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Physics goal at the J-PARC Hadron Experimental Facility

Hyperon puzzle in neutron star

Strategy for understanding neutron star matter from HIHR/K1.1 experiments

K1.1 physics programs

Ap scattering experiment
Hypernuclear y-ray experiment

Weak decay experiment of hypernuclei

Summary



Hadron Experimental Facility HHR(~2Gev/cn) K10 (~10 GeV/c K)
Extension (HEF - EX) proj ect Ultra precise A hypernucler Q baryon spectroscopy

spectroscopy

K1.8BR K1.8 (~1.8 GeV/cK~)
(~1.0 GeV/c K~) BB interaction
Kbar N interaction (focusing on S=-2)

= Test-BLe—. %
high-p

o

K1.1BR (~0.8 GeV/c n/K) K1.1 (~1.2 GeV/c w/K)

high-p (30GeV primary proton beam) Physics using a low BB interaction
720 (20GeV/c secondary beam) energy Kaon (focusing on S=-1)
Hadron property in nuclear medium Perform physics not accessible in the present hadron hall

Baryon spectroscopy Perform physics programs in parallel with twice more beam lines




From Quark to

Baryon

Understand quantum systems
governed by strong interaction
in a consistent way based on QCD

Nucleus

From Quark to Hadron

Confinement of quark >

How to obtain hadron mass

-

J

Neutron star

Neutron star

From Hadron to Nuclei, Neutron star

Unified understanding

of nuclear force and
BB interaction
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Based on the basic nature of main player of each hierarchy, we are going to investigate
the dynamics of quantum many body system and bridge each hierarchy.



From Quark to Neutron star
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From quark to hadron
spectroscopy
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From Hadron to Nuclei, Neutron star
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Based on the basic nature of main player of each hierarchy, we are going to investigate the
dynamics of quantum many body system and bridge each hierarchy.

In J-PARC, we are going to investigate “Hadron nature, interactions between quarks” and “Nature
of high-density nuclear matter” strategically using 24 generation quarks (strange, charm).
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Matter in Extreme Conditions (Neutron star)

Baryon-baryon interaction and its density dependence play essential roles
v' to understand the composition at the inner core,
v' to understand the mechanism to support the massive neutron star.

neutron matter

strange matter ?
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Hypernuclear physics based on Realistic YN interaction

YN scattering experiment

Lattice QCD . Gravitational wave from neutron star merger
~_ Recent theoretical framework  EOS of neutron star
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Ultra high-resolution A hypernuclear spectroscopy



Astrophysical constraints (Mass, Radius)

\

2M , neutron stars ° PSRJ1614—2230 (M = 1.928 + 0.017 M@)
« PSR J0348+0432 (M = 2.01 + 0.04 M)
« PSR J0740+6620 (M = 2.14*210 M)

GW detection from neutron star merger

Tidal deformability (A) = constraint on compactness (M/R)
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B.P. Abbott et al., Phys. Rev. Lett. 121, 161101 (2018)

NICER

Hot spot information for neutron stars whose mass is well-
measured.
- constraint on compactness (M/R)

8
G.F. Burgio et al., Prog.
Part. Nucl. Phys. 120, 103879 (2021).

T.E. Riley et al., arXiv:2105.06980
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New constraints on M— R relation of NS

Essential “touchstone ((8&4HA)” to
judge the validity of equation of state



Hyperon puzzle in neutron star

Strange Hadronic Matter in neutron star ?

Hyperon’s appearance is reasonable scenario because of
the huge Fermi energy of neutrons in the inner core.

How can we reconcile ?

