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Hierarchy of Matter in the Universe

Matter Evolution from Quark to Hadron, Nucleus, and Neutron Star

How QCD works in Hadron?

* Effective DoF (building blocks) to describe hadrons
* Change of Hadron Properties in Matter

[
.
ow are nuclei formed?
Quark QCD
* Extended Nuclear Force: Baryon- Baryon Int

Effective DoF « Stability of Heavy Neutron Stars

< ‘e Hadron, F

BB Int. (@BF, 3BF) Hyperon Matter

Mystery of Neutron Star

© o .
Hypernuclei Atom-»Molecule->»Material,Human,Star,Galaxy

Dense Nucl. Matter
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Form of Hadrons
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Form of Hadrons
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Form of Hadrons

\

Low E High E

Tetraquark?

Pentaquark?

aS
. at Aqep
Effective DoF Quark-Gluon
“Exotic hadrons” require a new aspect
in describing hadrons beyond the “standard picture”. °



Hadron Physics at J-PARC

%0

[ .
\ / i ,') How are they excited?
I
— <

/ i \ |
. Ag = X
High E at AQCD Low E

How do they change
properties in medium?

* Quasi-Particles (= Effective DoF) emerging at Low E describe
hadron properties effectively.
* QP could play a role to form hadrons in early Universe.



Roles of Heavy Flavors

g

Venn~ Lo/ (mim)]*(4,4)( 03, 6)
20ifm;; Do

=

VCMI(lsOI 3.) = 1/ Z*VCM/(ISOI 1)
[aq] [qq]

 Motion of “qq” 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.



Schematic Level Structure of Heavy Baryons
* A and p motions split (Isotope Shift)

* HQ-spin multiplet (Syo + Jgrown Muck)

SO @:\/ S1ig - V3 (mgy > )

hw; 2mg + mg

(e]e)

Spin-dep. Int.

mQ> mq



Essence of
Non-relativistic Formulation in COM

H=Hy+V.+ Vs +Vsp+Vr ..
— Hj: kinematic term
— V.: confinement potential
— V.1 spin-spin interaction
— Vso: spin-orbit interaction (LS force)

— Vi Tensor interaction

g g Coordinate: ry, ry, 1y
2 p= (- Tz)/\/i
/1 = (7"1 + T, — 27"3)/\/6
| ‘up — mq

3 Uy =3mgmg/(2mg + myp)
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Confinement

© H=Hy+V, +Vis + -

Y~,xsd;(color) —» symmetrize (anti-symm.)

c .=k/2 27"5' — analytic (<-> Cornell potential Z(% +bry;))
ij

3mme

 Mp —”lq>

Wy, = \/3k/m/1,p, (m/l =

qu +mg

k =0.33°my/3, at my = 1.5 GeV/&

Ac(E )20 +
c.f 1hwy~ G )+3 G )—AC (% )~0.33 GeV/& @charm sector

lhw,~h,/3k/m,~0.483 GeV (independent of my)
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P-wave (p, A-mode excitations)
isotope shift

A-mode
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R T T
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Spin-spin Interaction

© H=Hy+V, +Vis + -

Y~y xsd;(color) - symmetrize (anti-symm.)

» Vo=k/23 1]

3mgmg
Wy, = \/Bk/m,'[,p, m; = oy _l_mQ,mp:mq
q

_ 0i'0;
* Vs =¢s X — 5(Tij) (slVeslxs):

+

A G ) = wo — 3c5/mé (S, xP) : “qq”-spin anti-symm.
+ o ) .

* (l ) = Wo + G ( o= ) (5, x") : “qq"-spin symm., [qqQ]'/?

2 mg mgmg

+ o ) L]

X (5 ) = wy + Cs( 12 e - ) (S, x°) : “qqQ” spin symm.
2 mg = mMmgmg



Spin-spin Interaction

o H=Hy+V, + Vis + -

Y~y xsd;(color) - symmetrize (anti-symm.)

» Vo=k/23 1]

a),Lp = \/3k/m)1,p, (m,l =

O'i'O']

;.5 (1ij)  (xslVislxs):

° VSS:CSZ

mm

1t 2
A 5 )= @Wo— 3cs/my

1t 1 4
D (E ) = wq t+ C4 (m?, — mme)
Z*

3)=wore(ortm
Pl mg = mgmg

N W

3mme
> , My =My
mg + mg
>+2%* 4
- — A= Cs W ~0.2 GEV/C2

q
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Spin-spin Interaction

o H=Hy+V, + Vis + -

Y~y xsd;(color) - symmetrize (anti-symm.)

