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From Quark to Neutron star

Bound system interacting by strong interaction with completely different scale.

Neutron star

Hadron Nucleus, Hypernucleus

Sy
«e

10-® m 10-14 m

These system should be understood with the same framework
based on the microscopic picture with strong interaction.

Inner core in neutron star
Extremely high-density nuclear matter where baryon-baryon interaction
plays essential roles
v’ to judge the appearance of strange particles
v’ to understand the mechanism to support the massive neutron star.

Neutron matter




Strategy of microscopic understanding of NS (neutron matter)

[ Realistic NN interaction )
Meson-exchange models Potential models Chiral EFT
» Paris potential « Urbana potential « Upto N4LO
« Bonn potential « Argonne potential
« Nijmegen potential
N Y,
3 Nucleon Force (3NF)
Phenomenological model : Urbana UVI, U IX Chiral 3NF

‘ Microscopic approach to nuclear matter with the bare interaction model

: N
Theoretical approach to nuclear matter

Ab-initio microscopic methods

« (Dirac) Brueckner-Hartree-Fock
o Self-consistent Green’s function « Relativistic mean-field

Phenomenological approaches

s.p. energy in pure neutron matter
EOS of neutron star

Nuclear structure [ > Nuclear saturation point —>




Constraints on EOS for neutron star from nuclear physics

G.F. Burgio et al., arXiv:2105.03747
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Constraints on EOS for neutron star from nuclear physics

G.F. Burgio et al., arXiv:2105.03747

100

80

= 60
>
O
=,
— 40
20= @® Microscopic
A Skyrme >
®E NLWM
¢ DDM
O 1 I = ) ' I I
26 28 30 32 34
S, [MeV]

Rather consistent results are obtained up to ~2pg including chiral EFT calculation
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Constraints on EOS from astrophysical observations

T.E. Riley et al., arXiv:2105.06980
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G.F. Burgio et al., arXiv:2105.03747

Gravitational waves

Tidal deformability of neutron star merger

NICER mission
Simultaneous measurement of both mass and radius

Heavy mass neutron star

¥

Strong constraint on M-R relation

What is the key mechanism to make such M-R relation?
To answer this question, microscopic approach based
on nuclear physics is necessary,

with strangeness degree of freedom



Hyperon puzzle in

Strange Hadronic Matter in neutron star ?

Hyperon’s appearance is reasonable scenario from
the attractive potential in nuclei.

How can we reconcile ?

Softening of EOS w/ hyperon appearance

Two-solar-mass NS

PSR J1614-2230 PSR Jo348+0432

YN(ESC)+3BF(MPa)

Y. Yamamoto et al.
PRC90, 045805
(2014)
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neutron star

3 Baryon Force (3BF):

Significant repulsive contribution at high density

- symmetric nuclear matter
300+ ﬁ e 5
2+ 3 BF E
200

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

We have to derive the nature of the density dependence of

AN interaction considering the ANN force.



Strategy of microscopic understanding of NS with strangeness

Realistic Baryon-Baryon (BB) interaction

Information of all BB interaction
AN, ZN, ZN, AA

SU(3); meson exchange BB models SU(3) chiral EFT force Lattice BB force
NLO at present

3 Baryon Force with hyperon (3BF)

Phenomenological 3BF : :
TFA + MP repulsion in Nijmegen 3BF in chiral EFT for YNN

Strength of AN-XN coupling and effect in nuclear medium

AN-2ZN coupling in free space or a few-body system

BB interaction in medium/nuclear matter

Hyperon’s single particle

Ab initio calculation potential in neutron star matter

hypernuclei BHF calculation # .
No Core Shell Model EOS with hyperon

This strategy 1s limited by the insufficient hypernuclear data

Quite scarce YN scattering data Limited hypernuclear data

- Difficult to constrain BB interaction models. Precise hypernuclear spectroscopic data for medium
More plenty of YN scattering data. and heavy A hypernucleus to determine BE.




What have we provided from
J-PARC experiments so far ?



A single particle potential at nuclear density

Accumulated hypernucler data
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This is a start point to consider A appearance in
neutron star matter
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3BF at nuclear density
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>N, =N interactions
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T. Harada, R. Honda et al., Phys. Rev. C97, 024601 (2018)
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Observation of = hypernuclei

M. Yoshimoto et al., arXiv:2103.08793
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Toward realistic YN interaction(Experimental side)

N Link between here are connected Ba.se to construct reliable two-l?ody BB interaction is
case being constructed both theoretically and experimentally.
2-body scattering data Derivation of YN potential

N

Experimental progresses are realized.
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Progress on theories

BB interaction
Hypernuclear structure



Lattice QCD
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Lattice QCD
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Chiral EFT

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

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

: : Density-dependent effective potential
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o (degrees)

Source of attractive AN interaction AN-XN coupling
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A does not appear in neutron star ?



