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The hierarchical structure of matter

. Our gourd (AO2) 1s focusing on
"Hadron” to reveal and understand
the hierarchical structure of matter
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The hierarchical structure of matter
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The hierarchical structure of matter

. Our gourd (AO2) 1s focusing on
"Hadron” to reveal and understand
the hierarchical structure of matter

. Two experimental projects (originally)
have been proceeded by the AOZ
.- Hadron spectroscopy

- with hadron beam at J-PARC

- with photon beam at SPring-8
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Hadron

. Particles that interact by the strong interaction are called "Hadron".
. Hadron 1s known to be a composite particles of quarks.
. Hadrons are categorized as mainly two classes.

. Baryon: Family of proton/neutron. Bound state of three quarks

. Meson: quark - antiquark bound state.

”Bgcn Meson‘.

fermion-anti-fermion system

Three fermion system

Unfortunately, a single quark can not be separated from a hadron
Confinement of quarks inside hadron



Exotic hadron

. Baryons and mesons are not the only configurations allowed by the
theory of strong interaction, QCD.
. Quark has “color charge” (RBG)
— (Color of hadron must be “color neutral (white)”.
. Following configuration can be allowed other than ggqg and gg config.
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Exotic hadron

. 4qqq (tetra-quark) Q‘
. gqqgg  (penta-quak baryon)

. qqqqqq (di-baryon, six quarks) ng
-




Meson Summary Table Baryon Summary Table

This short table gives Lthe name, Lthe guantum numbers (where known), and the status of baryons in the Review. Ouly the baryons with 3- or
4 star status are included in the Baryon Summary Table. Due to insufFicient data or uncertain hterpretatlon the otnher entries in the table
are not =stablished baryons. The names with masses are of baryons that decay strongly. The spin-parity J¥’ (when known) is ziven with each

particle. For the strongly decaying particles, the JF values are considered to be part of the names.

See also the table of suggested q§ cuark-model assignments in the Quark Mcdel section.
e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries 2s being established.