Hyperon appearance -2 soften EOS
Two-solar-mass NS - require stiff EOS
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3 Baryon Force (3BF):

Significant repulsive contribution at high density

Low

1 T T
- symmetric nuclear matter

504 —
1 2 BF
Nt g e
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D. Gerstung et al., Eur. Phys.
J. A(2020) 56:175

We have to understand the density dependence of AN
interaction from A binding energy data in hypernuclei.
- determine the strength of the ANN force



A binding energy measurement deep inside of nucleus : Unique for A hypernuclei'’

Energy spectra of 13,C, 16,0, 28,8S;, 51,V 89, Y,

Nuclear density is different for each A orbital state 139 a 208 Ph with Nijmegen ESC16 model
_ - AMD calc. by M. Isaka M.M. Nagels et al. Phys. Rev. C99, 044003 (2019)
Ry k; from ADA
gA fA d P
40 K(s): k; =1.26 fm™ 5 st
& & & el B
> Energy 40 k. =1.02 fm-! ] &' g e
SA Pa d, t, aKld): ke =1.02 fm -10- P SA
S : > -154
Two directions for study of the density dependence -
of AN interaction ui* =20+
« Mass .number dependence of B, oy V. w/ AN int. w/o ANN int.
« A orbital dependence of B, .y w/ AN int. w/ ANN int.
0.00 0.05 0.10 0.15
Difference A3

Accurate B, measurement < Gm—)  Calculation w/ only AN int : Over bound

Effect f)f densi:cy dependence  \NN repulsive interaction is introduced to
of AN interaction explain A hypernuclear binding energy

This density dependence should be explained from ANN force.
= Predict AN int. in higher density nuclear matter.



A binding energy measurement deep inside of nucleus : Unique for A hypernuclei'

1

High-resolution A hypernuclear spectroscopy at HIHR Realistic AN two-body interaction
by theoretical model based on AN scattering at K1.1
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Difference

Accurate B, measurement  <Cm—  Calculation w/ realistic AN interaction
Effect of density dependence

of AN interaction




Understand hypernuclei and extend to neutron star 12

\_

~
Realistic Baryon-Baryon (BB) interaction
Lattice QCD BB force SU(3)¢ meson exchange BB int. models - Reliable YN Scat. Data
SU(3); chiral EFT force Y
" AN-IN coupling and effect in nuclear medium Reliable few-body Scat. Data |
AN-ZN coupling in free space or a few-body system
AN in medium |= Short-range 3 Baryon Force with hyperon (3BF)
Phenomenological 3BF
3BF in chiral EFT for YNN Check validity of 3BF and AN-ZN coupling

—

[ Few-body hypernuclear system

Ab initio calculation

—

BB interaction in medium/ nuclear matter

BHF calculation
‘ \ Heavy hypernuclei
NS EOS with hyperon {ssssssssss=) | Astronomical observables /

~

Light hypernuclei

Medium heavy hypernuclei




K1.1 programs
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K1.1 beam line for high statistics YN scattering
and S=-1 physics
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K1.1/K1.1BR Beamline

S
.
Tt L I I i .

Short length : 27.32 m (K1.1)
Double 2m long electric separators
SKS at K1.1

slide from T. Takahashi 15

Kaon Yields at K1.1

5.0 X 103 ppp (~46kW w/ 5.2s cycle) on 50% loss target
hx=4.3mm, hy=1.7mm (ox=2.5mm, oy=1.0mm + No Target Thickness)

Based on Decay-TURTLE simulation
and Sanford-Wang Parametrization

Not including “cloud-n”

Slit opening Acceptance | E,, E
[ msr %) 70 kV/cm 60 kV/cm

: +£1.5mm, MS1/MS2: +1.0mm 1.19 219k (98%) 220k (98%)
IFV: £2.0mm, MS1/MS2: *1.0mm 1.28 234k (98%) 234k (95%)
IFV: £3.0mm, MS1/MS2: % 1.0mm 1.31 241k (98%) 242k (95%)
IFV: £ 1.5mm, MS1/MS2: *1.5mm 1.70 312k (71%) 312k (16%)
IFV: £2.0mm, MS1/MS2: *1.5mm 1.94 357k (41%) 357k (10%)
IFV: £3.0mm, MS1/MS2: *1.5mm 2.14 393k (32%) 394k (9.2%)
IFV: £ 1.5mm, MS1/MS2: *2.0mm 1.95 358k (14%) 358k (4.0%)
IFV: +2.0mm, MS1/MS2: 2.38 437k (6.2%) 437k (2.8%)
IFV: £3.0mm, MS1/MS2: 2.79 511k (4.9%) 515k (1.5%)
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High intensity pion beams can also be available
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Experimental progress on two-body YN interactions

g Base to improve to realistic two-body BB interaction 1s

Link between here are connecte ) : :
YN case being constructed both theoretically and experimentally.

