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Abstract

We request 34-days beam time including 29-days production run and 5-days commissioning
and calibration runs as first stage to measure the differential cross section and the Analyzing
power of the Ap scattering by accumulating 50M momentum-tagged A beam. As second
stage, we request additional 34-days beam time including the production and commission-
ing/calibration runs with the same ratio to measure the depolarization and to improve the
accuracy of measurements of the differential cross section and Analyzing power. Here, we as-
sume that spill structure is 5.2 s cycle with a beam duration of 2 s and the 7~ beam intensity
is 30 M/spill. As the final goal, we will measure differential cross sections of the Ap elastic
scattering with better than 10% statistical error with an angular step of d cos #=0.1 for each
50 MeV /¢ A beam momentum step from 0.4 to 0.8 GeV/c. Analyzing power and depolariza-
tion are measured with a 10% level statistical error with an angular step of d cos#=0.2 for
each 100 MeV/c A beam momentum step from 0.4 to 0.8 GeV/c. The experimental setup
is almost the same with that in the E40 experiment (Xp scattering) which consists of two
detector components. The first component is the K1.1 beam-line and SKS spectrometers
to identify A particles produced inside a liquid hydrogen target of 30 cm long. The second
component is the recoil proton detector system (CATCH) to identify the Ap scattering event
kinematically by detecting the recoil proton and the scattered A. From the analysis of the
by-product data in E40, Ap scattering events are already identified clearly with this method.

This is the first experimental attempt to measure not only the differential cross section
but also the spin observables such as Analyzing power and depolarization by using almost
100% polarized A beam produced by the 7=p — K°A reaction at p,-=1.05 GeV /c. Although
there exist several Ap scattering data in the "hydrogen bubble chamber” era, such data are
mostly limited in the low A momentum region around 0.3 GeV/c. In addition, there is no
differential observables such as differential cross section. Due to such limited experimental
information, the theoretical models of baryon-baryon (BB) interactions show quite different
predictions for the P-wave and higher-wave momentum regions even for the AN interaction
which has been intensively studied from A hypernuclei. In such momentum region, the
strength of the spin-dependent interaction such as LS force becomes sizable. In order to
impose a strong constraint on the theoretical models for getting the realistic description
of BB two-body interaction, a lot of scattering observables including the spin observables
are essential. For example, in chiral effective field theory, the low energy constant (LEC),
which should be fixed from experimental data, for P wave will be determined well from these
experimental data.

Currently, it is really important to establish "realistic” BB interaction models with both
theoretical and experimental efforts to solve so called "hyperon puzzle” in neutron stars.
In order to support massive neutron star with two-solar mass, repulsive force due to multi-
baryon force including AN N interaction is expected to play a key role. Such many-body
effect is expected to appear in the heavy A hypernuclei as the mass difference in the ground
state. A new project just launched to explore the AN N three-body interaction by measur-
ing the A hypernuclear binding energy ultra-pricisely via the (71, K*) spectroscopy in the
extended hadron experimental facility by utilizing a high-intensity high-resolution (HIHR)
beam line. Our hyperon-proton scattering experiment is also the base ground to reinforce



such strategy by establishing the realistic BB interaction in collaboration with theoretical
groups of modern BB interaction models.
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Chapter 1

Physics motivation

1.1 Background of YN interaction and YN scattering
experiment

Nucleus is a many-body system of nucleons which are bound by a nuclear force. The nuclear
force is crucially important interaction which determines the structures from nuclei up to
compact stars. The nuclear force shows the attractive nature in the middle and long ranges
and the averaged attractive force binds the nuclei. In order to make the nuclei and compact
stars be a stable bound state, the balance between the attractive force in the middle-long
range and repulsive force in the short range is very important, because the repulsive force
in the short range prevents nuclei and compact stars from collapsing due to its attractive
force. The nuclear force is a strong interaction between the color-less nucleon and can be
described theoretically by not taking into account the role of quarks. For example, boson
exchange models try to explain the nuclear force by considering the possible meson exchange
including pseudo scalar, vector, scalar mesons and its pair or multi-meson exchange diagrams.
Experimentally, the nuclear force has been intensively studied by plenty of proton-proton
and neutron-proton scattering experiments. Very precise scattering data such as differential
cross section and spin observables exist and these data were essential to construct so-called
"realistic models” [1, 2, 3] for nuclear force which reproduce these experimental observables
with a reduced x? ~ 1. Such modern interaction models are used to understand the structure
of the nuclei and three-body nuclear force.

In order to understand the role of quarks in the nuclear force, we should extend the nuclear
force to the baryon-baryon (BB) interaction including hyperon-nucleon (YN) and hyperon-
hyperon (YY) interactions, because new interaction-multiplets are expected to show very
different features in the short range region where two baryons overlap with each other. The
quark cluster model predicts the quite repulsive core in the 10 and 8, multiplets due to
the Pauli effect in quark level and the attractive core in the flavor singlet channel due to
the color-magnetic interaction [4, 5]. These predictions are now reproduced by lattice QCD
simulations which become a powerful theoretical tool to derive the YN and YY potentials
from the first principle in QCD [6, 7, 8]. The BB interaction is an essential test to describe
the meson exchange picture with a uniform treatment assuming the SU(3) flavor symmetry
9, 10, 11]. In order to test these theoretical models of two-body BB interaction, important
experimental inputs are the binding energy of few-body bound system including hyperon
such as hypertriton and two-body scattering data between hyperon and proton. As we



mentioned, the pp and np scattering data played an essential role to establish the realistic
nuclear force models. On the other hand, the hyperon-proton scattering experiment was
quite difficult experimentally due to the low intensity of the hyperon beam and its short
lifetime. 36 cross section data of the Ap and Xp scatterings [12, 13, 14, 15, 16, 17, 18, 19,
20] were actually indispensable to construct the present BB interaction models. However
the quality and quantity of these data are insufficient to impose a strict constraint on the
theoretical models. Therefore, historically, the BB interaction has been investigated from
the hypernuclear structure because their binding energies and level structures reflect the YN
interaction [21]. The effective two-body interaction potential in the hypernuclei was obtained
by the G-matrix calculation using the bare two-body interaction [22]. Then, the calculated
energy levels of the hypernulear system were compared with the hypernuclear data and the
bare two-body interaction was updated so as to reproduce the experimental data. This
theoretical and experimental strategy seems to work well at least for the many hypernucler
phenomena. However, we know that a neutron star with two-solar mass [23] can not be
supported by the present two-body YN interaction due to softening of the equation of state
by the appearance of hyperons in the high density region in the neutron star. The many-
body repulsive interactions such as YNN three-body force are expected to play an essential
role in the such high-density region to support the massive neutron star with hyperon. Such
many-body effect is expected to appear in the heavy A hypernuclei as the mass difference
in the ground state. A new project to measure the A hypernuclear bounding energy with
ultra precise resolution are just launching to explore the ANN three-body interaction by
the (71, K) spectroscopy in the extended hadron experimental facility by utilizing a high-
intensity high-resolution (HIHR) beamline [24]. In such a situation, it is crucially important
to establish the realistic two-body YN interaction from the two-body system, that is, YN
scattering data. That is because the current theoretical treatment to derive YN two-body
interaction from the hypernuclear structure is already suffered from uncertainties from the
many-body effect in the hypernuclei. Therefore, we have to really change the strategy for
deriving the YN two-body interaction, that is, the realistic two-body YN interaction should
be constructed based on the two-body scattering data.

