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Abstract 

The fOl'ln factors of J\'~d decay !\'+ ~ ,,01'+// haH~ bec11 ohtainf'cl by J1lf'aSUrillg its 
kinf'111atics distribution. The fOrIll factors are t 110 p(-)r(-)Ilwtel's which char(-)ctE'riz(' the 
bd1a\'ior of kaon weak df'cay. On the thC'orC'tical side. thc k(-)Oll is a simplC' s.\'stC'1ll which 
is researched by QCD. The 111 asureJ)wnt of forlll factors call tC'st models rcalizing low 
nergy long-ch tancc QCD. In this conncction. the (,J)i1'al Pf'rtllrhatioll Tllcol'y((,IJPT) 

which is one of th calculation schenlec of low ellcrg,\' QeD has Ill(-)c]c t hc prcdict iOIl frOlll 
fir t principles (thus lTIodel independC'l1t) of tlw slope of kaon Corm factors. 

In order to obtain the kaon form factors. the distributioll of til(' kinf'l1l(-)tics \\"as liS d. 
]lp3 kinen1abcs wa. decided by th energic. of KO ancl /, +. Bot h or the llwasll]'cd C'lIcrgi( s 
were plotted as a two dil1lf'llsional histogl'a111. and t h ya IlIC's of forlll fact or \\'cre obt (l i nC'c! 
b~" fitting this histogranl. The llwasurelllcni was pcrfornwdllsing stopped /\'+ Illct hod. i\ 
. uper-conducting toroidal spectrOllleter in conjunct ion with a CsI(Tl) photoll detector W(-IS 

used for the f'Xperinlcnt at 1\:5 bealD lin e of hEI\. -PS protol1 s.Yl1chrot ron. Tile elwrg.\· of 71° 

was 111eaSUr d by the CsI(Tl) photon df'tf'ctor which was COllst rllcted wit h ('()~ modules. 
and the energy of p+ was 111easnred by the spectroD1etf'r which \'\'a. constructed with a 
Toroidal ~Iagnet and three ~I\YPCs . 

The 01 tained reo ults were 

A + = 0.034 ± 0.00 (' ( s I a) ± 0.0 1 :2 ( ." y.q ) 

and 
~ ( 0) = - 0 .4 0 ± 0.08 (." I (I) ± 0.0 (' ( .\1/ ." ) 

\,,,h r sta ll1ean. a stab. tics error and sys 111ean. a s),stenlatic C'rror. Th('s(' \'a lu('s are 
consisten t wi th the results of previous expf'rimf'll t s wit hi n f'rrors. n d the' prC'sC'1l t Ine'a­
. ur Jllen twa. most precise one an10ng so far perfornlC'cl f'xpf'ri l1lf'1l ts. 1'1lC')' agrce wi t h 
the prediction of CHPT. 
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Chapter 1 

Introduction 

1.1 Physics Motivation 

There ar s veral good reason 1110bvating the tudyof 1\' nleson decays v\ it hin t llf' st an ­

dard I1l0d 1. Th _yare 

• to do high precision experilllents at rare J{ decays to obtain the funclallwnta] infor­

Illation of the lectroweak interaction . 

• to test Quantum Chro1110 Dynaluic. (QCD) at low cn~rgif's. 

The understanding of QCD effects at 1{ decays i!) ignificant 1y inlportant not only 
for its o\vn importance or interest but also for extracting the genuine infonna bon of t hp 
el ctroweak interaction, since in n10 t of 1{ decays the QCD contributions, which is call cl 
as "long distance contribution" would 111ask the electrow ak inforll1atioll (which is caUpd. 
in contrast, ,. hort distance contribution".) Also tll study of QCD at 1{ d cays would 
give unique features, a, explained below. 

1.2 QCD at very low energy 

The study of QeD can be divided into three regions of energy. vrc are all aware of 
the applications of perturbative QeD to the high energy region. As one COll1f' ,' down in 
energy, we nter a region wh re perturbati"f' QeD is no long r applicabk. Here we do 
not kno\t\' how to calculate (apart from th lattice con1put r calculations), and \\' arp 
reduced to 111aking models such a, quark mod Is, Skynne 1110dels, ... etc. Ther are not 
good approximation in the sen, e of predicting POWf'TS. However, at very low energy. sa)' 
E ~ 1 GeV or so. we again enter a region where a controll d approxinlabon is po. 'siblp. 
using symn1etry, which is called "chiral symnlPtry'·. 

1.3 What is Chiral Symmetry? 

Suppose th case that th u, d. s quarks are Iuasslf'ss . For ach quark, ther is a 1 ft-handed 
helicity state (spin antiparallel to th D10n1entum) and a right -handed h licity state. QC 

1 



CHAPTER 1. L\rTRODCCTIo~\r 

interactions are the sa111e for left and right helicity and do not flip hC'l;cit .\·. rlld~r thf'sC' 

conditions left hand dIna. sle, s particlE' will always sta.\'1e'ft -hallckd and right -handed ",ill 

stay right-handed. Since ach fla\ror i.' 111assle. s alld has the' sanlC QC'D coupling. th rf' 

exists a separate flavor 8[ ' (:3) in\'ariance in C'ach world, It i. calle I .-,r r(:3)L x ,\,·n ' (:3)R. 
This i the chiral . Y111JTI try. 

TOW consid r the quark D1a. ses. It is cl ar that we can n01 f11aintain the sE'parat~ If'ft ­

handed and right-hand d in\'ariance. If one has a 111assl\'E' lC'ft -handf'd particl~. OIl(' can 

always boost to the fraD1 D10ving \'\'ith other dir etiOll. such tha1 1eft -hanclC'd partick is 

now right-hand d. Xow w can not scparatf' the left-handed and right - hancl~d. IIo\\'E'\'C'J'. 

if the D1ass is Ina11, the original SC(:3)L x SC(:3)R . ,\'111111('t ry c uld also be all approxinlat(' 

sylTIlnetry. and th 111aSS could be trea ted as a p 1't urba t ion. This is a 111ai 11 iclC'a of "('11 i rol 

Pert llrbation Theory (CHPT)". 
CHPT is one of th gauge theon', based on t11E' spontallC'ous S)'111111C'1 ry breaking . It 

is known that if the spontaneous symnletry br a king occur. ' (n a 111('1 ,\', the rCol \ 'aClllllll 

is not the pot ntia1 111inin1U111), it produce. th mass]C'ss GoldstonC' bosolls. In 'IIPT. 
the Goldstone bosons appearing from spontaneous ,'-) l . (3) sym nwt.ry brea ki n . a r pS('tldo­

scalar mesons . lik 7f, J{ sand 77. 
CHPT is a theory to use the efl'ecti\'f' chira ] Lagrallgian dir('ctly at 1 h~ l('\'el of ps('udo­

. calar 111eSons. Since it i. an effective th ory. i1 introducE's nC'w uplillg constants at 

each order of the expan. ion of mass or four-l1lonlE'nt unl transfer squared. So. it is 0 11011-

r n0111alizable quantU111 fi ld theory. CHPT is. how~\' 'I'. in a e1'tai11 SC'llS(. t lw s1 andard 

mod I at the mesonic 1 v 1. Once the coupling con. tant s are cl~t rI11illC'd cxperilll<'nt all~ ' . 

it has st rong predictiv powers . If any d iscrepancie. ' between CHPT and the experi111cn­

tal results appear, they ilnply at least possible con. equences of new physics beyond the 

tandard mod 1. 

1.4 Why K decays ? 

The reason \\1hy the J{ decays provide the best testing grounds of CHPT is as follows; 

• J{ decays involved only pseudo-scalar Jnesons or leptons , and no baryons (which 

have masses above the AQC D ) . 

• Typical mon1entum tran fer squre is sn1aller than AQeD rv 1 Ce\'. 

The effective Lagrangian is xpand d in tern1S of the m01l1enl um transfer squre. 7)2 . 

In the effective Lagrangian of O(p4). ther are 12 ffectiv coupling constants. which are 

rf'fered as L l , L 2 • .. . L12 ' They ar detern1ined expf'rim~ nt ally, a . shown in Table I.L 
-0\\1 it is interesting to know vvhich of th low-energy couplings occur. in th lTIatrix 

e lements for the semileptonic kaon decays. This infonnation is given in Table 1.2. 

1.5 K l3 Decays 

In the present tudy. th selTIileptonic J{ decays are chosen to te t CHPT. Th decay 

mode consider d here is 
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Table].1: Renornlalizecl phenonlenological coupling constants and sourcf' for them. 

coupling con. tant sourcE' 

Ll 1\f4.. 7ni' ..........-t 717'1 

L2 1\('4, rrrr ..........-t 7I7r 

L3 !\'t4 . rrrr ..........-t 7r7r 

L4 Z \\'pig ru 1 f' 

Ls F]\" f " 
L6 Zweig I'ulf' 

L7 Gell -\lal1ll-0kubo, i s. L 8 , 

Ls Jh\.,o - .11]\·+ 
L9 < r2 >7r 

Em 

LlO 71 ..........-t cv , 

Tabl 1.2: Occurrenc of the low-energy coupling constants Li in the senlilf'ptonic kaon 

decay 

Ll L2 L3 L4 Ls Lg Lg + LlO 
f{ ..........-t lv, X 

!\' ..........-t lvll X X 

f{ ..........-t rrlv X 

f{ ..........-t rrlv, X X 

f{+ ..........-t rr+ rr- e+ v X X X X X X 

f{+ ..........-t rro7lo e+v X X X X- X X 

f{o ..........-t rrorr - e+ V X X X 
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]\'+ ~ ,,01'+ II (fl'J,:3 ') ( 1.1 ) 

As shown in Table 1.2. it i. sensiti\'c to t hc coupling const ant [J~I' 

1.5.1 Matrix elements and kine m atics of /',..-,,:3 decay 

Assu111ing that only the l ' - A interaction cont ributC's to tIlt' dC'ca~ ' /\'+ ~ ,,°111. its matrix 

elenlent can be written a, 

1\1 ex [1+(q2)(Pb: + P~o ) + f_(q2)(p}\. - })~o )][un .d 1 - JJu v] (1.2) 

1+(q2)(PJ\· + p~o )un .\( 1 - JS)u v + I_((/)mlup(l - JS)u v (1.:3) 

\·"her f+(q2) and 1_(q2) are dinl nsionles. [ 1'111 factors of J\l."~ as a function of mOJ1lC'ntull1 

transfer squar d q2. They are a '. unled to be giW>ll as f±((?) = I±(O)[l +A±(q/mrr)2]. P j \ · 

and Pr. ar the four rnon1enta of J\+ and ?r0, resp cti\-ely. Eq.(1.2) is obta inC'd b.\' llsing 

the nl0nlentunl consen 'ation relation of p/\' = Prro + p/+ + Pv and the Dirac equatioll. 

1.5.2 Decay rate 

The Dalitz distribution of J\/3 is gi\-en as [Par96] 

(1 A) 

where 

~(q2) 1- ( q2 ) / f + ( q2 ) . ( 1.·1 ) 

A TI'ZK(2E/Ev - 171/\' ~o) + TJ.ll( ~0/4 - Ev), ( 1.6) 

B 1Tzf( Ev - E~o / 2), (1.'/ ) 

C 
1 2 f 

4mlErro, (l. ) 

E~o (2 2 2 /C ) Tl1 J\' + m'/r - 7T1/) 2T1'Z J\' - E ~o . ( l.9) 

£ ,,0 . E" and Ev are energies of pion . lepton and neutrino. respectiv ly, while m j\' , ml, and 
n'Zv are rna ses of J{+, lepton and ?r0, re.pective]y. A typ ical Dalitz density plot of [\'1-1.3 

obtained fron1 Eq.(I.4) i, hown in Fig.I.I. 
If vve would include the xotic interactions such as t he tensor and t he scalar cou pling. 

they can contribute to the hadronic current of the 1\/3 111atrix eleillellt. Thus, we get the 

following nla trix element [ ai.5'/. :\ l ac6:2, P ar96]. 

Jl ex [1+ (q2)(PJ\· + P"o) + 1_(q2)(p/\. - Pr.o)][un .d1 - JS)u v] 

+ 217'Z J\ 1 Ii / (1 - r.s) v v 

+ (2fT/mJ\')(P/\'h(P~0)I-IU,(J')..I,(l- JS)U V 

wher Is and fT are the scalar and tensor fon11 factor , . respcctin>jy. 

(1.10) 
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1.5.3 A+, ~(O) parameterization 

~Io t J\p3 data ar adequately desc ribed by Eq .(1.11) for f+ anci a constant f -(i ·t .A _ = 0). 

nalysis of 1\p3 data often introduce thE' ratio of the two fornl factors. 

~ (t) 

~(O) 

f - ( t ) / f + ( I ) , 

f - ( 0 ) / f + ( 0 ) . 

(1.11) 

( 1.12 ) 

( 1.1:3 ) 

Assunling ti111 rev rsal in\'ariance, both f± and (~ arE' real. Furthermore, llsllall~ ' 
A_ = O. 1 hen the J\ p3 decay di tr ibn hon is describeci b~ ' t h(' two paranlC't ers A+ i1lld (( 0). 

