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Abstract 

The double strangeness exchange, (1(-, J(+), reaction has been investigated with a 
scintillating ftber active target at PK- = 1.66 GeV/ c. The differential cross sections of 
the two step processes involving a pair of hyperons( A or ~) and the subthreshold pro­
duction of scalar and vector meson, fo/aof¢, in the (li·-, J(+) reaction on 12 C' have been 
measured for PK+ = O.G - 1.3 Gc VI c. The differential cross sections(< deY I dilL >) of 
the 12C(K-, !{+).tu\X and 12 C'(J{-, K+)c\l:X reactions are 17 ± 1 and 2.3 ± 1.0 Jtblsr, 
respectively. The upper limit of that for the 12C(J{-, f\+)I:~X reaction has been ob­
tained to be 0.17 pbjsr at 90% confidence level. The differential cross section for the 
subthreshold scalar and vector meson production is 11 ± 6 pb/sr at 600 :; p1\·+ < 950 
\JeVjc. These experimental results lead us to a conclusion that the two-step processes 
accompanying two hyperon states give a considerably larger contribution t.o the(/\--, J-(+) 
reaction, while the subthreshold f 0 /a.ofqJ meson productions give much less contribution 
than the theoretical calculation by C.Gobbi, C.R.Dover, and A.Ga.l. 
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1 INTRODUCTION 

The (I{-,](+) reaction on nuclei has, recently, attracted much attention, since it was sug­

gested to be an efficient channel to produce both the H dibaryon and double strangeness nuclei 

such as::: and AA hypernuclei [1, 2, 3]. Several experiments have been carried out to search 

for the II dibaryon and the double strangeness nuclei through the (K-, J(+) reactions at the 

incident ]{- momenta from 1.65 to 1.8 GeV I c [4, 5, 6, 7, 8]. The H dibaryon was searched 

for by the (K-, ](+)reactions on 3 He (BNL-E836)[4], nuclear emulsion (KEK-E176)[5], and 

a scintillating fiber active target (KEK-E224)[6]. The evidence of the H dibaryon was, so far. 

not observed by these experiments. On the other hand, the production of double A hypernu­

clei by the (K-, J(+) reaction on the emulsion nuclei was reported as well as those produced 

following the stopping:::- in the emulsion [9, 10]. In order to extend such studies, it is quite 

important to understand the mechanism of the (K-, J(+) reaction on nuclei. The (K-, J(+) 

reaction is also of considerable intrinsic interest in the field of nuclear reaction since it is a 

double charge and strangeness exchange reaction. 

The elementary reactions such as K-p -> ](+:=- and g-p ---> ](+:=•- were studied 

by many experiments with hydrogen bubble chambers long time ago [11]. The (K-, g+) 

reaction on nuclei was also observed with a heavy liquid bubble chamber at PI.;- = 2.1 

GeV I c [12]. However, the statistics was too limited for the study of the reaction mechanism 

and the emphasis was laid on the resonance search in the AA and :::-p invariant mass spectra. 

Recently, Iijima et a!. have measured the cross sections of (I(-,[(+) reactions on nuclear 

targets, C, AI, Cu, Ag and Pb, at PI.;- = 1.65 GeV I cas a function of the J(+ momentum 

[13]. For all the nuclear targets, the ](+ momentum spectrum was characterized by a peak 

at PI.;+ = 1.1 GeV lc and a large bump in the low momentum region from 0.6 to 0.8 GeV lc, 
each corresponding kinematically to the quasifree :::- and:::·- productions, respectively. The 

cross section for the peak was well reproduced by the DWIA calculation for the quasifree :=­

production for all the nuclei. However, the cross section for the bump was a factor of 4 ~ 6 

larger than the DWIA calculation for the quasifree :::·- production. It raised a puzzling 

question. 

Iijima et a!. proposed that the excess of the cross sections could be largely due to the 

contribution of two step processes such as the processes of r. N __, Y J(+ following the single 

strangeness exchange reaction, 1(-p---+ 1rY, where Y denotes A or ~- Ho\vevcr, recently 

Gobbi et a!. claimed against the dominance of two-step processes at low ](+ momenta, 

and suggested the scalar(/0 (975) and a 0 (980)) and vector mesons(¢(1020)), were abundantly 
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produced in the first order process, K-p ___, f 0 A, a0 A, and ¢A, subsequently followed in part 

by the](- J(+ decay [14]. It must be noticed that the scalar and vector mesons are produced 

in the subthreshold energy and the internal nuclear momentum distribution is a crucial point 

in the evaluation of the cross sections. Moreover, no experimental result for the K-p---> l\.¢ 

reaction is available from the threshold morn en turn( 1. 76 Ge VIc) to 1.9.5 Ge VIc, and the 

J(-p ---> foAiaol\. reactions and the branching ratio of ao(980) ~ J{- J(+ are not clearly 

known so far. 

More recently, a new theoretical calculation has been performed to investigate the (I(-, J(+) 

reactions on nuclear targets at PK- = 1.6.5 GeV I c. Based on the Intra-l\'uclear-Cascade(INC) 

model, N ara et al. reproduced the J(+ momentum spectra [15]. The INC model calculation 

included all possible species of meson and hyperon families within the kinematically allowed 

regions for the two-step processes. The results of the INC model calculation showed the 

scalar and vector meson productions were roughly a factor of two smaller than the Gobbi et 

al. 's result. 

