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Abstract 

t\ II dibaryon search ,·ia (1\ , /,·+) reactions has been pNformcd with a novel visual 

detector. scint illating fibers, as a triggerahlc active target using 1\EI\ 12-GeV Proton 

Synchrotron . The target is made of 30,000 plastic scintillating fibers and viewed by 

two sets of image intensifiN tubes. The tracks arc clearly identified as the images 

of photons in the pictures obtained with the image intensifier tubes. The position 

rcsolut ion of tracks has been obtained to he 290 Jl111. TIH' target has been used for 

d<'lect ing t hrcc-dimcnsional images of ( r,·-. J,:+) react ions and decay products of thE" 

11. Th<' // dibaryon through I he direct production process, /,· - + C --4 ](++II+ X 

foiiO\\'C'd by the sequential wcak-ckca.y, 11 --4 B- + p, I hen ~- --4 1r- + n , has been 

searched in about 8.000 pictures of (I( -, !(+) rcactions obtaincd with the target. 

1\o evidence for the H has been observed. The upper limit for the production 

cross sect ion of II has been obtained to be 0.35 11b to 0 .. 5 l'b for the If mass of 2200 

to 2:no ~ leV/c2 and the li f<'!ime of 10-10 to I0-9 sec wit.h assumption that the decay 

branching ratio for ~-p channel is 100%. 
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1 Introduction 

1.1 H dibaryon 

In spite oft he' compkx aspect of non-pNlubal ivc QCD. a simple picture of the naive 

quark model of hadron, in which there arc 3 quarks (qqq) in a baryon and quark­

antiquark (qq) in a meson. has been successful for cl<>scribing the attributes of hadrons 

such as the \harge. spin, and the magnc>tic mom<>nt. The mass of hadron bas been 

dis\ussNI with various eff<"dive mod<>ls which could describe I he mass sped rum of 

haclrons. In I hesc models tlw origins of mass is \onsiderably different from each other. 

Also t lw modc·ls tell us liUk about. the mechanism oft he quark confinement which 

has been a long standing problem of hadron physics. 

An extension of the quark picture leads us lo possible exisl<"ncc of multi -quark 

slates (q"qm), so-called exotic hadrons. The existence of these exotics particles is 

closely r<>la ted to I he mechanism of the quark confinement. Both theoretical and 

experimental studies have been made on exotic hadrons [I] such as .. baryionium'' 

(qqqq), "penta-quark" (qqqqq). "hybrid meson" (qqg) and '· dibar~·on '' (q6
) in order to 

soh·e the long-s tanding problem oft IH' quark confi1wment . 

A six quark state (cl) was st uclied by .Jaffe in the framework of the t\!IT-bag model 

m 1977 [2] . He proposed th<> existence of a navor-singlct dihypcron ( uuddss ), the H 

dibaryon. which has strangeness -2 and is an iso-singlct ( 1=0) and spin-singlet (.J=O) 

state. The predicted mass is 2150 ~l eV fc2 so that t.he If is ::;table against strong 

decay into AA (2i\/ A =22:30MeV / c2). Such a large> binding energy is originated in the 

·'color magnct ic int<'ract.ion'' due to the OnC'-gluon exchange lwt.wccn quarks. This 

interact ion is known to be important in the mass splitting of light hadrons. 

For a N-quark had ron th<> color magnetic interad.ion is wriLten as; 

(1) 

whNe X is the total number of quarks. J is their angular momentum, and C6 is the 

Casimir operator of SU(6) for the color-spin reprc>s<'nl<d.ion of t he quarks . TheM is 

llw a\·crage interaction length. The mass of the hadron . .\I. is gi\·en by the formula; 

4 
i\1 = -( 11rr B ) 11"[2.041N- Zo + ()c~]31'1 , 
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whc>rc' /] 111 = 1·16 ~ !('V, zo= l.8·1, and nc = .rl/47r = 0 .. 55. T lwse parameters have 

been dc-t('rlllinC'd to reproducP th(' hadron mass sp('ctra. \Yith the most symmetric 

configuration fort lw color, spin and navor of quarks, ('6 tak('s the largest value, 144. 

which results in th(' larg(' mass shift of the If below 2A. 

Since t h('n. many pap('rs have been de,·otC'd to calculate' its mass with vanous 

mock·ls, such as thr bag 111odel [:3, tl, .5], t.he quark cluster modd [6, 7, 8], the skyrme 

modrl [9, I 0), the Lallie<' QCD [llJ and so on. ).Jany of thC'se calculations suggest 

that the II is bound although predictC'd masses ar(' scat! Ned in wide range ( 1800 

io.Ie\'jc2 "'2A mass ). 

1.2 Ex perimental studies 

ExpNinwntal sludi<·s hav(' been mad<' t.o search for I he II in two ways. One is to 

search for the signal in the' missing mass spectrum for the production channel. The 

other is di rect dctC'ct.ion of t he dC'cay products. 

At B~L, the I I was searched for in the missing mass spectrum of the reaction 

p + 7> ~ 1\·- + ](+ + fl. 1(. gave an uppN limit for the' product ion cross section, 30-

130 nb in th<' 1\!11 range' from 2000 MeV/c2 to 2500 ~ l e\'fc2 (90% C.L.) [12], whereas 

the <'Xpected production cross section [13) is lwo orders of magnitude smaller than 

the obtainrd limit.. 

Th(' existence of tightly bound If was examined in the nuclear double beta decay 

proc('sses, ~N ~~:::~ N + !I + [J+ + 11 and ~N ~~-2 N + H + 1 [14). The lower 

mass limit was obtained to be 1875.1 Al('\1 fc2 , a ff'w ~ l eV fc 2 below the two neucleon 

mass. 

H('rcnt ly, obsNvat ions of S('VNal W('ak-decay ev('nt.s of t h(' H have been reported 

by a group from Dubna. A propane bubble chambN has b('C'll exposed to 10-GeV / c 

proton beallls [15, 16] . T h('y have claimed by means of a kin('matically fitting method 

that ncut rat ··Vee'' particles hav(' been interpreted as the II decaying into E-p. An­

oth€'1" expNiment has shown the H ~ Aprr- decay in a spark chamber with a Cu 

targd exposed to neut ron beam [17) . Ther<" r('mains, however, other possible in­

terpretations fo r these ev('nts [I ). T h<' H ~ B-p cn·nl can be faked by inelastic 

scat tNing of A such as A + n ~ E- + p. T he H ~ ,\ prr - event. can be faked by 
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a two i\ production <'V<'ni wh<'r<' on<' of tlw i\ changes th<' direction by the clastic 

sra t t cring. !'he idcnt ifkation of dou blc st rangcn<'ss t ra nsf<'r at the produdion point 

of If is indisprnsabk to deny such inl<'rpr<'ia.tions. 

To improve lh<' <'xpcrimC'ntal significance it is desirable' to identify both double 

st rang<'nr:-;s t ransf<'f in tlw production channel and/or sC'quenl ial WC'ak decays in the 

(kca.r channel. DovN d al pointed out in 1982 [l~J. 10] tha t t.Jw (!\ - , K+) reaction on 

a nttrl<'us t argct is a good chann<'l for this pi.~rpos('. In this rraction two production 

procrssrs of I he 11 ar(' consickred. One is t. lw dir<'CI !I production process; 

(:3) 

whNe (pp) is a proton pair inside a nucleus. The other is lhr :=:- absorption process; 

::::- + (p) ~ lf 1 X, (4) 

where (p) is a proton in a nucleus. The :=:- produced v1a a (H - , I,'+) reaction is 

slowed down by ioni?.al. ion and is ca.plmed in an atomic orbit.. 

In 19 ' 9 an emulsion-countC'r hybrid <'Xpcriment (KEK-1·:176) using the (H- , K+) 

reaction was JWrformed at J\ 1•:1\. In this experiment, u,·-, ,,·+) interaction points 

were dcl<'nllined with a [(+ -sp<'cl ronwt<'r and :=:- 's produced at the first. vertex were 

I aggecl. Th<' fl was searched in ( [,'- . 1,·+) reactions as W<'ll as in :=:- absorption reac­

tions with th<' emulsion target. The signal of thC' direct 11 production via (1\ - , J(+) 

r<'action was scarchC'd in the /,·+ mom<'nlum sp<'drum. ThC' result gave an upper 

limit fo r t hC' production cross SC'ction to be 0.2%-0.6% ( 90% C.L.) of the quasi free 

:=:- product ion in lhe mass rangC' of 1900 l\leV j c2-2l60 ~ lC'\' / c2 [21]. The decay prod­

ucts of II t r,-p chan1wl wcr<' also sC'arched in LhC' volumC' of 1 mm3 around Lhc :=:­
ahsorpt ion points in emulsion. No evidence of the 11 decay was found, and the upper 

limit forth<' II production was deduced as 6% (90% C.L.) [22] . The result, however, 

was limitC'd for the II with short life ( ~ 1 o- 10sec) due to t.hr small ~ducial volume 

of the scanning. ThC'rC'fore. thC' question is still opC'n for lhC' II with longer lifetime 

(> I o-10sC'c). 

R<'cently, the r<>adion . :=:- + d ~ 11 + n . has bC'en measurC'd at BNL using tagged 

:=:- 's via (/,· - . K+) rC'act ions [2:3, 24]. Th<> signal oft he Jl production is to be searched 

for in the ll<'ut ron C'llC'J"g_y spectrum. Th<' first result will appear soon [24] . 
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1.3 Re la t ion between t he H partic le and double hyper-
nucle i 

Th<' II t~s t1 six quark state (<l) is interesting also from I h<' \·iewpoinl of baryon baryon 

inl<'r(lcl ion including the strangeness quantum numl)('r. Exp<'rinwnls on hyperon­

n<'ttrlcon set~ I !<'ring pNformed with a bubble cht~mbrr in 1960's have not provided 

<'noup;h data to d<'l<'rmine eith<'r hypcron-n<'ucleon or h_q><'ron-hyperon interact ions. 

;\not her informal ion is <krived from t.hC' st.ucl iC's of doubiC' t\ hyper-nuclei. More 

than 20 years t~go, t.wo events with doublc A hypN-nuclei in <'lllulsion wcr<' re­

port('(! (2;), 26]. In KSK-8176, a few cascade weak <krays of doubl<' t\ hyper-nuclei 

n wen' found in about. 100 candidates of:=;- absorption at r<'sl in ('llltllsion [27]. One of 

lh<' C'VC'nls was dclNmined as either ~01J3c or ~~!J. Th<' binding C'll<'rgy of 2/\ (BAA) 

was dC'I<'rmin<'d to be .5 ± 0.7 ~ leV for ~0ABc or 27.6 ± 0.7 ~I<'V for ~~B. If lh<" 

II mass is less than 2A mass, tlw transition ~Az--+ If +:l-2 % takes place through 

the sl rong intNacl ion. Thus I he lowN limit. of thC' If mass might be deduced to be 

220:L7±0.7 ~ l e>\'jc2 from lh<' larger BAA· Howe\·cr, th<' possibility is still open for 

the II hea\'ier t.han 2200 l\1<'V fc2 . Thrr<' has be<'n, so fa r, no definite answer to its 

exist <' nce. 

1.4 Motivation of the present experiment 

Although the nurl<'ar emu lsion method has a \'ery high spatial resolution ("-'1 pm). 

the <'ff<'ctive volume to search for weak-decay products of neutral particles is limited 

wit hin 1 mm3 , and Lhe nu rrli><'r of expos<'d beam pa rticles is li rn il<'d since it. ha.s no 

tim<' resolution. The limits in previous cxperim<'nls can be ovNcome by a counter 

hybrid l<'chniqu<' together with a novel active target which has a la rge pffectivc volume 

and a good t imr r<'so lu tion. 

H<'cently, scinl illating fil)('r detectors ha.\·e b<'en devclopC'd for high-r<'solution 

lrack<'rs [29. 30, :31, 32]. '·spaghC'lti'' calorimeters (33, :31 , :35) and active ta.rget.s [36, 

37, 38, :39] for high-energy phys ics cxpNimenls. Fu rl h<'rmore the rapid progress in 

lhC' opto-electronics technology has mad<' it possihk to break th<' limitations of the 

e>xic;ting visual detectors . 

W<' have devc lopecl a new Lype of visual detector, SC'JFI-targct, which has worked 
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as a triggN<~hlC' act ivC' targC'I 1 utili7-ing plastic scintilla( ing fibers and imag<> inlcn­

siri<'r tube's ['10]. The present expNimcnt ( l\I~I,-E224 ) has been planned using this 

ddC'clor to obtain pur<'(/\-,[,'+) r<'aclions \\'ith higher static;tics than the previous 

<:'Xj)('rinwnls <~nd to sC'arch for l.lw II bot.h via the' direct procC'SS shown in Eq. 3 and 

,·ia tlw :::-absorption process as shown in Eq. 4 by obsC'r\'ing its clC'cay products such 

as II --t '.:.-p. 

Th<' sl rucl ure of tlw SC'IFI-target is schcmatirally shown in Fig. 1. Th<' SCIFI­

t argd consists of a bundle of plastic scinti llating fibN of 500 fllll x500 pm. The 

eff<'clin' \'Oiume is 8 cmx8 cmx 10 em in dimension . The size has b<'C'I1 optimized 

for the ddedion of lhr typical hyperon decay. Thus the expNimcnt is sensitive to 

l.hC' II of which lifdime is in the order of 10-to sec Tlw SC'lFT-target has containrd 

carbon and hyclrog<'n atoms C'C[u<~lly. ChargC'd I racks ha,·C' been observed around 

the intNaclion points lhrce-dimensionally in (he SCTFl-l.argC't. The target has bc<'n 

,·icwed orthogonall~· b~' two s<'ts of image intcnsifl<'l' tubes ( liT) with l<~rge aperture 

(8 cmd> ). Til<' IlT's arc gated by <'XI<'rnal triggC'rs. 

Figure 1: The schematic structure of the SCIPI-target providing three-dimensional 
track in format ion. 

This detector has several advantages; (i) The SC'IFI-targd pro,·ides visual images 

of (T(-, ,,-+) read ions, t.hc following secondary int cractions and the decay products. 
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(ii) Owing to the capability of the plastic scintillating-flb<'r for high rate, the obtain­

ab le <'\'en I rate' of(/\-, ,,·+) rc·ad ions is much higher than those in the experiments 

with olhn existing ,·isual detectors (emulsion, bubble chamber etc}. (iii) The readout 

d<'vicc, I IT, can be eas ily gated wit h cxt.erna l I ri gg<'r signals. Because of the gating 

opera I ion most of th<' I racks due to background react ions han• been eliminatC'd in 

I he picture. Th<'rcforc, it is c<~sy to idcntify a neutral pMI. iclc from its decay mode. 

l'hcsc unique a<h-ant.agC's of thC' SCIFT-target pro\'ide us a new method for studying 

of t.ll<' II dibaryon, and open a n<'w fie ld of hypNon ph~·sics at intermediate energy 

reg10n. 

In t his pa pC' r we focus on LhC' study of the direct If produdion in the mass range 

from 2200 to 2230 ~ reV fc2 by means of the obs<'n·ation of thC' decay products in 

I he SC I Fl-targrl. Since t. he di rect 11 product.ion is a quas i-free rcaction, a possible 

c;ignal of II production can be identified as a p<'ak in the J,·+ momentum spectra 

in the react ion shown in Eq. :3. For hC'avier 1! mass of in t.f'rC'st. however, the peak 

corresponding to the !I production is hardly separatC'd from a large tail of the quasi­

frC'c :=:- product.ion procC'ss in t.hC' f\'+ momC'ntum spcct.rum . Thcrcforc, the existence 

of the !I could be examined b.\' means of the observation of its decay products in 

t.he pictu res obta ined wit, h the SCTFI-t.arget.. ThC' II has bef'n id<>ntified as the weak 

decay seq uenc<': 

(5) 

The present experiment was perfornwd at the 1\.2 beam line in 1\.EK 12-GeV 

Proton Synch rot ron . The SC.: lFI-targ<'l was exposed to 1.66-GcV f c J{- beam with 

I he intensity of 2x 10 1 /spill. The momenta and vclocit i<'s of the incident and scat­

tered part iclrs were a nalyzed with high resolution sped romrlrrs both upstream and 

downstream of the target. Using information from the spectrometers, the double 

st rangrness l ra ns fer a(. l he f1 rst veri<' X were con fi. rmcd . Thus only the data on 

(/,·-. J,·+) reactions in t.he SCIFI-targc>t ha,·e been analyzed. About 8,000 pictures of 

( /\'-, g +) react ion have been ro llectNI and a nalyzed to search for the 11 . 

The experimental srtup is presented in Section 2. In Section 3 we describe the 

SC' I F l- tC~rgct in detail, including the data handling method and I he basic performance 

of th<' SCIFI-target. \\'e describe the proc<'dure for I he ann lysis of the direct H 

product ion search in SC'ction 4. The resul ts and discuss ions ar<' giYen in Section 5. 

ll 



Th<' conclusion is gi\'('n in Section 6. 
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2 E x perime ntal setup 

2.1 K EK K2 beam line 

The cxpNimcnt was performed at th<' 1\2 beam lin<' in I\ ET\ 12-GcV Proton Syn­

chrol ron (PS). The specifka~ion of Lh<' 1\2 beam line is lislc'd in Table 1. Primary 

pro Ions WC're ext rad ed from the PS during 2 S<'ronds aft cr <'\·cry 2 seconds of ac­

c<'lcration c.vcl<', and transported to the primary I argd point of the l\2 beam line . 

