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Baryon-Baryon interaction

- Hyperon-nucleon (YN) interaction
= A extension of NN interaction

= Mass of s quark is similar to u,d quarks
- can be treated under the SU(3); symmetry
- Existence of hyperon in neutron star (Hyperon puzzle)

- B-B interaction between the octet baryons (n,p, A, X, E)
BwB8=2TE8, 514 10" 5 10¢ 8,.
= Some multiplets may have different features from NN

* Due to Quark-Pauli effect and color-magnetic interaction
* 10, 8s-plets: strongly repulsive?

. . BB channel (1) YEven or *0dd YEven or 10dd
- 1-plet: attractive core? (H-dibaryon?) % o o7
s YN(I=3/2) is suitable NN(I =1) (27)
to investigate 10-plet AN(I=3)  5l(8a) +3(27)]  J5(~(8a) + (10
N(I=73)  —=[38,) - (27)]  Z=[(8a) + (10%)]
NI =3) 27) (10)
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Baryon-Baryon Interaction

- Interactions of SU(3) multiplets (Lattice QCD calculation)
= Various short-range interaction
. . T. Inoue et al,,
- Strong repulsion, attractive core... AIP Conf. Proc. 2130,

Common to nuclear force Unique to YN, YY interactions 020002 (2019).
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2*p interaction

- Strong repulsive core is expected z+
= Pauli exclusive principle in quark level
- In 3S, (S=1, L=0) state (pure 10-plet), 2 u quarks
have same spin, color with a high probability
> Some circumstantial evidences from X-nucleus interaction
- Spin-isospin averaged potential is repulsive
- Isospin dependence in A=4 system (I=1/2:bound I=3/2:unbound)
» HAL QCD calculation
- However, the strength of “strong repulsion” was ambiguous.
= It should be determined experimentally Phase shift of the 3S, state
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J-PARC E40 experiment
Measurement of do/dQ) of 2p scatterings

- Physics motivations
= Verification of repulsive force due to quark Pauli effect in the X*p channel

= Systematic study of the 2N interaction

I=3/2, 3Even and 'Odd:

10-plet of SU(3); B-B interaction
3S,:Almost Pauli forbidden
—strong repulsive force?
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BB channel (1) 'Even or *0dd YEven or '0dd

NN(I =0) (10*)
NN(I =1) (27)
AN(T=35)  —=[(8) +3(27)]  —5[~(84) + (10%)]
EN(I=3%) —=[3(8,) - (27)] Z5[(8a) + (10*)]

. YN(I =3 (27) (10)

- Purposes of the experiment " ,
] ) o >*p channel is the best channel to
» Measurement of do/d€) with high statistics investigate 10-plet!

 2p elastic K. Miwa et al,, PRC (2021), X' p —/An inelastic scattering x. Miwaetal,, PRL (2022) (X~ data)
- X'p elastic scattering (X* data) T. Nanamura, K.Miwa et al., PTEP(2022)
» Establishment of method to measure mp—KC°A reaction

- Data taking was finished June 2020. 3 papers published by 2022.




Difficulties of 2p scattering experiment

- Generally, hyperon-nucleon scattering experiment is difficult.
o Short life time of hyperons : 10° s
- Difficulty of producing plenty of incident hyperon
- Difficulty of detection and identification of scattering hyperon
= Previous Zp scattering experiments could identify only a few tens of events.