Theoretical calculation of A binding energy for wide mass range

Comparison between experimental data and theoretical calculation of A hypernuclear mass (A binding energy)
for wide mass range is important to extract the ANN force.

Energy spectra of 13,C, 16,0, 28,8S;, 51,V, 89, Y,
139 La, 208, Pb with ESC16 model

M.M. Nagels et al. Phys. Rev. C99, 044003 (2019)
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inclusion of 3BF




Possibility of density dependence of AN int. from excited states

:EAK(S): ke =1.26 fm'11 Possibility to check the density dependent
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Calculated B, values can be different in p states and d states



L a(rt, KH)¥9La, p, = 1.06 GeV/c “8Pb(nt,K*+)i%Pb, p, = 1.06 GeV/c

B, values reliable?
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HIHR/K1.1 strategy
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HIHR/K1.1 physics (microscopic understanding of NS matter)

Hvyperon puzzle in neutron star

Softening of EOS w/ hyperon appearance

How can massive NS be supported ?

¥

Understanding of 3Baryon Force (3BF)

including hyperon is essential

Low H-msjty

T T T T
symmetric nuclear matter

300- D. Gerstung et al.,
Eur. Phys. J. A(2020)
Ua  [56:175

[MeV]

2+ 3 BF

ANN (3BF) effect in A
hypernucleus should be measured

> [ ]

Realistic AN interaction based on Ap scattering experiment
- K1.1 beam line : maximum A production cross section

do/dQ and Spin observables (100 times better statistics)
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High-resolution A hypernuclear spectroscopy at HIHR

HIHR : Dispersion-matching beam line

ANN interaction : - Realize high-resolution spectroscopy without beam intensity limit

Key of Hyperon Puzzle High intensity m beam of > 108 /pulse
(~100 times stronger than KEK-PS)

Small effects to A binding energies . Thin target can be used

- High resolution and various target options
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Strategy of microscopic

Realistic Baryon-Baryon (BB) interaction

understanding of NS with strangeness

3 Baryon Force with hyperon (3BF)

Strength of AN-XN coupling and effect in nuclear medium

v SU(3)¢ Boson-exchange model (Nijmegen, Julich) v Chiral EFT v’ Lattice QCD

Bridge from two-body and few-
body data to BB interaction

Microscopic calculation based
on realistic BB interaction

More plenty of YN scattering data. (K1.1)
Much precise hypertriton data (Emulsion, Jlab)

Precise level structure in few-body A hypernuclei (HIHR)
Ad, Ao scattering (K1.1)

/

HIHR/K1.1 experiments will explore new data

BB interaction in medium/nuclear matter

Ab initio calculation
No Core Shell Model for hypernuclei

m—)

Much precise hypernuclear spectroscopic data for wide mass

l Density dependent AN region

interaction (ANN int.)  Binding energy measurement w/ 300 keV resolution (HIHR)

¢ y-ray measurement to assist a decomposition of high level

density (K1.1)

%

BHF calculation = hyperon’s single particle

potential in neutron star matter. “ Astrophysical

EOS with hyperons observations




Short summary of HIHR/K1.1 physics

- We propose our strategy of hypernuclear physics based on the outputs from the
HIHR/K1.1 beam lines
We are going to provide
v high-statistics YN scattering data at K1.1 beam line
v' Ultra precise A hypernuclear spectroscopic data at HIHR beam line

By collaborating with theorist, we are going to establish “realistic YN interaction”

Extract the strength of YNN 3BF phenomenologically (or determine LEC’s for 3BF) by
comparing reliable many-body calculations based on the realistic YN interaction and high
precision hypernulear data.

- We expect the high-density matter can be microscopically examined in NN sector and
also with YN/YY sectors.

- These strategies are essential for the understanding of baryonic matter in neutron star
from the microscopic picture based on nuclear physics



New proposal for J-PARC experiment

Measurement of the differential cross section

and spin observables of the Ap scattering
with a polarized A beam



AN 1interaction and i1ts uncertainty

Comparison between experimental data and theoretical calculation of A hypernuclear mass (A binding energy)
for wide mass range is important to extract the ANN force.

Choice of two-body AN interaction has
large effect of theoretical calculation
M. Isaka et al., Phys. Rev. C 95, 044308 (2017)

Energy spectra of 13,C, 16,0, 28,8S;, 51,V, 89, Y,
139 1.a, 208, Pb with ESC16 model

M.M. Nagels et al. Phys. Rev. C99, 044003 (2019) Calculation with only two-body interaction of different ESC versions
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Over bound w/ only AN int.

ANN repulsive interaction is necessary to ESCIZ can explain -B, w/0 ANN repulsive int.

explain A hypernuclear bounding energy ESC14 need ANN repulsive int.