LIGHT UNFLAVORED STRANGE CHARMED, STRANGE cc cortuqued
iS=C=8=0) S=%1,C=6=10) (C=$§==*1) L) -
15(.1P€) 61 1PC) NP K F) oG ) p 1‘/p+ Hak | A(1232) 3'/;>+ fooox | 7 1/'9+ wpks | =0 1/07 Hékk :;+ ik
o , : b oasksx ( ot kkxa 0 ot kdke | —— 9 AkRE
o 17(07) | am(1670) 1727 7)) | e K* 1207 | e F 007) |ews(3823) € (2 ) : 3 l,::_jl o A:16F)D) 3,/34 o }_'_ 1 ,.2| N 1/3 veer | a0 Lok b
o0 170~ ") | e p(1680) 0~ (1~ )| e KO 1/2(07) | o D% 027y | ewa(3842) ¢ (37 ) N(1440) 1727 4(1620) 1~ o ’,2+ :_(1"301' b b 0 4
. 040~ )| e pa(1690)  1H(37 )| @ K 1/207) | e Dpy(2317)*  0(0F) | xeo(3860) €70 n(s20) - 3/27 T | AUTO0) 3/ W Z(1385) - 3/2T | 2(1620) * [ Au(5912)° 127 e
« £(300) 00T T)|aep(1700) 1H(1— )| e kO 1/2007) | & D,y (23507 0(1+) | ®xc(3872) aT(1 T 7] (1635)  1/2— #4ex | A(17R0) 172t F(1580) 32— * =(1690) *h [ A,(5920)° 3727 e
ep(770) 1177 ea(1700) 17(2F ) fe k7o) 1/2(07) | @ Dg(2536)* oa*) | *Z:(3900) 1T(1H ) f (650) 1/2= *e=x | AfoD0) 1/2~ E= | F{ie20)  1/27 * =(1820)  3/27 A% [ Ap(6146)0 32w
ew(762)  0T(17 )| e f(1710)  0T(0 T )| & ko(B92) 1,2('-‘ oD:;,(zs‘.'a') o(zt) | eX(3915) ot(o27 ) N(1675)  5/2  **& | A(1905) 572t *sx | Fi1ec0) 12t %% | 2(1950) , 44k | Ap(6152)0 52t Ak
on"(%ﬂ) D+':C +] ';',v(ln'(zC') OI :L' o ) e Kl 12,0’ 1/2‘.. ) ° le( »70L,):t ,:)(1—) . Xfi!‘:aq?'o) 0? (27:' - fu'(' 683) 5‘/2+ F¥¥X A(1910) 1/2+ ¥¥x¥ I‘l':)?':" 3/'2— ¥¥¥S :—(2030} —\;’ :f; ¥Ey lb 1/2+ 3
«f(%80)  0'(C" ) fen(1800)  1T(0T T} e k(12000 1/2007) | Dz (28600 0(17) X(3%40) ?'(*"]) N(1700) 3727 ree [ A(1920) 372t ee | E(1750) 1727 ¢ | =(2120) 4 23 3jat e
ep(4s0) 10T r(1810) 0*’? T e k7(1410) /21 )| D (28601 0(3 ) * X(4020}= 1 (*7) N(1710)  1/2 #kex | A(1930)  §/2T Ekx | F(1775)  5/27 | —(9950) +4 T,(8007)! e
eo(1020) 0 {1 )| X(183) (0 *)|a Kn(1430)  1/2(0") D:],(fm,‘,j)t oz * ¢1(4040) t'l: -) N(1720) 321 seek | A(1940) 32 k4 I(1/e0)  3/20 = =(2370) *e I (6087)~ b
e m(11/0) 0D (1 ' Jled(1850) 07 (37 7| Ks(]_‘;gg) l/'2(2+] ! X(‘IOSO‘_ 1™ (? +) ."u'l".Bb'J) 5ot ¥ A,’1950) 7/t ¥rex E(ISEU) -_/'2+ % :—(2500\ * E'g :—; 1/2F *re
. X ( _ _r rry - . pt \ . Y . / . e / ‘)
« by (1235) 1: ++’ em(1870) 0% (2~ O K(1a60) 1/2(0 ) 'jg'_' j)lM A5, (;,,) N(1B75) 3/27 *rr | A(2000) 5721 ¥ | x(1900) 127 *¥ =1 (5935) 1/2F #ks
-11.1?30' 1+:1 N +1 e m,(1880) 1+52_ 4 Kz(1580) 1/2(2 ) — =*N — X'ﬁ}'Jud \ 1*(- +)_‘ N{188D)  1/oF #xk | A(D1R0) 1727 ¥ r(1910) 3/27 * | Q- 3/27 M| (50450 32t ver