We have carried out an experiment to observe the (K-, J{+) reaction on a scintillating 

ftber(SCIFI) active target by using 1.66 GeV lc J(- beam. The primary motive of the ex­

periment was to search for the H dibaryon through direct process, K-(pp)---> H J(+ [16] and 

atomic capture process,(=, C)atom --->fiX [6]. At the same time, we could study the detail of 

the (1{-, J(+) reaction on carbon by using the visual information from the SCIFI target. The 

SCIFI target acts as both interaction target and track detector, and provides a photon image 

of charged particle tracks around the (K-, J(+) reaction vertices. It has an advantage over 

a bubble chamber on the achievable statistics since it is a high rate and triggerable detector, 

and the data can be easily analyzed by a computer. Compared to the emulsion, the target 

composition is simple(CH) and the A production can be easily identified, which is essential 

to study the reaction channels with l\. production. 

In this paper, we describe the results of the SCIFI data analysis of more than 2000 events 

for the (I(-,](+) reaction in the wide range of J(+ momentum in order to study its reaction 

mechanism. We present the cross section of J0 , ao and¢ meson productions in the subthresh­

old energy, as well as those of the two-step processes with respect to the final hyperon states, 

12C(K-, ](+ )AAX, 12C(K- ,J(+)M;- X, and 12 C(K-, J(+)z:+z;- X reactions at PI.:- = 1.66 

Ge VI c. We discuss the =·- production off carbon nuclei as well. 
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2 EXPERIMENT 

The experiment was carried out by using a separated ](- beam at the KEK proton 

synchrotron. The experimental setup is shown in Fig. 1. The typical K- j-JC- ratio of the 

beam was 1/4 at the intensity of 2 X 104 ](-/spill ( ~ 2 sec). The central momentum of the 

g- beam was 1.66 GeV /c with a spread of 0.06 C:cV/c(F\VHi\1). 'llw incident A·-·s were 

identified with an aerogel Cherenkov detector(IlAC). Combined with the time-of-flight(TOF) 

informa.tion(T2-TL D.t = 85 psec[rrns]), the conta.n1ina.tion of Tt- and p \\:as reduced to less 

than 0.01 %. 'l'he beam momentum \Vas measured by using a 5 set of multi\virc proportional 

charnbers(BPCl-5) with the resolution of 6.P/ I'= 0.5%(rms) [18]. 

Identification of outgoing J(+:s was achieved by momentum and velocity measurements 

in the spectrometer. Partic1e trajectories, through a dipole magnet \Vith the maximum field of 

1.1 Tesla, were measured by 3 sets of drift chambers, llCl, DC2 and DC3. A hodoscopc(CH) 

of 12 plastic scintilla tors was placed before the magnet and a TOF hodoscope(FTOF) corn­

posed of 24 plastic scintillators was located 5 m downstream the SCIFI target. Time-of-flight 

was measured with the FTOF hodoscope and the T2 scintillation counter, and overall time 

resolution of the TOF measurement was llO pscc(rms). The vertical bodoscope(YH) of 6 

plastic scintillators defined the geometrical acceptance of the spectromcteL which was about 

0.09 sr. The lucite(LC) and aerogel Cherenkov(SAC) detectors discriminated kaons from 

protons aml rc's. The refractive indices for LC and S\C were 1.59 and 1.0'1, respectively. 

The SCTFI target was made of scintillating fibers of 0.5rnrn square shape. It contained 

almost equal amounts of carbon and hydrogen atoms. As shown in Fig. 2. 200 flat sheets 1 

each made with \60 plastic fibers, were stacked to form a. H X 8 x lOcm" block. Each fiber 

sheet was laid alternately in X andY directions. i.e., transverse to the beam direction(Z). 

The SCIFI ta.rget was viewed by two sets of the image intensifier tube(IIT), which were 

arranged orthogonally( X andY). The spacing between adja.((~nt. fiber sheets ont of the target 

volume was reduced to match the 8 x 10cm2 target arca(XZ and YZ) of each direction to 

the effective photo-sensitive arca(8cm¢) of the IIT. Black aery! plates of :lOOftlll thick were 

inserted between the fiber sheets out of the target volume to prevent cross talks. Each set of 

IIT(Delft Pl'0040) had a cascade structure of three individual liT's. The second and third 

stage IIT's \Verc triggera.ble. An intensified photon image \Vas vic\ved \vith a CCD camera') 

and \Vas digitized b,v a flash ADC. The average number of detected photons for a minimun1 

ioni;:ing particle was about 0.55/Inm along the tra.ck for each direction. and the position 

resolution was about 290 ftm [19]. The SCIFI ta.rget was surrounded by a cvlindrical drift 
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chamber( CDC) and TOF counters(BTOF) to detect particles coming out ofthe SCIFI target. 

The details of this detector will be reported elsewhere [20]. 

