
S-nucleus potential studied with the„p−,K+
… reaction on medium-to-heavy nuclear targets

P. K. Saha,1,* H. Noumi,1 D. Abe,2 S. Ajimura,3 K. Aoki,1 H. C. Bhang,4 K. Dobashi,2 T. Endo,2 Y. Fujii,2 T. Fukuda,1,†

H. C. Guo,5 O. Hashimoto,2 H. Hotchi,6,* K. Imai,7 E. H. Kim,4 J. H. Kim,4 T. Kishimoto,3 A. Krutenkova,8

K. Maeda,2 T. Nagae,1 M. Nakamura,6 H. Outa,1,‡ T. Saito,9 A. Sakaguchi,3 Y. Sato,1 R. Sawafta,10 M. Sekimoto,1

Y. Shimizu,3 T. Takahashi,2 H. Tamura,2 L. Tang,11 K. Tanida,6,‡ T. Watanabe,2 H. H. Xia,5 S. H. Zhou,5

X. F. Zhu,5 and L. H. Zhu7
1IPNS, KEK, Tsukuba, Ibaraki 305-0801, Japan

2Department of Physics, Tohoku University, Sendai 980-8578, Japan
3Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

4Department of Physics, Seoul National University, Seoul 151-742, Korea
5CIAE, P.O. Box 275-67, Beijing 102413, China

6Graduate School of Science, University of Tokyo, Tokyo 113-0033, Japan
7Department of Physics, Kyoto University, Kyoto 606-8532, Japan

8Institute of Theoretical and Experimental Physics, Moscow 117218, Russia
9Tohoku Gakuin University, Sendai 985-8537, Japan

10North Carolina A&T University, Greensboro, North Carolina 27411, USA
11Department of Physics, Hampton University, Hampton, Virginia 23668, USA

(Received 26 May 2004; published 29 October 2004)

In order to study theS-nucleus optical potential, we measured inclusivesp−,K+d spectra on medium-to-
heavy nuclear targets CH2, Si, Ni, In, and Bi. The CH2 target was used to calibrate the excitation energy scale
by using the elementary processp+p−→K++S−, where the C spectrum was also extracted. The calibration
was done with ±0.1 MeV precision. The angular distribution of the elementary cross section was measured and
agreed well with the previous bubble chamber data, but with better statistics, and the magnitudes of the cross
sections of the measured inclusivesp−,K+d spectra were also well calibrated. All of the inclusive spectra were
found to be similar in shape at a region near to theS− binding energy threshold, showing a weak mass-number
dependence on the magnitude of the cross section. The measured spectra were compared with a theoretical
calculation performed within the framework of the distorted-wave impulse approximation. It has been dem-
onstrated that a strongly repulsiveS-nucleus potential with a nonzero size of the imaginary part is required to
reproduce the shape of the measured spectra.
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I. INTRODUCTION

A hypernucleus is the result of implanting of a hyperon(s),
such asL, S, J, or LL, in an ordinary nucleus. Spectro-
scopic studies of hypernuclei can provide information on the
hyperon behavior in a nucleus. One can learn about the
hyperon-nucleon interaction and even the baryon-baryon in-
teraction within the framework of SUF (3) from the hyper-
nuclear structure through the effective hyperon-nucleon in-
teraction in a nucleus. So far, the spectroscopic studies ofL
hypernuclei are in a relatively advanced stage. TheL major
shell structures, even up toL

89Y or L
208Pb, have been clearly

observed with high-resolution spectroscopy in thesp+,K+d
reaction[1–3], which have revealed theL single-particle na-
ture. Namely, the binding energies ofL can be well repro-
duced by a Woods-Saxon-type one-body potential[4]. In ad-
dition, high-resolution Ge detectors together with a magnetic

spectrometer have successfully observedg transitions in-
volving the L-hypernuclear states split byLN spin-
dependent interactions, such as the spin-orbit and spin-spin
forces in several lightL hypernuclei[5,6].

On the other hand, knowledge aboutSN and S-nucleus
interactions is still primitive, although the history of
S-hypernuclear studies is almost comparable to that ofL
hypernuclei. Since a strong conversion process ofS sSN
→LNd takes place inside a nucleus, theS-hypernuclear state
is expected to be too broad to observe. The first claim of the
observation of a narrowS-hypernuclear state by the Saclay-
Heidelberg Collaboration[7] thus generated much experi-
mental and theoretical excitement, but was excluded in the
later experiment[8]. So far, many other experiments have
been carried out on different light nuclear targets using the
sK−,p±d reactions[9,10]. The only S-hypernuclear bound
state has been established inS

4He produced by an in-flight
sK−,p−d reaction on4He [9], which was first claimed at KEK
[11]. The observation of this bound state was predicted with
the effect of a strongly isospin-dependentS-nucleus poten-
tial (Lane term) [12]. The existence of the Lane term was
also suggested in light nuclear systems from the systematic
difference between the inclusivesK−,p±d spectra[10]. All of
the other experiments could not find any bound
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S-hypernuclear state and failed to give any significant con-
straint on theS-nucleus potential. No data are available in
heavier nuclei ofA.16. One may construct theS-nucleus
folding potential based on the two-body hyperon-nucleon po-
tentials. Unfortunately, the hyperon-nucleon potentials based
on the one-boson-exchange model allow several sets of pa-
rameters, since hyperon-nucleon scattering data are very lim-
ited in accuracy as well as in statistical quality, as compared
to the very precise data on theNN system. The information
from the S−-atomic data also leaves various shapes of pos-
sible potentials inside a nucleus, because the x-ray data are
mainly sensitive to the potential outside the nucleus. Infor-
mation concerning theS-nucleus potential can provide
strong feedback not only in nuclear physics, but also in as-
trophysics. The role of strangeness in highly dense matter in
a neutron star core is being intensively discussed[13–15].
The S− interaction in nuclear matter is of particular impor-
tance, sinceS− is expected to appear first in dense neutron
matter to moderate the chemical potential while maintaining
the charge neutrality due to its negative charge[15]. There-
fore, new experimental data on medium heavy nuclei are
desired in order to extract a conclusive understanding about
the S-nucleus potential. Particularly, the central part of the
S-nucleus potential is expected to be significant in heavy
nuclei, where the Lane term is less dominant due to itsA−1

dependence.

II. PRESENT EXPERIMENT

The present experiment(KEK-PS-E438) was carried out
at the K6 beamline of the KEK 12-GeV proton synchrotron
(PS) [16]. We measured inclusivesp−,K+d spectra for the
first time on medium-to-heavy nuclear targets CH2, Si, Ni,
In, and Bi. Since the inclusivesp−,K+d spectrum reflects the
final-state interaction of aS− with the residual nucleus, an
analysis of the spectral shape would give theS-nucleus op-
tical potential. The elementary reaction of

p− + p → K+ + S− s1d

was measured with a CH2 target in order to calibrate the
energy scale and the cross section of the inclusive spectra. It
is known that the elementary cross section at forward-
scattering angles decreases rather smoothly with an increase
of the incident-beam momentum, while the momentum
transfer sDpd increases rapidly below 1.2 GeV/c [17]. A
rapid change ofDp makes the spectrum analysis complicated
and requires a wider momentum acceptance spectrometer
system for the scattered kaon. The beam momentum was
thus chosen to be 1.2 GeV/c

III. EXPERIMENTAL SETUP

A schematic view of the whole experimental setup is
shown in Fig. 1. It is composed of two parts: a beam spec-
trometer, used to measure the incident pion momentum, and
the SKS system for the scattered kaon momentum. A detailed
description of the spectrometer system can be found in Ref.
[18].

A. Beam spectrometer

The beamline spectrometer comprises a dipole magnet
and four quadruple magnets(QQDQQ) together with four
sets of high-rate drift chambers(BDC1–4), a freon-gasČer-
enkov counter(eGC), and two sets of segmented plastic scin-
tillation counters(BH1 and BH2). The electron contamina-
tion in the beam was rejected by eGC with a rejection
efficiency better than 99.9%. The BH1 was segmented into
seven vertical pieces of 5 mm thick and was installed down-
stream of eGC, while the BH2 was segmented into five ver-
tical pieces of 3 mm thick. In order to reduce the energy-loss
straggling in this counter, it was made as thin as possible and
placed 40 cm upstream from the experimental target. The
BH2 was used as a time-zero counter for timing measure-
ments of incident and scattered particles. By requiring timing
coincidence between BH1 and BH2, any contamination in
the pion beam was rejected, where the beam trigger is de-
fined as BEAM;BH13BH23eGC.

The beamline drift chambers(BDC1–4) were placed up-
stream and downstream of the QQDQQ system. In order to
operate under a high counting rate of several M/spill, the
sense-wire spacing was made to be shorts5 mmd, where the
drift space was ±2.5 mm. Each chamber had six layers of
sense-wire planesxx8uu8vv8d, where the vertical and ±15 °
tilted wire planes were denoted byx, u, andv, respectively.
The beam track was measured by BDC’s with a position
resolution of 300mm in rms. The beam momentum was ob-
tained particle by particle by using a third-order transport
matrix. In order to minimize the multiple-scattering effects
on the momentum resolution, the QQDQQ system was de-
signed so as to make thekxuul term of the transport matrix to
be zero between the focal planes close to the entrance and
exit windows of 100-mm-thick stainless steel of the vacuum
beam pipe and the drift chambers were made as thin as pos-
sible. The magnetic field of the dipole magnet(D2) was
monitored throughout the experiment for every spill with a
high-precision Hall probe in order to correct its fluctuation in
the off-line analysis.