- How do we overcome these difficulties?
= High rate m beam and large acceptance forward spectrometer
+ Producing and tagging large amount of incident X
» LH2 target and Surrounding detector system, CATCH system
 Reconstructing reactions from two body kinematics
- Detecting the recoil proton with large acceptance



Hadron Experimental Facility@J-PARC

Tokai village,
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Hadron Experimental Facility@J-PARC

J-ArRC

Japan Proton Accelerator Research Complex
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K1.8 beamline @hadron hall

Here!
. = |
K1.8BR K1.8
E15, E31, ES7, E62, E72, E03, EOS5, EO7, E08, E10,
E73, E8O = | E13, E18, E19, £22, T25,
11 1 b E26, E27, E4Q, E42, E45,
T1 target |ttt E70, E75, E90, E94, E96
: T RN
i Sl | H Takahashi
PriMary e — PAC slide (2023)
proton A-line
beams
- (K1.1)

E29, E63, E86 [ o

high-p
F16, ES0, E79, E88

Stage-1 approved

;i
@T

QO / \ Stage-2 approved
] T : Data taking
A-line: primary beam line to T1 - COMET i 4 | Partly finished
B-line: branched from A-line to high-p - :lﬁ
C-line: branched from B-line to COMET | E21 o . Completed
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Experimental concept and setup

KURAMA Spectrometer
Identification of K*
Momentum analysis

Two successive two body reactions:
> production (nmtp—K*Z+*reaction)
>p scattering

Detect with CATCH system

Kinetic energy of recoil proton
’ I consistency check CATCH system
2. Z'p scattering /( Recoil angle of proton partlcle direction
Tap— - -energy of proton

Xt 27 decay

> : s S
K+ #_%% Fiber tracker
1. * production: *p—K* X* reaction W

SR
Momentum of X* : LH2 target

Analyze with spectrometers

1.4 GeV/c i+ beam
1.32 GeV/c m- beam
19 M 1t beam /spill(=5.2s)

Forward calorimeter

K1.8 Spectrometer

%%%%\ _ Momentum analysis of T beam
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Kinematical identification of 2+p scattering events

- We concentrated on events with 2 protons in final state.
= ¥*p scattering followed by X+*—pmn° decay

2. T'p scattering

Kinetic energy of recoil proton

l consistency check

Recoil angle of proton

KHZ target
O)—

+

n \ P

1. £* production: n*p—K* X* reaction

Momentum of *

K+

Checking a kinematical consistency for

recoil proton
‘E_ ... : measured kinetic energy with CATCH

meas °
‘E . : calculated kinetic energy from incident X+
momentum and recoil angle
AE(S*p)=E,..-E

meas —calc

- For X*p scattering events, AE distributes around o.

AE(Z*p) for data

—qO{) 80 60 40 20 0

—e— data
simulation all sum

decay
decay+accidental np
decay+accidental others

1 0.44<py<0.85
4-1<c080[<0.6

AN

20 40 60 80 100

AE for Xp scattering [MeV]

Cut conditions to select X+p scattering events were applied.
vertex position, distance between tracks
kinematical consistencies for decay proton, other reactions

In total, approximately 2400 X*p scattering
events were identified !
80 times more than past KEK experiments
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Differential cross sections

Differential cross sections were derived from ~2400 X+p scattering events.
The data quality has been significantly improved!

- Comparison with theoretical calculations
FSS and fss2, based on the quark cluster model, are obviously larger. On the other hand, ESCo8
and NSCo7f, based on the boson exchange picture, are consistent to some extent.
Each theoretical model has parameters to be updated.
FSS, fss2: size parameter, ESC: phenomenological short-range force, YEFT: Low energy constants
= Note:NSCo7f suggests the attractive 3S, interaction although differential cross section agrees.
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Results from 2 data

- We also reported the differential cross sections of the X p
elastic scattering and X-p—An inelastic scattering.

