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Progress of theory & experiment of BB int. study

Theoretical progress

Hyperon-Nucleon int. w/ chiral effective field theory

(J. Haidenbauer et al.)
2-body int. 3-body int.
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Improving accuracy w/ our new data

Experimental progress
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BB interaction from femtoscopy

Ve = J S@) |q'(k_*’,F’)|2d3r*

Fix source size(S(r*)) 2
Study interaction from wave function (¥ (k*, 7))

t/a=11
tVa=12
t/a=13

ALICE Collaboration,
Phys. Lett. B 833
(2022) 137272
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Hyperon potential by Lattice QCD

BB interaction at almost physical point for multi-
strangeness sector

K. Sasaki et al.,
Nucl. Phys. A 998
(2020) 121737

Particle correlation
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2 L | T T T
g a) ALICEpp Vs =13 TeV H
1.8/ high-mult. (0-0.17% INEL>0)

I8 p-A @ p-A pairs

ClnJ

1.6« Fit NLO19 (600) H
[ ¢ — Residual p—=% yEFT

Lar | Residual p-=~ @ p-=°

12f & — Cubic baseline R

% 1.06F r | ' T
= IE .
QO 1.04f =
1.02 * -
il ‘:“_ ;’//—/’/”fé
L %ﬁ o0  Gog l””” -
0.98 =

0 100 200 300 400

k* (MeV/c)



New Xp scattering data at J-PARC

. . . . : Difficulty at higher
Accurate and systematic data of differential cross sections of Xp scattering y 9
momentum
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PRL 128, 072501 (2022) PRC 104, 045204 (2021) - Nanamura et al., PTEP 2022 093D01 J. Haidenbauer et al

. , Eur.Phys.J.A 59 (2023) 3
Development of Chiral EFT at NNLO have got started with E40 data

But, the interactions are not uniquely determined yet.
We need more data from additional channels (Ap, ...) and additional differential observables (polarizations, ...)
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do/dQ [mb/sr]

E40 data : much smaller than fss2 prediction and E289 results

do/dQ of Z*p elastic scattering

T. Nanamura et al., Prog. Theor. Exp. Phys. 2022 093D01
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First experimental derivation of phase shift of 3S;
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Derived phase shift suggests that the 3S, interaction is moderately repulsive.




do/dQ of Z*p elastic scattering

T. Nanamura et al., Prog. Theor. Exp. Phys. 2022 093D01 _ . _
N Comparison with HAL QCD XN potential
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E40 data : much smaller than fss2 prediction and E289 resuits H. Nemura et al., EPJ Web of Conf, 175, 05030 (2018)

Derived phase shift suggest that the 3S, interaction is moderately repulsive.



Toward Ap scattering

Reliable AN two-body interaction :
key to deepen A hypernuclear physics A hypernuclei
key to reveal ANN int.

Femtoscopy from HIC
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ALICE Collaboration, arXiv:2104.04427 J. Rowley et al. (CLAS), Phys. Rev. Lett. 127 (2021) 272303



Origin of the density dependence of AN interaction

A is the only isospin 0 baryon that makes up matter - One-pion exchange is forbidden

Interaction in free space -

NN interaction
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AN interaction .~ wof.AN-ZN coupling
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Interaction in nuclear medium

N

N

-

N N

N N

Two-body NN int. might not
be affected very much by
other nucleons

Suppression of two-body AN int. 3 body int. mediated with =
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Due to the Pauli blocking for
the intermediate nucleon, AN-

>N coupling can be very
suppressed

Additional three-body interaction, which does not

appear in NN interaction.
What is the density dependence of this 3-body int. ?




Toward the elucidation of the density dependence of the AN interaction

Ingredients of AN interaction
in nuclear medium

AN int. in nuclear medium
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Toward the elucidation of the density dependence of the AN interaction

AN int. in nuclear medium

Ingredients of AN interaction
in nuclear medium
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Toward the elucidation of the density dependence of the AN interaction

AN int. in nuclear medium

Ingredients of AN interaction

in nuclear medium

Replsive force by ANN force
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Toward the elucidation of the density dependence of the AN interaction

AN int. in nuclear medium

A single particle energy

o
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Ingredients of AN interaction

in nuclear medium

Determination of >* mediated
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Collaborative research regarding the two-body AN, 2N int.

