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Goal for hadron physics

QCD Lagrangian is known as
N 1 a V
Lacp = Yi(i(VuDy)ij — mdig)i — 7 G, Ga

Question is How hadrons are created from QCD?

How nucleus are created?

What is happened inside neutron star

hadron




Goal for hadron physics

QCD Lagrangian is known as
N 1 a V
Lacp = Yi(i(VuDy)ij — mdig)i — 7 G, Ga

Question is How hadrons are created from QCD?

and _a— How nucleus are created?

relation btw | What is happened inside neutron star
each other




Transition from
Low density to high density

'-,.71',—.- =

hadronic matter

meson in nucleus might have vary important role
on the way to high density nuclear matter
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Interaction between
K and nucleon

. K N interaction
— strongly attractive

m/m, innuclear matter

—
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200 MeV
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| T/100 MeV

0 1 i, 2 3
T. Waas, N. Kaiser %‘ W. Weise, Phys.
Lett. B379 (1996) 34.
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Interaction between
K and nucleon

. K N interaction

— strongly attractive
A(1405) : s=-1, 1=0, JP=1/2-
— Mass Is just

m/m, innuclear matter

—

5

~ above KN threshold éo‘
mR’N """"" 1432 MeV ; fs .'
OnlyI27 Mev 1 N e
-------- 14051 Mev| by

A(1405
( _— ) T. Waas, N. Kaiser %: W. Weise, Phys.
Lett. B379 (1996) 34.
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Interaction between
K and nucleon

. K N interaction

m/m, innuclear matter
5

— strongly attractive
A(1405) : s=-1, =0, JP=1/2-
— Mass Is just

—

1.0,
- above KN threshold 2
Moy 1432 MeV | o
OnlyIZ7 MeV | | . Mevé
Im -....... 0.0 S . N R
h....-.WOS 1 Mev ° T. Waas, l% Kals'l;{?%.w Weise, Physg.

Lett. B379 (1996) 34.

A(1405) : Bound state of KN ? :



What will happen
If K placed in nucleus?

. If attraction btw K N is strong enough,

Kaonlc nuclear bound state might be formed
. | | — .

>

(w3/1] Ayisuap

A. Dote ef al. : PLB 590 (2004) 51

. Y:Akaishi8::_T.Yamazag5i:P|:BS35l 7-(.11-200_2!. | [‘) >> /)O
- High density matter may realize inside nucleus,

due to strong attraction btw K N 10



Search for
Kaonic nuclear cluster

- We started from simplest Kaonic cluster,
i.e. Kpp (one K- with two protons )

- Several experimental challenges have
been made various facilities

* DAONE /FINUDA : K-stopped 0n Li—Ap

» DISTO / Saclay . ptp—K"Ap (2.85GeV)

- LEPS  /SPring-8 : y+d—K'nX

- E27,E15/J-PARC : d(n",K") X | 3He(K-n)Ap
- HADES / GSI : ptp—K"'Ap (3.5GeV)
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Theoretical Calculations
on KNN

b Chiral SU(3) Phenomenological
KP2'N int. .
(energy dependent) (energy independent)

Variational Faddeev Variational Faddeev
Method Barnea, HDotde, Klkeda, Yamazaki, Woyceck, Shevchenko, lkeda,
Gal, Liverts yo. O, amano, Akaishi Green Gal, Mares Sato
Weise Sato
B (MeV) 16 17-23 9-16 48 40-80 50-70 60-95
I' (MeV) 41 40-70 34-46 61 40-85 90-110 45-80

KbarN interaction model:
- Chiral SU(3) [energy dependent] = B.E.~ 20 MeV

- Phenomenological [energy independent]
=< B.E. "~ 40-70 MeV

e Calculation method:
- Almost the same results = depending on K*¥N interaction .
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KNN bound state
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However only deeply bound state has been observed?
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but width would be wide due to strong K absorption
However only deeply bound state has been observed?
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Kaonic nucleus
at K1.8BR/J-PARC
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Concept for
the J-PARC E15 Experiment
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Apparatus for the Experiment

Neutron
Counter

. f—
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K.Agari et. al., PTEP 2012, 02B011



Apparatus for the Experlment
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Formation Channel,
inclusive 3He(K-,n) reaction
T e s

Letter

¢ Search for the deeply bound K™ pp state from the
. semi-inclusive forward-neutron spectrum in the

i in-flight K~ reaction on helium-3

% J-PARC EI1S5 Collaboration

$ T. Hashimoto"*", S. Ajimura®, G. Beer’, H.
M. Cargnelli®, S. Choi*, C. Curceanu”, S. Enc charge

§ Y. Fujiwara', T. Fukuda'', C. Guaraldo”’, R. S T A
M. Iliescu’, K. Inoue'?, Y. Ishiguro'?, T. Ishik