-.;(:;;g) g+.:3++) ,;(1900) LT K1e30)  1/2(7) | +B 1/2(0 | @ X1 D) g_:t__z; N(1B9S) 12~ kx| A200)  7/2~ kx| F(1915)  5/2F ks | Q(2012) 77 k% | = semg)- 30t e
) e [ FIR9 0T k1550 al )| <88 L2 | ey ni900)  3/2t e [agaz00) 9g2t s | Eusan) 32t | 2(2250) a5 (6027) bhe
en(1295)  0T(CT T ay(1950) 1T(0T )| g k-(1eg0)  1/2(1 ) | @ BF/B" ADMIXTURE X(480)  77(77) pI1 ot % P - 2010 (p— ¥ ) - % ‘ +
S RO L | AL e . Pl S N(1990) 7/2 A{2350) 5/2 £(2010) 3,2 £2(2380) o 12t ks
em(1300)  17{0T )| e £(1950) 02T )| g k1770)  1/2(2) | @ BE/BC/BY/bbaryon | £-(4200)  1T(1T ) » + , + 20301 79+ \ ¢
o '+ b |0 R (227 et , -1 ") N(2000) 572t x| Ar2300) 72t ¢ £(2030) 7/2F eers | 2470) *t
e 3;(1320) 1 (2 )| eas(1970) 1 (4 ) | « K2(1780) 1/2(37) ALMIXTURE e (4230) 07 (7 . + . _ : . 1
e f(1370) ottt pa(1990)  1H(3 \ K3 " o~ Vg and V., CKM Ma- Re[4240) 17(0— — N(204D) 32T % A(2400) 927 ** r(2070) 527 * F.(4312)* s
er3(1400) 1-(1- )| m(200s) 1z | K}%?;;" :';}g_i gi." Eements /201 X(4250)= 1—(7?+) N{2060)  5/27 R | A(2420)  11/27F F | F(2080)  3/2F * AL 1/27 ¥ e (a380)* ¢
o(1105)  07(0 ) ef(010) 02" ) e geg) 1:'24:0'*‘5 e (5721)* Ui | w(a260)  0=(1— - N(2100) 1727 X AQ750)  13/2” ® | k(a00) 7/ % Ae(2595)7 1/2 ** P (4440)* !
em(1418) 0 (1! )| feoze)y ottt thqan] 1207) | « B:(};;;, \0 Vo= | ®xa1{4274) ¢7(1LF ) N{2120) 3/2= [ A(2950) 1572t et | E (2160) 12—~ A(2625)% 3/27 ¥t | P (a45T)" *
a(1420) 1P enEoso) ot L lo00 oy | Byisma) 2e?) | X(43s0) 0 (1)’ fN{2190) 7T e F(2230)  3/2F * | A(2765)* '
o 4(1420) DT T ) my(2100) 17(2T ) Kf,‘.,..,w-, 1202 ) | e Bf(f§7;7)' Lrara—y | #¥(4360) G (1 ) N(2220) oot desk A 1721w | yi0050) x*k | A(2860)" 3/27 H#4
ew(1420) 0717 7| f(2100) o+'c++) K;‘:;;,,O') 1:,;(-;+) . Bf('rﬂ")o 1’,;:2_: @(4390) 0 (17 ) N(2250) 972 sEEs LA 1/2= e F(2455) *+ A (2880)F 5/27 *&d
£(1430)  oFat )| f(2150) ottt K-“(;:‘s.i-i-‘;l] l/";(; \ B::(;‘.SAO)' Lo _,?, e (4415) 0T(17 ) n(2300) 1721 v A(1405) 172 ®E=x ) (2500) ¥ A(2940)F 3/2 444
ea(1450) 17O p2150)  1FUT TN ol oy | Buesap 1207 | #2430 1T N(2570) B/2~ *t | A(1520)  3/2 *==x | 5(3000) * | L(2455) 1,27 weve
rg —— ' - — —— 4.2 J J s N - - : ! _ P - . X ok
«p(1450)  1TILT feg(2070) O (L 27y | 4 soroy 1"9'-»?; xeold500) 07(07 ) N(2600)  11/2~ *+¢ [ AQ1600)  1/2F T F(3170) * | Eu(2520) /27 e
* (1475) orie— )| f(2200) otetH) - 1. B*'(ng)(, 1/207%) e (4660)  07(17 7) N(2700) 13721 *% A(1670) 1727 ®k=x I.(2800) b