2-body scattering data PN
Femtoscopy \ N

/ O Meson exchange BB int. models
O Chiral EFT
Lattice QCD e

BB interaction model

Small relative-momentum region Intermediate energy region ~
ALICE Collaborati 0210404427 \ /K Miwa et al. arXiv:2104.13608 i ) )
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Experimental method for YN scattering was established.
\_ Femtoscopy from HIC AN p & Y,




Chiral EFT 17

Underlying chiral symmetry in QCD
Power counting feature to improve calculation systematically by going to higher order

Multi baryon force appears naturally and automatically in a consistent implementation of the framework

: : Density-dependent effective potential
TN mteraction at NLO e atae SHrgiee:  ANASIE w/ 2m-exchange ANN and AI\II)N-ZNN
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o (degrees)

Source of attractive AN interaction AN-XN coupling

A

N
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A N N
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A N N

Artificially switch off AN-XN coupling potential
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w/ AN-ZN coupling
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w/0 AN-ZN coupling

AN interaction becomes less attractive (repulsive)
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AN-2ZN coupling can be suppressed in nuclear medium
due to the Pauli blocking at the intermediate N state

w/ AN interaction with large AN-XN coupling
+ ANN three-repulsive force (LECs for ANN are adjusted)

1.5

1.4

(GeV]

1.2

p(p)

1.1

1.0

NLO13
AN + ANN

Fur. Phys.

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

0.9

so0 . Haidenbauer et al., Eur.

Phys. J. A (2020) 56:91

3
P/ Po

4 5

A does not appear in neutron star ?



AN 1nteraction and 1ts uncertainty

Limited data
« Ap scattering data
« A binding energy of 3\H

3S; and 1S, interactions ? (1) ESC16 (Nijmegen)

Scattering length of 1S, and 3S;
Not sensitive to Ap total cross section
Sensitive to 3,H binding energy
- Precise information of 3\H is essential
(emulsion, (e, e’K*) experiment)

P-wave interaction ? |

No Ap scattering data with differential information
Difficult to fix YN contact terms in P waves

Total cross section might be similar for each model
But, Large uncertainty in the P-wave interaction

- Differential observables in Ap scattering

(2) Chiral EFT

Ap -> Ap

® Sechi-Zorn et a
m  Alexander et al
Hauptman et al

| A Piekenbrock

200 [}

100

300 400 500 60(

P, (MeV/c)
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° . o e  I\NT .21 1T 1T @ T/ 1 h 04
AN Differential information at TN threshold i e
—_——— - Chiral EFT(NLO19)
Differential cross section Polarization (A) Depolarization (Dyy)
TR P, =633MeVie b, -633MeVe 1'0;5,;:'6'3:", I\IIIeIV/IcI:...: '/'/’L ____

35 L
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w
o
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cos 6 cos 6 cos 6
J. Haidenbauer, U.G. Meifiner arXiv:2105.00836

Such a difference clearly appears in differential observables !
We should measure these differential cross sections and spin observables to constrain theoretical
model strongly.



Spin-dependent YN interaction from scattering *

From S. Ishikawa et al.
do/dQ and spin observables are essential to construct realistic YN interaction. PRC 69, 034001 (2004)

spin-independent  spin-spin symmetric LS (AS=0)  anti-symmetric LS (AS=1) Tensor

\ — — / —

T matrix M=V + Vs, 5p)+ Vsrs(s,+85,) "L+ Vars(s,—5p) - L + Vi([s, ® 5,]?9 - Y,(7),
Scalar amplitude Vector amplitude Tensor amplitude
1
U, =< kf|‘/c|k1 >,Ug =< kf|Vg|ki > SALS =< kf|VALsL1|ki >, SALS =< kf|VSLSL1|k7Z = T; = 5 = kf|VTYt‘2j—1|ki >

We are going to measure following observables.