¥ M. Iwai'2, M. Iwasaki'* !>, Y. Kato'#, S. Kaw

i 1. Marton®, Y. Matsuda'’, Y. Mizoi'', O. Mor

£ H. Ohnishi'*2, S. Okada'?, H. Outa'*, K. Pis
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Close-Up of the Deeply—Bound Requon
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Comparison of .,
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Comparison of ., °%%" eropooY
3He(K-,n)X
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Source of tall structure

- Are there due to only the attractive nature of KN
potential and its absorption?
. Other possibilities? — i.e. nNO-mesonic two nucleon

7 —
absorption of A(1405) %m? o | nonmesonic
- To explain all excess by P 3
doeto s weneedto 11 Ez ()
assume rather large A(1405) % «
production cross section S

0 21 22 23 24 25 26 27

(~ 5 mblll) *He(K',n)X missing mass (GeVic?)
Probably, we need to understand the production of

A(1405) on nucleus

nND
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Source of tall structure

- Are there due to only the attractive nature of KN
potential and its absorption?
- Other possibilities? — i.e. No- me1s400n|c two nucleon
absorption of A(1405) —ow Ay mesonic
- To explain all excess by

due to A(1405), we need to

assume rather large A(1405)

—
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o

L Simulation
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(.-.. 5 mb”') *He(K',n)X missing mass (GeV/c?)
Probably, we need to understand the production of

A(1405) on nucleus
This issue will be discussed by Prof.Noumi later s
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Exclusive sHe(K-,/Ap)n
§ P'I-EP Prog. Theor. Exp. Phys. 2016, 051D01 (11 pages)
DOI: 10.1093/ptep/ptw040

E Letter

- Structure near the K~ + p + p threshold in the
| in-flight *He(K ~, Ap)n reaction

J-PARC E15 Collaboration

Y. Sada''*, S. Ajimura', M. Bazzi?, G. Beer’, H. Bhang‘, M. Bragadire:
L. Busso”?, M. Cargnclli°, S. Choi®, C. Curceanu?, S. Enomoto®, D. Fa:
Y. Fujiwara'!, T. Fukuda'?, C. Guaraldo?, T. Hashimoto!3, R. S. Hayanc
£ M. Tio®, M. Iliescu?, K. Inoue’, Y. Ishiguro'?, T. Ishikawa!!, S. Ishimotc |
¢ K. Itahashi'?, M. Iwai®, M. Iwasaki'>'*, Y. Kato'3, S. Kawasaki'>, P Ki |
. Y. Ma'?, J. Marton®, Y. Matsuda'’, Y. Mizoi'2, O. Morra’, T. Nagae'?, I
H. Ohnishi!®!, S. Okada'?, H. Outa'3, K. Piscicchia?, A. Romero Vidal
F. Sakuma'?, M. Sato'?, A. Scordo?, M. Sekimoto®, H. Shi?, D. Sirghi®*
K. Suzuki®, S. Suzuki®, T. Suzuki'', K. Tanida'®, H. Tatsuno'?, M. To \ Y

¢ A. Toyoda®, K. Tsukada?’, O. Vazquez Doce?2!, E. Widmann®, B_Jj@
i T. Yamaga', T. Yamazaki'"''">, H. Yim*, Q. Zhang'?, and J. Zmeskdl'GeV/c
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Exclusive 3He (K-, Ap)n events
DS

- B missing i _g
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Exclusive 3He (K-, Ap)n events
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Exclusive SHe(K-, Ap)n events
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Counts per 20MeV/c?
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Counts per 20MeV/c?
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identified exclusively
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Kinematical distribution of
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Kinematical distribution of
A pn final state

0.8 [
- kinematical ,
0.7 & boundary | pA in CDS
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O/“L

Kinematical distribution of
A pn final state

¢
09F neutron spectator
0.8 event (ZNA)
0.72 E'Qf:ﬁ;al | onincps 4 will be appeared here!
06 | TN /
04} GRPE s Sl
03 N 5 2 s 2 R x we have good
0:2 - \3 ‘, ik acceptance
01k AN X/ for neutron spectator
A I 2NA events
-%.6 -04 -0.2 0 0.2 0.4 0.6
(Te-Ta)/Y 3Q
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O/“L

Kinematical distribution of
A pn final state

1 : 1) event widely distributed
: -> energy for kaon is
O e amatical | equally distributed
0.7 F boundary VIR PA in CD5 to 3 nucleons
0.6 : ," TR TN 2) 2NA absorption is not
0.5} (o0 oo % %\ observed clearly
- " OB ¢ X v | . .
0.4 '.‘ X ”ﬁx xc,ff Y ( it was one of the major
~ L x XX o S S e
0.3 Xk o kB ] contribution in a
0.2} \\ XK kaon at rest)
O.] \\(‘-\*_ x X .' ’vr’/
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O/4L