. \ sclwmal ir view of the K2 beam line is shown in Fig. 2. The l\2 beam line was 

beam le-ngth 2R.O m 
primary target platinum (6 mmx:3 mmx60 mm) 
prod uri ion anp;l<' 0 <l<'gr<'e 
momC'n t urn rang<' 1 2.1 GcV/c 
angular arccplanc<' ±-50 mrad.(ll)x±6 .. 5 mrad.(V) 
beam size (r.m.s.) i.R mm(ll)x!).R nun(\') 

momC'nt um byt<' :3.67< 

Table 1: The specific at ion of the I\2 beam line. 

designed to produr<' an enriched kaon beam wi~h the moment urn of I GeV jc lo 2 

G<'V /c. The product.ion target is made of a platinum rod with the size of 6 mm wide, 

3 111111 thick and 60 mm long. The secondary particles of ,,·-. rr- and p produced in 

t il<' direction of 0 degree were bent with the dipole magnet D1 by 2:3 degree. The 

beam was focused at l.h(' position of the morncnt.um slit by quadrupole magnets Q1 

and Q2. Then it passed trough an electro-static mass separator (SEP) of 6 m long 

which had electrodes with 1 0-c-m gap providing electro-static-al field of 601\:V /em ver­

tica ll y. The particlcs were splitted in respect of the mass by SEP, and then vertically 

focused by quadrupolc magnets Q3 and Q I at the position of the mass slit with a 

gap of I 111111 which discriminated J(- 's from rr- 's and p's. The vertical position of 

the,,-- \\"as adjusted by the correction magnet (C'~ I ) in order to get the highest yield 

of ,,·-·s. Finally, tlw beam was bent and focused on the SC'IFI-Largrl by the dipole 

magnet D2 and the quadrupole rnagne(.s Q6 and Q7. 

\\'e used the ! \·- of 1.66 Ge V j c, since it gave maximum yields for the ( f(-, ](+) re-

act ion. Typical intensity of](- was 2 X 1 otl /spi 11 wi I h the primary proton of 2.1 X 1012 jspi II. 
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Typical /\·- j1r- ratio was 1/<1. The beam size on t h<' target C<'ntcr was 7.8 mm 

(r.m.s) in horizontal and !5.8 111 111 (r.m.s.) in v<>rtical. Th<' mom<>nlum byte was 3.6% 

( F\\'11 ~I). and t h<' width of incid<'11t angk was 10·1 mracl. (r.m.s) in vertical and 27 

mrad. (r.m.s) in horizontal. 

CMl CM2 

Figure 2: The Lop view of the l\2 h<'anl line. 

b) ... a) 
;'f.., 02 BPC1 lli'C4 

OPCI t ----~!1 I + 
n I c:;- ~aEHS 

lli'C2 Q6 Q7 

0 5m 
1)('2 

DC :I 

DC I ____ .... 
K+ 

---

61\C FfOF 

Yll SAC LC 
CH ov 

J I I I I 
2 J 4 5m 

Figur<' :3: The top view of t h<' cxperim<'ntal setup. a) The beam spectromct.c r. b) 
Th<' /,·+ -spcctronl<'ter. See th<' text about lhe description of each component. 

2 .2 B eam sp ectromet er 



a) top view 

fiber target 

K-

34cm 

' 

c) Side View of SCIFI-target 

b) side view 

CDC 

vertical liT 

90cm 

honzontal liT 

135mmlens 
50mm lens 

CCOcamera 

fiber large! 

CDC end plate 

Figure' 4: A schcmali\ view of the setup of ('J)(' and the SCIFI- targcl; a) the top 
\'iC'\\' and b) the s ide vi<'w. The SCIFI-targct was installed inside of CDC'. The side 
\'i<'w of the SCIFI-targct is shown in c). The target was \'iewed by two liT's which 
\\'ere cased in the magnetic shi<'lds. Each end of the liT was read out. by the CCD 
nunNa l h rough the lens system. 
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Th<' idcnt ificat ion and thC' tracking oft IH' incidC'nl particles werC' performC'd with 

t \\'O sr int illat ion co11ntcrs ('I' I, T2), a sil icCl aerog<'l C'C'rcnkov counter (DAC) and 

.') c;c•ts of multi wirC' proportional chambC'rs (BPC 1 5). Thesc counters werc placed 

upstr<'Cltn of th<' SC'JFI-targct as shown in Fig. 3 togC'thcr with other experimental 

apparClt us. 

Th<' Tl and 1'2 arc madc of plastic scintillators (.~JE pilot- l l) of;) mm t.hick, 5 em 

high. and lOcm and .5 em widC', respect iv<'l.v. Each oft hC'tn was viC'wC'cl by two sds of 

photo-( ubC's (IJ AMAMATSU H2083) fron1 both cnds. The T l and T2 wer<' located 

6 m apart from each other. The signal from them \\'crC' used to g<'t the time-of flight 

information of thC' incident particles with th<' resolution of 8:) pscc (r.m.s). 

131ocks of sl icCl aC' rogcl (HAC) werC' UR('(l to eliminatC' 1r-, ,,-<Hid c- in the incident 

bC'am. They had a refract i\'C' index of 1.0•11 which corrC'spond<'d to the 13 t hrC'shold 

of O.~l61 for thC' ('Nenko" radiation . Th<' blocks had sizes of 8 em wide, 8 em high 

and 1 em th ick and were viC'wC'd by a photo-Lubc ( II AJ\ fAJ\ IATSU Rl250). Tt was 

s<'nsit ivC' to the ('C'renko,· light from tlw incident 1r- of 1.66 GC'\' / c (p=0.997) but was 

not SC'nsitive to the incident ]\·- with the same mom<'nt um (/3=0.959). The rejection 

effic iency fo r t h<' 1r- was morC' than 99%. 

T h<' BPC's wNe l\1\\'PC's having anode wires with l mm spacing and carbon­

coatcd cathodC' planes. ThC' "magic gas", mixtu re of Ar, frcon(CF3 Br), C4 11 10 and 

rn<'thyla l wi th llli xi ng ratio of 73:24 :0 .. 5:3 was used for BPC' 's. ThC' incident particles 

\\'erc tracked with BPCl. UPC2 and l3P(':3 located upstream of 02, and BPC1 and 

BJ>('.) located downstream. Th<' tracks obtained with BPC"s wcr<' used to cl<'termine 

t he 1nomenta of the incident pa rticles and gave the posit ions in the SCIFI-target. 

2.3 A-+ -spectrometer 

2.3.1 Spectrometer magne t 

Th<' spcdrom<'IN magnet '·KU RAMA'' was a window-frame-type dipole magnet 

which analyzed the momenta of scatlcrrd particles. The pole piC'C<' was 80 ern long, 

-50 em high and 100 em wide. The end-guard plates of 8 em thick were equipped both 

upstream and downstream of thc magnet.. The apert ur<' of the downstream end-guard 

was I 00 em wide and 60 em high, whereas the upst r<'am one was .50 em wide and 
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:W em high. 'I h<' <IJ)('rture of th<' upst.r<'am Oil<' was smalkr than downstream one in 

ordN to red uc<' the effect of t h<' fringing magnd ic field on t h<' liT's. The magnet 

C<'llt<'r was located t:JO em downs! ream of th<' targ<'l. Tlw dir<'ction of the magnet 

\\'(\S rotat.cd by 0.1 5 rad . wit h respect to the beam dircct.ion. The maximum ncld 

slr<'ngth was 1.1 T and B · dl was 1.08 Tm for particles with momcntum of 0.8 ....... 1.3 

c:('\ ' fc. 

2.3.2 Drift chambers 

I hc drift chambC'rs DC I. DC2 and DC:3 w<'r<' loratC'cl downs! rC'am of lhe SC'IFI-targd 

tot rack the scat tercel particles. Tll<'sc chambers and cylindrical drift chamber (CDC) 

were used for l he tracking of scat !.creel part iciC's. 

The ])('I consisted oft wo X planes, Y and l1 planes, whNC' t.hc wires of U plane 

was tilled b.'· 1.) degrees from VC'rtical to soh·<' the stereo ambiguit):. The spacing of 

sense wir<' was 10 mm, and thC' drift distance wac;.) mm. ThC' cathode planes were 

made of aluminum coakd foils . The effect ivC' ar<'a was 50 em wide and 35 em high . 

It was local<'d at the ent rance' of I he spectrorn<'lN magnet. The typ ical efficiency was 

99 .. )%. The posit ion resolution was 220 I'm for t hc X plan<'s and -tOO pm for the Y 

planes. 

The DC' 2 which consistcd of two X plancs and two Y planes was locat.<'d just 

downstream of thc spectrometer magnet. Thc effcclive ar<'a was 120 cmx120 em. The 

anode wir<>s W<'r<' surroundcd by hcxagonally located potential wires. The spacing 

bC't ween adjarC'nl anode wircs was 9 mm. Thc typical cfTiciC'ncy was 90.3%. The 

posit ion resolu t ions wcr<' 2~30 11111 fo r th<' X planes and 270 11111 for the Y planC's, 

respect i v<'ly. 

The DC:~ consisted of t wo X planes and two of Y planes. ll was located 120 em 

downstrE'am of th<' DC2 ha,·ing an effective ar<'a of 180 em widC' and 90 em high. The 

distanc<' bd W<'<' l1 tilC' sense' wir<' and t.hc pot.C'nt. ial wire was 28 mm for X planes and 

:30 mm for Y planes. ThC' dislanc<' between t hc sense wir<' and thC' cathode plane was 

7 mm for X planC's and 6 mm for Y planes. Th<' typical efficiency was 93.5%. The 

position rcsolutions wcre 310 I'm for X plane's and :390 f1111 for Y planes, respectively. 

~ f ixed gas of A r-et bane ( I : I) was used fo r all the d rifl chambers. T he potential 
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wircs of ))('I r~nd D( ':3 were made of gold plated C'u-I3e of 7:) fll110 and of 150 Jtm<P, 

rcspcctin'l~·. These of 1)('2 ''"C'l'e made of aluminum of 200 ftlllO. The anode win•s of 

all the chomhers wer<· made of gold-plated Lungstcn of :20 Jllllc/>. 

2.3.3 Aerogel Cerenkov counter for spectrometer 
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Figurc .'): The schematic vicw of the SAC, a) t!tc side ,·icw and b) the top view. 
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Figure 6: a) The efficiency of SAC as a function of (3. b) The trigger efficicncy of 
S1\C for f{ +'s as a function of thc monl<'ntum. 

The sil ica acrogc·l C'ercnkov counter (SAC) with scnsitivc area of 200 em wide and 
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I 00 em high was localc•d downs! r<'am of the 1)(':3. It climinatc•d I he contamination 

of rr+ 's in tlw seal tcn·d particle's. Th<' refract iv<' ind<>x of the silica aerogel was 1.041 

which COIT<'spond<'d to the 3 threshold value of 0.961. ' l he sch<'matic ,·i<'w of SAC is 

shown in Fig . .'). The silica arrogc·l blod;s of 2.1 cmx2.5 ('(IIX:3 Clll were stacked in three 

layers along the bra m d i r<'cl ion. The posi I ions of blocks were st aggcrcd with 1.5 em 

in X and Y dir<'ct.ions in order t.o prevent. possible incffici<'ncy due t.o ''punch-through'' 

of r.+·s. The blocks \\'C'r<' instalkd in a diffusion box of which walls wer<' co,·ercd with 

whit.<' paper (f\l il iporc). The box was view<'d by 38 photo lubes (II AMAM/\TSU 

Hl2;)0 and H('A 8851) from lh<' top and bottom. Th<' a\·erag<'d number of photo­

<'lccl rons was about 3 for the minimum ioni?:ing particlc. The l rigger efficiency for J(+ 

of l.G C:<'\'fc was :)%. anclthc efficicncy for r.+ with a monwntum above 1 C<'\'fc 

·was ~)()<7c as shown in Fig.6. 

2.3.4 Forward TOF hodoscop e 

rhe forward J'OF hodoscope was uscd forth<' ·•tim<'-of-Oight .. measurement t.o ob­

I ain I h<' velocity of t h<' scaltN<'d part icl<'s. Th<' "tinH' of-flight" (TOF) of scattered 

particle's were m<'asur<'d bet.'''<'<'n the T2 counter and I he forward TOF hodoscope 

(FTOF). Th<' FTOF consis\C'd of 24 scinlillators of 12 em wid<' <tnd 3 em thick. The 

h<'ight was 1:30 em for c<'nlral I 0 counlrrs and 110 em for t h<' ol hers. The both ends 

W<'I'C vi<'w<'d by photo tubes ( II AM/\~ l ATSU ll19.f9). The FTOF was located 5 m 

down~lr<'am of the SC'IF'I-targ<'t. Th<' typical r<'solution was 110 pSE'C (r.m.s) . Each 

coun(N of FTO F proviclrcl Lhr vertical hit posit ion by mc>ans of the time difference 

bctw('cn the signal from two photo-tubes of both ends. The spatial rrsolution of 14.8 

mrn (r.lll.S) '"'as obtained. 

2.3. 5 Trigger hodoscopes 

Th<' ltodoscop<' Cll which consisted of 12 sci ntillators of :3.!3 em wick, 17 em high 

and I nun thirk was located jusl upstream of thC> spcclromclc>r magnet. It was used 

to J)I'O\' idc> t.hc scattering angles of particles for the flrst.-level trigger as well as the 

seC Oil d -le\·el I rigg<'r. 

Th<' Y-hodoscopr (V II ) was a vertica l one which consisted of 6 plastic scintillators 
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of 1 DG em wide', l G em high and •I mm I hick. They were ,·iewed by photo-tubes from 

hot h ends. It was pla\C'd just ups I ream of S1\C' in order to idenl ify th<> charged parti­

cles coming into SAC. The YJJ ddincd the geometrical acceptance of thr spcctromrtcr 

which was 0.09 str. forth<' particle with thr momentum of 1.1 Ce\"jc. 

Thr non-interacting beam vdo countN (BV) was a plastic scintillation counter 

placed just ups I ream I hC' sprct rom<'ter magn<'l. It was usrd to ,·eto non-interacting 

J,·- ·s. This counl<'r CO\'ered the angular accestHanc<' of 0 ~ 0.0():3 rad. to thr beam 

t rajcct ory. 

2 .4 T ar get a rea 

2.4.1 SCI FI-target 

The SC'!Fl-targ<'t was I h<' ern( ral drtector which worked as a target for ( /\' -. J(+) re­

actions as WC'II as a track<'r for allth<' lrarks of charg<'d particle's around th<' (/\-. J\+) 

rc<~cl ion V<'r!.C'X<'S. Th<' SC'IFI-t.arg<'l consist.C'cl of a hundk of plastic scintillating fibers 

of !iOO Jtm x000 Jtm (8 nn x8 <"Ill x l 0 em in dimension). Th<' targd was \'iewcd or­

t hogonall~· hy two SC't.s of imag<' intcnsifi<'r t ubcs (liT). The I IT's wcr<' gated by the 

ftrst-1<'\·el trigg<'r and later by t.hc signal of second-lc\'cl trigg<'r in order to select the 

pict urcs of int<'rest. Th<' output. of liT's were viC'wed by ('('I) ,·ideo rameras . The 

SC'WI-targC'I was inst.a lkd a.t the center of CDC as shown in Fig. 4. The detailed 

description and the performan\e arc described in S<'d ion :3. 

2.4.2 Cylindrical d rift chamber 

The cylindrind drift chambers (C'DC), whid1 surrounded the SC'IFI-targcL, was used 

to deted r<'action products csraped from the SCIFI-targ<'t as well as the incident 

,,. ·s and t h<' outgoing },·+ ·s. The inner radius or l he ('])(' was 16 em, a.nd the 

out<'r radius was :38.'1 m1. The height of ('I)C was 90 em. Th<' CDC' consisted or 6 

\"Crtiralla~ws and 2 stereo layers with wires tilted by 5.71° to the \·crtical direction. 

Thr rhambrr had an idrnt ical crll structure of wires. The anode wires were mad<> of 

gold platC'd t ungslen of :W Jtmmo . The potential and field-shaping wirrs were made 

of gold-plated C'u-Be of 100 ftll1</>. ~lixed gas of Ar-ethane (1:1) was used for CDC. 

20 



l"hc t~· pical <>flici<>ncy wa<> 9:37c to 96%. 'I he position r<'solution was 270 flm. 

2.5 Trigger log ic 

The I riggN logic of t h<' pres<>nt <'XpNim<'nt was ut iliz<>d to SC'lcct lh<' images of the 

IIT"s. Th<' liT's consisl<'d of 1.111'('<' st.ag<'s . Tlw first slag<' k<'pl lh<' imag<'s during the 

d<>ca_,. tim<> of phosphor. 2.l JIS<'c. Tlw rirst -l<'\'<'1 t riggN which was made up with the 

signals from t.lw scintilla! ion counters and th<' ('er<>nkov count<'rs which identified a 

(/\' - 0 /\' -+) r<>action in thC'SC'lFI target. It was applied toop<>n thegal<'oflhe sC'concl 

stag<'s of the liT within :300 ns<'C after the incid<'nt particle was put in the targ<'t. 