» Vo=k/23 1]

a),Lp = \/3k/m/1,p,

_ 00
* Vs =cs 2 ey §(rij)  CxslVislas):

m

( 1 4

wy — 3cs/mé

\
2

3mme
m,; = f
A qu +mg

A(l_ 5_) = Do T Cs (mé P mme) (6o =1,2M
"2

(0r=1,x")

>
~—~
| =

I

N W

G 1
) ) o ) = (Up + CS( 2 +
2 mg mgmg

)t = 1.2

my _”lq>
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A(P ) (p, A-mode excitations w/ V. /)

1/m? +2/mym, —"=" 51/ m; 1/mg — 4/mymy
->1/mg (mg->0)

RN /
0.7 . )
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0.6 1T AP 7 -
// 24 4/mq

/>—\ 05 A 4 Q R ;-:"_";"_":"_":'_' e _-.-.;---.;.- ---..-.----...-
o | N\l LT
© 04 T lsotope shift
— . \\ A(p/p}(p)
8 o 3 ’-,. —_—

02 | 1—3/ mg
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A(1830,5/2°)

A(1690, ??)
A(1670, 1/2°)

A(1520, 3/2°)

A(1405,1/2°)

Lambda Baryons

strange charm bottom

A(2940, ??)

A(2880, 5/2) A,(6152)

A or X, (2765, ?°) Ay (6146)

A(2625,3/2")
A (2595,1/2) A(5920, 3/27)

A, (5912, 1/27)

A,(GS)



A(1830,5/2")

A(1690, ??)
A(1670,1/2°)

A(1520, 3/2°)

A(1405,1/2°)

Lambda Baryons

A(2880, 5/2%)
A (2765, ?7)
A (2625, 3/27)

S5 1 15 2 25 3 35 4 45 5
MQ [GeV/c?]

non-rel. QM:H=H,+V_, - +V stV +V;
p—A mixing (cal. By T. Yoshida)

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)

A, (6152)
A, (6146)

A(5920, 3/2")
A (5912, 1/27)

A,(GS)
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Lambda Baryons "N

A(1830,5/2")

A(1690, ??)
A(1670,1/2°)

A(1520, 3/2°)

? » A(1405, 1/2°)

c —A{2880,5/24— R A, (6152, 5/2%)
A (2860 3/27) Ay (6146, 3/2%)
A or X2 (2765, 7?)

A(2625,3/27)
A, (5920, 3/2)
A (5912, 1/27)

A,(GS)

S5 1 15 2 25 3 35 4 45 5

MQ [GeV/c?]

non-rel. QM:H=H;+V,, -+ Vs +V, s+ V7
p—A mixing (cal. By T. Yoshida)

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)
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A(1830,5/2°)

A(1690, ??)
A(1670,1/2°)

A(1520, 3/2°)

A(1405,1/2°)

Lambda Baryons "N

A, (6152, 5/27)
A, (6146, 3/27)

A or X2 (2765, 7?)

A (2625, 3/27)
A(5920, 3/2")
A (5912, 1/2")

A,(GS)
S5 1 15 2 25 3 35 4 45 5
MQ [GeV/c?]

non-rel. QM1H=H0+Vc0nf+V55+VL5+VT T. Yoshida et al.,

p—A mixing (cal. By T. Yoshida)

Phys. Rev. D92, 114029(2015)
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AN 2(P y) (p, A-mode mixing w/ V. )

— e = =
m,

Heavy quark mass [GeV]

T. Yoshida et al., Phys. Rev. D92, 114029(2015)
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AN 2(P y) (p, A-mode mixing w/ V. )

Heavy quark mass [GeV]

T. Yoshida et al., Phys. Rev. D92, 114029(2015)
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AN 2(P y) (p, A-mode mixing w/ V. )

Heavy quark mass [GeV]

T. Yoshida et al., Phys. Rev. D92, 114029(2015)
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%(P.y) (p, A-mode excitations w/ V. /)
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Mg (GeV/c?)
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CQM calculation (P-wave Sigma)