(1) Ap scattering experiment

(Koji Miwa)

The differential cross
section and cusp structure
must be represented with
the same AN-XN coupling

(2) XN cusp measurement
(Yudai Ichikawa)
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Momentum dependence of
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AN differential cross sectipnnscen
5 - ¥EFT NLO 13
4 i 0.30-0.40 (GeV/c) . * 0.40-0.50 (GeV/ic) | xEFT NNLO
= + —=— LEPS (Simulatiory |
,: 3 %‘E n MeV] __++ =L Ekin 87 (MeV) 7
n - T
B 21— S ] I t- ET .
- T —— .
é 1? Imu a Ion i% -F.g.'?:!‘r.—!:r:::r_--f-"ﬂ%
G . VS I
S 8 E
L - i
b 4 [~ 0.50-0.60 (GeV/c) *T - 0.60-0.70 (GeV/c)
T E ]
3 -+ Ekin 128 (MeV) E Ekin 176 (MeV)
Py R
= 3 e
1;#&441%*%%“ 4k++*+rHﬁ -------
] =P BT SV CO ) L i SRR RN BT R
-1 -0.5 0 0.5 - -0.5 0 0.5 1

Scattering angle (cos0)

Universal understanding of
AN interaction from
scattering and Lattice QCD
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Independent determinations of AN-XN coupling
through the scattering length measurement

(3) AN, =N Lattice QCD potential
(Takahiro Doi)

AN, ZN and AN-XN coupling
potentials by HAL QCD

\ 4

AN-ZN coupling

T. Doi, presentation
at 319 J-PARC HEF-ex WS



https://kds.kek.jp/event/44086/contributions/232031/attachments/165533/215432/20230314_KEK_Tokai_3rdHEF-ex_WS_TMDoi%20-%20Takahiro%20Doi.pdf
https://kds.kek.jp/event/44086/contributions/232031/attachments/165533/215432/20230314_KEK_Tokai_3rdHEF-ex_WS_TMDoi%20-%20Takahiro%20Doi.pdf
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Ap scattering experiment with polarized A beam (J-PARC E86)

Advantage of scattering experiment: Spin observables can be measured thanks to self polarimeter of hyperon

Polarization can be - Left-Right asymmetry of Ap scattering
P @ measured from angular (Analyzing power)
| distribution of p - spin-orbit interaction
A spin can be Decay  Polarization change before and after the scattering

automatically polarized (Depolarization)

Production & Scattering —> spin-spin interaction, tensor interaction
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__________________ i . . — ESC16
Analyzing power Depolarization — s
A o — XEFT19
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—¢— Present work cosb
0.2| —¢— D.H. Saxonetal. (1980) [ a F —E+Ek

e D Bderetal (1978) |, L L o Essential constraint to determine spin-dependent AN interaction
COSBko,cm
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Ap scattering experiment with polarized A beam (J-PARC E86)

Advantage of scattering experiment: Spin observables can be measured thanks to self polarimeter of hyperon

A spin can be

automatically polarized

Production & Scattering

Decay

Polarization can be
measured from angular
distribution of p

P, in the np—K°A reaction
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« Left-Right asymmetry of Ap scattering

—> spin-orbit interaction

(Analyzing power)

« Polarization change before and after the scattering

(Depolarization)

—> spin-spin interaction, tensor interaction

Analyzing power
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128 (MeV)

Simulation
P PR I

But, it takes long time to perform this experiment,
—+ onsaonetal (98 pecause this experiment needs a construction of new K1.1 beam line.

R.D. Baker et al. (197!

o7 \We have taken action to take data using photon beam at SPring-8 to measure do/dQ.
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Ap scattering experiment using
photo-produced A at SPring-8
(HYPS project)



Building AN interaction from AN scattering experiment

using photo-produced A

Purpose of research

Ap total cross section
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We plan to perform Ap scattering experiment at BL33LEP

Building the realistic AN interaction by providing AN scattering data to chiral EFT theory

AN interaction is still uncertain due to lack of scattering data, although the interaction is essential to
describe many-body system with A such as hypernuclei and neutron stars.

Advantage at BL33LEP

EFT NLO 13 ; 0.30-0.40 (GeV/c)
X .

Ap scattering

Ap differential cross sectiono

NSCo7f - -
Tagging low-middle
xEFT NLO 13
energy A beam for
XEFT NNLO nuclear study
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«1| existing systems.
|| (Spectrometer, CATCH)

Data taking can start by

reconstructing the [

| SN

A beam momentum (MeV/c)

Density (radial) dependence of AN interaction

Scattering angle (cos0)

Essential input for constructing

realistic AN interaction

J-PARCTOERTHASNIE 2

yE—L

Clear A identification
widen Ap scattering

A can be tagged
cleanly by detecting

Y ( ~A _H_A only forward K+
N ¢ K*
Liquid Hy
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Why BL33LEP?