AN 1interaction and i1ts uncertainty
M. Isaka et al., Phys. Rev. C 95, 044308 (2017)

Large uncertainty of P-wave potential Calculation with only two-body interaction of different ESC versions
[ HyperAMD + GCM cal | Sl(b) o |
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ESC12 : more repulsive in P-wave potential
- Experimental A binding energy can be reproduced with only two-body AN interaction

ESC14 : moderately repulsive in P-wave potential
- A binding energy with only two-body AN interaction is too large.
ANN repulsive force is necessary to reproduce experimental binding energy

Difference in P-wave contribution should appear as different angular distribution in do/dQ of Ap scattering




AN 1nteraction and 1ts uncertainty

Paper of chiral EFT | J. Haidenbauer et al. Eur. Phys. J. A. (2020) 56:91

allow one to pin down the interaction in the § = —1 sector. It DESC1E (isrecen) —
should be emphasized that the aspects discussed above apply o o

only to the interaction in the § waves. Since there are practi- o -

cally no data for differential observables, it 1s impossible to | | R
fix the Y N contact terms in the P-waves. In this case, imple- \  tiers

Total cross section data exist for Ap scattering. N R

But no differential cross section data. ?' “T E
b )

Total cross section might be similar for each model. "‘; 100

—

However, there are large uncertainty in the P-wave interaction.

200 300 400 500 600 70
plab (MeV/c)
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AN Differential information at TN threshold i e
—_——— - Chiral EFT(NLO19)
Differential cross section Polarization (A) Depolarization (Dyy)
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J. Haidenbauer, U.G. Meifiner arXiv:2105.00836

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



Conventional representation of elastic scattering

: : .11 1.1 : : From S. Ishikawa et al.
Scattering amplitude in S+ = 5+ scattering : > 4 x 4 matrix PRC 69, 034001 (2004)

- 6 components from the restriction of parity conservation and time-reversal invariance

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

\ — — / —

T matrix M=V +V,(s, sp)+ Vsrs(s,+5,) L+ Vrs(s,—5,) L + Vi([s, ® 5,]P - Y,(7)),

Scalar amplitude Vector amplitude Tensor amplitude

Uo =< ky|Velki >, Us =< ks|Vo ki > Saps =< kf|VarsLilk; >, Sars =< kyf|VspsLilk; > T; = % < ks|VrYa;_1|k; > o
We are going to measure following observables.
Differential cross section (j—g): %Tr(MMT) = |Ua|?+ |Uﬂ|2 (ISSL5|2 +|Sars|?) + —|T1| += (|T2|2 +|T5]?).
Analyz.ing.power A,(Y)=— ! Im {(Ua + _Uﬁ)*SS’LS + (Uq — _Uﬂ) SaLs — 1Toé( Sars + SSLS)} ;
(Polarization) Y V20 (6) 4 4 2 )
Depolarization DY = 0_(1 Re {2\1[ (Uo + }Ul)* Uy + % (Uo - %Ul)* (%Tl + T3) — S5, + %|Sg,|2 - %Tl* (%T1 - Tg) - %|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.



Conventional representation of elastic 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.

Differential cross section (j—g): %Tr(MMT) U |*+ —|Uﬂ|2 (|SSLS|2+|SALS| ) + —|T1| +_ (|T2|2+|T3| ).

Analyz.ing.power Ay(Y) = - 1 Im {(Ua £ —Uﬁ)*SSLS + (Ua — lUﬂ) SaLs — 1Toé( SaLs + SSLS)} ’

(Polarization) Y V20 (6) 4 4 2 )

Depolarization DY = L Re { ! (Uo e Ul) Ur+ 5 (Uo ! Ul)* (iTl + Tg) Sty + S| Sf2 — —T (LTl — T3) _ 1|T2|2} .
a(6) 1 2v3 V3 V3 V6 2 V6 - \V6 2

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



Proposal for an experiment at the 50-GeV PS

Measurement of the differential cross section and spin observables
of the Ap scattering with a polarized A beam

K. Miwa(spokesperson), S. H. Hayakawa, Y. Ishikawa, K. Itabashi, K. Kamada, T. Kitaoka,

N e W p r O J e C t : T. Morino, S. Nagao, S. N. Nakamura, F. Oura, T. Sakao, H. Tamura, H. Umetsu, S. Wada