Strange baryons Charmed baryons
800

X(1/27,3/27,5/2) 700

>(1/2-,3/2°) 2(1/27,3/27)

>.(1/27,3/2,
>.(1/27,3/27) 5/27)

/
/

A(1/2%) 0 05 1 15 2 25 3 35 4 45 5 A (1/2%)
MQ [GeV/c?]

non-rel. QM:H=H, +V, -+ VstV +V; T. Yoshida et al.,
p—A mixing (cal. By T. Yoshida) Phys. Rev. D92, 114029(2015)
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Level Structure of double-strange baryons

* A and p mode excitations interchange

G,Oqqr S0

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

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

=(3/2+)

-
-
-
-
-
—
S~
D s_al 2'

29
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Confinement

o H=Hy+V, + Vis + -

W~y xs(Isospin * color) — symmetrize (anti-symm.)

» Vo=k/23 1]
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P-wave (p, A-mode excitations)
isotope shift

0.7 w,lw, =./3m, [(2my +m ) ——0

p-mode

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Mg (GeV/c?)



Spin-spin Interaction

e H=Hy+V.+ Vo + -
W~y xs(Isospin * color) — symmetrize (anti-symm.)

» Vo=k/23 1]

_ 0i°0;
* Vs = o X () sl
2 (1+) = wq + ¢4 ( L _ ) (S, ¥ : “QQ”-spin symm., [QQq]/2
2 LIS
=k (E’*’) = wn + C 1 + 2 (S XS) . uQQq» Spin symm
= \2 0 > m(zg mgme y ' '
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Spin-spin Interaction

« H=Hy+V,+Vig+ -
Y~,ys(Isospin * color) — symmetrize (anti-symm.)

» Vo=k/23 1]

. ( w, — 3cs/mG (£, = 1,%P)
=(2,2) =
(2 2 ) wl+cs< 1 4

P 1 2
) = w) t C (mé + mme> (gl > 17)(5)

[1]
N
N | =

|
N | W
|
N | U
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= (p, A-mode excitations w/ V)

0.8

— \

= 0.6 \\

.05 \@Z})\\

4\ \ Z

[II] 03 \\\\%7'0)

SNy, \ Y et S
01 A ==
0 L — T

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Mg (GeV/c?)

34



Xi Baryons

5(2030, ??)

=(1950, >=5/27)

5(1820, 3/2)

(1690, ??)

=*(1530, 3/2*)

=(GS, 1/2%)

0 05115 2 25 3 35 4 45 5

Mq [GeV/c?]

non-rel. QM:H=H,+V_, - +V stV +V;
p—A mixing (cal. By T. Yoshida)

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)
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Measured = (PDG)

Threshold

0K(2166)
— =(2030 =5/2? 3* ~20
$K*(1983) ”219501 ;/ " 5
= AK*(1908) & P - seen
2"K(1878) =(1820) 3/2- 3* P Large Small
=*m(1665) 213(1685) £(1690) ?? 3* seen seen
AK(1610)
=(1530)
=m(1450)

v'Most of spins/parities have NOT been determined yet.

v'Why the £* -> 7.5 decay seems to be suppressed?
v’ expected to reflect QQq configuration.
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Xi Baryons

5(2030, ??)

8

5(1950, >=5/27)

5(1820, 3/2°) >

-

5(1690, ??)

e

Events/(0.003 GeV/c)

=%(1530, 3/2*)

Lol i

M Sumihama et al.
" ' PRL122,072501 (2019}

=

E(GS’1/2+) 1111 T T O I I |
0 05 1 1.

N R ] e T e TP [ N Y

non-rel. QM:H=H,+V_, - +V stV +V;
p—A mixing (cal. By T. Yoshida)

M., [GeV/c]







Q(S,P) (p, A-mode excitations w/ V)

Ioa (Y-Qq(S,%P) [GeV]

when m =m,

e
15 2 25 3 35 4 45
Mg (GeV/c?)
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Omega Baryon

Z(2500) S
52370) —ud €(2470)
t2256) T2330)
£(2120) (2250)

511950) —— % (Py2°)

p—

=K(2024)-- . .5(1890) 2(2012) (3120,

Zl= B
= —— (6330
ZK(1811) : ;_((;ggg)) (P, 2°) ; .(22?63165

=*(1530) ;2(1672:65) (S,7) (2770)
Q,(G5)

