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Abstract 

A search for proton dcoty via p ---7 e+7i0 was carri ed out with t.he data taken by the 
Super- Kamiokande detector. The <.lata used in t hi search corresponds to 5. 5 days of data 
taking, or an exposure of 32.9 kton·year. No eanclidate event is found with an 0.1 expected 
background from atmospheric ncutri.uo induced events. Prom t his dat.a , lower limit on t he 
partial lifetime of t il e proton , r/ B,,__,.+~•, is set to be 2.0 x 103:1 years at a 90% confidence 
level. 
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1 lNTRUDUCTION 

1 Introduction 

lu the s t;a nd ard model of clcmeutary particles and th ir int.f'ract ious, protons haw fi nite but 
unobsen ·ably long lifetime [1]. T his i a con cq ueucc of the baryon uumb •r (B) consrrvation 
law "·hich is j ust empi r icall y iu t roduced iu to the st andard model. However, it, is int eresti ng 
and sugge. ti ve LhaL th<'re is no known fundamenta l gauge s~rmrnetry which gcnrrat.cs the 
ba ryon number conservation such Like t he case of Llw electrica.l charge couservat.ion whith 
is a consequence of U( l ) lo ·;\I gauge symmf•tr.v of Lagrangian . T herefore, l hc validi ty of 
baryon number conservation trlllst be considl'l'ccl as an experi menta l q uest ion. 

T he exrJectation of th e ba ryon number violatiou is par t ia lly suppor trd b,v Sa kharov·s 
suggestion t hat the baryon nmuber violation, C and CP v iolat ion, a nd t hermal nonequilib­
rium s ta te could produce matter- antimatter asy mmetry iu our uni verse (2] . Baryon nu111her 
viola t.ed in teractions could have generated the net ba ryon number in the firs t insta nt a fter 
the big bang. 

In the standard model , three fundam cnta:J forces for electromagnetic, weak, and st rong 
interact ions a re gen erated by corresponding local gau ·e symmetri es. This model is rcpre­
seuted by a product of the separated symmetry groups as SU(3) ® SU(2) ® U( l ). Sin te 
1970's, Grand Unified Theories (GUTs), which unify the three fuuclam ent.a l intrract.ions a nd 
describe t hem from larger gauge symmetri Ps li.ke SU(5), lmve been cxt;Pnsivcly drvPioped. 
Because leptons and quarks a re often placed in sarue mul t iplets, most of GUTs a llow baryo n 
number violated interactions. Therefore, t hP decay of the proton is one of the most clrama t·ic 
predictions of various GUT models (3, 4, 5 . 6]. BPca11Se lifetime of proton lMgely drp euds 
on the mass scale of the supN heavy 1 art idcs nwdiatin o- the proton decay, predicted proto n 
lifetime has la rge uncertaint.y ranging from 1030 to over 103.'1 y<'ars. 

In pas t, two decades, several large mass underground expcrimr nts have looked for proton 
c! Pcays [7, 8, 9, 10, 11 , 12]. Typica l detector mass sca le was l kton corresponding to~ 3 x 1032 

protons and t hey covered the minimal S U (5) G UT prediction of ~ ] 030 years proton lifetime. 
However , no clear evidence bas b een rep orted and only lower limit of proton lifetime was 
obta ined. For the decay mode of p ~ e+1r0, stringent linri l has been set as 8.5 x 1032 years 
at 90% confidence level (CL) [7]. C urrently, proton decays as a consequ ence of lhe minimal 
SU(5) GUT model is considered to be ruled ou t. However , t here arc many G T utodrls 
which pred ict lortger proton lifetime compatible wit h these experimental resul ts . 

Super- Kamiokande experiment , which utilizes la rge fidu cial volume mass of 22 .5 kto n 
correspond ing to 7.5 x 10'~3 protons, h as st a rted its operat ion on April first of 1996 . T ha nks 
to the huge volum e, t his detector bas a capabili ty to iovPstiga te proton decays wi th long 
life time above the current experimenta l limi ts. lV!'oreover , the large pboto coverage a re<\ 
enables us to perform t he precise measurement of physical quantities of events. In general , 
G Ts preclict many modes of proton decay. In many models , the p ~ e+'il'O mode i dominant 
and there a re severa l GUTs wbicb p reclic l a decHy rate wi t hin the observable runge of Supcr­
Ka mi okandc ( 'C<', for examp le [13, l 'J, 15]). T his O<'n\y mode ba.· a chara ·t eristic <'Y(lnt 

signature, in which 1 he elcctromagnl' ti c shower cau ed by the po it ron i bc1.la ucccl agains t 
t he two, bowers caus · d by t he gamma rays from the decay of lh , 1r0 . T his signature enables 
u ln discriminate the s igua.l events cl e>\rly from atmospheric neutrino b<t('kgrouncl . 
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fn 1 his tlwsis, I dPscribr the result .. or prot on dC'ca_v sC'a rcl1 u~ ing p -t +1r0 decay mod(• iu 
535 live-day~ . or 32.9 kton·yPar <'X posur(' of Super l<a nliolmnde data t.akrn from i\la_,. 1906 
t·o April 1998. Dc•ginning wit l• physics background~ in H('<'liou 2. Lhc Super J\an1iokan If• 
dNector ;UJd simula tion or proton decay, background neutrino iulrractions. and 1 he d1•t.cctor 
rPspow:;p :trr dnsrribrd i11 srction :3 and 4. Ev('nL n·dud.ion ami reconstruction algorithn ts 
arP explained in ~rrtiou 5 and 6. Energv calibraLion of t.hr dct.ector is st. udi~d in seclion 
7. Pinal samplr ~tl'tPr apply ing rcdud ion programs is shown in sect ion 8 and proton decay 
search i:-> cJ<o>,crib d in srrt.ion 9. Finai.J_v. t.his thesis concludes in sPrtion 10. 
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2 Physics Background 

Iu tbis sect ion, phy~ics background for the proton der.ay s<'arch is described. Begi11ning with 
the slandard llt Odcl whidt ha.~ bel'fl sue· . sfull y sup]Jorted b~· man_,, Pxperim euta l re~ull s, 
some of G T models wbic·h unify c•lcmrntary parti ·l cs a11d their fundamental interac-tions 
are sutmnari 7.Pd. Interesting and dramatic predicti n of tht• proton dee>\V and its pr<'dicted 
lifetime are prPsented. 

2.1 Standard Model 

The base of the sta ndard model is quantum field theory incorporated with loca l ga uge 
symmetries. lu I he model, st roug interactions arP explain •d by quantum chromo dynatnics 
(QCD) with SU(3) , gauge sy ttun c•try, aud eledromag11etic and we<tk intentcl ions arc unified 
by electro-weak theory dPscribcd by SU(2)L ® U(l )v gauge symmetry. This mo lei locates 
elem nta ry particles in multiplct s as followi ng. 

leptons : (''•) (:~t (:=t (1. 2, - 1) e-
[, 

en J.Ln -rJi (1, 1, - 2) 

(u;) (~t G:t 
(2-1) 

quarks: (3, 2, kl d, L 

'lliR C;n t;n (3. 1, ~) 
d;n Si R b,n (3, 1, -~) 

Here, (d/ . s:. b:JT = V(d;, s., b;JT where \f is Cabibbo-Kobayashi-i\faskawa mixing matrix. L 
and R denote left-handed and right-handed chirality. respe Lively. The ntry ( SU(J)• N.w(2). l ') 
shows the representations under SU(3) and SU(2) symmet.rics a nd weak hypercharge. The 
suffix i denot.es co.lour indices (i = ,., g, b) of SU(3)c: symmetry and all quark compose colour 
tripletti under the SU(3)c - LPft-handecl fermions compose SU(2) 1, do ublets and the_v have 
weak-i ospiu r1 of (1/2, - l /2)T All rig ht-handed fermion s l\re s inglets under SU(2)L- Each 
fermion bas wcak-hype rcharge Y relnting to U(l)v gange symmetry and the hypercharge is 
as igned as Y = 2Q - 27\ where Q is electrical charge of t be fern tion . As is shown in Equa­
tion (2-1), right-handed neutrinos are missed in t.hr standard model and neutrino masses 
are assumed to be zero. Because leptons and quarks a re located in separated mnltiplcts in 
Equation (2-1), transitions bC'tween leptons and quarks are essentially uot allowed. 