Advantage of y beam: A production can be identified most clearly by detecting K+

16000 E . -
14000 | FA_(}II% soof— giagev o.Jigcan
12000 [ i i o (data) s00f- J-'PAlRtC
wooo 1 || 13 (119 na (simulation) KO identification
2 go00 b 3005_ —>Some background remains due to
S C [ [1]| A1405)/ - identification method
6000 a : ! >(1385) A(1520) 200(—
4000 |- ! i oF K 1
2000114y T a R A : : -
B~ wasscevey. | IN the scattering analysis, we need to require

0 NN T T T N T N T T o . . .
1 111213 14 15 16 17 18 19 two protons. This limits angular acceptance of
Missing Mass (GeV) Ap Scattering

Advantage of backward Compton y beam: A forward spectrometer can be placed,
making it possible to tag low-energy A with small momentum transfer for the first time .

We can get A beam from 0.3 GeV/c (for nuclear study) to 0.6 GeV/c (for neutron star)
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Experimental setup of Ap scattering experiment at BL33LEP

B \We will use the existing spectrometer system.
B We will reconstruct TOF and readout systems
B \We move CATCH, LH, target system, readout system to SPring-8 from J-PARC

Ap scattering
detector system

(CATCH) Magnet i\

SPring-8
Electron ring

Backward Compton gam}‘ K*
1.4-2.4 GeV — -
= |l
L—
Laser (355 nm
Drift chamber Z?
Plan to move system @ J-PARC TOF

CATCH and LH2 target system

CATCHIRH B THith - .
=1 ] Cylindrical fiber

~ %ﬁ - tracker
BUAEY A

L
EEBTR
| /4 ]

BGO calorimeter




Feasibility study at BL33LEP : Acceptance of A beam detection

We estimated essential parameters
w/ simulation study

» Acceptance for K+

A beam momentum distribution

« Ap scattering identification quality

Beaxi CATCH (CFT+BGO)

Input .
Angular distribution of A production by CLAS
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CFT tracking efficiency map
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A beam identification (Acceptance, Momentum)

» Acceptance for mimicked setup for HYPS : ~10%
« Corresponding K+ momentum : 1 ~ 2 GeV/c

« A momentum range : 0.3 ~ 0.55 GeV/c
« Cover lower momentum region. Close relationship with hypernuclear physics.
« Good complementary with K1.1

1200

1000

800

600

400

200

A momentum

h6

©,, %A momentum

h7

SPring-8 e
Std Dev  0.09167
J-PARC K1.1

AN

A

T T T [T T T[T T T[T, 0T [T T T[T T T[T
I I I I | |

o
& -
2 2 >N thr.
(7))
PR NN TR SN TR WO AN SN TS SN TN NN TN WY TN WO AN WO TN N S NN
0.3 0.4 0.5 0.6 0.7 0.8

A Momentum (GeV/c)

Entries 46009
Mean x 0.4354
Mean y 8.761

Std Dev x 0.09167
Std Dev y 3.58

'NIlII]IIIIIIII]lIlII]IIIIlIIIl

L
0.8

A Momentum (GeV/c)




A beam yield estimation
ftems  |Estimatedvalues

v beam intensity 2 MHz

A production cross section 1.5 ub

Liquid H, target thickness, number 30 cm =2 12.7 x 1023 [1/cm?]

K+ acceptance 0.11

K+ survival rate 0.69 (for px.=1.5 GeV/c, L=3.7 m)
DAQ, analysis efficiency 0.9 (assumption)

Tagged A yield per second 0.281 [1/s]

Tagged A yield per day 2.42 x 10% [1/day]

We need to accumulate 107 A beams for 10% order accuracy:
c.f. Xp scattering (E40) 1.7 x 107 X~ beam

‘ Beam time of ~400 days is necessary
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Timeline

FY2025: Start data taking

until Aug. 2027

14000000

12000000

10000000

FY2024 : Commissioning of detector

Goal of tagged A

8000000

6000000

Yield estimation of tagged A

LH2 target
system
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2;23/10/1 2024/4/18 2024/11/4 2025/5/23 2025/12/9 2026/6/27 2027/1/13 2027/8/1 2028/2/17 2028/9/4
2023 2024 2025 2026 2027 2028
Applicatio\| Setup and 1 |Experiment @ SPring-8 BL33LE
ntouse )| commissioning of | we want to run for about 2.5 years
BL33LEP/ | LEPS spectrometer. i to accumulate as much statistics as
Pring- ! ! ) N |
(SPring-8) I | Relocation of Data analysis in parallel with data taking \> toward
E . |CATCH Derive do/dQ and o at each year’s statistics{ reglistic AN
| | | ' int.