Recently, we have realized a high-statistics Xp scattering in the J-PARC E40 experiment
where ~5,000 scattering events for both 3~ p and Xp channels were identified [25, 26]. We
have introduced a new experimental technique to overcome the experimental difficulty of
a hyperon-proton scattering experiment. A liquid hydrogen target was used as both hy-
peron production and hyperon proton scattering targets to identify the hyperon production
and the scattering events kinematically without any imaging data to identify the scattering
topology. High intensity m beams were handled to accumulate ¥ beams as much as pos-
sible and more than 100 times more ¥ beams (~17 M ¥~ and ~70 M X7) than that in
the past KEK experiment were accumulated. Figure 1.1 [26] shows the differential cross
sections measured in E40 together with a past measurement (KEK-PS E289 data for 400
< p (MeV/e) < 700 [19]) and theoretical calculations. The statistical error of 10% level
was achieved with a fine angular step of dcosf = 0.1 by identifying the largest statistics
of about 4,500 X~p elastic scattering events from 1.72 x 107 ¥~ particles. The differential
cross sections show clear forward peaking structure and the forward and backward ratio is
large particularly in the higher momentum regions. Although the experimental inputs of
the two-body hyperon-proton scattering were quite limited up to now, the success of the
Y7 p scattering is a remarkable step to provide accurate data to improve the BB interaction
models and to establish the realistic BB interactions with both theoretical and experimental
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Figure 1.1: Differential cross sections obtained in the present experiment (black points) [26]
. The error bars and boxes show statistical and systematic uncertainties, respectively. Red
points are averaged differential cross section of 400 < p (MeV/c) < 700 taken in KEK-
PS E289 (the same points are plotted in all of the four momentum regions). The dotted
(magenta), dot-dashed (blue) and solid (yellow) lines represent the calculated cross sections
by the Nijmegen ESC08c model based on boson-exchange picture, the fss2 model including
QCM and the extended yEFT model, respectively.

efforts. We apply the same experimental method to the Ap scattering experiment to derive
the differential cross section and spin observables with good accuracy. By synthesizing all the
experimental information (XN channel in E40 and AN channel in the proposed experiment),
better understanding of the BB interactions will be achieved in near future.

1.2 Formalism of the spin-dependent YN interaction

In this proposed experiment, the important new aspect is to measure the spin observables
with a polarized A beam. The hyperon-proton scattering is the scattering between two spin
1/2 particles and the spin observables are substantial tool for the study of the spin-dependent
YN interaction.

The T matrix for the elastic scattering between particle a and b is represented in terms
of spin-independent, spin-spin, symmetric LS (SLS), antisymmetric LS (ALS) and tensor
components as

M =V.+V,(8q"8b) + Vsrs(Sa+5b) L+ Vars(Sa—8p) - L+ Vr([Sa® Sb](g) -Ya(7)) (1.1)

where L is the a-b relative orbital angular momentum, 7 is the a-b relative coordinate
and V’s are form-factor functions for the spin-independent central interaction V., the spin-
spin interaction V,, the SLS interaction Vgrg, the ALS interaction Vg, and the tensor
interaction Vz [27]. In order to describe the scattering observables, new scalar amplitudes,
vector amplitudes and tensor amplitudes are defined as follows,

Uy =< kf|V.k; >, Us =< k¢|V, |k; > (1.2)
for the scalar amplitudes,

SALS =< kf‘VALSLl‘ki >>SALS =< kf’VSLSLlyki > (13)
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for the vector amplitudes and
1
Ty =5 < k¢[ViYoja|ki > (1.4)

for the tensor amplitudes for j = 1,2, 3. For later convenience, the following 7, and T} are
also used,

1 1
T,=—=T1+1Ts13 = —=T — T3, 1.5
NG 1 3,13 NG 1 3 (1.5)
which give
Ty :—tanﬁ( To+Tp). (1.6)

The differential cross section is described by the sum of the all contributions as follows,

do 1 3 1
(m): ZTr(MMT) = |Ua|2+E|U5|2+§(|SSLS|2+‘SALS| )+ |T1| +5 (|T2| +HT%). (1.7)

Therefore, in order to determine the each component separately, a lot of spin observables
are necessary. In the YN scattering case, the measurable spin observables are limited. How-
ever, such spin observables data are quite important to pin down the each spin-dependent
component. The analyzing power A,(Y') for the polarized hyperon beam is described as,

A, (Y) = _\/§c17(9)1m {(Ua + %lUB)*SSLS + (Ua — 4U,3) Sars — ; T3 (—=SaLs + SSLS)}
(1.8)

where o(0) represents the differential cross section. If we consider the component including
the tensor amplitude (7,) is the 2nd order value, the analyzing power is sensitive to the LS
and ALS forces. In the NN interaction, ALS is not allowed for the isospin symmetry and
ALS is the purely the new interaction appeared in the YN sector.

By measuring the change of the polarization of hyperon before and after the scattering,
the depolarization can be measured. The depolarization is described as

DY = %R {N_ (Uo + \}_U1>* U, +% (Uo - %Ul)* (%T1 +T3) — 515 19)

10 1 (1 1,0
+ §|83| — %Tl (%Tl — Tg) — §|Tg| } )
Although the equation is complicated form of several amplitudes, DY is expected to be rather
sensitive to tensor force [28]. It is still difficult to determine each spin-dependent compo-
nent separately from these limited observables. However, accumulation of these differential
measurements can contribute to impose strong constraints on the present YN interaction
models.

As for the type of the existing YN scattering observables, total cross section data exist
even though the accuracy is not sufficient. Therefore theoretical calculations of all models
become similar for the total cross section because the existing cross section data are used to
fit parameters in the theoretical models as shown in next section. However, since there are
almost no spin observable data except for the analyzing power measured in KEK [29], the
theoretical prediction are quite different among the different theoretical frameworks. There-
fore the spin observable measurement is quite important to test and improve the theoretical
frameworks.