By requiring gauge symmet.ries, gauge bosons which mediate interactions are getH' ratcd. 
There ar eight g<u tgc bo.-ons (gluous) which are generatpd by U(3)c gauge symmetry. By 

U(2)L and U(l)l.·, generated are three gauge bosons (11-'1, W2 , W3) and one boson (B), 
rl"spectivcly. 11' 1 and W 2 arc combined to form H + ~tnd w- which mediate charg d current 
w('ak i.ntC'r~rtions. IV3 and Ban· 11 lso conthined by \VcinhC'rg aug](' 011' ancl form zo boson 
and photo n A. 

zo 
A 

W'1 cos OIV - B sin Ow 

JV3 sin Ow + B co 0"' 
(2-2) 

- - -
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T bPreforP. this t110rlel predicts n ~ utra l C" UIT(•n t wea k in tcra\tions v + X -+ v + .\. 1 viH zo 
bo, o11 ~xchangc . This int<.'raction was ex pr rimentaJly confir111ed by [16]. Photon A mediates 
clrcli'Omagnet ic in trmctions. Ow is a free parameter in t he standard mod PI and t.here a t:r 
relottions: 

I' = 9 sin Ow = g' cos IJII' (2-3) 

wher .rJ and .9' arr. coupling cons tants rcla.Li ug to SU(2) 1, and U(l)l · ga uge symmetries , 
rr.spcc' tivr ly, a nd e is the l'lodron charge. 

Higgs fif' ld is int roduced in llw standard mod<'! so t.ha t. 1 r± a nd Z0 bosons obtain nonzero 
mas cs by sponta n{'ous symmetry brea king of SU(2) L 0 U( l )v. These boson masses are 
pred icted as : 

lifw 
1 

(2-4) 2vg 

Mz 1 ~ -u g·+ g -
2 

(2-5) 

where v is t.h e vacuum expcctat.ion of the Higgs field. Because t here is relations of l /2v2 = 
g2 /8 \I"fv = Gr/V2 where Cp i: Penni coupling coustant ( ' F = 1.17 x 10- 5 GeV- 2), v 
is cHkulatPd as v = 246 Gc\". Using sin2 Ow which can b<' obtai.ned by measuring neut ral 
current. procPsSPs, this tll Odel nuJJ1Crically predicts t !Je il1w and Jv[z. The w ± and zo gaug 
bosons wert> discovE'red in 1983 [17] with consistent nt a. ses. Moreover, by t,he discovery of 
the Lop quark in 1994 [18], t he conflrmation of a ll fcrmious and ga uge bosous iu t he s t and ~trd 
rnodd an• ~o lllpl .-t.ed. The Higgs boson is a retnaiJling p;u·t icll' to be fOIJIId. 

In spi t~· of the grPat succPss of the standard model, it is unlikP!y thn t t lw woclel is ultimate 
t lwor.r of PI mPn Lary particle physics. One reason is t hat there are many frre pantmet.crs 
which ,·alnes cannot be predicted by t he model .itself. Auothcr a.rbit rarineHs is there i11 the 
complicaLecl assignment of t he weak hypercharge Y to each fermion. There is no theoretical 
rea 0 11 for assigning the bypercharge values shown in Equ aLion (2-1) . Becau e of the rela tion 
\' = 2Q - 21:1 , the assignment of the cledrical cha rge is also m·bit.rary. Therefore, Lhis 
model ca uuot. expla in the electrical charge quantization t hat Lhe quark and leptou charges 
a re related by factor of three. ~ loreover. there are three independent coupling cons tants 
rel ating to SU(3) ·, SU(2)~:, and U( l )l· and a ll of Lhent a.re free parameters. This means 
t,hat, each kind of iuLemcLious rr lating to Lit esc symmetri es are la rgely inclcpcnclent, from each 
oU.wr. Also gravity is uot. included in the standard model. 

2.2 Grand Unified Theories 

T h id ·a of GUT is tha t f. he strong, wr a.k , ~tnd elcdromagnetic in tPracLions arc embedded i~1 
a larger undcrlyiJJg gauge theory wi th a single gauge coupling cons tant g [5]. The sepa rated 
ga uge S.YJ nJILetries and coupling constants iu the s tandard model are considered to be the 
resu lt s of spon!.ancuus sym metry breakiJtg of G T s~'lnni<J tr.v at Jl x , t he energy scale of 
GUT . ln t be high energy sca le Q2 :» AI}. a ll fermions would be w ry rnuch <tlike al1d a ll 
in teractions are ba. ica lly look simllar. Fort unately, it is possib!P to est inw lc the Mx . ca le 
by kJt own Q2 dependeuce of t luee coupling constants in the s tandard modi'! . T hey seem to 
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meet. at. very high Q2 ;wd then one fi nds very larg" G T scale of Afx~ t014 Gc\ ' . T his very 

large energy scale is also needed to supprPss proton decay ra lP so that predictNI decay nt tr 
is consistent with experimenta l. protou decay sea rch resul ts of rp > 1030 yrms. 

2.2.1 SU(5) GUT 

In 1974., Georgei and Glashow proposed a s imple GUT model based on SU(5) gauge sym­
metry [4]. S (5) group is minimum simple group whi ch have subgroup. of SU(3) . SU(2) . 
aud U(1). There a re 24 generators in SU(5) group a.nd th ry ;u·e Hermi t ia n and t raceless. 
Fcrmions in each family a re located in 5 and 10 representations of SU(5) . 

( 
c~r l cl~ 

7/J; L = d;j 

~: .. {, 

(2-6) 

( 0 

u5 -u~ - v' 
- d' l 1 - u.j 0 tL~ - t•2 rfl 

t/J,o L = .j2 1!~ - v.f 0 -113 - cl3 
- u' ? u3 0 -e+ u-

cl' c{' rP e+ Q L 

(2-7) 

And th gauge boson fi eld which t ransforms uudPr SU(5) symmetry is: 

[ G' - " 
Gi G~ X' YT 

l 
I 730 
C2 G~-~ G2 X2 Y 2 I 3 

V,,= Gy G~ G~- jfo _y3 y :J 

x, ... Y2 x 3 ~+~ w+ 
Y, y2 }·3 w- W 3 38 

- 72 + 730 

(2-8) 

The C~ is relatrd to eight gluons and suffixes are SU (3)c coulor. w ±, n:3. a nd Bare gauge 
bosons alrcnrl y ;tpp~ared i.n the standard electroweak model (section 2.1). There a rr 12 new 
gauge bosons X and Y which do11 'L appear in the standard model. They IIR Vf' elect rical 
charge of -l/3 (X ) and 1/3 (Y). These bosons have both colour and fl avor and they medi <tte 
th tran ·i tion between quarks and leptons. 

In. this model, ell' ·trical charge is quan tize<.!. This is because t he eledrical charge operator 
is a SU(5) generator and hence TrQ = 0 and the sum of electrical c!ta rgcs i.n eac!J mul tiplet 
is 0. lu the case of 5 representation , Q11, + Qd' + Qd, + Q. - = 0. T!tercfore. there is t.he 
relation between quark and lepton charges: Q.- = - 3QtJ< . The factor t hrPe is the number 
of colours. 

T he t hree coupling constants iu t he standa rd model arc no longer independent [Tom each 
other b cause SU(3) c 0 SU(2)L 0 U(l)t- ga uge group is unified to single gTo up SU(5) . For 
xample, SU(5) G T predict.s Weinberg angle Ow from a direct as ·mptotic ca lcul ation as 
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~i n2 1Jw = 3/8 at the unification poin t. For a comparison with CX fWrtmcnts, thi s vain(' lllliSt 
be conwrted t.o laboratory encrg i ~s . However, t h is value is not oO far f1·om e.xpL•rimeuta ll y 
mea nrcd m lue and !.his m ngh agre<'ment. is encouragi ng. 

