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Origin & Evolution of Matter

Matter-Antimatter Flavor Physics

q CP violation Kaon rare decoys
Symmetry a weak interaction > € conversion
matter dominated universe - new physics

Hadron Physics

Origin of Matter Creation
formation of hadrons from quarks

quark interactions
hadron mass-generation mechanism

Hadron speciroscopy
Meson in nuc\el

. Strangeness Nuclear Physics
Matter in Extreme Conditions - hadron interactions
- .
dense matter in neutron stars N hadronic many-body systems
, H YpPperon-Nucleon scottering

H ypern uclear speciroscoyy



Present Hadron Experimental Facility (HEF)

. > <2.0GeV/c Nn.p
¢ <11 GSeV/C TG > ~ 108 K /spill

5x10° K-/spill © » S=-1 and S=-2 hypernuclei
» Kaon in nuclei

» 16 deg extraction
> ~2.1GeV/c~ 107 KO /spill

T1 target ‘“ ¢ ‘h < A FEPEErT— launched in 2020
; ﬁt;;akrgve t Y - hlgh N> 30 GeV proton ~ 1010
| ' ' > <31 GeV/cunsepa. T ™ 107

_Hadron phy5|cs i
l R0

» 30 GeV proton bea |
» U beam
started in 2023 3 11-e conversion OM',:',I

> 65kW (7x10%3 ppp, 5.2
[as of 2021, June]
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Achievements in research at the Hadron Experimental Facility

4 Flavor Physics Y Hadron Physics | Strangeness Nuclear Physics

KQ - n%vv search @ KOTO Observation of an exotic hadron bound A lot of progress in hypernuclear research
. e s system including K- meson - . —ny .
- Approaching the SM sensitivity y g - Clarified attractive S=—2 EN interaction
for CP violation -> Established a new direction to and deepened S=—1 AN, XN interactions
KOTO 2016-18 understand meson-baryon int. : B
BT - 053 g RSN S v e o Observation of |'%
KOTO 2015 4003 - o 701 i;: :g 300 < g < 600 MeV/c = hypernudei \
0 : . : H = ool i i data i s N
Single Event _& ik, RN e E £ R
— % ; . agd r‘f‘f’f’f‘f{‘f{"f”’egw” . -pp é 'i Kpp—2p ] Differential cross sections of X'p scattering .
SenSItIVgty % :Zzi— e 3 | 'E p " 8249) ” E. 401 i * w — QFI?NA_I:Z\:\,;,”; ga p,=470-550 (MeVrc) ‘_-" p,=550-650 (MeVic) \
3% 10" 1o Sl lm A | =
100 0 0 . D R 5 # all B3l +ﬁ$ﬁ . +_
3 0.14 0.6 0 < =201(b) =0 + 1 pplmeee S gl L
50; N [ I T P || U B %%15- %m-i m M | ﬁrﬂi"”"@f | Hﬁwi% .
BR(K, » 1 Ow) 1000 1500 2000 2500 3%011( 3(5;::) n‘:;)m) 4500 5000 5500 6000 :E §1: az L 3 X, % | Ei };‘2/ A/Z\twiﬁt | gsi P,=650-750 (MeVic) -ﬁ- P =750-850 (MeVic) Eirst precise
S o e : : 2 "l 2, At _
10— e E 2 Pole position & °, 4% & 1 %‘% hyperon-nycleon
/Dlrect limit (KOTO 2015) ; (‘) of A(1405) 071%3@‘2 0‘5 71%@@3 ; scattering
_9 ‘_...--BKLﬁ” vy < 3.0 X 1077(90%CL o§ ™ | - : COSE’| [I-PARCES)] | °°53 95+0.04 | 0.98+0.03 1*
10 ——— Indirect limit s a0 raso , 1500 0] % Eﬁe::ﬁz‘;ﬁﬁfz 1/2* :,,.\EV:I o ‘ T, 1/2+
Bynovy < 6:4% 10710 S . e T Ui Caye
107 1 Ultra-precise |z s Charge-symmetry | “of ¢ oG]/
L H 104 | ) ) /204+0 04
—11 SM sttt measurement 5] T | breaking in the  p7 4H 2‘39_#+“
07— of kaonic atoms 4 AN interaction v “He

A i e 5 4 ) B, MeV]
2p shift (eV)
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Further research directions at the Hadron Experimentar Faciity

Search for u=>e conversion @ COMET
(2023~)