1.3 Theoretical studies for the Ap scattering
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Figure 1.2: Total cross section of the Ap elastic scattering and theoretical calculation. (1)Cal-
culation by ESC16 model [10]. The solid line (a) shows the calculation including the higher
wave contribution, whereas dotted lines (b) and (c) are obtained by the effective range ap-
proximation with some scattering length and effective range. (2) Calculation by the chiral
EFT model with contributions up to the next leading order [30, 31]. The red and cyan bands
represent the result for NLO13 and the alternative version NLO19, respectively. The dotted
line show the result for the Nijmegen NSC9T7f potential. (3) Calculation by the quark cluster
model, that is, fss2 (solid curve) and FSS (dashed curve) [5].

In Figure 1.2, the total cross sections of the Ap elastic scattering are plotted with the-
oretical models such as the Nijmegen Extended Soft-Core (ESC) 16 model [10], the chiral
Effective Field Theory (EFT) extended to YN sector [30, 31] and the quark cluster model
[5]. In the low energy below 400 MeV /¢, there exist several cross section measurements with
hydrogen bubble chambers and these are the essential inputs to determine the S-wave con-
tribution of the Ap channel. On the other hand, in the higher momentum range higher than
400 MeV /¢, the cross section data were reported by one bubble chamber experiment and the
total cross sections for each momentum region were determined from only ~20 scattering
events. Due to such limited statistics, there is no differential information such as differential
cross section and spin observables.

The NN and YN interactions should be understood in a unified way using (broken)
SU(3) symmetry. Table 1.1 shows the relationship between the isospin basis and the flavor
SU(3) basis for the NN and YN channels with strangeness S = —1. These channels are
related each other through the SU(3) flavor multiplet and AN and XN channels are discussed
together theoretically. Now, the ¥p scattering cross section data will be drastically updated
by the E40 experiment. This should have theoretical impact even for the description of the
AN interaction.

All theories predict the sizable cusp (enhancement) of the cross section at the ¥V thresh-
old due to the strong AN — XN (I =1/2) 3S; — D; coupling caused by the tensor force of
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Table 1.1: The relationship between the isospin basis and the flavor SU(3) basis for the NN
and YN with § = —1 channels

S BB channel (I) E or 30 SE or 'O

0 NN =0) — (10°)
NN(I =1) (27) ——
AN =1/2)  [(8,) +327)] L-(8)+ (10°)

—1 EN(I=1/2) 5B8:)—27)]  J(8) + (10%)]
EN(I=3/2) (27) (10)

the pion exchange potential. In the quark cluster model, the importance of the ALS which
causes the AN3P; —AN'P; and AN —XN(I = 1/2)3P, —! P, transitions is discussed because
the additional ALS force due to the quark-quark interaction is predicted in the quark picture.
Such ALS effect should appear in the Analyzing power (polarization) in the Ap scattering
at this AN — XN threshold region.

In the following subsection, we summarize the characteristics of several theoretical models

1.3.1 Nijmegen ESC model

Nijmegen extended-soft-core (ESC) models whose latest version is ESC16 [10], describe NN,
YN and YY interactions in a unified way using broken SU(3) symmetry. The potentials
consists of local and nonlocal potentials due to one-boson exchange which are the members
of nonets of pseudoscalar, vector, scalar and axial-vector mesons, two psudoscalar exchange,
meson-pair exchange and diffractive exchange. The meson-baryon coupling constants are
calculated by imposing the SU(3) symmetry. In the Nijmegen model, there have been dif-
ficulties to reproduce the sufficiently repulsive short-range interaction in XN (I = 3/2,35))
channel and XN (I = 1/2,1S;) channel which are explained quite naturally as the Pauli effect
in the quark level in the (10) and (8,) multiplets in the SU(3) representation in the quark
level in the quark cluster model. In the latest ESC16 version, such ”forbidden state” effect
are taken into account phenomenologically by making an effective Pomeron potential as the
sum of pure Pomeron exchange and of a Pomeron-like representation of the Pauli repulsion.
The other difficulty was small LS splittings in the A hypernuclei which are characterized by
the LS potential of (Vsrs — Vars) type. In conventional OBE model, ALS becomes smaller
compared with SLS which leads the large LS splitting in the A hypernuclei. In this model,
in order to reproduce the small LS splitting, some prescriptions have been performed such
as meson pair exchange of the axial-vector pairs. These treatments of the ALS force should
be tested with the Polarization (is equal to the Analyzing power) of the Ap scattering where
the ALS and SLS should make a sizable contribution.

1.3.2 Quark cluster model

In the quark cluster model [5], the interaction Hamiltonian for quarks consists of the phe-
nomenological confinement potential, the color Fermi-Breit interaction with explicit flavor-
symmetry breaking, and the effective-meson exchange potentials of pseudoscalar, scalar and



vector mesons. The six quarks are put in the Gauss potential which is characterized by a
size parameter b. These six quarks are imposed to be anti-symmetric under the exchange
between any quark combination. The fermion nature of quark is taken into account and its
effect is characterized the size parameter b. Large repulsive nature in the (10) and (8;) mul-
tiplets in the SU(3) representation can be naturally predicted by the Pauli effect in the quark
level. The color Fermi-Brit interaction between quarks gives another source of ALS, SLS and
tensor forces in addition to the contribution from meson exchange potential. They predict
the sizable ALS comparable to SLS and explain the small A hypernuclear LS splitting.

1.3.3 Chiral Effective Field Theory (Chiral EFT)

Chiral EFT has turned out to be a powerful tool for the derivation of nuclear forces. Its
most notable feature is that there is an underlying power counting which allows one to
improve calculations systematically by going to higher orders in a perturbative expansion.
In addition, it is possible to derive two- and three- nucleon forces in a consistent way. This
method is applied for the YN interaction and the AN and XN interactions are obtained at
next-to-leading order where contributions from one- and two-pseudoscalar meson exchange
diagrams and from four-baryon contact terms are considered [30, 31]. The chiral YN potential
contains meson exchanges and a series of contact interactions with an increasing number
of derivatives. For the former meson exchange, contributions from the pseudoscalar octet
(7, K,n) are taken into account. The latter represent the short-range part of the interaction
and are parametrized by low-energy constants (LEC), which need to be fixed by a fit to data.
The present Chiral EFT framework is constrained from SU(3) symmetry in order to reduce
the number of free parameter and there are five, eight and ten independent LECs for the S-
waves at LO, the S-waves and S-D transition at NLO and for the P-waves at NLO. Even with
such constraint, the number of the LEC parameters increases at the higher leading order. The
present YN scattering data are insufficient to determine the LEC parameters higher than the
next-leading order. One of the the most important experimental tasks is to provide higher
precision data for the YN channels to impose the constraint to determine these parameters at
NLO more accurately. Because the existing YN experimental cross sections are concentrated
on the lower energy where the S-wave contribution is dominant, the experimental constraints
for the P-wave parameters are quite weak. Therefore the differential cross sections and the
polarization observables above py > 400 MeV /¢ are essential even for determining the LEC
at NLO. At the NNLO, the number of LEC does not increase for the two-body interaction
[32]. Therefore, accumulation of YN scattering data can contribute to extend Chiral EFT
to NNLO.