Th<' maximum acceptable trigger rate forth<' imag<' data acquisition system was 

l<>ss tlwn 10 II:~, due to I. he long read-out. tinw of th<' ('CD. To r<>duce the trigger 

rate th<' S<'Cond lc,·cl "mass trigg<'r'o was mack by using ··tim<' of-Oight"' information 

of scatl.cr<>d part ides. II. dctermin<'d t h<> mass of scattN<>d parLick and eliminated 

(1\-.p) n·actions which was th<' major contamination in lh<' C'\'<'nls in the first level 

I rigg<'r. Tlw s<>cond l<'v<'l trigger was applied to the third stag<' of thC' liT's as well 

as t h<> start sign<~ I for I he i mag<' data acquisition syst <'ll1. Th<' decision time of lhe 

sC'cond IC'vcl trigger was 14 JLS('(: , while I he decay I ime of phosphor of LhC' second stage 

was <thoul 50 JISCC. ThC' ddail of the trigger logics can bC' sem in Hef. [12]. \\"c briefly 

dC'scri he the logic 0 here. 

Th<' coincid<'nce signal of I he two b<'<tm count<'rs Tl <trHl T2 with the veto-signal 

from BJ\C' was used to d<'r1rH' t.h~ inrid<>nt /\' - . T il<' /\·- which clidn 1 1. in teract in 

the target was reject<'d with the veto signal from the 13\. counter. The '·]\+" was 

defin<'d as Lh<' roincidC'nce signal of C' ll and FTOF \vith Lit<' \'do signal from SAC 

which id<>ntified ,.+ ·s. The outgoing particle's with positiH' charge wer<' selected by 

I he rnr~l rix-coinridencC' logic ( rhargC' trigger) which i<knl ifi<'d I he charge with the 

hC'nding angl<' <kducC'd from tire combination of I he hit posit ions of C'll and FTOF. 

In add i I ion 0 a signal from Yll was r<'q u ired in order to rC'jcct llC'U Lra l particles. 

Th<' <'\·ents selected by th<' first-IC'\'el trigger coni ained protons produced v1a 

( !(-. p) reactions as t hC' major backgrounds. The' f{ +·s were sC'IC'cled as the produced 

particl<>s in th<' second l<'\·d trigger process using information of the mass which was 

obtairwd by the' time-of rlight lwtwcen FTOP and T2 as well as hit positions at CH 
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and F'I OF. 

The' hit posit ions of ('( J and FTO F wNe <'llcockd and stor<'d in thC' FI/FO m<'mory 

(Leno.\· Data Stack). l'he momentum information was ckduc<'d from the bending 

angle given hy the combination of th<' hits of (' II and FT'OF. The possible momenta 

WC're ohtairwd from th<' pre-loaclc-d tabl(' in th<' ?\lemor.v-Lookup-lJn it (Lecroy ~ILU) 

for each combination of the hits of C'll and F'I'OF. 'l'h<' time' of-flight of FTOF werC' 

digitihC'd with the fast. encoding TD(' system (LC'croy FEHA). The tim<'-of-flight was 

C'XaminC'd for c•vNy momentum by clr<'cking with anothN prC'-Ioad<'d table in MLU. 

If t h<' data was in I he region which corresponded to /,·+·s. I hC' second-level trigger 

was firC'd . The trigg<'r rat<' of protons were r<'clllc<'cl by factor of 10 by means of this 

procC'dttre. The dfkiency was greatc•r than 90% for tllC' ,,·+ with the mom<'ntum 

largN I han 700 l\kV / r. J\ typical t. rigg<'~' rate was.).) llh for tlw rirst -l<'v<'ltriggcr and 

10 llh forth<' SC'cond kvd trigger with the J,· - ·s of J x 104 /sec. 

2.6 D ata acquisition 

ThC' schematic diagram of th<' data acquisition system (DAQ) is shown in Fig. 2.6. 

\\"e built lhe DAQ sysl<'ms for the data from the SC'IFI-target and for these from the 

sp<'d romC'IN inclependC'ntly. 

Th(' first -1<'\'e) trigger was appliC'd to thC' second stage's of t.he IlT's, and it initi­

ated I he DAQ sequencC' for the count<'rs in tlw sped romet<'l's. Th<' digitizalion was 

performed by standard CA~lJ\C modules and KEI\ -st.andard TI-\0 modulc>s. Th<' 

data from the counters wer<' stored in the CA~dAC' memory modules during the 

beam burst, and then they W<'fe written in magnetic tap<'s (l~xabyte) by a 11 -VAX 

computer at the end of the bmst. 

ThC' s<'concl-lcvel trigger was appli<'d to til<' third stage of thC' TIT 's, and it initiaLed 

thC' 1) ,\Q sequence of th<' SC'IFI-data. The images viewed by the CCD cameras were 

digit i?.<'d \\'it h imag<' digitiz<'r mocluiC's and stored in t hC' Fl/ FO modules. ThC' video 

signalc; werC' recorded in standard ,·icko-tape r<'corcl<'rs simultaneously. The data were 

read out coni inuously by standard parallel I/0 rC'gistC'rs of rC'spC'di,·<' V~IE computers 

and w<'re wrilt<'n in rnagndir tapes (Exabyl<') SC'part~lel.v. Th<' read-out sequence of 

th<' \ '~IE comput<>rs was continuous and irrespective to the> trigger timing. A typical 
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ckad t.im<' was :30 ms which was mainly due to the dmation of 1 video frame. The 

correspondence bet ween the sped rom<'l<'l' data and t h<' SC'l FI-dat.a was made by the 

sequential cv<'nl numlwr. The numbers were f<'d into t h<' image digitizer as well as 

the parall<'l 1/ 0 t'<'gister of CA~ l i\C and V~l l~'s to t.ag the e\'<'nt. The details of the 

image digit iz<'l' modules ar<' described in Sect ion :J. 
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Figure 7: The schematic diagram of t.hc data taking system . 
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3 The SCIFI-ta rget syste m and the m ethod of 
data analysis 

3.1 St ructure of SCIFI-target 

3.1.1 Scintillat ing fiber block 

ThC' S('IF'I-targct consisted of about :30.000 plastic scintillating fibers of 20cm long. 

The sc int illating fiber ( 1\ UH/\ I{Y SF 81) had a square' cross section with the dimen­

sion of 500 ttmx500 ftlll. The cor<' sir.e was I '0 pm square. and thc> clad thickness 

was 10 ttm. The core material was rnHde from polystyrene of which rcfracLiv<' index 

was 1 . .")9 and dC'nsity was 1.06 g/cm·~. Tlw rladding matc>rial was made from poly­

mct.hylmC'Lhacrylat.c ( P fvl M/\) of which rdract.ivc inciC'x was I . I~) and dC'nsity was 1.18 

g/cmJ. The spC'ctrum of th<' transmitt<'d light had a pC'ak at 1:37 nm. 

ThC' schC'tnatic viC'w of l.h<' scintillating fiber block is shown in Fig. 8. Sheets 

which consisted of 160 fibers were stacked altC'rnat<'ly in tlw X (horizontal) and the 

Y (n'rt ical) dirC'dions to provide thr<'<'-clinH'nsional viC'ws of the tracks of particle as 

shown in Fig. I. Tlw numl){'r of stack<'d fib<'r· sheets was 92 for each direction. The 

sheC'ts werc> bonded with black acrylic glue of 50 ttm thick, which also worked as extra 

mural absorb<'r (E~ I /\) in orciN to <'liminatc cross-talks of photons O\'er the sheets. 

Ov<'ra ll cff<'ctivc areas wcrc' 8 <·mx 10 em in both X-Z and Y Z planes. The sizes of 

the images wC're r<'dttc<'d to ~ nnx7.8 em on the rC'adout surfaces where th<' sheets 

wer<' st ackC'd wit.h sp<\cers of :350 Jim in thicknC'ss altC'rn<~tely. Tit<' st<\ck of slH'<'ts was 

mount<'CI in an acrylic cas<' of 1 em thick. The otllC'r ends of fibers were equipped 

with LED light. sourc<'s th rough hole's on alumi num plates fo r providing the position 

rdC'r<'tH'<'S. 

3.1.2 Image in tens ifie r t ube 

Th<' SC IFT-t arget WCIS viewC'd by two sets of the imag<' intensifier tube (liT). which 

amplifi<'d th<' photon imagrs of tracks and W<'l'<' gal<'d with external triggers in order 

to sC'kct C\'C'Itts of intNc>st. Th<' liT's (Delft PPOO 10) wer<' assemblies of 3 stages of 

imag<' intcnsifi<'rs. '1 h<' schC'matic vi0w of the l iT is shown in Fig. 9. 
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Figure 9: Th<' sclwmal ic Yi<'w of tl1<' imag<' inlc>nsific>r tttbc>s. 

The first stage wac; of an <'l<'rtrostatic type op<'l'alc>d with I)(' ,·oltagc of 20 hV. 

Tlw diamcl<'l' of the input window was 80 mm¢, and I hat of I h<' output \Vindow was 

18 ntm</>. Both input and output windows W<'rc> ntack of glass fibers with diamct er 

of I 0 11111. The photo-cat hod<' of the input window was <'quipped with S20. The 

photons frotll the scinl il ia Ling fiber were con,·crtcd to photo-c'l<'ctrons, and the image 

was dcmagnific>d by factor 5 with an electrostatic l<'ns. Photons W<'r<' produced by 

m<'ans of the bombardment of photo-electrons on P2·1 phosphor, of which decay Lime 

was 2. t ftscr, at the front of I he output window made of optical Gber. Average 

production rate of photon per electron was 111 the case that the voltage applied 

bcLwe<'n the cat.hod<' and the anode was 20 l\V. 

In the sc>cond stage a micro-channel-plate (~l('P) was used to multiply photo­

dcdrons. Owing Lo th<' t-. 'lCP, it. had high photon go in with rather low voltage ( l03 

at 750 V) and was c<~sily trigg<'rcd by changing the applied \'Oltage between the 

cathode ond th<' :\ ICP. The ~ I CP was gal<'d by the first-]c,·<'l trigg<'I' as described 

later. The input and out.put windows of th<' diam<'t<'rs of 18 mm. The photo-cathode 

was made of S20. Th<' output window was equipp<'d with P20 phosphor of which 

dccily time was approximately 50 JtSec. The third stage was the same device as the 

S<'('()nd stag<-', whereas lh<' ~1CP was gat<'d with th<' sccond l<''·d trigger. 
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3.1.3 Operation of liT a nd t he gat ing system 

Since photon <'miss ion from t.ll<' phosphor coni inucd during lh<' decay time of phos­

phor<'SC<'IlC<'. the tim<' rcsolut ion of t.lw fiT was d<>tNmin<'d by t h<> decay time. and 

th<' phosphor played a rol<> of "optical cklay" of the image. It C'tlahkcl us to sC'Iccl 

images of inl<'rcst using trigger puls<>s from t.h<> couniC'r systC'm ClS shown in Fig. 10 a). 

C'onsid<'ring t hC' hC'am int<>nsity ( lOs / s<'c) of I he presC'nl C';xperiment. we used th<> liT's 

of C'kct ro-stat.ic type with the phosphor whose dC'cny time was 2.·1 ttsec in order to 

prC'\'<'111 t h<' exposure for more lhnn two ('\'C'nls in one pic! ure. The decision I inw of 

the first lc\·el triggN was 300 ns. thus the image had to be kept fo r the period. The 

first.-kvcl trigger was used to open the gale' of the s<>cond stagf', which kept the image 

for the phosphor decay t ime of 50 fLSec. 'l'hC' S<'cond-IC'vC'I trigg<'r was applied to the 

third stag<'. of which out put was dC't<'d<'d with a ('('!) cam<'ra. 

event ., 
1 sl phosphor 

~-
2.4 IJS 1st Trig. 

~ --... • JOOns 2nd phosphor 

~ 
1ms 2nd Trig. ... ... 
))_r -

__ )) 3rd phosphor 

15~ ... ""' 

2nd/3rd stage 
phospher DC HVunil 

MCP 

- Anode .. +5.8KV 

\ MCP out 
OV 

I \ I 
.. ~.v 

MCPin 
-750V 

L .. ~ 
Gate unit 

0 reflerence voltage in 

li v#U 
Cathode reflerence • 250V (on) cw . ·'§%@) 

relference + SOV (ofl) 

4 • I 1 photon 

external gate 

a) b) 

Figure I 0: a) SchC'mat ic timing chart of gal<' signals and dC'cay times of the phosphors 
of the liT. b) Th<' gaL<' operation of t.hC' s<'roncl and t.hird st.agC'. 

Th<> DC' \·oltagC's 20 I\\'. 0 1\\' and I 1\\' were' appliC'cl to lh<' anode, zoom and 

focus elect rode' of the first stag<'. r<'spccti vcly. Tlw cat Ito de elect rode was grounded. 

Thr focusing propcrt.y and magnification of the imag<' \\'NC adjustc'd by changing the 

\·oltagC's on th<' focus and th<' zoom ekctrocl<>s. Th<' ,\I('P's of the' second and the 

third stage's WNC operated with th<' applic·d voltage of /.)0 \ ·. The' \·oltag<'s applied 

hC't we<'n I hC' cat hodC' and tlw MC'P were -200 V to opC'n the gat<' and +50 V to close 
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it with respect to the ~lCP voltage as shown in Fig. 10-h). Tlw rise time of the gate 

puis<' was about. I 00 ns. 

3.1.4 Magnetic sh ields 

The fringing field of I hC' sped romcl('l' milgnd affected I he I rajcctories of photo­

electrons in the liT. This effC'cl was considerably large for the eiC'cl ro-static focusing 

on the first stage, and caused distortion of the inwg<'. The liT's were put in the 

rnngnclic shield to eliminate th<' effect (seC' Fig. q. Th<' shield consisted of two lay­

ers. I he outer case wns mad<' of iron (SS-11) of 20 mm thick. and the inner case 

was made of fl-lll<'t<~l (TJ\ lC-V) of 2 mm thick. Th<' dir<'dion of the magnetic llcld 

at lhe target posit ion was almost downward, and t h<' st r<'ngth \\'as roughly 30 gauss. 

The magnetic field pcrpendinda r to the tube direct ion was a I most ncgligi ble <1l the 

cat bode position of the f1rst st <~ge in the sh ield. Th<' field along t h<' tube direction 

was about :3 gauss for the vertical liT and <~bout l.!l gauss for t h<' horizontal TIT. 

Th<' di stortion of the images du<' to lh<' magnetic field was corr<'cled in the off-line 

anal.rsis described in Appendix A. 

3.1.5 CCD v id eo camera 

The photon images amplified wit.h each I IT were vi<'wcd by a charge-coupled-device 

(('('I)) camera through the optical lcns systems. Th<' lens sysl<'tn consisted of com­

pound lenses of ):3.) mm <~nd 00 mm coupled in l<~ndem. whC're thr lens of 11.5 mm 

att.achcd reversely. The lens system d<'magnified the im<~ges from 16 mm to 6.6 mm 

for matching the image size to C'CD-chip size. Th<' C'('D camera (SO 1Y XC-77) 

contained a C'CD-chip ha\·ing 76 x493 pixels of 11.0 1'111 x 1:3.0 ttm. The size of the 

CCD-chip was 8.8 mmx6.6 mm. The pix<'ls were serially read out, and the images 

werc I ransfercd to the' irnag<' digitizer as video signals of I he ~TSC' format. The read­

out sequences of the two ('('J) cameras wC're synchronizC'd with the image digitizer. 
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3.1.6 Image digitizer 

The digitization of the \'ideo signals from the CCD nunNas W<'re performed with the 

image digitizer consisting of four N lf\1 modules, a clock&coordinale generator module 

(( '('(: ).flash ,\ I)(' module (FA DC' ) and two sets oft h<' Fl / FO memory buffer modules 

(FWO). Til<' schematic diagram of t.he system is shovvn in Fig. II. 