. . . d 1
Differential cross section (%): ZTr(MMT) = |U,*+ |Uﬂ|2 (ISSL5|2 +|SaLs|?) + —|T1| +_ (|T2|2 +|T5]?).
Analyzing power 1 { 1 }
.5, A Y)=— I Ua+—U *S +Ua——U Sars — =T (—Sars+ S ,
(Polarization) v V2o (0) ( 2Up) Ss1s +( 1Us)"Sars = 5Ta(=Sars + Ssis) |
L 1 1 1o \" 1 1 \"/1 1 1,.(1 1
Depolarization Dy = ke {2\[ (Uo + fUl) Uy + 3 (Uo - ﬁUl) <%T1 + T3) — 5383 + 5185l° — 7 <%T1 - Tg) - 5|T2|2} .

Number of observables is still imited to determine each component separately.
But measurements of many observables contribute to impose constraints on YN theoretical models.



Spin-dependent YN interaction from scattering *

Analyzing power Depolarization (DYY)

Left/Right asymmetry of Ap scattering

Change the spin polarization after the Ap scattering
Left scattered event Right scattered event

b

=,/ F

We are going to measure following observables.

. . . d 1
Differential cross section (%): ZTr(MMT) U |*+ —|Uﬂ|2 (|SSLS|2+|SALS| ) + —|T1| +_ (|T2|2+|T3| ).
Analyzing power A(Y) = —— Im {(U + U Sers + (Un = 2Us)*Sars — ~T*(=Sazs + S )}
(Polarization) Y V20 (6) W g P S P SEES T gEnaly ARSI SEES (T |

L 1 1 1\, 1 1 \"/1 1 1 1 1
Depolarization Dy = ke {2\[ (Uo + \[Ul) U1+ (Uo - ﬁUl) <%T1 + Tg) — 519, + 5153/ - 70 <%T1 - T3) - 5|T2|2} .

Number of observables is still imited to determine each component separately.
But measurements of many observables contribute to impose constraints on YN theoretical models.
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Ap scattering experiment at K1.1 beam line

A beam identification

Tagged by np = KOA reaction at p=1.05 GeV/c

Almost same setup with E40
Ap scattering |~} Detected by CATCH, "\
3. Energy of proton : I

o

2. Scattering angle
: B K1.1 Spectrometer
I
I
\

Z production

LHatarget BGO CFT PilD

Ap scattering identification

Detected by CATCH




24
Polarized A beam

High spin polarization of A for A production plane

R.D. Baker et al. , Nucl. Phys. B141 (1978) 29

{

N B A | |

s | I | | v Abeam is automatically

'% polarized with ~100% level

E o" 1724

B Momentum-tagged A beam
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Simulated results w/ 100M A

do/dQ and Spin observables in Ap scattering

Differential cross section Analyzing power Depolarization (D)
—— NSCO7f y
— ESC16 >~ 1 c
< [ 0.50-0.60 (GeV/c) o [
EFT1 =
v s XE,_-HS [ 128 (MeV) S 1 *+'“‘"'$“' """""""
|- 0.50-0.55 (GeV/c) 1\ 0.55-0.60 (GeV/c) — Julich : s F I :
3L\ 117 (MeV) 1140 (Mev) 2= Simulafion S of
2/~ Simulation Simulation - osvas0(Gevie) Simulation
il _ 4L (MeV)
1’—“?:; o STO_ T i v e , !
6:_;,’| PR R R ‘lﬂillﬁ;lmlralglclzlc 31 T T — ‘717.3131313 —'1: IOGIO.IO_;OI(CI‘e\I[/cI)I i
4t \0.60-0.65 (GeV/c) + 10.65-0.70 (GeV/c) | 176 (MeV)
3l 163 (MeV) 188 (MeV) -
2 —
T T, o s Y AL i Nbraarettina®iod T —  0.60-0.70 (GeV/c)
1 - 176 (MeV)
e;lvl Ll Tee—— - PN PPN PO | |_| ] ||777| ' L_1_lgle \ ~— _1T ]
1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 L 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1
-1 -0.5 0 0.5 | -0.5 0 0.5 1 ‘11 -0.5 0 0.5 | -1 -0.5 0 0.5 3
coso cosO cosO

No differential observables of Ap scattering in present.
--> Large uncertainty in P-wave and higher-wave interaction.
Theoretical prediction shows quite different angular dependence in do/dQ, A, and Dy

These new scattering data becomes essential constraint to determine spin-dependent AN interaction