Figure 1.3 shows the differential cross sections calculated by each model for the momentum
range between 0.4 and 0.85 GeV/c. Two types of Nijmegen models (NSC97f and ESC16 [10])
and Jilich model [11] are presented as the typical example of the boson exchange picture.
Two results by chiral EFT (chiral EFT13 [30] and 19 [31] ) are calculated with the different
sets of the LEC parameters both of which reasonably reproduce the YN scattering cross
section. However, the strength of AN-XN coupling, which is closely related to the attraction
in AN interaction in A hypernuclei, in chiral EFT13 is much larger than that in chiral EFT19.
As for the total cross section, there are experimental data even for these momentum regions
and the each model’s parameters were determined to reproduce the existing total cross
section. However the differential cross section in each model shows quite different angular
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Figure 1.3: Differential cross sections calculated by theoretical models for the momentum
range between 0.4 and 0.85 GeV/c. Two types of Nijmegen models (NSC97f and ESC16 [10])
and Jiilich model [11] are presented as the typical example of the boson exchange picture. The
two results by chiral EFT (chiral EFT13 and 19) [30, 31] are calculated with the different
sets of the LEC parameters both of which reasonably reproduce the YN scattering cross
section.
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distribution due to the lack of the experimental input for the angular dependence. Such
angular dependence might result from the higher-wave contributions and the charged kaon
exchange in the Ap reaction for the backward scattering like the isospin exchange term in
the np scattering. It is true that there were no experimental inputs to impose any constraint
on such contributions. For this purpose, the accurate differential cross section data in the
P-wave region are essential. The polarization measurements are also essential to determine
the LS contribution which were never determined from the YN scattering data. Figure 1.4
shows the Analyzing power (Left) and the Depolarization (Right) for the polarized A beam
(33, 34, 35]. In the lower momentum around 0.4 GeV/c where the P-wave contribution is less
significant, there is no large model difference. However, the model difference appears clearly
in the higher momentum region, where the P- and higher waves contribute in the reaction.
Especially, the difference in the XN threshold (0.633 GeV/c for ¥™n and 0.642 GeV/c for
¥%p) becomes significant due the different treatments of tensor force (3S; —2 D; transition)
and ALS (3P, —! P, transition). Such effect should be reflected in all measurements, that is,
the differential cross section, Analyzing power and Depolarization.

In present, the experimental situation is changing. The J-PARC E40 experiment success-
fully detected the ¥*p, X7 p elastic scatterings and the ¥~ p — An reaction in the momentum
range between 0.4 and 0.8 GeV/c. The differential cross sections for these channels will be
derived in near future [26]. Such data are the first experimental inputs to impose the re-
markable constraint on the theoretical models. As shown in Table 1.1, the AN and XN
channels are related with each other through the flavor SU(3) representation. Because we
measured both the XTp(I = 3/2), X7 p (superposition of I = 1/2,3/2) elastic scatterings,
the knowledge for all multiplets not included in the NN channels will be updated. Then,
the theoretical prediction for the AN channel should become less uncertain compared with
the present situation. It is worth comparing the experimental results of the Ap scattering
with the updated theoretical calculations to test the theoretical framework with the flavor
SU(3) symmetry.
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Figure 1.4: Theoretical calculation of the Analyzing power (A, ) (left) and the Depolarization
(Dy) (right) for the polarized A beam. The each colored line is same with figure 1.3.
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1.4 Impact on the neutron star physics

Hypernuclear physics are studied based on the two-body AN interaction, especially the
Nijmegen models are widely used to study the hypernuclear structure. Due to the lack of the
YN scattering data, such two-body models are partially tuned to reproduce the hypernuclear
phenomena such as level splittings of A hypernuclei and ¥ nuclear potential. In the last
section, we have reviewed that there is a large disagreement among models even for the AN
interaction which is intensively studied from A hypernuclei. The present urgent issue to
be solved is the so-called "hyperon puzzle” in neutron star. This is the unsolved question
how one can reconcile the softening of the equation of state (EOS) due to the appearance
of hyperons with the observed two-solar-mass neutron star. Because A hyperon plays an
essential role for the softening of the EOS, the understanding of the A potential in the high
density region is indispensable. Currently, the importance of the three-body interaction
including hyperon such as ANN is widely discussed.

Yamamoto et al. pointed out that such ANN three-body effect appears in the A binding
energies in heavy A hypernuclei [36]. Two-body AN potential in the nuclei obtained by the
G-matrix calculation from the Nijmegen ESC model was used. The three-body interaction,
composed of the multipomeron exchange repulsive potential (MPP) and the phenomeno-
logical three-body attraction (TBA), is added as the density dependent potential. These
three-body interaction’s parameters were adjusted to reproduce the angular distribution of
160 + 180 elastic scattering at E/A = 70 MeV with use of the G-matrix folding potential,
and values of the saturation density and the energy per nucleon there in nuclear matter.
One of the possible scenarios to explain two-solar-mass neutron star is that such density
dependent three-body repulsion (MPP) contributes additional repulsive force to support the
gravity of the neutron star. Such three-body interaction should give a sizable contribution to
the energy spectra of A hypernuclei. They calculated it systematically for wide mass number
A hypernuclei (}3C, 150, Si, 3V, 2V, 13%La, 3°Pb) in the framework of the latest Nijmegen
model (ESC16) with and without the three-body force as shown in Figure 1.5 where its en-
ergy spectra is reproduced well by including the three-body force [10]. They concluded that
the density dependent three-body force works to reproduce better energy spectra of heavy
system. In the high-density region, this three-body term dominated by MPP is expected to
lead the stiff EOS of the hyperon-mixed neutron-star matter.