Due to the read-out frequency ofthe CCD(30 Hz), a fast and efficient method was needed 

to reduce the trigger rate to a manageable level, about 20 events/spill. To accomplish this, 

the trigger system was divided into two stages. The first level trigger selected positively 

charged particles passing through the YH, which were discriminated from r.'s and protons 

by Cherenkov counters(SAC and LC). The coincidence of hit information between FTOF 

and CH enabled ns to determine the electric charge of outgoing particles as fast as to hold 

the image within 2.4 !LS decay time of the phosphor of the first stage IIT's. The second 

level trigger was made by fast electronics to calculate the masses of the scattered particles 

within 15 !LS, using TOF information obtained by a fast encoding TDC system(Lecroy TAC 

+ FERA ADC) and momenta determined by hit positions on the FTOF and the CH. The 

first level trigger signal gated the second stage liT's, while the second level trigger signal was 

applied to the last stage of liT's. The trigger efftciency for scattered J(+ was 93%. The total 

dead-time of the online data-taking was 20%. 

3 DATA ANALYSIS 

The tagged J(+ particles were again selectively discrirninated from 7r+'s and protons by 

off-line analysis. The momenta of particles \Vere reconstructed frorn hit information on drift 

chambers by means of the Runge-Kutta method. The momentum resolution (:::,.P/P) was 

0.5% ( nns) at 1.2 Ge V / c [6]. The J(+ momentum and the missing mass spectra are shown 

in Fig.;3. The proton target was assu1ncd for the calculation of n1issing mass. Both spectra 

were obtained by selecting J(+ particles whose reconstructed mass ranges from 440 .\deV / c2 

to .550 MeV/ c2
. The background ratio of r.+ and proton to ](+ was estimated to be less than 

2 %. assuming the constant background. 

Totally 3117 events were eye-scanned to investigate the mechanisms of the ( ](~, K+) 

reactions. The scanning volume was gcmnetrically lirnitcd to the effective target volume 

viewed by the IIT-CCD n'ad-out system. The fiducial volume for the interaction point along 

the beam direction( Zvtx) was more tightly defined to make a reliable event selection. It 

cm·cred the region of -50rnrn ::; Zvtx :s; +36rnrn at the center of th€ SCIFI target. Out of 

:3147 events, 2148 events were identified as the interaction events within the fiducial volume. 

The number of events at high J(+ momenta ( PK+ :;> 950 MeV/ c) was 1355, while that 

at low ](+ momenta was 79:3. \Ne categorized all of 2148 interaction events with respect 
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to their event topologies, such as numbers of charged prongs, kinks and A's. They were 

globally divided into .5 groups, D, Y, I, K, and X-types. The schematic drawings of the event 

topologies are shown in Fig. 4. 

Both D and Y-types have their subsets of DV and YV-type, respectively, concerning 

visible A decays. The DV-type is defined as the event topology in which :=o-(or others) 

decays into A and 1r-, and the A decays visibly. If the i\ comes from a kink point, the DV· 

type event was further studied for the ::0* --+ :=o-7ro channel at low J(+ momenta. However, 

if the A decay point is not matched to the kink point but to the ](- interaction vertex, the 

A should be independently produced via a multi-step process. The D-type is the parent set 

of the DV-type, and also contains the events of which A decay is missing ( A escapes or 

decays into neutrals ). The definition of y. and YV-types is in the similar manner. The 

Y-type has only one additional prong which looks consistent with the 7r± or 1(-'s track, 

while the YV-type is, in particular, theY-type with a visible i\ decay. The I-type stands for 

the interaction of the :=o- particle. One charged prong comes out of the primary vertex, and 

stops within the scanning volume. It contains, however, the stopping protons which probably 

come from the nuclear evaporation of the 12C, as well as the stopping :=-•s. The K-type has 

no additional prong at the vertex. The ::0 nuclear absorption and the emission of neutral 

particles are plausible in the K-type. Finally, the X- type includes all the multi-prong( more 

than 2 prongs other than J(+ track) events which are largely due to the multi-step process 

inside carbon nuclei. 

The computerized eye-scanning system has minimized the error of a human-dependent 

pattern recognition. The (K-, ](+) event selection was assisted by chamber data. The 

chamber data were graphically guided to filter ghost tracks which were not associated with the 

(I-:-, J(+) reaction. Moreover, comparison between two projection views(XZ and YZ) enabled 

us most reliably to determine the positions of the interaction, decay, and stop points. Since 

the event topology was categorized simply with respect to numbers of charged prongs, kinks 

and A's, present analysis was not much sensitive to the human-dependent categorization. 

One-tenth of total data were doubly eye-scanned independently. The error of the human· 

dependent categorization was less than 6 %, and the difference of the position measurements 

for the K- interaction vertex was 1 mm( rms) in the beam direction(Z). The error of the 

categorization was mainly due to the human dependence on identifying short tracks, which 

was corrected by the scanning efficiency in terms of the track length. The results of the 

categorization are shown in Table 1. 
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Table 1: Event topology of (I(-,](+) reactions 

Topology D ( DV) Y ( YV) I K X Total 
# of events( all) 787 (281) 479 (97) 316 293 273 2148 