K. Miwa et al., PRC 104, 045204 (2021) K. Miwa et al., PRL, 128, 072501 (2022)
Differential cross sections of E_p scattering Differential cross section of Zp — An reaction
— T 5 1
.._:"-E B: pﬁ:-l?u-sm (MeV/c) '\-' [ pxzssn.ﬁga {MeVic) ;i é ~  (a) 470-550 (MeVic) €T (b) 550-650 (MeVic)
-E 6 L[« This wark ,-'. €L ,"' g a— T ¢ Thiswork
=l A SLEE £ — e
gd__ -“:::izralEFT +‘%‘+ __ + . 33— f—
ESCo8e <l ¥ Wi - -
g o Lol T " C -
2 el [ ey I =
L g e 1 o LT - -
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Sel 18 T |
£ -q]- = ,~'_‘ 23 0. ; - 05 0 05 o
ﬁ 4 L o A i :
1 +ﬁ%ﬁ‘ 1 %#in (from 2300 events)
Al A o
D'*‘“%’#ﬁ%|IIII| L1 o q"r"r"rl"%-@-lhlll L1 fSS2 and XEFT NLO Well reprOduced Z-data'
o5 0es G 08 o s ) Anyway, together with X*p data, our data
(from 4500 events) will be essential input to establish realistic

BB interaction models.



Phase shift analysis

- Extracting the contribution of the 3S, is important to study the repulsive nature of
>*p system due to the quark Pauli effect.

4

« The differential cross section was calculated as a function of phase shifts and we

tried to fit data.
We considered by D-wave.
In ¥*p interaction, some partial waves are

o

o

well constrained from pp scattering.
Fitting with two free parameter 0,g,, 0,p,,

- Typical fitting results
Low momentum

do/dQ [mb/sr]

(0.44<ps<0.55 GeV/c
¥/ ndi 3.81/11
mean 0.496) o ol
[ pem 0214+ 0
: 8150 191+ O
L 33851 —28.16 + 1563
- 81 17.11 £ B.652
[ a3P2 576+ O
[ 5aP1 132+ O
[ 33P0 719+ D
— 51D2 3386+ O
o 83D3 114+ O
E 3302 353+ O
1 - 33D1 135 0
[ el 504+ O
(} . M R | T T
-1 —0.5 0.5 1 1.5
cosB,

Unique to X*p interaction and to be investigated

BB channel ()

YEven or *Odd

YEven or 'Odd

NN(I=10) (10%)
_\.'I\'I:I = 1) [27]
AN(I=1) w,'“,[{san +3(27)] Jol~(8a) + (10°)
IN(I=3) =038, - 27)]  E((8a) + (107)]
EN(I=3) [27] (10)
Middle momentum high momentum
(0.55<px<0.65 GeV/c (0.65<py<0.80 GeV/c
mean 059) ey T mean 0-71) 21 ndl £.796/13
6 Prob 0.2282 Prob 0.7862
E pcm 0.255+ 0 pem 0303+ 0
sF 3150 WE+L 0 3150 28+ 0
- 5381 2820 +2.255 5381 8124 £2.737
4:_ 51P1 15.15 + 7.193 51P1 3.737 + 6.854
[ 53P2 85+ 0 53P2 082+ 0
- 53P1 B9 0 3P 8+ 0
5 33P0 as0+ 0 33P0 002+ 0
[ D2 490+ © 31D2 661+ O
B &3D3 159+ O 83D3 193+ 0
s 33D2 487+ 0O 5302 A2+ D
o a3 069+ 0 83D 0.7+ O
C el 524: 0 el 514t 0
c'.. | I IR | — T T 1
-1 —0.5 0 0.5 1 1.5 1 1.5
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Obtained phase shifts

- 3S.: (absolute) value is determined with small error.

= Phase shifts of YN scattering were experimentally derived for the first time!
= |8]: 28.3*t 1.5+ 2.1 (low), 23.4*+ 2.0 3.0 (mid), 32.5 £2.5+2.5 (high)

- Fitting error and effect of the different sets of the fixed parameters
= “The strong repulsive force” is moderate.

- 1P :ambiguous.
= This result may support the prediction of the fss2, ESC16, NSCo7f in which the
interaction of 'P, channel is weakly attractive.

351 1P1
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2 40— 1 ' = T "
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Impacts on theoretical models

- XEFT with Hyperon-nucleon interaction
= In the latest version (NNLO), our data is used to determine P-wave low

energy constant
» The latest version can reproduce our experimental data at 0.5 GeV/c.