« f,(1500) 0F(eT ) fi2220) otztt CHARMED - x-u[4700) 07(0F ™) A(1690)  3/2— k=x E 1/2° As
(1510) 0:{1 - :) ord4 ) (€= 1) BOTTOM, STRANGE o A(l710) 1720 o+ =5 1/27 *e4d
'o' { -+ ¥ YN *f"‘— =3 P - B _LI'S 1) "— o _'C
« F51525) 0+:2 + +) "(J,Z.ZJ) U+ :L . 0% l’?(o J : i (| possibly non g7 states) A(1800) 1727 ** =h 1/2° *4+
L(1565)  DT(2TT) | pa(2250) 173 T ) @ 1/2(07) | & B 0(0™) "y T A(1810)  1/2F wrx = 1,0 o4
p(1570) 117 ") | @ £(7300) 02T 4 pr2007)¢ 17217 | € B2 oa—y | (3] 0T Al1820) 5o+ e A
m(15es) 0=(1F )| f(2300) 0t peaor0)E 1207 | ximsem)s  xe?y | TS 0T0TT) A(1830)  5/2— ks =c(2645)  3/2
L ] ."1(1600) l_II - *) 'ﬁ(2330) 0+:r' + +] P 05(2300)5 1’2(0+) . 85‘1"583':)}: 0(1‘{') . Yt’(nl P) 0 (0 :- :E' ‘4:1890) 3‘/2+ pam— :-0(2790,' 1/‘ re
e (1640) 17(1FF)af(23a0) otpztH Di(2300)5  1/2(0") | e B, (53400 o(2*) | * xe1(1P)  07(17 ) » o= s Zc(2815) 3/27 ¢
6(is40) 02+ H) [ pass) 15—, g Q000 120 | progsesny  aehy | SR 0Tt 2000y 12” - =:(2930) *e
‘1."2(1645) 0-4-':2 — +) &"2510) o+ 'f + +] D'(2420)* 1/2‘.7 . EAAN / . Xt":‘ :lp) 07 (2 + "'l A>..050) 3, 2+ Ep(ZE‘fU) LX)
sw(1650) 07 (17 7) AT Dy(2430)°  1/2(:+) | BOTTOM. CHARMED | mi25)  €7(0™ ™) AR070) 3727 * =(3085) "
cws(1670) 0 (3 ) . e Dya60)  1j220) | CoE  JeT() ) A(2080) 572 Z(3080) e
ruriher states o D3a60)5  1/2(27) | ¢ BC o=) |*hlD) ¢z ) A085)  7/Z+ * =(3173) *
pisso)® 12077 | BSyE o) | SxwliP)y GCHOT A2100)  7/27 T 0! 1/27 Ak
b 27 exm{2P) 0 (1" ) A{2110) 52t #x= 0. (0770)0 32+ *s
Dj(2600) — 172(7) ce hp(2P) 0= (11 ) A(2325) 327 * “(Bril) 5/
D*(2640)*  1/2(?°) |(+ possibly nen-q@ states)| o ., mpy  g—(2 + A= by 2:(3000)° e
pi2r10)° 17207} [ *xeal2P) 0727 7) A2350)  9f21 s 0.(3050)0 ke
VT Lep1s) ot~ ) |eT(ES)  0T(1T ) , . x|
Dy(2r0) 12373, ' A(2585) 2:(3065)" 444
32 el R ey | R CTCL B ey -(3000)"
D{3000)° Vo) |, xo(lP) 0T F )| exw(3P) 07277 Q“:3090) "
exa(lP) 0/(L' )|eTES) 07(177) 2. (3120)° e
eh(1P) O (1t )| eZy10610) 17(1F )
ev.a(lP)  0'(2" )| e Zy(10650) 1_;'(1 =) *¥E¥*  Existence is certain, and propertiss are at lzast fairly we!l explored.
enc(25) 070 ) T(10753) 7717 7) £+ Fxistence ranges from very likely te certain, but further confirmation is desirable and,/or
o 2(25) 07(1 7 7)| * T(10860) C7(L7 ) quantum numbers, branching fractions, etc. are not well determined.
* T(11020) © (1 ) **  Fuidence of existence 's only fair.
¥