Figurr 2 l: Examples for int.craet.ions ,·ia .X and ) · bosons exchauge. B and L nmubcrs a re 
viu lat<•d but (B - L ) is ·ons<• rvcd. 

Baryon (B) and lepton (L) numb r violated interact ions a.rc possible via .\ a nd) · bosons 
<'xchange. However, (B - L) is conserved in the procc. ses. Examples for in teractions via X 
<Hid Y bosons exchange a re shown in Fih'U re 2- 1. Bccau. c proton decays are a lso med iated 
by t.he X w'd Y bosons, t he decay rate is proportional to 1 /!11;~ . In the rrrin irnal SU(5) 
model, t he GUT mas. scalr is calculated to i\Jx = 2.0~T:~ x 10 1" GcV using Lllf' QCD sca le 
parameter of AMs = l 50! ig0 l:VleV. Fa,·otw l decay mode is p-+ e+r.0 and calcul ated pa rt.i al 
lifetime is: 

(2-!J) 

HowevC'r , this prediction is inconsist;ent wit h cxp (•rimenta l search rPsull.s or Tp/ B
1
,._..e+,n > 

8.5 x 1032 yc;us [7) and > 2.6 x lO:l2 years [1 0]. T herefor<', proton decays as a consequence 
of the miuimal SU(5) GUT model is considrred to be ruled ou t. 

There is anotlu;:r diffi t ul t.y in the minimal SU(5) GUT. Precise measurements of sin2 Ow 
hy LEP and ot.her accelerator experiment. obta ined t he value or sin2 Ow(A./z) = 0. 2315 ± 
0.0004 [20] whil t> pred icted valu is siu2 OIV(Mz) = 0.2102~8:88~i [21]. Mo r<>over , LEP precisP 
rneasurc111ent showed t h <Lt three coupling constant s don 't get together at high ctwrg~' region 
[21, 22] as is s hown in Figure 2 2- (a). 

ln spite or several att ractive fcatu.res of the m iui!Jla l SU(5) GUT, i need exteusions to 
so lve lbe c inconsistency. 

2.2.2 Extensions of SU(5) GUT 

80(10) GUT 

One po s i b !~ way to extend the SU(5) GUT mod I is to use larger sym metries. T lw 
50(1 0) S~'mmetry is one of farnou~ randidates. There ar~ srwril.l advan tap;l.'s of G T tnodPls 
based on SO( I 0) sym11.1ctry. 

The SO(lO) GUT model wh ich di rectl y breaks to SU(3) 0 SU(2)L 0 U(l )l' predicts 
rcl<ltively !tort lifetim<' of protons and t he predict ion is not consistent with exp erimental 
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F igure 2- 2: Running coupling con t<Ults ba.~cd on (a) minirrml s tandard mode.! and (b) 
minimal SUSY model [22] . Tn tbe case of (a) , grand uuificat. ion do~sn ' t happen at high 
energy scale. For the minimal SUSY model, t hree coupling const;ant.s meet together at 
high energy SC<tle. T he SUSY energy scale is fit ted by requiriug crossing of these coupling 
const.<Lnts at a sin!l;le point .. 
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rt'f'nli$ [23]. On Ill<' other band, I here ar~ several ways for SO( lO) >fymmrtr~· Lo beak down 
t.o SU(3),. ® SU(2)J.. ® U(l)1· by two sl p [24]. 

SU(4) ® SU(2)1. ® SU(2)n. . -

1 
SU(5) ® U(1). ) 

SO(lD)---+ SU(:3) ® SU(2)L ® SU(2)
11 

® U(l), ---+ SU(3)c ® SU(2)L 181 U ( I h· 
SU(3) ® SU(2)L ® U(l) 181 U(1) 

(2-10) 

One of adv<JntagP. o f SO(l 0) GUT models is t h<tt it cau coul.ilin the left- right syrm.n e~<ry 
whicu i~ mi~sPd in the .l.andard eledrowcak model. Second adwltltagr is thitt 50(10) model 
lia~ reprcseu tation~ of 16 in which there is a room for righ t handed nr ul. rinos mis eel in the 
SU(5) !llodeJ . 50(10) model that imp!Pmcnls thr seesaw mechanism [25]may explain l.hc 
ncut rino masses and ml.xing. l'vlnreoYC'l', the fermion ttnification into a. ingle represr:nl.aL.iou 
of lG is a attractive ff'al ure of the model. 

SO(lO) models predict sirt2 fiw ·onsistent with cxperimcnta.l results and t he running 
coupl ing const·ants can meet al a s ingle unification point [14, 15]. Among sc,·cra l intern1etlia te 
symmetries, SU(4) ® SU(2)~ ® SU(2)n is very interesting because it contains t he left-rigbt 
symmetry a nd predicts Lh obs •rvable partial lifetime of protons: 

Tp/ Bp ...... +,o = 1A.J x 1032·1±o.7±LO±L9 vea rs [15, 2G]. (2- ll ) 

Howe\'N. other intermPdiate syrum ·tries arc a lso allowed and prrclicted p;utia l lifel'ime 
of proton. has large unccr t.a inties ranging from ~ 10:12 to~ 1030 years [14. 15]. 

Supersymmetric GUT 

P <trt icles Spin [ SUSY Part ners Spin 

(/L quark l/2 ih squark 0 

'In quark 1/2 iir1 squark 0 

//., lepton 1/2 r~. slepton 0 

ln lepton 1/2 ln s leptou 0 

H I.H2 luggs 0 il 1 ,ir2 higgsin os 1/2 

.IJ gluon .9 gluino 1/2 
I p hoton 1 .=y photino 1/2 
zo Z boson l .zo zino 1/2 

VJ'± W boson li •± wino 1/2 

Table 2 1: Th~ pilrticles a nd SUSY partners. 

[rnplemeul ing Supersymwetry (SUSY) [27] is a nother approach to makP- models con. i ~tcn l 
wiLh <·xperimental rneasuremcHts. SUSY is a symmetry bc·twcen fcnnions and bosons a nd 
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this rrqu.ires t hu.t each ferm ion should h;n-e a boson partner with am r mass and ,·ise ver~a. 
The pa.rt.iclcs and SUSY partners are listed in Tablr• 2 1. 13ceausr therP is u.o obsen·ation 
of SUSY parti lcs . S ·sy sl10uld be broken at low l'ncrgy. The brPaJciog energy scale is 
exprcled to be~ 1 TcV. 

For I he rninimal SUSY SU(5) GUT, il. was shown rhat three coupling consla nlH , W<'l 

together at high energy scale as is shown in Figure 2 2-(b). T br uni fication scak i~ aro und 
2 x 10 16 GcV whi ch is high ,r thar~ I he predict ion of uon-SUSY SU(5) (section 2.2. 1). Tlw 
prPdic:t.ed Weinberg angle is sin 2 1Jw(Jiiz) = 0.2334 :!:g:gg~? which is consistent with rxperi­
mental data [21]. Dne t.o !. he higher unificat ion scale, predicLed part.ial lifetime of protons 
via p -t e+rr0 mode becomes long a ~ 1034 - 38 years [28. 29. 30] and thcon' l ical lowr•r limi t 
is ca.lcul a t.ed as: 

~,/Bv....,,+~" > 4.. 1 x 1033 yea rs [28]. (2-12) 

T his lifetime prediction cannot. be reached by this thesis. Howcvrr . t her ru:e ol hr r SUSY 
SU(5) models which pred ict observable pa rt ial lifet ime of p -t e+rro 1110de (se , for rxMlple 
[13]) . On the other hand , minimal SUSY GUT favors th l' decay mode of p -t p [{+ The 
pred icted partial lifetime has a large unv r taint.y and ,·aries from the order of 1029 to 10:13 

yea rs wit.b..in •he observable ra nge of Super- Karniokande. T herefore, minima l SUSY SU(5) 
model can be test.0d by seru-ching for the protou decay via p -t vJ<+ [31]. 
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3 Detector 