Isaka et al. also analyzed the A binding energies with the various Nijmegen two-body
interaction models with AMD framework [37]. They pointed out that the three-body force
strength reproducing the A binding energies depends on the two-body interaction model and
there are considerable difference even within various ESC and NSC models. Such difference
comes due to the potential of P-state contribution. Figure 1.6 shows the density dependence
of the S- and P-state contributions to A potential as a function of kp. In case of ESC14
which is similar to ESC16, the P-state contributions are small. On the other hand, in case
of ESC12 and NSC96f, the P-state contributions are substantially repulsive. Therefore, in
the former model, the A binding energies are well reproduced by adding the strong MPP
repulsion which can support the two-solar mass neutron star. However, in the later model,
the P-state repulsive contribution can reasonably work to reproduce the A binding energy
and there is no room to introduce the strong MPP repulsion. The difference in the P-wave
contribution even within the same Nijmegen framework is quite reasonable because these
models predict the different behavior in differential cross section as shown in Figure 1.3. In
the NSCO7{, the larger P-wave contribution might make the differential cross section larger
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Figure 1.5: Energy spectra of $C, 150, %Si, 3V, Y, 1*La, 2°Pb as a function of A=2/3
calculated with the ESC16 model. Solid and dashed lines show calculated value by the
G-matrix folding model derived from ESC16 with and without the three-body interaction,
respectively. Open circles and error bars denote the experimental values.

than that in ESC16.

We believe that comparison between the high-resolution experimental data of the A
binding energy and the Nijmegen model calculation with the three-body interaction is a
crucial way to derive the AN N three-body interaction. In order to reinforce such the strategy,
the accurate Ap scattering data are really awaited. In the NN sector, the realistic model of
the nuclear force is established by updating the theoretical frameworks so as to reproduce
a plenty of two-body scattering observables. Now, we also have to construct the realistic
Y N interaction model and both of theoretical and experimental efforts are necessary. For
the experimental side, various scattering observables as many as possible with a reasonable
precision should be measured as the basic information for constructiong a real bridge to the
many-body system.

Chiral EFT is a promising theoretical framework to describe the nuclei and neutron
matter. One of the biggest advantages of this model is that the three-body forces appear
naturally and automatically in a consistent implementation of the framework. In the power
counting in the present YN Chiral EFT, such three-body forces arise first at next-to-next-
to-leading order (N?LO) in the chiral expansion [38]. If the decuplet baryons are included as
explicit degrees of freedom, the three-body forces with decuplet excitation appear already
at NLO. In this calculation, two types of B-M-B* and B*-B-B-B couplings appear where B,
M and B* represent octet baryons, pseudo scalar mesons and decuplet baryons, respectively.
The LECs in the B-M-B* coupling can be estimated through decuplet saturation [39]. The
two-pion-exchange ANN [39] and ANN-XNN [40] forces are already applied to study a
density-dependent effective potential for the BB interactions by integrating one nucleon
degree of freedom in the medium. The repulsive effect of the AN N interaction is calculated to
be about 5 MeV at normal density (po) and about 20 MeV at 2pg in symmetric nuclear matter

14



-30
0.5

Ua (S)[MeV
Ua(P)[Me

S ~ 0.0 e
-0.5+.-
-40 L
1.1 12 1.3 11 12 1.3
kp [fm™1] kg [fm™1]

Figure 1.6: S—state (left) and P—state (right) contributions to U, as a function of kp.
Red solid, blue dashed, black dotted, and black dot-sashed curves are for ESC14, ESC12,
ESCO08a, and ESC08b, respectively. The latest ESC16 is similar to ESC14.

[40]. A similar repulsive contribution is also obtained in pure neutron matter. The AN N-
YN N coupling effect works to cancel the repulsive effect of the ANN interaction at normal
density in symmetric nuclear matter. However, in the higher densities, the cancellation is
incomplete and the net three-body force contribution is repulsive. In pure neutron matter,
the effect of the ANN-XNN coupling effect is very small and, therefore, does not weaken the
repulsion from ANN force[40]. In the present calculation, the three-body forces with B*-B-
B-B couplings is not included yet, because there are two LECs which should be determined
from experimental data. However, the number of LECs are limited. These parameters can
be fixed from the 0T and 17 states of 4He[32]. A A-deuteron scattering experiment, which
is also possible in future at J-PARC, can also contribute to fix these LECs. In general,
such A-deuteron or A-a scattering measurement includes rich information to fix these LECs
compared with the binding energy of a few-body hypernuclei. The structure of single-A
hypernuclei is studied using the chiral EFT up to NLO by Jiilich-Bonn-Munich group [41],
where the three-body interaction is not included yet. A qualitatively good agreement with
data is obtained for the chiral EFT19 interaction over a fairly large range of mass number
values. This shows the potential of the chiral EFT model and it is worth providing scattering
observables experimentally to update the chiral EF'T model.

1.5 Goal of this experiment

We propose a new experiment to measure the differential cross section and spin observables
(Analyzing power and depolarization) with a polarized A beam in the momentum range
between 0.4 and 0.8 GeV/c at the K1.1 beam line. A beam is tagged by the 77p — K°A
reaction at 7~ beam momentum of 1.05 GeV/c. In this momentum, there are two experi-
mental advantages. The first one is that the A production cross section becomes maximum
(0.9 mb) in this beam momentum. The other one is that the produced A is polarized for the
(7=, K°) reaction plane with almost 100% polarization. These features enable us to derive
not only the differential cross section but also the spin observables. One of the experimen-
tal challenges is the identification of the #=p — KCA reaction, because the detection of
K% — 77~ with an enough acceptance is not straightforward. However we have already
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established the identification method of the 7~ p — K°A reaction with E40 by-product data
which is described in Chapter 2.

The Ap scattering event is identified by the CATCH detector system, which were devel-
oped for the Xp scattering experiment, by detecting the scattered A and recoil proton. In
this experiment, 7~ from K° decay is also detected by CATCH as explained in next chapter.
Experimental method is basically the same with one developed for the ¥p scattering. A
liquid hydrogen target is used as the A production and Ap scattering targets and the Ap
scattering events are kinematically identified by detecting particles in the final state without
any imaging information. High intensity 7~ beam of 30 M /spill will be used to accumulate
high intensity A beam. In Table 1.2, the experimental condition and the expected yield
are summarized. In this experiment, we want to accumulate 100 M A beam in total with
separated two periods. We request 34-days beam time including 29-days production run and
5-days commissioning and calibration runs as first stage to measure the differential cross sec-
tion and the Analyzing power of the Ap scattering by accumulating 50M momentum-tagged
A beam. As second stage, we request additional 34-days beam time including the production
and commissioning/calibration runs with the same ratio to measure the depolarization and
to improve the accuraces of measurements of the differential cross section and Analyzing
power. Here, we assume that spill structure is 5.2 s cycle with a beam duration of 2 s and
the 7~ beam intensity is 30 M/spill.