2,(GS)

LXS, x°) » 0 =1321:G5) | (S, 7*):GS
-0.1 ,

1
Mg (GeV/c?)




Measured Q2 (PDG)

0(2470) LASS (113MK-,11GeV/c)
Threshold (290+-90)/(5) nb

€2(2380) <0.44to0 0.5+-0.3 Xi Beam

ZOK*- 2109 (4) to (4)

— (2(2250) ?? 3* 0.7+-0.2 Xi Beam
=0%K- 2024 to (4) LASS (113MK-, 11GeV/c)
(630+-180)/(2) nb
(2(2012) - 3* 6.42:> 1.2+-0.3 <0.119 ->=*K dominant if =*K
Qmont0 1942 2.O+'1'6 (=EO/E—) /(1) mol?

=0K-m0 1956

ZOK- 1811
(Qro  1807)

0(1672) 3/2+ 4*

v'Most of spins/parities/decay branches have yet to be determined.
v'What the production Z* -> Q+*K and 2+ decay modes tell us
(2+#s internal structure. a1




Charmed Baryon Spectroscopy
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Charmed Baryon Spectroscopy
Using Missing Mass Techniques

T - . . <ﬂ T
o -0 D Do<__ -
dess| | D*, D
. )
=y p(r
_____________________________________ Y * 4 / —aa .
EAn other reaction scheme | ¢ DO (YC* )

' to excite A- and p-modes

v" Production and Decay reflect [qq] correlation in Excited Y.*

v' C.S. DOES NOT go down at higher L when q.,>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 23



discussed with A. Hosaka

Revisit the Regge Theory

* shows the typical s-dependence of binary reaction cross
sections at the large s region;

do 1 L2
dt — 647s(pS")’ CETIT (#17]i) = 00,0 (-er(®)(s/5,)

— Regge trajectory: a(t)=a(0)—y[VT —+t-T]

— scale parameter s, :
s at the threshold energy of the reaction AB - CD
(*In Kaidalov’s Model: s,2(@0*(0)-1) =5 . ap(0)-1 *g . ai/y(0)-1

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



_—

Amplitude

d - - d f{x[] — d
i v‘—\ /-i- g il 7 / 3
| ' /
lr_.r"
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Production Cross Section

P =45GeVic ”7;.

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

np-> (KA & D¥A])

X _ I[R:eg;:ej '

—

KA

T

1~10 nb@20 GeV/c

T
T,

) 4
s/Sty




Production Rate: [ESCRNCIR=GI(MgTy

1. Momentum transfer (g
|, ~ (9 /A) " exp(-0z; / 2A%)

dor1.4 GeV/c A~0.4 GeV ([Baryon size]™)

2. Population shared among HQ-spin multiplet

]BM_SHQ:]BM+SHQ=L:L+1

* t-channel D* Reggeon
at a forward angle

3. Spectroscopic Factor (“ud” configulation)

S H Kim et al. v=1/2 for As, =1/6 for 2's

PTEP, 2014, 103D01(2014)
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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)

——j_0(qgr), q=1.33

+~1.33 GeV/c

5

4
r{fm}

—r*wfrp_s1/2(r)

\ ——r*WfALs_s1/2+(r)

—j_0(qr), 9=0.29

\ Ge0.29 GeV/c

o

/a\
AN

1 2\3 / 5

- rifm]

[=0

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*wfrp_s1/2(r)

—r*wfALc_p1/2-(r)
—j_1(qgr), q=1.37

q.~1.37 GeV/c

5

4
r {fm}

Al /D-\
N1/ 27

r*wfrp _s1/2(r)
—r*wfALs_p3/2-(r)
—j_1(qgr), q=0.27

‘Wﬁ?ﬁ@'/c
L

0 1 ZM 5

r{fm}
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Missing Mass Spectrum (Sim.) 2 mode 2 mode?
« ~1000 Y. /1 nb/100 days

* Sensitivity: 0~0.1 nb for LS partner LS partner?
AR A rYa (HOS doublet) § (HQS doublet?)
C

>
)
=
0
—
»
wid
c
=)
O
O

2223 24 25 26 27 28 29
Missing Mass [GeV/c? '




Missing Mass Spectrum (Sim.)
* ~1000 YC*/l nb/100 days
* Sensitivity: 0~0.1 nb for
Y. w/ I"=100 MeV

A mode AA mode?