3.1 Cherenkov light 

ln t,hf> upcr K<uni,okaudc I'Xlll'rirn nt. evrnts a rc obse rved by d ~tecting C hcrenkov photous 
wlti cb arr cmi ttrd by cl.ta rg<'d parliclco travrrsin.r in l it e detector watn. T he Chereukov light , 
origi na lly d isc·owred by ChrH•nkov in 1934. was cxpl<linecl t heore l ically and quanti I ativcly 
by Tatnm and frank [:!2]. TI,e Chcrrnkov light; is olect;romagneti c w<we wh ich is emiltecl 
a loug a chm·g<'d particle• t ravcr~ing in a mrdium with a ,-elocity fa. ter than the light l'(•}odty 
in Lite medium as: 

c 
v>­-n (3-1) 

where v is a veloc ity o[ I he charged particle . n is a refractive i.n ck x of the medium and c is 
the light vrlocity in vacuum. The light, is emi tted in tit~· forwm·d direction of the travel ing 
pa rti cle with an opening angll" () as: 

l 
cosO= n{J (3-2) 

where f3 is vfc. The light, trajectories form cone pla ne as shown in Figure 3-1. The light 
Sfl l'<"trnm arc known to hnv~ wave! ngth cl -p · ndcnce and t he number of th l'mit.ted photo rlS 
dN in omit· wavelength d). <·UJd in unit track dx is: 

(3-3) 

whPrr a: is tl.tc fin e st ru rture coustar1t. For exam ple , if a clmrgcd partid ' is traveling in 
water (n ::e 1.34) with the lig ht vclocit_v (f'J ::e 1), C hereokov photons a rc emitted a long tire 
particlr with opening anglP 0 "=' •12" and t he uutllber of the photons is ro ughly 3'10 cm - 1 for 
the wavelength of 300 nm to 600 urn. The light coM makes circu la r pro.i ctive pattern on 
a smface plan <> iu thl' detector. An example of a simulat.ed event pnttern which should be 
detect d in Super Kamioka ndQ is shown in Figure 3- 2. The ring image produced by 500 
'\teV /c muon is clea rl y sC?en in the fi gur •. 

Figure 3- 1: Cl rereukov pllotans (thin arrow~) arc ernit tl'd a long the rhargecl p<lrt iclc (tlriek 
arrow) with an open ing angle of iJ = cos- 1 (1/n(J) in water. 
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.. ·•. 

*~er Korniokonde f 

·. 

RUN 999999 
SUBRUN 1 
EVENT 3 
DATE 98-Jan- 7 
TIME 11 : 9 : 31 
TOT PE: 2307 .0 
MAX PE: 23.3 
NMHIT : 992 
ANT-PE: 69.1 
ANT-MX : 4.5 
NMHITA: 117 

I 

RunMODE:MonteCar 

11 

Figme 3 2: event display of a s imnlRted 500 MeV /c muon. Small cirrlPs show each pho­
to mul t ip lier which detect. photon (s) . Tire pwjec tive ring image is seen on phot.omnltiplier 
plane. 
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3.2 Super- Kamiokande detector 

Snpcr Kami0kandc is a large• underground walcr Clterenkuv detector wltich iH loc·atcd in 
flw i\lowmi zinc n1ine at 2100 nwters-wi11.cr-equivalcnr below the peak of i\H. Jlwnoyama 
in Kamioka , Gifu ]Jrcfl'durc•. Japan. The experinw nt site i. accessible by a 2 km drive 
from Atot.sn cr 1t ra1we. Sclwrnat ic view of the cxperilll ClJt sit.e and t.hc drtc ·to r is sltown 
iu Figure 3 3. T lw dPt.ed.or holds 50 ktons of ultra-pure water c() nl.a iued in a cylindri ~a l 
stain less :<leE'! tank nJPMuring 41.4 111 in height and 39.3 min diameter. The water is opLicall y 
separated into Llu·ec •·on ·cntric c~r!indrical regions. 

·,_ 

Figur~ 3- 3: Super-I<amiokande dete<;tor and cxperime.n t site. 

Th(' inner region i 36.2 m iu height and 33.8 111 in dinll1Pter a nd is viewed by 11146, inward 
facing, 50 em di;unetcr pho1omultiplier tubes (Pli!Ts). These Pi\JTs IUJiformly surround the 
region giving a photo~a.Lhotle co1·crage of 40%. Tl1ey were specia lly d vcloped Lo hiLve good 
·inglc phuLoelcclrou (p.c.) !' ·~p01Jhe and a t.i lll (' reso lu tion or 2.8 Uo n:-IS for 1 p. •. eqni l'a i('Jii. 
siguals [33] . T he P:.JTsigna ls arc digitized asyndrronously by a <:HStom built; d<tta a<·quisition 
system [3-J , 35) whiclr can prot(·ss i.wo succes. i ,.c s ignals, enabling us to d('t.ect be electron 
from th0 U<'Ca~· of a muon. 
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The outer region completely suiTOHnds tlw inner drtcrtor. It is L95 ~ 2.2 m Lhi ('k. aud 
i ~ viewed by 1885 outwMd poiut iug 20 em diameter T'i\lTs with 60 (' Ill square wa,·clengl.h 
s hiflPr plates [36]. T hp wa lls of t he outer det.ect.or are lin ed with DuPont. Tyvck. a wh itt• 
reli cC'L ivc ma teria l i.o increase thr number of Chcrrnkov photons d tcctf'd. Thr prirnar.v 
fun ct ion of tl1e outer detector i: Lo ve to cosmic ray muous ant! t.o help idcnt.i(v contai ned 
events. 

The rlliddle region (dead space) is au uninstnmwntrd. 0.55 rn thick "yliuclri ca l shell 
between the inner and outer c1 teeters. lt is orn1pied by the stai nless steel support stn1c t ure 
as wcU as water. The border with the inner detector is li ned with op aq ue black plasti · and 
the border with the outer detector, by op>tque black low den ity pol yet hylr-'m' bonded to 
th r refl ective TyYec. Along with the outer dct;ect.or tJw dead space acts as a shirlrl against 
radioactivity [rom the urrounding rork. 

z 

Figmc 3- 4 : The detector coordinate. 

T he detector coordinate is defi ned as F igure 3- 4. A w rtica l ax is is a z-iL'< is and horizontal 
axes are x- and .)•-axes. At ('enter position of the det ector. (.c, y. z) = (0, 0, 0). 

3.2.1 Photomultiplier 

We u se 50 c111 (20 inch) diamctm· PMTs which was origina lly d veloped by HAfdAM TSU 
Photonics Cornpany and Kamiokand collaborators for I a miokande experiment . The large 
photocathode a rea is essent ial to hav la rge phot·ocovrrage m·ea in rt:'asonablc cost. A 
schematic view of the P l'v!T is shown in Figure 3- 5 and its characteri~iics arc summarizer] 
in Table 3 l. 

The pb.oLo ·atbode area is coated by Bialka.li rn a tNial. The qua nt nrn effi ciency a~ a 
fun ction f the li Yht wa1·elength is s.hown in Figme 3- 6. The effic iency has a pea.k a ronnd 
400 11Jll which matches t he wavelength dPpendencf' of the light ;lttenuation lengt.L in water 
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Figure 3- 5: A schematic 1·iew of t.IJP 20 inch Pi\·IT. 