In the phy ics related to 1\J-L3 d cay. one inlportant aspect is rE'presented b~' t \](' l11ea­
sure111ent of fornl factors desCl'ibing the \,('flex < liluI11 . .,II\' > , \\'llicl1 can s('\'el'('\.'· t('st 
models realizing low energy long-distance Q 'D [Ca. ) ,=--, Don )9, Sbi1~)Q]. Of pari1Jl1ount 
in1portance in thi context is the Callan-Treinlan relation [C'aI6G], whicb is a prediction 
from first principles (thus n10del indepen den t) of the slop(' of t he form fact or, i Jl t crllls 
of the 7r and 1{ leptonic decay con tants (F!\· , F.,. ) which bavE' bE'el1 wE'll ('sti1blisil('d. fl1 
detail. with the exp rln1ental valu of th ratio F!\· / F;-; and of the slope /\+ of t be 1'01'111 
factor f+(q2). the slope parallleter Ao of 1\[3 fornl factor \\'as obtained as a j)i1raI1letcl' fl'('e 

prediction. Ao i. d fined as 

a 

A+ + 0((0) , 

rn 2 .,. 

For Fk / Frr = 1.22 ± 0.01. the prediction is [Ga ),-] 

A~heory = 0.017 ± 0.004, 

( 1.11 ) 

(1.1.5) 

which i in nic agreement with th old high-statistics SLAC xperinlent [Don/4], report­
ing Ao = 0.019 ± 0.004. However, the present situat ion is far frOll1 being clear. as on 
obser\'e discrepancies anl0ng mor recent experinlental data [Pa1'96] . 

).. ~:r7JeTiment = { O.O?: ± O.OO~. fT01n1~;3 
0.02.) ± 0.006. .f7'om J\ p3 

Thus, frOITI this point of view, a new xperinlent i. \'ery cksirable. 

1.6 Measurement of the KjJ3 form factors 

These form factor can b deternlinecl by t he following three differ nt nlethods. 

A) t udying the Dali tz plot or the pion . pe irum of J\' J-L3 iecay. 

B ) mea uring th J\p3 / J{e3 branching ratio and cODlparing it with the theoretical ratio. 

C) 111easuring the muon polarization in J\~i3 decay. 

The pr ent tndy ha. been perfornled by using ~let hod A. 
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1. 7 Previous measurement 

The rnost precis value. of the 1\1-13 fornl factors obtained so far from the sing1£' experinlcnt 

are a follows. 

A+ 0.0.50 ± 0.01:3 

~(O) -0.,-7 ± 0.24 

Th value of A+ i 11lea . ured by \iVhitnlan's cxperimcnt in 1980 [\\ 'hi 80] . And thr 

value of ~(O) i. 111easured by ~1 rian's cxpcrin1 11t in 1971 [ ~lrr71 ]. 
The world av raged \'a lues quoted by thr Particle D ata Croup a rE' as follows [P ar9G]. 

A+ 0.033 ± 0.008. 

~(O) -0 .;35 ± 0.01.5. 



Chapter 2 

Experimental Setup 

In order to n1ake a preCIse n1 asurenlent of th J\p3 Dalitz: plot whi h is gi\'C'll b.\' a 
correlation between energi of 1'+ and KO. a ,pectro111dC'l' and a photoll ck,tC'ctor \\'C'r 
used. The sp ctrOIn ter \vas construct d wi t 11 a super-con d 11et i ng t oroi cla I magllC't, Jl1ul t i­
wire proportional chanlbers and a ring-. hap plastic~' intillat in g counter 8)'s tC'l11. Thf' 
1110nlentu111 of 1'+ was 111 a. lll'f'd by th spf'ctron1f'tf'r. The photon detector was Inac\c of 
Tl dop d CsI .cintillators . The KO decays into two ,'s with a lir~ tin1f' of ) .J x 10- 17 sC'('. 

Th energy of KO were measured 1 y det ect in g both photon s with lISC' of C.'d(],I) photoll 

caloriinet er . 
On of the advantages in this exp ri1l1f'nt is to usC' 1\'+ dC'cay at rest. ThC' I[ SC' or 

stopped J\'+ d cay 111 ans that we can us the 111easurecl n rgy of p+ (b'p+) and KO (6',,0 ) 
without an.Y conversion of the coordinate systen1 . In the case of the in -flight C'xpcril11f'nt. 
l\,' + m01l1entum 111USt be det nnined precisely for the cletC'rnlination of the 1'+ and KO 

energies. Therefor finite f'1l1ittanc and nl0111entunl di spersion of the beanl would clf'forn1 
the Dalitz plot. On the other hand, we can deal with perfect Iy iso tropic clecays wit hout 

any infiu nce from the I{+ b am history. 
The experiment wer performed at the K,5 beam channel of] 2G~V proton synchrotron 

in High En rgy Accel rator Research Organization (KEK-PS). Oven'if'w of this C'xpf'ri­

lnent is shown in Fig .2.1. 
In this chapt r. the experilnental details will be sho\"n1. 

2.1 KEK-PS Proton Synchrotr,on 

A schen1atic \'iew of the KEK-PS 12 GeV Proton Synchrotron is shown in Fig. 2.2. 
H-ion. \\'ere xtract d from the ion . our at a rat e of 20 lIz and Wf're accC'lerat d up 
to /,- 0 ke \' in the Pre- Injector which i a Cokcroft -\\ 'a lton accC'lf'ra t or. Then t he\ were 

acc lerated up to 40 ~I V by the Proton Linac which is an \h'ar z-type 1inac. And then. 
th y ,vere injected into a Booster Synchrotron which i. operated in 20Hz rapid cycl . 
Accelerated up to .500 ~Ie V in the Booster Synchrotron. the H - ion. \\' re injf'cted into 
the main ring. i.e . the 12 G V Proton Synchrotron. through a thin carbon foil which 
strip off the electron of th H - ions . The 12 GC'\' proton beanl wa then introduced to 
experinl ntal halls through the slo", extraction lin es. :\on11ali,)'. \\'C' used a 3 Sf'C repetition 
cycle ",ith a pul e duration of O.T sec. A typical proton bcanl inten. ity was 2 x 1012 

,-
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Table 2.1 : ;\laln paralneters of the h~Eh>PS Proton S~ ' l1chrotroJl 

Paral11et r Value 

Beam Energy 12Gf" 
Beal11 Inten. ity 4 x 1012 protons/ pill 
Beal11 Structure 
Bean1 Sharing EP 1(\'-Hall) Y .. . EP2(1'~-IIall) 

(~10de, ) Simultaneous/pulse to pulse'/. hift to shift 
Op ration cycl s Typically 12 cycles/y ar. (lcyck = :3\\,E'f'ks) 

B an1 for experiments: ",-10 shifts/c~'cle. (l shift hours) 

Table 2.2: 1\: ,- b anl paral11C'icrs 

Paran1eter 

Bean1 n10menhl111 
Ext raction angle 
Acc ptance 
~IOl11 ntUl11 bitf' 
Length of the channel 
DC separator 

Pril11ary proton intensity 
Duty factor 
Kaon intensity 
7r / 1{ ratio 

proton per pulse . 

Yalue 

660 ~If'V/c 
o elegrce' 
10 nIst r 
±2 . .sCJr 
12.3 111 

single stage' 

2.7 x 1012/puls 
0.7 s c-on/ 3.0 sf'c-repf't ition 
100 k incident /]0 12 protons 
6:1 

The n1ain param ters of th KEK-PS Proton Synchrotron are sho\\'n in Table2.1. 

2.2 K5 Beam Line 

The xperiment \vas perfornled at the K.5 b am channf'l of KEK-PS Llsing a separat cl 
1{+ bean1 of 660 ~le V / c. Th I{+ beam \,'as produced by t h reaction of the proton \\'it h 
the platinun1 target on the EPI beam-line. The extracted proton bf'anl frOlll thf' main 
ring went yia EPI beal11 line. Then. they collided the production targ t, and proehl 'f'c1 
a 1{+ beam. Th 1 ngth of the beam channel had been l11adc as hort a. po. sible (12111) 
with only on tage of an electrostatic eparator in ord r to incl'f'as(' thE' intf'nsity of 
I{+ b am. The channel has a largf' acc ptance at the 0 elegrf'e extraction anglf' with a 
111on1entum bite of .6p/p = ±2 .. 5o/c. Ba. ic paranletf'rS of the b al11 are sUl11marized In 
Table 2.2. A hematic view of the K.s bf'am 11nf' is shown in Fig.2.:3. 
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Figure 2.2: Layout of the accelerator complex of the KEK 12 Ge V Proton Synchrotron. 

The 1\:5 bean1 line is located in the ~orth Counter HalL 
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-------------------
Figure 2.3: Layout of the 1\:.5 bf'an1 line 
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Figure 2.4 : Structure of the C'erenkov counter for beam particle identificat ion. 

2.3 Beam Line Cerenkov 

Kaon and pions in the b aI11 vvere ind pend ntly idpntifiecl hy a F itch-type threshold 
Cerenkov counter. The tructure of the Cerenkoy C( unter is schelnatically shown in 

Fig.2 .4. 
The Cerenkov light from kaon. is coming out of the downst l'C'am face of the acrylic 

radia tor (4cn1 thick, n D = 1.49), and i focused on th e ring of P ~'lTs (R.5 0 C\ T) I y a 
parabolic mirror. Each Pl\IT of the ring is equipped v,'ith a \\"inston COIle, to inCl·ea. e 

the light collection efficiency. he light fron1 pion . . wl10. C.' l'PJ) kov light anglp is larg r 
than that of kaon. , is internally reflected at the radiator . urfaces. and exits fro111 the 
conical edg . It i. then reflect d by a conical nlinor into thp \\"in . ton cones of t \1(' second 
ring of P"NITs (R1398). Each ring consists of 14 P ~ 'ITs and is connectpd to LeCroy 
111l11tiplicity logic after discrimination. The threshold of tbr discriminator is chosen "0 
that it i qui valent to 2 photoelectron. . The 111ultiplicity spf'ctra of the kaon ri ng and 

the pion ring. respecti\Tely. are shown in Fig. 2.':. 
\Ye r quir d the 111l11tiplicity of th kaon ring to be /" or 1110re. and the pioll ring to be 

6 or 1110re. \Yith this . etting. the probability of tagging a pion as a kaoll was 1 .... than 
O.02<Jc. and the total pfficiency of the Cerenko\T counter for kaOllS was better than 99.9 )!'(. 

A timing for kaons and pions was In asured by the BO hodoscope which was placed 
up tream of the C renko\" counter. The hocloscopc i. finely segn1pntpd and each finger 

is fed to a pip line time-to-digital onYerter (TDC) afier disCl·imination. Thu . . \\'(' w('re 

able to tnonitor the BO acti"ity for up to 20IlSec. Thi . infornlation wa. indio pensable for 

... _--
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Figur 2 .. 5: ~lultiplicity spectra of the Cerenkov counter: top ) kaon ring spectnlnl for a 
kaon b am, and bottOil1) pion ring spectruil1 for a kaon 
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the rejection of the background originat('d at bf'anl pari icles il1 t he photon detector. 

2.4 Active Fiber Target 

A kaon stops in thf' active target aft r it is slowed down b~ ' I he degrader. The act i,'e 

targ t is 111ad of 256 , cini illating fibf'rs in order to btain t be proppr posit iOIl or t hC' k<lon 
decay vertex and to l11ake the energy loss COITf'ction for outgoing chargf'd part icks .. \ 

sch Inatic pictlUf' of the target assenlbly is shown in Fig. :2.G. 
Each fiber has a dinlension of ,-nlnl X .5mn1 X 2n1, and is re<ld b)' <l IIamamatsll lIl(jJ.l 

Pl\IT. It's bnling and light yield ar r cordf'cl onf' by one. T~aons df'posit more \ han I.') 
~IeV p r fiber \\'hi l radially outgoing nlinin1UI11 ionizing part ieks d( posit ot1I~' a fC'\\' ~k\ ' . 

Thus, a fiber whose energy depo it is the 111aximUlli for an e,'ent is t 11(' fiber hit h~' t hC' 

kaon. anci it indicat th kaon stopping position in iw( dimel1siol1s(x-y plane). 

The fiducial count rs are l11ade of plastic scintillation counters placed aroul1d lile fiber 

target . A total numb l' of th fiducial count 1's is J:2 (Sc:lTll(, as I 11f'lllll1lbC'l' of gaps). 1'11(' 
shape of each fiducial counter differs fron1 the others 10 11lakC' il fit 10 tllc fiber l<lrget. 

The average. ize is about 2.5n1111 X 10111111 X 200111111, and al1 acr.\'lic light guiciC' (rv2 111) is 
attached to its dov,'n treanl edg for read out. Thf' purpos('s of I 11C' fiducial COlll1lC'J' arC' I) 

to define the kaon stopping r gion along the bf'anl dirf'ctiol1, all 12) t S 11se a .'tart - t irning 

for tinle-of-flight l11easur 111ent. The tin1ing resolution of thC' fiducial COllnters as a TOF 
start counter is less than 200 psec. Fig. 2.7 sho\\'s a typical (,\'C'l1t displa~' ror t he I argel. 

2.5 Ring Shape Plastic Scintillclting Counter 

Around th fiducial counters, we have a ring- . bape pIa tic scintillating counter S),S\(>111 for 
the position measurel11ent in the z-direction. which is n-lacle of :32 plastic scintillator rings 

along thf' b am direction . It is ref rred to as "ring counter" frOln now on. Th size of 

each ring i 6 111m wide. and .5 111111 thick with 11 111111 inner and 128 111111 outer dianlders . 