FIG. 1. Schematic view of the experimental setup.
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B. SKS spectrometer

The SKS spectrometer has a large acceptance of 100 msr,
a good momentum resolution of 0.1%[full width at half
maximum(FWHM)], and a linearity of within 0.1 MeV/c in
its momentum acceptance of ±10%[18]. The SKS system is
thus suitable to obtain high statistics over a wide excitation
energy region with a good energy resolution, while maintain-
ing the sensitivity of the imaginary part of theS-nucleus
potential, because a bad resolution may cause the spectrum
to smear out.

SKS comprises a superconducting dipole magnet together
with four sets of drift chambers(SDC1–4) for momentum
reconstruction and three kinds of trigger counters. The trig-
ger counters comprise a scintillation counter wall(TOF), a
lucite Čerenkov counter wall(LC), and two silica aerogel
Čerenkov counters(AC1 and AC2) as seen in Fig. 1. The
TOF counter comprised 15 vertical scintillation counters,
each 7310033 cm3 in size, and was used for scattered-
particle identification by measuring the time of flight from
the reaction point. The LC was a threshold-typeČerenkov
counter comprising 14 pieces of 10314034 cm3 Lucite ra-
diators sn=1.49d, which discriminated protons from pions
and kaons. AC1 and AC2 were threshold-type silica aerogel
Čerenkov counterssn=1.06d used to eliminate pions. The
sp−,K+d trigger was defined as PIK;BEAM 3TOF3LC
3AC13AC2. The trigger rate was typically 300 counts for
a beam rate of 2.03106 per spill.

The drift chambers SDC1 and SDC2 were installed at the
entrance of the SKS magnet, while SDC3 and SDC4 were
installed at the exit. SDC1 and SDC2 had the same drift-cell
structure as the BDC’s, as they were exposed to the beam.
SDC3 and SDC4 had a large drift space of ±21 mm. The
particle track with a position resolution of 300mm was mea-
sured by SDC’s.

In the present experiment, SKS was excited mainly to
272 A, which corresponds to 2.2 T, in order to measure the
spectrum in the quasifree region covering partly below the
S− binding threshold. In addition, with Si and CH2 targets,
SKS was excited to two other different settings of 320 A
s2.4 Td and 210 As1.9 Td to measure the spectrum well be-
low the S− binding threshold and in the highly excited re-
gions, respectively. The central momenta of SKS at 2.4 T,
2.2 T, and 1.9 T were 780 MeV/c, 720 MeV/c, and
620 MeV/c, respectively. The spectrum in one SKS setting
could be connected smoothly to another as the acceptance
regions partly overlap. The scattered-particle momentum was
obtained particle by particle by reconstructing a particle tra-
jectory with the Runge-Kutta tracking method using a pre-
cisely measured magnetic field map in each setting[19]. The
magnetic field was monitored with an NMR probe through-
out the data acquisition in order to correct its fluctuation in
the off-line analysis. The fluctuation was as low as ±0.003%.

C. Experimental targets and data summary

In the present experiment we used CH2
s1.00±0.05 g/cm2d, Si s6.53±0.07 g/cm2d, Ni
s7.16±0.04 g/cm2d, In s7.93±0.09 g/cm2d, and Bi
s9.74±0.10 g/cm2d of natural isotopic composition as ex-

perimental targets. The quoted error on each target thickness
came from a measurement. The thickness and the number of
irradiatedp− on each target were optimized in order to ob-
tain almost the same yield in the quasifree region forS−

production. The data were taken in two experimental cycles
in 1999. Table I gives a data summary with specific SKS
current settings according to the experimental requirement.
The CH2 target was always put in tandem at a distance of
250 mm upstream from other natural targets(Si or Ni or In
or Bi), as demonstrated in Fig. 2. In order to calibrate the
horizontal axis(excitation energy scale) and to check the
reliability of the vertical axis(cross section) throughout the
experiment, as well as to obtain the energy resolution, the
elementarypsp−,K+dS− process from the CH2 target was
used. On the other hand, the C spectrum was also extracted
from the CH2 target. The target empty data were used to
check the background level in all inclusive spectra.

IV. DATA ANALYSIS

The hypernuclear masssMHYd in the sp−,K+d reaction
was calculated by the following relation:

MHY = ÎsEp + MA − EKd2 − spp
2 + pK

2 − 2pppK cosupKd,

s2d

whereEp and pp are the total energy and momentum of a
pion; EK and pK are those of a kaon.MA is the mass of a
target nucleus andu is the scattering angle of the reaction.

TABLE I. Data summary of E438.

Target(s)
SKS current

[Ap (T)]
Central momentum
of SKS fMeV/cg

Irradiated
p− f3109g

CH2 and Si 210(1.9) 630 86.5

CH2 and Si 272(2.2) 720 228.7

CH2 and Si 320(2.4) 780 101.6

CH2 and Ni 272(2.2) 720 252.6

CH2 and In 272(2.2) 720 352.3

CH2 and Bi 272(2.2) 720 225.2

CH2 and Bi 272(2.2) 720 120.7

CH2 only 272 (2.2) 720 47.3

CH2 only 272 (2.2) 720 39.4

Target empty 272(2.2) 720 94.0

FIG. 2. Schematic view of the target configuration.
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The measured inclusivesp−,K+d spectra are presented as a
function of the binding energysBS−d of the S− hyperon,
which was defined as

BS− ; MA−1 + MS− − MHY, s3d

whereMA−1 is the mass of a core nucleus at its ground state
andMS− is the mass of aS− hyperon.

A. „p−,K+
… event selection and momentum reconstruction

The main background in the PIK trigger was fast protons
that fired LC, while pions were well suppressed in the trigger
level by AC1 and AC2. At the first stage of the off-line
analysis, large background events in the PIK trigger were
rejected by using only information from the counters. An
incidentp− was selected from the time-of-flight information
between BH1 and BH2, while the scatteredK+ was roughly
selected from the analog-to-digital converter(ADC) and
time-to-digital converter(TDC) information of the TOF and
LC counters. Then, thep− momentum andK+ momentum
were reconstructed from the track information of the BDC’s
and SDC’s, respectively. In the tracking process, straight-line
track candidates were first defined both at the entrance and
exit of each spectrometer using a least-squares method.
Then, the combination of the straight-line tracks that gave
the least chi square in the momentum reconstruction was
assigned as the best track candidate. In the beam spectrom-
eter, a third-order transport matrix was used for momentum
reconstruction, while in the SKS spectrometer the momen-
tum was calculated by the Runge-Kutta method with a mea-
sured magnetic field map. After momentum reconstruction,
the mass of a scattered particle was calculated as

Mscat=
p

b
Î1 − b2, s4d

whereb is the velocity of a scattered particle obtained from
the time of flight and the flight path length between BH2 and
TOF, andp is the reconstructed momentum. Figure 3 shows
a typical mass spectrum of the scattered particles obtained
from the CH2 and Si data. Kaons were clearly identified
separated from pions and protons, and the gated region was
used as good events.

The scattering angle and the vertex point were obtained
from the local straight track in BDC3 and BDC4 for the

incoming pion and a track obtained in the momentum recon-
struction of the scattered particle in SKS. TheZ axis was
defined as the beam direction. Figure 4 shows a typical
Z-vertex distribution from the CH2 and Si data obtained by
selecting good kaons, where events scattered in both targets
as well as in the BH2 counter were clearly identified. How-
ever, the Z-vertex resolution at very forward-scattering
angles was not good due to the multiple-scattering effects. A
scattering anglesud cut greater than 4° was required to im-
prove theZ-vertex resolution, as in Fig. 4. Two arrows indi-
cated in Fig. 4 were the selected CH2 and Si events used in
the analysis.

B. Energy-scale calibration and energy resolution

The calibration of the horizontal axis(binding energy
BS−) was one of the very important points of the present
experiment, because the quasi free peak position of the in-
clusive spectrum is expected to provide information on the
S-nucleus optical potential. Since the elementary,
psp−,K+dS− process from the CH2 target was used for
this purpose, the elementary peak stands at
259.177±0.029 MeV/c2, which is the mass difference be-
tween aS− and a proton[20]. The calibration process mainly
consists of two parts(a detailed description can be found in
Ref. [21]).

First, the energy losses of the incident pions and outgoing
kaons in the target(s) were estimated from the beam through
data taken with and without a target; second, correlations
between the kaon momentum and the incident angles(hori-
zontal and vertical) were needed to be solved so as to deter-
mine the SKS momentum offset value. This offset value
should be kept the same for all sets of data in order to avoid
any ambiguity in the calibration. Figure 5 shows a typical
missing-mass spectrum from the CH2 of CH2 and Si data,
where the kinematics was solved while considering the reac-
tion with the proton target in CH2. The spectrum is plotted as
a function of MS−-Mp in MeV/c2 at a scattering angle of
uK=6° ±2°, where a calibration of the horizontal axis was
not done. As a result, the elementary peak position was not
found at the expected positions259.177 MeV/c2d. A small
satellite peak(left) came from events which did not pass
through the downstream Si target, as can be seen from Fig. 2.
A broad bump in the spectrum corresponds to the events
from C in the CH2 target. Two kinds of elementary events

FIG. 3. Typical distribution of the scattered-particle mass ob-
tained from the CH2 and Si data. The gated region was used as good
kaons.

