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Sigma-Nucleus Potential in A = 28
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We have studied the (7~, K*) reaction on a silicon target to investigate the sigma-nucleus potential.
The inclusive spectrum was measured at a beam momentum of 1.2 GeV/c¢ with an energy resolution of
3.3 MeV (FWHM) by employing the superconducting kaon spectrometer system. The spectrum was
compared with theoretical calculations within the framework of the distorted-wave impulse approxima-
tion, which demonstrates that a strongly repulsive sigma-nucleus potential with a nonzero size of the

imaginary part reproduces the observed spectrum.
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The sigma(3)-nucleus potential describes the behavior
of a 3 hyperon in the nuclear medium. However, the
S-nucleus potential is still unclear because experimental
information is limited, as described below. Hyperon-
nucleon potentials based on a one-boson exchange model
allow several sets of parameters, since hyperon-nucleon
scattering data are poor. The energy shifts and widths of the
3~ -atomic x-ray transition carry information on the inter-
action of a 3 to a core nucleus [1,2]. The current precision
of the x-ray data allows several possible potentials of
various shapes inside a nucleus because the x-ray data
are mainly sensitive to the potential shape outside of the
nucleus. Although past measurements claimed observation
of narrow peak structures in 3-hypernuclear excitation
spectra, they were excluded in later experiments [3]. The
existence of a §He bound state was claimed at KEK [4] and
established at BNL [5]. A gHe bound state has been
predicted theoretically [6]. The theory explains that a
cancellation of the repulsive central part with the attractive
isospin-dependent part (so-called Lane term) in the
S-nucleus folding potential implies a potential shape
with a repulsive core and an attractive pocket at the nuclear
surface, and results in a narrow bound state. The existence
of the Lane term was suggested in light nuclei, where
systematic differences between the inclusive (K, 7)
spectra were observed, although no narrow states were
found [3]. Many other attempts to find narrow
3-hypernuclear states, via the (K, ) reactions on light
nuclei of the mass number A = 16, have failed [7]. No
data are available in heavier nuclei of A > 16. An analysis
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of the spectrum shape in the (stopped K, ") reaction on
12C was made, where theoretical calculations based on the
distorted-wave impulse approximation (DWIA) developed
by Morimatsu and Yazaki were employed [8]. This analy-
sis gave a limit on the real part VO2 > —12 MeV and the
imaginary part WOE < —7 MeV, assuming the Woods-
Saxon type of the 3-nucleus potential, expressed as (VO2 +
iWOE) f(r), f(r) being the Fermi function [9].

Recently, the role of strangeness in a neutron star has
been intensively discussed. The behavior of hyperons in
high-density nuclear matter determines the abundance of
hyperons in a neutron star, which is related to its thermal
evolution, the maximal mass of a neutron star, and a
formation scenario of a neutron star or a black hole
[10,11]. 3~ is a hyperon expected to appear first in dense
nuclear matter due to its negative charge [12], for which
the interaction of 3~ in nuclear matter, and hence the
S-nucleus potential, is of particular importance. New ex-
perimental information is therefore awaited in order to
improve the ambiguous situation concerning the
3~ -nucleus potential in medium heavy nuclei.

Since the Morimatsu-Yazaki formalism has been suc-
cessfully applied to the analysis of the (K, ) spectra in
helium [13] and carbon [9], the formalism was employed
for the (7, K*) reaction, and the inclusive spectrum was
found to be sensitive to the 3-nucleus potential [14]. We
carried out an experiment to measure the inclusive
(7, K*) reaction on several targets (CH,, Si, Ni, In, and
Bi) of natural isotopic composition in order to extract
information on the 3-nucleus potential [15,16]. In this
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Letter, we first report on a measurement of the inclusive 40¢ CH Ef  on .

(7, K™) spectrum on Si, and discuss the spectrum shape 35E 2 § 800 2 Si

to derive the 3-nucleus potential. Specifically, we obtained 0 =6°£2 2 400

the information on the central part of the 3-nucleus poten- 30 3 o | :

tial in Si since the Lane term is expected to be reduced due 25F H © 200 _12(12/ e?’t el?& nf)o 0

to its A~! dependence. In heavier systems, such as In and
Bi, the isospin dependence may be investigated because of
their large neutron to proton ratios. We will report on the
other targets elsewhere [17].

The present experiment was performed at the K6 beam
line of the KEK 12-GeV Proton Synchrotron. It is known
that the cross section of the elementary p(7~, K7)3~
reaction decreases with an increase in the incident beam
momentum at forward scattering angles. On the other
hand, the momentum transfer (A p) increases rapidly below
1.2 GeV/c. The rapid change of A p with beam momentum
complicates the spectrum analysis and a larger A p requires
a large scattered kaon acceptance. The beam momentum
was thus chosen at 1.2 GeV/c. Spectroscopic studies of A
hypernuclei have been conducted with the superconducting
kaon spectrometer (SKS) system at K6. It has been dem-
onstrated that SKS has a momentum resolution of 0.1%
(FWHM) and a linearity of within 0.1 MeV/c in its mo-
mentum acceptance of *+10% [18]. SKS is suitable to
measure the inclusive spectrum over a wide energy range.
Its resolving power is helpful to maintain the sensitivity to
W3, since Wy makes the spectrum spread like a resolution
function [19].