The cintillabon light is 1 ad to a P\IT by a Y11 wa"f'l('ngth shifting optical fib('r which 

is enlb dd d in a groove in the outer surface of the ring . Both f'll 1. of the optical fiber ar(' 

coupled to a R580-17 PNIT. The light yi ld is about 46 p . e.j~leV with thi configuration. 

The DC pectrul11 of radially outgoing 111inin1u1l1 ionizing charged particles is shown in 

Fig. 2 . . 
The discrimination thre hold was s t around 2 rv 3 photoelectrons. and thus the 

intrinsic efficiency was close to 100%. How ver, duC' to d ad spaces b tween the rings, an 

o\erall efficiency was 98% or . o. A time reo olution of 1.0 nsf'C \ya. also obtailwcl. 

2.6 Toroidal Magnet 

The spectrom t r for charged particle. is constructf'd with a . uper-conducting toroidal 

magnet and three :\I\\'PC. (\lulti \\,ir<:> Proportional Chanlbel's). The toroidal ll1agnet 
i cylindrically symmetric with tweh'e air gap and it obtains a larg(' acc ptance (rv 10<;( 



CHAPTER 2. E.\ PERI.\fE.YTAL ,',ET[ "P 

B~ing Counter 

~ ___ ~- Fiducial Counters 

Active Fiber Targel 

End View 

BeO 
degrader 

I (~· ......... .. . ... ... .. . .. ...... .... ... .. ...... . 

11 

----'- ---r---------

I ~ 
IT" II II II II II I ~ 

I 

I 
i 

Active 
Fiber Targe 

I 
'--________ ...J ,,-f'..!.'..!.' • ..!. • ..!.. '..!.'..l.' ..l.' '..l.' ...l.' ..l..J...l..J...l..J....LJ...LJL.LJu· L.· L." L.' L.··L· L··L· L··L·,-,-__ ·.~----...-L---------j 

Side View 

Figure 2.6 : The Sch Inatic pi cture of the I{+ stopping acti\'e target periph eral, . 
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Figure 2.7: Typical event eli play of t he act i\' (' target. 
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Figure 2.8: ADC . pectrum of the ring count r by ra iaIly outgoing mInImum IonIzIng 
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MWPC with cathode readout 

total 56 strips 

3 x 12 = 36 in tot~~l 
l~m 9mm 

HV(+) ..-6 ______ rom 

(72: 16cmx56cm 
(73: 20cmx64cm 
(74: 20cmx72cm 

~ cathode strip (capton 25;un: eu 1 8~ m) 

total 16 strips 

apos - 90 J.1»l 

Figure 2.9: Structure of C2, C~1 and C4 ~[\\·PCs. 

lR 

of 47f solid angles). This experi111ent was perfonned under thn='e 111agnetic fields of 0.9T, 

0.65T and 0.45T . 

2.7 MWPC 

The trajectory of charged particle passing through 1.h spectrolllet r 1nagnet i. detected by 
three l\/f \NPCs, C2 . C3, and C4, the active target and t he ring counters. The 'truct ures 
of the f \VPCs are ahl10st identical except for the size of the effective ar a (Fig. 2.9 
and Table 2.3 ). Anodes are 111ade of 20 JnTI gold-plat d tungsten wire, and are strung 
with 2 111111 spacing along the momentu111-S nsitive dirl~ction (x). Ther are two plane. 
of cathode trips (9mm width . with 1111m spacing) along orthogonal x and y direct ions. 
The gap between the cathode and the anode i 61TI111. The gas i · a 111ixture of AI' and 
ethane (.50o/c:.50o/c). Signals are read out fro111 cathode st rips on the both planes . Th y 
are anlplified and differentiated by a hybrid current anlplifier. and they are tran Initted 
by h\"i ted pair ribbon cables . then recei\'ed by a post-anlplifier. The analog output s fro111 
6 po t-amplifiers are sllll1med and fed to an , DC. \Y determine a hit position from the 
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Tabl 2.:~: Para1net ers of the C2. ('3 and C 1 :\I\YP('s 

('2 ('1 

EffectiYe ar a Cr x y In1112) ,-60 x 160 610 x 2 0 720 x 200 

Half gap 6 111111 

Anode wire gold plated tungstcn. 0 = 20pll1 
Anode pitch 2 111111 

Cathode . trip 9 nun wid111 and I 111m gap 

181' rn ell on 35/u n I\: a ptOl1 fi 1m 
Gas mixture AI' ':)O C;{ + Et 1Ia I1C 7)07< 
Operation voltage 3.9 k\- 1.0 k\ - 1.0 k \ " 

Resolution 1 sst han 700 p m 1'0 r u p t 0 100 illclil1cd illcidcnt 

Single rate at K,-It 3 kHz 0.7 kIII~ 0.7 kH z 

Current drawt 2pA O .. )pA O.;)I'A 

t with nonnal condition of E246: :300 k of kaon and 1. ) .\l of pion per 0.7 sec. 

charge distribution on th cathode strips. The intrinsic l'f'solutioll is better than 700 pl11. 

Fig. 2.10 hows the \ 2 distribution in thf' case or tracking by ('2, (':~ anci (' I chambers 
for a \vell identified Jr+ [ro111 the J{+ -+ Jr+Jr°dccaY(]\ , 2) ('\ 'f'111 samp l('s. Thcl' is Olle 

degr of f1' edom for tracking. The Inain part or ttl(' \ 2 e1is t ri hu t ion 11101'e or Icss agrees 

with the expected \ 2 distribut ion. The tracking efficiency is 11101'e 1 han 9.5Y(. 

2.8 TOF counters 

The tilne-of-flight (TOF) analy. is i perforn1ed by u . ing th(' fiducial counters a . a start 

count r and the TOF counter at the magnet exit a a tO I counter in conjullction with thf' 

infor111ation on particle m0111entU111 (p) and the flight path length obtained fro111 tracking. 

Fig . 2.11 shows the correlation b bveen the . quare of analyzed particle Inas.' 771
2 and p . 

.\ Iuons and positrons in the mOlnentU111 spectrU111 below tbc J{ rr 2 peak (p = 20·5 '\le V j c) 
are from J{+ -+ Jr°fL+vI{/13 and ]{+ -+ Jr°e+v (J{e3 ) decay, respectively. The . eparation of 

the J{e.3 from the J{f.L.3 events is acco111pli hE'd with thi TOF analysis. It is al. ·o possibl(' 

to use dEjdx information of the TOF stop count r as shown in Fig. 2.12. Thus, the 

conta111ination of J{e3 can be suppre . eel to 111uch less than lo/c from this anaJysis alone. 

2.9 esI(TI) Electromagnetic calorimeter 

Energies and direction of the two phot n fr0111 JrG decay are 111 asurcd by an array o[ 

768 C. I(T1) cry tals (Fig. 2.13). It co\'ers 757c of 1 he total solid angle around the kaon 

stopping target with 12 hoI s for outgoing p+ an I t\\'o holes for the beam entl'anc and 

exit. Each cry tal has a length of 2.') CD1 (13 . .) radiation lengths ). and a co\-erage of 7.,5 0 

along the polar and azin1uthal directions except 4 crys t als neare. t to the bean1 axis (1.5 0 
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Figure 2.10: \ 2 distribution of th 7T'+ track from 1{ rr2 decay llwaslIl'ed b~' ('2 , (';3 and (' 1. 

U 
:> 
cu 

6-
a 
.a 
~ cu a 
0 

~ 

250 

225 

. . 
200 

175 

150 

125 

100 

75 

0 - 5000 o 

~ " .. " .... . 

.... . .. , 

" .: : ... ". 

5000 10000 15000 20000 25000 30000 35000 40000 

Mass 2 (Me V 2 /c4 
) 

Figure 2.11: Correlation between rn 2 and nlOnlelltllm from TOF analysis. 

...:-. 

_ . ....Aa., ... _,,_ ' . 



CHAPTER 2. E_\PERL\IE.YTAL SETf 'P 

8 

7 

6 

..--... 
> 5 C1) 

~ 
"-' 

>< 4 
""'d --~ 
""'d 3 

2 

1 

o 
-20000 -10000 

....... -; .... : . ... : ..... 

... ' " ',' 

o 

." ... 

. .' ", ~ .,::'" '. ... ... . . : 
,,' ,: 

"" .,-, .' , " 

10000 .2 0000 

21 

3 0000 40000 

Figure 2.12: Correlation between en rgy deposit dE / dx on TOF counter and 1110ment um . 
7f+ has already been removed in DlomentuDl. 

~ - - -_. -- . 

--. 



CHAPTER 2. E __ XPERL\I STAL SETr "p 22 

Muon hole 

CsI crystals 

Figure 2.13: Three din1ensional Ylews of CsI(Tl) ]f0 detector. 
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Table 2.4: 

Para111eter 

S g111entation 

;\ u111ber of crystals 

Length of crystals 

Inner radiu 

Out r radius 

Solid angle 

Tot al weight of crystals 

Readout 

Light yield 

Equivalent noi level 

En rgy r solution 

Position resolution 

Tilne resolution 

7r0 Inass resolution 

!:J.() = ~o = 1 .. 5° (part ly ~o = 1.:)°) 
76 ) 

2.5 C111 (1 :~ .. ') ·~o) 
20 C111 

.50 Cln 

7.5 o/c of 47r 
1.7 Lon 

PI\," diode' (1 xlR 111111, part 1,\' 2 )x2 )) 

11.000 photoelectrons / :,\fe'\ ' 

65 ke\' 

(YE/E = 3.07t at 200 :'\IC'V 
(Yp = 1.0 cn1 
(YT = 6 .. 5 ns for E= 1 0-220 ~I('\ ' 

(Y rr O = 14 \1 e V I c ~~ fo r J\';2 

in azimuth). Th tran v rs di111ensions of a ingle crysta l modlll are aboui :3 x:3 ('m 2 at 

th front end and 6 x 6 cm2 at the rear end . The total \,'eight of t be calorinwtcr i. a bou t 

l.7 tons . 

Due to the patial limitations and residual magn tic field. the' signal fr0111 C. I(TI) is 

read out by a P I~ photo-diode. the signal of which is a111plified by a charge se11siti\'e 

pre-a111plifier. Fig . 2.14 show a schelnatic cro, s section of the . ingle' cry. ta l 1110cluk. 

The crystals were 111anufactured by the Kharkov ·· ;"10\"OI~RISTALRE KTIV" factory 

in l kraine. They were carefully polished to get a 111irror . urface, wrapped ill :300 1£111 thick 

whit \lill ipore filt r sheet, and then put in aiuminllln containers with 100 pm thick wall. . 

PI1'\" photo-diodes (1S x lS7711n 2 ) wer attached to the rear end of t he crystal with silicone 

glue . Th charge sen itive pre-a111plifier were mounted right b hind the' P 1:\ photo-dio Ie' 

in the alulninum container. A gain of the pre-amplifier is 0 . .5 V IpC. it's tin1 con. tant is 

600flsec, and th bias \'oltag to PI T photo-diode is chosen to be 4.5V. Each module has 

\'ery high performanc in light yi ld and low noise characteristic. [Kucl92]. 

After differ ntiating the signal with pole-zero-cancellation to a til11e constant of 4 -1 

fl ec. it was transferred to the electronics hut by twistf'd pair ribbon cables. Th 11, it is 

shaped with a ti111e constant of 1flsec and i. f d to ADC. TDC (aftf'l' eli. criJnination by 

CFD). 
Th total nergy re. olution \\'as mea. ur d to be' 

fro111 a beanl t 8t of 30 cry tals. The position rf'solution is about 1C111 in r.ll1. A light 
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Figur 2.14: SchE"lna tic cross sect ion of a CsI( TI) cryst al mod 11lr. 
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frolll a Xe lamp is fed to each lllodule via an optical fiber . The gain drift can br frequently 
checked. ;\0 significant light-yield d gradation has b en found sincE" the start of operation. 
The temperatur \vithin the det ctor housing is controlled at 20 ± 10

(" and t l1(' humidity 
is typically kept at lower than 16% . Fig. 2.15 shows spectra of a) two-photon pJ1prgy . lUll 
and b) reconstructed 7[0 Dla s from the 1{ 71" 2 decay (J{+ --+ ]f+]f0). 

The ov raIl actual energy resolution of the barr 1 is SOD1Pwhat worsp than the est ilnated 
perfornlanc froDl the prototype b cause of lat ral . howpr leakage, lnainly fr0111 tll(' 12 
llluon holes. The low energy tails of th \1" and E'n spectra arE" du to this leakage. 
Ho\\'ever. both JI'~I and 1', pectra are free frol11 background and thus ]fo identification 
is satisfactory. 1 his is partially b cause of th good t illle l' so l u t ion (O"T = 6 .. - n8 c) of 
the crystals . The 7[0 llla8S resolubon is slight ly different bet\\' en the 1{ ,, 2 and J\' 1-'- 3 decays 
because of th diffprence in the d cay kinpl11atics and photon energy 1 ppndenc of the 

shower leakag . 
Fig . 2.16 shows the distribution of a total nUlllbpr of clu. tel's. 

