) X=. D Lp= @)XRc (§ ' ﬁw) Xz
 (d-wave) T (p—-wave) T (s,d-wave) 1 (p—-wave)
AL(2625) / / / yy
. .,' S l,' ." >

AL (3/2) A Z.(1/2) B Ac(1/29)  A.@3/2) € z:3/2y D A (1/2%)

VLLLILIWL UL U VLIV Y Uy LWL Yy VLU UL U TT VM, eV LY ~~



Decay Kinematics
Decay Width and Dalitz Region

O-:.¢

ntom \
4 < ma3
> @ > @ >
A 20,220 A ©
Decay Width
1 1

Seminar at Genova, Italy, October 5 (Wed), 2016

850001

mi,(max)

80000} m%z(min) m%g
2 . 5.92x10° 5.9:135 5.96%10° 5.08x%10° 6.00x10°
m33(min) m53(max)
Dalitz Region
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A, (2595) Assuming the A-mode excitations

Three-body Decay The Results (MeV)
Srtm- 0.13-0.25 0.16 0.624 (24%)
>t 0.15-0.28 0.25 0.624 (24%)
im0 1.2-24 1.63 -
3-body : 107°  .468 (18%)
(tail Z7)
Interference - 0.05 -
Total 1.5-2.9 2.09 2.6 +0.6
Parameters
m3s £, =94 MeV a; = 400 MeV
Dalitz Plot m =350 MeV @p = 290 MeV
M = 1500 MeV

* 80 % of the decay of Ac(2595) is due to the two body decay: confirmed
* The virtual process of 2:(2520) has only minor role due to the D-wave nature
* The remaining ~ 20 % is from other nw couplings (o, ...?)

Seminar at Genova, Italy, October 5 (Wed), 2016 38



A5 (2625)
Three-body Decay

The Results (MeV)

Contribution 2-Body 3-Body Exp. Data

rtm- 0.024 — 0.039 0.036 < 0.05 (< 5%)
>t - 0.032 < 0.05 (< 5%)
im0 - 0.053

3-body : (toéi} 822) (large)

Interference - 0.033
Total - 0.334 <0.970

* The two body decay of Ac(2625) is only minor
» The virtual process of 2¢(2520) 1s large due to S-wave nature
« With the p mode excitation, the width is overestimated

= Ac(2595) and Ac(2625) are most likely
the A mode HQ doublet of [; (=1) + 1/2p=1/2", 3/2-

Seminar at Genova, Italy, October 5 (Wed), 2016 39



Summary

Heavy (strange, cherm, bottom) quarks disentangle different
modes of baryons, p and A modes

Decay rates are sensitive to the structure
Also a good laboratory to test low energy chiral dynamics

The nature of states are well studied,
Ac(2595, 1/27) and Ac(2625, 3/27) are most likely the A mode

Seminar at Genova, Italy, October 5 (Wed), 2016
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Charm

k. M=2'T1[GeV], kL =16 [GeV]

(=0 (ML) 5.2 52D
1.00 0.02 0.16
=1[AG) AG) [ZG) =3 =G) =@E) =)
0.90 1.70 0.02 0.03 0.04 0.19 0.18
(=2 A7) AGT)|ZG) =G) ZGH ZG) =G =G
\ 0.50 0.88 / 0.02 0.02 0.01 0.03 0.07 0.07
Strange kM =1.59 [GeV], k_Lab =5.8 [GeV]
%
1=0 (A (3 N (5
1.00 0.067 0.44
I=1[AG) AG) [ZG) =¢) TG) T3G) ¥E)
0.11 0.23 0.007 0.01 0.01 0.07 0.067
I=2[AG) AGT) 3G BG) TG YE) YE) YGE
\(113 0.201/0.007 0.01 0.004 0.02 0.038 0.04




Productions

Seminar at Genova, Italy, October 5 (Wed), 2016
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Productions

(1) How much 1s charm produced?
(2) How are they related to internal structure of Ac*?

Seminar at Genova, Italy, October 5 (Wed), 2016
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Productions
t+N — D"+4, , K+4

/6 Hybridized Regge model

' Kim, Hosaka, Kim, Noumi
' PRD92 (2015) 9, 094021

(2) Quark model
Kim, Kim, Noumi, Shirotori, Hosaka
PTEP 2014 (2014) 10, 103DO01,

(1) How much 1s charm produced?
(2) How are they related to internal structure of Ac*?

Seminar at Genova, Italy, October 5 (Wed), 2016 44



Evidence of the diffractive pattern (t-channel dynamics)

Seminar at Genova, Italy, October 5 (Wed), 2016 45



Evidence of the diffractive pattern (t-channel dynamics)

B 1 B _ 1 %
Ol p— AK™% T p—IK

j—g[ub/ sr] |

ek

PrLab= 4.5 GeV

on
T [YlllI

|

D.J. Krennel et al
PRD6, 1220 (1972) 1§

.
—
—

0.5

I
— lllll!.

—#—_#_‘

—-1.0 0 +10 -1.0 0 +1.0
cost cosf
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(1) How much 1s charm produced?
Kim, Hosaka, Kim, Noumi, PRD92 (2015) 9, 094021

Hybridized Regge model: with effective Lagrangian for low energy

7" +N—>K*0+A

1
[
@]
[\

[E—
@)
)

do/dt [ub/GeV?]

— 111
-

H L
oI
N

e Vector-Reggeon dominance with some pseudoscalar-Reggeon
e Both angular and energy dependences are well explained

Seminar at Genova, Italy, October 5 (Wed), 2016 47



Prediction to the charm production

mp > (KOA & D7AY)

S/Sh

Seminar at Genova, Italy, October 5 (Wed), 2016

48



(2) How are they related to internal structure?

PTEP 2014 (2014) 10, 103DO01

\ Quark model W.F.
(Harmonic oscillator)

A AT
A(1405) 2(1385) =(1530)  A.(2595)7
Various Ys, Yc A(1520) 2(1480)  Z(1620)  Ac(2625)F
SR A(1600) 2(1560)  Z(1690)  Ac(2765)"
A(1670) X(1580) =(1820)  Ac(2880)7
A(1690) 2(1620)  =(1950)  Ac(2940)7F
A(1710) X(1620)  =(2030)  2c(2455)
..... ¥ .(2520)
3.(2800)

Seminar at Genova, Italy, October 5 (Wed), 2016 49



/ ~ 1.3 GeV for charm

— 9eft
~ 0.5 GeV for strangeness

(N(S-wave)| * | B.((-wave))

é 2
<BC(€—Wave)‘ é -Gel| N(S—wave))mdial ~ (qfﬁj X exp [_qi]

deff ~?2 for charm
J2A ~(0 for strangeness

For charm: excited states are produced abundantly

Seminar at Genova, Italy, October 5 (Wed), 2016

50



Production rates (relative)

Charm Strangeness
2 2
Ae(1/27,3/2)
HQ doublet
+ +
N A sy A LS doubler
g X OA(L/27,3/27)
g I I § A3/2%, 5/2
0 - 0 “ mll =N
S-wave P-wave D- Wave S-wavwe P-wave D-wave
Excited Excited g
~ 2.2 2.4 2.6 2.8 30 ~1.0 1.2 1.4 1.6
Missing mass [GeV] Missing mass [GeV]

Seminar at Genova, Italy, October 5 (Wed), 2016 51



Counts/5 MeV

Charm production spectrum

Ground state Excited states
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Coming back to this again
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Charm quark 1s heavy; 1s strange quark so?

T. Yoshida et al, PRD 92, 114029 (2015)
Wave function mixing for the lowest 1/2~ A¢ and X
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