-> Search for charged lepton flavor
violation

Muon Transpon
Solenoy Proton Beam

Futher research

Oy search with further

sensitivity

K)->m

- Explore beyond the SM sensitivity

Flavor Physics A4 Hadron Physics Y | Strangeness Nuclear Physics
Measurement of spectral modification High-resolution spectroscopic study of
of ¢ meson in nuclei (2020~) S=—2 E-hypernuclei (2023~)
-> Attack mass-generation mechanism -> Provide accurate and systematic

of hadrons information on EN, AA interactions

Futher research Futher research

Charmed and muti-strange baryon Ultra-precise spectroscopy of S=—1 hypernuclei
spectroscopies with a state-of-the-art spectrometer

- Establish diquark in baryon ~J\_ > Extract density dependence of AN int.
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Hadron Experimental Facility €Xtension (HEF EX) PrOJECt

\
Sresent HEF expand research programs [Extended HEF r 10 B

(2009~) at the Hadron Experimental Facility > D A
to further explore N
Origin & Evolution of Matter 25\

3 vigh-p (20 PO
- de
& E)(tef‘

1 production target (T1)
1 secondary-charged beamline (K1.8/K1.8BR) .

1 neutral beamline (KL) | + 1 new production target (T2)
1 primary beamline (High-p) <+ 4 new beamlines (HIHR, K1.1/K1.1BR, KL2, K10)

1 muon beamline (COMET) + 2 updated beamlines (High-p (720), Test-BL)



Present Status of the Extension Project

listed as a candidate fogogcz)o\ll4ernment funding: Facility Preparation Status (1)
> MEXT Roadmap 2020 Building and Civil Engineering Design
2011, 2014, 2017 By Nikken Sekkei Ltd. (2018)
» Science Council of Japan Master Plan 2020 e -

The project was selected as the top-

priority project to be bUdgeted In __ Facility Preparation Status (l1)

the KEK'S mld_term plan (FY2022‘26) T e;:;y%i;mv:?;;}?dd Dfr:rZ(E?eUiZZ:ZC::IZ?or::i:(gOptlcsof Extended A Line
. e Yeop $346mm ) : l
at KEK P|P2022 (Project Implementation Plan) - it AJ”W\L/E
\@ uter

@©KEK i e R o tion About KEK  News International Researc h Education Public Relatio
Toward max. >150kW

cccccc Advisory Committee + KEK Roadmap - KEK-PIP

https //www kek. |p/en/roadmap en/

primary beam
KEK Science Advisory Committee * KEI©

I KEK Science Advisory Committee
- complete all

necessary designs

The proj J@Ct’ V\ﬂIJMJ sSOon S j(falf‘tf in ﬁ’uﬂJlJ swing! :

Organization

Beam through both T1/T2 targets

1.Report:The 4th Meeting of The KEK Science Advisory Committee (English, March 15, 2023)

in FY2023

Corporatedevelopment



https://www.kek.jp/en/roadmap-en/

Extract density dependent AN interaction

- Ultra-high-resolution A hypernuclei

spectroscopy
* intense dispersion matched © beam

- Systematic AN scattering measurement

* intense polarized A beam

Investigate diquarks in baryons

“4,0] High-resolution charm baryon spectroscopy

(120) * intense high-momentum 7t beam
m High-resolution multi-strange baryon
spectroscopy

* intense high-momentum separated K beam

\

Search for new physics beyond the SM

Most sensitive K{ — m%vV measurement
* intense neutral K beam

Expanded Research i

Programs
at the Extended Facility

v
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pendent AN/interaction
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Extract density

Ultra-high-resolution A hypernuclei
spectroscopy
* intense dispersion matched m beam

D Systematic AN scattering measurement
* intense polarized A beam

Expanded Research -

Programs
at the Extended Facility




Strangeness Nuclear Physics: Hyperon in Dense Environment

Why can heavy neutron stars exist?
» Hyperons (A, E, ...) emerge in dense neutron star matter?

ANN 3 Baryon Force is a key

Hi-tsity

T T T
symmetric nuclear matter

Low

| D. Gerstung et al., Eur.
Phys. J. A(2020) 56:175

0 1 2 3 4 5
P/pg

\ measurements

/heavy A-hypernuclei:\
A binding energies (B,)

— density dependent
AN interaction

- We need precise

We need to determine

a tiny fraction of 3 Baryon Force effects

-
-
N
Ve
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— Past measurement @ KEK-PS
- 208 P AE~2.2 MeV

ha

FNo sufficient resolution

¢

ga

High density Low density

eutron
proton
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Strangeness Nuclear Physics: Hyperon in Dense Environment

Need separation of each A orbital state .