ToCCO 

HO Tri . Busy 

Video from CCO 

Vertical Horizontal 

X-coordinate & Y -coordinate 

EventiD 

ToVME ... 
Figure ll: Th<' schf>mal ic diagrC~m of image digitizer modul<>s 

'I'll<' CCC modul<' provided a common clock lo synchron iz<' the whole system, 

and gcnerat<'d I wo-dimcnsional coordinate<> of each ('('D pixel. T he CC'G module 

initiated a sequence of digitization when the sccond-le,·el trigger occurr<'d. A "CC'D 

busy" signal was asserted during the r<'ad out s<'quence in order to prohibit image 

o\·erlap due to another track. The timing chart of th<' signal is shown in Fig. 12. ~I he 

signals from ('('G modul<' cont. rolled t.wo C(' D camC'I'as and I he• FAD(' module with 

the sC~me timing irn'SJH'di,·e to thc e\·ent timing. \\"hen a trigger occurred at the 

timing of ·'T" shown in Fig. 12, t.h<' photon image was exposed to the photo-sensitive 

rcgions of the C'C'D. In the NTSC' format, the ,-id<'o signal of one frame consists of 

two parts. namely, the C\'cn-ficld and odd-Geld. The charge genNatecl by the photons 

was kc•pt in tlw photo-s<'nsitivc region of th<' CCD unt il the timing "El" and/or "E2" 

which was t h<' t ransfN time of <'it her even-fidel pict Ill"<' or odd-field picl ure. When 

t!H' I ransfer \\' CIS compl<'l.ecl, all t.IH' charge moved l.o t.hc register-region of the CCD, 
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and t IIC' photo sC'nsitivC' rC'gion was rcleasC'cl for the next exposure. Thus after the 

I iming ··ET, I hal was I he lransfN lime of "the second field'', I he •·('(']) busy·· was 

negnted although the dat.tt LransfN from the C'CD tot llC' digitizer continued until the 

next charge I ransfN. The dead-1 ime due lo I he('(']) rc'ad-oul was effectively 25 msec 

which was 1.0 limes as long as the interval of the ]-field transf<'r (1/60 sec). 

T 

~}> 
transfer 

~ 
transfer 

l._ __ ____.l 

vertical sync. 

even-f1eld 

transfer 

odd-field 

transfer 

CCD-busy 

Figure 12: The liming chart of a typical image data acquisition cycle. 

The two s<'ls of nash ADC's in the FADC' module digitized the pulse heights of 

the J\TSC signals from the CCD Cflmeras into 8-bit. data of brightness for each pix<'!. 

The uppN 7-bit.s wcr<' usC'd, which were rotnpar<'d with the pres<'! threshold value. 

The write-s! robe signals to the FI/FO memory were generated for the pixels of which 

brightness was above the I hreshold. Then t.lw data on the bright ness, the coordinates 

on the CC'D-chips and the serial event number of the ~econd lc\·C'I trigger were stored 

in t.bc memory of the Fl/FO modules. The storcd pixel data had the length of 32-bits 

which consisted of 10-bits for the X-coorclinale, 9-bils for tlw Y-coorclinates. 7-bils 

for the brightness and 6-bits for the serial e\·ent mtmher. A 1.\ pica! number of pixels 

for one e,·ent was about. 2,000, whik· the Fl/FO buffN memory could storage the dat.a. 

of about 1.000 pix<'ls. The data in each FIFO module WC're continuously read out by 

a standard \'~IE I/0 module, wh<'nevcr the FI/FO buffer memory was not empt.y. 

During I he read-out time a frcc spflcc in the 1"1/FO buffer mcmory was monitored. 

\\'lwn the free space of either FI/FO m<>mory was less I han half of I he capacit.y, 

th<' t riggN was prohibited in orclcr Lo prcvC'nl. overflow of the rr;ro buffer memory. 

Due to the effects thc d<'ad-tim<> increased effecti,·cly by about 5 msec. Thus total 

dead time was typically :30 ms. 
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3.2 Basic p erforrna nce of the SCIFI-data 

Fip,mc t:3-a) shows typica l pidurcs of a rr- of l.G C:eV fc, a minimum ionizing particle 

(:\liP) in thc SC'IFI-Iargd. Th~ left picturc shows th<' X Z projection oblain<'d by the 

vNt ical liT and the right picl ure shows th<> Y-Z project ion obtained by the horizontal 

liT. ·1 h<' p,ra~·-scal<' of small r<'ctangles in Fig. 1:3 h) rcpresents the brightness of the 

('('I) pixcls after p<'<kstal subtract ion. The fiducial ar<'as dd1n<'d b~· I h<' siz<' of the 

liT <1nd th<' ('('0 arc shown as the areas surrounded with th<' lines in the pictures. 

Size and density of photon cluster: l\ lost oft lw clusters of lh<> re>dangl<'s cor­

r<'<>pond to the image of one photon. \\'<> ha\·<' appliNl the m<'lhod of l\\"O dim<'nsional 

clustc-ring to the('(')) pixels with the weight of th<' hrip,htnC'ss. The clustC'r spreads 

ov<'r :h:3 pixels typicall)• with sigma of 180± 10 11111 as sho\\'n in Fig. 1•1-a). The dis-

1 ribut ion of t.lw tota l hright.rH'SS in a cluster, so-called '·Harry distribution", is shown 

in Fig. ll -b) . 

The track has been idcnt ifi<'d as a seque>nce of clusters. The den::>ity of I h<' cluster 

for a :\II P track has h<'en found to be 0 .. 5.5/mm. The posit ion of a cluster has been 

obtained as the center-of gravity of the bright n<'ss of pixels, and thc position resolution 

deduc<'d from the rcsidual distribution of thc straight line fit on the clusters is 290 

l'lll as shown in Fig.l.1. T he' r<'solu t ion has h<'cn ddcrmined mainly by the size 

of scinti ll at ing fiber af,hr-r, the size of CC'D pixC'I accn. the resolution of IIT anr, 

t hc accuracy of fiber-sh<'<'l alignment aaltgn and t h<' distort ion r<'main<'d aftcr the 

calibration aa,st · The a /lbrr has been estimated to bC' 000 Jtm/ VPI, and aceD has 

b<'cn about 90 pm which has h<'m obtainf'd from th<' pixd size, about "'22 Jtm, 

and t h<' demagnifkat ion factor, about 13. Th<' a liT has been found to be about 30 

Jllll. \Vc hnve estimat<'d Ja;1,9
n + aJ,st to be 200 J1111 by a ca libration as described in 

t\pp<'ndix A. The' rcso lu t ion of the rlustcr, ac, has beC'n C' \'aluatccl with th<'se values 

as; 

(6) 

\\'hC'r<' a;Y·' "'a;llgn + aj,_,1. Th<' result is consistent with the measured \'all!(• as shown 

in Fig. I:). 
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Charactet·istics of track: An example' of im<~gc' of a !)00-:\lcV I c proton which 

stopp0d in th0 SCIFl target is shown in Fig. 16. In contrast to the tracks of ~liP's , 

phot.on cluslc'rs st.id; logdher since' th0 ionization of such a particle' is more than four 

times as l;n ge as that of the track of i\llP. \\'e ha\"(' obsern'd the difference hctwC'en 

thC' tracks of low cnNgy particks and th0se of i\IIP's by nwans of the comparison of 

the' bright nc'ss of I hC' clus!C'rs along the tracks. Figure' 17 shows thC' dislribut ion of 

dcnsity of hrightnC'ss along tracks of :\liP's and that along t~·pical :=:- tracks (J ,..._,O...J ) 

prodncC'd by t lw ( /,· - , /,·+) reaction. 'The flgurC' shows tlw ciC'ar cliffC'rC'nce bdwccn 

them. 

\Vc have' carried out a st.rC~ight-linC' flt. on t.hC' cl<li.CI from pixf'ls wC'ighted by tlw 

brightness. The bright ness disl ribut ions along t hC' track dir<'clions are shown in 

Fig. I ", in which th<' widths ar<' about 100 flll1 irrC'sp<'di,·C' to th<' ionization. The 

hrightnC'ss of:=:- tracks is four tinws as large as llud oft hC' tracks of minimum ionizing 

/,· - . ThC' ratio of t hC' ionization of the :=:- to that of tllC' /,·- agn'es well with the 

diffNence oft he brightness. 

A ngular resolu t ion of tracks: Tn order to treat tracks of i\IIP"s and of low­

C'JIC'rgy particles with the same' algorism, we han' gC'nerally use of l he straight.-line 

fit on the data from pixds as described above. Th<' angular resolution for the tracks 

of M IP "s has been c'valuatC'd by means of the comparison with t.hc C'Xlernal tracks 

ohtainC:'d with tlw J,·+-spectromC'Ier. The angular resolution of lh<' <'Xternal track 

has bC'cn kss than 3 mrad. Figure' 19 shows the angular r<'solut ion against thc track 

length . which is writ ten as a0 ,..._, 5001 L mrad .. whcre thc L is lhe track length in 

mm. The contribution of multiple scaltNing for the angular rc>solution. which is 

writ.I.C'n as 0.'11 · JI llll"Cid .. is nC'gligibly Slllall for I hC' tracks or ~ l iP's. It is, however, 

considerC~hl.r large for the tracks of low C'ncrgy bC~ryons. For <'Xampk. the effC'ct of 

mult iplc scattering oft hc 500-t\!C'V I c prot.on Lrack is givC'n rls 2.9 · J[ mrad. 

3 .3 Analysis of t he SCIFI-data 

\\'C' describe' the method of analysis of thC' SCIFf data. First of all. \\'<'describe the 

s('anning procedure to find a track in a picture. Th0n, thC' mdhods to obtain three­

dimensional t.rC~ck information is presentC'd. Finally we clcmonst rate' the performance 
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Figur<' 16: ,\ typical picture' of a low C'ncrgy partie!<'. A trark of a .)00-:\IeV /c prolon 
~topped in the SC'IFI-largd is shown. a) 1\ displa.Y of t.hc track. The X-Z and Y-Z 
projedions are shown. b) The magnifiC'd view of t.h<' track in th<' r<'gion 1\ on lh<' 
Y-Z proj<'rt ion of a). Il<'r<', both axes show th<' pixel coordinat<'s. Each rcctangl<' 
corrC'sponds to one pix<'l when" thC' brightness i~ pr<'scn(C'cl in gray-scale. c) The 
pN~p<'cti,·<' vi<'w of the plots in b). The pixd brightness is shown as the hcighl. 
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Figure 1 : The brightnesses of the tracks for various particles produced by:=:- decays. 
The open circles correspond lo /\'+'s around l.lC:cV fc as typical MIP tracks. The 
black squares correspond to :=:- 's with momenta around ;)00 ~leV fc. The white 
squares rorrcspond to protons as typical dcray products of A's with momenta around 
100 rdcV I c. 
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Figure 19: Angular deviations of the tracks of l\IIP's from the predictions with the 
spc>clromclc>r. a) for the track l<'ngt h ( L) of 0 mm and b) for that of 20 mm. c) The 
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oft he kin<'IlHll ical r<'construction. 

3.3.1 Scanning of events 

.\ typical :=:- dC'cay C\"<'111 is shown in Fig. 20. First of all. ],· - and J,·+ tracks have 

h<'<'n r<'cognir.cd using t h<' external posit ion in format ion given by th<' counter system 

in the beam litH' and the {{-f spectromC'tcr. The accuracy oft he prc>diction for the 

f\'+ hCls been 300 fllTl for Lhe picture on the X-Z project ion CltlCI 800 Jllll for the Y-Z 

projection. The accuracy forth<' prediction oftlw h<'ant position has bc<'n about lmm 

for both projections. i\cddcnt.al overiClpping of incident tracks hCl,·e be<'n separated 

by means of I hos<' pr<'d ict ions. 

Th<· ( {,·-, ,,·+ ) react ion point has h<'<'ll ickntified as I h<' cross point. of the/\' and 

/,·+ t rClcks. \\"hen the emission of one or mor<' charg<'cl particles Clrc observed, the 

( f,· - , /,·+) read ion point has IH'<'n appar<'ntly ident ifi<'d as a v<'l't<'x of multi prongs. 

The :=:- ·sand~- \ have be<'n identifl<'d by obsc>rving tiH' ··kink .. topology due 

to wcnk-decays such as::::- ----. Arr- ami E-----. 111r-. These wC'ak-clrcays have been 

identifl<'d also with the sudden change of the hrightn<'ss since the ionir.ation of rr-, 

a decay product, is I j I of that of slow hypNons. \VC'ak-d<'cays of A's have been 

identified by "\'<'<' .. -like topology form<'d with tlw decay products. proton and.,.. - . 

Since the tracks on t.h<> X-Z and the Y-Z projections han' lh<' "same" Z-posit.ion, 

I he corr<'spond<'nce b<'l ween I h<' I racks on t h<' I wo project ions hCls b<'en don<"' by 

referring lh<' Z position. Thc> tracks of escaped part icles. how<'V<'l". may have a stereo 

ambiguit~· sinlilClr to l hat of mult i-wir<> chambers. Such an ambiguity CCln b<> solved 

using the ext<'rnal information or t.lw internCll kin<'matiral constraint, for <'Xamplc, on 

I he coplanClrily. 

3.3.2 Three-dimensional event reconstruction 

Positions of(/,· - ,/\'+) intcrCldions and d<'CClY positions of hyp<'rons such as the:=:­

and 1\ ha,·e h<'en l11<'ClSur<>d on an ev<'nt.-clisplay scr<'Ctl. Those positions have been 

ex ami n<'d by meCl ns of t h<' m<'t hod of the cent <'r-of-gra ,.i ty of t h<' brightness inside 

the square of 2 mm around the measurC'd position. For the track identification a 
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Figur<' 20: Th<' display of a Lypical :=: decay. The w<'Cl k-dccay sequ<'n<"es of:=:- ---? 

1\ + ii - and A ---? n + ii - arc clearly identified. a) Til(' X-Z proj<'ction obtained with 
the ,.<'rli<"al liT. b) Thr Y-Z proj<>ction oblainrd "·ith thr horizontal liT. The track 
predict ion with t.he J<+ -spectrometer is also shown as litH'S on both pictures which 
have good agr<'<'mcnt with th<' images of the track of r,·+ ·s. c) Jnt<'rprdations of the 
tracks in a ) and b). 
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corridor h<ls h<'<'ll d<'fin<'d along the track, and the pix<'ls in lh<' corridor have been 

tts<'d for t.h<' sl r<light.-l inc fil to obl<l in a Lwo-diniC'nsional track. Finally the tracks in 

both proj<'dions ha,·e h<'<'n combined to obtain a three-dimensional track. The vertex 

posit ion has h<'ell d<'fined as t.h<' closest posit ion of Lh<' two t racks. The coplanaritics 

of thc I racks oft he part iclcs in :=:- -t Arr- dC'cay and .\ -t pr. decay are shown in 

Fig. 21 which show typical pc>r formance of the t.hrec-dimC'nsional reconstruction in 

the SC'IFI-targd. 
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Figur<' 21: Th<' coplanarities of decays . a) A -t n;r - and h) :=:- -t A.rr-. The 
cop Ia na ri t y is clC'fined as the angle bet ween t.hc d i rcct ion of t.he mother partie lc and 
t he ckcay plane' 

3.3.3 Kinem a tical r econstruction by m eans of the range m easuremen t 

The ranges of t.he particles have been oht.ained by the posit ion lll('nsu rcm<'nL described 

in the pr<',·ious S<'clion. The kin<'lic C'nergy can be determined by the range in the 

SCIFI-targct wit.h the i3<'Lhe-131och formula . W<' have used th<' following empirical 

formula instPad of the Bet he-Bloch formula for t!H' sak<' of simplicity; 

1, Rb =a . , (7) 

whcr<' Tis lh<' kinetic <'nNgy of t.he particle, a and b <lre the consl<lnts giv<'n in Table 2 

and I? is the range in the SC WI-targct of th<' particiC'. The accuracy for th<' range 
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lll<'asur<'nwnt has hc<'n 1 n1111, which corresponds tot he' C'nergy rC'solution of 10% for 

stoppC'Cl protons of I em long. The' calibration has h<'<'n don<' with stoppC'd protons 

with t h<' kind ic C'n<'rg.v of ·10 M<'V at INS SF-cyclotron [ ll]. 

1i - proton \ ' - -
-..J ~ 

(( l 11.1 :32.5 :w.:J :38.0 
b 0.56!):3 0 .. ).).)3 0.!).)35 0.0.)21 

l'abl<- 2: ThC' coefTki<'nls Cl and b for ,·arious part iclcs which arC' usC'd for the' calculation 
of the' kindic enNgy from the range in the SC' l Fl-targd. The' paramet<>rs are given 
for the' rangeR in em and the kinetic C'nergy Tin i\kV ( SC'C' the' tC'xt). 

lf one of the charged part iciC's from t wo-hody d<'cays stops in t.he SCirl-targct, 

I he mass M0 and monwnltnn p0 of the mothC'r part ick can he cakulated as follows. 

l"sing I he measur('d rang<' Rand the decay angles 01 and 02 as shown in Fig. 22-a), 

I h<' moment 11m of the mol her pMt iclc, p0 , is dd NminC'd from t h<' mom<'n ta of decay 

product.s p1 and P2 as 

Po 

llerC' ,\/, is the' rC'sl mass of proton. ThC'n the' mass M0 can be obtained as 

(9) 

Here \\'e nc<'d to assume' the mass of the dC'cay products M 1 , and M 2 . The' re­

consl ruclcd mass distribution of A arC' prcs<'nl<'d in Fig. :22-b ), i 11 which the mass 

rcsolut ion is shown to be 1.) ~ lc\' f c2
. 

