Study of XNV interaction from the Xp scattering
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Abstract. A high statistics Yp scattering experiment has been performed at the K1.8
beamline in the J-PARC Hadron Experimental Facility. Data for momentum-tagged ¥~ beam
running in a liquid hydrogen target were accumulated by detecting the 7~ p — KTX™ reaction
with a high intensity 7~ beam of 20 M/spill. The number of the ¥~ beam was about 1.7 X
107 in total. The ¥~ p elastic scattering and the ¥~ p — An inelastic scattering events were
successfully observed with about 100 times larger statistics than that in past experiments.



1. Introduction

Investigation of the baryon-baryon (BB) interaction is one of the most important topics in
strangeness nuclear physics. This is because the BB interaction is the basic interaction to
describe a system including hyperons such as hypernuclei and a high density nuclear matter in
neutron stars. The BB interaction is also a key to understand the origin of the short range core
in nuclear force. Historically, the hyperon nucleon (YN) interaction, that is a strangeness —1
sector of the BB interaction, has been investigated experimentally by the spectroscopic studies
of hypernuclei with high resolution because their energy levels reflect the spin-dependent YN
interaction [1]. Theoretically, the interaction models such as fss2, ESC08 which are based on the
quark cluster model (QCM) and boson exchange picture, respectively, have been constructed
based on very limited two-body YN scattering data and with the assumption of the flavor SU(3)
symmetry [2] [3] [4]. These models were updated and improved to reproduce the experimental
data of hypernuclei. The chiral effective field theory has been also applied to the YN and
YY interaction and the calculation in the next leading order has been already performed [5].
Nowadays, a lattice QCD simulation is one of the most powerful methods to derive the BB
potentials from the first principle in QCD. It also demonstrated a variety of features in the core
parts such as strongly repulsive cores due to the Pauli principle between quarks with the same
configuration of spin, flavor and color [6] [7] and this quark Pauli effect was originally predicted
by QCM. For example, the 3S; state of the ¥ p channel is the partially Pauli forbidden channel
because a pair of up quarks in this system has the same spin and color with a large probability. In
this situation, it is quite important to give a quantitative information about the size of the large
repulsive force due to quark Pauli effect which is included in the ¥p channel, experimentally.
The systematic studies of the wide flavor configurations are also essential to test the theoretical
framework extended to the BB interaction under the flavor SU(3) symmetry.

Hyperon proton scattering experiment is the most direct method to derive the YN interaction
as in the case of the nucleon nucleon interaction. However, the hyperon proton scattering
experiment is quite difficult due to the short lifetime of hyperons and data of hyperon proton
scattering are quite scarce. In order to overcome this experimental difficulty and to investigate
the YN interaction, we proposed a Yp scattering experiment (J-PARC E40) to measure
differential cross sections of the X' p, ¥ 7p elastic scatterings and the ¥~p — An inelastic
scattering in the momentum range of 400 < p (MeV/c) < 700 [8]. The physics motivation is to
verify the large repulsive force due to Pauli effect in the quark level in the ¥"p channel. The
differential cross section of X1 p scattering is one of the best observables to reveal the nature of
this quark Pauli effect because the magnitude of the repulsive force depends on the cross section
at the momentum range. We also investigate the XN interaction systematically by separating
isospin channels. These are essential data for investigating the spin isospin dependence of the
2N interaction.