Kinematical distribution of
A pn final state

] : 1) event widely distributed
0.9 -> energy for kaon is
0.8 Cirematical | equally distributed
071 boundary / PA In CD5 to 3 nucleons
06§ ," X X% 3 \ 2) 2NA absorption is not
0.5 [ ook ¥R X x 8\ observed clearly

. s { X ,x/yﬁx 850 ” ‘\ . .
0.4 ',‘ ML 40 S ( It was one of the major
| x <X R X o e
0.3 \> A EX S / contribution in a
0.2 A S/ kaon at rest )
0.1F ‘w-\* ‘% xx > /
L, L“"'\ 1\'\_' ‘,_/'I |, A
%6 04 02 0 02 04 o0e Canwesee
(Tp-Ta)/V 3Q any structure?



Exclusive *He(K',Ap)n can be described by 3NA?

—M(A(1405)+p)
M(ZE+p+n) - ~M(K+p+p)
20 : (b) Ap invariant mass
16 data Multi-NA sum
_ 3NA (Apn)

2NA (Apns)

Count per 20 MeV/ 2
© N
1 1
——

H

-

2 21 22 23 24 25 26 27 28 29 3
Mino.Ap [GeV/c?]

* contribution from 2NA seems very minor
* The spectrum CANNOT be reproduced by only 3NA
* Clear structure is seen around the threshold
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Momentum Transfer of (K-,n) reaction

Mom. Trans. of (K’,n) vs. IM(Ap)

Count per 20 GeV/¢2

¢ ap [GeV/c]

. M(A(1405)+p)
M(E+p+n) M(K+p+p)
20 LI | Ap Invariant mass
| (b) suUm
16} Multi-NA sum
[~ 3NA (Apn)
12 — 0
| 3NA (X"pn)
2NA (Apns)
8- { H (x5)
T AT
-1y
0 JA‘ ' A -
16 (@) ,kinematical limit
14: i . CDS acceptancé™--._
1.2}{, . | T
10F i+ . Fe o A
: :.' - - > '@ - - - .o"’. ~||
S .'I e - - - 3 - ..‘ . - :
0.8 : :\'\ - - - e ‘{ - - ':
L. o "‘ e ':..: - nalng * - -:'
0-6 ':' :‘ “‘ : l.. ".; "- .‘ - ':'ﬂ
S % - - - -~ .
:._. '\-\ - - " - *‘,'
0.4 : \\‘\\f #j“‘oﬁ o - ,o.
X S - ‘,‘ & 'r
0.2 R .
: ' v;\ l;"

2 2122 23 24 25 26 27 28 29 3
Minv.Ap [GeV/c?)

low-momentum transfer
seems to be enhanced
around the threshold

candidates
A(1405) production in
2NA followed by

A*p.2>Ap ?

S=-1 di-baryon state of
X2>Ap ?
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Count per 20 GeV/¢?

¢ ap [GeV/c]

Could the structure be a di-baryon?

‘assume|

3

Breit-Wigenr

- single pole resonance with Breit-Wigenr
line shape ( Mx, I'x )
. gaussian form factor ( with Qx)

(I'y/2)°

(Minv.ap — Myx)> + (I'x/2)?
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Sedt

(_‘/i/’/zQi) ’2

Lorentz invariant
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Form factor
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: L o ‘ pole
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0
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phase-space

v2 test have been

performed including
processes like

Z2NA and 3NA reaction
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Could the structure be a di-baryon?

! dzc;x 0<“P~4(Alm) X . (Cx/2)" X IexP (‘(12 /2Q3) -
!(IMin\'_l\Pd(lA[’ ‘ (Mill\"./\p - MX)2 + (rx/2)2 Ap Y

Vriviitad ¢ W P e Vit

k -
| S

binding energy from M(K—+p+p) [MeV]
35 30 25 20 15 10 5 0 =5

200F 60
180k -
—. 160k 50 -
% MOE ™ 40
& 120f =TT
x 100 30}
80F "
60; 20 f
405537 335 3.36 337 %010, ) .
Mx [GeV/ 2] Qx [GeV/2)

My = 23557 % (stat.) + 12(syst.) MeV/c2 == By~ 15 MeV/c?
[y = 110719 (stat.) + 27(syst.) MeV/c> ~ shallow potential?

Qx = 400750 MeV/e ~P 0.5 fm?
compact system?




Detail analysis to investigate structure
near K-pp threshold is In progress

30 times more data are taken in 2015
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Global structure seems to be confirmed

34



Ap Invariant mass
V.S. nheutron emission angle

o MK-pp
1.0 I [ 3 I S L T R
" n
77 -

CM frame i : )
0.5 : ]
':‘2 0.0+ : —

0.5

Beam !