FIG. 4. Z-vertex distribution after selecting good kaons from the
CH2 and Si data.
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were identified in order to take into account the energy losses
correctly. Figure 6 shows the horizontal axis corrected spec-
trum, where it was fitted with two Gaussians, as plotted with
the solid curve. One Gaussian corresponds to the elementary
peak, whereas the other one corresponds to the carbon con-
tribution. From the fitting result, the elementary peak posi-
tion was obtained at 259.23±0.13 MeV/c2, as expected,
whereas the energy resolution was obtained to be
3.31±0.33 MeV (FWHM). The elementary peak position
and the energy resolution were checked for all data sets
(Table I), while keeping all of the offset parameters the same.
An energy resolution of the spectrometer system is typically
2 MeV in FWHM, as achieved in the case of CH2 only. The
measured resolutions with the targets were consistent with
those expected from the energy-loss straggling effects in the
targets. A calibration of the horizontal axis was successfully
achieved, as summarized in Table II, where the elementary
peak position was always found to be the expected position
within an error of ±0.2 MeV/c2. The error for the peak po-
sition in each data set came from the fitting result due to the
statistical fluctuation.

The linearity of the SKS momentum was checked by
passing an unscatteredp+ beam through the spectrometers
without any target for several central beam momenta of

630–830 MeV/c, where the SKS was excited at 272 A.
Here, we assumed that the central momentum of the beam
spectrometer was exactly proportional to the magnetic fields
of the beamline magnets. The linearity was found to be better
than ±0.072 MeV/c in the momentum range[21].

C. Cross section

In order to obtain the cross section from the experimental
yield, the experimental efficiencies and SKS acceptance were
estimated. Then, the cross section was calculated as

S ds

dV
D =

A

srxdNA

YK

oi
I iei

o
k

1

seSDC12eSDC34dfdecaydVsp,ud
,

s5d

whereA is the target mass number,rx the thickness of the
target in g/cm2, NA Avogadro’s number,YK the yield num-
ber, I i the number of irradiatep−, andei the several experi-
mental and analysis efficiency factors: data-acquisition effi-
ciency, BDC’s efficiency, K6 tracking efficiency, beam-
normalization factors, SKS tracking efficiency,Z-vertex cut
efficiency, TOF and LC’s efficiency, AC’s accidental veto
factor, and TOF and LC’s multiplicity cut efficiency.eSDC12
andeSDC34 are the efficiencies of SDC12 and SDC34, respec-
tively. These chambers had an incident position dependence
of the efficiency, which was estimated event by event, as
explained below.fdecay is the kaon decay rate anddVsp,ud
the effective solid angle of SKS as a function of the kaon
momentum and scattering angle.

1. Experimental and analysis efficiencies

The efficiencies mentioned above were estimated sepa-
rately for all data sets. However, typical efficiencies obtained
from the CH2 and Si data with SKS at 272 A are described
below.

The beam-normalization factorsfbeamd represents the frac-
tion of p− out of the total number of the beamsNbeamd and
was estimated from the BEAM trigger events asfbeam=s1
− fmds1− faccd, wherefm is the muon contamination in thep−

beam andfacc is the accidental coincidence rate between
BH1 and BH2. Thee− contamination was rejected by the
good performance of eGC with an efficiency better than

FIG. 5. Missing-mass spectrum of thesp−,K+d reaction from
CH2 in the proton-target kinematics before a horizontal-axis cali-
bration. See text for details.

FIG. 6. Horizontal-axis corrected missing-mass spectrum for the
elementary process from CH2, where the peak position is found at
259.23±0.13 MeV/c2 with a resolution of 3.31±0.33 MeV
(FWHM). The expected peak position is at 259.177±0.029 MeV/c2

the mass difference between aS− and a proton[20].

TABLE II. Elementarypsp−,K+dS− peak position and the en-
ergy resolution after a horizontal axis calibration for all sets of data.
The quoted errors are statistical.

Data set and
SKS current

Elementary peak
position sMeV/c2d

Resolution(FWHM)
(MeV)

CH2 only s272 Ad 259.20±0.10 2.06±0.20

CH2 and Sis210 Ad 259.23±0.13 3.31±0.33

CH2 and Sis272 Ad 259.27±0.14 3.32±0.29

CH2 and Ni s272 Ad 259.45±0.19 4.44±0.42

CH2 and In s272 Ad 259.39±0.24 4.79±0.50

CH2 and Bi s272 Ad 259.62±0.26 5.16±0.53
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99.9%. By requiring a good timing coincidence between
BH1 and BH2, other contamination in the pion beam was
rejected. However, muons in the beam that were the decay
products of pions could not be separated from pions. We took
this value from previous experiments, since it was studied
and found to be 6.2% with a measurement error of ±2.0% for
a s1.0–1.10dp+ beam[22,23]. The factorfacc was estimated
as sNbeam−NBH1,2d /Nbeam, where NBH1,2 is the number of
events for which the time of flight between BH1 and BH2
was proper for p−. The factor facc was typically
4.4% ±1.7%. Finally, the beam-normalization factorsfbeamd
was found to be 89.6% ±2.6%.

The BDC’s efficiency was the total efficiency to obtain a
straight track at the entrance and exit of the QQDQQ mag-
nets, and was estimated to be 88.9% ±1.6%, whereas the K6
tracking efficiency was the analysis efficiency to reconstruct
a particle trajectory in the beam spectrometer, which was
found to be 96.5% ±1.4%.

In the analysis, more than two hits on TOF or LC were
rejected in order to reduce the background level. The corre-
sponding efficiency for this cut was estimated to be
98.7% ±1.3%. The intrinsic efficiency of TOF and LC to-
gether was 99.6% ±0.3%.

As a result of the high counting rate of AC1 and AC2,
some of the PIK events were destroyed accidentally. The
coincidence width between AC1, AC2, and BEAM3TOF
3LC was 56±5 ns, which was the dead time in the PIK
trigger. The single counting rate of AC1 and AC2 was typi-
cally 1.53105 s−1. Thus, the AC’s accidental veto factor
sfACd was calculated to be 99.1% ±0.2%.

The SKSx2 cut efficiency was estimated from thesp−,pd
events mixed in the PIK trigger. At first, a loosex2 cut was
applied to reconstruct particle trajectories in SKS, and at the
final stage of analysis a further tight cut was applied in order
to reduce the background level as much as possible. The
resolution in the particle identification was significantly im-
proved by this cut, where the corresponding cut efficiency
was estimated to be 92.2% ±2.9%. The PID cut efficiency
for kaons after the SKSx2 cut was found to be
99.4% ±1.6%.

The Z-vertex resolution at very-forward-scattering angles
was bad due to the multiple-scattering effect, as also men-
tioned earlier. In addition to the scattering angle cuts.4°d,
tighter cuts were applied, as shown by the arrows in Fig. 4.
The corresponding cut efficiencies were obtained by fitting
the spectrum with a Lorentz function. Those were
90.0% ±3.9% and 92.2% ±2.8% for CH2 and Si, respec-
tively in the CH2 and Si data.

The efficiency of SDC1 and SDC2seSDC12d was the total
efficiency, including the analysis efficiency, and was esti-
mated using the BEAM trigger. In SDC1 and SDC2, the
beam-counting rate per wire was quite high because the
beam was focused at a target. As a result, a small degradation
of the efficiency near the beam spot was observed. There-
fore, the efficiency was estimated as a function of the hori-
zontal incident position for the event-by-event correction.
The average efficiency of SDC1 and SDC2 was typically
92.8% ±1.2%.

The efficiency of SDC3 and SDC4, including the analysis
efficiency, was estimated from thesp−,pd events. Since it

had an incident position dependence of the efficiency due to
some noisy channels, the efficiency as a function of the hori-
zontal incident position was used for corrections event by
event, where the average value of the SDC3 and SDC4 effi-
ciency was found to typically be 85.2% ±1.7%.

2. Other factors

The data-acquisition efficiency is caused by the dead time
of the data-acquisition system. It was estimated from the
ratio of the number of events accepted by the data-
acquisition system to that of triggers and was typically
80.4% ±0.1%.

The kaon decay rate in SKS was studied in detail with a
Monte Carlo simulation by Hasegawa[22]. The correspond-
ing correction factor was typically 40.0% ±2.0% and was
corrected event by event while taking into account the mo-
mentum and the flight path length.

3. SKS acceptance

The acceptance of the SKS spectrometer to obtain the
effective solid anglesdVd was calculated by a Monte Carlo
simulation codeGEANT [24]. The geometrical condition of
the experiment, the effect of the energy loss, the multiple-
scattering effect, and the off-line analysis cut condition were
taken into account. In addition, a timing cut at the lower-
momentum side of the TOF wall was applied, as it was found
by comparing the timing spectra from the simulation and the
data[21]. In the event generator, the distribution of the beam
profile obtained from the experimental data was produced
and the effective solid angle was averaged on the distribu-
tion. It was calculated as a function of the scattering angle
sud and momentumspd, as follows:

dVsp,ud =E
u−s1/2dDu

u+s1/2dDu

d cosuE
0

2p

df Csp,ud, s6d

whereCsp,ud is the ratio of the accepted events to the gen-
erated events. The events were generated uniformly fromu
− 1

2Du to u+ 1
2Du in the polar angle, from 0 to 2f in the

azimuthal angle, and fromp− 1
2Dp to p+ 1

2Dp in the mo-
mentum.

D. Elementary p„p−,K+
…S− cross section

Taking into account all of the above-mentioned efficien-
cies and the SKS acceptance, the differential cross section at
the kaon scattering angle of 6° ±2° in the laboratory frame
was obtained as follows:

S ds

dV
D

4°–8°
; E

u=4°

u=8° S ds

dV
DdVYE

u=4°

u=8°

dV. s7d

Data from the elementary process in the present experiment
were used mainly to calibrate the excitation energy scale as
well as to check the accuracy of the measured cross section.
The calibration of the energy scale has already been de-
scribed earlier. The elementary cross sections obtained from
all sets of data are presented in this section. In Fig. 6, the
vertical axis is calibrated to be the cross section in units of
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mb/ssr MeV/c2d. By subtracting the carbon contribution, the
elementary cross section was extracted from the proton peak
and was found to be 128.41±8.13sstatd±6.09ssystd mb/sr.
The quoted errors are statistical(stat) and systematic(syst),
respectively. Elementary cross sections obtained from all sets
of data are summarized in Table III along with both the sta-
tistical and systematic errors. The elementary cross section
was found to be consistent in each set of data within the
errors. This demonstrates the stability of estimating the SKS
acceptance as well as all of the detectors and analysis effi-
ciencies during the experiment.