3.3.4 Detect ion effi cie ncies for sca nnin g 

D etection of sing le tracks: J\ clustC'r with 3 photons or more has bC'cn required 

forth<' ickntification of the track. Siner a track of ~ l iP produces a cluslN with 0.55 

phot.on pN nun in avcrag<', th<' t rack of 15 mm long lti'ls about 8 photons, which gives 

the dd<'ction <'ffici<'ncy of about 99%. If a particl<' do<'sn't pass through two layers 

oft h<' scint illat ing-fibcr-she<'ts, th<' track appears only in th<' X-Z or the Y-Z picture 

41 



a) 

70 

60 

1t- 50 

40 

30 

20 

10 
0 L-I....Jl-L-.1--L..l....l.rt..-'-'-..1-.1-

1000 1100 
mass of A 

b) 

120~eV/c~ 

Figurc 22: a) Thc kincmatical paranwt<'l's in the two body cl <'ray .\ __. prr- are shown. 
Til<' H is cld1ncd as the rang<' of prototl. b) T11<' distribution of th<' reconstructed 
mass of A from :=:- dccay. 

sinr<' t.hc ftl)('r-shccts arc starkcd altcrnelkly for both dircct ions. 1\ track must be 

longcr than 1.5 mm (more than :3 laycrs) Cllong thc beam axis for tlnce-dimcnsional 

rcronst rue! ion. 

Detection e fficiency for :=:- : The:=:- and A arc idcntificd h~· obscn·ing t.hcir weak­

dcc<l.V topologics that. show "kink-track" or "Vcc-l. rack'' in piriuil'es. The dctc•rtion 

dfkicncy for :=:- 's is low in t.hc rasc that the dcray position of :=:- is close to the 

vcrtcx point of the (/\·- ,f\'+) rcaction. Surh a low cfficietl\y is clue to the minimum 

visible dist.ancc bet wccn the vcrtex posit ion and the dcray position in the SC'IFI­

t argct. 1t is shown in the deray lcngth distribution of :=:- in Fig. 2:3 a). The del cct ion 

cfficiency, 17=. , <ls a function of the decay lcngth, H2 , was deduced by comparing the 

mcasurcd dccay length distribution to that of thc :\lonte Carlo simulation dcscribed 

in ,\ ppcndix B. Thc dficiency is consistent with unity if the decay lcngth is longer 

th<ln 5mm as shown in Fig 23-b ). \Vc ncglcd thc dcpcndcnrc of the dficiency on the 

night length of rr- . a,., since thc track of rr - produccd in tbc ::::- dccay has sufficiently 

long Oight lcngth in (.hc SCTFI-ta rget. 
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Figure 2:3: a) The dcray length di~t ribution of:=:- ·~ which arc a~~ociatcd with charged 
derays of A's is shown with the nosses . Th(' hatdlC'd histogram shows the result of 
a cakulat. ion by a l\1onL<' Carlo simulation. T he non na li zat ion has bc<'n done in the 
region whN<' the df'cay lC'nglh is 10 mm to 30 mm. b) Th<' detection efficicnrics 
for :=:- ·s as a function of the d<'ray length arc shown as th<' op<'n cird<'s. They are 
obtai ncd as t h<' ratio of t. hc obs<'l'v<'d data to the results of sinndation . T he erro r bar 
cor r<'sponds to one standard d<',·iat.ion of the slat ist iral C'rror. Also ar<' shown the 
dd<'ction dlki<'nry d<'dur<'d from thC' simulated pidurC's. Tlw width of the hatched 
area rorresponds to onc standard dcviat ion of thC' st at.ist.ica l error. 
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Figurc 2,1: <~)The d<'<:a.\' length distribution of A's is shown. The hatched histogram 
is <~n <'Xp<'clcd distribution from a Mont<' Carlo simulation. The normalization has 
bc<'n done> in the r<'gion wherc l h<' decay l<'ngth is I 0 mm to :30 mm. b) The flight 
l<'ngt hs of OIH' of lll<' <·hargcd d<'<:ay produds of .\ 's arc shown. Th<' shortest track 
among the proton and rr- from t\ df'cay is acloptcd. The halC'hed histogram is an 
cxpcct.ccl Oil(' obtainC'cl by a Mont<' Carlo si mu l <~lion. Thc norma lization has bccn 
donc in l he r<'gion whcr<' the d<'cay lcngt h is 10 mm to :30 111111. 
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Figure 2!): a) The dC'I<'cl ion <>fficic'ncy for A as a fund ion of its dC'cay l<'ngth RA wh<'re 
R,, is long<'l' than 5 111111. b) T h<' detect ion <'ffici<'nc~· for .\ ac; a function of the flight 
kngth shorl<'sl t rack of it.s d<"cay products Hp, whN<' F?A is longer t.han .5 mm. 

The detect ion efficiency for .\: Th<' similar effects arC' also observed in the 

detC'ction oft\ 's by mea ns of the search for "Vee-track'' . ln t. his case, the efficiency, 

''·'. dcpends on thC' 1\ decay lcngt h. RA, and the flight -l<>ngt h of the shortest decay 

products, Hp. 

Th<> dC'cay length distribution of A obtained from tlw :=:- decay and the flight 

lcngt h distrihu I ion of I hc shortcst dC'cay products in t hC' 1\ decay are shown in Fig. 24. 

Wc have oht.ai nf'cl l h<' cffic iC' ncies by compari ng I hcm t.o t.hc cxp<>ctccl distribut ions 

dcri\·C'd from a ~ Ionl<' Carlo simulation . Figure 2:) shows thc rfflcicncies as a funclion 

of the ciC'cay l<'ngth of A, '7A( I?A), and t hat. as a fun ction of the length of t,he shortest 

c!C'cay products. 7J~(/?p). Th<' C'ffici<'nci<'s, 1J=.(R=.) and '7A(RA) ar(' in good agr<'C'mcnt 

<>ach other. while '7~ (l?p) shows higher valucs in the rcgion of Hp ~ .) mm. 

Exam inat ion by t he simulated p ict u res: \\'e haw· <'xmaincd 1J=.(R=.) and 

77A( HA, Rp) by scanning the sim ulated pid nres g<'nr ratcd by the CEANT program 

ac; mcntioned in App<'ndix B. The pirtur<'s of quasi-fre<> :=:- productions in ((' ll)n 

with I he' dC'<"a.v sequcnr<'s hav<' been rcconst.ruct.cd by thc same method as t,hc anal-
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ysis of I he experimental data. The obtained efllci<'ncy cun·e for fi nding a :=:- as a 

function of t.he dC'cay length agrc'<'S wi th that of th<' <'XJH'rim<'nlal data as shown in 

Fig. 2:L In the r<'p;ion fl=. 2:!) mm, 147 events haw' be<'n found to h<' detected among 

1:).) g<'n<'l'ated sampl<'s. It corresponds to t.h<' <'fficiency of 9.) o/c . The '1A(RA,li71 ) also 

has lwcn cxa1ninC'<I by scanni ng the same pictures. Th<' coiTC'lat.ion b<'l.wcen flA and 

H1, is shown in Fig. 2(). llcre the open cirdcs show the ddcctccl C'\'<'nts while closed 

circl<'s arc ones \\'hich arc not detected . In the region of RA 2: ·> mm and Rp > 5 

mm t.ot al ·1'1 events among 46 generated sampl<'s arc dd<'cl.ccl . lt corresponds to t.hc 

dficicnry of 95%. Two cvmts have not been found due to I he accidental overlapping 

of I rae ks d<'scri bed below. 
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Figure 2G: The si muiCILcd correlation of t.hc decay lcngt.h of A against t.hc fl ight length 
of the shortest track of the decay products. The open circles shows the events have 
been del<'cled in tl1~ scanning and I he closed circles sho\\' undet<'ct<"'d ones. 

Ine ffi ciency from other sources: \\'e discuss t h<' origins of inefficiency which 

are not all ributed tot he minimum visible distance bet ween l\\'O tracks. Several cases 

arP considered. 

On<' of the sourc<'s is an accidental ov<'rlap of tracks at a ,·erl<'x point. Such 

kind of ineffici<'nc.v occurs when a ]{+ track or a t.racks of b<'am particle overlap 

accickntal ly at. the vrrtcx point. of a "V<'c-L rack" in bot.h of t.he X-Z ond Y-Z pictures. 
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TIH' <'ff<'cl hc•conH's twgligiblc> if t.h<' distance bet W<'<'ll Lh<' \'Nicx point and the track 

of the part ides is longer t ha 11 I mm i 11 one of the pid urcs. The i ncfficicncy d uc to 

IIH' o\'crlapping has h<'<'tt <'st.imat.C'd t.o b<' nbout 2% in the case o[ :=: decays. 

l'hc in<'flici<'ncy cotn<'s also from tlw uncertainly of dc•l<'rtninat ion of the angle 

b<'lw<'<'ll two d<'cay products. Thc minimum drl<'clabk nnp,l<' of a "kink-track"' has 

bccn cstimatc•d from lh<' angular r<'solulion of thc SCIFI-targrl, which is about .)Q 

mrad. for a track of Inn long. Although thc ' i11rfficiC'nc.\· owing to such an origin is 

twgligibl<> itt the case of :=:- decay, but t.h<' cffcds arc> strongly correlated with the 

<'\·cnt k i ncma tics. Drt ailed C\"a lua t ion of l he cl<'l <'d ion dficicncy for the H -t ~-p 

s<'arch is discussed in Section ·1. 

47 



4 Analysis of the possible candidates for the H 
particle 

4.1 Pre-selection by (1\.-- . ]\.-+) tagging 

4. I .1 Analysis of /\·-

\\"<' ha\·<' coll<'rlcd :j x 106 trigg<'rs in th<' SC' IFI-target. Th<' background events due 

to ol h<'r rC'act.ions incluclecl in t. h<' (1\' - , f\'+) read ions haw· h<'cn diminatcd in t.hc 

orr-line analysis in ordC'r to obtain true(/\' - . f\+) read ions. 

n The incidC'nt f( - 's have bcC'n selected using the' n<'I"Ogel ('eiC'nkov counter in the on­

line trigger process and have identifi<'d using the in format ion oft ime-of flight bC'twcen 

TJ and T2 in the off-lin<' analysis. The T DC data of Tl and T2 hew<' b<'cn corrected 

with th<' puis<' hight information obtained with lh<' 1\DC data. Th<' resolution of 

time-of-flight was l 5 ps<'r. Th<' ohtain<'d histogram of til<' tim<' diffN<'IlC<' betwe<'n Tl 

and T2 if> shown in Fig. 27. To r<'j<'ct. the coni aminal ion "·it h rr - and fi, we have used 

,,-- ·s of which dC'viat.ion from t h<' c<'nt<'r of tiH' t imc-of-flight sp<'ct rum was within 

± :WOps<'c. 

n 
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Figur<' 27: Th<' TOF sp<'ctrum of the incident particles. The arrows show cut values 
to obtain /\' 's 



ThC' tracks of the 1\'- 's have' been obtairH'd from thC' hit positions on BPC:3. 

13P(' I and BP(' .) using thC' bC'am lransporl<~lion matrix. ThC'." h<IH' been usdul for 

the position prc'diction of/\. in thC' SC'IFI-targct. The r<'<·onstruction efficiC'ncy has 

been 80%. 

4.1.2 A nalysis of /\·+ 

The scatl<'r<'d pari icles with posit ivc charg<' hav<' bC'<'ll sclccl<'d by I he flrst -lcvC'I trigger 

with usc oft he information from ('T and FTOF. The coni ami nation with 1r+ has bC'en 

<'liminatC'd wit It the \Tto signal from SAC. Th<' contamination with proton has beC'n 

0, reduced by t h<' mass trigger. In I hC' off-line analysis tlw moment a of particle's have 

been dC't.crruincd by using til<' data on thC' thC' hit positions on lh<' drift chamb<'rS and 

I h<' FTOF counl<'r. 

The tracks of the x+·s IHI\'(' h<'<'l1 obtain<'d from the hit positions on CDC, DC'I, 

DC'2. ])(':3 and FTOF. Th<' FTOF has pro\·id<'d I h<' H'rtical posit ion by using the time 

diffN<:>nc<' h<'l \\'<'C'n t.he signal from the photo-t.uhr on hot.h lhC' Lop and the bottom of 

I hC' countN. ThC' spatial rrsolut ion is 14.8 mm in vC'rt ica l din'cl ion. We rC'quired the 

hits all on lhC' \'C'rtical and horiwntal plan<'s of 1)('1. OC'2. 1)(':3 and at least I hits on 

CDC in lh<' region of the acc<'ptance of the l\' +-spC'ctron1<'tC'r. First the spline fit on 

these hits and t.hC'n the Hunge-1\ut.ta fit hav<' b<'en appli<'d to obtain the trajC'clories 

and the monwnta of til<' scatiC'rTd particle's. 'vV<' have rejected th C' tracks of which 

0. positions pr<'dicted by FTOF is different from th<' positions of the tracks by more 

than 7 em in horizontal or than :3 em in wrl ical. The background <''·ent.s due to K­

dC'ca ys ha "<' h<'<'n rejected wi t.h t.h is cut. The tracking dficien cy is about 80% in total. 

The velocity of the particle has been determined by the t inw-of-night measurement 

l)('tWC'en T2 and F"TOF aft<'r pulse-hight corr<'clion of TDC' data. 'fhe resolution of 

tim<'-of-night is 110 pscc. Th<' mass of th<> scattcrC'd particle' has bc.'en calculated to 

bC'; 

J\f = 11 · JH-2 - I , (I 0) 

whC're .\1. p <1nd t3 are the mass, momentum and \·<'locity of lh<' particle. rcspecti,·ely. 

The obtainC'd mass distribution is shown in Fig. 2 . Til<' particles in the mass region 

of 100 ~ I <?V /c2 to 600 J\ IC'V /c2 of the spectru m has been s<' i<'d.ed as the /\'+'s. The 
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Figur<' 2 ": Tlw mass sped rum of the scat t <'red pa rl icks. Tlw part ides in the region 
hd W<'<'ll two arrows han· b<'<'ll select<'d as the A'+'s 

mass rC'solution fort he]{+ is 18.5 ~leV fc2
. The obtain<'d mom<'ntum spectrum for 

/\·+ is shown in Fig. 29. Th<' momentum r<'solution has bC'en oht ained to be 0.5% at 

1.1 C:C'Vjc. 

Tlw total number of tlw ( 1\'-,J\+) r<'actions lagg<'d by tlH.' sp<'clrometer is about 

10,000. The rHrmber of coni amination misidC'nlifiC'd as t h<' J\+ deduced from the tail 

of mass spectrum is less t.han 1% of th<' loUd numbN of thE> /\·+ . The backgrounds 

ar<' from ( r\·-. rr+) r<'actions. A not her bar kground is d uc' to t h<' K 0 production, which 

arc climinal<'d by analyzing the SCIFI-data as cxplain<'d in S<'d ion L2. 

4.2 Scanning of quasi-free (J( - ,!\-+) reaction 

Th<' pictures of ( /\·-, f\'+ ) reactions tagged by the sp<'Cl rornet<'r have been scanned by 

human eyes and luwc been categorized to t.hc (1\ -, /\'+) reactions inlo several cases 

according to t h<' <'V<'nl topologi<'s[41]. Th<' results of t h<' classifkal ion are shown in 

Tabl<' :3. \\"e hav<' requirf'd that the(/\' , [\'+) react.ion point has been observed in 

the fiducial area. WC' have r<'jectcd the background events due l.O the nC'ut.raJ kaon 
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Figm<' 29: Thr momentum sp<'ctrum of ,,·+. Th<' plnin histogram shows t h<' data 
bdor<' the deduction by SC'IFI -data. The hatched histogram shows the background 
e\·ents r<'jccted by scanning SCIFI-data. Also shown ar<' th<' p<'aks corresponding to 
the dir<'rt II production for Jl/ 11 =2200 l\kV jc2 and M11 =22:30 ~l<'V jc2 in the process, 
[,·- + (pJJ) --+ ],·+ + II expccL<'d from a Mont.r Carlo simulat ion. The arrow shows 
the,,·+ momentum rut to ana lyze the data of direct 11 production. 

Pt,·+ 2:950~1eV fr Pi,·+ 2: I 150~leV fc 
(A' , /\·+) in fiducial 8294 691 

(A'- ,/\'+) out of fidu\ial 1.537 149 
IH'u! ral kaon 172 !57 

predict ion mismalriH'd :3.59 ·1·1 
double scattering 17 R 

Table :3: The numbers of ( 1,· , /,'+) events and background eH'nts deduced by scan­
ning t h<' pirtur<'s. Here '·prediction mismatched'' means t h<' eq;•nts of which positions 
of]\'+ I racks mismatches with the predicted tracks from 1,·+ -spectrometer. 
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prod11cl ions; 

( 11 ) 

and 

( 12) 

In the latl<'r cas<'. t.hc> rr+ has h<'<'ll miss-identified as th<' /\·+.These C'\'ents hav<' bC'cn 

r<'jcctC'd by obsNving th<' disconneciion of t h<' /\·- t r(lck {IJHI t h<' /\·+ track which 

corresponds to th<' nC'utral k(lons. We h(lv<' rejeckd the e\·ents of which 1\- or the 

]\'+ wer<' scatter<'d additionally in the' pict urC'. \\ '(' ha\'(' rcjectC'd also the <'V<'nls of 

whirh the positions of the f\' + tracks mismatch with the' prcdirted position given by 

the information from Ll1<' spedromdcrs. 