LS partner LS partner?
(HQS doublet) § (HQS doublet?)

>
()
=
O
~
2]
i
o
-
o
o

02723 24 25 26 27 28 29
Missing Mass [GeV/c?]




A(1830,5/2")

A(1690, ??)
A(1670,1/2°)

A(1520, 3/2°)

A(1405,1/2°)

Lambda Baryons

A,(2880, 5/27)
I
A_(2765,?7) _/

A (2625, 3/2°)

S5 1 15 2 25 3 35 4 45 5
MQ [GeV/c?]

non-rel. QM:H=H,+V_, - +V stV +V;
p—A mixing (cal. By T. Yoshida)

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)

A, (6152)
A, (6146)

A(5920, 3/2")
A (5912, 1/2")

A,(GS)
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- o o o . oy,

LHCb data in A%

J. High Energ. Phys. (2017) 2017
« D% invariant massin A, » D%m™
— A:(2940): known
_____ 2 likely 3/2;, (acceptable 1/2,7/2)__ _ _
— A,(2880): known k
e 5/2+ confirmed

— A,(2860): new

* likely 3/2+, D-wave (L=2) resonance?

-— s = e = = = -

=
-
s
=L
T
M
=
=
=
5
el
&

_____________________________

!_
X

- M(D"p) [GeV]

i

* Questions arise;
— Is A;(2940) an L=3 state (A mode)?
— Are A,(2880) and A,(2860) LS partners of L=2 (A modes)?

* Production rates in p(z~,D™)Y." will give answer.

3
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rrrr

+ . __.:
' fﬁh#rﬁwﬁﬁﬁhﬁu'% .‘

[(A(2880)->1z (2455)) ~0-23 transition

L =1 contribution may affect...

JP=5/2*for A.(2880)

3.*(2520)
Is it a D-wave Lambda-c Baryon?
If so, where is a spin partner ?

M (AT T*), GeV/e?
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A(2880) likely to be Ap mode?

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

* P-wave transition seems to be suppressed in

5 3
A,(2880)zF = £%(2520)2" + m(07).
* It would be forbidden only in the case of J5,, = 3*: “5/2-” state have large widths.

5
« A.(2880)z" is likely to be a Ap mode (A=1, p=1) state.

color Asymm.

Isospin Asymm. (1=0)

Diquark spin Symm. 1
Diquark orbit Asymm. 1

Lambda orbit 1

I3t 1+, 2+, 3+

To be confirmed by measuring the prod. ratio .,




I—a m bd a_b ( 6 146/6 15 2) Phys. Rev. Lett. 123, 152001

* A new doublet A} states decaying into
Aptt ™ have been observed.

— My, (6146) = 6146.17 £ 0.33 £ 0.22 + 0.16 MeV
— My, (6152) = 6152.51 + 0.26 + 0.22 + 0.16 MeV
— Th,6146) = 2.9 + 1.3 £ 0.3 MeV
— Th,6146) = 2.1 £ 0.8 + 0.3 MeV

* They are likely to be A-mode with L=2...

* Ap(6146) dominantly decays to X;,?
— Similar to the case of A.(2880,5/2%)
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A(1830,5/2")

A(1690, ??)
A(1670,1/2°)

A(1520, 3/2°)

A(1405,1/2°)

A(2880, 5/2) A,(6152)
A (2765, ??) Ay(6146)
A (2625, 3/2")

A(5920, 3/2")
A (5912, 1/2")

A,(GS)

O 051 15 2 25 3 35 4 45 5

MQ [GeV/c?]

non-rel. QM:H=H,+V_, - +V stV +V;
p—A mixing (cal. By T. Yoshida)

T. Yoshida et al.,
Phys. Rev. D92, 114029(2015)
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Missing Mass Spectrum (Sim.) 2 mode 2 mode?
« ~1000 Y. /1 nb/100 days

* Sensitivity: 0~0.1 nb for LS partner LS partner?
AR A rYa (HOS doublet) § (HQS doublet?)
C
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Y_" Decay Branching Ratio

~<

P mode ‘ ¢

\
o v 4
T ‘.\

I'(Yn) >ITDN)

*

*

~<

C

s’ A mode

v
\.‘.'D

By

TTDN) > (Y7)
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>
Q
=
(=
A
—
(2]
e
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* Branching ratios: Diquark corr.