# of events 
(Pr:+ <; 950 MeV/ c) 154 (35) 241 (62) 89 100 199 793 

3.1 Y-Type 

The K-p...., j 0 A,a0 A, and ¢A process belongs topologically to theY-type. The particle 

tracks of the](- beam and the fo/ao/¢--+ ](-](+decay makes theY-type event topology. If 

the j 0 fa 0 /¢ meson productions are predominantly ample at low](+ momenta, their](-](+ 

decay topologies should be observed in the photon images of the SCIFI target, despite of 

the narrow experimental acceptance plunging to zero below PK+ = 500 MeV /c. \Vhen a A 

decays visibly, the topology of the fo, a0 , and ¢meson productions is ambiguous only with 

the quasi free :=:*' production, where the :=:* resonance decays via =:* ------+ :=:0 11-, followed by 

:=::0 ~ Arc0 The other decay mode, :=:::-rc0 , resembles mostly the topology of the D-type, while 

a small portion of this mode involving a short:=::- hyperon may fall into the category, Y-type. 

These backgrounds due to the :=:: 0 and the short :=::- can be supressed by requiring a 

visible A decay. Since the average flight length of the :=::0 hyperon is 3.5 em long (CT=:o ce 8.71 

em) in the SCIFI target, the probability of a visible A decay (erA ce 7.89 em) from the 

::0° becomes small. Moreover, the backgrounds due to the :=::0 and the short :=::- are more 

efficiently suppressed by the additional criterion on the A decay, such that the decay proton 

should be stopped within the scanning volume. This is because A momentum for the j 0 fa0 /¢ 
production is rather higher than that for the backgrounds. In addition, the flight length of 

A for the f 0 /a0 /¢ production is potentially longer than that for the backgrounds, since the 

origin of A is different. 

The A masses were reconstructed from the decay angles of proton and ;r-, and the range 

of proton. The kinetic energy of the stopping proton was deduced from the empirical formula 

(inferred from the experimental data [19] ). To insure that none of e+e- pair is mis-identified 

for the A, we excluded the events if the tracks are curled in a scanning volume. The curled 

tracks are attributed to thee- e+ pair production from low energy gamma ray under a fringe 

field of about 30 gauss. Energetic e+e- pairs should escape from the scanning volume, which 
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could be originated from the r. 0 decay. Since we selected the A which decayed into p and 

11- \Vith the proton stopping inside the scanning volurne, those energetic c- e+ pairs \Vere 

excluded. 

The following selection criteria have been applied to select the J(- p ~ fo'\, a0 !\ and 9A 

reactions followed by fol a0 /¢ ~ ]{- J(+ decays. 

l. Ennts were required to have exactly a visible!\ decay of which a decay proton should 

be stopped inside the scanning volume. 

2. Missing mass should be larger than 14.50 MeV I c2 to diminish the contributions of other 

processes rnore effectively. 

3. An opening angle between ](+ and the other charged prong at the primary vertex 

should be less than :30°. 

4. Reconstructed !\ mass with the primary vertex should be located within the tolerance 

window of I mA -1115.7 (MeVIc2
) I :S 60 (MeVIc2 )ILA, where LA is the flight length 

of A in mm, and the mass tolerance, 60 MeV I c2 , accounts for the systematic error due 

to the angular resolution, oe"' 5001 Rr (nnad) depending on the range of the stopping 

proton (Rp in mm ). 

The rationale behind this opening angle selection is that the OZI allowed decay¢- k I\ 

has very little phase-space available since the 6 mass ( 1020 MeV I c2
) is barely above I;: A. 

threshold. Hence, the J(+ ](- pair arc Lorentz-boosted towards the forward angles. ~'Ionte 

Carlo study indicates that the opening angles of the 1\- K+ pairs lie below :30° After 

imposing these selection criteria, 6 events remained at 600 :S Pr:+ < 950 ~IeV I c. A typical 

SCIFI image of the folaol¢ meson productions is shown in Fig.:; 

3.2 D-type 

The D-type events are largely populated at the :::- production region. while they are 

uniformly distributed at low J(+ momenta. Below the :::- production peak, the D-typc 

events have the two first- order processes. One is the J(-p - :::- J(+ off a bound nucleon 

inside a carbon nucleus, and the other is the ](-p ~:::·-[(+,followed by:::·-~ :::-,.o 
There is also a contribution of the two step process such as I\-p ~ ,+~-; 1r+n ~ ](+ :\. 

To resolve the contribution of the J(-p ~ :::*-](+,followed by:::*-~ :::-,.o, all DV-type 

events at. low J(+ momenta were investigated with a sirnilar selection criteria to the fo/ aof ¢ 
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production event ( condition ( 1) and ( 4) ). Instead of the opening angle criterion, the coplanar 

condition on :::- decay plane was imposed to reconstruct the :::-. The coplanarity angle, 7j; 

is defined as ,P = 90°- cos- 1 (k:o: x krr · kA), and should be less than 30°. In addition, the 

reconstructed:::- momenta should be larger than 300 MeV/ c. 

Out of 35 DV-type events, 14 events were identified as DV-type(stopping p) such that 

the A decayed into p and r.-, and the decay proton was stopped in the scanning volume. 