'I h<' number of( /\'-. K+ ) reactions aft<'l' these selections is 8.:WI. \\'c havC' stud­

iC'd the pidur<'s more raref111ly in Lhc r<'gion wlwr<' /\·+ monwnta arC' grcat<'r than 

l\.~Of\ I C'\1 /c in order to SC'arrh for the II diharyon which dcrays into l::- and proton. 

4.3 Search for the H d ecay in P 1,·+ > 1150 M eV / c 

4.3.1 Exp ected s ig na l of the II : decay t opology 

In this sect ion we discuss the' kinematics of prod\1\t ion (Inc\ t hC' decay of If into 

E-p. V/<' ha\'C s<'archccl for the II produc<'d in a rarbon nurlcus directly through the 

process; 

{13) 

where (pp) is a proton-pair in a carbon n11rlcus. 

Th<' moment tlln distribution of g+·s for the H mass of interest has been calculated 

by a i\ lont.c C"r lo simulation assuming t.h<' process above'. The' results are shown in 

Fig. 29. The momC'ntum of/\'+ decreases with th<' innC'ase of th<' II mass. The lower 

limit of /\'+ is about 1100 i\IC'V /r for Jl/11 =22:30 r.Ic\' jc2
. \\'e hav<> put an emphasis 

on t h<' h<'a vy II SC'arch (2200 MeV I c2 ~ J\1 11 ~2230 M<' VI c2
) . W<' have analyzed the 

e,·ents in which /\'+'s have mom<'nta high<'~' than ll:)O ~ leVIc. This cut gives 90% 

efficiC'ncy for the ana lysis. 
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l'nckr th<'S<' constraints, the r<'adions; 

( l ·1) 

( J 5) 

arC' not allowed kinc'mal ically. 'l'hNcfore, no charg<'d part irks should be observed at 

the(/,· . /,·+) \'<'I'I<'X point except short ones (kss than a few em) which are possibly 

low-<'nergy protons <'\'aporated from the residual nucleus. 

A signal ure of l h<' II is the s<'quent ial W<'ak decay chain ; 

H --+ 2_; + p, t lwn 2::- --+ 1r • + n. ( 16) 

The dC'cay length distribution of !I calculated by a ~\lont<' C'arlo si rnulation is shown 

in Fig. :30-a) in the case that the lifdime of II is :3xl0- 10. In this cas<>, about 70% 

of the II is expect.ecl t.o decay in t.hc SCIFI target. 

The charg<'d d<'<'ay products. the~- and proton. show a topology of a "Ve<>-lrack'' 

which is similar to that of A ~ 1r-p dc\ay. Sine<> t lw ionization of ~- and proton 

arc 111 0re than 1 t.i 111 es as large ClS these of minimum ioni?.ing part icles, a significant 

difference in ·'bright ness .. of the tracks front minimum ionizing tracks is obsen·ed. 

Th<' distribution oft h<' flight l<'ngt h of the proton is shown in Fig. :30 b). About 50% 

of the protons stops in the SC' IFl-La.rget and the rC's(s C'scape from the targcl. As 

shown in Fig. 30-r), t h<> m<>an <kray length of ~- is about 10 llliiL About 60% of 

~-·sis expected to <kcay into 1r-n \\'ith the IOOo/c branching ratio in the SCIFI-targel. 

and <~bout I 0% is <'XpecL<'cl t.o stop and int.cract. wit.h tnaterial in t IH' SCIFl-Largct. 

The rests arc exp<'d<'d to <'scap<' from th<' target. ,\ monwntum of the 1r from 

th<' ~- d<'cay is around 200 '/I.I<'V/c. Although about !l9Vc'· of 7r- have mom<'nta 

sufficient to escap<' from the SCIFl-t.argC'l., t.ll<' reaction cross s<>clion of rr- is large at 

this mom<'ntum r<'gion (about :360mb for carbon) b<'caiiS<' of th<' ~ r<>sonance. Thus 

som<' of th<' rr-·s int<'l'act with a nucleus in th<' targ<>l. Taking this <'ff<'c! into account, 

we ha,·e <'stimal<'d that the probability of C'scape of 1r- from Lhc targ<>t. is about 90%. 

fl produc<'s a minimum ionizing track in the pictur<'. Thus th<' d<>cay chain of the 

His obs<'l'\'ed in th<' pidur<' as a .. kinked V<'r-track" as shown in Fig. 31. which we 

search for as the signa lure of //. 
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Figure' :30: a) !lC'sults of a ~Jonte Carlo simulation which show thC' decay IC'ngth of 
If. b) The flight IC'ngth of t.lw proton, one of the dC'cay products of If, in thC' SCIFI­
targct. c) ThC' <kcay length of the I;- produced in t hC' II decay. d) The flight. length 
of the rr- from thC' ~-decay. The mass of if is assumC'd to bC' 2200 ~IeV/c2 and the 
lifdime of Jf is assumed to bC' :Jxl0- 10 sC'c. The arrows show thC' cut value according 
to t llC' rC'quirement s B and (' (sC'e t.hc> kxt). 
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Figme :31: A typical track imnge of If~ ~-p generated by the GEANT simulation. 
Such a track is . The production of /1 via a. rcart.ion /\· - + (pp) ~ ]{+ + [{ and 
sequential weak decays, II ~ ~- + p, then L.J- ~ 1l7r- arc shown. Such a track 

image is named as "kinked \ 'cc- track'' which is expected to be detected in the SCIFI­
largct (sc<> th<' text). 
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4.3.2 Requirements to search for "kinked Vee-track" 

Consid<'ring th<' conditions discuss<>d abov<', W<' haw' s<>l th<' following requir<>ments 

for the ''kinked V<'c-track" as a If -t r, - p candidate. 

R equirement A: The two kink points, lh<' d<'cay point of II- ::,-p (A in Pig. 31) 

and the decay point of~-- 111i- (Bin Fig. 3J). arc ohscr\'ed in the llducial 

ar<'a oft he pidur<'. 

The first one is simply r<'lat<'cl to the llducial area of th<' cl<'tcction. In addition. we 

r<>qu ire a 1i--I ike track for Oil<' of the cl<'cay products of ~ -t mr- as discussed in 

S<'ct ion J.:u. 

Requirem e nt B: The rr- from the L:;- dcray has a flight l<'ngl h longer than 1.5 mm 

bdorc' it escapes from t.hc fiducial ar<'a of l he pict urC'. 

As discussed in th<' cas<' of t h<' :=:- d<'cay in S<'ct ion :3, I hC' If whos<> decay point 

ts clos<' to t h<' production point is diflkult to be dctcrl<'d by scanning. The same 

difficulty occurs also for tlw decay of ~ . To ewduate ddccl ion efficicnci<'s of these 

<'\·<'nls. W<' hew<' consicl<'r<'CI a ''kinked \ '<'<' track'. as a combination of a "Vee track'' 

and a .. kink track··. Th<'n lh<' ddection effici<'ncy of lh<' '"kink<'d \'ee-track"', 1]1,·v, is 

en1luat<>d as a simple mu ltiplication of t.he detection cfficic·ncy for:=:-, 7}"E., and that 

for i\, IJ11 • as; 

( 17) 

Th<' 7]J,\ ' is the detection <'ffkiency of t.h<' 11 in lh<' scanning of the ''kink<'d V<>e­

track"' in th<' pictures. li <'r<' we used Ru (d<'ray lcngt.h of th<' II) instead of R11 in A 

dC'cay and Hr. (decay lcngl h of ~) instead of lh in :=:- d<'cay. 

As shown in Fig. 2:3 and Fig. 25. the dcl<'C·t ion effici<'nCi<'s for the~-. J\ and proton 

are consisl<'nt with unity if the flight lcngt h long<'r than !) 111111. The evaluation of the 

errici<'nciC's for t.hc flight l<'ngth shorter t.hi'ln !5 mm is difficu lt .. On the basis of the 

abo,·e rC'sult. we must fulfill I he following r<'quiremenl. 

Requirement. C: The decay lengths of th<' JJ and lh<' ~- produced in the decay 

If ~ ~ p ar(' longN I han .') mm. The night length of 1 hc produc<'cl proton is 

also longN than !) mm. 
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\\'<' ha\·<' defin<'d tlw dC'I<'clion cfficicnci<'s du<' lo lh<' following requirements D.E 

and F as 'lo· In contrast lo t h<' ,\ from the :=:- d<'cay. lh<' ~- and the proton from 

I h<' !I <~<'cay go to opposit<' dir<'ctions, thus t.h<' kink l)('l wC'en I hem can be idcnl ified. 

The \·isibilit.v is rC'Ialed to Lhc angular resolutions of the tracks. Since we haV(' set the 

minimum l<'ngt h to be 5 111111 for each track th<' angular r<'solul ion (jo is 0.1 rad., which 

cot-r<'sponds to tlw resolution of the opening angle of lh<' kink to be 0.11 rad. We 

han' rC'quirC'd lhC' angle bclWC'C'n lhC' ~-and lh<' proton, 0~1,, (l!ld the angle between 

Lh<' ~- <lnd I he 1r-, Or.rr. t.o b<' greater than 2 · (J'o, "'0.28 rad. for one of the projected 

planes. X Z or Y-Z. 

Requirement D: Both O~r and 0'£,.. arc more than twi('(' of the angular resolution, 

that is 0.28 rad., in cit.hcr of the X-Z or Y-Z plan<'. 

To mcasm<' the thr<'c-dinH'nsional posit ions of the initial and <'lld points of tracks, 

,,.<' haH' requir<'cl all thc charg<'d tracks to pass I hrough at lcac;t :3 layers of fiber sh<'cts. 

It corresponds to the rcquir<'mcnt for the flight l<'ngths of ~ . proton and 1r- along 

t.hc direct ion oft he beam axis t.o b<' longer t.han 1 .. 5 mm. 

Requirement E: Charged tracks are long<'~' than 1.5 mm p<'rp<'nd icular to the layers 

of I he scintilla! ing-fib<'r-she<'ls. 

As se<'n in S<'ction 3, t h<' overlapping of t.racks of 11 --+ ~-p wit.h the x+ track or 

n that with otlwr beam tracks ('(I USE'S the inefficiency. To (\\'Oid the ambiguity due to 

ov<'rlap wc r<'quirc the following condition. 

Requirement F: Tlw dis! n11C<' between th<' /,·+ track and t h<' decay point. of li IS 

longer than I mm in either of the X-Z projection nnd th<' Y-Z projection. 

4.3.3 D etection efficie ncy of "kinked Vee-track" 

The on'rn ll ddcction efficiC'ncy of the scan is; 

(18) 

where tiiC' IJJ>" is the frnctiou of the cv<'nls in which momentum of J(+ is abov<' 1150 

't'-.. lc\ 'jc2. 'l'h<' IJr>,,· is about 0.95 for the total If production in the case of J\111 =2200 
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).1<'\'jrl and about 0.8:1 in lh<' rase' of M11 = 22:30 f'..le\'jc2
. Thc l}rlrcny is a fraction 

of I h<' C'\'<'nls which satisfy H<'quir<'m<'nt /\. II is dcl<'rmin<'d by the lifetime of II and 

by I hal of~-. rite l]drcnv cakulaled by a f\ lontt" Carlo simulation is about 60o/c for 

II with I h<' lifd im<' of l0- 10sC'c and about :30% for I hal with 10-9 sC'c. The l}~rout is 

a frarl ion of !.he <'Vents which sat isfy Hequir<'nwnl. B. 'l'h<' IJ ;rout is insC'nsitive to Mil 

and r11 due to lh<' large Q-valuC' of the' dccay ~---+ ,.-n. It is 8.)% for the ll with 

til(' mass of 2200 ~lc•Vfc2 and the' lifetime' of 3x!0- 10 s<'r. 

The• 'JA(R11 , 1?1,) x IJ:=_(Rd is consisiC'nl. with unity with Rcquir<>ment C as dis­

cuss<'d in S<'ction :3. From th<' :'donte Carlo study. about :30% oft h<' II remains after 

RequirC'ment C ar<' fulfilled for I he /-/'s which ha\'<' md Hequirem.<'nts A and B. 

TIH• C'fficiencies 1)[) . 'lB and 'lv due Lo Hcquirem<'nls D.E and F. r<'spcctivc>ly, have 

also hcC'n c\·alual<'cl using a ~lonl<' Carlo simulation. In H<'<luir<'lll<'nt D, about 99% 

of I h<' ncnts r<'main after th<' O'i.p cut and about 957< rC'main afl<'r t hC' Or;1T cut. The 

efficicncy of 'lr:; is about 0.9, and Lhat of 'lF is about 0.97. Thc C'rficiencies discussed 

hc>r<' arc summarized in Tablc. •l. 

Requir<'nH•n1 A n (' I) I~ F p1,·+ :2: I 1.50~IeY jc 
<>ffiri<>ncy of Nrh cut (%) 5U5 R7.1 29.2 !)l.(j 89.8 97.R 95.3 

cfftci('nry of th<' combined cut (%) .5 l..5 <11.8 13.1 12..1 I I .2 10.9 10.4 

Tabl<> I: The effiC"icncies of thc cut according to Rcquir<'ments t\ to F for the mass 
of 2200 ~leV /c2 and th<' lifetime of 3x I0- 10 sec. Th<' dllcienciC's in t.lw lowC'r column 
show I he clhcicncirs of thc combined cut.s. l•'or example', I he dllciC'ncy in thc colu mn 
"C'' shows that of the com bi n<'cl cuts A to C'. 

Th<> d<>tect.ion cfflciC'ncy of II , I]H, which meds a ll the r<>quirrments 1\ Lo F is 

shown in Fig. 32 as functions of the mass and the lifctim<'. The dficicncy has highest 

,·aluc, that is, llo/c for H with the massof22:30 f. !C'\ 'jc2 and th<> lifctimeof3xl0- 10 

S<'c. It sl ightly decreases with increase of the H mass, wh<'rc>as it is not so sensitive 

to the // mass. 
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Figm<' :l2: Tlw O\'C'rall detection efficiency of the // decaying into "£-p. a) The 
dllcienc_,. as a function of the lifetime of //. The solid I inC' shows the <.>fficiency 
for ,\/11 =22:30 ~le\lfc2 and the dash<'d line for Jf11 =ZZOO 't.le\"jc2. b) Th<> overall 
<'fficiC'ncy as a fund ion of the If mass for LhC' casC's t hell the r11 is :3 x 10-to s<'C and 
:3 x I 0 9 s<'c, r<'S))('d.i vcly. 

4.3.4 Evaluat ion of t he detection effic iency by scanning of t he simulated 

p ictures 

\\"0 h;we examinC'd thC' dct<>rt ion efficiency for the If by scanning simulated pict urcs 

of t.he II -+ ~-p dC'cay generated by the C: I•:ANT progrC\m cl<'scribrd in Appendix B. 

The example of a simulated picture of the II decay is shown in Fig. :31. 

The lifctim<' of thc H has been assunwd Lob<' 3 x 10- 10 sec and the mass Lobe 

2200 l\ IC'V /c2 . To rcduce the' mtmlwr of events to h<' scanned W<' have chosen the 

samples in which decays If -+ ~-p and I; -+ 11-11 hav<' ocTurr<>d in the fiducial area 

of the pictur<>s. The flight lengths of If's, ~-·sand protons ar<' required to b<' longer 

than I rnrn. Thr JllltllbC'r of the' scannC'd sampks is U):J while the number of generated 

e\·cnts of the II which decays into ~-pis .)18. \\"e ha,·e mixed artificially 207 events 

""hich ha,·e ,\ 's produced at the' (I\-,!(+) \'ertcx and decayed into p11-, in order to 

fake the Il -+ ~-]J cvent.s. Tit is met.hod has minimi;~,ed <1 scanning bias due t.o the 
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prejudic<> to the C'vcnts. \\'(' have appliC'd the sam<' critC'ria and thC' sam<' programs 

for scanning of t.ll<' rC'a l data. 

' I h<' corr<'lat ion bet '''<'<'11 [{11 and R~ with Rp ~5 mm is shown in Fig. :n. Th<> 

clos<'d ri rciC's show dd<'rl C'd C'\'C'I1 Ls which arc seat t NC'd in t hC' r<'gion wherC' t h<' track 

lengths arc gr<'al<'r t.han 5 llllll. The opC'n circles cor r<'spond to t h<' events which arc 

not d<'l<'ded OIIC'S. 