The differential cross section is derived at least for four different momentum ranges (100
MeV /¢ momentum step) for 50M A beam as shown in Figure 1.7. The statistical error for
angular region of 0 < cosf < 0.1 as a typical angular bin is expected to be 10% as listed
in Table 1.2. In this simulation, Ap total cross sections for each momentum are assumed to
be 15, 10, 20 and 12 mb, respectively, based on the past experimental data and theoretical
calculation. The angular dependence is simply assumed to be flat for checking easily whether
the analysis procedure works well or not. In the present analysis, we request two protons in
the final state to suppress the background due to the background contamination in the A
production identification. The angular acceptance for the differential cross section is limited
due to this cut. We hope the angular acceptance becomes much wider by loosing the two-
proton cut by improving the A identification method in future study. In this proposal, we
are showing conservative but assured result in present study. As shown in Figure 1.7 for
50 M A beam, we can select best theoretical picture among the Nijmegen model (NSC97f
and ESC16), Jilich boson-exchange model and chiral EFT(13 and 19) very clearly. In
present, we are requested to select better model within the same theoretical framework (for
example selection between chiral EFT13 and 19 or selection among NSC97f and ESC16
and other ESC versions). Selection of better model in the same theoretical framework
could be possible even for 50 M A beam depending on the difference in the theoretical
prediction. However, differential cross section measurement with narrower momentum step
is quite effective to discriminate the better framework in the same theoretical model, because
the momentum dependence of the differential cross section becomes quite large as shown in
Figure 1.3 toward the A beam momentum of the ¥ N threshold (~630 MeV /c) due to the
tensor 25;-3D; coupling. Therefore, the differential cross section measurement with narrower
momentum range of 50 MeV /¢ momentum step is very important to measure this momentum
dependence. By accumulating 100M A beam in total, we will measure differential cross
sections with 10% statistical error for each 50 MeV /¢ A beam momentum step from 0.4 to
0.8 GeV/c as shown in Figure 5.11 in Chapter 5. As mentioned in later, we need also 100M
A beam for the DY measurement.
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Table 1.2: List of experimental condition and expected yield.

7~ beam intensity

30 M/spill (5.2 s cycle)

LH; target length 30 cm
A production cross section 0.9 mb
SKS acceptance for A production (w/ 7t survival ratio) 0.58%
DAQ efficiency 90% (assumed)
Spectrometer analysis efficiency 80% (assumed)
K? selection cut efficiency 80%
Tagged-A beam/spill 100
Tagged-A beam/day 1.72 M
Tagged-A beam with 29-days production run 50 M
Tagged-A beam with 58-days production run 100 M
CATCH efficiency estimated value in E40 experiment
do/dQ (Ap) (0.4 < p (GeV/ec < 0.5)) 1.19 mb/sr (isotropic, 15 mb)
Ap scattering event for 50 M A beam 1580
do/dS2 stat. err at 0 < cosf < 0.1 14%
A, stat. err at 0 < cos@ 0.2 17%
do /dQ (Ap) (0.5 < p (GeV /e < 0.6)) 0.79 mb/sr (isotropic, 10 mb)
Ap scattering event for 50 M A beam 3200
do/dS2 stat. err at 0 < cosf < 0.1 10%
A, stat. err at 0 < cosf < 0.2 11%
do /dQ (Ap) (0.6 < p (GeV/c < 0.7)) 1.59 mb/sr (isotropic, 20 mb)
Ap scattering event for 50 M A beam 4900
do/dS2 stat. err at 0 < cosf < 0.1 9.7%
A, stat. err at 0 < cosf < 0.2 11%
do/dQ (Ap) (0.7 < p (GeV/c < 0.8)) 0.95 mb/sr (isotropic, 12 mb)
Ap scattering event for 50 M A beam 1100
do/dS) stat. err at 0 < cosf < 0.1 22%
A, stat. err at 0 < cosf < 0.2 24%

Table 1.3: Dg stat. error at 0 < cos@ < 0.2 for 100 M A beam.
Dg stat. err at 0 < cosf < 0.2 for 100 M A beam

0.4 <p (GeV/c < 0.5) 25%
0.5 < p (GeV/c < 0.6) 18%
0.6 < p (GeV/e < 0.7) 13%
0.7 < p (GeV/c < 0.8) 44%
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Figure 1.7: Simulated results for the differential cross section measurement of the Ap scat-
tering in the momentum range from 0.4 to 0.8 GeV/c with 0.1 GeV/c momentum interval

for 50M A beam. Theoretical calculations are also presented.
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Figure 1.8: Simulated results for A, measurement of the Ap scattering in the momentum
range from 0.4 to 0.8 GeV/c with 0.1 GeV/c momentum interval for 50M A beam. Theo-
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are also presented.

18




Depolarization (Dyy) of Ap scattering
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Figure 1.9: Expected DY accuracy for 100M A beam. In this simulation, no spin transfer
(Dy = 0) and no induced polarization (P = 0) in the Ap scattering are assumed for simplicity.
The beam polarization of Py = 1 is also assumed based on the past measurement. Theoretical
calculations are also shown together. Due to the limitation of the statistics, errors in the
high momentum region (0.7-0.8 GeV/c) are still large. However, in the middle momentum
region (0.5 to 0.7 GeV/c) model difference between the chiral EFT and Nijmegen models
can be clearly separated.
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Figure 1.8 shows the sensitivity of Analyzing power (A,) which were obtained from the
left-right asymmetry for the Ap scattering for 50M A beam. The expected statistical error
is about 10% for angular step of dcosf = 0.2 as shown in Table 1.2. In this simulation,
A, = 0 is assumed to check the experimental validity easily. The normal technique used
in the NN case where the beam polarization is flipped and the number of the scattered
particle are counted with a single detector setup or the identical two detectors were placed
in the left-right symmetric position, can not be used, because the A beam is produced in the
tilted direction for the CATCH detector. Therefore the differential cross sections for the left
scattered case and the right scattered case were derived and A, is derived from these left-
and right-differential cross sections as described in Section 6.2. We confirmed that A, values
were reasonably obtained by such analysis method in the simulation. In the momentum
range higher than 0.5 GeV/c, there are large differences among three theoretical models. In
order to discriminate these models, 10% accuracy is necessary and such new data are quite
important to improve the theoretical models because sizable difference can appear in spin
observables even thought the difference in the differential cross section is small. For example,
there is large difference in A, at 0.65 GeV/c between chiral EFT13 and 19, whereas there is
very small difference in the differential cross section. A, is sensitive for the anti-symmetric
LS force (ALS). In the calculation by chiral EFT13, A, values can be varied by adding
ALS with a difference of 0.1 - 0.2 depending on the size of ALS [34]. Therefore the present
accuracy of 10% is also necessary to constrain the ALS force from the A, measurement. In
Figure 6.9 in Chapter 6, the expected sensitivity for 100M accumulated A is also shown. By
accumulating 100M A beam, the statistical error can be reduced to 8% level. The improved
accuracy enables us to discriminate these theoretical models more clearly and to have a
better understanding of ALS.