The angular distribution of the elementary cross section
was obtained over a wide angular range from the CH2 and Si
data with SKS at 210 A. Only this setting could well cover
the kaon momentum over a wider angular range. In Fig. 7,
the obtained angular distribution is shown by open circles,
where the two cross points are those from old bubble-
chamber data measured at a beam momentum of
1.225 GeV/c [25]. The past data were originally reported in
the center-of-mass system. They were transferred to the labo-
ratory system in order to compare them with the present

result and two data points were found atuK=10° and 17.5°.
The dotted curve was obtained by fitting the previous data
with a Legendre function, where the solid lines show the
error boundaries. The present measurement agrees well with
the previous one with better statistics.

E. Systematic errors

In order to obtain the total systematic errors of the cross
section, the measurement error of the target thickness, the
SKS acceptance, and the incident-position-dependent effi-
ciencies of SDC12 and SDC34 were taken into account. The
effects of other sources were found to be very small, so as to
be negligible. The efficiencies of SDC12 and SDC34 varied
with the position. Particularly, SDC34 had a significant inef-
ficiency for some channels at the lower-momentum side. In
order to obtain systematic errors, the efficiency functions of
SDC12 and SDC34 were varied within the fitting errors[21].
The SKS acceptance was also found to be affected at the
lower-momentum side due to the trigger timing problem, as
also mentioned earlier. To study the systematic error, the
SKS acceptance was recalculated by changing the TOF tim-
ing cut within the typical time resolution of the TOF counter.
The total systematic errors obtained for the elementary cross
section are summarized in Table III. The systematic errors in
the inclusive spectra were found to be larger in the higher-
excitation-energy region as compared to the lower-
excitation-energy region, because the systematic errors were
mainly affected at the lower-momentum side.

F. Background level

One of the main advantages of thesp−,K+d reaction over
the sK−,p±d reactions is its low-background nature. To ex-
amine the background level exactly, in addition to the data
on nuclear targets, some data were taken without any target,
as shown in Table I, where the SKS current setting was at
272 A in order to see the background level mostly near to the
S− binding energy threshold. The target-empty data were
analyzed using the same analysis program and conditions as
that for the normal data. The background level was found to
be very low, as can be seen in Fig. 8(dashed line histogram).
The solid line histogram was thesp−,K+d spectrum from the
Si target. The horizontal axis is the binding energy of
S− s−BS−d, whereas the vertical axis shows the counts. The
total entries are 7655 and 26 for Si and target-empty data,
respectively, where the number ofp− irradiations for target-
empty data was about half the amount compared to that for
the Si target. For a comparison, the vertical axis was normal-
ized by the total number of the beamsNp−d for each case. As
can be seen, the background was found to be almost uniform,
about two orders of magnitude lower than the spectrum with
the target, and there was no background event around the
bound region. Thus, we neglected the background in analyz-
ing the inclusive spectra for all of the targets.

V. EXPERIMENTAL RESULTS

The inclusive sp−,K+d spectra at a scattering angle of
6° ±2° on Si, C, Ni, In, and Bi are presented here. The dif-

TABLE III. Elementarypsp−,K+dS− cross section from differ-
ent sets of data. The quoted errors are both statistical(stat) and
systematic(syst).

Data set and(SKS current) s ds

dV d
p−p→S−K+

4°−8°

fmb/srg

CH2 only s272 Ad 127.20±9.59sstatd±7.19ssystd
CH2 and Sis210 Ad 128.41±8.13sstatd±6.09ssystd
CH2 and Sis272 Ad 124.73±7.48sstatd±6.15ssystd
CH2 and Ni s272 Ad 127.46±6.52sstatd±8.51ssystd
CH2 and In s272 Ad 122.82±5.42sstatd±6.54ssystd
CH2 and Bi s272 Ad 123.98±5.14sstatd±7.02ssystd

FIG. 7. Angular distribution of the elementary reaction in the
laboratory system. The open circles are the present measurement,
where the crosses are from previous bubble-chamber data[25]. See
the text for details. The quoted errors are statistical.
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ferential cross section was obtained by Eq.(7). All of the
inclusive spectra are also presented in the tabular form in
Tables IV–VIII.

A. Si spectrum

Figure 9 shows the inclusivesp−,K+d spectra on Si ob-
tained from three data sets of CH2 and Si with three SKS
current settings. The horizontal axis is the missing mass in
terms of −BS−, and the vertical axis is the differential cross
section inmb/ ssr MeVd. Three spectra from three settings
were found to be matched very well for the overlap region of
the acceptance. These three settings together cover a wide
energy region so as to understand the gross feature of the
whole spectral shape. By taking a weighted average from
three spectra, the combined Si spectrum is shown in Fig. 10,
where the spectrum has been shown in both statistical and
systematic errors. A small amount of CH2 contamination
found in the Si spectrum was subtracted with a proper scale.
The CH2 contamination was found in all inclusive spectra
and was subtracted in the same manner[21]. As can be seen
in the figure, the cross section was found to gradually in-
crease with an increase of −BS−, and the maximum was
around −BS−=120 MeV. There is also a significant yield
found below the binding energy threshold.

B. C spectrum

The inclusivesp−,K+d spectrum on C was extracted from
the CH2 data. Like the Si spectrum, the C spectrum was also
taken with three SKS settings and was found to be matched
well. The averaged C spectrum is shown in Fig. 11. The
sudden gap in the spectrum at around 100 MeV was due to
removing a sharp peak in the CH2 data, which included both
H and C events; C events were very hard to separate. Nev-
ertheless, we can fairly well discuss the spectrum from a
deeply bound region to around 80 MeV above theS− bind-
ing threshold.

FIG. 8. Background level in thesp−,K+d reaction from the
target-empty data analysis. The horizontal axis shows the binding
energy of aS−, whereas the vertical axis shows the counts. The
solid-line histogram is from the Si target, while dashed-line histog-
ran is from the target-empty runs.

TABLE IV. Inclusive sp−,K+d spectrum on Si as a table. The
quoted values of −BS− are at the center of bins.

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

−50.0 0.0308 0.0127 0.0006

−46.0 0.0174 0.0109 0.0008

−42.0 0.0184 0.0108 0.0003

−38.0 0.0223 0.0115 0.0015

−34.0 0.0375 0.0135 0.0015

−30.0 0.0280 0.0126 0.0005

−26.0 0.0292 0.0113 0.0010

−22.0 0.0503 0.0133 0.0007

−18.0 0.0410 0.0121 0.0005

−14.0 0.0498 0.0126 0.0012

−10.0 0.0598 0.0123 0.0008

−6.00 0.0576 0.0130 0.0010

−2.00 0.0635 0.0136 0.0018

2.000 0.0644 0.0133 0.0032

6.000 0.0804 0.0158 0.0036

10.00 0.0908 0.0147 0.0010

14.00 0.1129 0.0160 0.0087

18.00 0.1335 0.0161 0.0020

22.00 0.1556 0.0172 0.0092

26.00 0.1831 0.0183 0.0039

30.00 0.1974 0.0188 0.0038

34.00 0.2201 0.0192 0.0031

38.00 0.2667 0.0206 0.0039

42.00 0.3287 0.0227 0.0054

46.00 0.3741 0.0241 0.0078

50.00 0.4054 0.0255 0.0200

54.00 0.4594 0.0267 0.0126

58.00 0.5491 0.0287 0.0117

62.00 0.5667 0.0292 0.0100

66.00 0.6636 0.0329 0.0116

70.00 0.7360 0.0352 0.0143

74.00 0.7952 0.0372 0.0144

78.00 0.8061 0.0380 0.0140

82.00 1.0008 0.0448 0.0187

86.00 1.0527 0.0472 0.0271

90.00 1.0397 0.0496 0.0472

94.00 1.1750 0.0594 0.0280

98.00 1.2382 0.0719 0.0251

102.0 1.2491 0.0629 0.0261

106.0 1.1228 0.0564 0.0233

110.0 1.3462 0.0649 0.0311

114.0 1.3898 0.0662 0.0386

118.0 1.3375 0.0674 0.0712

122.0 1.3845 0.0746 0.0842

126.0 1.5055 0.0789 0.0635

130.0 1.4338 0.0788 0.0514

134.0 1.3521 0.0902 0.1235
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C. Ni, In, and Bi spectra

Inclusive spectra on Ni, In, and Bi were taken only at an
SKS current setting of 272 A, which are shown in Figs.
12–14, respectively.

D. Similarity of the spectra

From an analysis of all the inclusive spectra, it was found
that all spectra show a similarity in shape at least up to
−BS−=90 MeV, as shown in Fig. 15. All spectra with only an
SKS setting of 272 A were used to make the comparison fair.

1. Mass-number dependence of the cross section

The mass-number dependence of theS− production cross
section was obtained from the ratio of the inclusive Si spec-
trum to that of the others. The ratios were simply taken bin
by bin at an energy region of 0,−BS−,90 MeV. The ratios
were found to be very flat over the energy region and were
fitted by a straight line. The fitting results are summarized in
Table IX.

2. Comparison of the mass-number dependence
to the eikonal approximation

The effective nucleon numbersNeffd of the sp−,K+d reac-
tion on C, Si, Ni, In, and Bi at 6° was calculated by the
eikonal approximation. A brief description of the calculation
is given in Ref.[21].