Counts/10 MeV

. . 1.8 1.9 2 21
Missing Mass (proton tag.) [GeV/c?]

affects I'(A *->pD)/T' (A *->23 7).
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Hint in R(NK)/R(72)

PDG Data
A(1890)3/2+

A(1820)5/2
+ . .
S(1775)1/25 * Decay ratios in known hyperons

 A(1690)3/2- 3(1750)1/2- SUGGEST the 4/p mode states
S(1670)3/2- A(1670)1/2- * A/p mode ID by productions
A(1520)3/2- correlate w/ Decay Ratios

— to be established

0.5 1
p QTSR

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




New Platform of Hadron Physics at J-PARC

61



i

J-PARC Faility
CEVAINTY

South to North

(to Kamiok

N -
. 3 .-
R e N
: A :
. .
; >
.

oty ' \,—_I; ol
'\ *| Hadron Exp.
" Facility

.| = JFY2007 Beams
== JFY2008 Beams Tl R |
o = JFY2009 Beams .=, \




49

Ine

p Beam L

~0.1%
LS partner?
(HQS doublet?)

Ap/p

2
>
()]
)
(@)
(@\]
O
()]
(7]
S~
(V5]
(e
i)
o
N~
(@)
—
X
=
—i
_

e 120 beam line:

Hadron Physics at the High-

(HQS doublet)

AN S/SIunoy

Spectrometer
for Charm Baryon
Spectroscopy

=
(V]
c
(o]

s

S
o
=
a

3

27 28 29
Missing Mass [GeV/c?

2 23 24 25 26

2




Hadron Physics at High-p BL

Lo |
2]
Bd

Baryon Spectroscopy

— p(n,D™)Y.” (E50)

— p(K-,K*)Z*, p(K-,K*K*)Q* (Lol:KEK/J-PARC-PAC 2014-4)

— Search for D, Dibaryon State in pp —» w1~ D3 (E79)

— p(n,K*)A(1405) at large s, t (to be proposed)

Hadron Tomography

— Exclusive DY, t™p — u~u*n (Lol: KEK/J-PARC-PAC 2019-7)
For Strangeness Nuclear Physics

— Ap Scattering for the study of high-dense nuclear matter
(Lol: KEK/J-PARC-PAC 2020-08)

For Neutrino Physics
— Hadron Production for neutrino beams




TOF

DC
Ring Image

Cherenkov
Counter

Barrel DC

Internal DC

20 GeV/c
Beam 1t~

“FFT/BET
Dipole Magnet

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




R&D Works

e Particle Identification (0saka/Kyoto/Tohoku/RIKEN...)

— Timing counters

e T-Zero (Osaka): Cherenkov type ~50 ps
* Resistive Plate Chamber (RCNP/ELPH/Taiwan/Kyoto/JAEA/Tsukuba): Large Size~60 ps

— Ring Image Cherenkov Detector
* BeamRICH/RICH (Tohoku/KEK/Osaka/Kyoto/RIKEN/...)

— Muon ID (Academia Sinica)
* Trackers (Tohoku/RCNP/RIKEN...)
— SciFi Tracker (Focal Plane/Beam/Scattered particle)
— DC (Forward, Barrel)
* High-speed DAQ system (RCNP/Tohoku/Taiwan/KEK/RIKEN...)

— PC cluster-based DAQ scheme
* Flexible “trigger”: not only (m~,D*) but also (K-,K*),...
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Ring Image
Cherenkov
Counter

Particle

/ Barrel DC

Beam RICH
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Time Zero Counter

* Hodoscope w/ Cherenkov Radiator for
a Beam Rate: 60 M/spill (30 MHz)

—X-shape to cancel position dependence
by taking mean time

—0<50 ps at 3-5 MHz
By T. Akaishi, K. Shirotori et al.