Figure 1.9 shows the simulated results for the depolarization (DY) measurement for 100M
A beam. For this measurement, the polarization of the scattered A has to be measured from
the up-down asymmetry of the decay proton from A with respect to the scattering plane.
The up-down symmetry in CATCH is rather better compared to the left-right symmetry
because CATCH has the symmetric acceptance with respect to the central axis of the system.
However, there are some detector asymmetry depending on the scattering vertex position and
scattering angle. Such systematic effect due to the asymmetry in CATCH is also studied
in this simulation. In this simulation, DY = 1 which means no spin flip occurred in the
scattering is assumed for the simplicity. We have confirmed the DY can be reproduced
reasonably by using the up-down asymmetry technique although there are some deviations
due to the asymmetric effect. This is the first trial to measure the polarizations in both
initial and final states and this is an important step to measure further measurements such
as rotation parameters. As mentioned in Section 1.2, DY is also the mixed combination
of several spin-dependent and spin-independent amplitudes. However, DY is expected to be
closely related to the tensor force. Although the accuracy is very limited (15% level as shown
in Table 1.3), the discrimination of theoretical models is possible for momentum range from
0.5 to 0.7 GeV/c as shown in Figure 1.9 . These data can also impose constraint on theories
from different aspects. Accumulation of these spin observables and differential cross section
are essential to improve these theoretical models and to establish the realistic YN interaction
model in future.

This proposal is structured in the following. In chapter 2, we described the preliminary
study of A identification method and possible Ap scattering identification using the E40 by-
product data for the feasibility study. In chapeter 3, the experimental details for the newly
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proposed experiment is described. In chapter 4, the simulation result for the 7=p — K°A
reaction is described. In chapter 5, identification method of the Ap scattering is described
and the derivation of the differential cross section is also mentioned. Finally, in chapter 6,
the simulation for the spin observables is described.
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Chapter 2

Preliminary study with E40 data

One of the biggest challenges for the Ap scattering is how the A production is identified
with a proton target and charged meson beams. The well-established methods such as the
(77, KT) and (K~, 7)) reactions convert neutron to A. In order to convert proton to A, the
7~ p — KA reaction should be used. In this reaction, both 7% and 7~ from K?Y should be
detected. One idea to detect K° with a large acceptance is that 7+ and 7~ are detected
separately with different detector system, that is, 7" is detected by the forward spectrometer
and 7~ is detected by the detector system surrounding the target. The E40 experimental
setup was a typical example of such detector combination, that is, the forward magnetic
spectrometer (KURAMA) for 7+ and CATCH for 7—. Therefore, at first, we analyzed
E40 data where 77 was detected by KURAMA as the background contamination of the
7 p — KX~ reaction [42].

2.1 Establishment of the 7p — KA reaction

Main goal of the E40 experiment is to measure the differential cross sections of the ¥ 7p
and X*p scatterings by using £* beams produced by the 7%p — K*X* reactions. The E40
experimental setup is almost similar with the proposed experiment as shown in Figure 3.1 in
next chapter. The forward magnetic spectrometer KURAMA was placed downstream of the
target and the charged outgoing particles were momentum-analyzed and particle identifica-
tion was performed. The liquid hydrogen target was surrounded by CATCH which consisted
of cylindrical fiber tracker (CFT), BGO calorimeter and PilD for tracking, energy measure-
ment and judgement whether the particle were stopped in the calorimeter, respectively. The
idea how we identify K° is illustrated in Figure 2.1. The KURAMA spectrometer detects
7" emitted to forward direction from K§ decay and its momentum is measured. Left figure
in Figure 2.2 shows the relation between the squared mass and momentum of the particles
detected by the KURAMA spectrometer. 7 can be clearly identified. In coincidence with
the 7 detection by KURAMA, CATCH detected sideward-emitted 7~ from the Ko decay.
Because CATCH covered the whole azimuthal angle, a large acceptance was realized. Right
figure in Figure 2.2 shows the AFE-FE relation between CFT and the BGO calorimeter in
CATCH. Both 7 and proton can be identified. However, for the CATCH analysis, there are
some uncertainties for the m measurement. First, its charge polarity of m can not be de-
termined. Because the 7 is detected by the forward spectrometer, the coincident = might
be 7~ for the charge conservation. Second, many of 7s cannot be stopped in the BGO
calorimeter and the energy information cannot be obtained for such events. Therefore the
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Figure 2.1: Conceptual drawing of detection method of the 7~p — K°A reaction (left) and
typical background with multi 7 production event without strangeness production (right).
7t and 7~ from K9 decay are separately detected by the forward spectrometer and CATCH.
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Figure 2.2: Particle identification for the KURAMA spectrometer (left) and CATCH (right).
Left figure shows the relation between mass square and momentum for the KURAMA spec-
trometer and locus corresponding to 7" is identified. Right figure shows the AE-FE relation
between CFT and the BGO calorimeter in CATCH. Proton and 7 can be identified. Be

careful that many of s cannot be stopped in the BGO calorimeter and the energy informa-
tion cannot be obtained for such events.
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Figure 2.3: Missing mass spectra without and without K° selection cut for left and right
figures, respectively. Peaks corresponding to A and ¥° can be identified, while the non-
strangeness background events make a continuous background. In the right figure, the flight
length cut was applied in order to improve the S/N ratio.

information for 7~ is only the track direction. We need one assumption in this analysis. We
assume that the pair of 7 and 7~ comes from the K2 decay and the momentum magnitude
of 7~ is calculated so that the invariant mass of 777~ is equal to the K° mass. By impos-
ing the assumption, the K momentum can be reconstructed by summing the momentum
vectors of 77 and 7~. Finally the missing mass spectrum of the 7=p — K°X reaction can
be checked. Figure 2.3 shows the constructed missing mass spectra without and with K°
selection cut for left and right figures, respectively. The K° selection cut is explained later.
For the true K9 events, that is, the K° assumption is valid, the missing mass shows peaks
corresponding to the 7~p — K°A and 7 p — K°X° reactions. Of course, there are many
background events which attribute to the multi-7 event without strangeness production and
such events make a continuous background in the missing mass spectrum. Even though such
background contamination exists, it is an unexpected outcome that the A production can be
identified significantly without any specific K° selection. The background for the K° events
mainly come from the multi-m production event without strangeness production. In these
events, all particles are emitted from the production vertex, whereas the K° decay vertex can
be separated from the production point due to the K2 lifetime. Therefore by requesting that
the decay vertex and the production vertex are separated, the S/N ratio can be improved
as shown in Figure 2.3 (right). In this analysis, the vertex difference is required to be larger
than 5 mm. However, about 60% of the produced K2 was rejected by this cut.