After imposing the above selection criteria, 7 events remained as candidate events for the 

process, K-p-+ :::*- J(+, followed by:::·--+ =:-r.0 . The other 7 events were in favor of the 

two-step process hypothesis since the reconstructed A masses were better matched with the 

primary interaction points than with the :::- decay vertices. Those events turned out to be 

3.3 Two i\ Events 

Analysis of events having two .~"\'splays a decisive role to figure out \vha.t kind of processes 

causes to make broad bump at low ](+ momenta. Two A's can be produced via the following 

two-step processes, 

7C 7C 

'f/ ( .\ ) 'I ( 
A 

) !\-- 1V _,. p 'VO p N~ h·+ :so 
~ 

0.) ~>< C) ~"' 

'f/ 77 

The two A events were further categori7,ed in Table 2, with respect to the number of additional 

charged prongs at the prirnary vertices. The rninirnurn length a.nd opening angle of decay 

particles were imposed to make a reliable selection of the A. Both decay particles should 

leave their tracks longer than 2(mm), and the opening angle should be larger than 3. oe, 
where bB is ,)OO(mrad)/L(mm), and Lis the flight length of the decay particle. A typical AA 

production event is shown in Fig. 6, 

I\o additional prong indicates that both A's came from the two-step processes accom­

panied with A or :E0 production in the first and second processes. I\vo events containing a 

single escape prong can be understood to produce 11 via a :E* hyperon in either first or second 
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Table 2: Number of charged prongs in 2 A events. 

# of prongs( event topology) O(K) 1-stop(I) 1-escape(Y) > 2(X) Total 
#of events (all) 14 11 2 1 28 

# of events (PK+ < 950 MeV I c) 7 7 2 1 17 

process. Rest of them carried one or more charged baryons, and are mainly due to nuclear 

evaporation of residual nuclei during the two-step process. 

4 RESULTS AND DISCUSSIONS 

The Monte Carlo method was utilized to reproduce the productions of the folaol¢ me­

son and the =* hyperon, which are followed by the subsequent decays, and the two step 

process producing two hyperons (S = -1). The beam was initially produced at the central 

momentum of 1.66 GeV I c, and was spread with the rms resolution of 21 MeV I c. The Monte 

Carlo simulation procedure included the detection efficiency of the](+ online with respect to 

the J(+ momentum, and the efficiency of the SCIFI target. The low momentum ](+ 's were 

largely suppressed by the online trigger. Since the E224 spectrometer and trigger system were 

designed to tag the high momentum J(+ particles which were accompanied with low energy 

=- 's. Therefore, two third of 700 MeV I c particles and one fifth of 600 MeV I c particles were 

triggered, while high momentum particles over 800 MeV I c were most eifectively accepted. 

The Monte Carlo simulation reproduces the momentum dependence of the experimental ac­

ceptance for J(+ particles with 5 % error on average at 600 :0: JlJU < 800 MeV I c ( ~ 1% 

error at 800 :0: }JJ{+ :0: 1300 MeV I c). 

In the target region, the geometrical fiducial volume is defined as the net volume made 

by the geometry of the target and the liT window, since the liT window did not cover the 

whole area of the target. In addition, the effective scanning volume was included to prevent 

from the ambiguity of event selection near the boundary of the geometrical fiducial volume. 

Due to the finite resolution of the SCIFI target, a very short track could not be resolved 

systematically. All the systematic factors scaling down the detection efficiency were included 

in the procedure of Monte Carlo simulation. To prove the reliability of the simulation, the 

response function of the SCIFI detector was examined for the K-p ~ ](+=-, followed by 

=- ~ A1r:-. The ratio of the number of visible i\ decays to the total number of the quasifrce 
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:::- productions is sensitive to both the geometry of the SCIFI target and scanning efficiency. 

The Monte Carlo simulation reproduced that 38% A's decayed visibly inside the scanning 

volume, being well consistent with the experimental data (39 ± 3 % ). 

The production cross section was evaluated by using the absolute cross section data of 

the previous experiment [13]. The angular distribution for the f{-p ~ ](+:=- reaction was 

inferred from the old data of the hydrogen bubble chamber experiment [11]. The differential 

cross section averaged over an angular interval, is given by 

(1) 

where Bmin is 2.3° and Bmax is 14.7°. The differential cross section averaged over the above 

angular interval, Uif
1 
)y/:_~~;~K+=:-, was deduced from the product of the effective proton 

number of the SCIFI target and the differential cross section averaged over the angular 

acceptance ( UifJ}{-p-K+=:- . (1 + z;ff) = 116 ± 13 flb/sr, where z;ff = 2.36 ) [13, 22]. 

The differential cross section averaged over the angular interval is given by 

~ y 
No ( ) , 

fJSFD 't] PI\+' BJ..;:+ SP · TJJ\+dec 
(2) 

where Y is the experimental yield, and TJSFD is the detection efficiency in the SCIFI target. 

The TJ(Pr.:+, Bg+ )sp indicates the experimental acceptance of the spectrometer, and TJJ-:+dcc 

accounts for the survival rate of the scattered](+ particle traveling up to the FTOF counter 

placed 5 m away from the target center. No is the normalization factor, which is given by 

Here, NiJ}c~~~~eV(c), is the experimental yield of(!\-, J(+) reaction above PI;+ = 950 YieV I c 

in the SCIFI target. The ratio of the :::- production to the (K-, J(+) reactions, R=:-, was 

0.81 ± 0.0:33 at high J(+ momenta ( 950 ~1eV j c <::: PI;+ <::: 1300 MeV I c ) [23]. The factor, 

(p>950MeV(a) I b b'l' ] 1 ~+ f ] ,. r+ 17=.-- , represents t te pro a 11ty t 1a.t i momenta o t 1e 1~ -p--.....,. 1'i. :=:- reaction 

lie above 950 MeV lc, and it was estimated to be 0.90. 