2. Experiment at J-PARC

We have performed the first period of the Xp scattering experiment (J-PARC E40) at the K1.8
beamline in the J-PARC Hadron Experimental Facility. We have introduced a new experimental
technique to overcome the experimental difficulty of a hyperon proton scattering experiment due
to the hyperon’s short lifetime. A liquid hydrogen (LHs) target is used as both ¥ production
and Yp scattering targets. Because both the ¥ production reaction (7p — K*X%) and the Xp
scattering reaction (Xp — Xp) are "two-body reactions” as shown in the left part of Figure 1, the
Yp scattering events can be identified kinematically by measuring four-momentum vectors of 7+
beam, KT, and recoil proton. The momentum of the produced ¥ particles is obtained from the
momenta of m beam particles and scattered K+ measured by the K1.8 beamline spectrometer
and the KURAMA spectrometer, respectively, as shown in Figure 1. In Figure 1, a schematic
view of the experimental setup around the target is shown. The LHs target is surrounded by
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Figure 1. Experimental concept of the ¥p scattering experiment and the experimental setup.
By using a liquid hydrogen (LHj) target as both ¥ production and Yp scattering targets,
two successive two-body reactions of the ¥ production reaction (7¥p — KTX*) and the
Yp scattering reaction (Xp — Yp) will be measured. The beamline spectrometer consists of
two hodoscopes (BH1 and BH2) and three position detectors (BFT, BC3 and BC4). In the
KURAMA spectrometer, five position detectors (SFT, SDC1, SCH, SDC2 and SDC3) and a
TOF counter are used. The CATCH system consisting of a fiber tracker (CFT) and a BGO
calorimeter surrounds the LHy target.

the CATCH (Cylindrical Active Tracker and Calorimeter system for Hyperon-proton scattering)
detector system which consists of a cylindrical fiber tracker (CFT) and a BGO calorimeter[9].
The trajectory of the recoil proton is reconstructed by CFT, and the scattering angle of the >p
scattering can be measured as the crossing angle between the vectors of the ¥ beam and recoil
proton. The kinetic energy is also measured by the BGO calorimeter and CFT. Then, we check
whether the relation of the scattering angle and the kinetic energy is consistent with the YXp
scattering kinematics or not. We also detect charged particles from the ¥ decay to suppress the
background.

We started the experiment from the X 7p channel. This channel is suitable to check the
experimental feasibility by detecting proton in coincidence with the %~ production because
>~ mainly decays to nm~ and the detected proton is attributed to secondary reaction of the
produced ¥~ particle. The experiment was performed during about 20 days from the middle of
February in 2019. In this proceedings, we report the analysis status of the ¥~ p channel.

3. Analysis

¥~ particles were identified from the missing mass spectrum of the 7~p — KT X reaction as
shown in Figure 2, where the momenta of the 7~ beam and the scattered K were analyzed
by the K1.8 beamline spectrometer and the KURAMA spectrometer, respectively. A clear
peak corresponding to %~ could be identified and background contamination under the >~
mass region from 1.17 GeV/c? to 1.24 GeV/c? was about 8%. About 1.7 x 107 Y ’s were
accumulated in total and this yield was about 100 times larger yield than that in previous
KEK experiment[10]. The momentum of ¥~ was obtained from the missing momentum of the
77p — KTX reaction. The ¥~ beam momentum ranged from 0.45 GeV/c to 0.85 GeV/c
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Figure 3. AFE-E spectrum between the
energy deposit in CFT and the total energy
measured by the BGO calorimeter. Locus
corresponding proton can be identified.

Figure 2. Missing mass spectrum of the
7~ p — KTX reaction. The X~ peak can
be clearly identified.

continuously and this momentum range was determined by the kinematics of the 77 p — K+tX~
reaction and the acceptance of the KURAMA spectrometer. We describe this tagged >~ particle
as X~ beam. In the present analysis, all X~ beam events were used without separating its
momentum.

The ¥~ beam could be scatted by a proton along its path in the LHy target with some
probabilities. The recoil proton and the decay 7~ from the scattered >~ were detected by the
CATCH system. Pulse height informations of the BGO calorimeter and CFT were calibrated
to energy deposits by using a pp scattering data with 0.6 and 0.65 GeV/c proton beams. The
particle identification in CATCH was performed by so called AE-FE method between the energy
deposit in CFT (AFE) and the total energy deposit in BGO (F). Figure 3 shows the AE-E
plot when the ¥~ events were selected from the missing mass spectrum of the 77p — KTX
reaction. The locus corresponding to proton could be identified and this meant that there was a
secondary reaction originating in the ¥~ particle. Some of these proton events might originate
in the ¥~ p scattering or the ¥~ p — An scattering. However, many of these protons came from
the scattering of the decay product from ¥~ such as np and 7~ p scatterings after the ¥~ — nnw™
decay. Such events were background events for the X7 p scattering. However, these events could
be used to check the experimental performance by reconstructing the np scattering events.