Tohoku University, Japan

Ap Scattel’ing eXperiment at Kll M. Fujita, Y. Ichikawa, T. O. Yamamoto

Japan Atomic Energy Agency (JAEA), Japan

beam llne Wlth pOlarized A beam R. Honda, M. Teiri, T. Takahashi, M. Ukai

High Energy Accelerator Research Organization (KEK), Japan

T. Nanamura
Kyoto University, Japan

K. Shirotori
Research Center for Nuclear Physics (RCNP), Osaka University, Japan

P. Evtoukhovitch
Joint Institute for Nuclear Research (JINR), Russia

Z. Tsamalaidze
Joint Institute for Nuclear Research (JINR), Russia
Georgian Technical University (GTU), Tbilisi, Georgia



K1.1 beam line at extended hadron hall

AN
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Ap scattering
Y-ray spectroscopy,

L weak-decay )

K1.1 beam line :
Dedicated beam line for S=-1 physics

Pmax = 1.2 GeV/c

Two stages of Elec. Separator



Total cross section (ub)

Maximum A production cross section
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Polarization

Advantage of A production at 1.05 GeV/c

High spin polarization of A for A production plane
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Angular distribution of decay proton
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proton

v’ By using 30 M/spill 1~ beam, 1.72 M A beam can be tagged in one day

v A beam is automatically polarized with ~100% level

v A beam polarization can be measured from angular dependence of decay proton




Ap scattering experiment at K1.1 beam line

A beam identification Almost same setup with E40

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

K1.1 Spectrometer

Ap scattering :’ ~ | Detected ‘t;y-C;\T—Ci-I‘I A4

o

3. Energy of proton ,

2. Scattering angle
I ;"
I
I
. I
Z production \

=== PO e . To SKS spectrometer
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v

i

SKS spectrometer

LHatarget BGO CFT PilD

Ap scattering identification

Detected by CATCH




Ap scattering experiment at K1

A beam identification

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

e

Ap scattering : Detected by CATCH, A4
3. Energy of proton , P2 Scattering angle |
o" I
P> .
1 I
3 production \ Decay J
I
I
|
1
1

------------ To SKS spectrometer

B—
v

i

SKS spectrometer

LHatarget BGO CFT PilD

Ap scattering identification

Detected by CATCH

.1 beam line

Momentum-tagged A beam
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Goal of experiment

30 days production : 50 M A beam

+30 days production : 100 M A beam in total
> Dy, + (do/dQ, Ay(A) w/ improved statistics)



CFT dE/dx (MeV)

Feasibility study in E40 (Zp scattering)

By using by-product data in E40, we already checked feasibility of Ap scattering

4000

y
Particle ID in CA%H by AE-E method

| Relatio\between m? and momentum
: 2000

New K0 identify method
Tt : magnetic spectrometer ‘ We can keep large acceptance for K9
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Feasibility study in E40 byproduct data (Ap scattering)

Ap (Kinematics matching for A)

° Kinematical consistenc
By-product data in E40 £ . y
(=-p scattering) & E40 data or scattered A
13 Ap scattering
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Ap scattering with polarized A beam

To suppress B.G. in the A production,
we request at least 2 protons for scattering analysis

mmm) Angular acceptance is limited

Mising mass .
Consistency check for A
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Simulated results w/ 100M A

Differential cross section of Ap scattering
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Simulated results w/ 100M A

Spin observables in Ap scattering

Analyzing power Depolarization (D)
Left scattered event Right scattered event Change the spin polarization after the Ap scattering

Depolarization (Dyy) of Ap scattering

Analyzing power e NSCO7f
— ESC16 s
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74— === Simulation - 1 N Slmulatlon
T 0.40-0.50 (GeV/c) T 0.50-0.60 (GeVic)
. . _1 87 (MeV) T 128(MeV)
Simulation ST T
C [ 0.60-0.70 (Gevic) ff. 6.7.o:o.aol(ele\'//c') """" 1_ -
C| 176 (MeV)
0.5 =
= = _ —— NSCo7f
0 VTR g — o —ESC1g
g o L 4 —  0.60-0.70 (GeV/c) T 0.70-0.80 (GeV/c) XEFT13
At - 176 (MeV) T 229 (MeV) — YEFT19
-0.5 —=®th 1~ T — Julich
- - = Simulation =1 - - - Simulation
1 111||11||,1|lll||,,llllllllllll - ||||1|11||1||||1|'|||||||1||||1|||||1
-1 -05 0 0.5 1 -05 0 0.5 1 -1 -0.5 0 0.5 - -05 0 0.5 1
cos6 coso

In the middle momentum range (0.5~0.7 GeV/c), 10% level accuracy can be achieved.

We believe that these new scattering data becomes important constraint to determine spin-dependent AN interaction



Summary of Ap scattering experiment

BB interactions are essential ingredient to understand NS matter

Both theoretical progresses and experimental progress ! Now is a time to make effort to establish the
realistic BB interaction in collaboration with theory and experiment.

Experimental method of YN scattering is established

Systematic measurement of Xp scattering was performed at J-PARC

Ap scattering experiment is also feasible.