A natural Si target of 6.53 g/cm? was used. A CH,
target of 1.00 g/cm? was placed 250 mm upstream from
the Si target in tandem to monitor the energy scale, the
energy resolution, and the cross section. The reaction target
was identified by cutting on the reconstructed vertex posi-
tion, as superimposed at the upper right corner of Fig. 1.
Because a small fraction of the CH, contamination into the
Si window was found, the measured CH, spectrum, prop-
erly scaled, was subtracted from the Si spectrum.

Figure 1 shows the measured missing mass spectrum on
CH, in proton-target kinematics at a kaon scattering angle
of Ox = 6° = 2°, where the spectrum is plotted as a func-
tion of Ms- — M, (MeV/c?). Here My- and M, represent
the reconstructed missing (3~) mass and the target (pro-
ton) mass, respectively. The spectrum comprises a prom-
inent peak and a broad bump, which correspond to the
proton and carbon contributions, respectively. The energy
losses of a pion and a kaon in the target were taken into
consideration, and the reconstructed momenta were cali-
brated so that the proton peak is found at the known
position (259.177 + 0.029 MeV/c?) [20]. The detector
and analysis efficiencies and the SKS acceptance were
corrected to obtain the cross section. The acceptance was
estimated by a Monte Carlo simulation, taking into account
the detector geometry, the magnetic field distribution, and
the cut conditions in the analysis.

The spectrum was fitted with two Gaussians, as plotted
with the solid curve in Fig. 1. One Gaussian corresponds to
the proton peak, and the other represents the carbon con-
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FIG. 1 (color online). Missing-mass spectrum in the proton-
target kinematics of the (7~, K*) reaction on CH,. The vertex
distribution along the beam line is superimposed at the upper
right corner. See text.

tribution. From the proton peak, the energy resolution was
found to be 3.3 = 0.3 MeV (FWHM). The proton-peak
yield was extracted by subtracting the carbon contribution.
The elementary cross sections were obtained for the other
0k ’s to see the angular distribution, as shown by the closed
circles in Fig. 2. The angular distribution of the
p(7r~, KT)X~ reaction has been measured at a beam mo-
mentum of 1.225 GeV/c [21]. The crosses and the shaded
area in Fig. 2 are a part of the measured points and the
deduced angular distribution in the Lab frame, and com-
pared to the previous experiment, which was originally
reported in the center-of-mass frame. The shaded area
shows the fitting error boundary. The present measurement
agrees well with the previous one.

Figure 3 shows the inclusive (777, K™) spectrum on Si as
a function of the 3~ binding energy (— Bs-) at fx =
6° = 2°. This spectrum was made by combining the data
taken in three different field settings of SKS (nominal 1.9,
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FIG. 2 (color online). Measured angular distribution (closed
circles) of the elementary reaction in the Lab frame. The
previous data are also shown (crosses and shaded area) [21].
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2.2, and 2.4 T) in order to cover a wider kaon momen-
tum range. The spectrum in one setting could be connected
to another smoothly, since the acceptance regions partly
overlap.

We found two notable features in the Si spectrum. First,
the spectrum shows that the cross section gradually in-
creases with an increase of —By-. The maximum of the
spectrum is achieved at —By- > 120 MeV. The maximum
occurs at an energy larger than that predicted by the Fermi-
gas model. Second, we observed significant yields in the
bound state region. These yields are beyond those expected
from the combination of the Coulomb and nuclear poten-
tials and suggest a strong ¥~ -nucleus interaction.

In order to extract further information, we calculated the
inclusive spectrum, according to the Morimatsu-Yazaki
formalism [8]. The cross section of the inclusive reaction
can be written as

do
A75-)sce M
where 8 is the kinematical factor for a coordinate transfer
from a two-body system to a many-body system [22], and
do/d),; represents the averaged differential cross section
of the elementary reaction. Here the elementary cross
section [do/dQ(s, Q)] is averaged over the momentum
of a proton (k) moving in the target nucleus with a weight
of the momentum distribution (p(k)), as written as

(k)42 (s, Q) 8(k — P)dk

do
dQel(E)_ [pk)o(k — Pydk @

d*o
dQdE

P = kK* + kz - kﬂ.—. (3)

The delta function is required for energy-momentum con-
servation in the elementary reaction. Relevant particles are
treated on mass-shell, and the possible k is given by k-
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FIG. 3. Inclusive (7, K™) spectrum on Si at §x = 6° = 2°.