The mass-number dependence of the cross section ob-
tained from the present data was compared to that calculated
by the eikonal approximation, as shown in Fig. 16(a). The

TABLE IV. (Continued.)

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

138.0 1.3523 0.0919 0.1005

142.0 1.3539 0.0950 0.0898

146.0 1.4285 0.1075 0.0842

150.0 1.4456 0.1171 0.1201

154.0 1.4067 0.1179 0.0751

158.0 1.3604 0.1227 0.1016

162.0 1.4187 0.1283 0.1731

166.0 1.3470 0.1384 0.1146

170.0 1.6948 0.1666 0.1028

174.0 1.3139 0.1550 0.1028

178.0 1.2560 0.2420 0.0461

182.0 1.5632 0.2263 0.0946

186.0 2.0955 0.3099 0.0765

190.0 0.8844 0.2094 0.5393

194.0 0.9897 0.5720 0.3064

198.0 0.4460 0.3163 0.1451

202.0 1.1287 0.5051 0.2822

206.0 0.2095 0.1489 0.7257

210.0 0.3247 0.2302 0.1518

TABLE V. Inclusive sp−,K+d spectrum on C as a table. The
quoted values of −BS− are at the center of bins. Data in the region
82 MeV,−BS−,106 MeV are omitted because of contamination
by the events from H of the CH2 target.

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

−50.0 0.0103 0.0166 0.0005

−46.0 0.0286 0.0182 0.0097

−42.0 0.0052 0.0140 0.0003

−38.0 0.0181 0.0137 0.0011

−34.0 0.0614 0.0253 0.0032

−30.0 0.0514 0.0213 0.0021

−26.0 0.0225 0.0142 0.0008

−22.0 0.0496 0.0176 0.0021

−18.0 0.0318 0.0149 0.0014

−14.0 0.0641 0.0204 0.0039

−10.0 0.0497 0.0173 0.0034

−6.00 0.0388 0.0167 0.0013

−2.00 0.0584 0.0185 0.0021

2.000 0.0839 0.0224 0.0033

6.000 0.0518 0.0182 0.0047

10.00 0.0629 0.0200 0.0063

14.00 0.0716 0.0199 0.0033

18.00 0.1097 0.0257 0.0027

22.00 0.1482 0.0259 0.0041

26.00 0.1261 0.0251 0.0067

30.00 0.1610 0.0242 0.0066

34.00 0.1648 0.0260 0.0055

38.00 0.1636 0.0278 0.0064

42.00 0.2428 0.0320 0.0103

46.00 0.2912 0.0393 0.0173

50.00 0.3374 0.0375 0.0128

54.00 0.4634 0.0472 0.0135

58.00 0.5361 0.0539 0.0176

62.00 0.5040 0.0472 0.0279

66.00 0.6366 0.0561 0.0263

70.00 0.8127 0.0710 0.0459

74.00 0.7284 0.0659 0.0313

78.00 0.7202 0.0692 0.0289

82.00 0.0000 0.0000 0.0000

86.00 0.0000 0.0000 0.0000

90.00 0.0000 0.0000 0.0000

94.00 0.0000 0.0000 0.0000

98.00 0.0000 0.0000 0.0000

102.0 0.0000 0.0000 0.0000

106.0 0.0000 0.0000 0.0000

110.0 1.3992 0.1379 0.1062

114.0 1.3047 0.1430 0.1069

118.0 1.5827 0.1595 0.0559

122.0 1.4375 0.1480 0.0685

126.0 1.3142 0.1429 0.1314
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horizontal axis is the target mass number, whereas the verti-
cal axis is the ratio of the cross section as compared to the Si
(Table IV). As can be seen in the figure, the mass-number
dependence of thesp−,K+d reaction obtained from the
present data shows a rather weak dependence compared to
that found in a calculation by using the eikonal approxima-
tion. The present data were fitted by a function ofCA3Aa,
whereCA is a constant anda is the fitting parameter. The
value ofa was found to be 0.20±0.04. Becausea can reflect
the effect of absorption, the present data show a stronger
absorption than that from the eikonal approximation.

VI. COMPARISON WITH THE DISTORTED-WAVE
IMPULSE APPROXIMATION CALCULATION

We calculated the inclusivesp−,K+d spectra within the
framework of the distorted-wave impulse approximation
(DWIA ), and the calculated spectra were compared with the
measured ones in order to obtain information on the
S-nucleus potential. The formalism of the calculation can be
found in the Appendix. In the calculation, we assumed the
Woods-Saxon-type one-body potential for theS-nucleus po-
tential, parametrized as

Usrd = sV0 + iW0dfsrd + VSO
"2

smpcd2

1

r2

df

dr
s, · sd + VCsrd,

s8d

fsrd =
1

1 + expfsr − cd/zg
, s9d

whereVSO andVC denote the spin-orbit and Coulomb poten-
tials, respectively. The wave function of the initial nuclear

TABLE V. (Continued.)

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

130.0 0.7710 0.0995 0.1373

134.0 1.0794 0.1433 0.1063

138.0 0.9604 0.1549 0.0851

142.0 0.7663 0.1190 0.0555

146.0 1.0287 0.1507 0.1796

150.0 1.5495 0.2253 0.1189

154.0 1.2955 0.2376 0.5724

158.0 0.9786 0.2640 0.2432

162.0 0.7387 0.1783 0.0858

166.0 1.0623 0.5202 0.9010

170.0 0.4400 0.4218 0.8310

174.0 1.4755 0.5091 0.1655

178.0 0.8101 0.6703 0.5042

182.0 0.5911 0.8451 1.1040

186.0 0.6790 0.4109 0.2050

190.0 0.2408 0.3036 0.3022

194.0 0.3468 0.4105 0.2902

198.0 0.4235 0.3963 0.2496

TABLE VI. Inclusive sp−,K+d spectrum on Ni as a table. The
quoted values of −BS− are at the center of bins.

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

−50.0 0.0402 0.0238 0.0006

−46.0 0.0464 0.0228 0.0005

−42.0 0.0327 0.0199 0.0009

−38.0 0.0322 0.0198 0.0004

−34.0 0.0425 0.0206 0.0005

−30.0 0.0648 0.0261 0.0007

−26.0 0.0651 0.0234 0.0007

−22.0 0.0437 0.0223 0.0006

−18.0 0.0471 0.0207 0.0006

−14.0 0.1035 0.0240 0.0017

−10.0 0.0726 0.0226 0.0009

−6.00 0.0824 0.0234 0.0010

−2.00 0.0924 0.0226 0.0012

2.000 0.0837 0.0225 0.0009

6.000 0.0722 0.0205 0.0009

10.00 0.1197 0.0238 0.0014

14.00 0.1442 0.0248 0.0016

18.00 0.1342 0.0240 0.0016

22.00 0.1588 0.0248 0.0016

26.00 0.2233 0.0283 0.0025

30.00 0.1985 0.0268 0.0021

34.00 0.2382 0.0292 0.0026

38.00 0.3454 0.0333 0.0041

42.00 0.3787 0.0347 0.0049

46.00 0.4000 0.0355 0.0047

50.00 0.4529 0.0383 0.0077

54.00 0.5349 0.0407 0.0099

58.00 0.6191 0.0441 0.0154

62.00 0.6318 0.0441 0.0181

66.00 0.7529 0.0496 0.0290

70.00 0.8350 0.0500 0.0355

74.00 0.8329 0.0522 0.0403

78.00 0.9241 0.0609 0.0556

82.00 1.1104 0.0599 0.0686

86.00 1.2185 0.0635 0.0821

90.00 1.2426 0.0753 0.0761

94.00 1.3347 0.0689 0.0654

98.00 1.4305 0.0841 0.1260

102.0 1.4465 0.0887 0.1298

106.0 1.3691 0.0923 0.1248

110.0 1.4438 0.0879 0.1044

114.0 1.4801 0.1038 0.1194

118.0 1.4224 0.0983 0.1876

122.0 1.3406 0.1075 0.1183

126.0 1.4306 0.1707 0.1561

130.0 1.3283 0.1895 0.1368

134.0 1.5228 0.1890 0.2007
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state was calculated with the Woods-Saxon-type potential of
the same parametrization. To avoid any confusion, “S” is
superscripted to the parameters, likeV0

S or W0
S, if it is for the

S-nucleus potential.

A. „p−,K+
… spectrum on Si

We made a shape analysis of thesp−,K+d spectrum on Si,
where the measured spectrum was fitted by the calculated
ones for variousS-nucleus potentials with the magnitude of
each spectrum being a free parameter, as reported in Ref.
[26]. We made an improvement in the calculation from those
demonstrated in a previous report[26]; we took into account
a much higher angular momentum transfer, up to 21, in the
reaction, by which the magnitude of thesp−,K+d spectrum at
higher −BS− was increased. This caused a change in the fit-
ting result from that obtained in the previous report[26].
Figure 17 shows thesp−,K+d spectrum on Si fitted by the
calculated spectra. All of the data points(57 points) that
appear in the figure are employed for the fitting. The poten-
tial parameters used for the calculation are the same as those
in [26], as listed in the second column of Table X. TypicalV0

S

andW0
S dependences are shown in(a) and (b) in the figure.