Measured Performance for MIPs

| Cerenkov
3 mm, 1 mm

w0
=
—~
o
~
c
e
-—
=
O
n
o
—
(@)
£
E
|_

.
Assumed Beam rate

4 )
rate [MHz]

Cerenkov light

X-type acrylic
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Resistive Plate Chamber

* TOF meas. for Scattered Particles
_Developed in LEPS By N. Tomida, H. Ohnishi et al.

Simulation

T
1.5~2 GeV/c

;Zf—%’fj,f‘f}i_f‘ ;

o’a -1” ) 02 04 06 08 1
W [(GeV/c?)] M [(GeVic?)’]

Momentum [GeV/c]

ot e
- e

/c 1w

Momentum [GeV/c]

0.6 JU 8 1- - — 0.2 0.4 0.6 0.8 1
M? [(GeV/c?)?] M [(GeV/c?)]

Expected PID performance w/ TOF vs Mom.



Fiber Tracker

By K. Shirotori et al.
* Faster Responding Trackers are needed for
a Beam Rate: 60 M/spill (30 MHz)

— Focal plane: XUV 1 set w/ d1mm fiber
— Beam Trackers: XUV 2 sets w/ ¢$0.5mm fiber
— Scattered Particle Trackers:in Fabrication

Configuration of 1 layer

Type-A Type-B Type-B Type-A

PPPPINNND
'EEX AR LR
A EEAR LN
PP PNANS
SSASNe v
SSAN2 P
SSSNeP v
SSNAN2 P

Fibers at Readout

Active are
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Drift Chamber

 Barrel DC (Side DC) for backward-emitted, low
mom. particles

—Two arms are ready and waiting for FEEs.

* Front/Forward DC for Forward-emitted particles
—To be prepared
—still missing pieces for better redundancy




High-speed DAQ system

Streaming DAQ(~50 GB/spill)

Frontend modules Buffer PCs
% Signal digitalization % Data accumulation
— Pipelined system /‘ — Several 10 GB memories

* High-speed data link _—— <% ~50 GB/spill

Filter PCs

FrontEnd Electronics oad )a ancer 7ocaﬂ E * Eve nt reconStrUCtion
storage : . 100_200 CPUS

' <0.5 GB/spill

switch

Detector

Storage
— Local storage

10G/40G Ethernet
InfiniBand

— Transferred to
KEKCC/RCNP

Xilinx MGT
1G/2.5G/5G/10G Ethernet
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Demonstration of High-speed DAQ,

Reference 1 [Sm under the Highest Throughput (SiTCP: GbE)

(Scintillator + MPPC) Permanent magnet

[Fiber tracker | R. Honda, Y. Igarashi, Y. Ma, T.N. Takahashi
et al. (paper in preparation)

Reference 2 /

(Scintillator + MppC) Reference 3
(for Scattered trigger)

Data Flow  Data Slice in Recombine data Data storage
1Gbpsx6  atime window w/ the time window W/ Event Filtering

Scintilla — SN S—— .
Qamnlar SubTim:Fram: TimeFrame 1taqr 1a< 1l
tors E[UL Samp.er Builder N 2 Builder F Filter FileSink

[HUL |-~{Samp!er |—{S0Jm Fram: |} i Tmerame [ Filter F—{FileSink
Qaimnler SubTim :Fram: AW/ TimeFrame 1 Qa1
E[LTL bd]@'el Builder (¥ {4 Builder } Flleb 1111\

— ———————— AKX =

a1l o SubTim :Fram: |/ TimeFrame 1 ACQ a1
SciFi EH—]L bamp..el Builder N/ Builder FileSink
ciFi — AR

~ < - 7 \ T a : T -
Tracker = 1L |-{Samp er|—{*" oA Tacime ] FileSink

[HUL |—~{Samp er|— ST :Fran: Timeltame | Filter | —{FileSink

40 CPUs and 256 GB Memories

73



Demonstratlon of High-speed DAQ

R. Honda, Y. Igarashi, Y. Ma, T.N. Takahashi et al.

Scinti
tor:
|

DC

Q
S
O
(&
-
a.
@
(I
(@)
=

No datd loss occurred
under a 6-Gbps throughput condition

0 20 40 60 80 12v

monitoring time [second]
40 CPUs and 256 GB Memories




Ring Image CHerenkov detector ;...