2.10 Run conditions 

The experimental runs \\'cre don with several conditions of the toroidal lnagnetic field 
and the J{+ inten ity. as shown in Table 2.,-. The measurenl nts 'II' re done under three 
different lllagnetic field, to acc pt a wide 1110mentUl11 range of fL+. Thereforp. t11 y. -

telnatic ff ct coming frolll the acc ptance of toroidal 111agnet sp ctrolll ter and from th 
magn tic field can be checked. Al 0 thp 1{+ beam iIlt nsity was changed to . tudy an 
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Toroidal ~Iagllet Fi ld !\'+ rat J\'p:3 lluillher HUl1ning tim(' 

(T) (k Hz) (k ('\"(?nts) (hours) 

0.9 100 ;3 -
0.6,5 100 ~3 ,) 

0.9 70 16 21 

0.65 70 17 21 
0.4,- 30 :3 12 

Table 2 . .5: Run conditions 

target fiber fid ncial counter ring COllnt('r TOF2 countrl' 

1kHz 20kHz 5kII~ I kII~ 

C2 C3 ('4 CsI(TI) 

1kHz 0.2kHz 0.2kHz 2kHz 

Tabl 2.6: Typical single raLe of cacll d('t('ctor 

effect of the beam backgrounds on the CsI(Tl) d('t('ctor. \\'(' collected 42I\" /\' /1 3 ('\'('l1t s 
totally. which is 7 time. high l' La Lis tics than the previolls ('xprrirn(,ll t [~IE'r7 4]. A t .\·pical 
single rate of each detector was shown in Table 2.6. During the run tim('. a single rat(' 
of th CsI(Tl) photon detector wa. kept to be Ie. s than SkHz. in order to snpprrss t h(' 

background fron1 the beam. We also rnonitored the stability of 12 GeV proLon int(,llsity 
and the chan1ber effici ncv carefully. 
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Data Acquisition 

3.1 Trigger 

A chematic view of the trigger sy te1l1 is shovn1 in } ig,,;3.1. 
Th trigger systeln consist of rnultiple level.. The first k\"('1 trigger is dC'fillC'c\ as 

12 

('1\" :; L(FID i ") TOFd, ( ;3. I ) 
i=l 

where ('J\" is a hit of the kaon C'erenkov count r with rnultiplicity larger than 6. FI])I is 
a hit of th i-th fiducial counter or its adjacent gaps and TOF i is a hit of the r] OF stop 

counter in i-th gap. 0 1l1ean. :,\D logic. 
l'\amely, the 1st level trigger requires that a kaon con1es to the detector as an incickllt 

and it daughter particle from E-decays hit the fiducial cou11tcr an 1 then passcs through 

the toroidal ll1agn t gap and the TOF stop counter. 
The 1st level trigg r rate was about 200/1 anl-spill per gap, i.e. 2.4k/pul. ·e in total. 

for 300k incident kaon /beam- pill with a 7r / J{ ratio of 6. 
Th second level trigger required hit in the CsI(Tl) photon detector. Analog signals 

from C. I(Tl) crystals w re discri1l11nated by a constant fraction discrin1inator (CFD) \vith 
an energy threshold of ,5 ~IeV, and then the exi tenc of at least one di . cril11inated signal 
within a coincidence time windo\-\' of l,-Ons c is required . If the crystals surroundi1lg the 
muon hole through which muon goes \iVent. got a hit. events w<"re veto('d in ordC'r to 
suppr s the events where n1uon was scatt red off the crystals around the llluon hoJc. A 

rejection factor at the 2nd le\'el trigg r was about 1.7 . 
• 11 eyents which did not sati. fy the 2nd Je\'el trigger by 20psec after the 1st le\'el 

trigg r w r deleted. As a con. equence, about 110 events out of 2.4k 1st le\'el triggers 
(frOln 300k kaons/pul e) . un ived. and 100 \' nts \,,'ere recorded on th(' tape for th(' laicr 
off-line analysis. The reduction factors of th trigger rate are summarized in Table :3.1. 

3.2 Data Acquisition 

DAQ . y. tern wa de. igned as a parallel proce .. ing s,)". ' te111 united by crates. and the online 
analy. i ystell1 wa. designed as a di. tributed .. ystem ba .. ed on net WOl ks. 

27 
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Table 3.1: Break down of thE' total 12 gap trigger rate 

:3 x 10 12 protons/pulsE' 
1 st le\'el trigger 

('/\-

['/,: ~ f ID 
(;/\- :-- FID -,' TOF 

1st level '-:' photon 

1. t level :.:." phot on G posi t ron 

Liv tiDle fraction = 90o/c 

300.0 k/ pulse 

12.1.0 k/pulsc 
7.7 I,) pulsc 

1.1 k/ pulsE' 
110 / pulsp 

100 /pulsC' 

Table :3.2: Data transfer speed of DAQ components 

ValuE' 

1 0 ~lbyt l cc 

Fa tBus 

The DAQ . ystem was constructed with V~v1E bus, T l\:O, 'astbus and CA~lAC stan­
dard bus system. linked with workstations. The V:\1E bus \vas u.'eel as a rnain barkend 
system. All of the data were collected on th on -board COinputer on V~I ' bus. TI\:O was 
u d to r ad data from ThO ADC/TDC modules. Ahnost the data froDl thp detectors 
\"-Ta. collected via thi . bus systell1. This bu . ystC'm was d veloped and has bepll llsPcI as 
a . tandard at hEK. Fastbus was used to read data froin LeCroy multi-stop TDC 1110d­
ules and hOD1e-made transient digitizer(wave fonn analyz r) . yste1n. CA~l C was u pel 
only as a condition monitoring and a trigger control. Vv'orkstations weI' us d [or online 
monitor. The configuration of DAQ . y teD1 is . hown in Fig.:3.2. A data trans[pr speeel 
of each y t m is shown in Tabl 3.2. TKO and Fastbus ha\-e intelligent controllers anel 
buffer IneD10ries. They work independently rrat by cratp. The I-\:Eh -PS beanl has a spill 
structure that is 0.7s c beaD1 on and 3.0sec bean1 off. \\ 'e v\'i11 call a tinl p riod during 
b an1 on flat-top-on and the other tim perioel flat-top-off. The DAQ ,ystpm work witl) 
good p rfoflnance by using this structure. During the Hat-top-on. the system performed 
only reading data froln the front-end n10dul s and storing thpIn onto local Dlelnorie in 
every crates. During th fiat-top-off, the stored data were transfered to the' back-cnd 
y ten1, and gathered by the D1anaging process. The gathered data wa, L tored in a large 

D1ain buffer which has typicallY about 16 :\Ibyte.- capacity and then. all of th data wen" 
recorded onto a DLT tape drive. And a part of the data were di.-tributpd to a few analysis 
proces e via Ether-:\et for onlinp monitoring. 
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Figure :3.2: A chematic view of DA Q configurat ion 
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3 .2.1 TKO syst e m 

TEO is a E 1\ standard bus . yst III that was de\'eloped by the I\Eh electronics group. 

~vlany useful TKO ADC/T C 1110 lules are a\'ailable. 1'1 ere is an intelligf'llt sequencer 
which i na111ed SCH (S Control Head r). scn has lnany functions for reading modules 
and work a . a bridge between TEO and \ '~IE bu 1n a crate. In the \ ' \IE bus side. 

there is a partner 1110dule for SCH that i. nanl d S~IP (S ~Iemory Partner). This modul(-' 
functions a. a local buffer 111enlory [or th TEO data and c nt rolling SeE. The data 

acquisition sy tenl reacL data [r01n the fo1lowings. 

(1) counter's ADC/TDCs 

(2) CsI(Tl) Photon det etor' ADC/TDC 

(3) ~I\YPC' ADCs 

A total nun1ber of the TE 0 era t s 1 . S yen. 

Th slowest part of this DAQ syst 111 is the readout frOlll tbe Th 0 crate which has [(j 

ADC 1110dule . . This n10dule ned. 100 fJ- ec for AID con\'t rs10n. A t ime for r('adillg [6 
TE O ADC modules is 3.50 Ii c. The live bll1e of this DAQ sys1el11 \\'as limit(' 1 by this 
fact. 

3.2.2 FastBus system 

FastBus syst In was used to r ad n1ulti- top TDC 1110clllle LeCory 1 77/1 79. Th( 1 '~ :21(j 

experiln nt needs a long tiln rang Inulti-stop TDC·s. because of waiting p+ to decay. 

To n1 et this r quirem nt and accept a con. iderable number of readout channels. this 
Fa tBus n10dules were chosen. 

LeCroy 187711 )79 has local buffer n1elnories. \ \' op rated L Cr y 1 7711 )79 in pipe 
line n10de using a local buffer in n10dul . Ther for a con\'ersion time of th 111l11ti-. top 
TDC could be ignored in this expprin1ent. which ,,'as done at th trigg r rate of fcw 
hundred Hz. 

To con1n1unicate with Fa tbus through V1\1 bu. wp us d A~fSI~ FPIE'8020 a a 
n1ast r module of the FastBus systen1. FPI68020 controls l 77 and 1 79 1110du]e .. And 
this module has a dual-port m mory \vhich is connected to both th inner bus and thf' 
V1\IE bu . l'sing this dual-port In mory. th FastBu . y. tem can 01l1n1unlcat wit h the 
V~IE bus syst m. 

A con1mand interpreter for controlling th FastBus systero was working on thi. IlI0dulf'. 
This cOInn1and interpreter got a command fron1 th V\IE sy. tem via DP~f and then 
controll d and acquired data on a FastBu. ysten1 indppendently. During . pill-off, th1. 
c01nn1and int rpreter initiated the data transf r from the local IT1en10rv to -~IE bus 
y tern via DP~I. 

A total nUInber of the FastBu crates is four. 

3.2.3 CAMAC system 

The C A~Lt\C ys em wa u ed a . a trigger control and condition lTIonitor. In the CA.\IAC' 
y ten1. output regi ter . scaler . input regi. ters. canning "' DC. and a crate controller 
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were used. The crat controller hineticSy. tell1. 39:2:2 has a partn~r I\:inf'tics :2910 which is 

in th Y:\I£ crate. The CA:\L.\C s~' st 111 was controlkd from tll \ ' :\IE sick. Th(' C'-\:\l.\C 

ysten1 work during flat - top-off . . ft r fiat - top-oll, th(' C.\:\L\C S,\'stC'111 was scanning thC' 

spill inforll1ations. trigger conditions. and \'oltagf' . of count('l's for monitoring. 

3.2.4 VME bus syst em 

The V~1£ bu. y . t 111 is a n1aster sy tell1 of t 11('8(' s~' st C'111S. ThC' Y:\Il" bus syst ('111 con t rollC'd 

the other sy te1l1S and read the data that wer collected by ('ach .'ystell1 during nat -top­

on. HP-753 V:\I£ 111aster n10du1e (PA-RISC. 64 :\Ibyte l1wl11ory) was uSf'd as a main 

DAQ controller. HP-RT, which v;a, a real tirne operating s)'stem basC'c1 on Lynx-OS. was 

working a a host n1achine. This 1110dllle \\'a . cOllnected to a DLT tapC' dri\'('. The data 

wa combined and recorded on th DLrI' tape. Therf' were SOlllC slayC' modules that \\'e'1'e 

partners for the bu n1a. ters of the othf'1' bus . yst(,lll. Thc~' \\' l'C S{'\ 'Cll S\IP modules 

for the TKO systen1 and four , \ISK DP:\l 1110dllles for thc Fa. tBus system. There \\'CI'C 

anoth r HP-7.53 nl0dule on V~I£ bu .. HP-rX that \,vas an op rating system basC'd Oil 

e\TIX, proyid d the d yelopn1 nt (,,11\' ironn1ent of IIP-RT systCll1. \\'bell DAQ s~'st(,1l1 was 

\vorking, it worked as one of online anal) sis. 

3.2.5 Online analysis sy stem 

S veral \\'orkstations w re used for on line an alysis and 11 lOll it ori ng. SOIlW hact ion of the 

data were tran fered via TCP lIP n twork. Ordinarily. three workstations, Sun ipx. Sun 

ipc and HP-7.53. were used. But. when we ne d d 1110re analysis pow r,oth r workst at iOlls 

could also be used. 

3.3 Software 

Software part of this D Q sy tern was developed based on e TIDAQ. l TXIDAQ i. a DAQ 

software on l~ IX-like OS which was de\'eloped at KEh and TIT. \\Te used a buffer 

manager and a process ontrol ystelll which were brought f1'ol11 ·C~IDAQ. Thf' standard 

men10ry size of a data buffer was 2 }VIbytes and a total nU1111x'r of th bufff'rs was . Th 

data which wer acquired during one pill were torf'd onto one buffer. 
Thi DAQ program is an ensen1ble of the following modular processes. where single 

functioned proces cooperates with each other. 

novad: no-uad is a buffer ll1anag r. This process accepts requ sts from th other 

process. and g]\'es thel11 the pointers of the buffer. 

.ypc: :.rpc n1anagcs a proces. databa. e. and ch cks whether the process s are .'topped 

ill gally or not. 

colledor : colledoT i a data colle ·tor. which controJs many de\'ices and read. data. 

synthesize. and packs data. and writes lata onto a buffer. 

opfl'aior : operator is a sy. telTI control interface for users. \\' 'an tart and stop a run 

by using thi proce. . 



recorder: rfcordfl' is a data r('corder. which gets date') from a huf[('l' and records tllC'lll 

onto a tape. 

analy zer: analyz er is an online analysis process, which gets a part of t h(' data andlnak('s 
low-Ie\' 1 and high-level hi togralJls. 