4.1 Scalar and vector meson production 

Despite of detecting all the charged final states, the folaolcP mesons could not be re~ 

constructed event by event, since all of them were produced off the bound protons moving 

inside carbon nuclei. Much attention to the estimation of the detection efficiency and back~ 

grounds was paid to obtain the cross section of the scalar and vector meson production. The 
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differential cross section of the fo/ a0 / rf> meson production was calculated as follows, 

No Y!l(stopping p)M(-K-K+) 

1)SFTJ · 1)(PK+, OJ,·+ )sp · T)J{tdcc 

where N1 denotes the fo, ao and ¢ mesons. The experimental yield, YA(stopping p)M( -F- 1,+), 

is the number of events, where the A decays visibly and a decayed proton stops within the 

scanning volume, and the f 0 ja 0 j,& mesons decay into K- ](+ The 1)SFD accounts for the 

scanning efficiency in finding a visible A decay \vith a stopping proton. The TfSFD \Vas 

estimated to be 11.5 % by the Monte Carlo simulation. In identifying A decay, the same 

selection criteria on the range of stopping proton and the opening angle between p and "­

decay particles were imposed as described in 3.3. The branching ratio of i\ __,. P"- (0.6:39) 

was included in the T)SFD [21]. Under the selection criteria described in 3.1, the background 

due to [{-p -----!- ::::o1i- ]{+ via the quasifree :=:*(15:15) resonance \Vere estimated to be about 

15 % by the \!lonte Carlo simulation. Other processes carrying a invisibly short ::::- decay 

became neg1igible after imposing the missing mass criterion. 

The double differential cross section of the f 0 /ao/0 meson production with subsequent 

decay to ](- g+ pair is shown in Fig. 7. The solid line in the figure shows the result of 

the INC model calculation, whereas the dotted line the prediction by Gobbi et al. The 

present result is consistent with the I:'\C model calculation, while is largely dif!'erent from the 

prediction by Gobbi et al. The differential croso section is given by 

,which is averaged over the angular interval, ( 2.:3° <::: eJ:.+ <::: H.7° ) and integrated over 

the momentum region (600 <::: J!J{+ < 950 lvleV/c). The result is consistent with the I:'\C 

model calculation, that is about 6]Jb/sr. The small discrepancy may be attributed to the 

A'-p __,. f 0 2;0 ,a0 '2; 0 and ¢~0 productions as well as the lack of experimental data on the 

f 0 ja0 jo meson productions near the threshold energies and the decay branching ratios of 

those mesons(-+ R'- [(+). Ho\vever, the differential cross section of Gobbi ct a.l.'s calculation 

at 600 <::: PK+ < 950 MeVjc is~ SO]Jb/sr, which is an order of magnitude larger than the 

present experimental data.. As outlined in the introduction, the internal nuclear momentum 

distribution is a crucial point in the evaluation of the subthreshold productions of scalar and 

vector mesons. Gobbi et al. utilized 'effective incident momentum' to evaluate the effect of 

Fermi motion, and the threshold momentum is brought to be 1.1 GeV /c. '\ara et al. claimed 

that this method gives a wrong kinematics and overestimates the cross sections of the scalar 

and vector rnesons [15]. 
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4.2 Two-step processes 

The production cross sections of the two-step processes involving two S = -1 hyperons 

in the final state. 12C(K-, J(+)YY X, where Y denotes /\ or I:±, were estimated as follows. 

The double differential cross sections with respect to the final states of hyperons arc shown 

in Fig. 8. The dotted line shows the INC model calculation for the total contribution of the 

two-step processes [15]. 

The 12C(K-, JC+)JI.AX reaction was characterized as. two visible A decays inside the 

scanning volume. The detection efficiency of two/\ decay in the SC!Fl target, 'l~~D' is given 

by Br2(i\ ~ p7C-) · 'IAA· The scanning efficiency, 1)AA, was deduced from the }.{onte Carlo 

simulation based on the real data to reproduce the scanning inefficiency due to the effect 

of the finite size of the SCIFI detector and short decays of the A's. The corrected number 

of events for the 12C(K-, K+)i\i\X reaction is 28/l)~~D = 141 ± 27. The differential cross 

section is estimated to be 

dcr 
(dll )"C(l{-.K+)AAX 

L 
17 ± :1.6 ltb/ sr, 

which is integrated over 600 <:: Ph·+ <:: 1300MeVfc. This reaction includes 2.: 0 and :=' 

productions, followed by the .A7 and A1r 0 decays, respectively. This cross section is qnite larger 

than that of the previons DvVIA calculation [J:J], which included only " as an intermediate 

meson. Hence, it accounts for the contributions of the {:S0 ,2..:"'} and other intermediate 

mesons {ry,w,p,ry'}, as well as those of A and 11 [15]. 