Photocat hodc area 
Shape 
Window m ateria.! 
Photocathode material 
Diuodes 
Pres.-ur tolerance 
Quantum effi ·iency 
Gain 
Dark cmrcnt 
Dark pul c rate 
Cathode non- •Uliformi ty 
Anode non-uniformity 
Tran it time 
Trausit Lime spread 

50 em (20 in ch) in rli ametcr 
Hemispherical 
Pyrex glass ( 4 ~ 5mm) 
Bialkali 
Ven t ian blind type. 11 stages 
6 kg/crn2 water proof 
20% at ,\ = 400 11111 
107 at~ 2000 Volt 
200 nA at gain = 107 

~ 3 kHz at gain= 107 

< 10% 
< 40o/c 
90 nsec tvpical at gai11= 107 

2.8 11 set RMS a t l p.e. equh·al ent sign<lls 

Table 3- 1: The c:ha ra.cteristic of t he 20 inch PI\ !T. 
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Figure 3- 6: Toe quantum cf6cienry of the 20 inch P?l IT as a fuJLction of w;wolcugth. 
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(sl'l' F'igurP ~ 23). DuP Lo Lhe large plwLocat hod!' arPa, Hw diuodr is of \ 'e.nf•tian blind typr. 
For Snprr [\amiokmtd • rxperilllent, optim izat.ion of thr dinorl e st.racturc were pr rfonnr-d. 
T he nt.uul>N of diuode p lanes, 11 stages for which Llw nttio of appli ed vo ltage is 8 : 3: 1: 
... : l. is sPirctrd tu obta iu the good timing res-ponse and collenion cffic iC'ncy. Figm c 3 7 
~hows th (• rncasmcd l p.r. distribu tion. A clear pPa k of 1 p. r . is seen in t.IH• figurl) . Tlw 
lower t'ail is due to LhP photoelPctrons whicb don't bit and pass through th first dinodc 
pla.nP. TbP wat.cr proof st.rud ure is also impro,·ed from the old Kami okande type. \Ve H·ed 
to kPrp tbc geo-tnagnelic firld les. ~;han lOO mC to obta in thr uniform re·ponse of tlt e PMT. 
Compensation coi ls are usrcl in 1lw Super- KamiokiuJdc dct.Pctor and t he residua l is kept I('SS 
~han 100 mC in Pvcry position oft he detector. 

3.2.2 Water Purification System 

FILTER 
(l.lmNom.) 

HEAT 
EXCHANGER 

ION EXCHANGER 

VACUUM 
DEGASIFIER PUMP 

I 
I 
I 

L~l PUMP - • 

: ~------a-· r----------.--------~ 

:,_~L0 
L~! 
REVERSE OSMOSIS BUFFER TANK 

SUPER-KAMlOKANDE WATER PURIFICATION SYSTEM 
SK TANK 

Figure 3 : T he wat.er purifica tion system for the Supe.r- Kamiokandc detector. 

T he sou1w of t.lt e wat!"r filled iu thP Super Kamiokanclc detecto r is thP clean spriug 
wal r flowing in the mine. The dete tor is implemented Hw water purirication system and 
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the waLer system makes ultra-pure water from dw . om cr water. Usually, t he water systl'lll 
s11pplies tlw nit ra-pure water from Lbe bot tom of I li e lank >til I takPs it from thl• top of the 
1 auk. The system compri. es event.! CO!llpllll('nt,s as is shown in Figure 3-

• 1 wm. filt er 

• Heat, exclHtnger 

• l ou exchanger 

rejects slllnll particles. 

heat exchanger is us<·'d t.o keep the water tcJupt'ralure which 
is hcatNI by Pi\lTs and p11mp . Th water trntpcratur<' is 
kept at around l 4°C. 

removes metal ious . 

• Ultra-Violrt sterilizer ki lls bacteria in th · water. 

• aruum degasifieT 

• cartridge polisher 

• Ultra filter 

• ll.ewrse osmosis 

ren10ves gase such a.> thP oxygen and radon gases. 

high performan ·e ion exchanger. 

removes sma ll dust even of the order of 10 Lllll . 

The un£ltered water by the ul tra rilter is f<'cl to the rew•rsf' 
osmosis with the buffer tank. Th.f' rever e osmosis i: the high 
performance membra ne whid1 reuwves ven organisms llf til e 
order of 100 molecular weight. The output water is put back 
to the main stream (Figure 3 8). 

The ultra-pme water is usua lly circulated via the detector and water sys tem at the now 
rRte of 50 ~ 60 ton / hour. 

3 .2.3 Data Acquisition System 

Inner Detector 

The Pi\IT signals are processed by TKO [37] ADC/ TDC mochtle · ca ll ed Analog-Timing­
Module (ATM) [3,1]. The ATJV[ bas the fun ct ionality of ADC/TDC anclr cords an amount or 
charge and timing of each PMT signal. Figme 3- 9 shows thf• schemati view of Lhc analo"' 
input, block of the ATM. The PMT signal fed to the current split ter is di,riclcd into four 
signal . One of them is fed to the discriminaLor and the th reshold lev(' I for a ·h cham1 ,I is 
set to be -1 mY which corresponds to 1/4 p.e .. Wl1en P:V1T signal is over the threshold level, 
HITSUlvl signa l with 200 ns width Mel 15 mY/channel height is assert don t he ATtvl front 
pa nel lo be used to generate the global trigger signal. At the sam time, one of the :plittcd 
signal A and B is hold by th~ QAC ( bar ge to Analog Converter ) [35] and TAC (Timing 
to Analog Converter) [35] startti o integrate constant cnrrent. If global t.rigger is itiSued, the 
information in TAC/ QAC is digitized and s tored in in temal m mories. Since tbe integra tion 
of TAC is started by the PMT signal of each channel, tile amouut of the charge integrated 
by the TAC i relevant to t he hit Liming of t bc signal. There are two TA 's a:nd QAC's for 
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PMT 
signal --------- _.,.. 

i --- -.- n 
---"-- ~ 
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Disc d. control I 

> 
0 n 

Pigur·' 3- 9: A sthrmatic virw of the analog inp u t. block of the ATM. Ouly one chamwl is 
Hhown in the fi gure. Dashed arrows show the PMT signal, it splitted signals and accnrn u­
lat.ed TA /QA signals. Solid arrows show the logical signals which control t he processing 
of i br au!tlog siguals. 

Ul 970 2590 -c: 
:I 2589 
0 965 2588 ~ 

2587 -960 c: 2586 :I 
0 955 2585 u 
() 2584 
0 950 2583 
1-

2582 945 
{b) TDC () 2581 

0 940 2580 <t 25 30 35 

room temparature {0 C) 

Figure 3- 10: The room l'l11f>N<tlm<' dq>enclrnce of t he A DC and TD prrkst il l. Both A DC 
a ud TDC haVP linear d<'penclence on tlw room temperature. The prdestal data arc r gnlarl.v 
ta.ken in Super- Kamiokande every 30 11tinmes and used iu thr ADC/TDC conversion. 
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each channel so t ha l two succc. sive event. like a m11on and a following decay elecLron. can 
br prOC('SSCd. 

T he ADC/'IDC da ta a r of 12 bi ts (4096). T he ATM has~ 450 pC dynarHic range with 
a resolution of 0.2 pC ami ~ 1300 nsec dynamic raJtge with a resolution of 0.4 us. To keep 
good accun1cics of Lhe Limiug and ch<ugE' information. we u e conversion t,ab les r<J~h er i han 
the fitted linear fun ct ions to convf' tt AD C and TO coun ts w [pC] ami [nsPc]. respcclin•ly. 
T be inaccuracies in the conversion by the tables is negligible. 

_______ _______ ___ ________ , 

I 
I 
I 
I 
I 
I , 

InnerDAQ 

• PMT x 11146 

• ATM X 946 

• SMP x48 

• online computer 
s..;rvcrX 9 
host x I 

F'igure 3- 11: The data acquisition system for t he inner detector. Arrows show the flow of 
the inner det ector data. 

The room tetTtpemt ure dependence of ADC nnrl TDC is less t han 3 count;oc (O.G p ;oq 
and 2 cou ut j"C (0.8 ns/"C), respectively. Fignre 3· 10 s.ltows an cx;1mpl of the room temper­
ature dependence o.f the ATM. Thc$e p edestal values of ADC and TDC have a liuear dep ·u­
druce on the roo111 temperature. T11 ord (· r to c tT ct for the Leutpcralt;re d<'peudcuc ul' :\DC 
and TDC, the pedesta l data are regu larly taken every 30 minut . in S uper- Kamiokande ctnd 
the 111 easurecl pedestal values are used lo convert ADC a nd TDC counts in each period. T!J · 
room temperature i around 27 •c aud i krpt within ±o.s• ' in the eledronics huts. Tit · 
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estilll<\!1-'0 imtccmaci~s coming from thr t.rmp~raturc devenckn -e is less l11au 0.3 pC and 0.4 
ns for 1 h P dHtrge <Uld liming informal ion . 