Collaboration with Chiral EFT toward NNLO 26
Three body YNN force
Two body YN force Num of LEC in decuplet saturation model
Num of LEC 1 | B*B-M coupling : 2
2N Force 3N Force 4N Force B . 5
LO — can be determined theoretically.
S wave : 5 (Q/A)° >< 355?35?;;%r4§t o Nucl Phs- & B | 2n-exchange ANN force is
...... G / Promoted to NdLO| already studied.
wave _|_ X ’! &J ecouplet saturationfoﬂn' \
.. NLO il s S I — [ , .
S-D transition: 8, B* + - Tl B*-B-B-B coupling : 2
(Q/M? b |44 4 12 B B
. M T
NNLO can be realized | P wave : 10 ‘ | .
with J-PARC data [~ W AN
NNLO : | | M,
NO LEC , + ¢+ 1 AN B
¢/ 4y I ! I
4 Ly :
------------------------- \ / SRR These two LECs should be
N‘LO A\ ] H | SV " determined from experiment from
(Q/A,)* ' l bf\ T m |+ binding energy ¢ ,He (0* and 1* states)
+ l 4 o Fie . _ ° Ad scattering y

As a next step at K1.1, Ad scattering experiment can be performed using a liquid

deuterium target wi

th almost the same setup



: Slide from T.O. Yamamoto 27
Hypernucler y-ray spectroscopy at K1.1 >™% e

J-PARCK1.1 beam line Experimental setup

0.8-1.1 GeV/c (K-, & -) reaction

« Large production cross-section

SKS spectrometer |

. _,,;.:i'f’i‘___? SKS mé-gnet
« Small Doppler broadening

(also good for hyperfragments) . P
1.05 GeV/c (-, K9) reaction (to be established) M A Vo

« Study of neutron-rich hypernuclei ' _ Exp. target

reaction- ¥ coincidence experiment

Ge detector array [ ]\

Hyperball-J Range counter

(for weak pion)

B Tag hypernuclear production
- Beam line spectrometer ]
- SksMinus spectrometer

B Detect y—ray Seam line
spectrometer | T # J-PARC K1.1

- Hyperball-J . beamline
_ /. Used for gamma-ray 1 month beamtime
¥ Tag weak decay 7t peak identification — ~400 y counts
* Range counter (~40 7 -y coincidence)
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Search for 3,H spin-doublet by y-ray measurement

1

PP pn pn
0 | 1/2+
-------------------------------------------T----k? -------------------------------------------------- -\T ----------------------------------
3, He ix;
only 60 keV 3 1
Not observed  unbound A
in emulsion d+A Bound state
forbidden reported from GSI
(iso-spin conversion) [6Li + 12C exp. ]
3/2+ |
1+ g Yoo Upper limit is
T=0 l d+A reported from Jlab
2H y 130 keV [3H (e, e’K*) reaction]
1/2+ 1
3AH

BE = 0.13 MeV [emulsion]| = to be updated

: : ; : .
Precise measurement of spin doublet of 3,H using general scanning method

¢ AN 1§, channel information
« AN 3S; channel w/ AN-ZN mixing effect BE = 0.41 MeV [STAR, 2019]



Search for 3,H spin-doublet by y-ray

1

pn
0+
3
AHe only 60 keV
Not observed  unbound
1n emulsion
1+
T=0
2H

Slide from T.0O. Yamamoto 29

measurement
~12
3/2=-T=1
1/2+ ~8
o emission | 3/27T=0
X AH+a
S c—
d+A s Hedd
forbidden 1/24T=1 =
(iso-sp 3/2+:T=0 0.69
3/2 1/2+T=0 :
l --------------------- 7ALi
y 130 kelV
1/2+3 t
AH

Precise measurement of spin doublet of 3,H

¢ AN 1§, channel information
« AN 3S; channel w/ AN-ZN mixing effect

(K-, )
pnepA
substitutional
reaction

BE = 0.13 MeV [emulsion]| = to be updated

using general scanning method

BE = 0.41 MeV [STAR, 2019]
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y-ray spectroscopy of neutron-rich hypernuclei

o Y-ray data
using Ge detector

.o

O 16,0
14 N |[15,N [16,N
™™NC |14,C

How strongly CSB effect appears in A>4 hypernucle1 ?