Evidence of existence s poaor,




Meson Summary Table Baryon Summary Table

This shorl Lable gives Lhe name, Lhe guantum numbers (where known), and the status of baryons in the Review. Ounly the baryons with 3- or
4 star status are included in the Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the tahle
are not =stablished baryons. The names with masses are of baryons that decay strongly. The spin-parity J¥’ (when known) is ziven with each

particle. For the strongly decaying particles, the JF values are considered to be part of the names.

See also the table of suggssted q§ cuark-model assignments in the Quark Mcdel section,

e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries 2s being established.
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Existence is certain, and propertiss are at lzast fairly well explored.

Existence ranges from very likely te certain, but further confirmation is desirable and /o
quantum numbers, branching fracticns, etc. are not well determined.

Fuidence of existence 's only fair.

Evidence of existence s poaor,




How Is a hadron formed?

Normal hadrons exotic hadrons|
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How can we learn effective DoF In the hadron

. Hadron spectroscopy will have the power to reveal effective Dok
. quark dynamics can be extracted through excited states of hadrons

. di-quark correlation

[GeV] —

In the case of charmed baryon,

= (- ) )
AN O O
l-mj C l /

VCM] ~

Normal baryon

baryon w/

one heavy quark

a "di-quark” correlation will emerge, effectively T ze%0

. eeees — 7(4430) 00 Qg pair creation
NN TSR GorisdSe A multi_quark
cluster formation
----- Z(3900) meson-correlation
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L di-quark correlation
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Xel i 6
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? effective DoF below
Ay threshold
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. gluon excitation
. threshold effect
. hadron-hadron

8

relation between the excited state
and particle threshold will have a key

to understand effective DoF in hadron



The way to reveal
effective Degree of freedom In hadron



Charmed baryon spectroscopy

. The spectroscopy of charmed baryon (Baryon with one charm quark)
has been proposed at J-PARC, J-PARC Eb50 to shed the light on diguark

correlation In baryon resonance.

The detector iIs under construction
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ES0 spectrometer f
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Meson-Baryon interaction



Kaonic-Nuclear cluster

. Kaon-Nucleon/kaon-Nucleons system
. The feature of the system is something like,
"‘Boson-Fermion™ / "Boson-Fermion-Fermion™ system,
sticking with strong interaction.
. A couple of candidates have been investigated in the framework of “A02.”

. A(1405) — KN bound state?

. KNN — bound state of K and two nucleons?

. KNNN — bound state of K and three nucleons?

N

KNN



Study of the Kaonic-Nuclear cluster at J-PARC

. A Series of experiments have been pertormed utilizing high-intensity

K~ beams available at the J-PARC K1.8BR beamline.
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Study of the Kaonic-Nuclear cluster at J-PARC

. A Series of experiments have been pertormed utilizing high-intensity

K~ beams available at the J-PARC K1.8BR beamline.
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Study of the Kaonic-Nuclear cluster at J-PARC

. A Series of experiments have been pertormed utilizing high-intensity

K~ beams available at the J-PARC K1.8BR beamline.
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K meson + two nucleons : KNN

. Reaction “He(K~, Ap) for KNN Phys. Lett.B789(2019)620
Phys.Rev.C102(2020)044002
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K meson + three nucleons : KNNN

. Reaction °He(K—, Ad) for KNNN

" RNN
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K meson + three nucleons : KNNN

. Reaction °He(K—, Ad) for KNNN
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K meson + three nucleons : KNNN

. Reaction 3He(K_,Ac_l) for KNNN .
80 . KNN — |KNNN?

acceptance corrected

|
Ky .
'Q' | = = ]
70F 1 < - .
S TR e : preliminary:
— I — i -
S 60| e < af 0:3 < g < 0.6 GeV/c:
S | —— Kpp— Ap 0 P : -
O 50| : 50 > -
= | K'pp — &'p O 30F -
-g 40 : - QFK’NN—Mp,zop o 295 —
ed. | ~ :
I -
S 30 £ 20f E
SN ! >S5 N
S : 3 15F -
| 10F E
10} | -
| 5E -
2.0 2.2 2.4 2.8 3.0 . v o - L

2.6
M(Ap) [GeVIc?] m,, (GeV/c?)



K meson + three nucleons : KNNN

. Reaction 3He(K_,Ac_l) for KNNN .
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acceptance corrected
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Similarly, clear peak structure showed up below KNNN threshold



Kaonic nuclear cluster

. Clearly, we observed KNN cluster, i.e Meson +Two fermions system
. However, we can not determine the quantum numbers, c.f. JF¢ etc.