The schelTIatic vi 'v" of th DAQ software i .. bowll in Fig.:3.:3. 

3.3.1 Collector 

Th data collection. ysten1 consist. of two prograllls. One is working on IIP-I:):L and 
the other is working on 6 )020FPI. The fonller is called "collector". The lat tel' is called 
"CIP" . 

The function of "collector" is as follows: 

(1) COlTIll1Unicate with buffer l11anager 

(2) control TKO and collect data from TEO 

(3) cOll1municate with eIP, control CIP and get data frOJ11 l'astBus \'ia CIP 

The function of ·· eIP" i. a. follo\\'s: 

(1) COll1lTIUnicate with "collect or" 

(2) control FastBus 1110dul and collect data [1'0111 thull 

The data colI etion system was working unckr a cooperat ion of the above (wo pro­
grams . 

3.3.2 Online analysis 

The onlin n10nitor systelTI consi ts of two programs. On is to get data fr0111 buf[pl' 

n1anager via netv,'ork and analyze and make histogran1s. which is called '"analyzer". Tllf' 
other is a hi togram view _1'. The analyz r could \\'ork any l~:\IX based cOlnput ers v"hich 
was connected to networks. The required fun tions were Sun compatible IPe (Interna] 
Process Control) and socket libraries. esually, the two workstation. were used for this 
purpose. But, at setup and tuning stage; another workstations were u. ed for spectial 
analysis. PA\\' which was an analy is tool develop d by CER:-.J was used as a hi stgrarn 
viewer. ~lany pow rful functions included in PA \\' could be used at onlin analysis. 

The analyzer and histogran1 "'lev,er worked independently with shared data. 

3.4 Performance of DAQ systena 

3.4.1 Data Size 

Ihi experin1ent u. ed about 2000 channel. detector' s outputs ill total. Th data size of 
on eyent i about 1600 word (word = :32bit). A typi al trigger rat i. ' about :3 0/ "pill. 
The data ize of one, pill i. about 2.4~lbytes . 
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3.4.2 Dead Time 

A data taking sp ed of the TI~O sy teln is diffC'r(,nt in C'ach crate. This is bC'eaus(' cael] 

crate has diff r nt 1110dule configuration. The trigger timing and tIl(' waiting timC' of 

AID conyer ion \,'ere t unedindi \'id ually. The slowest tim i ng era t C' 11 C'C'df'd 1:20/""( c for 
con\' rsion and 400psec for reading. Th('n. a df'acl ti111(' of this eratf' was ."):20p,"(c. 

The Fa tBus systel11 worked using pipclinC'. Thus. an AID eOll\'C'rsion tim(, is llf'gli gibk. 

A reading tin1 is about .500p.sec. 
After alL a total dead til11 of this SystC'Jll v\'as about .52011."(('. 

3.4.3 Recording 

Therf' are b<\'o advantag s to llse DLT. Onf' is a high rf'corclillg SpC' el. th(' ot h('1' is a large 

recording capacity. The D L T recording spf'C'ci i. 1. :') :\Ibyt C'I sec. 1\ Jl el t h(' D LT r(,cord iu g 

capacity is 20 Gbyte . 
Th data rate i 2.4 L 1bytes I spilL and t hf' lcngt h of s pi 1] is 1'1'0111 :2Sf'C to 4sec. Th('r('fore. 

required n1aximum spe d of v;riting data is 1.2 Mbyte. Isec. which can bC' aehi('\ '('d b,\' DLT. 

For this perforn1ance, w didn't ha,' to use 11lulti-tape clriyes. \ \"e could writ(, about 

15 runs ( :l hours in time) in a tape wi thou t changing tape . . It 111 ans tho. t we could rC'el llC(, 

a dead time due to changing tape 

3.4.4 DAQ Efficiency 

The efficiency of th DAQ systen1 dep nd on a trigg r rate . The correlation bet we(,ll th(' 

trigger rate and the liye tinle efficiency is shown in Fig .3.4. 
~'e could operate the DAQ systen1 with a live tin1e efficiency froIl1 lO Y( to 90Vc. 
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Figure 3.4: DAQ efficiency~ wh re x-axis i trigger rate and y-axis is the efficiency of DAQ 



Chapter 4 

Data Analysis 

This chapter describes the data analysis in detail. The data anal.vsis was done to pick lip 

good 1{113 e\'ents and rnake a Dalitz distribution plot a . a function of Eli and E,u· 
To evaluat the acceptances and the re ponses of the detector s~ ' st('m, t h(' )'lol1t(' Carlo 

simulation was used. Both of the experilnental data and the data gCllerat('d hy tlw \[oulc 

Carlo Si1111.tlation were analyzed in the sanle sequence of anal~·sis. 

4.1 Event Reconstruction 

4.1.1 Identificat ion of ]{+ stopping 

After th I{+ parbcles \iVere extracted from the production target , they pas. ed t llrough 
the el ctrostatic n1as. s parator, the n10ITIenturn . lit and th nlass slit. The I{+ / r.+ 

ratio wa. 0 .2.5. It wa optin1ized to increase th 1\'+ inten . ity. In ordcr to idf'ntif.v 1\' + 
in the beanl, we used the beanl line Cerenko\' a . discussed in thf' pr('vions sect ion. Tll 
d cision that I{+ stopped in the target was done by using th difference between the 

hitting tilTIe of the h-ring (TC'eren k ov ) and that of the fiducial count('rs (TJ id ucia d· rigA.l 
shows a spectrum of the tim difference TJ idu cial - T C'ufn k ol" In this spectrn111. \\' can 
easily identify a d cay cOlnponent of 1{+ as an exponential slope with 1:2.4 n. ec /\'+ lifc 
tiine. This 111eans that 1{+ topp d in th 1{+ topping target onecU". For rejecting t1w 
1{+ decay in flight. ~e r 1110ved the e\' nts in which the bIDe differf'ncc wa. les than:3 

nsec. 

4.1.2 ] \-+ decay vertex 

The 1{+ decay vertex wa ll1ea. ured by th activc I{+ stopping targf't. The acti\'e 1{+ 
stopping target trace th locus of I{+ and fL+ by obsen'ing the df'posited elwrgy of each 

parbcle. The typical ADC and TDC spectrU111 of ('ach fiber arc shown FigA.2. 
The 1{+ topping position is identified as a maXinlUJ11 enf'rgy clepo.'itcd one a1110ng 

the fibers which ha\'e gotten energy over 10~leV . The fibers which have gotten energy Ie s 
than 5~le V were grouped as decay particle . . loci becau. e of 111 d cay partie! can be 
a u111ed pas. ing with the Ininill1ull1 ionization. For selecting a good event. we requir d 

the following condition. 

_. 
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Figure 4 .1: Spectrun1 of the time difference between th Cerenkov count~r and the target 
fiducial counter. The events \vith greater than 3 nsec differpl1ce wer~ acc~pt~d as tru~ 

one . 
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• The event ha. only one ]{+ decay \' rtex . 

• The df'cay particl 's loci align along a straight line f1'Orl1 t h(' 1\'+ d('ca.\' \'(,1't e'X tot 11(' 
fiducial counter. 

4. 1 .3 /L + momentum analysis 

The fJ+ coming fr0l11 ]{+ decay pa . ed three ~I\\'PCs ((':2 . C:3. C I). ring-c unt('l'S and 

the 111agnebc field of toroidal 111agneL The trajector.\' of 1'+ was (,(,COllst ruct('d b.\' llsing 

th hit position of three ~1\\,PC s, t he hi t position of 1'i ng- 'ou n t (,l'S and t lw fidel 111 a p or 
111agnet. 

The hit po itions of ;v1\\"PCs \\ re calculated by t h(' cilargf's that \\'('1'(' inducC'd Oil t h('ir 
cathode strips. Analog ignals of the three strips. \\'hich w re the strip \\'ith a 1l1aximUlll 
induced charg and t\VO adjacent trips. were mostly used for th(' calculation. Actllall.\'. 

th following valu wa. calculated. 

R = qma~' - qm a~'+ l 

q maJ' - q71l ar- 1 
( 1. l ) 

where qma~" q mal'+l · q mal'-J were the l11axi1l1U1l1 induc d char 'C' and tll chargC's 011 t h( 
adjacent trip. The hit position wa tinlated by referring th(' table in which t 11(' Ii 
values \'i'er calculated and stored in eyery 2 1'111 step along the s trip width of 10 mill by 
using the induced charge distribution. 

The field map of the toroidal magnf't was calcu lated by TOShA. TOShA i. a progra m 

which calculat 111agnetic field tr ngth and direction at any position under the gi\'ell 
boundary condition [To 93]. Assullling a gi\' n position on the traje tory of a particle' and 
a given m0111entu111 vector of it. the tracking progran1 can reconstruct the trajectory using 
a Lunge-Kutta 111 thod. The tracking program iterates the reconstruction by changin g 
the po itlon and the mOlllentu111 vector as fre paramet r , until it finds the best fittf'd 

traj ctory. The function to be opti111ized in the procedur i" \ 2 defined as 

(4.2) 

where 11 i the nU111ber of the tracking cha111bers. :tj it,i and l 'datrL,i are thf' calculat('c1 and 
experi111 ental hit po ition of the j-th chanlber. (J i i, th weighting factor due to th(' 
cl tector resolution. Th resolution u. d for the tracking was 200 11111 in C01111110n for C2, 
C3. and C4 cha11l.bers. ach iteration works so that the first deri\'ativ s of \ '2 1 (,C0111P Z 1'0 

gradually step by step. It stop when the current value of \ :'! changes onlv in a rangp ips. 
than L or th \ 2 diverge after 1,5 teps. The di tribution of \ '2 was .'hown in Fig.2.l0. 
The \ 2 region of succe. in tracking \Va. under 1·50. 

Th 1110111entu111 resolution of th charg d parti I which was pa" d th(' spectrometer 
was evaluated by 7r+ of I{ r.2 two body decay. Fig.4.3 showed th Dl0Illf'ntum. pe'ctrurl1 

of the particles \\'hich w r collected a . 71'+. In this figure. thf' reo olution of th lllonlen­
tUln was gi\'en a. a width of ]{ ,2 1110nochrOlllati p ak (20.s~If'\'). Thll. the nlO1nent um 
reo olution of the charg d particle wa. (J r-v 3.0J1 c' '. 
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Figure 4.3: The 111011lentunl di tribution of the charged particle's which passe'cl t h(' sp('c­

trometer and the deposited en rgy a. igned theln as 7r+. 

The hit position of the ring count r along th Z direction was simpl y deternl111f'd by 
u ing the signal due to the /1+, Ho\ve\,er. the signal brought no infonnation about the 
po ition in the X- Y direction. 

In order to rel1l0ve a wrong track in \vhich the charged particle decays in Bight or 

scatters in the gap, w requir d the hit position in the ring counter to 1l1atch the particle 

trajectory. A spectrul11 of th diff r nc between the llleasured hit position and th(' 

trajectory along the Z direction i hown in Fig.4.4( a). The cut condi t ion to r move the 

\vrong track \\as carefully studi d by th ~10nt e Carlo sinudatiol1. Fig.l.4(1 ) . hows the 
result of the il11ulation in ]{ 7':2 decay where the tad due to the decay in flight can b(' . een 

clearly. Then. the cutting gate \'vas set at the region between -:2 .. - and +:2 . .5 CI11. 

By the al1le reason, we required the ]{+ decay vertex to 111atch the parbcle trajectory. 

A sp ctHll11 of the difference \iva. shown in Fig.4 .. 5. 
Combining the p+ track with the ]{+ decay \'ert x. 1110re accurate ]\'+ decay v rt x 

could be calculated. The decay "ertex was redefined as the nearest point to the trajectory. 

4.1.4 TOF analysis 

In the acceptance of the toroidal l1lagnet. there were S0111(' part icles cOl1ling froln other 
decay l1l0des. They \vere p+ fr0111 ]{J-L3 . e+ froln A' 3. 7r+ 1'r0111 J{ r:2 and 11+ fronl ]{112. 

'c sing the mOl1lentum Ineasur d by the spectrometer and th . \'elocity calculated by u ing 

both the TOF and the flight length of the particle. we could reconstruct the parti Ie l1lass. 
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Ob. rving the recon tl'uctc 1 n1aS5. w c uld ext ra ct p + from J\p:~ . 
For the TOF nl aSllrernent. \\' e u cd TOF:2 counters and fiducial counters. The time 

( ITOF2) v,'hen the TOF2 counter detected a particle was defined as an an'rage \'allle or 

th tilne lneasured by the inner P:\fT (f inllEr ) an I the out r P:\lT (f ul/if/" ) a. follo\\·s. 

tTOF2 = (I innEr + I ouiEr) /2 ( 1.:~ ) 

The time tj iducial when the fiducial counter det cted a particle was d fined as Eq.( 1.1). 

t j i d u cia I = t + .1' / C II ( 1. I ) 

where x is the p+ hit position and C11 is the effC'cti\'e light speC'd in the plastic c ulltcr. The 

\'alu of cn =18 cn1/n ec \\'as obtained by the test Xl erin1(>11 1. ,\ time-walk correction or 
the leading edg cbscriminator for both fiducial counters and '1'01-2 counters \\'C1'e applied. 
The . econd tern1 was necessary b cause the scintillation light was collected not fro111 b tll 

ends but fron1 on end of the counter. Therefor. we had to correct for t 1](' effect or the 
position where p+ hit the counter. The tin1e diff renee betwc 11 the fiducial <1nd '1'01, 2 
counters were obtained with the offset value to cancel the const<111t term. 