In this proposed experiment, the vertex resolution will be improved by installing the po-
sition detector just upstream of the target additionally. By utilizing the SKS spectrometer
whose momentum resolution is about 10 times better than that of the KURAMA spectrom-
eter, the missing mass resolution for A will also be improved.

2.2 Analysis of Ap scattering for the E40 data

In the E40 experiment, about 2.4 x 10° of A particles are identified without the K selection
cut although there are huge background due to the non-strangeness multi-7 production. In
this section, we describe the preliminary analysis to identify the Ap scattering events from
these event samples. In order to identify the Ap scattering event, we check the kinematical
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Figure 2.4: Conceptual drawing of the identification method of the Ap scattering. For the
recoil proton, both the recoil angle (6,c.;) and the kinetic energy are measured and the
kinematical consistency between them is checked as the AFE distribution. For the scattered
A, the 7~ momentum magnitude is determined so that the invariant mass of 7~ p becomes
the A mass. Then the same kinematical consistency check between the scattering angle
(Oscar) and the reconstructed momentum is checked as the Ap distribution.

consistency between the angle and kinetic energy (or momentum) for the recoil proton and
scattered A particle as shown in Figure 2.4. The momentum vector of the initial A beam
is reconstructed from the spectrometer information. If the recoil proton is detected by
CATCH, the recoil angle of proton can be obtained as the crossing angle between the A
beam track and the proton track. The proton’s energy can be calculated from the recoil
angle of the proton by applying the Ap elastic scattering kinematics. Here, the calculated
energy is described as E.gcuiated- On the other hand, the proton energy was measured by
BGO and the measured energy is denoted as Ecqsured here. Then we define AE(Ap) as the
difference between Ecosured and Ecgicutated, that is, AE(Ap) = Eneasured — Ecatculated, under
the Ap elastic scattering assumption. If the recoil proton really originated in the Ap elastic
scattering, such events would make a peak around AE(Ap) = 0 in the AE(Ap) spectrum. If
the pair of p and 7~ is detected by CATCH, then the same kinematical consistency check is
performed for the scattered A. The A momentum is reconstructed from the A decay where
the momentum magnitude of 7~ is determined so that the invariant mass of 7~ and proton
becomes the A mass. Then we check the consistency between the momentum magnitude and
the scattering angle reconstructed with the A mass assumption. We also define p,,cqsureq and
Pealculated aS the measured momentum and the calculated A momentum from the scattering
angle based on the Ap elastic scattering. Then Ap(Ap) is also defined as the difference
between Pmeasured and Pcalculated that iS7 Ap(Ap) = Pmeasured — Pcalculated- Like thiS, there are
two indices to identify the Ap scattering. In order to suppress the background from the non-
strangeness multi-7m production such as 7~ p — 7~ 7~ p event, two protons are required in
the final state. Figure 2.5 shows the Ap(Ap) (left figure) and AE(Ap) (right figure) spectra
for the kinematical consistency checks for the scattered A and the recoil proton, respectively,
for the E40 data. In both spectra, peaks at Ap (and AFE) = 0 corresponding to the Ap
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Figure 2.5: Ap(Ap) distribution for the scattered A (left figure) and AE(Ap) distribution for
the recoil proton (right figure). The peaks at Ap(AFE) = 0 correspond to the Ap scattering
events.

scattering events are clearly identified. When all charged particles (7~ and two protons)
are detected, both AFE and Ap can be derived. In order to confirm the consistency of the
Ap scattering identification, we also check the correlation between AE and Ap as shown in
Figure 2.6. As expected, these events are confirmed as the Ap scattering events from both
the recoil proton (AE) and the scattered A (Ap).

In the left figure in Figure 2.3 showing the identification of the initial A particle, there
are many backgrounds. However, contributions from such background are well suppressed
by selecting two protons in the final state and the Ap scattering can be clearly identified
with smaller background structure in the Ap(Ap) and AE(Ap) spectra. Therefore, the iden-
tification method of the Ap scattering is already established. We propose a new experiment
dedicated to the Ap scattering.
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Figure 2.6: Correlation between A E(Ap) and Ap(Ap) for events in which all charged particles
are detected in the final state. Events are concentrated around (Ap, AFE) = (0, 0) showing
that these events are clear Ap scattering events from both kinematical indices.
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Chapter 3

Ap scattering experiment at the K1.1
beam line

Ap scattering !
3. Energy of proton |

__________________________

Figure 3.1: Experimental setup for the proposed Ap scattering experiment. The schematic
drawing of how to identify K2 and Ap scattering is also shown.

We propose a new experiment for a Ap scattering by using a momentum-tagged A beam
produced by the 77p — K9A reaction at the K1.1 beam line. Figure 3.1 shows the experi-
mental setup. Experimental concept is almost the same with the E40 experiment for the Xp
scattering. 1.05 GeV/c m~ beam is irradiated to the liquid hydrogen (LHs) target with 30
cm thickness. We design experiment to use 30 M/spill 7~ beam which is 1.5 times higher
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Figure 3.2: (Left) Momentum dependence of the total cross section of the 77p — K°A
reaction. (Right) Differential cross section around p=1.05 GeV/c.

intensity than that in E40 in order to accumulate as much A beam as possible. The SKS
spectrometer [43] is used as a forward spectrometer to detect 7+. Because the momentum
resolution of SKS is expected to be Ap/p = 1072 (FWHM) which is 10 times better than
that of KURAMA, the missing mass resolution for A will be improved and this also results
in the improvement of the S/N ratio for A identification. In order to detect the Ap scat-
tering and 7~ from K2 decay, CATCH, which consists of a cylindrical fiber tracker, BGO
calorimeter and PilID, is used as shown in enlarged figure in Figure 3.1. CATCH surrounds
the LH, target and detect recoil proton and scattered A by detecting the 7~ p decay. In this
section, we describe the experimental details.

3.1 Advantage of the 77p — KA at p, = 1.05 GeV/c

In order to realize the high-statistics Ap scattering experiment, it is quite important to
accumulate as much A beam as possible. Theref