There are large uncertainties in the P- and higher waves in AN interaction

Measurement of differential observables (do/dQ, spin observables) are important

New project to measure do/dQ and spin observables of Ap scattering at K1.1 beam line
Ap scattering with ~100% polarized A beam

pA : 0.4 ~ 0.8 GeV/c (Threshold region of TN channel)

30-days beam time : 50 M A beam > do/dQ and Ay(A) measurements

+30-days beam time : total 100 M A beam - D,, and precice do/dQ and A (A)



Thank you for your attention

We need closer collaboration with theorists and experimentalists in the world.

Please give us your comments and suggestion in any time.



Chiral EFT

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

Multi baryon force appear 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
P J— ?:_‘pf.z._? N sR=ap LO S. Petschauer et al. Nucl. Phys. A 3BF
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Chiral EFT toward NNLO

Two body YN force
Num of LEC

Constrained from YN 2N Force 3N Force

scattering data (bubble | e ><

S wave : 5 0
chamber) and NN data (Q/A) 957 (2017) 347

5 e H Promoted to NLO

S wave +

iy NLO )
'S-D transition : 8 (Q/A)? . |B* + = $
Not yet determined well . . [ 1 77777 ] l |
Ap, Zp scattering data at P Wavel() T ___‘}
J-PARC can constrain NNLO i’ | % ‘{

/NOLEC g RV

Chiral EFT can be extended oo e T T i Moo J
to NNLO if YN scattering N°LO -
data are accurate enough.

In near future, chiral EFT can be extended to
« NNLO for two body YN w/ accurate YN scattering data

Three body YNN force

4N Force

S. Petschauer et al. Nucl. Phys. A

A s / a3
g t R ‘r*

( (v)s"‘ \\ ) : : h | ‘ A T ‘; ! 1 A
el Tl +... +...

Num of LEC in decuplet saturation model

,,,,, B*-B-M coupling : 2
777777 can be determined theoretically.
B | 2rn-exchange ANN force is

decouplet saturation model

already studied.
1[ B*-B-B-B coupling : 2
B B
B B B
WX {
M B
B
B

These two LECs should be

determined from experiment from
 binding energy 4 He (0* and 1+ states)
* Ad scattering

These 3BF should be considered for calculation of
neutron star matter in future

« NLO for three-body YNN w/ Ad scattering or few-body hypernuclear binding energies



Y. Yamamoto et al.
PRC90, 045805 (2014)

U, dependence for M-R relation
Calculation with ESC model + 3 different 3BF

A single particle potential M-R curve
2.5
300 . . +MPa +MPa
Different size of 3BF
+MPb
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Density dependence of ANN 3BF is roughly quadratic (e p?).

ANN strength at normal nuclear density (p,) becomes 9~16 times more effect at 3~4 p, region

Precise determination of binding energy is very important.



AN interaction and i1ts uncertainty

Isaka et al. pointed out that choice of two-body AN interaction has large effect of theoretical calculation
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Large P-wave uncertainty of Potential

ESC12 can explain —B, w/0 ANN repulsive int.

ESC14 need ANN repulsive int.



E/A [MeV]
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Uncertainty in the theoretical microscopic many-
body calculation based on realistic NN interactions

Pure neutron matter Symmetric nuclear matter
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(cs/c)?

EOS with Quark-Hadron Crossover
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Hyperon interaction is necessary to get better description at this region



Uncertainty of AN interaction in the present BB int. model

Energy spectra of 13,C, 16,0, 28,51, 51,V, 89, Y, 139 ] 3, 208, P with ESC08 model
with ESC16 model
M.M. Nagels et al. Phys. Rev. C99, 044003 (2019) )
& 4 w/ ANN int.
54 LR e e q0d Y S w/0o ANN int.
- ] O - 9
| 3 ()
% ~154 2 Y. Yamamoto et al.
= . mn PRC90, 045805 (2014)
L 20
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-2/3 -30 ——
A 000 005 010 0.15 0.20

A—2/3
This calculation depends on two-body AN interaction very much.

& Owing to Large uncertainty in P-wave AN potential



Baryon-baryon interaction model’s picture

There exists various theoretical models based on its own fundamental degree of freedom.

Boson exchange picture

\
v boson exchange
\

\
O——0
n n

Nijmegen model

Chiral EFT 2N Force

LO
v=0 (Q/A,)° ><

=t o X
T &

NNLO | )‘
v=3 ((V)/L\\J:; '

Ouantum Chromo Dynamics (OCD)

Quark based model with effective OCD

constituent quark
& boson exchange

o o ) n.
n n

p

Quark Cluster model Lattice QCD
Experimental situation
3N Force 4N Force 0 0
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fss2 fss2
100 FSS ----- 100 FSG ===
o exp =—+— i exp ——
E E
50 ; 50
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+ + J Experimental task is to provide good quality two-body

scattering data to impose constraints on these theories
to improve them.