« Lattice QCD calculation
s 038, can be compared with HAL QCD!
= Our results are consistent with HAL QCD calculation with larger t-to.

2p->xp
8, T T T T T {
3 i 10 =11 —e—
7 Py = 500 MeV/c i Hy=10  e—p—
& . . i . t15=08
- Previous version i
~s0 (NLO19) I 10
3 F =
o 3: _3{] } | . I I._L
2k ) 0 - e I”HH*
1J. Haidenbaueretal., - New version 80(°S4-°D4:2G aussﬁukawai‘h ensr.:—r o
; 50
Eul. Phys. J. A 59,63 (2023)  (NNLO) 0 20 40 80 80 100 120 140

9% 05 00 05 10 H. Nemura AIP Conf. Proc. Ecyy (MeV)
cos @ CM
2130, 040005(2019)



Future Plans of
YN scattering Experiments in Japan
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YN scattering Experiments @ J-PARC
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YN scattering Experiments @ J-PARC

Y*p scattering \

— == == == == ==| T.Nanamura, justidea L Ap _Scatterlng : \
| 4 , Kp—Y 7T reaction K. Miwa(Tohoku Univ)
I p J-PARC E86 experiment
- ps: 0.6-1.3 GeV/c p—AKP° reaction
| 2027-? 4050 pA: 0.4-0.8 GeV/c

I o 1 1 Polarized A
1 i .

Ao seatterin . o — spin observables

p g LH, target / /’_/-/""ﬂ (Ay9 Dyy)

R.Honda (KEK), LOI L SPiric =; \ S Late 2020s-?

- *0 3 \ " ‘y = T
mp—AK*°reaction ¥ / A\ decayp. 7 (should wait facility extension)
Pp: 0.3-2.0 GeV/c &= ﬂni(zrprod) | - Similar setup to E40
(p,: 8.5GeV/c) : experiment

Late 2020s-?

‘ay
We will enrich precise
YN scattering data

over the next decade!

Ring imaging
Cherenkov
counter

Cylindrical Detector
System (CDS) @ K1.8BR
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Ap scattering Experiment @ SPring-8

* Ppp: 0.3-0.6 GeV/c

o Close to fermi momentum in nuclei to neutron star

= P-wave contribution can be seen
- Experimental setup is similar to E40 case.

- Data taking period: 2025-2027

= 'We will give the next YN scattering data in a few years!

SPring-8
Electron ring Ap scattering
detector system

(CATCH)

s

Backward Compton gamma
1.4-2.4 GeV

Magnet

Drift chamber
Plan to move system @ J-PARC TOF

CATCH and LH2 target system

CATCHER i # CH

Cylindrical fiber
tracker

Using photo-produced A
(yp—AK* reaction)

Cross section is ~100 times
smaller than hadronic reactions,
but stable and long beamtime
will compensate it.
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Summary

- Hyperon-nucleon scattering experiment gives us very important
information for B-B interaction, especially quark Pauli effect.

« J-PARC E40 Experiment

= High-statistics X*p scattering experiment
- 2*p elastic scattering, X p elastic scattering, X p—An inelastic scattering
» Data taking was finished by June 2020.

« do/dQ were derived from approximately 2,400 X+ p scattering events.
o We successfully performed difficult YN scattering experiment!

- By not only comparing do/d€2 with theoretical calculations but also
derivation of the phase shifts of the 3S, and 'P, channels, the strength of
>*p interaction was investigated.

s The differential cross sections and absolute value of the 63S, were not as large
as fss2 and FSS predicted and rather consistent with Nijmegen models.

- We established an experimental method for the hyperon-proton scattering
experiment. By this method, we plan Ap scattering experiments using

CATCH at SPring-8 and J-PARC. We also have ideas of Ap, Xp scattering
experiments with another detector system.
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