The spectrum shape shifts to a higher-excited region with an
increase ofV0

S and is weakly dependent onW0
S. The slopes of

the calculated spectra with lowerV0
S just above −BS−=0 are

relatively steep and thus do not reproduce the measured one.
Particularly, the case of a shallow potential withsV0

S ,W0
Sd

=s−10 MeV,−10 MeVd, which was not excluded in the pre-
vious analysis in12C (stoppedK−, p+) [42], is hard to repro-
duce the measured spectrum. Figure 18 shows a contour plot
of the chi-square distribution. Here, the best-fit potential is
found to be sV0

S ,W0
Sd=s−110 MeV,−45 MeVd, where the

chi square over the number of degree of freedom is
x2/NDOF=29.48/56, However, a wide region ofV0

S andW0
S

is still not excluded with respect to the confidence level.
Therefore, the framework of the present theoretical analysis
only demonstrates that(1) a strongly repulsiveS-nucleus
potential is required to reproduce the whole measured spec-
trum in shape,(2) an attractive potential is hard to reproduce
the spectrum, and(3) the spectrum shape is not very sensi-
tive to the imaginary potential, although a deep
s,−45 MeVd one seems to be favored.

TABLE VI. (Continued.)

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

138.0 1.3421 0.1820 0.2400

142.0 1.2459 0.1937 0.0881

146.0 1.1056 0.2547 0.2580

150.0 1.1761 0.3156 0.3438

154.0 1.2218 0.5745 0.4022

158.0 0.6356 0.3673 0.2316

162.0 0.9136 0.4570 0.1678

166.0 0.4536 0.4538 0.2631

170.0 0.9689 0.7014 0.2788

TABLE VII. Inclusive sp−,K+d spectrum on In as a table. The
quoted values of −BS− are at the center of bins.

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

−50.0 0.0855 0.0353 0.0039

−46.0 0.0587 0.0281 0.0017

−42.0 0.0035 0.0143 0.0002

−38.0 0.0499 0.0248 0.0009

−34.0 0.0302 0.0226 0.0022

−30.0 0.0415 0.0202 0.0021

−26.0 0.0329 0.0194 0.0010

−22.0 0.0490 0.0216 0.0021

−18.0 0.0814 0.0258 0.0121

−14.0 0.0724 0.0233 0.0030

−10.0 0.0763 0.0233 0.0058

−6.00 0.0860 0.0234 0.0035

−2.00 0.0650 0.0224 0.0014

2.000 0.0865 0.0247 0.0109

6.000 0.0846 0.0224 0.0055

10.00 0.1312 0.0275 0.0176

14.00 0.1349 0.0235 0.0097

18.00 0.1546 0.0264 0.0168

22.00 0.1861 0.0258 0.0062

26.00 0.2204 0.0327 0.0097

30.00 0.2731 0.0356 0.0168

34.00 0.3003 0.0370 0.0062

38.00 0.3572 0.0412 0.0063

42.00 0.4032 0.0442 0.0213

46.00 0.3974 0.0416 0.0091

50.00 0.5141 0.0476 0.0212

54.00 0.6095 0.0521 0.0124

58.00 0.7018 0.0558 0.0187

62.00 0.6084 0.0516 0.0155

66.00 0.7704 0.0586 0.0261

70.00 0.8492 0.0645 0.0564

74.00 0.8939 0.0662 0.0524

78.00 0.9444 0.0669 0.0824

82.00 1.1461 0.0755 0.0635

86.00 1.2693 0.0829 0.1165

90.00 1.3236 0.0901 0.1501

94.00 1.3309 0.0924 0.1541

98.00 1.5872 0.1001 0.1706

102.0 1.6932 0.1170 0.1890

106.0 1.6785 0.1125 0.1613

110.0 1.7317 0.1204 0.1089

114.0 1.4510 0.1092 0.1941

118.0 1.8136 0.1322 0.1464

122.0 1.8225 0.1271 0.1276

126.0 1.7817 0.1504 0.1325

130.0 1.7700 0.1312 0.1613

134.0 1.4876 0.1593 0.3185
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Since the strength of the wave function outside the
nucleus plays an important role in the magnitude of the in-
clusive spectrum in the repulsiveS-nucleus potential, the
potential radius is expected to be sensitive to the spectrum
shape. Thus, we made another set of calculations with a ra-
dius parameter of c=3.82 fm and a depth ofV0=
−54.5 MeV in the initial Si potential, as listed in the third
column of Table X. The parameterc=3.82 fm was chosen to
be c<1.26A1/3, which is close to the usually quoted radius
parameter of the optical model. Fitted spectra are shown in
typical cases ofV0

S and W0
S in Fig. 19. Figure 20 shows a

contour plot of the chi-square distribution. In this case, the
best-fit potential is found to besV0

S ,W0
Sd=s−90 MeV,

−40 MeVd, wherex2/NDOF= 27.33 /56. In Fig. 20, a good
chi-square region becomes lower in theV0

S axis, compared
with Fig. 18. With this choice of potential parameters, we
again demonstrate that a repulsive potential is required to
reproduce the measured spectrum in shape, while an attrac-
tive potential is still hard to reproduce the spectrum. The
spectrum shape is weakly sensitive toW0

S. However, this
result suggests that the choice of the potential radius param-
eter causes a systematic shift of the favored region inV0

S and
W0

S.

B. Ni, In, and Bi

The fitting result in Si was applied to the other heavier
targets. Figure 21 shows the calculated spectra with
sV0

S ,W0
Sd=s90 MeV,−40 MeVd fitted to the measured ones

in Ni, In, and Bi. The other potential parameters are listed in
Table X. The magnitude of the spectrum is arbitrarily ad-
justed, and all of the plotted data points in the figures were
employed for the fitting. The values ofx2/NDOF in Ni, In,
and Bi are 54.65/52, 33.51/53, and 37.55/48, respectively.
The results show that the calculated spectra do not contradict
the measured ones. We also applied a chi square test, as was
done for Si. The fitting results show rather more repulsive
potentials at the best chi square. However, it is unclear if the
measured spectra maintain a sufficient sensitivity for a very
repulsive potential greater thanV0

S,130 MeV or so, since
the data quality may decrease above −BS,130 MeV due to
the limited acceptance of the spectrometer, as discussed in
Sec. V. It is not very meaningful to discuss the importance of

TABLE VII. (Continued.)

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

138.0 1.6231 0.1696 0.2132

142.0 1.8433 0.2599 0.2551

146.0 1.4337 0.2636 0.1433

150.0 1.1025 0.2401 0.4085

154.0 2.1866 0.5857 0.3323

158.0 1.4880 0.5633 0.2154

162.0 1.4392 0.7206 0.5350

166.0 3.8892 2.8229 0.9892

170.0 0.9020 0.2712 0.2883

TABLE VIII. Inclusive sp−,K+d spectrum on Bi as a table. The
quoted values of −BS− are at the center of bins.

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

−50.0 0.0317 0.0257 0.0318

−46.0 0.0692 0.0383 0.0120

−42.0 0.0440 0.0260 0.0010

−38.0 0.0262 0.0214 0.0005

−34.0 0.0409 0.0300 0.0002

−30.0 0.0353 0.0195 0.0009

−26.0 0.0817 0.0339 0.0017

−22.0 0.0511 0.0238 0.0129

−18.0 0.0733 0.0295 0.0011

−14.0 0.0787 0.0256 0.0021

−10.0 0.0696 0.0236 0.0291

−6.00 0.0899 0.0317 0.0154

−2.00 0.0698 0.0247 0.0032

2.000 0.0680 0.0243 0.0086

6.000 0.1402 0.0296 0.0030

10.00 0.1323 0.0283 0.0029

14.00 0.1472 0.0292 0.0108

18.00 0.1893 0.0325 0.0033

22.00 0.2246 0.0385 0.0187

26.00 0.2397 0.0381 0.0112

30.00 0.2858 0.0397 0.0050

34.00 0.3895 0.0473 0.0114

38.00 0.4681 0.0538 0.0214

42.00 0.4490 0.0521 0.0250

46.00 0.5479 0.0567 0.0312

50.00 0.5748 0.0595 0.0378

54.00 0.6558 0.0635 0.0258

58.00 0.6803 0.0660 0.0222

62.00 0.9564 0.0791 0.0756

66.00 0.9413 0.0802 0.1025

70.00 1.0287 0.0865 0.0360

74.00 1.0385 0.0868 0.0627

78.00 1.3791 0.1059 0.1103

82.00 1.3769 0.1088 0.1643

86.00 1.4988 0.1157 0.1420

90.00 1.7458 0.1318 0.2109

94.00 1.6178 0.1326 0.2023

98.00 2.1074 0.1728 0.2810

102.0 2.1719 0.1984 0.1371

106.0 2.1885 0.2283 0.3826

110.0 1.6772 0.1956 0.4280

114.0 2.1402 0.1992 0.2697

118.0 2.2187 0.2057 0.0944

122.0 2.1832 0.2111 0.1191

126.0 2.3295 0.2213 0.2073

130.0 2.1486 0.2420 0.4238

134.0 2.7211 0.2151 0.5652
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the better chi squares compared to those obtained in cases of
sV0

S ,W0
Sd=s−90 MeV,−40 MeVd because thex2 test only

checks the inconsistency of the model. Therefore, we only
demonstrate here that the repulsive potential obtained from
the fitting analysis in Si is also applicable to the cases of Ni,
In, and Bi.

C. „p+,K+
… spectrum on C

We also applied the above-mentioned formalism to the
inclusivesp+,K+d spectrum on12C at the same incident pion
momentum of 1.2 GeV/c. In this case, the spectrum is domi-
nated by the quasifreeL production. Since theL-nucleus
potential is well known, it is a good test to check if this
formalism is applicable or not. Thesp+,K+d spectrum on12C
is plotted together with the calculated spectra in Fig. 22. The
potential parameters used for the calculation are summarized
in Table XI. The depth of theL-nucleus potential was taken
to be V0

L=−30 MeV (solid line). The spectrum forV0
L

=0 MeV was also calculated for a comparison(dashed line).
Many lambda hypernuclear states exist at around the lambda
binding threshold and form a complicated structure in the
spectral shape. More careful calculations on the relevant
wave functions of the states, the width of the states, Gaussian
convolution to simulate the experimental resolution(Lorent-
zian convolution in the present framework), and so on would
be required to reproduce the spectrum much better in this
region. Fractions of theS0,+ productions contribute to the

spectrum above −BL,80 MeV. For this reason, we avoided
to apply thex2-fitting test. The measured spectrum is thus
overlaid with the calculated ones, where the magnitudes of
which are arbitrarily adjusted by eye. The solid line repro-
duces the gross feature of the spectrum over a wide range of
the L-binding energy.