Nijmegen model

Widely used interaction in hypernuclear physics

Nijmegen potential + G-matrix calculation is powerful method to study hypernuclei and neutron star

. ) M. M. Nagels et al., Phys. Rev. C 99 (2019) 04403
1604160 elastic scattering at E/A=70 MeV

0
0
10 . . . . . ’ . ; . . 3 |
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| t : =10
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£ 107} | attractive force > -15-
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0., (degree)

Yamamoto et al. Phys. Rev. C 90 (2014) 045805 Triggered HIHR/K1.1 project



Lattice QCD

S=0 S=-1 S=-2 S=-3 S5=4 S=-5 S=-6 )
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Lattice QCD
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Chiral EFT

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

Multi baryon force appear 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
P J— ?:_‘pf.z._? N sR=ap LO S. Petschauer et al. Nucl. Phys. A 3BF
W T (Q/AL)° >< 4 957 (2017) 347 AN
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1801 }: r “ Pens 1 NLO X || decouplet saturation model ) . . . -.l_ AI\IIN_IZNN

M | QA LH] o B* 777777777 += li T[ “l . ’?NM ]

_ | . = | &7 A K2=1.70 fm™"
] ’ + { }. D _20f p/pe=1.0
, | NNLO ' i e R

(k) [MeV]
=

 (mb)

50—

ANN : repulsive effect

. | o te PNM
N ‘ { (V) 4\\ ) ‘ @
s ,\ 1 ! $—---8 ©
900I ‘ ‘2(;0‘ ‘ ‘300‘ ‘ ‘400‘ I ‘500‘ I ‘500' I I701 900 200 300 400 500 Gmo +". \ i ANN ZNN COUpllng 1S Very Small ln PNM
Prap (MeVic) Piap (MeV/c) b Fl e & T ; Kp=1.90 fm™’
e ¥ o + | y > 20 p/py=1.39
Haidenb I, Eur. Phys. J. A (2020) 56:91 ofneli A T Ty T 20—+ttt
J. Haidenbauer et al., Eur. Phys. J. 56: Q/A,) Al B % i Py PNM
J. Haidenbauer et al., Nucl. Phys. A 915 (2013) 24 NN S B n + = oF ' XL -
<3 . !
. 3 e’ =2.00 fm~
From slide by M. Kohno = 201 pIpy=1.63

o 2 4 6
M. Kohno, Phys. Rev. C 97 (2018) 035206 k [fm™]



Recent experimental progress at J-PARC

Two successive two-body reactions

3. Energy of proton ttering angle
2p scattering

2 production

Detection of Xp scattering event
by CATCH detector

CATCH system
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(] {
t

1 "
(AhH Wl
s oo =

Cylindrical Fiber Tracker
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¢ BGO calorimeter

KURAMA spectrometer
« Identification of K+
 Momentum analysis
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Momentum reconstruction
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Beamline spectrometer
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Recent experimental progress at J-PARC

K. Miwa et al. arXiv:2104.13608

Two successive two-bo dy reactions Differential cross sections of X p scattering
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Toward realistic YN interaction(Experimental side)

YN case

/\ . .
2-body scattering data ---» Phase shift analysis Derivation of YN

N potential

Link between here hopefully soon connecte
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Toward realistic YN interaction(Experimental side)

YN case

2-body scattering data —— Phase shift analysis

Scattering observable in S=-1 system

Differential information

do/dQ E——)

Spin observables

Differential cross sections of ='p scatterin
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¥~ N\ Derivation of YN

potential
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YN interaction model

v Constraint on theoretical model

v' Accurate data to contribute LEC in chiral EFT

Consideration of phase
shift analysis in future
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Neutron star and YN 1nteraction

Two-body YN scattering is essential to understand the internal structure of neutron star.

® Interaction at short range
® Basic information to derive 3 body force from hypernuclear structure

Hypernuclear physics based on Realistic YN interaction neutron matter

strange matter ?

66
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YN scattering experiment L AREA. BEOM—EE
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



HIH R/ Ki1.1 D hy S1CS High resolution A hypernuclear spectroscopy with

dispersion-matching beam line
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A binding energy and ANN interaction

A hypernuclei with chiral YN potential

Energy spectra of 13,C, 16,0, 28,51, 51,V, 89, Y,
139 1.a, 208, Pb with ESC16 model

*]Oﬂ
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L 20
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M.M. Nagels et al. Phys. Rev. C99, 044003 (2019)

\»_.

" —— w/ AN int. w/o ANN int.

—— w/ AN int. w/ ANN int.