The 12 C(K-, J(+)AI:- X reaction was characterized as a visible >\ decay and a kink 

prong. The efficiency of the SCIFI target, 77~};, is given by the product of 1)~- and T/.'>. • 

Rr(A ~ p;r- ). The scanning efficiency for the C:: can not be calculated with the Monte 

Carlo sirnulation because the momentum of 2::: can not be uniquel_y determined in the present 

experiment. The efficiency 1)y;- was assumed to be similar to '1=.-, since the lifetime of the 

z=-(cT = 4.4:34cm) is comparable with that of the =:-(cT = 4.9lcm). The number of events 

being in favor of the 12C'(J(-, J(+)A:=- X hypothesis is found to be 7. It is corrected to be 

18 ± 7 after the efficiency correction. The differential cross section of the 12C(J;"-, J(+ )AI:- X 

is estimated to be 

2.:3 ± 1.0 11bjsr 

As for the 12 C(I;"- ,J(+)z.:+I:- X reaction, only one event (pg+ = 880 Y!eV/c) was clearly 

identified by two kink tracks from the interaction vertex. The upper limit for the integrated 
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cross section of the 12C(I(- ,K+)I;+I;- X reaction was estimated by 

( dCJ ) 12 cw- x+ )EEx 

dilL 
< " 3.89 

Jvo ~~ 
7JsFD · 1/SP · 7JK+dcc 

at 90% C.L. 

Since the 2.:± always decay visibly, the detection efficiency ,17~fcvJor 12C(K-, J(+)I;+I;- X 

reaction is larger than the above two reactions, and it was estimated to be 0.64 by the Monte 

Carlo simulation, assuming PE = .500 MeV/ c. The upper limit for this reaction was then 

estimated to be O.l7flb/sr at 90% confidence level. 

While the differential cross section of the 12 C(J(-, 1(+)2_:+2_:- X reaction is relatively 

consistent with the DWIA calculation, those of the two-step reactions involving the A('s) are 

very large. This accounts for the role of the hyperon resonance states. Since the final state of 

the A in theY* decay mode is dominant, theN N(I(-, J(+)yHy* reactions contributes to a 

sizable enhancement oft he 12C(K-, J(+)AAX reactions. The INC model calculation includes 

the production and decay of these hyperon resonance states. The experimental data with 

respect to the final hyperon states arc consistent with the INC result at low ]\-+ momenta. 

However, at the=:- production region, the Ail. final states were observed more than the I"!C 

model prediction. A possible mechanism for two A production is the =:-p ~ AA conversion 

process inside carbon nuclei. The present result suggests the cross section of the =-p _____,. AA 

reaction is large compared with that in the INC model calculation ( CJ~-p~AA :" 2 rnb at 

p~- ::e 500 MeV jc ). 

4.3 Quasifree ::::• production 

Since the =:·- decays totally into the ::Or. state, the quasifree =:·- production belongs 

to either D or Y-type assuming no 3*N interaction inside carbon nuclei. To resolve the:=:* 

productions out of the (K-, ](+)reactions at low J(+ momenta, all the known background 

events were subtracted from the DandY-type events. They are the quasifree ::::- production, 

J0 ja0 j¢ meson production and the two-step processes, as described in the previous sections. 

The double differential cross section of the ::':* production followed by::::· ___, =:"on the SCJFI 

target is shown in Fig.9. The integrated cross section is 67 ± 8 ftb/sr, which is two-third as 

large as the Relativistic Impulse Approximation(RIA) result ( ~ 95 fLb/sr )[1.5]. For carbon 

nuclei, the experimental result is a factor of two smaller than the RIA result. However, it 

should be noted that the D and Y-type contain the::':* productions only when the::':* decays 

into the ::':Jr state without emitting the charged tracks longer than 2 (mrn). Since the RIA 

calculation does not include the =:•- interactions inside carbon nuclei, ::':*:\ interactions in 
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12C could be a possible explanation on the difference. However, the strengths of the Y'l\ 

interaction have not been known to date. 

The observed cross section for (!(-, !(+) reaction on the SCIFI target is 170 ± 7 jtb/sr 

at 600-<; PJ,·+ < 950 MeV/c of which only two-third is attributed to the scalar and vector 

meson productions, the two-step processes and quasifree 3- /3* productions, as described in 

this section. The remaining cross section in this momentum region is of order of 60 Jlb/sr, 

as shown in Fig.10. The multi-prong events are dominant(39 ± 4 flb/sr), while the no prong 

and 1-stop prong events are scarce in the 3* production region. The multi-prong events can 

fill the gap between the RIA result and the experimental data on 2* production, followed by 

3' ~ 3r.. However, the cross section of the elementary process, K-p ~ 3*- ](+,used in the 

RIA calculation is inferred from the very poor statistics and inconsistency between the data 

of old bubble chamber experiments [21]. 