Counts /0.1 MeV

Why can heavy neutron stars exist?
» Hyperons (A, =, ...) emerge in dense neutron star matter?

6000 [ h | Past measurement @ KEK-PS J
= sSimulation A o4 | 508 I+ 1T
- AE = 0.4 MeV = oa | ;*H‘
4000 — 2 v
L f/\ o |
5 ¥
3000 - 29,
& f i YW ¢
2000 [~ £ J
C .. T
1000 — l - PA et
; 1 _“--.-*-t-:r‘ 1 1 !ﬁ': T 1
M A

- :

10

A

eutron
proton

High density  Llow density Low density
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Strangeness Nuclear Physics: Hyperon in Dense Environment

Why can heavy neutron stars exist?
» Hyperons (A, Z, ...) emerge in dense neutron star matter?

Ultra-high-resolution A-hyp. spectrosc0py HIHR beam line (High-Intensity High-Resolution)

Counts /0.1 MeV

6000 [ First dispersion-matching beam line in GeV energy
= Simulation [
5000 208ph HIHR 9n - iRl B Yl W 111 E-”fl”l
= O T 5 R s O oogs
n AE = 0.4 MeV - o
4000 - \
~: fa ~2000 — Y \\
3000 [ ~4000 i for beam \“-”"
2000 ool W e Q, S magnets for dispersive
- AR e )
1000 » 1\ © condition —
E‘ \ Ap/p = 10n{-4} Achromatic Focus point

e
1 010000550 5000 0 5000 10000 15000 20000

up to 2 GeV/c

* No need for beam tracking
@eutmn * Intense m beam of > 108 /pulse
roton
® Break through the resolution limit:

High densit Low densit
2 ./ y ~2.2 MeV - better than ~0.4 MeV (FWHM)



Strangeness Nuclear Physics: Hyperon in Dense Environment

Why can heavy neutron stars exist?
» Hyperons (A, Z, ...) emerge in dense neutron star matter?

Ultra- hlgh -resolution A-hyp. spectrosc0py HIHR beam line (High-Intensity High-Resolution)

6000 [ —_— First dispersion-matching beam line in GeV energy
: imulation
~ 5000  29%Pb HIHR e o R e e e e
- sooo £ AE =0.4Mev
= et very preC|se |
Lo \\
s — ° ° (] ‘ ,\JE-UP
& 2 A-binding energies @ HIHR orbeam  KGNR 1
E 2000 f & for dispersive
1000 | _— | _ . - "
T NI 2-body AN interaction @ K1.1 Achromatic Foeus point

Den5|ty dependent AN interaction ; up to 2 GeV/e

T VLA > TE TR

9 new understandlng of neutron star matter FTsEs
High dens:ty ow density

eSS 70 podryy (A o 11— /1N

~2.2 MeV - better than ~0.4 MeV (FWHM)



Expanded Research -

Programs
at the Extended Facility

Investigate diquarks in baryons \

“4,0] High-resolution charm baryon spectroscopy
(120) * intense high-momentum 7t beam

High-resolution multi-strange baryon

spectroscopy
* intense high-momentum separated K beam

v

>



Production rate of charm baryon

>

Behaver of non-perturbative QCD in low energy regime

Hadron Physics: Diquarks in Baryons

How quarks build hadrons?

Investigate diquarks in baryons toward understanding of dense quark matter

» Charm Baryo

n Spectroscopy

using intense high-momentum © beam @ High-p (720)

Establisha d

iquark (ud)

A7: Disentangle “collective motion of ud”
C
and “relative motion between u and d”

F*Simulation -.......ioeveeiiinn,
........ A
............ L A2595) |

e | A AP (3 1

..........

..............................

[ T T T T T AN T T | l v 00

23 24 25 26

|
2.7 2.8 2.9 3

Mass of charm baryon [GeV/c’]

/ Isotope shift — o-dep. Int. \
p L ] L] L]