Here, we explain how the scattering events can be identified through the example of the np
scattering from the X~ decay. The momentum vector of the ¥~ beam is reconstructed from
the spectrometer informations. The neutron momentum from ¥~ can be calculated from the
7~ information detected by CATCH assuming that 7~ was emitted from the ¥~ decay. Then,
we assume that the neutron was scattered by proton and the recoil proton was detected by
CATCH. The proton energy is measured by the BGO calorimeter and the measured energy is
described as Feasured here. On the other hand, the proton’s energy can be calculated from the
scattering angle of the proton with an assumption of the np scattering. Here, the calculated
energy is described as Fqiculated- Then we define the AFE as the difference between Fcqsured
and Fegcutated (AE = Eneasured — Fealeulated)- If the recoil proton really originated in the np
scattering, such events would make a peak around AFE = 0 in the AFE spectrum. Figure 4 shows
the AFE spectrum with the assumption of the np scattering. A clear peak corresponding to the
np scattering can be identified at AE = 0. In this way, other AF spectra ( or Ap spectra) can
be made by changing the assumption of the reaction kinematics.

Figure 5 (a) and Figure 6 (a) show the AE and Ap spectra assuming that the reactions are the
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Figure 4. AF spectrum assuming the np elastic scattering. The peak corresponding to the np
elastic scattering can be identified at AF = 0 above the background structure.

37 p elastic scattering and the X~"p — An scattering, respectively. Clear peaks corresponding
to the X7 p elastic scattering and the ¥~ p — An scattering can be identified at AE (or Ap) =
0 above the background structure. About 4,500 and 2,400 of events have been observed for the
Y 7p elastic scattering and the ¥™p — An scattering, respectively, from 1.7 x 10 ¥~ beam.
These are about 100 times larger statistics than past experimental results in this momentum
region[10]. Figure 5 (b) and Figure 6 (b) show the correlations between the AE (or Ap) and
cos(fcar) before the acceptance and efficiency correction, where 6oy is the scattering angle of
hyperon at the center of mass system. Although a part of the angular region is out of acceptance
due to the low energy of the recoil proton, much wider angular acceptance has been realized.
Now analysis is on going to derive the differential cross sections of these reactions.
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Figure 5. (a) AE spectrum assuming the X7 p elastic scattering. The peak corresponding to
the X7 p elastic scattering can be identified at AE = 0 above the background structure. (b)
Scatter plot between AFE and cos 8¢y, where 8oy is the scattering angle of 37 in the center of
mass system. The acceptance correction is not performed yet. Locus corresponding to the >~ p
elastic scattering can be identified at AF = 0.

4. Summary and Prospect
The YN interaction should be investigated directly from the scattering experiment which allows
for access to the information without any uncertainty. The ¥p scattering experiment has been
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Figure 6. (a) Ap spectrum assuming the ¥~ p — An scattering. The peak corresponding to the
Y 7p — An scattering can be identified at Ap = 0 above the background structure. (b) Scatter
plot between Ap and cosfcps, where 0oy is the scattering angle of A in the center of mass
system. The acceptance correction is not performed yet. Locus corresponding to the X7 p — An
scattering can be identified at Ap = 0.

performed at J-PARC in 2019 Spring. In total, about 1.7x 107 ¥~ beam was accumulated by
using a 20 M/spill 7~ beam. The momentum of ¥~ beam ranged from 0.45 to 0.85 GeV/c. The
CATCH system, which is a dedicated system to detect a recoil proton from the Yp scattering,
operated stably under high counting rate. We successfully observed about 4,500 events of the
¥ 7p elastic scattering and about 2,400 events of the ¥X"p — An scattering. These statistics
are about 100 times larger than that in the past KEK experiment in this momentum range.
Data for the X 7p elastic scattering were also collected. Analysis to derive the differential cross
sections is on going for these three scattering channels.
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