TOFa = tTOF2 - tj iducia l + offsd 

The offs t term was calibrated by using the D10no-cnergetic chargC'd particles of 7T+ and 

1£+ froln I\r;2 and I\1-l2 d cay~ r . pecti\'ely. In the e de <1ys the particle iclentification could 
be done by analyzing th 11' lTIOD1enta. and tIler fore an <1ct ual TOF(TOl'\ ) \\'as c<1lcllli1tecl 
by using the inforn1ation on flight pa 1 ngth and J110TnentUll1. The of[s t \'aJue was 

obtained with the condition of TOFa=TOFb. Then, J and rnass ('or the charg d particlf' 

w re obtained as . 

3 = (flightl ength) 
TOF xc' 

2 ? ? nwss = p:(1/ J- - 1). 

(4.6 ) 

(4.7) 

where c i the light speed. and PI-l is th D10111 ntUI11 of p+, Typical PI-l \', S . .3 plot and 

rnass 2 spectra are . hO\i\'n in Fig.4.6 and Fig. L1.18, r specti\'ely, 
In order to discrill1inate p + . afely fro111 7T+ and E +, we in ten cled to set a severe gate or 

) OOOJle~ ' 2/c4 < rnass 2 < 15000JIV2 /c4
. 

4.1.5 CsI(Tl) photon detector 

Photons froll1 the r.0 decay wer d tected by the C. I(Tl) crystals. These photon .' produc d 
the electro-ll1agnetic shower in the C. I(Tl) crystals. sharing the-ir ellC'rgy il1tO se\'cral 
1110dule. (photon elu. ter). Therefor. the photon energy \vas obtained by sLllnn1ing tip the 
energies of thes 1110dules belonging to th photon clu. tf'r wh ilf' t h hit posit ion of photon 
wa calculated by an energy-w ight d centroid of the modules. The photon du . ter was 
construct d by th following procedure. First. Sf' d cry .. tals vvhich had a large energy 

depo it (larger than 20 ),1 V) were searched. and a sef'd cluster \\'a formf'cl by grouping 
adjacent ed cry tal. Then. th crystal. adjacent to tbe seed dust r were a . signed as a 
111en1ber of th photon cluster. Fig.4. shows a typical exan1ple of the cluster con. truction. 
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F igure 4 .8: Exan1ple of t he photon cluster co nst ruct iOIl. 

In t he pre. en t experim nt event wi t h 2 photon clusters were accepted . Here it shou ld 
b 111entioned about t he ti llling property of t he C I(Tl) detector. F igA .9 an 1 Fig . 1.10 
hov,' typical t im ing sp ctnllll at t he differen t photon energy r gion. Sin c t he t irn ing 

reo olut ion did dep nd on t he energy, the t im ing ga te wa.s va ri ed as a , tep fu ncbon o[ t h(' 
nerg.') which shown in Table 4 .l. 

An energy calibrat ion was carried out by using 1110no-energeti c charged particles frorn 
]{r.2 (24.5 l\1eV ) decay, \iV hich did not p roduce the electro-111agnetic , hower pract ica lly. r\ 
rela tive gain co ffic ient of each 1110dul was obtain d .0 as to have thf' anw peak pos it ion 
of ]1/:2 . By using t he photon nergy and t he photon hi t position in the Cs I(TI) crystals. 
t he ]fo m Olllenturn vector and in vari ant 111a could be calculatf'd as fo llows . 

--+ iL,1 + j)'Y2 ' (1 . ) Pr.o 

"1') E' l + E'Y2 ' (4.9 ) 

Jl'~1 J2 . E' l E~12 (1 - cosf)) . ( t .1 0) 

where p i the 1110111enturll vector. E is the photon energy. and f) is the opening allgle o[ 
photon. F ig.4 .11 and F ig.4 .12 show typi cal energy spectrurn (E,,) and 111ass speetrunl 
(JL.,,) of the ]fo from the E: 7r 2 de ay, v:here the 7r

0 f'nergy i, 24.5 ~1 - V. n absolutf' ga in 
coefficient wa d t nllined by comparing experin1ental Ey , of thf' 71

0 fron1 the ]{ r. 2 d cay 
with the simulation . The low energy tail of E~'~I ' pectra is due to the how r 1 akage. Thf' 
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Table 4.1: The pern1issible tin1c regions of the CsI(Tl) detC'ctor 

Energy region (~leV) Penni ssible tirnc(nsE'c) 
10 rv 20 ±4,-

20 rv 30 ±30 
30 rv 40 ±2.5 
40 rv 60 ±20 
60 rv 80 ±1:-
80 rv 100 ±12 

40 

high energy tail ( it is not significant ) is due to the pile-up ('ffect. The resolut ion of ]10 

nergy was dominated by th show r leakag . 

4.1.6 Background Reduction using BO hodoscope 

Here we should lTlention the background for th 111 aSUfen1f'nt of the iTo eLlergy. \lain 
background source of the iTo detector was an accidental hit from th beam I articlC's. If 
one of bvo photons from the iTo decay pa. ~ d through a hole and a bean] part icle hits 
the C I(Tl) barr 1 within the tin1ing gate accidentally, su h a \Tent could be accC'pt rcl 
as th tru ones fron1 the iTo decay. Even though \V can rjC'cl the accidC'lltal hit b~T 
using the TDC of the CsI(Tl) modules to some ext nt, background IlUlSt rElllajll in the 
accepted region as hown in Fig.4.9. In order to ren10ve the. \' nt8, the IHultiplicity 
cut of the BO counter was applied. It wa po. sibl to rej (t the bealll background b.\· 
requiring only one hit in th BO count r at the tin1e T(J{+) when the !{+ bC'am reached 
the target. A schematic view of the rejection Inechani snl is shown in FigA.13 . The 
nlultiplicity was obtained by counting the nunlber of hits in the BO count r with t11(' t irnr 
gate of (T - 30)n.sec < T(J{+) < (T + 30)ns c. The gate width of 60 nsec was about 
thre tinles wider than the tilning resolution of CsI(Tl) detector. Therefore, vefV cl an 
environment for 7f

o analy i was guarante d. 

4.1.7 Multiplicity cut of the target peripheral counters 

As \vell as the beam background, the photon conyer ion into e+ and E- pair in the J{+ 
stopping target also affects th hape of Dalitz plot as follows. \Ve can Ilot reconstruct 
th correct 7f

o momentuln by u ing the e+ and e- pair. According to the 10nte Carlo 
simulation., photon conversion into the e+ and e- pair occurs with a probability of 14(J( 

in the acbve target. \Ve have to remove those background. To do that. IJ1ultiplicity cuts 
of th ring counter and the targf't fiducial counter Wf're applied. The timing width of 
the coincidence i. 1.0psec for the fiducial counters and 14p5ec for th ring countf'rs. If 
the photon con\' rsion occurred. at least three charged particle. \\' r produced in the 
target. Thus. those eyent. were ea. ily rejected by requiring t h multiplicity to be one in 
both the ring counter and th fiducial counter. Aft r apply ing th Dlldtiplicity cuts of 
the BO counter, the fiducial counter and the ring counter, the cont amination of the abo\'e 
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Figure 4.13 : Schematic vi w of the rejection mechanislll for backgrounds conling frOlll 
th bean1 . It could happen that only on of the two photon from the 7fo decay aftf'r the 
1\/13 decay was detected by the CsI(Tl) detector. and it could coincide accidentally with 
th event of the another C. I(TI) detector cau. d by the background particles. \Yhell the" 
accidental coincidence would occur. there mu . t be two hit. in th BO countpr. Therefore. 
by requiring the on hit in the count r. the accidental pvent could be re"jected. 
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Figure 4.14: l\10rnentul11 spectrunl of the charged particl s obtaine'd by cOlTf'ctillg for the 
energy los in the target . l\10no-energy peaks of 71'+ and/l+ particles fronl the 1\''''2 and 
1{J12 decay. respectively, are seen . 

111entioned accid ntal hit of the beam and the photon con version was ('stirnated less t hall 
0 . .5% . 

Fig.4.14 shows the charged particle 111omentul11 pectrU111 obtained by correcting for 
the energy 10 in th active 1{+ target. ~10no-energy p aks due to the 71'+ anclp+ particle's 
fro111 the 1{ 1.2 and 1{J12 decay ar en. Vv' required two photon clusters at onlin trigger. 
Here. the peak of 1{J12 was caus d by any background. on th photon cI te'ctor. Furtller cut 
of multiplicity of th BO counter. the fiducial count r and the ring count er could exclude' 
p+ peak as shown in Fig.4 .1.5. 

4.2 K /13 and K 7f2 Event Selection 

4.2.1 back ground reduction 

The event selection which works to pick up good e\'ent s of l{ J-i3 and 1{ 1.2 decays is s Ul11-

111arized as follow . . 

(1) 1{+ nergy deposit in the . topping target nlust be lag4~ r than :-- :\tie \ r to select the 
stopped 1\'+ and to reject the e\'ents du to the 1{ + decay in flight in thE' BeO 
d grader. 
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counter. It should be noted that the events from the I{ /1 2 decay were removed . 
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(2) The tin1ing of h:+ decay hould b at 1 a. t :3 nsec after thE' tinling of J\'+ coming to 
r ject the events due to 1{+ clf'cay in flight. 

(3) An extrapolation of charg d particl trajectory l'E'constrllctE'd b~T C2. C;3, and ('1 
chambers' hits hould 111atch th charged particle hit po. ihon in the ring countfT 
within 2 .. 5cln. 

(4) An xtrapolation of chargE'd particle trajectory should match thE' j\' + \'('rtf'X J o. 1t1011 
in th fiber target v;ithin 2.5c111. 

(.5) 7(0 can be l' con tructed. There n1ust be two photon clusters an I tl)(' rE'col1strLlct('d 
energy lnust be \i\Tithin a r quir d kin n1atica1 region. 

(6) The n1ultiplicit:y of the target-peripheral counters (i.e. fiducial countE'rs alld ring 
coun t rs) hould b on. 

(7) The n1ultiplicity of the BO hodoscope should be oue. 

4.2.2 I'1.-p,3 selection 

In order to pick up the 1{~L3 event, w add d th following l'f'qui rellWl1 t s. 

(1) The n10lnentum of charg d particle is below 180 1\leV Ie. 

(2) The opening angle () betw en the chang d particle and 7(0 should be in tbE' range of 
cos() > -0.96 to ren10ve the back to back event. 

(3) Requirement of 1{j13 kinenlatics, i.e. -0.8 < cos() - CO·r::;()byE < 0.1, is required. 

(4) A cut on the mass reconstructed by TOF and Tracking, i.e. 8000l\IE\ '2Ic4 < 
17zass2 < 15000111 e \12 I c\ is required. 

The conditions (1) and (2) are used to reduce 1{rr 2 background. In the l\ rr 2 decay which 
is a two body decay, decay products have a Inonochron1atic 1110111entUJ11 (205~If'V Ic) and 
their directions ar back-to-back. Th distribution of th op ning angl was , hown ill 
Fig.4 .16. The condition (3) i the condition of the kin lnatical constraint. Our photon 
detector can ll1easure the direction and th n rgies of 1 he p11otons. TherE'fore, the open­
ing angle between 1{+ and 7(0 is measured by thE' two nlethods. thE' direct reconstruction 
and the reconstruction froll1 the photon energies. und r the assun1ption of 1{ j1 3 d cay as 
shown in the following quation. 

(4.11) 

where -'h\-+ . J1."o . . \Jj1+ wer the ll1ass of the each particle. and E ;ro , j1+ WE're the energie. 
of one. The event in which the opening angles obtained by these two mE'thod agre E'ach 
other was identifi d a a true e\' nt. The di . tribution of the opE'ning angle i. ,howD in 
Fig.4.1i. 
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Figure 4.19 : The E'nergy sp ctrUll1 of Ii + in J\p3 ('\'f'nt 

The condition (4) is a cut on a reconstructed charged particle's 11lass. The 111aSS was 
reconstructed by using both the TOF and the tracking infor111ation. ThE' distribut ion o[ 
reconstructed rnass 2 is shown in Fig.4.18. 

The n rgy spectra of EJ-L and E rr and the Dalitz plot made by u. ing thE' good f'vent. 
wer shown in Fig .4.19, Fig.4.20 and Fig.4.21. 

4.2.3 I~7r2 selection 

In order to check th adequacy of data analy i proc dure adopt d in thE' following sec­
tions. we u ed 1\712 events. For picking up 11r.2 events, we required the following conditions. 