Aft<'r all lh<' cuts from(' to F have b<'<'n perform<'d, 1~ ('\'<'Ills have been found , 

whil<' ~ 1!3 <'\'<'Ills have bcC'n expect<>cl from t. hc detection eiTici<'ncy described in the 

pr<',·ious section. One en'nl has not bc<'n found sincC' l hC' dislanc<' between Lh<' decay 

Y<'rl<'x of H - ~-p and the K+ track is V<'ry closc to the valu<' requir<'d by F (2.3 

mm in t he X-Z picture and 0.9mm in Lh<' Y-Z picture). Thus\\'<' have concludC'd that 

lh<' d<'l<'dion <>ffiriency is almost 100% with Rcquir<'m<'nls /\ lo F. 
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Figm<' :n: Th<' r<'sult of scanning of simulal<'cl pict tii'<'S of H. Th<' correlation bet ween 
th<' c!C'cay length oft he JJ and t hat of th<' ~- is shown with the condit ion of the proton 
flig ht l<'ngt h bC'ing gr<'aler t. han 5 mm. T hc closed circ l<'s haY<' b<'<'ll found by scann ing, 
while the op<'n circles ha,·<' not been found. 
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4.3.5 Search for "kinked Vee-track" 

Search for If -4 ~-p decay has h<'<'ll p<'rformed in t h<' /,·+ mom<'ntum region grcatN 

than 1150 f..lc•\ ' jc. The pictures of 697 cv<'nts in I his r<'gion ha''<' been scanned to find 

a "kinked \'c'<'-1 rack''. First. we have carried out the cuts with Hcquircmcnts ,\ and 

13 in order to search for the "kink<'d VC'e lrack"s from I he C'V<'nt. !.opologi<'s. Jf t.h<' /1 

is produc('(l ,·ia the quasi-frC'c process. no charged I rack is obsc·n·ed at the (!,·-, {,·+) 

,.Ntex as discussed bcfor<'. NcvNI h<'less, \\'<' havP not required any hypothesis for the 

topology of (I\. , g +) \'<'rt.cx in this scanning in order to h<' free from unknown bias 

about t lw product ion tl1C'chanism. 

!\ ftcr Hc>quircrncnts !\ and B, 6 cvcnt.s ha,·c rc•tnaincd. 13y Requirements C I o F 

applied for I hcsc 6 C'\'C'nts. 2 C'\·ents ar<' discarded, since on<' of the charged tracks 

in ''Vee-track'' has not. passed through more t.han 1 sheds. The 1 C'ven\.s have' b<'en 

r<'constructcd as th<' final sample's to be <'Xamin('(l with th<' kinematical constraints 

of If -4 ~-p decay. 

4.4 Analysis of H ____. -J - p candidates 

The picture's of th<' 1 <'V<'nLs ar<' shown in Fig. :31 to Fig. :37. The reconstructions of 

l hC' t h r<'e-d i lll<'nsiona I tracks have been done by t h<' simi Ia r met hod as described in 

S<'dion 3. TIH' sum mary of Lhc ''events arc lisLC'cl in Table!). The two events Band 

0 ar<' associal<'d with on<' prong at t.he ( K-. J\+) \'CrtexC's which can be interpreted 

as possible 1r- emissions via :=: decays with short. decay kngt h. HowC'ver, W<' have 

adopted tlwm as candidates for further tests with kinematical constraints. 

event !\ n (' D 
A· + momentum (~leV /c) 1189 1192 1169 1223 

Number of prongs at ( 1\·-, !\·+ ) vNtcx 0 J 0 1 
Opening angle for II decay (rad.) 1.69±0.26 1.10±0.16 :2.'14±0.12 1.59±0.07 

\ 'isible energy of proton(~ leV) 26.9±3.6 29.5±2.7 :37.1 ±2.1 73.4± 1.3" 
\'i siblc> <'ncrgy of~- (l\Jc\') R3.6±6.8 7.'5 . .)±1 .6 -50.1 ±2.0 63.8±2.8 

Table 5: Th<' summary of JJ -4 ~-p candidates. The ,·alu<'s with ast<'risk show I he 
,·isihk <'n<'l'g~· with C'scap<'d prot.on. 
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Figure 3~: A candidate of "kinked Vee-t rack" Event A. A possible inl<'rpreta.~ion for 
t he <'\·cnt is shown u nder the p ict m e . 
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Figure :35: A candidate of "kinked Vrc-track": Event. B 
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Figur<' ~~6: A candidate of "kinked Vee-track": EvcnL C 
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Figure :37: A candidate of "kinked Vee-track'' : E\·cnt D 



Th<' crossing point. of thc /\' and gt tracks gi\·cs thc ( J,·-, J\+) inl<'raction point. 

In the <'\'('Ills Band I) other tracks ar<' associakd at thc ( ,, .. /\'+) int<-raction points 

wiH'r<' tlw position is detcrmincd within the accuracy of lmm. Thc intersection of 

thc ,,--or/,·+ tracks in the dccay plan<' ddcrmincd by thc two tracks which form the 

"\'cc-t rack" also gi\'('S the ( [,·-, f\+) interaction point. within the accuracy of I mm 

along x and .v axes and tlrnm along;, axis. We ha,·e uscd the position determined 

by the method for thc c,·cnl A and('. The positions of (1,· , f\+) interaction points 

dctcrmined by the different. nl<'t.hods agree with each oLhcr for all t.he four candidates 

within the resolutions. 

n-absorption 
p p' 

{y(/ ~\ ~ 
I ! t :'I :I 
II\ 1{\ •A 

a) proton scattering b-1) 7Cscattering b-2) n-absorption and n-
proton evaporation 

~r p _" ~ :t 1\ 
If 
!A 

I -
c) n-~ !iv decay d) 1\+n~l:+p 

Figure :18: Possible fake cn'nls for if -+ ~-p. 

\Ve have considcr<'d the mechan ism which f<1kes A decays as Lhe !I decay. In 

scanning of a '·kinked \ 'ee-lrack" ,,.<' ha\'e obscr\'('d 191 ,\ e\'enls ( " \ 'cc-lrack'' ). in 

\\'hirh 17:3 events arc associat.cd with onc prong(\(. the u,·-, x +) vertex indicating the 

.::. decny at short distance. Thc A's can be produced also in the following reactions; 

:=:- + p -+ A + A, 

:=:-+p-+~0 +!\ ~0 +~0 . then ~0 -+.\+1-

-- -o 1 -o \ o .::. + p -+ .::. + 71, t. 1CI1 .::. -+ , + 7T • 
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' I hC'r<" ar<" S<'H'r<d possibilities to fak<' ··kinked \'C'C'-t rack·· C'\·cnt as shown in Fig. :38. 

l'hC'sc possibilit ic•s must be <'liminat.cd. The cases a) and h) arC' caus<'d by t.hc inL<'rac­

t ion of the prot on or r. . The case c) is ra used h~ t h<' in flight dC'ca.v of lh<' rr- into ,,-. 

The prohnhili t.\' of lllC'SC' cases h<'ls been c•st.imat.cd by usin~ <1 ~ T oni<' Carlo simulation. 

\\'c haH' found that 0 . .1!')o/c of .\"s from:=:- decays fakes the ··kinkC'd \'ec-t rack·· du<' to 

the interact ion of dcc<~.v products, proton or rr - , and that O.o:s% of the A's fakes due 

torr- ~ ,,-,1 dC'ca~·. Th<'l'<'for<'. numb<'!' of fak<' "kinked \'cC'-track"' is C'XpC'cted to be 

1.2 <'VC'nts from ,\ 's from:=:- c!c-cays. Th<'y arc able' t.o h<' C'liminaLC'd by <'xamination 

using the kincmat irs oft h<' !1 dc•ray. Th<' ,\ intC'radion shown in Fig. 1c cl) is rat her 

sNious, hut. t.h<' morn<'nt 11111 of A from ( !( , [\"+) rC'act.ion is around 500 f\ lcV / c which 

is lowC'I" than th<' threshold mom<'nturn. 670 f\Ie\'fc for this rNtclion. Assuming that 

I he cross S<'ction of tlw r<'acl ion A + 11 -t ~- + p is a bout 100 mb, t h<' probability 

of th<' rC'action for A's from:=:- decays has beC'n c•stimatc•d to h<' l<'ss than 10- 1
• \\'e 

Ita\·<' found t.h<' fakC' cvC'nts \'ia the process is kss than 0.02 <'VC'nts, which is negligibly 

srmdl. 

4.4.1 Kinematical constraints on the JI candidates 

\\'<' ha\'<' <'Xamin<'cl the four candidate's using kin<'mat ical constraints on t.he IT ~ 

~ p dc•ca~· to separate' from th<' background ev<'nts . ThC' first one is the "visible 

rnomcn turn" of the lJ which is rC'consl ructed by using t h<' ra ng<'S a ncl the emission 

0 angl<'s of the assutn<'cl ~- and proton. The minimum C'nNgy of a part ide can be 

tnC'asur<'d with its flight l<"ngt.h in the SCIFI-targd as d<'scrib<'d in S<'dion 3. lt is 

called "\'isibl<' C'l1<'rgy". 

Th<' visibk <'nNgy is C'qual to the kindic enNgy of the particle if the particle 

st opp<'d in the SC' IF I-t a rget. If the part iclc dC'cays or <'Sca p<'s from t.hC' t argct, Lhe 

visible' r nNgy is small<'l' l han the real kinct ic <'n<'l'gy. Thr \·isibl<' energy of the> L:-, 

'/~ . is oht ainC'd as clcscrihcd in S<'clion :3; 

(22) 

whN<' /?~is t h<' dC'cay length oft he::;-. The constant a and b arc <'xplain<'d in Section 

:J. The \'isibl<' momentum of ~- , PE's, is obtain<'d from '/ ~ and t hC' rc>st mass of t.he 

67 



~- .. \/"!. as: 

(23) 

Tlw ,·isibiC' 1110I11C'nt um of fl is obtained from p£5
• and the d<>cay angles of t.hc ~­

and t lw prot on. 0"!., 01, as, 

I l lS ,,j,. ( . 0 + . 0 I t. 0 ) J>u = I'>:. . (OS ~ Sill ~ rlll I' . (24) 

'I h<' visible momentum which is calculatc:'d by t.he sanJC' method with the hypoth­

C'sis I hat the "kinked Vee-track" corresponds to til(' ,\ -7 /)7r - decay. The results of 

p'fF and p'f..' 5 arC' listed in Tabk 6. The p'fr for the C'\'<'nts :\ .B.C'. and D against the 

(', 1\·+ moment tlln arc shown in Fig. :39. The dashed line shows the kinematical limit 

of the momcntun1 of If calculat.<-d for the following proc<'ss which has the maxirnum 

Q-,·aluc: 

(25) 

\Ve haw· found that the t.wo ev<'nts J\ and I) are inconsistent with the If -7 r,-p 

hypotiH•sis. \\'ith the .\ -7 p1r hypothc.,is, the ,·isiblc momenta of the two events. A 

and D, arc consistent with a typical monl('nt um of,\ from (1\·-, }\'+) reaction. 

event a) pj'{" ( M c\ ' jc) b) pf..'·' (.\! c\ 'j c) 
J\ J 313 ± 2112 266 ± 120 
B 11 55 ± 600 228 ± 1.51 
(' 772 ± 109 lf)l ±90 
D 1926 ± 261 :378 ± 7:3 

Table 6: a) The visible monJ<•ntum of the !! (pW) rC'constructed from the visible 
energiC's of :s- and proton. b) The .. ,·isihl<' momentum"' of .\ (pf.' 5

) obtained by 
th<' same method under the hypot hC'sis that th<' i\ -7 p1r- decays produced "kinked 
VeC'-track., s ( S<'<' tlw t.C'xt) . 

The second constraint is the "visible' momentum balance·· of lh<' :s- and proton 

from the 11 decay. The visible momenta of t.hC' I:;- and proton arC' obtained from their 

A igh t IC'ngt hs : 

p~~ = j(T'r_ + MEF- .\!~, 

p;;;,, = j(1~ + J\1p)2- Ml;, 
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Figur<' 19: Tlw scatter plot. of t.h<' visibl<' monwnt um of t h<' II and the mom<'nt.um 
of f{ +. Th<' dash<'d li n<'s \OIT<'spond t.o kin<'mat ically allow<'d limits for Lh<' dir<'d II 
product ion. Th upper lin (' corresponds to t.h<' 11 mass of 2200 f\ IC'V /c2 and the lower 
line- to 22:30 l\ lc-V jc2 . Tlw ar<'as below thC' dashNl lin<'s ar<' allowC'cl rE'gions. 
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Wh<'l'<' 'f'y;_ and 7~> ill'<' l.lw \'isiblc C'IH'rgies of~ and proton obtain<'d frOll\ thC'ir 0ighl 

l<'ngl hs. r<'Sp<'di,·<'ly. 'l'h<' visibk mom<'nLum bai<HlC<', ~p/}S. is dcfln<'d as; 

~J>''u = 7/•is . sin 0 H P • P 
1'1,, • 0 Pr. . Sill y;_. (28) 

If lh<' proton slops in th<' SC'IFI-targd, tlw ~P/? should be a positi\'<' \'cllll<', since 

lhC' p;;u> forth<' stopt><'d proton is equal t.o th<' initial monwntum, while th<' PYl" for 

t.h<' dC'ca.\·ing ~- is alw<lys unckrcstima.t.ed. Th<' C.p/{·' h<ls bf'<'ll calculal.<'d for three 

<'\'C'nls J\,B and C in which protons hav<' stopp<'d in th<' SC'WI-targ<'t.. The !:::.pXis 

is tlw ,·isible monwnturn balance which is cakulal<'d by the sam<' m<'lhod with the 

n h.\· pot h<'sis of A --+ prr - . Th<' results arc list<•d in Tahl<'. 7. The corr<'lat ion bel ween 

~P'i/' and tl1<' decay op<'ning angl<' is shown in Fig 10. The rC'gion II and A show 

kin<'mat indly allow<'d r<'gion with 90o/c confid<'ncc l<'v<'l. Th<' ar<'a II rorresponds to 

th<' dC'cay Jl --+ ~ p, and tlw ar<'a A corrC'sponds to th<' r<'gion du<' to A--+ prr-. 

Th<' t.hr<'<' cv<'nts A, l3 and C' arc not consist.C'nt wit.h Lh<' II but consist<'nt wit.h the/\.. 

Hy combining th<' kinc•mat.ical constraints disrusscd abov<', ,,.<' hav<' condud<'cl that 

all thC' I c\·cnts J\,B.C' and J) arC' fake cn•nts due to the ,\ decays. ThN<'fore, there 

remains no canclidal<' oft h<' JJ --+ "f_-p ckcay. 

('V('IJ(. <~) CoP/is(AfcVfc) h) ~p~'s(Mr\ ,jc) 

J\ -367±91 - 12 ± 62 
13 -22.5 ± 6!) 20 ± :)2 
(' -2l5 ±57 22 ± l:) 

Table' 7: Th<' ··visihl<' mom<'ntum balance'' for <1) II --+ ~-p dcca~· and b) A--+ prr­
d<'cay. 
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5 R esult s and discussion 

\\'<' hil\'<' searched for th<' II in th<' d<'cay products of th<' renction. [\'- + C ---+ 

/\·+ + II+ X . in I h<' SC'IFI-dal a. Th<' "kink<'d V<'<' track'' topology corresponding I o 

t h<' ~wqu<'nl ial W<'ak decay, 11 ---+ ~- + p followed by ~ ---+ rr- + p, has been srarchcd 

for. Possible four Cilndidat<'s hav<' been rC'main<'d after scanning th<' SCTF'I-data where 

tlw ],·+ momentum is high<'r than 1150 ~ 1 <'\' jc-. \\'(>han' r<'j<'ctrd all I he four <'Vents as 

t h<' fak<'s of A -t prr decay by m<'ans of I he <'Xamin<lt ion using th<' cl<'cay kill<'lll<l.tics. 

From I h<' null obsN\'C'd candidate' the uppN limit for I h<' prod uri ion cross s<'ction is 

obtain<'d as; 

(29) 

wh<'r<' /J1· is lh<' d<'cay branching for II---+ ~-p. Tlw 'Ill is th<' d<'l<'clion dfici<'ncy for 

t h<' <~<'cay II ---+ ~ 71 as cksnih<'d in Scct.ion '1.3 . Th<' upp<'r limit for the a 11 cl<'pends 

on t lw mass and lh<' lifrtim<' of /f . Thr a(I,·-.K+) is lh<' diff<'r<'lllinl cross s<'ction of 

th<' ( /\·-./\·+) r<'aclion al 0 d<'gr<'e on (C'll)n target with P1,+ >950 ~IeVjc. The 

ahsolul<' noss S<'CI ion has b<'<'n obta ined for ]\·+ monH'nl um gr<'af<'l' than 950 ~1rV jc 

(8.29 1 <'''cnts). The noss sc•dion of the• (1\'- .J\+) r<'aclion has b<'<'ll takPn from the 

<'XJH'rim<'nlal results in which lh<' nucl<'ar mass numhN dcpend<'nc<' of the rC'aclion 

\\'as m<'asured for various nucl<'ar targds[·1.1]. Th<' IOo/c unc<'lainity of the mrasurcd 

cross S<'cl ion has not b<'cn includ<'d h<'r<'. Th<' poss ibil ity that th<' producC'd :=:-<'Sea pes 

~ from I h<' I a rg<'l nurkus[ 11] stops outsid<' oft h<' nurl<'us[ 12] and is absorbed in another 

nuci<'IIS is about :37£ of th<' total (1\'-, /\'+) reactions. Tlwr<'for<', our measurC'mcnt 

in clude's t he production of II t.hrough t he process. llow<'\'Cr, it docs not affect the 

final r<'sull of t h<' upper limit for the dir<'cl I! produrt ion cross S<'dion. because no 

candidate of tlw II production has bc<'n found. Th<' r<'sults ar<' ~hown as a function 

oftlw li f<'t. imeof II in Fig. 11. and as a function of th <' II mass in Fig. 42. 