0.00

0.05

I T

0.10 0.15
A~2/3

ESC16 need ANN repulsive interaction to
explain A hypernuclear bounding energy

Binding energy [MeV]

J. Haidenbauer, I. Vidana, Eur. Phys. ]. A (2020) 56:55
W77 717 17 T T 1
NLOI19
Qualitatively good agreement with data
over a wide range of mass number

30—

10 - \ —

Sizable cutoff dependence
- Would be reduced at higher order and after
inclusion of 3BF



A binding energy and ANN interaction

Energy spectra of 13,C, 16,0, 28,51, 51,V, 89, Y,
139, La, 208, Pb with ESC16 model

M.M. Nagels et al. Phys. Rev. C99, 044003 (2019)
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Essential measurement to derive ANN int.

ESC16 need ANN repulsive interaction to
explain A hypernuclear bounding energy

I[saka et al. pointed out that choice of two-body AN
interaction has large effect of theoretical calculation

M. Isaka et al., Phys. Rev. C 95, 044308 (2017)
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ESC12 (similar with NSC97f) can explain -B, w/o ANN

repulsive int.

ESC14 (similar with ESC16) need ANN repulsive int.



AN interaction and i1ts uncertainty

Energy spectra of 13,C, 16,0, 28,Si, 51,V, 89, Y,
139, La, 208, Pb with ESC16 model

M.M. Nagels et al. Phys. Rev. C99, 044003 (2019)
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I[saka et al. pointed out that choice of two-body AN
interaction has large effect of theoretical calculation

M. Isaka et al., Phys. Rev. C 95, 044308 (2017)
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Large P-wave uncertainty of Potential
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AN 1nteraction and 1ts uncertainty

Paper of chiral EFT

J. Haidenbauer et al. Eur. Phys. J. A. (2020) 56:91

allow one to pin down the interaction in the § = —1 sector. It
should be emphasized that the aspects discussed above apply
only to the interaction in the S waves. Since there are practi-
cally no data for differential observables, it 1s impossible to

fix the Y N contact terms in the P-waves. In this case, imple-

Even for the AN interaction, there are large
uncertainty in the P-wave interaction.

Total cross section might be similar for each model.
However, the angular dependence is very different.

We need accurate scattering data in the P-wave and higher regions

—

As many scattering observables as possible to
construct realistic YN interaction

D a N WO G DN W -Ih C

dcs/ dQ of Ap scattermg
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Conventional representation of elastic scattering

: : .11 1.1 : : From S. Ishikawa et al.
Scattering amplitude in S+ = 5+ scattering : > 4 x 4 matrix PRC 69, 034001 (2004)

- 6 components from the restriction of parity conservation and time-reversal invariance

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

\ — — / —

T matrix M=V + Vs, sp)+ Vsrs(S,+5p) L+ Vars(s,—5,) L +Vyi([s, ® 5,]? - Yy(7),
Scalar amplitude Vector amplitude Tensor amplitude
1 72
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.
Differential cross section (j—g): %Tr(MMT) = |U,*+ |Uﬂ|2 (ISSL5|2 +|SaLs|?) + —|T1| +_ (|T2|2 +|T5]?).
Analyzing power A(Y) = ———Tm {(Ua b= ) 8l (T — D) S — =TSt Ssm} ,
(Polarization) V20 (6) 4 4 2°“ |
Depolarization DY= 1 Re { ! (U + Ly *U + Uo — —U * 1 + T3 ) — S5S +1|S |2—iT* Lmom _1|T|2
P v = 5(0) 2\[0\/—1 1 0\/§1 \/61 3 102 T 5193 N \/6_31 3 git2l -

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



Analyzing power

Left scattered event

A)

Right scattered event

We will measure do/dQ for left and right scatted event separately

Differential cross section of Ap scattering
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Up/Down asymmetry for depolarization measurement

Spin polarization in the final state Pi..r : Polarization of beam

Ppeam = P(¢p = 0)X cos ¢
P : Induced polarization by the unpolarized beam
D, : Depolarization

ZNU_ND

b 2 P + D; Ppeam
€t ™ a Ny + Np

1+ PPyogm

U/D asymmetry of detector is important

No polarization case (Pppqm = 0,P = 0)
for symmetry study of detector

p A production plane
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Up/Down asymmetry for depolarization measurement

Spin polarization in the final state P, ... : Polarization of beam
P, = P(¢p = 0)X cos ¢
y eam
p = 2Ny — Np _ P+ D5 Ppeam P : Induced polarization by the unpolarized beam
€t aNy+Np 1+ PPyogm Dy : Depolarization

U/D asymmetry of detector is important Polarized case

Polarization case (P,oq, = 1,P = 0, D;’ =1)

-0.4 < coseCIVI <-0.2

p A production plane

-0.4 < cosb,, < -0.2

decay proton

NU_ND
Ny + Np

L | -V RN (1 (R - B\ MR - (R
¢ (degree)
¢ dependence of U/D asymmetry can be observed