(1) The mOll1entull1 range of charged particle is h tV\' E'n 200 ~lE'V/ c and 210 ~lcV Ic 

(2) For mass 2 obtained by TOF meaSUre111E'nt. 1,SOOOJI e V 2 
/ ('4 < mas .2 < 40000 J1 (" \/2 I c.4 

(3) Co ine of opening angle bebveen chargE'd particlE' and 'lr
0 is SlllallE'f than -0.9 

4.3 Monte Carlo Simulation 

In order to obtain the fonD factor fro111 the measured data, it was needE'd to understand 
preci. ely the exp rin1ental acc ptance and the reo ponsE'S of the spectrolneter and the 
photon detector . . For thi purpo e. a )'lonte Carlo sin1Ldation \vas us d. 
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Figur 4.20: The energy sp ctrum of ?fa in J{ J-L3 (,"(,11t 

The simulation program was de" loped based on G EA:\T. G EA\!T is a general s iln ll ­

lation libraries for high energy I hysi s. It was de\'eloped and di. tri but d by C RS. The 
accuracy of the basic interaction incorporated and the behavior of GEA:\T were kno\\,11 
to be correct. :\lany experinlents have also proved that Gb :';T was reliable. In this 

program, all the d tector 111ateria.l . all the detector subsystelll, th toroidal 111agn('t and 

the 111agn tic field are included a thpy are in reality. (Fig.4 .. :22) This progranl sill1ulates 
all daughter particl s hOln J{+ decay in the 1{+ topping target until being vanished or 

e caping the det ctor. 
In this section . a fairly well agreenlent of the ~Ionte Carlo sinl1dation progranl to thp 

real exp rinlent is presented and an estimation of th possible background pvents obtain c1 
by the saIne ~10nte Carlo simulation is discussed. 

4.3.1 Study of I~7r2 decay 

In this analysis. we exanlined the accuracy of our ~lontp Carlo sirDulation by c0I11paring 

the experinlental spectrunl with the . p ctrUll1 obtain cl by the imulat ion in 1{ iT2 dpcay 
nlode. The J{ ,2 decay nlode i. a t,-\'o-body decay which is well kno\\'l1 and any llnc rtain 
parameter doe not exist. Therefor. in the conlparison of thp spect nlln of the real 
experinlent with the . pectrunl obtained by \!fonte Carlo sinlldation . we werp able to 

xalnine the accuracy of the data gpnpratecl by :\lonte Carlo sinlulation. 
The total nergy of ?fO(E~,~,) in 1{;r2 decay i .. hown in Fig.4.23. The energy pe trunl 

of a photon(El) ,\-ith lower en rgy from ?fa dpcay is . hown in FigA.:21. The energy 



CHAPTER 4. DATA .4 .. \ -.4L) '818 

450 
400 
350 
300 
250 
200 .' 
150 
100 
50 
o 

Eno (MeV) 

100 
o 

E~+ (MeV) 

Figure 4 .21 : 1 he Dalitz p lot of J{ J13 event n1acl by u sing the pnergi of p+ and ]fo 

.5 9 



CHAPTER.,1. DATA A .YAL'1'SIS 60 

Figur 4.22: Detector cornponents included in the ~Ionte Carlo simulation progl'anl 
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Figure 4.23: ThE" total energy of 7r
0
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sp ctrum of a photon(E2) with higher energy froll1 7ro decay is ShO\,\,l1 in Fig.4.25. The 

1110m ntum spectrul11 of 7r+ in 1\rr2 decay when the toroidal ll1agnetic fiE'ld is O.9T is shown 
in Fig.4 .26 . The m0111entum spectrurn when th toroidal ll1aglletic field is O.6.sT is a1. 0 

shov.'ll in Fig.4.27. 
The exp rimental spectrul11 and the p ctrun1 gE"nE"rated by l\IontE" Carlo. inlldation 

show good agreel11ent with each other. 

4.3.2 Checking of Spectrometer Acceptance 

The spectrum in 1\11 3 decay D10d itself depends on the forll1 factor .. but thE" d fOl'lnation 

of each detector's profile i k pt I11all. Therefore. thE" ll1atching of thE" expE"rinlE"ntal 

detector's profile and th detector's profile gen ratE"d by \lont e Carlo simulation undE"r 
the assumptlon of the fOrI11 factors of world-E"valuatE"d valuE" can be all index of accuracy 

for detector 's acceptance e. tinlation. 
The particle hit po ition profiles of C2 in z direction. of C3 in r dirE"ction and of' C4 ill 

r direction under the toroidal ll1agnetic field of O.9T are . hown in FigA.2 . Fig.4.29 and 

Fig .4.30 .re p cti,'ely. 
The particle hit position profil . of C2 in z dirE"ction. of C3 in r dirE"ction and of C4 

in r direction under th toroidal l11agnetic field of O.6.ST arE" shown ill Fig.4.:31. F ig.4.32 

and Fig.4.33 .r pectively. 
The opening angle spectruDl b twe n IL+ and 7r

0 und ,r the toroidal ll1agnetic field 

of O.9T is shown in Fig.4.34 and th one und r th toroidal 111agnetic field of O.6.5T in 
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Fig.4.35 . 
Both the exp rin1ental spectrun1 and the spectrun1 generated by l\lonte Carlo sinnda-

tion show a fairly good agreelTIent with each other. 

4.3.3 Background Estimation 

The purity of event samples is not perfect . 80n1 an10unts of background event leak 
into a set of the good 1{jJ-3 events by being passed through the event-selection cuts. Thf' 
leakage of background events would deform the Dali tz plot spectrum to SOITIe extent. This 
could be one of the sources of systematic error. But, this error can bE' cOrl'E'ctecl under 

the precise estimation of backgrounds. 
The major sources of backgrounds are a. follo\\' . . 

• 1{r.2 decay 

• 1{e3 decay 

• accidental hit of beam particl 

The n1ain background source is the miss-identification of the 1\' 7T 2 decay Dl0de. Jr+ 

frOlTI 1{r. 2 d cay will decay into /1+ and v with 99 .997c branching ratio and 2.60 x 10-8"ec 
life time. If Jr+ decays in this mode in front of the spectrOlTIeter. our dE'tectors can not 



CHAPTER 4. DATA ASAL-YSIS 

.S r:e 

600 

500 

400 

~ 300 
;::::s 
o 

U 

200 

JOO 

o 
o 25 50 75 

[ ~_S-__ :_:_P_:_:_~_7_i_:_:_t_--, 

JOO 1 25 150 175 200 225 250 

E 2 Energy(MeV) 

Figure 4.25: The energy spectrull1 of a photon with higher enf'rgy frolll Ka d('cay 111 [{ ;r2 

decay 

16000 

14000 

12000 

.S 10000 
~ 

<:r:l ........ 
s::::= 
;::::s 
0 8000 

U 

6000 

4000 

2000 

0 
50 

/ ExperiIIlent 

SiIIlulation 

75 100 125 150 175 

MOIIlentulTI (Me"'v/c) 

1 
1 
1 

11 
I 
1 

200 

Figure 4.26: The K+ momentum in J\r2 decay (O.9T) 

225 250 



Cl-IAPTER 4. DATA A~\'ALYSI. 61 

7000 

/ Experirnent 
6000 

Sirnulation 

5000 

.S 
~ 4000 

CZ) 
~ 

~ 
~ 
0 

U 3000 

2000 

1000 

0 
50 75 100 125 150 1 7 ~s 200 225 250 

MornentuTll (MeV/c) 

Figure 4.27: The 7r+ 1110111 ntu1l1 in J\r.2 decay (0.65T) 
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Table 4 .2: Estimation of the background contanlination by J{~ 2 df'ca)' (O.9T ) 

identify as J{ J13 ident ify as 1{ 1. 2 

Experin1ent 21716 2283.5·5 
J{ r.2 SilTIulation 154 44768 

The mi s identification of J{ rr 2 event in good event =rv 3.6/( (O.9T) 

2 

di tinguish such ev nt froll1 the J{ j1.3 event. Therefore. good J{ J13 e\'ents which we can gf't 
experimentally, are mixed with such few leakage of J{ rr 2 events du to ll1i . s-idclltificat lon. 

In order to e. tilTIat this background. we used l\fonte Carlo sim ulation. The data 
which is generated by ~lonte Carlo simulation progralTI under the condition of J{ r: '2. decay 
mode is passed through the analysi ame as that of the experimental lata. Then, w 
counted the nUlTIber of event which \,,'ere identified a .' the good ]{J13 event. Then.\\' 
re-scale this ,'alue so as to match the experill1 nta1 J{ r:2 spC'ctrum. The an10unt of 1 ak 
events in thi estinlation i. rv 3.6% when the excitation of toroidal magnetic field is O.9T. 
while it is rv 3.6o/c when O.6.5T. 

The background frOITI J{e3 \ ' nt was estiInated by the nlass spectrum (Fig.4.1 )) . The 
contamination of J{e3 background was under o.37c. 
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Tabl 4 .3: Estin1ation of th background conta111inatio11 by !\',,2 (kca~' (0.6.S'1') 

idenbfya J{ J/3 identify as A',,2 
Experiment 22.59.5 101118 
J{ r:2 Si 111 ula tion 2 1 :3 .1.- (j 

The n1i, s identification of J{ 7i2 e\'ent in good e\' nt ="'" :3.37c (O.6.ST) 
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Figur 4.36: The ?f
o energy spectrum of vents n1iss-identificcl as J\' {/3 in J{ 7i2 e\'(~nt 

4.3.4 Background subtraction 

60 

The background which was understood to SOITIe ext llt can be' e tin1atcd and , ubt racted 
by using :\Ionte Carlo sin1ldation. The contalTIination of the main backgrouncllTIocle J{ 72 

was estirnated in the preYIOllS section. The spectra of the n1is . idf'ntified J{ 7i2 event s arc 
hown in Fig.4.36 and Fig.4.37. Th effect of deformation on thf' expf'rilTIental Dalitz 

plot cau ed by Ini s-identified 1{ 7i2 events v\"as ren10ved by subtracting the background 
spectrun1 fron1 t h xperilnental spectrum. 

4.4 Fitting Method 

In order to obtain the \'alues of 1{ 113 form factor. Wf' cornpared the Dalitz plot which 
was made experim ntally by mea ured energies of ITo and p+ v"ith that g n rated by 
~\lonte Carlo silTIulation. The ~\lonte Carlo imulation data ,,'ere proc . 'ed under th 
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Figure 4.37: Th 7\+ energy . pectrUIll of e\"ents mis -identifipcl as l\'p3 in J{ ;r 2 ('\'ellt 

san1e analysis criteria. The con1parison was rnadc \vith the ~Iont Carlo .. ampks that 
passed all the cut. At th time of making the Dalitz plot. we us d the p+ energ:y v\'hich 
was not corrected for the energy loss in the ]{+ topp ing t arg t, b cause the correction 
would introduce the purious effect to the for111 factors clue to th ullcprtainty of Landau 
fluctuation. This cOITIparison is an alternati\'e to the c0111parison of t h Dalitz plot s at 
birth. Because the Monte Carlo. imulation reproduces the experi111ental acceptancf' and 
response prop rly,the transfor111ation frOITI the Dalitz plot at birth condit ion to the one on 
the n1easured condition. i. e . the deformation of the Dalitz plot.i . samp in th experinlent 
and in th ~lont Carlo . imulation. 

The forD1 factors were obtained by . earch ing for thp poiIlt of J11ininlU111 valup of \ 2. \ 2 

wa defin d a . 

(1.12) 

where n is the number of bins in the Dalitz plot histogranl and ci s intro luced to nonnalize 
the calculat d e\'ents to the n1easured one. ~YExp,i and .Y .\fC',i are the number of count in 
the i-th bin in the experim nt and the ~lonte Carlo . i111ulation. rp. pecti\' ly. (J"E:rp.i and 
(J"M C .i are th wight factor due to the statistical enor in each bin. For the det rnlination 
of tatistical error nlainly from th statistics of exp rinlental data .the total count of the 
~lonte Carlo inlldation data in each bin wa cbos n to be about four tin1e larger than 
tho e of the experimental one. 

Ih schen1atic diagran1 of the fitting procedure is . hown in Fig.1.3. The fitting 
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Figure 4 .3 : Thf' scheDlatic diagram of the fitting procedure . By \'arying the parameters 
in the forDl factor . we can reconstruct the Ineasured Dalitz plot. Thp optinlUDl values 
were obtainf'd by earching for the DllnimUDl \'alue of t hf' \. 2. 
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Toroidal \lagnct Field 

(T) 

II 0.9 

Experinlcntal 

(cvcnt s) 

\lont(' Carlo 
(p\'e11t s) 

1
11:19 1:1 

Table 4.4: The nurnber of C\'Cllts which wcrc uscd in the fit t ing 

72 

progra111 was scanning the region like a latticc. The scanning stcp wa. rnu 11 sl11all('1' than 
statistical error. Finally, the program found the minimu111 \-aluc of \ '2, 

4.5 Result of Fitting 

. ssurning that the w ak interaction is 1" - A interact iOll. t h(' 111a t rix elclll( n t of /\'/1:3 dc a,\ ' 
is written as Eq,1.2. Furth rrnol' assu111ing the T-invariancc and th(' f - 's il1dcpclldencc 
on q2, wean choo. e only A+ and ~ (0) as free parameter.. \ \ 'c rnaci(' t h(' \ :2 scan Il ing ill 

2-dimensional (A+.~(O)) space. The teps of this scanning are 0.001 for A+ alld 0.01 for 
~ (0) . The \ 2 contour plot. in \V hich the toroidal 111agnet ic ficld 8t rf'llg t h arc O. 9T and 
0.65T are shown in Fig.4.39 . The l1l11nber of events used in thi . fitting was shown in Ti1bk 

4.4 . nd th Dalitz plot . p ctrU111 Vi' as Dladc with 1{;::2 background subtraction. 
In the case of 0.9T excitation.we obtained. 