. We found a hit of the existence of KNNN cluster.

. However, we need more statistics to extract the mass and decay width
of the observed state.

. Therefore, we started a new project to answer the undetermined
guestions above!



Future prospects for the research ot Kaonic nuclel

. Constructing new large acceptance detector complex

Future projects

current CDS

.
.

—
——




Future prospects for the research ot Kaonic nuclel

return voke

>90% solid angle coverage

polarimeter...
tracker stack
CDC -- Neutron detection capability
K- | Sensitivity for proton polarization
Cap .- g
hodoscope™ .
inner Z trig”
Ll Construction has been started
0 ; (Completed in 2025)




Study of the Kaonic-Nuclear cluster at SPring-8

. The project to study Kaonic-nucleus via photo reaction Is In progress at
SPring8-LEPSZ experiment
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Detector pertormance

Particle identification
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we started taking physics data since October 2021
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Study of the Kaonic-Nuclear cluster at SPring-8

. Photo production of A(1405) :

Uniqueness of the measurement at

v +p — A(1405) + Kt reaction the LEPS2 experiment “photon polarization”
4 | e :ti'Z” (1=0)
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M, [MeV]
Phys. Lett. B593, 75 (2004)

Transition form factor (p - A(1405)) can be measured

which contains size information ot A(1405)

— we may conclude whether A(1405) Is a compact object or not.



Study of the Kaonic-Nuclear cluster at SPring-8

. Photo production of A(1405) :

Uniqueness of the measurement at

v +p — A(1405) + K "+ reaction the LEPS2 experiment “photon polarization”
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Transition form factor (p - A(1405)) can be measured

which contains size information ot A(1405)

— we may conclude whether A(1405) Is a compact object or not.



Study of the Kaonic-Nuclear cluster at SPring-8

. Study of KNN via d(y, Ap) rection
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The hierarchical structure of matter
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nsate

N .‘v'
oy v ) &
. e .
p S

nuclei

. 2avy quark
: aryon ¢2




The hierarchical structure of matter
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The hierarchical structure of matter
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The hierarchical structure of matter
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Summary

. Reveal the relation between quark and hadron, hadron and nucleus hierarchy.

what 1s the effective DoFs to describe hadron
. The preparation of the experiment is in progress: J-PARC E50 experiment :

(Detall will be discussed by Prof. Noumi)

. Physics data taking is started. : SPring-8/LEPS2-solenoid :
— new results will be delivered soon.

. New data analysis with existing data Is ongoing
. A(1405) : the J-PARC E31 experiment

. KNN :the J-PARC E15 experiment
. KNNN : the J-PARC E8O0 experiment



Summary

- What are we learning so ftar?

- We already obtained hints about the hadron (meson) will be a
constituent of the matter (other than baryon) (A(1405), KNN, KNNN (7?), etc.).

. all states are seen very close to the threshold energy
— need an investigation of whether this “threshold effect” is
the same effect that is seen in other hierarchies — Universality?
- Diquark will play a major role in a hadron, hits have already been seen In
high-energy experiments/ theoretical works.
— charmed baryon spectroscopy at J-PARC will give a new insight
INto the topics of the hierarchical structure of matter



Summary

- What are we learning so ftar?

- We already obtained hints about the hadron (meson) will be a
constituent of the matter (other than baryon) (A(1405), KNN, KNNN (7?), etc.).

. all states are seen very close to the threshold energy
— need an investigation of whether this “threshold effect” is
the same effect that is seen in other hierarchies — Universality?
- Diquark will play a major role in a hadron, hits have already been seen In
high-energy experiments/ theoretical works.
— charmed baryon spectroscopy at J-PARC will give a new insight

INto the topics of the hierarchical structure of matter
we will show some new results from

J-PARC E50 and SPring-8 LEPSZ2 near future