L=2 .- 5/2+

""""""" 3/2+

L=1 3/2—

~~~~~~~ 12—
My>>m,

1/2+

“production rate” and “decay rate”

o

o,

Ac

e
\
(\Q_.,I/ diquark
—rrcl

* Diquark
A

Charm quark

16

will give us information about diquark



Behaver of non-perturbative QCD in low energy regime 17

Hadron Physics: Diquarks in Baryons

How quarks build hadrons?

» Investigate diquarks in baryons toward understanding of dense quark matter

» Charm Baryon Spectroscopy
using intense high-momentum © beam @ High-p (720) ’ A
c

Establish a diquark (ud)
A7: Disentangle “collective motion of ud”

and “relative motion between u and d” ( !_.gdlquark
—r

» Multi-Strange Baryon Spectroscopy

using intense high-momentum K beam @ K10 US/dS

o8 (0
Diquarks in different systems “Id) .

E*: us/ds diquark .—F. ® &

0*: the simplest sss system diquark
— diquark is expected to be suppressed

‘ Systematic measurements will reveal

the internal structure of baryons through the diquarks
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Expanded Research :

Programs
at the Extended Facility

Search for new physics beyond the SM

Highest-sensitive K — m%vV measurement| "
* intense neutral K beam




Flavor Physics: New Physics Search at KOTO

* Directly break CP symmetry

* Suppressed in the SM = Branching ratio ~ 3Xx10!
* Small theoretical uncertainties (~2%)

One of the best probes of new physics search

‘ Present HEF ‘ Sensitive to ~0(100) TeV physics
Extended HEF
KOTO: KOTO Branching ratio (BR) I‘(OTO S 2‘
: — 0 0.~ tep-2:
e Will reach the SM 10-BL K; - m’vv Wi I pth
e — o
sensitivity of <O(1010) | 2015(<3x10%) - i beXIO O;eth es|\/|
. 9 | region peyon e
around FY2025 T ° KOTO Il & yonc
iO‘(Z;ﬁ ; Aiming to observe SenSItIVIty
roco & :;},“‘“""_;ii?tt.j;;‘2016:’18 | 108 O(100) SM eveny d - y
= = In S years = SM(ax 10‘-1*‘);_ X
1012 5 d
\‘Sta dard Model: 4 mon[h;y:r F3'5 yeg v

1.0E-11

<

2015 2017(75) 2018 2020 2022 2024 2026 2028
~20kW 50kW ?

19



Flavor Physics: New Physics Search at KOTO
SR ) Tt scoyer I 4 MO # step-2 N

angle 5° X5
. 7 Beamline o N
T2 target 1 st collimator 5 length 20m 43m | x0.8 New phy5|cs Search Wlth
2nd collimator 43m from the targe, oy ¢ 78 48 | x06 world’s highest sensitivity
Another magnet at most downstream behind the proton dump =2.6 more tha n 100 times
Intense neutral kaon beam @KL2 (~x2.6) ® Discover the K - n°%v¥ signal
oooooooooooooooooooooo With 56
KOTO step 1 P m ® Measure the branching ratio
R . i with 30% accuracy
5191111 retrlon 2m 20-cm square beam hole to accept 15-cm square beam
_ : \‘ 3m
e e : |
; : Indicate new physics,
A4m from T2 ' > if deviation form the

Om 3m 6.5m I5m 20m \
> (0)
Ultra-high sensitivity detector (~x70) SM > 40%




Summary of the Extension Project of

the J-PARC Hadron Experimental Facility

: . . -~
® Unique research programs both in particle and nuclear physics ~ »
at high-intensity frontier

® World’s leading research programs in the fields_, #*
of strangeness-nuclear/hadron/flavor physics ¥

® Top-priority project in the KEK's

mid-term plan (FY2022-26) / ; o) = A
Progress in facility-side preparatiofit  \&o7 =% K1.1/K1.1BR

——— P
= The project will start soon z8s High-p (720) /”d nal
‘ o’ ndeé
Stay tuned! # “exte’

‘ Pt P
2



Thank you for your attention!

https://www.rcnp.osaka-u.ac.jp/~jparchua/en/hefextension.html

~ International WS on the Extension 2nd |nternational WS on the Extension
vl Project for the J-PARC Hadron Project for the J-PARC Hadron
"3 § - ca8eh Experimental Facility (J-PARC HEF- Experimental Facility (2" J-PARC
0 2 s g1 tv F G0k ex WS), 7- 9July 2021, online HEF-ex WS), Feb.16-18 2022, online

First-Barnh WS at the J PARC Hadrdh gperlmental Hall
2 M@mﬁ@i%hﬂﬁf@h@]@&gﬂ@ﬁmmkﬁ&m ot Jepem

} ) i ﬁ"\ ‘
InteTnatlo,naIWS on physws 9 = 2 S

Ndedifiadran exper%ent,al faclllt)?of J-PARC
KEK Tokai'Campus

e (b (B O3 B

\ Cg - EX @
i u !@
a ternatl 0}

We are planning the 4th WS on Feb. 19-21, 2024


https://www.rcnp.osaka-u.ac.jp/%7Ejparchua/en/hefextension.html
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