A+ 0.033 ± 0.009 

~(O) -0.38 ± 0.11 

In the case of 0.6.5T excitation, we obtained 

~(O) 

0.03.5 ± 0.011 

_0.43{+0.14 
-0.12 

(4 .l:3 ) 

(4.14) 

The IniniD1U111 values of the reduced \ 2 is 1.6.5 and 1.37 in the case of 0.9T an 1 0.6.ST 
excitations. respecti\'ely. 

Fig.4.40 . Fig.4.41, Fig.4.42, and Fig.4.43 show the experinlental f.1+ and ITo energy 
sp ctra together with the calculated ones by the \lonte Carlo simulation with the above 
best fitt d A+ and ~(O). re pecti\'cly. 

In the re ult. . the errors are statio tical error \\'hich include the statist ics of experi­
mental data and th ~..ront e Carlo sinlulation data. The discus. ion and cstin1atioll of the 
. ystelnatic error will be described in the next section . 
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Figure 4.39 : The \2 contour plot (0 .9T, 0.6.5T) The x-axis is A+. The y-axis is ~(O) . Th 
inside of outermost circle is one (5 region . The contours are drawn by 0.2 step in \ 2 value. 
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Figure 4.40 : The experimentalll+ energy sp ctrum and the cal ulated one with the best 
fitted A+ and ~(O) under 0.9T n1agnebc field. 

4.6 Evaluation of Systematic Errors 

There are s v ral source to introduce the systen1atic errors. The Inajor ourc s of t h(' 
systelnatic error are as follow . 

(1) an acceptance of th toroidal spectron1eter 

(2) a re ponse function of the toroidal spectr0111eter 

(3) an acc ptanc of the C. I(Tl) ]fG detector 

(4) a response function of the CsI(Tl) ]fG detector 

(5) background contaminations 

(6) a topped 1{+ profile in the 1{+ . topping target 

(7) error in e timation of the energy los in the active target 

( ) photon con ver ion in the target 

In the e. (3) and (5) ha\"e a large influence to the forll1 factors. Especially. the 1{;-:2 
e\"ent contalnina tion and th gain of CsI(Tl) ]fG detector an' importan t. 
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F igure 4 .41 : The experinlental 7fo energy pectrum and the calculatf' 1 011f' with th(' bf'st 
fitted A+ and ~(O) under 0.9T nlagnetic fie ld. 

The behavior of the contamination from 7f+ decay in flight in 1\ ,,2 decay 1110de 

The largest sourc of the systematic errors is fronl the background cont anlination . espe­
cially the back ground froln 1{ 7r 2 decay mode. T he beha\'ior of the fo rnl factors undf'r the 
contamination of 1\7r 2 event can be estimated by the .\1onU Carlo simulation study. 

Fig.4.44 shows the behavior of the fitted results und r thf' various contalnination of 
1\~2 events . The figure shows a \ 2 contours obtained by the sam fitting procedure for 
different samples wit h backgrounds. The circle nlarked " 0Si;~ BG" is the fitted resu lt with 
no contamination of I{ ,, 2 decay events. The circle nlarked "2o/c BG" is the fitted rf'su lt 
with 2% of contamination of 1{ 7r 2 decay events . The circle l11arked ".5 fc BG" is the fitted 
result with .5% of contanlination of 1{ 7r2 decay v nts. 

The contanlinat ion of I { 7r 2 event is 3 .6o/c(0.9T) or 3.3o/c(0.6.5T) by Monte Carlo silnlIla­
tion study. And then . this background wa. subtracted with background energy spectnllll 
shape. The tatistical ambiguity of I{ 7r2 background spectrulll wa: under 10%. Even if 
included other nl0de and ambiguity of estilllation by nlontc Carlo sinlldation. thf' total 
background contalnination was undf'r 2%. The effect on thf' form factor by th contam­
ination of other nl0des was 11lall r than one of 1{ ,,2 J1lOde . Ther fore the effect on the 
fornl factor paralneters caused by the back ground contarnination is less than 0.011 for 
A+ and less than 0.063 for ~(O) as one rJ. 
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Figure 4.42 : The experinlental fl+ energy spectru111 and the calculated one with the' bf'st 
fitted A+ and ~(O) under 0.6.ST 111agnetic field. 

The behavior of the gain drift of the photon detector 

Another large source of systematic error is wrong energy calibration of th CsI(Tl) pho­
ton detector. The CsI(Tl) photon detector 111ea ur s ITo energy directly. Tberefo re. the 
wrong energy calibration of the photon d tector defonns the Dalitz plot . To investigate 
influences on the form factors, we examined th fitting under the condition wbere the 
energy calibrat ion of photon detector was changed artificia lly. T he \,:2 plot of ITo energy 
in I{ rr2 11l0de for the experilllental data is sho\"/n in Fig.4 .4.S. The x-axis shows the energy 
calibra t ion factor of the photon detector. Fig.4.46 shows the fitted resu lts und r thf' con­
ditions v:here the energy calibra tion of the photon d tector wa. changed a. 0.995, 0.998. 
1.00. 1.02, and 1.05 times the original value. 

The calibration factor of photon detectors \,'ere 111atchecl within ±0.001. Therefore, the 
estinlation of the systematic error originated by th vl'fong calibrat ion of photon detector 
is estinlated as LlA+ = ±0.004 and .6~(0) = ±0.02 . The gain correction factor 1.001 \vas 
used by the fitting. 
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Figure 4.43 : The experilTI ntal 7T O en rgy spectruD1 and thE' calculat d OllE' with the best 
fitted A+ and ~(O) under O.65T magn tic field. 
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Chapter 5 

Experimental Results arld 
Discussions 

COIl1bining the results with the estilnation of the' Inajor sources o[ systf'tllatic errors, t h( 
form factors of 1{J.13 decay hav be n obtained as folloy\'s. 

A+ = 0.034 ± 0.007(sta) ± 0.01:2(s.lJ8). 

and 

~(O) = -0.40 ± 0.08( 'ita) ± 0.07(sys). 

where ·ta 111eanS a statistical error and sys a systelnatic error. 
The estimated 111ajor source of syste111atic error are sU111111arizecl in Table.S.l. 
The larg st contribution to th ystematic errors is c0111ing [rom the back ground 

contamination. It gives a severe li111itation in getting th better pr cision to presC'nt 
experimen t . 

5.1 Comparison with the previous experiments 

The obtained values of the for111 factors were consistent with th result . of pre\ ious ex­
p ri111ents which is A+ = 0.033 ± 0.00 . ~(O) = -0.35 ± o.en.s \vithin errors. In 1110. t of 
the experiIl1ent shown in Table5.2, th treatment. of sy. ten1atic errors were not clearly 
described. It is uncertain at all except for the experiment \"'HITNIA~ 80[\\/hi80] whether 
were included in the obtained re ults or not. As for the stati:~ tical error. this meaSUrf'1l1cnt 

Table .S.l: The origin of the error. 

Origin 
Background contamination 
Photon detector gain 
Statio tic of :"I.C. in1ulation 

± 0.012 ± 0.06 
± 0.004 ± 0.02 
± 0.002 ± 0.03 
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Table .5.2: The values of 1{ 113 fon11 factors 111e- ureel b)' the pre\'ious (>xperin1E'nt s 

A+ ~(O) E\'ent8 DOCUlllel1t ID 
0.034 ± 0.014 -0.40 ± 0.11 40042 Present C'xperin1f'nt 

0 .0,50 ± 0.013 -0.27 ± 0.25 

0.02.5 ± 0.030 -0.8 ± 0.8 

0 .027 ± 0.019 -0.57 ± 0.24 

0.02.5 ± 0.017 -0.36 ± OAO 
0.024 ± 0.019 -0 .62 ± 0.28 

-0.006 ± 0.01,) +0.45 ± 0.28 

0.0.50 ± 0.018 -1.1 ± 0.56 

0 .0 ± O.OS -0.72 ± 0.93 

3973 

490 
6 ... ·)~ 'J_ , 

1 )97 

402,) 

3480 

3240 

444 

\\,HIT~[A~ 0 [\\ ' hi80] 

AR;\'OLD 74 [A1'n7 t] 
~ fERA l 74 [~ler71] 
BRA I T:\ 7:3 [Bl'a7:3] 

A~KE"\BRA :\DT 72 [All k7:3] 

CHIA.\(; 72 [C1ii72] 

HAIDT 71 [IIai72] 
C LLAHA:\ 66 [CalG6] 

ha achieved a new progress in c0111parison with thE' pre\'ioLls pxpCrinlel1ts. t 11(' det ails or 

which are sUln111arized in table.,5.2. 

In 1{ e3 only th A+ para111eter can b d ter111in d elu to tlw slnall 111ass o[ t hE' posit ron. 

The averaged value of A+ obtained in ]{t3 is A+ = 0.0286 ±: 0.0022. The A+ obtaincd b.\' 
present experin1ent is consistent with the value obtained in A

T

c' • 

5.2 Comparison with the theory 

The \ alues of fonn factor in ]{ /13 is sensitive to the renorn1alized phenon1enologica I cou­
pling constants Ls and Lg of CHPT(Tabl 1.1, 1.2). Thpy provide a .' vcre teo t for 

th theory of CHPT. To compare with the prediction of CHPT ha. two 111ean .. One is 
whether the effective coupling con. tant i. correct or not. The other i. whether the CHPT 

fran1ework to predict the obs rvabl s other than tho. p incluclpd a. input. i. correct or 
not. 

5.2.1 Vector form factor 

In the space-like interval R < 3'-OJ1eV, the 10\,\'- n rgy representation is applicablp 

and the form factor A+ is a pproxima t d as 

(.5.1 ) 

where < r2 >{~r. is a charge radius of kaon in the vpctor coupling of 1{113 dpcay and 

t = (p' - p)2 = (PI + Pv )2, 
The charge radius i gi\'en as follows. 



\\'here 

2 I. 1 2 L 9 1 {' I . \J ; I J fl' '} r ---- )71- n-- ~ < >v- F"'2 3') . 2F2 ~ 2 + 2 + l 

~Ti jI P 
(.j.:3) 

h ( .) _ ~ (.1' 
3 

- 3.1.' 
2 

- 3:r + 1) I ' ~ (.r + 1) 2 1 
1.1 -. ( )3 17 .1 + . ,') 2 .r - 1 2 .r -- 1 ) 

(.j. 1 ) 

< r2 >\"/ in the aboy expression i. a charge radius of pion in the , 'ector coupling or pion 

decay. To e\'aluate f+(t) nU111erically, the nwasured charge radius 0(' t he pion and the 

renorn1alized phenolnenological coupling constant L <J are llsee! as inputs. The obtained 

predict ion i. 

The measured value of A+ in present exp riIl1ent result IS good agreenlent wit It this 

thoretical prediction. 

5.2.2 Scalar form factor 

In the physical region of 1\l3 decay the low-energy representatioll for t 11(' scalar [01'111 fact or 

is approxin1at cl as 

(5.6 ) 

For the slop < r2 >1\1.. which is a charge radius of kaon in the scalar ollpling of 1\~t3 
decay. one obtains 

where 

771 

3 (1 + .Y) 2 3.r (1 + .r) - -- + In .r. 
2 1 - .1' (1 - .1.)3 

h2 (~) . h2( 1) = l. 

(rnu+md) 

2 

(.5.7) 

Ff,.' and FTi i the decay con tants of kaon and pion respectively. and F is the decay 

constant in th case that the pion nlas. i a sumed to be zero. 
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Algebraically. the correction 62 i, of the sanlC' order in the 10w-c1}('rgy expan sion oS the 

term in\"oh'ing F!\-! F;: - 1. \' un1eri ally. th correct iOll is bo\\'f'\'f' l' , 111al1. i.e. 62 red uces 

the prediction only 11 o/c . \Vith F!\-! Fr: = 1.22 ± 0.01 the low-ellergy theore111 i111plie. 

0.20 ± 0.0,jIm 2 

~ Jl~+ < ]'2 >,~:';: = 0.01'/ ± 0.001 6 ,. J 

where the error is an estinlate of the uncertainties clue to higher order contribut iOllS. 
On the other icl , converting the values of A+ and ~(O) 1n the fesult of present exper­

iment. the experin1ental value of Ao was obtained as 

Combining the syste111atic nor and the tatistic error under the assumption that they 
were ind pendent, the obtained \"alue and the prediction s('ell1 to agr('c \\,1th ('(tch ot bel' 

\vi thin one standard deviation. 



Chapter 6 

Conclusion 

In conclusion. we nleasured kinetnatical distribution of }\'!d [r0111 stoppe' 1 ] \' + cI('ca~ ' lIsing 
a CsI(Tl) photon detector ystf'm and a large' aped ure . pE'ctrollwte'r of Toroiclallllagnct. 
The data were analyzed based on the Dalitz plot spf'ctrurn anal,\'sis ill orde'1' to obtain 

the values of fornl factor of J\J.L3 decay. The experinlental obtainC'd form factors or !\'jd 

i. as £'o1]o\\,s . 

A+ 0.034 ± 0.007(sta) ± 0.012(sy."i), 

and 

~(O) = -OAO ± 0.08(.;to) ± 0.07(sys). 

where sta means a statistical error and sys a syste111atic rror. These \'ahlf's arE' the' 11l0St 

precise on in c0111parison ,,,ith the pre"iou xperinlents . 
The obtained value. of the forn1 factors iHc-' consistent with the rc-'sults of pre'yiOllS 

experiment and the prediction of Chiral Perturbation ThE'ory . 

. J 
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