Pigurf:' 3 II sllowh t !l(' inn<'r dat a a('q uisition s.vst.cm. T here are in total 946 ATf'v!s. and 
AD / TO data arc read sep<trltl<' ly by 8 on-l ine wm pu t.e rs (SUN Classic) lhrongh 48 Vi'vJE 
t ll('lliory m dnle~ call ed Sttprr-~iemor_v- Partn er (S!VJP). T he trigger dat.a. which con~ ist of 
llH' ~q~ut number . ttigger tim ing, and trigger type and a re recorded in I he Lrigger mod ule 
mil d TRG, ar~ ~ !50 rNtd by auoUtl' l' sc f\·er computer. T lH•sc data collected by t he serve r 
coJTlpUt<'rs arc transfrnwlto the on-line host computer (SU sparelO) \· ia the FDOl network 
and rnerg<'d t nmk<· complct e ~v1•nts. 

Outer D etector 

Ontrr det<'rtor data are processed by a d ifferem electronics system. T he si '!Htl of 8 inch 
P~·l T is fed into QTC (Charge to T iming Converter) m odule which generates a rectangle 
signal. This ontpnl signal has a widt h proportional to fill an10 un t of ch al'ge of thr PMT signa l 
and is digitized by the LeCroy 1877 nllllti-b it TDC m odule. This TO ' module ~;ccorcls the 
t iming o f lhe lead iug and t ra iling edge from wh ic·b we J.:uow the t illling and charge information 
of the P lVI'T ignal. T he dynamic nmge of t.he TOC is set to be 16 pscc wit h the wsolution 
of 0.5 ns<:c. T lw TDC data an-· rear! vi ~t ViVIE memory modul~s by a separate on-line server 
computer fllld then transfered to t he on-lim• host compu ter. 

Trigger 

The rect.a nglc HITSUM signals from .-\Tl'vl a re ummed up to generate grand HJTSUM 
signal. Tbc HITSU1\l signals from QTCs are a lso su mmed up separatelv to make grand 
HJTSUM of the outer detector. T hese t,wo grand HTTSVi'vl ignab are Uticd to genen;te 
lrigger tiignals for tLe SupPr- Kamiokandc detector. There a re two kinds of t rigger signa l 
mad<' by t.he inner rleh;rtor. One is low enr rgy trigger (L E trigger) which is gPuerated by 
rrqu.iring - 32[) m V gra.ud HITSUl\1 sigua ls a nd <UJOther is high energy t rigger (HE trigger) 
which t hrc hold l<' I'Cl is -340 rn V_ The LE tri gger con cBponds to 29 hits of im1er PJv!Ts wbich 
i ~ equi valent to Chcrenkov phol.ous generated by 5. 7 Me\ electron. The trigge r effi ciency 
for p - > e+1r0 signal is 100 %. Th ·re is a lso ou ter detector trigger (OD t1·igger) genera ted by 
thr out(' r cl <>tector HITSUM signal. T lw th reshold for the 00 t ri gger corrcspondR to 19 hits 
of outer P~ITs . 

T hese t hree types of t rigger signal, LE trigger, HE t rigger, a nd OD t rigger, are fed in to 
TRG module as is. howu in Figul'r 3 11. Once at least on of the t rigger ·igna ls i ~ asserted , 
t his T RG module records the trigger types (LE/HE/OD ), the tri gger timing with 20 nsec 
arcmacy. and ihL' event uumbPr. iV!oreove r, TRG gcnemtes the global trigger s igna l and 16 
bils event oumber on its front paiH:l which are distribu ted to whole electronics to trigger tl1 e 
current event. T he trigger data stored in the TRG module a rc read by n. s~parate OJ1- line 
<·Om!Ju ter and sent to t lw on-line host. computer to be merged with Pl\!T data. 

3.3 Detector Calibration 

The m~Lhods of several detector cali bration such as t lw PJ\1T t iming ca li bration. Pl\IT gai n 
calibration, and water transpan'nty ml'asurcrnent are drscribed in t his sretion. 

.3 DETECTOR 21 

3.3 .1 Timing Calibration 

By thC' timing ca li bration of ••ach chanud , we need to n1ea~mr followi ng quaut,ities for eal'lt 
channel: 

• t ime offset 

• t irnl' walk 

coming fro m the trans it Lirn c of thr P:\fT itself and it s c:1ble ("-' 70 nt). 

The ti mi ng information depends on thC' signal height or dct.<•ctcd p.e.s. 

Super Kami.okande 
inner tank 

diffuser 
ball 

optical fiber 

t2 ',,'',,,'',,, 

', 

variable 
attenuation 

filter 

LUDOX 
dill ser tip(Ti02 ) 

Figure 3- 12: The timing calibration system. 

For the timiJ1g calibration, we put a light source of t he diffuser ball into the water tmtk 
and mak the source flash. F igure 3 12 shows t;he schematic v ipw of the timing ca librat ion 
system. We usc a nitrogen laser and va riable att;euuation filter. T he li ght is g uided by 
a n opti al fiber t,o the diffuser ball iu t he detector. T he widt.b of t.he laser light. is small 
(~ 3 u. ec) and the time jitter is mall enough ("' ± 0.5 tL~ec) . B t he attennation filter. 
we can ta.ke timing data at va.rious ligh t iutcnsit iPs. T lw diffuser ball conta ins a T i0 2 tip 
and LUDOX which is ·ilica gel with 20 nm glass fragments. T he rcllective tip is lorat d 
at t he center of the b<ul and refl ected lig ht is diffused by LUDOX. Figure 3 13 shows the 
di t ribution of tbe m easured Limiug and drtected p .c .s of one 20 inch PMT. Points are data. 
Blank circles show the aYeraged timing rur eacli p.c. biu. T he tiu1c ll'a lk is obsetYed in t.he 
figure. This charge dependence or the timing is called TQ-map and we make the TQ-map 
for each cha nneL In physics analyses, the timing inrormat ion o[ each channel is corrected 
by its TQ-map . E r ror bars in t he figure show tl1e t im ing resolution. Figm c 3 14 shows 
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Figure 3 14: The liming resolu t ion of the 20 inch PMT. 
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the measured timing rr•solution. The Liming reso lulion i~ typica lly 2.8 ns('C R ~JS for 1 p.r. 
equivalent. signals. 

3.3.2 Relative Gain Calibration 

We need t,o adju. t the PMT gniJ1 to obta in the uniform re~ponse of the detector Defore 
Supcr- Kamiokandc LarLcd its operation , we pcrforniCd the gain ca librat ion wi·th a light 
source in order to dctPnnin<· the app lied high voltage value of each 20 inch PJ\1T. The 
observed p.e.s in t he PMTs n.re compared with t uose of neighboring P:\ lTs and t lw appli0d 
high voltage va lues are adjusted. After t he start of tlw expr.rinwnr , ll'e reguhrly took 
cal ibration data. Fine tuning of the Pi:\ IT ga.ia is pcrfonncd in software >Ulalys<'s using 
the calibration data. 

UV filter NO filter 

r ~~ ~:.~r-1··---1·• - Opti_..cal fib--;er :--------'1 

uuuu 
() Scintillator Ball 0 
() ~6~ 0 
() /j'-o. 0 
() 0 

vvvv2oinc 
PMT 

r--- --- -- - ---------- ---

' 
' 

' ' ' ' 
' 
' 

' 

' ·----------------
Trigger 

Figme 3- 15: X calibration system. 