/

Beam stop at 2027 August ?
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Particle ID in CATCH (AE-E method)
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Ap scattering identification
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Angular acceptance of Ap scattering by CATCH

detect <\

/

Ecaic(Orecoi) 4P E casured u detect
consistency (AE=Emeasured = Ecalc)

consistency (Ap)

Pealc(Oscat) Pmeasured
calc(Osca 4—;> detect Ap cross section : 30 mb (assumed)

pp, 7 p : realistic cross section

------------ detect A decay : 1/100

erecoil

- 100 v
= = - - - ] . —t3i00 ’a = . .
= wf =" -Sifmulation S 04:_Slml.JIatlon .
% & et : 18 .. = '. _'! - 8 USE— . |
- - = 12
= 40 i = 0z -
8 % j —+:00 8 E 100
%) -
Q © 150 O o
< 0 < I i S i ey -
Wl e 100 Q é_ Ap Scattering ) "eemnt o ®
< N A ¥ ‘. < u;E e . Lo
cOpl . v 03 :_ O'4<pA (GeV/C) < 05
= A decay B
04—
100 - E 08 04 B2 0 06z 04 65 ~6F 1 o5k 1 1 1 Laaadaaalag ol ! L
-1 g £ 4 o o DR 0E OB



Angular acceptance of Ap scattering by CATCH

0.3<p, (GeV/c) < 0.4

contamination

QO o4
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< w/ A->n—p branching ratio
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Forward scattering angle : covered by A detection
Backward scattering angle : covered by proton detection
But, very forward and very backward regions might be hard due to A decay contamination

0.4<p, (GeV/c) < 0.5

Even though, rather wide acceptance can be obtained.
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Expected results

Momentum dependence of total cross section Differential cross section of Ap scattering NSC97f
.5 xEFT NLO 13
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Accurate do/dQ data and total cross section can put strong constraint on AN interaction theory.

Chiral NNLO AN interaction shows rather attractive nature _
- Larger cross section around p,~500 MeV/c J. Haidenbauer et al.,
« Deeper U(A) potential (-35~-37 MeV) EUL PSS IZUZE)



Summary

« Many progresses have been obtained in the BB interactions study.
 Lattice QCD, Chiral EFT, ...
* Femtoscopy is successfully used for the hadron-hadron interaction study.
* YN scattering experiment gets possible!

* New collaborative project regarding the two-body AN, ZN interactions
» Ap scattering experiment with photo-produced A

* Precise measurement of N cusp shape with S-2S
 Lattice QCD potential of AN, =N, AN-XN potentials

* New experimental project will begin at SPring-8 to measure Ap scattering cross
section
» A particle (300<p,<600 MeV/c)can be identified cleanly by yp>K*A reaction.
« Experimental technology developed at J-PARC will be introduced.

» Our goal
» Total cross section measurement better than 10%
 First derivation of the differential cross section for Ap elastic scattering
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Precise XN cusp measurement with K-d > Apr~ reaction
(J-PARC E90)

AN-XN Coupling dependence of cusp shape
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Background of Ap scattering

Ap scattering A decay pp scattering from A decay  m~p scattering from A decay
A p A n/” A /7

- f
P
AT /A\o\.

P

!

These rescattering events after
A decay can be partially rejected
kinematically

To suppress background,
* one proton and one n-
e two protons

are essential

Ap : Ap scat (Ge}_//c)

A decay can be identified as
scattering at O degree
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Event ID for 107 A

Ap (0.4 < mom < 0.5) AE (0.4 < mom < 0.5)
_ hdp_all_sum _ hdE_all_sum
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Hypernuclear physics

Baryon-Baryon interaction Study of light A, = hypernuclei Spectroscopy of heavy hypernuclei
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Phase shift in Chiral EFT NNLO and U,
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NLO19 (refitted)
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P, (MeV/c)

6007

| J. Haidenbauer et al.,
arXiv:2301.00722

Based on the E40 X*p phase shift,
U, becomes less repulsive.

3, H
Y N potential Ba [MeV] E [MeV] Px (%) || Ua(0) Ux(0)
TSMS N2LO(500) 0.147 23711 025 || -331 [ 6.4
SMS N2LO(550)¢ 0.139 —2.362 0.25 —38.5 2.5
SMS N2LO(550)b 0.125 —2.348 0.24 —35.9 2.5
L SMS N2LO(600) 0.172 —2.395 0.22 —37.8 L 0.1
NLO13(600) 0.090 —2.335 0.25 —21.6 ! 17.1
~ NLO19(600) 0.091 —2.336 0.21 —-32.6 L 16.9
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ZN (I=3/2) phase shift in chiral EFT
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NLO19 (refitted)

== NLO

— NNLO

——- NNLO-A