The curves are the calculated spectra for the repulsive (solid) and
shallow (dashed) 3-nucleus potentials, fitted to the measured
spectrum. A value of the scaling factor «x and x? per degree of
freedom are shown for each fitting. See text for details.
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and kg+ at E(—Bs-). As aresult, do/d(),; depends on E.
In this calculation, do/dQ(s, Q) was taken from
Refs. [21,23,24], where s is the Mandelstam variable.
p(k) was given by the wave function of the initial state.
The strength function (S(E)) is characterized by distorted
waves of the incident pion and scattered kaon and the
nuclear response function. The response function can be
described by means of the Green’s function [cf. Eq. (2.2) in
Ref. [8]]. Here we assume the Woods-Saxon-type one-
body potential for the 3-nucleus potential (Us(r)). The
Green’s function (G) is a solution of

[E +72/2Qp)A — Us(NIG(E;r', r) = =8(' — 1), (4)

where u is the reduced mass.

Distorted waves of the pion and kaon were calculated in
the eikonal approximation, employing the meson-nucleon
total cross sections of -y = 35 mb and og+y = 14 mb
[25]. The distortion effect reduces the magnitude of the
inclusive spectrum but does not affect the spectrum shape
very much. Observed (77—, K*) spectra on different targets
show similar shapes with an increase of the magnitude as
an increase of the mass number [16]. However, more care-
ful and systematic analysis on the different targets would
be needed to state the absolute strength of the distortion.
The spectrum shape is directly related to the response
function since the 3-nucleus potential appears explicitly
in Eq. (4). Therefore, we present the results of the shape
analysis, where the measured spectrum was fitted by the
calculated ones for various Us(r)s. Two of the calculated
spectra (solid and dashed curves) are shown in Fig. 3, for
example. The potential parameters used in the calculations
are listed in Table I. The solid and dashed curves are for
the cases of a repulsive and a shallow 3-nucleus potential,
respectively. In the fitting, we introduced a free parameter
(scaling factor) « to adjust the magnitude of the spectrum.
The scaling factor « and x? per degree of freedom (number
in parentheses) are shown in Fig. 3. A shallow potential
represents a weakly attractive potential, which has not
been excluded by the analysis in the (stopped K, 7")

TABLE 1. Potential parameters used for the present calcula-
tions. The Woods-Saxon type potential is assumed to be U(r) =
(VO + lWO)f(r) + VSO[E/(me)]2r7ldf/dr(e'c) + VCoulomb(r)’
f(r) = {1 + expl(r — o)/z]}"".

3 -nucleus pot. Initial Si
U§a U;a UTb
Vo (MeV) +150 -10 -49.6¢
Wy (MeV) -15 -10 0
Vso (MeV) 0 0 7
¢ (fm) 3.3¢ 3.3° 4.094
7 (fm) 0.67 0.67 0.536

“Ug (Ug) denotes a repulsive (shallow) 3-nucleus potential.
®Proton single-particle potential of the initial nucleus (Si).
Ce=1.1X(A— 1)/3.

9These are adjusted to reproduce the proton separation energy
(11.585 MeV) [26] and nuclear radius r2!/2= 3.15 fm [27].
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experiment [9]. The dashed curve is greatly shifted to the
lower —Byx- side, and does not reproduce the spectrum in
shape. On the other hand, the solid curve gives the best y2.
We made calculations for various values of the real (V§ )
and imaginary (WOZ ) parts of the 3-nucleus potential. It can
be demonstrated that the calculated spectrum becomes
lower in height and shifts toward a higher —By- in the
distribution as a result of suppression in the lower —By-
region along with an increase of Vg . When |W§| increases,
the calculated spectrum becomes spread out, with a worse
fitting. An increase of W§ from —10 MeV makes the
fitting slightly worse, although the sensitivity becomes
lower for Wg = —5 MeV. The present fitting shows that
the cases of Vg =< 70 MeV give very poor x’s with the
confidence level less than 0.1% for any W§ . In addition,
the cases of Wg =< —30 MeV, independent of Vg, have the
confidence level less than 0.3%. Here the confidence level
just represents the consistency of the model, and the above
regions are far from consistency. The solid curve gives the
best fitting among the variation of V§ and WOZ for the
present choices of the other potential parameters.

The spectrum shape depends little on the choice of the
diffuseness parameter (z). The spin-orbit term Vg in the
3-nucleus potential may be as large as that in an ordinary
nucleus. In the case of the same order of magnitude, the
calculated spectrum slightly changes in the highly excited
region, which does not affect the present argument.
However, the spectrum is sensitive to the choice of the
radius parameter (c). When c of the initial nuclear potential
decreases by 10% with keeping ¢ of the 3-nucleus poten-
tial, the optimum VOE decreases by approximately
20%-30%, for example. In this case, the wave function
of the initial state is located at the inner side of the nucleus,
and thus the overlap of the initial wave to the final one
becomes worse, resulting in the spectrum being pushed to a
higher —Bs- region.

The present result shows that a strongly repulsive
3-nucleus potential having a nonzero size of the imaginary
part is required to reproduce the observed spectrum within
the framework of DWIA. The repulsive 3-nucleus poten-
tial should be taken into account for discussing the hyperon
constituents of neutron stars [10]. A repulsive 3-nucleus
potential has been claimed from an analysis of the
3 -atomic x-ray data [1,2]. Further studies on the
S-nucleus potential, particularly for details of its shape
from the central nuclear region to the outer atomic orbit
region, would be required to explain the present result and
the x-ray data.
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