Figure 3- 15 shows the calibration ystern. vVe use a Xc lamp as a light source. The 
Jjght fTom the lamp passes through a UV-pass fil ter to adjus the wavelength for which the 
scintillator ball can absorb. AND filter is also u ~cl to acljn ·t the light intensity. The output 
light is gnidcd by the opt ical fib~r to th · s ·intil)ator ball in t he detector. The scintiJlator 
ball is a spherica l acry li c baJJ doped with a. BBOT wave] ngth shifter and .\.JgO difl'usrr. 
BBOT a bsorbs the Xe light and ro-emits light aro und 450 om wavelength , which tip c:tmm 
is simi lar LO that of Cherenkov light . The in tens ity oft he Xe light is monitored by two photo 
diodes and one sr int il'l ator eq11ipped wilh a PMT. 
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B(•forc Sup~r Kamiokat;de sLarl d it·s operat ion. WE' look thE' 20 iuch P i\JT d:ua putting 
the srinlillalur ball in the lituk wiL honL 11·at~·r. The obserwd nurnlw r of p.e.s by t!JP 20 im:lt 
Pi\lTs ;m• corrcdrd for I he dist.aucr. I J\IT accept.a,ncc, nml Xe light. iutensily mcasm cd by 
thf' monit<Jrings.v lctn . By compa ring Lhe corrcdecl p.r.s in PMTs wilb chose of nrighboriug 
Pl'v!Ts. wr dPicrmined lhe high YOltage val ue for each PMT. 
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0 ~~~~~~~~~~~~~ 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

relative PMT gain 

Figure 3- 16: Tbe relative gain difference observed in the Xe caHbra tion. Aftrr the PxpNiment 
startf•d, w - regula rly took Xc data. Corrected number of p.e.s in earh PMT, normali zed t·.o 
tlie tnean valuE'. is compared wit h eaeh other. T he PMT gain d iilr rence is 7'K . 

After the dc tet'Lor was fill ed up with wa~er, we rrgularly ta ke t he Xe data. In Figure 
3- 16, the observed p.e.s in each PMT, normalized to the mean va lue, are compared with 
Nt ·It otlwr. Necessary corrections ;uc performed in the comparison. From the figure, t he 
P;\1T ga in difference is 7%. One of the sources of the PMT gain tJjffer "TH'<' in Figure• 3- 16 is 
the imt crfec-l isotropy of thr scintillator ball. 

To investigate the PMT gain more precisely, we performed t he Xe calibration by the 
scintillator ba ll I cat.cd a t several positions wit h different. ball directions. Observed p. P .S 

in each P li1T are corrected for l'he anisotropy of the scitt tillation ligl1 t. which is meas ured 
separa tely. \Ve make the tabh• of t he relat i"e ga in difference and this tab le is used for 
correc ting the observed p.e.s in physies iJJJaly es. T he uniformity of the detector respon e in 
physics analyse is s tu djed in :;c ·tion 7.3. 

3.3.3 Absolute Gain Calibration 

ln order t.o caliln·ale t.b e al solute Pi\ IT g<t.i n, we uti liz the gamma emission from thermal 
ne u ~ron capture of i\irkeL Th~ ('nergy of the gamma i. so low (6 ~ 9 i\[e\') tha t the 
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Figure 3- 17: ScheHHtt ic view of Ni+Cf 
gam ma-ray source. 

F igmc 3- 18: Observed charge (pC) 
for the Ni+Cf gamma-ray source. 
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t•x rwc-ted nnmbN of hi t photons for each fired P l\ fT is our. Thcreforr, we can measure 1 p.e. 
distribution br l. hi~ wPI.hod. 

Figure 3 17 showo the schematic ''i~1v of Lhe ga mnw ray , ource. We usc 2" 2 f as a nctttron 
sou ref'. Em iLt.(•ci neutron.~ frorn I hP spontaneous fi ssions of 252 Cf are decelerated by watt>r to 
br t hrrutaiJtcuLrons. From Lh•· neutron capture of Ni, gamnta-ray sources an, prodtt cr•d. 

F'ignrr 3 18 s hows the I p.c. distribu t iou. Horizoul a l ax i,~ show, thP obs<'rvcd charge i.tl 
unit of pico-Conlnrnb (pC). F'rotn this calibra t ion , we dete rmin!' the relation brtwer·n p.c. 
ani p as: 

1 p.r . = 2.055 p (3-4) 

3.3.4 Attenuation Length l\lleasurement I 

\\.0 measure I he light att~nuation length in tlu! deterl;or water by Lhr syst•·m of a laser and 
a CD camr•ra. Figure 3- l!J shows the mcasttrPmf•nl system. We US(' Lhe ni trogen laser 

CCD camcrd 

lnlegmling Sphere 

<< laser tmx >> 

~ 2inch PMT 

Optical Fiber (70rn) 

Figme 3- 19: SchP!ll<Ui<' vi ew of Llte att •nuat iou length measurement system. 

with dye which an produce rnonochromati(' jjght with 337, 365, 400 , 420, 460, 500, (111(1 580 
mn wavelr~ngth. We put. l.he diffuser ball into the tank which is connected with the laser 
ystem by a optical fiber. Using the CCD camera on t he top of t he detector, we tneasurc 

the light iutcnsity of the ball image at se\'l'ral distances. The intcnsil;y f tlw laser light is 
also uwas urecl h~· the rn ou iloting sysll'rn. 

Figure 3- 20 shows the meas tu·ed inlcnsit.v by th e ceo (:>\tnPr<t as a function of di t.ance 
bet ween lhc camrra and diff'u er ball. The light intensity is uormajj.z d by t h<tL mea: urcd by 
I h • monitoring system. The mcasur<'d attrnuation length front thi ' figure is 97.9 nt for 420 
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Fig1u·e 3- 20: Measur cl li ght in tenbity a a fttJt -tion of distance. T hl:' jjgbt inlrnsil·y is 
normalized by that. meMurccl by the monitoring system. 
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Figure 3- 21: T he wavelength dependences of phoLmt >t tteuuatiou coclficicnl. tn e>\Surcd by 
the laser system. 



3 DETECTOR 28 

nm wawi t• n~>th. F'ig11re 3 21 . um marizcfi tlw measured attc•nua tion c:oeHi<: it' Di s aL each light 
ll'<tvl~ i (' n p;t.i l . 

3.3 .5 Attenuation Length Measurement II 

In Super f\ a rn iokand<' ('Xpt• r imcn t,, th •re a rc 2. 7 liz cosm ic ray muon r\·ell ts. Us ing Clwn•nkov 
photo11s from muons. we mrasHr<' the attenuatiorr lr ngi h in the dci.c('tor ''·a tr r. \ lorrovrr, 
this analy~is 11ivrs us the gai n inform<tt ion of P iiJTs. T he advantage of tht• muon ana lysis 
is that we• rc•gu la riy obta in t he attenuation lr nglh a ucl P~fT gain C\'l!ry data la kiug period 
(~ 2-1 hour~). 

For th is ruwlys i ~. vt>rt icall.v I hrough go ing muons are sf'iect rd . 

(a) 50000 < tota l numlwr of p.('. < J 25000 

(b) Pnt ranc<' poin t (.r;",y;", z;") is ou the top wa ll and its,.;.,= j(.c;")2 + (y;")2 < 
l 5.D 111 . 

(c) exit. poi nt (.c0"',y0"1,z""') is on the bottom wall and itsr0"' =: j(.t0"')2 + (y""')2 < 
1!).9 Ill . 

(d) j(.?;in - .7·0>11 )2 +(yin -yout)2 < 5 m. 

Cri tNion (a) roughly correspo11ds to the muon t rack length of 25 m to 63 m. T he d istall ("<' 
IJNIH't'n thr top a nd bot tom wa ll is 39.2 m . T his crit.crion also rl'ject. cnerg t ic cosmic ray 
ntuons causing hadroni · in teractions in the detec tor. By criteri a (b) a nd (c), the cnt. rancP 
and ex it poin ts are r quired on the t op and bottom wa il , re. p cti vely. CritNion (d) st> lects 
vertically going mno!ls. 

a 
t:: 
0 
;:s 

Figure 3 22: Schr matic viE' \Y of thP 
a t·t r nuati n lE'ngth measurement by 
muous. 
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Figurr 3 22 shows t hr schema! ie 1•irw of thi s analysis. B_v t l11• muon data, we obtain 
the llUJll bcr or p. r.s det,cC:lcd by 20 iurh P\JTs located a t (';tt·h t ra\·c l lrugth l or CherenkoY 
photons. TlterPfore, wr can check t he trav('] length depr ndert cc of the nnntbcr of hereukov 
photons . The detcc t.cd p.e.s q arc w rn•ctrd for the• t m veilPngth land t·he PJvJT acccpta li CP: 

(3-5) 

where f (G) i · the Pi\JT acccptancf' as a hmction of the incidcm a ngle and sh wn in Figure 
6- 9. 