,\ ccording to t h<' prrdict ion by .Jaffe with t h(> ~ liT b<lg mod<'l [2]. the branching­

ratios of I he 11 which dcca_vs into 2 baryons arc cxp<'cl<'d as ~-p: ~011: t\n = ,1): 3 : 2. 

lf the II mass is greater than 2190 ~l c>V jc2 • t he drcay !I ---+ ,\ p7r - is also allowed. 

llow<'\'<'r. th<> branching oft his decay is suppressrd by I h<> kin<'matical ph as<' factor 

for I he mass IW<l r 2200 i\ lc V j c2 . 
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It is diffkult to assume' th<' \'alii<' of the branching-ratio !3r from the J>r<'scnt 

thC'orctical works. J\ccorclingly, t.he obta ined uppC'r li111i t. is prcs<'nl<'cl here assuming 

t h<' hr<1nching ratio for th<' dec<~.\' II --+ ~-,, to be 100%. The upp<'r limit is found 

to be to 0.1ttb to 0.:) ttb with the // lifetime of J0- 10 s<'c to l0- 9 s<'c. The result is 

ins<'ns it iv<' to Lh<' II mass in Lh<' region highN tha n 2200 ~ leV jc2 as shown in Fig. t1 I. 

Th<' t h<'or<'l ical prNiicl ion using the mel hod of Arts and Dover [ 10] is also shown in 

Fig. II. The obtain<'d upp<>r limit. is of the sam<' orciN as the prNiictions forth<' H 

with the lifdim<' of 10- 10 l.o JQ -H SC'C and wit h assumption t ha t t.h<' decay branch ing 

for ~ Jl is 1 OOC7f . Th<' oblain<'d u ppcr limit is plot l<'d a<; a function of l he 1 I mass for 

th<' lifetime of :3xl0 10 sec in Fig. ~2 . Th<' direct If production in this mass r<'gion 

was C~lso S<'a rchcd fo r by til<' a n C~ lysis of t. h<' missing nH\ss S[)('drum of (K-, f\' +) 

reaction in Lh<' cxpNim<'nl [12. I J] pC'rformcd simullC'liH'ously with this cxp<'rim<'nl. 

It pro,·idcd the upp<'r limit without assumption of thc dC'cC'ly brC'lnching-ralio of the 

II. T h<' dasl1<'d cu n '<'S in Fig. 12 show t.lt<' r<'sults . 

Th<' present results which have' b<'<'ll obtained by searching the dC'ray of !I in th<' 

SC' IFI data put t.lt<' ll<'W limit for lh<' II 1war the A,\ threshold (2200 ~ l <'\'jc2 :s;Mu<2230 

~fc \' /c.2 ). It has h<'<'n show n that. Lhc dir<'cl. If product ion in this ltt ass region is re­

jected hy means of t h<' analysis of missing mass sp<'cl rum as w<'ll as I he searching for 

th<' d<'ca.v products in the SCIF I-data. 
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6 Conclusion 

Th<' II dih<uyons(•arch via(/,·-,/\'+) rC'aclions with th<' /,·- monwntumof1.66C<'V/c 

has h<'<'n perfornwd at 1\.EI\ 12-CC'\' Proton Synchrotron. In t h<' pr<'S<'nl experiment 

a n<'wly dC'\'<'lop<'d dC'kctor, SCIFI-La.rg<'L have been used as a \·i sual d<'tC'cLor in order 

to d<'lccl I h<' i111ap;<' of ( /,·-. ,,·+) rcacLions followNI by I hc // ckcay into E-p in the 

targC't. 1\ J,·+ sped rorndN which lags I he (1,·-, /,·+) r<'actions has been usNI to 

confirm doubk slrang<'ncss transfcr in the SCIFI-targ<'l. Th<' SCIFI target. consist.s 

of :30,000 plastic scintillating flhns which ar<' vi<'W<'d b~· two S<'ls of image int<'nsifler 

l ub<'s from l h<' orthogonal dirC'ct ions JHO\·iding lhtT<'-dim<'nsional information oft he 

tracks. The tracks have b<'<'ll cl<'arly id<'nt.iflccl as s<'qu<'nces of bright spot.s. The 

position r<'solution of the centroid of spot hos h<'en obtain<'d to h<' 290 pm. 

The// dibaryon through th<' direct product.ion procC'ss. /\- + ('-+ f\+ +II+ X 

followed hy lh<' sC'qttcnlial w<'ak-clecay, II -+ ~- + p, t lwn ~- -+ rr- + 11 , has 

becn ~warched for in aboul8,000 picture's of{I,·-,J,·+) r<'aclions taggC'd with t.h<' f\+ 

spcd romdC'r having the mom<'nt urn rcsolut ion of Q .. )CJc and t hc mass resolution of 

18 .. =) ~IC'V jc2 for /\·-t 's of 1.1 C:C'V jc. 

Th<' candidates of the possible' II dC'cays into ~-p h<wC' bC'<'n C'xamined whether 

I hC' decay kin<'matics arc sat isfiC'd by thC' visible C'llC'rgy dclcrmin<'d from t.hc ranges 

of dC'cay products. No candidate of thC' I I dccay has bC'C'll found. 'i'hC' uppcr limit of 

thc> production cross sect.ion of II decaying into I;-p has bC'CI1 oblClinC'd to be o.:35 fib 

to 0 . .) t'h for thC' II with the mass of 2200 to 2230 ·~dC'\'jc2 and thC' lif<>time of JQ- 10 

to 10 9 sec. 

ThC' SC'IFI-1 argC'I has playC'd important role's in this <'Xp<'rinwnl owing lo it.s unique 

fC'alur<' as thC' triggNable visual dctC'dor. It h<ts been workC'd as <tn active' target 

providing thrcc-diniC'nsiona l information on ( g - ./\'+) in iNaction vc'rl<'xes, which has 

l)('C'Il usC'd to rC'jrrt background react ions such as nC'ut r;d kaon productions. It has 

bc<'n also used to dctC'd wc>ak decay products of hyprrons such as 

Xi- . ,\ and the II produced via (1\ -, J,·+) rC'<tctions. In addition, the method of 

kinrmat ical cuts h(\s bc<>n successfully appliC'd to sC'p<tr<ttc t hC' II decays from the 

background C'\'C'Ills due to,\ dC'cays using thC' SCIFI-targd. 

In thC' present C'XJ)('rimcnt. t.hc scinti llating flbcr h<ts h<'cn usNI as an active Larget 
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for the• first time', <~nd such a triggC'rable \·c•r(C'X de-tector h<1s bcC'n prO\'C'd to be useful, 

and the met. hod for apply ing it. t.o tlw scat kring C'X J>C'rinwnt has bC'C'n esLablishC'd. 

SC'\"C'raJ kinds of <'XJ>C'I"ill1C'!l(S of hyp<'rOll-11<'1lclC'On SCatiC'ring has bC'C'll JWrformC'd and 

planned h_,. using thc SCIFI-t.argd [16. 17, 18). \\"c l><'li<·,·c that it will op<'n a ll<'W 

fic ld of part idC' (llld 1111CIPar phys ics in fut. m P. 
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Appendix 

A.l Position calibration of the hnage data 

\\'e cksnibc the mrt.hod of t hC' position ralibrat ion of the S(' l Ff-data. ThN<' are 

t hr<'<' sourc<'s which aff<'d l h<' position resolul ion. Th<' first one is a so-call<'d pin-hole 

distort ion of t h<' images due to l hC' elrcl ro-st a l ic lens of the I IT. The S<'COIHI one' is l he 

distortion oft h<' images du<' to t.hC' fringing magnet ic fie ld oft he spcdrom<>LN which 

affect Llw orbi t. of phot.oekct rons in l.be elect ric focusing lens. Th<' th ird one is the 

miss-alignnwnt oft he fiber sh<'ets. Each <'ff<'rl was COIT<'cl<'d sc'paralely by using the 

r r<'krcnC(' pid IJr('S as shown in Fig. l1 and t hC' pid ures of s( relight tracks of minimum 

i oni;~,ing particles. 
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Figure 1:3: Th<' position c<1librat ion system for t lw S(' IFI-d<ll<l which gen<>r<ll<'d a 
r<'f<'renc<' pict ur<' with the LED light. Tlw plat<' with r<'fN<'nc<' holes is shown in <') 
and the s<>t up is schema! ically shown in b). 

A.l.l Correct ion of p in-hole distortion 

A pin-hoi<' d istort ion in tlw X-Z project.ion is described in the fo ll owing fornwlo; 
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( 
·~'r•n ) (l 3 ) ( .r,.('n/- ·~'c ) ( .rc ) - + 011' t 03T + · · · + , 
Zp111 :::,.r,/ - :::c ::::c 

( I ) 

wh<'r<' .l'rr·li and Zr,,/ ar<' lh<' rcC\1 positions, and .r7" 11 and :::11111 arr lh<' positions in 

t h<' distorted image. The dislo rt.ion d<'p<'nds only on 7', I h<' distancr from the optical 

cC'nlc'r of lh<' l iT (.r,. ,zc- ) to th<' rc•al positions (.r,,af·:::rr,d• i.e.: 

(2) 

The sam<' rdation holds forth<' Y-Z proj<'dion. Figure' II shows the distorted image 

of t lw rdNrncc pict urc which was I a ken wit houl l hc magnc·tic field. 

The .l'rronl a.nd ;;,,.,,/arc calculaiNI from thc ('CD inkgc•r coordinal<'s (!,_ceo, T~ ceo) 

with I h<' following formula; 

( 
l'rrnl ) _ . ( /J. CCV · Do.l'p.l'/ ) ( .!'off ) 

. . 1/mng / \ _ + _ · 
:::r,.,/ · 1J,,hrink --('CD· w-,J·/ -off 

whcr<' ~.r1"1 and ~Z,ri arc t.hc sizcs of the ('('I) pixcls, IIJtm and I:3Jtll1, respect iv<'ly. 

Ilcre 1Jmag is thr ckmagni fica l ion factor fro m the fiber output to I he CCD and the 

TJ.~hrrnk is thc dcmagnillcation factor along the Z-axis du<' to shirking of the sh<'C't­

gap at thC' read-out position of the SCIFI target. The ·~'off and :::off are the offset 

paramct.C'rs to cop<' wit. h th<' alignment betW<'<'Il the ('('I) ca mera nnd the IIT . 

n Combining thC' Equation (l) and (:3). lh<' paramd<'I'S aha3 .. l'c ,Z<',Zoff and .l'off 

wcrc <kducecl using lh<' ~1T 1 lJ J•:T packagc to minimiz<' the diffcr<'nce betweC'n the 

obsNved positions and th<' hole- positions. T hc result of I h<' correct ion is also shown 

in Fig. 4 I. 

A.1.2 C o r rect io n of distortion due to t he magnetic fie ld 

Thc dfcct of thc fringing magnd llcld on the image of gaps of fib<'l' sheets is shown 

in Fig. 1.) . wherc t h<' pin-holc distort ion has been a lrcady corr<'d<'d . The cff<'cl is 

more scrious in t h<' X-Z piclur<' I han in thc Y-Z pict lll'<'. Th<' photoclectrons mov<'d 

he I ica II~· at. the clcct ro-sta l ir lcns on the first stage of I hC' ll T due I o the magnetic 

field C'O ill ponent paralic! to thc liT axis. W<' assuiTl<' t ha t thc amo11nt of rotation of 
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Figur<' J 1: Th<' pin-hoi<' distortion and its corrc·dion. Th<' noss<'s show th<' distort<'d 
posit ions, and I he circle's show the corr<'cl<'d positions. 

pholo<'kctrons depends mt~inly on Lhe distanc:<' from lh<' optical center of the liT. 

The distortion drcct can b<' written as; 

( 
·~'mng ) ( 

Zmag 

cos 0 - sin 0 
sinO cosO ( 4) 

whcr<' I lw .rm,9 and M<' the positions distort<'d by I he• magnetic fi<'ld. The 

rot at ion "'ngl<' 0 depends on I h<' dis lane<' from th<' C<'nt <'r of I h<' liT. \ \'e found t hal 

the a ngl<' 0 is not axia ll.v s,vm md ric. We parametrize 0 as; 

whe'r<' r is th<' distanc<' from th<' l iT C<'ntcr and 6 is the <111gle around th<' liT axis; 

<f> = arctan ('T rrnl .Tc ) . 
Zrrnl - =c 

The parameters to b<> d<'tNmin<'d arc p0 , p 1, p2 .C\. B./ and h. \\'c hav<' chosen the 

paramelcrs so as to mak<' t.hc image of the fiber sh<>ct st.r<1igltt using the MINUIT 

package. 



'!'he rot at ion and tiH' curvature of t h<' sh<'d- image h a \'C' been obsNv<'d as sho\vn in 

Fip,. 1.). The distortion in th<' Y-Z picture is small compar<'d to the X-Z picture. Sim­

ilar to 111<' X Z proj<'ction, theY Z projedion have hc<'n corr<'ct.ed so as to reconst.rucL 

I he straight litH' oft lw rihcr sheds. 

A. l.3 Misalign ment of t he fiber sheets 

The misalignm<'nt of the fiber shcct.s occurrcd tn t.hc slacking proc<'ss. Figure 46 

shows the imag<'s of lh<' straight lines \'icw<'d through th<' scintillating fibers. The 

pic! urc shows t hc misalignm<'nl of the fihcr cl<'arly. To correct this effect we obsNvecl 

I racks of minimum ioni:~,ing particles. and t lw photon cluslcrs arc binn<'d into thc unit 

of fiber shc<'l. Figur<' 17 shows t hc peak \·aluc of I h<' r<'sidual dist rihut ion from the 

fit.t<'d I rack. The largcst shift of I he peak is ,100!1111 which is comparable to the fiber 

size. \\'e ha H' madc corrcclions on I hc fi bcr-slwct posit ions so ac; to com pen sal c the 

ohs<'r\'Ccl sh ift s. 

A . l .4 Evaluation o f t h e calibrations 

To <'\'alualc how wcllt he calibral ions haV<' bccn madc wc han' re-<'xmain<'d the picture 

of t h<' rcf<'r<'ncc hol<'s. The ccnl ral posit ions of I hc holes ar<' compared to thc real 

positions of those as shown in Fig. tl8 . Wc have concluded lhnt thc systcmalic Nror 

0. aw• forth<' position determination is about 200,tm, which includes uncertainty of the 

corrections of distort ion, adtst> and remaining misalignment of t.h<> fibcr sheets, Uattgn· 

Appendix 

B.2 GEAN T s imulation program 

\Vc ha\·e devcloped a l\1ont<' ('arlo simulation program to c\·alualC' Lh<' performance 

of t h<' total system. On the first stage of the program t h<' productions of:=:- and 

11 through thr quasi fr<'<' u,·-, ]\·+) rcad.ions in th(' SC' IF I-I<lrgpt, hav<' been simu­

ICllc'd. On lh<' second stage the gen<'rat<'d particl<'s han' be<'n fed into the GEANT 

p<lckllg<' to simulate til<' decay and t h<' furl her r<'<lC( ion S<'<fll<'I1C<'S and lo general<' 
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simulated pictures which imital<' I h<' SCIFI-data in orciN to check the performance 

oft h<' analysi~ hy nl<'ans of scanning. 

Th<' product ion kinematics has b('(•n calculatc•d in t h<' following 2-body reactions: 

/\- + (p) __. ::::- + ],·+' 

,,·- + (pp) __. J/ + ]\·+, 

(1) 

(2) 

(3) 

wh<'r<' (p) and (pp) are a proton and a proton pair insid<' a carbon nucleus, r<'spec 

lively. \V<' hav<' subtracted the nuclear potentiaL 7 ~le\'. from the rest mass of these 

protons. The fC'rrni-motion has been introduced int o the initialmom<'ntum of (p) and 

(pp) with t lw harmonic oscillator potential model. The out put of the simulation has 

a I so he<'n used I o make a cross check on the dd ect ion <'ffici<'ncy of particles such as 

:=:- . A and H. Using GEl\ T, the decay and inl<'rad ion of g<'ncratcd particle-s have 

be<'n included. L'h<' ioni~at.ion in each scintilla! ing flbc·r has bc<'n obtained. which is 

used to g<'neratc t.IJ<' simulated pict ur<'s as follows; 

• To generate photons according to the ioniza.tion in cClch scintil lflLing fiber. The 

number of photons are adjusted to r<'produce t h<' ohscr\·<'d cluster cknsity for a 

~liP track. 

• To generate a photon cluster for each incid<'nl photon according to the measured 

clust<'r distrib11! ion as shown in Fig. 11. Til<' c<'nt<'r of the cluster position is 

sm<'<Hed by th<' overal l position resolution. The brightness of the cluster is given 

so as to r<'producf' ohscrv<'cl data . 

• Th<' brightness of the photon cluster is distributed into thr corr<'spond ing pixels 

on I he C'C'D-chip. 

In addition, I he accid<'!1tal incident partirles have b<'<'n mix<'d at the rate of 0.3 Lrack 

p<>r e\'<'nt to simulal<' the actual data situation. Detailed description of generating of 

the simulated pidurr is found in R<'f. (41}. 
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