PRELIMINARY y
p -1 qk 11 1 1 1 PO S , e W s I v il l_‘
2.0 2.2 24 2.6 28 3.0

M, (Ap) (GeV/eh)

Events clearly concentrated around K-pp threshold
when neutron emitted to forward direction
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Invariant mass
as a function of cos(6n)
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Invariant mass
as a function of cos(6n)
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Invariant mass
as a function of cos(6n)
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Ap Invariant mass
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Ap Invariant mass
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Ap Invariant mass O%
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Ap Invariant mass Z)OO
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Ap Invariant mass "o,
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Two components may exist
Further detail analysis is In progress



Summary

- Interesting structure found in Ap invariant
mass spectra on the K-pp production threshold
via *He(K-,Ap)n reaction

- The structure may strongly related with
S=-1 dibaryon state

Prog. Theor. Exp. Phys. 2016, 051D01 (11 pages)
DOI: 10.1093/ptep/ptw40

Mx ~ 2355 MeV/c?, I'x~100MeV/c?
- Detall investigation on the structure with
high statistics Is In progress
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Future direction
about Kaonic nucleus

- I existence of K-pp state is established
- Can we determine quantum numbers?
(spin and parity)
- How about K- in heavier nucleus?
(Kppn / Kppp / KC)
- double K- nucleus
- How about meson other than K-
l.e.n’, ¢ etc.
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(p |n nucleus : J- PARC E29

K
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A\
+
cross section (itb)
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o 1IN nucleus : J-PARC EZ29

Nucleon Hole

- @

Emitted Neutron

T
—
T° Y decay
: | Target

0.5, l"l"‘:‘l""......"“"
_ 04 :—:ofv:-w
3 03 |\ 18cevie ~detecting forward going neutron
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with new taclility



New opportunities

with new tacllity
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New opportunities

with new tacllity
J-PARC hadron hall extension

| Hadron physics with single Strangeness |

~ multi-strangeness and charm physics



New opportunities

with new tacllity
J-PARC hadron hall extension

Fiadran physics with Single Strangensss]

~ multi-strangeness and charm physics

Physics with flavor frontier



J-PARC Hadron hall extension

<2.0GeVic
~10% K-/spill

« <1.1GeVic
«  ~10° K/spill

30 GeV proton
<31 GeV/c unseparated 2ndary beams
(mostly pions), ~107/spill



J-PARC Hadron hall extension

+ <2.0GeVic
+ 1.8x108 pion/spill . 5deg extraction
« x10 better Ap/p « ~5.2 GeV/c KO

< 1.2 GeVlc « Good n/K

« ~10% K/spill

<2.0GeVic
~10% K-/spill

.« <1.1GeVic s T e

+ <10 GeV/c separated
pion, kaon, pbar
« ~107/spill K-, pbars

30 GeV proton
<31 GeV/c unseparated 2ndary beams
(mostly pions), ~107/spill



J-PARC Hadron hall extension

+ <2.0GeVic
+ 1.8x108 pion/spill . 5deg extraction
« x10 better Ap/p « ~5.2 GeV/c KO
<1.2 GeV/c Good n/K
« ~108 K/spill

<2.0GeVic
~10% K-/spill

< 1.1 GeVic
~10° K-/spill

+ <10 GeV/c separated
pion, kaon, pbar
« ~107/spill K-, pba

— - .

30 GeV proton
<31 GeV/c unseparated 2ndary beams
(mostly pions), ~107/spill



Physics at K10

* Anti-proton beam up to 10 GeV/c will open the new window
to explore charm physics at J-PARC
. DeS|gn for the beam line is in progress

E
1

10%°-3%em/s

@10 GeV, _
&% MR:100kW
' long beam line (~ 70m) but keep : Lig.H 25c¢m
beam intensity as high as we can| e
- Typical beam intensity = */ Q/scalar meson w/ strangeness

‘K - 10 M/6s @ 46caeV/c)'
pbar: 10M/6s @ 10 GeV/cxl

charmed meson in nucleus

Design for the detector has been started.
- Large solid angle spectrometer
(large solenoid + Dipole in forward)




Hadron hall extension

- New physics opportunity will be open by this
project.

. wide range Z* / Q* baryon spectroscopy

- charmed meson in nucleus

- Probably many others! now under discussion !!

- Those programs will be complimentary subjects
with physics programs at KL beam @ J-Lab
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Hadron hall extension

- New physics opportunity will be open by this
project.

. wide range =Z* / Q* baryon spectroscopy

- charmed meson in nucleus

- Probably many others! now under discussion !!
- Those programs will be complimentary subjects
with physics programs at KL beam @ J-Lab

Most aggressive scenario:
we expected to have first beam in 2021/2022 ,,



Thank you
very much
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