How large ANN force in neutron rich A hypernuclei ?

Precise energy-spacing determination by y-ray spectroscopy
will play critical role

Precise data for proton-rich side
produced by “n = A” reaction

~

Need to approach mirror pair (neutron rich)
hypernuclei by introducing “p - A” reaction

Level structure of mirror hypernuclei

- Study for CSB effect

Neutron-rich hypernuclei can be accessed
- Help for study of ANN force with AY mixing effect
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Reaction and y-ray spectroscopy of medium-heavy hypernuclei

High-resolution reaction spectroscopy at HIHR
| w/ B.E. accuracy better than 0.1 MeV |

¥

Wide-mass A hypernuclei for study of density dependence

of AN interaction

Gamma-ray data for the same hypernuclei

28, Gi, 40, Ca, 51,V, 89,Y, 139, La, 208, Ph

« Spin splitting measurement (for both s,- and p,-states)
- Reaction data to spin-averaged B.E. data

Support reaction spectroscopy data

« E1 ytransition energy

- "Another barometer” for density dependence

«| 208,Pb (KEK-PS) 44
| 1Y
sos | AE=2.3MeV (FWHM) it
g [ ga
°§ 02 |-
=)
[ T.Hasegawa e
01 | al., Phys. Rev.|C
53 (1996) 121p.
055 160 165 170 175 180 i85 180 195
l i '] 1 IMHY_MlA (MeY) 1
-30 -25 -20 -15 -10 -5 o
-Bpo (MeV)
<
6000
- 28,Pb (HIHR) ,  |n,
o e A
> % AE=0.4 MeV (FWHM)
= Gih expected
= -
= 3000

n

spin splitting ?

o
1000

0

%30 -25 -20 -15 -10

C S |

5 0 .
B, (MeV)

'
Lol | Ll
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Study of density dependence from p,-s, energy spacing measurement

A dependence of BE
[rection spectroscopy] A dependence of p ,-s, energy spacing
M.M.Nagel, et. al. Phys. Rev. C99 044003 12
0 ' 28 i 16
51 \/ A
-5 ’210 A
- L
— 104 Llu.l 8
g - = ECSO08 only ‘
= -1%1 2 139 |3
. g A
5 - 13 6 ‘ =
e AC 5 [Pb MPa — /|
' L BNL-E929 o
20 7" ,/ECS08 only 10.98 MeV < / \ /i /
. O 4
Pb ¥ 10.83 MeV g _—va
04 < m %

0.00 0.0 0.10 0.15 0.20

A-2/ 3

A few keV data can be obtained 0 0.05 01 i 0.15 02
from E1 y measurement A




Weak decays of A hypernuclei
. Three-body non-mesonic weak decay, ANN->NNN (E18)

- Mesonic and non-mesonic weak decays via (n-, K°) and (n*, K*) reactions

Test of AI=1/2 rule in NMWD for 4,H and 4,He

p-induced NMWD rate (Fp) in 4\ H
n-induced NMWD rate (T',) in 4, He

Weak decay studies of various hypernuclei (3,H, 4,H and neutron-rich p-shell hypernuclei)

in a free space in a nucleus

- Beta decay of A hypernuclei

A - pe v

more spread

Weak decay of A in a nucleus is a unique probe to investigate \d ,\d
possible modification of baryon structure in nuclear medium e” DO o s u

¢\ \7
Fig 1: A\ beta decay

A A

in a free space in a nucleus

<

A’s beta decay (A — pe~v) branching ratio of 5,He

Fig 2: Wave function

u,d quark distribution :

33
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Summary

We are going to attack hyperon puzzle by gathering experimental programs at J-PARC
Density dependent AN interaction is key issue and it should be represented from ANN three-body force.

Precise B, measurement for medium and

Hyperon-proton scattering Precise study of light hypernuclei heavy hypernuclei
t
(K 1), (e, K) M Density
P 50| MG KO (ele’Ke) @ (&
> Ener
| R A 14N |[15,N [N | (7, K*) Sx DA dA fA gy
A O
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S 2000F
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N 1000~ g
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< Density dependent AN int., ANN int. -