Up/Down asymmetry for depolarization measurement

Spln polarization in the final Sstate Pbeam . Polarization Of beam

y Pyeam = P(¢p = 0)X cos ¢
P = 2Ny — Np _ P+ Dy Ppeam P : Induced polarization by the unpolarized beam
SO T aNy + Ny 1+ PPhogm D,y : Depolarization

U/D asymmetry of detector is important
Depolarization (DW) of Ap scattering
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Spin observables in Ap scattering
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In the middle momentum range (0.5~0.7 GeV/c), 10% level accuracy can be achieved.



do/dQ (mb/sr)

Toward construction of realistic YN interaction

Even for YN case

Two-body scattering data

We need help of theorist and experience of NN experimentalist.
We are very happy if we make a such collaboration for the phase-shift analysis
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AN channel will be measured
after hall extension project

> Phase-shift analysis



Small relative-momentum region
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Mass number dependence

Widely used interaction in hypernuclear physics
Nijmegen potential + G-matrix calculation is powerful method to study hypernuclei and neutron star

. ) M. M. Nagels et al., Phys. Rev. C 99 (2019) 04403
1604160 elastic scattering at E/A=70 MeV
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Neutron star matter and YN/YNN interactions

We have to see a tiny fraction of 3BF effect

Neutron Matter

n

Strange Hadronic Matter

Low density
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J. Haidenbauer et
al., Eur. Phys. J. A
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HIHR/K1.1 physics
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Ap scattering experiment w/ polarized A beam
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We need accumulation of many YN scattering observables

High-Intensity and High-Resolution beam line

Dispersion-matching beam line & NO need to track beam
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High-resolution A hypernuclear spectroscopy
at HIHR HIHR : Dispersion-matching beam line

ANN interaction : - Realize high-resolution spectroscopy without beam intensity limit

Key of Hyperon Puzzle High intensity n beam of > 108 /pulse
(~100 times stronger than KEK-PS)

Small effects to A binding * Thin target can be used
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Chiral EFT

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

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

: : Density-dependent effective potential
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A binding energy and ANN interaction

A hypernuclei with chiral YN potential

Energy spectra of 13,C, 16,0, 28,51, 51,V, 89, Y,
139 1.a, 208, Pb with ESC16 model
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do/dQ (mb/sr)

Toward construction of realistic YN interaction

Even for YN case

Two-body scattering data

We need help of theorist and experience of NN experimentalist.
We are very happy if we make a such collaboration for the phase-shift analysis

do/dQ (mb/sr)

Differential cross section of Ap scattering

5
4F- 0.40-050 (Gevic) 3\ 050060 (Gevic)
3P 87 (Mev) _':\\‘:,\128 (MeV)
22Ny
| Tkt S = T 7 Snebiih E

o

..........

e NSC97f

- ESC16
xEFT13

— xEFT19

e Julich

- - -+ Simulation

| 100040
0+-0+0+®

[T

\ 0.60-0.70 (GeVic)

A 229 (Mev)

e imulation

1-1liglg
@

=TT TITTT]

available in very near future

§8' p,=470-550 (MeV/c) . ; [ Pp,=550650 (MeVic)
56 |- | * This work ; T "‘.‘
% I i Etzm?r:EFr AL T H'
B4 |- 2 H .-
= Ll ESC08¢c #% i I %%B’
o b I o .
B L 4—'**& vvvvvvvvvvvvv ¥-p channel
0%"M: Ll 1 %ﬁwf‘_ﬂ’_ ! . ! p‘ ;
45_ 0.45-0.55 (GeV/c) \ ﬁ\"naﬁ’{# é;_ 0.55-0.65 (GeV/c) -j-:(gEZavlmEr:T é
33_ 82-120 (MeV) +:+-_§5: f_ 120165 (Mev)  — EScos "'\;‘$
r o T
£ bt £ w_,m i
0 Aty ~-p—2>An channel
pre
Very
by +++ >N channel would be
+
+
$ 17 >*p channel

N |

FEFETE EFE B |
- -08 -06 -04 0.2

e e b b Ly
0 0.2 0.4 0.6 0.8
cost

1

1
coso

AN channel will be measured
after hall extension project

> Phase-shift analysis



HIHR/K1.1 p

Femtoscopy at HIC 'gh-Intensity and High-Resolution beam line

Dispersion-matching beam line & NO need to track beam
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Single particle potential at nuclear density
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Accumulated hypernucler data
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Attractive potential at normal nuclear density U=z(py) will be determined by J-PARC experiment
Emulsion (E07) + = hypernuclear spectroscopy (E70)



Other experiment






LN interaction

LN interaction can be modified easily due to the LN-SN coupling

LN interaction in free space should be determined.