VII. DISCUSSION

The measured spectra are characterized by gradually in-
creasing the cross section along with an increase of −BS− and
the yield maximum at around −BS− as high as 120 MeV, as
mentioned in Sec. V. Within the present framework of the
calculation, we obtain a repulsiveS-nucleus potential to re-
produce the measured spectra. A repulsive potential reduces
the cross section at around theS−-binding threshold and
shifts the yield to a higher −BS− region. In the present analy-
sis, we took into account only the leading term in the inclu-
sive sp−,K+d reaction. One can consider a multiple-
scattering (multistep) process in the p− incident, K+

FIG. 9. Inclusivesp−,K+d spectrum on Si with three settings of
the SKS current and with statistical errors only. The scattered kaon
momentum is also depicted in the top of the figure.

FIG. 10. Si spectrum obtained as a weighted average from three
spectra measured with three SKS current settings. The quoted errors
are both statistical and systematic, where the boundaries of the sta-
tistical errors are shown by arms and the systematic errors are
drawn beyond the statistical errors.

FIG. 11. Inclusivesp−,K+d spectrum on C from the CH2 data.
See the text for details.

TABLE VIII. (Continued.)

−BS−

(MeV)
s̄4°–8°

smb/sr/MeVd
Statistical

errors
Systematic

errors

138.0 1.9433 0.3171 0.4770

142.0 2.0725 0.3910 0.3771

146.0 2.0192 0.6665 0.4241

150.0 2.3897 0.8487 0.2567

154.0 1.8168 0.7440 1.4051
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TABLE IX. Ratio of the cross section for each target as com-
pared to the cross section on Si at an energy region of 0,
−BS−,90 MeV. The quoted errors are statistical.

Data Ratio

C 0.81±0.15

Si 1.0

Ni 1.16±0.07

In 1.26±0.09

Bi 1.49±0.12

FIG. 12. Inclusivesp−,K+d spectrum on Ni.

FIG. 13. Inclusivesp−,K+d spectrum on In.

FIG. 14. Inclusivesp−,K+d spectrum on Bi.

FIG. 15. Comparison of all the inclusivesp−,K+d spectra on
each target taken with an SKS current setting of 272 A. The quoted
errors are statistical only ones.

FIG. 16. Mass-number dependence of the cross section com-
pared with the eikonal approximation. The quoted errors are only
statistical ones.
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production reaction, which is expected to increase the yield
at a higher −BS−. Although the effect of this multistep pro-
cess is open for future studies, it might reduce the size of the
repulsive potential to fit the measured spectra.

If the S-nucleus potential is repulsive, it is natural to in-
terpret the yields in theS-bound region are due to a nonzero
size of the imaginary potential, since these yields are beyond
those expected from the Coulomb potential and those mixed
by smearing with the experimental resolution. It is suggested
that the imaginary potential is estimated to beW0

S,
−12 MeV or more by the standard expressionW0

S,G /2,
−vsavrps0d /2, wheresvsavd denotes the Fermi averaging of
the product of the relative velocity inSN and the SN
→LN conversion cross section, andrps0d is the proton den-
sity at the nuclear center[30]. This estimation is rather good
for a low-energySN interaction. For a higher-momentum
SN interaction, as is expected in a large momentum-transfer

reactionsp−,K+d the imaginary potential may be deeper ac-
cording to theoretical estimations[31,32], although this
statement is still unclear, since the experimental data on the
SN→LN cross section are limited at a higher momentum
region.

Several sets of the hyperon-nucleon potential, based on
the one-boson-exchange model, have been reported from the
Nijmegen group[29]. There have been several attempts to
calculate theS potential in nuclei and/or in nuclear matter
using this two-body potential. Most of them gave rather at-
tractiveS potentials[31,33–36], but those with the Nijmegen
model-F(NF) potential gave repulsiveS-nucleus potentials
[34,35]. The size of the repulsive potential was estimated to
be +3.6−8.1i MeV in nuclear matter by using NF[35]. They
have reported theS-nucleus folding potentials in28Si-S,

FIG. 17. Inclusivesp−,K+d spectrum on Si fitted by the calcu-
lated spectra. TypicalV0

S andW0
S dependences are shown in(a) and

(b). Curves in(a) are forV0
S=10–150 MeV every 20 MeV fixing at

W0
S=−45 MeV except for the case ofsV0

S ,W0
Sd=s−10 MeV,

−10 MeVd. Curves in (b) are for W0
S=−55 to −15 MeV every

10 MeV fixing atV0
S=110 MeV. The potential parameters used for

the calculation are listed in the second column of Table X.

TABLE X. Potential parameters used for the DWIA calculation
on thesp−,K+d reaction.

Parameter\target 28Si 58Ni 115In 209Bi

US
a

V0 (MeV) −10 to +150 +90

W0 (MeV) −60 to −10 −40

VSO (MeV) 0

c (fm)b 3.3 4.23 5.33 6.52

z (fm) 0.67

UT
c

V0 (MeV)d −49.6 −54.4 −51.6 −51.4 −55.5

W0 (MeV) 0

VSO (MeV) 7

c (fm)d 4.09 3.82 4.95 6.24 7.42

z (fm)ea 0.536 0.517 0.563 0.468

aS-nucleus potential.
bc=1.13 sA−1d1/3.
cProton single-particle potential of the initial nucleus.
dThese are adjusted to reproduce the proton separation energy[27]
and nuclear radiuskr2l1/2 [28]. For Si, a smaller potential radius
taken to be 3.82 fm was also calculated for comparison.
eTaken from[28].

FIG. 18. Chi-square distribution inV0
S andW0

S for Si. The po-
tential parameters used for the calculation are listed in the second
column of Table X.
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based on the Nijmegen model-D(ND), F, and Softcore
(NSC) YN potentials[35]. Among them, the ND-based po-
tential is the most attractive, and the NSC-based one is
weakly attractive. The NF-based potential has a repulsive
core with a height,30 MeV and an attractive pocket at the
nuclear surface. The sizes of the imaginary potentials for
ND, NF, and NSC areW0

S,−3.5 MeV, −7.4 MeV, and
−15 MeV. The S-nucleus potential suggested from the
present measurement and the fitting analysis is more repul-
sive than those based on ND, NF, and NSC. AS single-
particle potential has also been calculated[32] using the
quark-model-based hyperon-nucleon interaction, model FSS
proposed by the Kyoto-Niigata group[37]. The S potential
turns out to be 20.4 MeV repulsive, since theSNsI =3/2d 3S1
state shows a strongly repulsive nature due to the Pauli-
exclusion effect between the quarks.

A repulsiveS-nucleus potential has been derived so as to
reproduce theS−-atomic x-ray data by employing a phenom-

enological density-dependent(DD) potential [38,39] or the
relativistic mean-field(RMF) theory [39]. The DD potential
shows a strongly repulsive core having a height of,95 MeV
at the nuclear center with a shallow attractive tail outside of
the nucleus; the imaginary potential is as deep asW0

S,
−35 MeV. The RMF approach was used to construct a
Schrödinger-equivalentS-nucleus potential from the scalar
(attractive) and vector(repulsive) Dirac potentials, while fit-
ting the experimentalS−-atomic x-ray shift and width. This
approach shows a change of theS-nucleus potential from
attractive to repulsive in the nuclear interior along with an
increase ofav from 1/3 to 1, whereav is the vector-meson
coupling ratio. The fitting is better whenav increases. In the
case of Si, the real and imaginary potentials are, respectively,
about 30–40 MeV and as deep as 40 MeV in the nuclear
interior. The S-nucleus potential derived by fitting the
S−-atomic data seems qualitatively close to that obtained
from the present analysis of thesp−,K+d spectra. However,
the calculated Sisp−,K+d spectrum with the DD potential
within the present framework did not fit the measured spec-
trum very well, as shown in Fig. 23. This does not show that
the volume of the DD potential is strongly repulsive. Since
the x-ray data suggest an attractive potential in the atomic
orbital region, the present Woods-Saxon-type repulsive po-
tential does not reproduce the x-ray data. Therefore, further
studies of theS-nucleus potential would be required to ex-
plain the present measurements and the x-ray data, where
more careful choices of the nuclear andS-nuclear radii and
the figure of theS-nucleus potential at the nuclear surface
and outside the nucleus would be necessary.

The hyperon constituents of neutron star cores are closely
related to the hyperon single-particle potential in dense
nuclear matter and hence are discussed based on the results
from hypernuclear studies[13,15,36,40]. However, discus-
sions concerning hyperons other thanL are ambiguous, par-
ticularly for S, because the interactions of the hyperon to
nucleon and other hyperons are not well established. TheS−

appearance in dense neutron matter is sometimes discussed
based on an attractiveS-nucleus potential in nuclear matter
of normal density[13,15,40]. On the other hand, the hyperon
mixing in dense neutron matter is discussed based on the
repulsive S-nucleus potential derived from theS−-atomic

FIG. 19. Same as Fig. 17, but the curves in(a) are for V0
S

=10–150 MeV every 20 MeV fixing atW0
S=−40 MeV, except for

the case ofsV0
S ,W0

Sd=s−10 MeV,−10 MeVd. Curves in(b) are for
W0

S=−60 to −10 MeV every 10 MeV fixing atV0
S=90 MeV. The

potential parameters used for the calculation are listed in the third
column of Table X.