7 Detegton' sva\g111e11t, CFs
| n =1.00137

v"‘-.. / - . .
\ Detector plane / Spherical mirror
y y, ;
i

Reconstructed

. Simulation
Cherenkov angle

=
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.
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oTh]
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Q
eT1]
oy
e
Q
>
<

_ & . 10 12 14 16
Unit : em Momentum (GeV/c)
 High-momentum PID g
— Mom. range: 2-16 GeV/c
= Hybrid RICH
— Aerogel + C,F,, gas
— MPPC detector plane
— Spherical mirror

Design Performances

— Efficiency: “99%

— Wrong PID: 0.1070.14%
= Background level X 1.05
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Design Beam Intensity [/spill (5.2 sec)]

1.0E+09
1.0E+08
1.0E+07
1.0E+06
S. Kajikawa 1.0E+05
Master Thesis | 1 0E+04
2021 Tohoku Univ. 5 10 15 20

Beam Momentum [GeV/c]

Focal plane

\
offset 4[\\
——

R

|

7z

Beam
particle
10¢cm
Aerogel Radiator Spherical
n=1.02 Mirror
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Beam RICH: test w/ electron@LEPS
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Hit pattern on detector plane

« MPPC segment configuration

(3-mm 42X 4 array, 8 sets)
* Seg(R): 1-4 seg
» Seg(d): 1-32 seg
(half a full space)

 Clear hit pattern
« Alignment: OK

S

)
B

l"

A,

!

¥ G
Horizontal align

13mm |

N

R=100.0 mm

-lﬁ/i’ ' K.

h2
- Entries 116455
45000 Mean 2,551
= StdDev  0.8937
40000
35000
30000
25000
20000
15000
10000 - >
5000~ 3mm — 6 mrad
00 |1|||\2‘||||‘3|\||A|||||\\|
Seg (R)
: h3
= r Entries 116455
3 - Mean x 2.551
30— Mean y 16.82
9 C Std Devx 0.8937
r Std Dev y 9.203
n 25—
20—
15
10
5
0_ 1 1 L 1 1
0
Seg (R)

MPPC S13361-3050: 3-mm 4x4 array




Number of MPPC hits (# of photons) :
Aerogel thickness dependence

1 MPPC hit=1p.e.

* Poisson fitting
*V,, =540V (+3.0V)

» Background: Side band of TOF
30 ns rough time gate

1 p.e. Vth operation of MPPC has been confirmed.

# of MPPC hits

—

L S NW R OO OO

» #o0f MPPC

S
g
.

= #of MPPC (corr.)
= Background

pm@ﬂummw

Aerogel thickness [mm]

40 mm

h

Entries
Mean

Std Dev

18422
4.581
2.194

18

3500
3000
3500
2000
1500
1000
500
9 2 7 3 3 10 T
3000
2500
2000

Estimation: ~5 p.e. (100 mm)




Cherenkov angle resolution:

Aerogel thickness dependence
* V., =540V (+3V)
« Gaussian fitting resolution:

>t Aerogel is sufficiently transparent up to 100 mm.

» Expected performance achieved: g 40 mm =

09, ~ 2.5 mrad 9 P :
= # of MPPCs can be double F

2.5/N2 ~1.7 mrad .5

= A, (measured)

%‘3-55 Exptéected resol. —

E 3;_ ............. .. ................ . .................................... ................. .................................... g:f;ev 0301296:;9;
5 2_5;_ .............. ................. _ ................................... 'o ................ P 0.205 0.27 0275 U.:

§ J — ‘¢ ................ . .................................... A .................................... Em;i:s 0‘523‘;

2, 5_17 S
@ F | | | mrad -

1 . O. .......................... gl SR OOMM | T W e

s Prelininary o

%- | | i i bt

040 50 80 70 80 90 100 110
Aerogel thickness [mm] g

0.175 0.18 0.185 0.19 0.195 0.2 0.205 0.21 0.215 022
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Summary

* A heavy quark plays an inert particle in a hadron and is quite

helpful to investigate internal motions and/or correlations of
quarks.

— Excitation Energy, Production Rate, and Decay Branching Ratio

* We conduct charmed baryon spectroscopy by means of missing
mass technique at the J-PARC high-momentum beam line, where
the intense pion beams up to 20 GeV/c will be delivered.

— New platform of hadron physics will be covered owing to the general
purpose spectrometer
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