The multi-prongs from the (K-, ](+) reaction vertex could be due to the secondary 

interaction of hyperons in nuclei, including the production and decay of hyperfragments. The 

probability of observing single hyperfragment was reported in the hybrid emulsion experiment 

(KEK-E176), which is about 4-6% at Pr:+ c= 600-900 MeV/c [25]. It corresponds to the 

cross section of order of a few ftb/sr for the production and decay of single hyperfragments 

in (K-, !;"+) reaction on 12C. Out of the multi-prong events, 2;3 % of the events are found 

to have a A ~ pn- decay by eye-scanning, which corresponds to a half of the multi-prong 

events after correction of the detection efficiency. 

5 CONCLUSION 

The (I.:-, J(+) reaction on the scintillating fiber(SCIFI) active target at PI-:+ = 1.66 

GeV/c has been measured to study the reaction mechanism. The (K- ,](+)reaction was 

identified with the I\+ spectrometer system covering BL = 2.3° to 14.7° angular range. 

The SCIFI target with 8 x 8 X 10cm3 effective volume allowed us to study the reaction 

vertex for each event to make further specification of each reaction. vVe have analyzed 2148 

(1\-, J(+) reaction events of which interaction vertices are located within an appropriate 

fiducial volume. The events were categorized by the topology of charged particle tracks. Dy 

using the topological information and kinematical constraints, we have identified the events 

for several reaction processes and obtained the differential cross section for each process. 

The differential cross section for the subthreshold scalar(fo and ao) and vector(¢) meson 

production from 12C followed by the x- ](+ decay was 11 ± 6 flb/sr at 600 -<; PI-:+ < 950 
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MeV /c. The present result is consistent with the 1'\"C model calculation, while it is largely 

different from Gobbi et al.'s calculation. The reason of the overestimation by Gobbi et 

al. could be their method of the approximation about the nucleon Fermi motion, since the 

subthreshold production is quite sensitive to the nucleon momentum distribution. 

The differentia.! cross sections for the 12C(K-, J(+)AAX and 12C(I{-, ](+)AI:- X reac­

tions are 17 ± 4 and 2.3 ± 1.0 11b/sr for PI.:+ 2: 600 .\!leV jc, respectively. The upper limit of 

that for 12 C(K- ,K+)I;-}_;+ X reaction is 0.17 11b/sr at 90% confidence level. The two-step 

processes accompanying two S = -1 hyperons were proved to be sizable in the (1\-, ](+) 

reaction. Comparing with the DWIA calculation, the present result for AA production in­

dicates a large contribution from 2::0 ,2:*, and intermediate heavy mesons (TJ,w,p,ri'). The 

experimental values for the 12C(K-, J(+)AAX plus 12C(K-, K+)AI:- X are rather close to 

the INC model calculation for the sum of all the two-step processes, 12C(I{-, f(+)yHyHx, 

where Y indicates A or I:. An observed enhancement of the cross section for the AA produc­

tion compared to the INC model at around PK+ = 1.1 GeV /c could be due to the =.-p.....,. AA 

reaction inside carbon nuclei. If this is the case, the .AA resonance search can be done in the 

AA mass spectrum from the (K-, ]{+)reaction at the appropriate J(+ momentum region. 

The ::0* production cross section was estimated to be 67 ± 8 l'b/sr. It is only two third 

as large as the result of the RIA calculation. Since the RIA calculation does not include the 

::::x interactions in nuclei 1 :=:*N interactions in nuclei could be a possible explanation on the 

difference. Hcnvever, the cross section of the elementary process, J(-p- 2"'- J.;+, used in the 

RIA calculation is inferred from the very poor statistics of old bubble chamber experiments 

and inconsistency between the data. In order to make a reliable and quantitative discussion 

on the :=:"'N interactions in nuclei, one needs the data of the elementary process \Vith much 

better precision. 

\~Vc have observed rnany events \vhich have rnulti-prongs from the reaction vertex. They 

are due to the secondary interaction of hyperons and include the production and decay of 

hyperfragments. Further study is necessary to understand these events. 
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Figure 1: Experimental setup; (A) Beam line elements and detectors upstream of the target. 
(B) S CIFI target and J(+ tagging spectrometer 

read out 

X y 

I 
I 
I >-• ' E--• --I 

I 
I 

~ 
<i.'>"'~ 

X view 

Figure 2: Schematic view of the SCIFI target 
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Figure 3: ](+ momentum spectrum (top) and missing mass spectrum(bottom). A proton 
target \Vas assumed to calculate missing mass. 
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Figure 4: Event topologies of ( ](-. J(+) reactions. 
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Figure.): Typical event of scalar and vector meson production. The f{- f{+ pair and A decay 
arc clearly seen in both XZ and YZ directions (Z is the beam direction). 

Figure 6: Typical AA production event. Two A decays are clearly seen in the bottom of the 
figure. 
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Figure 7: The double differential cross sections of ( ](-, K+) reactions (circle) and the sub­

thresholcl fo/ao/4> meson productions followed by decaying into g- ](+(square). The solid 

line indicates the intra-nuclear-cascade model calculation, while the dashed line shows the 

Gobbi et a!. 's calculation[15]. 
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Figure 8: The double differential cross sections of two step processes. The closed circles indi­

cate the 12C(I{-, J(+)Ai\X reaction, while the squares represent the 12 C(K-, J.:+)Ar;- X 

reaction. The dashed line shows the INC calculation on the total contribution of 
12C(I(-, g+ )Y(•)y(*) X two-step processes. 
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