FIG. 20. Same as Fig. 18, but the potential parameters used for
the calculation are listed in the third column of Table X.
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x-ray data in[13]. In this regard, the repulsiveS-nucleus
potential from the present result should be taken into account
for discussing the hyperon dynamics in neutron-star cores.

VIII. SUMMARY AND CONCLUSIONS

In the present experiment, we measured the inclusive
sp−,K+d, spectra for the first time on several medium-to-
heavy nuclear targets(C, Si, Ni, In, and Bi) with reasonable
statistics. The calibration of the horizontal axissBS−d was
done successfully with a precision of better than ±0.1 MeV;
also the angular distribution of the measured elementary
cross section well reproduced previous bubble-chamber data,
indicating a reliability of the measured cross section. The
energy resolution was obtained to be 3.31±0.33 MeV
(FWHM). All spectra show a similarity in shape, at least at
an energy region of 0,−BS−,90 MeV; also the mass-

number dependence of the cross section was found to be
rather weaker than that from the eikonal approximation.

We performed a DWIA calculation of the inclusive
sp−,K+d spectra on Si, Ni, In, and Bi, for various depths
(heights) of the Woods-Saxon-type, one-bodyS-nucleus po-
tential and compared it with the measured ones concerning
the shape. The present analysis demonstrated that a repulsive
S-nucleus potential having a nonzero size of the imaginary
part is required to reproduce the observed spectra. However,
further studies on theS-nucleus potential, particularly
choices of the nuclear andS-nuclear radii and the details of
the potential shape at the nuclear surface and outside the
nucleus, would be required in order to explain both the
present measurements and the x-ray data.

FIG. 21. Inclusivesp−,K+d spectra on Ni, In, and Bi fitted by
the calculated spectra withsV0

S ,W0
Sd=s90 MeV,−40 MeVd. The

other potential parameters used for the calculations are listed in the
fourth to the sixth columns of Table X.

FIG. 22. Inclusivesp+,K+d spectrum on C is shown. The solid
and dashed lines are calculated spectra withV0

L=−30 MeV and
0 MeV, respectively.

TABLE XI. Potential parameters used for the DWIA calculation
on thesp−,K+d reaction.

L-nucleus potential Initial C

UL UL
0 a UT

b

V0 (MeV) −30 0 −50.3c

W0 (MeV) 0d 0d 0e

VSO (MeV) 1 1 7

c (fm) 2.45f 2.45f 3.15c

z (fm) 0.6 0.6 0.51

aUL
0 was calculated for a comparison.

bNeutron single-particle potential of the initial nucleus(C).
cThese are adjusted to reproduce the neutron separation energy
s18.731 MeVd [27] and nuclear radiuskr2l1/2=2.454 fm[28].
dA constant value of −1.5 MeV was added to the imaginary poten-
tial to simulate the experimental energy resolution.
eA constant value of −6 MeV was added to the imaginary potential
for the s-nucleon hole state.
fc=1.13 sA−1d1/3.
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APPENDIX: DWIA CALCULATION FORMALISM

A distorted-wave impulse approximation has often been
used to evaluate the cross sections of the hypernuclear states
in sK−,p±d, sp+,K+d, and others. The Morimatsu-Yazaki for-
malism has been successfully applied to an analysis of the
sK−,p±d spectra in helium[41] and carbon[42]. It has also
been applied to thesp−,K+d reaction. The cross section of
the inclusive reaction can be written as

d2s

dVdE
= bS ds

dVel
DSsEd, sA1d

where b is the kinematical factor for a coordinate transfer
from a two-body system to a many-body system[45], and
ds /dVel represents the averaged differential cross section of
the elementary reaction. Here, the elementary cross section

fds /dVss,VKdg is averaged over the momentum of a proton
skd moving in the target nucleus with a weight of the mo-
mentum distributionfrskdg, written as

ds

dVel
sEd =

E rskd
ds

dV
ss,VKddsk − Pddk

E rskddsk − Pddk

, sA2d

P = kK+ + kS − kp−. sA3d

The delta function is required for energy-momentum conser-
vation in the elementary reaction. Relevant particles are
treated on mass shell, and the possiblek is given bykp− and
kK+ atEs−BS−d. As a result,ds /dVel depends onE. Figure 24
shows calculatedds /dVel as a function of −BS− in Si. In this
calculation, the elementarysp−,K+d reaction cross section
ds /dVss,VKd was taken from Refs.[25,43], wheres is the
Mandelstam variable. The momentum distribution of a
bound nucleonrskd was given by the single-particle wave
function of the hole state. For the elementarysp+,K+d reac-
tion, ds /dVss,VKd was calculated by using the parameters
obtained from the partial wave analysis[44]. The obtained
ds /dVel in Fig. 24 reflects the fact that the elementary
sp−,K+d cross section increases whens is smaller at a
forward-scattering angle in the laboratory frame. This energy
dependence is important to explain the spectrum shape. Par-
ticularly, thesp+,K+d spectrum shape cannot be reproduced
without taking this energy dependence into account.

The strength functionfSsEdg is written as

SsEd = −
1

p
Im o

aa8
E drdr8fa

†srdGaa8sE;r8,rdfa8sr8d,

sA4d

fasrd = xs−d*sRdxs+dsRdkaucNsrduil, sA5d

FIG. 23. Inclusivesp−,K+d spectrum on Si fitted by the calcu-
lated spectrum with the DD potential.

FIG. 24. Fermi-averaged elementarypsp−,K+dS− cross section
ds /dVel, as a function of −BS− in Si.
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R = sMc/Mhydr . sA6d

Here, fa is the form factor characterized by the distorted
waves of the incident and outgoing particles(xs+d and xs−d)
and the nucleon-hole statefkaucNsrduilg. The recoil effect of
the residual nucleus is taken into consideration in Eq.(A6).
The response function can be described by means of the
Green’s function[cf Eq. (2.2) in Ref. [46]]. Here, we assume
the Woods-Saxon-type one-bodyS-nucleus potential
fUSsrd=V0

Ssrd+ iW0
Ssrdg. Then, the Green’s functionsGd be-

comes diagonal and is a solution of

fE + "2/s2mdD − UsrdgGsE;r8,rd = − dsr8 − rd, sA7d

Usrd = USsrd + UCsrd, sA8d

wherem is the reduced mass andUC represents the Coulomb
potential. Then, neglecting the off-diagonal couplings, the
partial wave decomposition ofSsEd can be expressed as

SsEd = o
JM

o
lY,jY

o
nN,lN,jN

Ws jN,JY,JdSlYjY,nNlNjN
JM sEd, sA9d

where

Ws jN,JY,Jd = s2jN + 1dS jN
1

2
J0u jY

1

2
D2

sA10d

for the closed shell and

SlYjY,nNlNjN
JM sEd = −

1

p
E drdr8r2r82f j̃ JM

* spp,pK,uK,rdfnNlNjN
* srd

3 GlYjY,nNlNjN
J sE;r8,rd j̃ JMspp,pK,uK,r8d

3fnNlNjN
sr8dg. sA11d

Here,fnNlNjN
represents a radial wave function of a nucleon-

hole state, andj̃ JM is defined by the partial-wave decompo-
sition of the distorted waves, written as

xs−d*spK,Rdxs+dspp,Rd = o
JM

j̃JMspp,pK,uK,rdYJ
MsVd.

sA12d

The partial-wave decomposition of the Green’s function,
GJ;GlYjY,nNlNjN

J , is a solution of the following equation:

F "2

2m
S d2

dr2 +
2

r

d

dr
−

,s, + 1d
r2 D + E − UsrdGGJsE;r8,rd

= −
1

r2dsr8 − rd, sA13d

whereGJ is generally expressed as

GJ = Ay1sr,dy2sr.d. sA14d

Here,y1 andy2 are the regular and outgoing solutions of the
differential equation, the left-hand side of Eq.(A13) equals
0, andr,sr.d means the smaller(larger) one ofr andr8. The
factor A is normalized so as to satisfyAsy2y18−y1y28d
=s2md / s"rd2.

Distorted waves of the pion and kaon were calculated
using the eikonal approximation, assumingsp−N=35 mb and
sK+N=14 mb [47]. As described in Ref.[47], we calculated
the effective nucleon numbersNeffd as

Neff =E Deffsrddr, sA15d

Deffsrd =E rsrduxs−d*spK,Rdu2uxs+dspp,Rdu2r2dV,

sA16d

wherersrd represents the nucleon density distribution. Fig-
ure 25 shows calculated radial distributions of the effective
proton numbersfDeffsrdg of the sp−,K+d reactions on C, Si,
Ni, In, and Bi. This figure indicates how much thesp−,K+d
reaction penetrates into the nuclear interior. The distortion
reduces the magnitude of the spectrum. As described in Sec.
V, the measured distortion seems to be stronger than that
expected from the eikonal approximation. The absolute
strength of the distortion is still unclear. The strength of the
distortion does not affect the spectrum shape very much.
Thus, the magnitude of the spectrum is arbitrarily adjusted
with a free parameter in the present spectrum shape analysis.

FIG. 25. Calculated radial distributions of the effective proton
numbersfDeffsrdg of the sp−,K+d reactions on C, Si, Ni, In, and Bi.
Solid (smaller one), dot-dashed, dotted, dashed, and solid(larger
one) curves are those for C, Si, Ni, In, and Bi, respectively. Arrows
indicate positions of the nuclear radii.
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