400 
Cl! 350 
ci. 300 

"0 250 
$ 200 (.) 

~ 150 
0 100 
(.) 50 

0 
0 1 000 2000 3000 4000 

photon travel length (em) 
5000 

Figure 3 23: The tra l'ci length dependence of the con e ted p.e.s. for muon ·. T he line shows 
t he fit t iug resul t by exponent ia l fuH ct.ion. The m easured a t t r nuation ieHgth (slope) is J Ol 
m and P JV[T gain (intersection) is 405 p.P.S for this ruu . 

F igure 3- 23 shows the t raw•l lengt h dependence of the corrcct<'cl p.e.s fJcorr· This dis t ri­
bution is fitt ed by the exponent ia l curve of 

l 
Qcorr(l) = G x e.xp(-z l · (3-6) 

where two fittin g paramet.!'rs of L and G a re measured attenuatioll le1tgth a nd P \IT gai n, 
respecti,·cly. For F igure 3- 23, th<' a tt cnnation length is L = lOl m aud t he Pi\lT gaiu is 
G = 405 p. e.s. 

The. t ability of the attcHua t.ion lr ngth and P.\JT gaiu is di scussed ill sec tion 7.2. 
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4 Simulation 

\Yf' havr d0wlopcd a dctail <'d .\donte 'arlo Si iJiulat.ion progran1 lo e&'timal'c lhc detection 
efficieucy of proton de ·ays a nd Llw numbrr of background Pvents. Details of the ·imu laLion 
of dw pr01011 d cay and l it e at mospheri c neutrino in l:emctions arP d~sc rib ~d below. 

4 .1 Proton D ecay Simulation 

T he source of protons for th<• pro~ n decay S<'a rch is w11.ter (H2 0) in the Super- Karniokande 
detrctor. A 1-1~0 molecul ~ contain two freC' protons <l nd eight bound protons. We ass ume 
t lmt lhe proton decay shon ld occu r in equal 1 robabili ty for t bese proton . . 

ln rase of tlw decay of a free proton, kinematics of two body decay p -> e+ 1r0 is uniquely 
cal ·ulat('d. T he mowcnt um or bot h thC' e+ and 1r0 is 459.43 MeV /c and onP· s rli r ct ion i 
completely opposite to ano ther 's. 

In casP of a proton decay in oxygen, dc(·a,v kinematics are di fl'erC'nt from tlw free proton 
due to Fermi motion of tlw proton , nuclear bimling energy in oxygen , and nuclear efre ·t for 
,.o. \IVe usc the FPnni morneut um mPasured by !"lectron scattering on 120 [38). Tltc Fermi 
nwrutmtum for S-star,e and P-s1at<' are shown in F igure 4- 1. The calcu lated kinematics 

100 
II 

EJc p. d .. t .. 
E5 ~12 -21 M•V 

-so 
u 

~ 50 
::t: 
¥ 

30 

"' ~2 
10 

100 

II 

E• p. d .. t .. 
£5 ~ 30-42 M•V 

300 

F igure 4 1: Fermi momentum di tributions for P-sLate (lPft fi gnrc) a nd S-state (ri ght fi gure). 
T lw poin ts show e-"Xp erimental data me<LS mf'd by electrou scattering on 12 C [38] aud solid 
lines show tlu!orctical calcul il.tion [38] . We usc the caknla ted d i t ri butions in proton deca~· 
simulat.ion. 

of .-ccondary particles tn CfmtC'r of mass syst.em a.re Lorentz boosted by the injtia l Fernli 
moment um. T he nuclear bind tug CJJ crgy is taken into account. b.v modiJying t,he proton nu1ss 
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as i11; = Ml' - Eb, when' M~ is t be mod ifir'd proton mass. 1\Jp is the resr mass of<\ prown , 
and Eb is nuclear biding energy. T l1 c value of £ 0 is mndom ly sC'lec led for PilCh si mul ated 
event from t h~ probnbility d<'nsity function of Gaussian (JI., a)= (39.0iVIPV , 10.21le\') ror 
S-state and (J.l., a-) = (15.5MeV, 3. 2MeV) for P-state. Figure 4 2 shows rb <' moriifi rd proton 
m ass i.n oxygen . 

0.4 

0.35 

0.3 

0.25 p-state 

0.2 

0.15 

0.1 

0.05 

0 I ' 
BOO 820 840 860 880 900 920 940 960 980 1 000 

Modified proton mass in 160 (MeV/c2
) 

F igure 4- 2: Modifi ed proton mass in oxygen. The proton n1 a.~s in oxygen is mod ifi€'d in 
01·der to take in to account t he nuclear binding energy. 

T he relative position of a decaying pro to n in oxygen is calculated according to Lhc Wood­
Sa .. "Xon nuclear dens ity 

z 
Pp(1·) = jtPD 1' c 

l +exp(--) 
a 

(4-1 ) 

where r is the dis tance from thP <;cnt<'l' of t he oxygen . We cho e p0 = 0.48m; . n = 0.41 fm , 
and c = 2.69 fm for 160. This nuclear density distribution is shown in E'igure 4- 3. 

The posit ron immed iately escapes from 16 0 nucleus in to the detector water a nd in the 
water is t raced tn the detector simu lator (section 4.5). However, the 1r0 in teracts in the 
160 nucleus st rongly and we need to trac' the ,.o in the nucleus. In the nex t section. the 
simulation of pion-nucleus sea tcring is desc rib cl. 

4.2 N u clear Effect 

Pions in 160 nucleus often interact b efore loaviug t he uucl u~ and th<'se in teract ions af­
fect what we would observe for the p -+ +,.o signals as wrl l as for atrnosph<'ric neutrino 
backgrou nds. Therefor(', pion interaction. in nuclei are carefully simuhotPd. 
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Figure 4 3: Wood-S<Lxon nuclear densi ty and Fermi snrface momentum. 
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Jn our simulat ion of t ltc nuclear effect, in lastic scatter ings , chargr; exchange, and ab­
sorption are ·onsidered. Elastic scattering is n glected because pion 's angular distribution 
relalive Lo positron 's direction is predominancly determined by Fermi mot ion of initial pro­
lou. The cross seclion of each interaction is ca lculated by the model of Oset et al. [39] . 
In t·hc cross s~ct io n cakulation, nuclear density in 160 nucleus is assumed to be the Wood­
Saxon form (Equation (4-l)). In order to decide Lhe angular a.nd moment um distribut ion of 
ch • scattered pions, W(' use the resu lt · of the phase shift analysis us ing Lhc results of w- N 
scatl.ering rxveriment [:lO]. Pauli extl usion principle arP taken into ;lcconnt by requiring the 
momentum of fimtl si a te nucleon to be over l<'<' rmi Rnrface mom entum of 

(4-2) 

wh •rc Pr(r) is uuclear density in 16 0 nucleus. Ferm.i surface momentum distr ibution is shown 

in Figtu·e 4- 3. 
For the con:istrucy check, severa l s imulation results <In" compared wiLh experimental 

data. Figure 4- 4 shows the cliffcrent inl cross sections of 160(w+, w+J sc;ttLt'ring for t.uc 
simulation and cxpcrinwotal dala. 

VVith the 7T+ b('alll and 160 ta rget , t,otal tross sect ions of inelastic sratl eriugs 16 0(w+, w+). 
charge exchange '60(w+, w- /w0 ) . and absorpbou as a fun ction of pion momentum are shown 
in Figure -l.- 5. ln the figur('. calculat ion and data a re compared. The calctllated cross S('ctions 
using our simula tion agri?C with ihc experimental data. 
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60 r-------------------, 
(a) P, = 213 MeV/c (b) P, = 268 MeV/c (c) P, = 353 MeV/c 
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scattered angle (degree) scattered angle (degree) scattered angle (degree) 

Figure 4-4: DifFerent ial cross sec tions of 16 0(w+,w+) for the ·imulation (hi stogn1ms) and 
e.-.; perimental data (points) . The data points arc taken from [41]. 
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Figure 4- 5: Cro~s sections of 11"+ +160 for inelastic sea l tering, charge exchange, and <tb orp­
Lio n. The calcula teJ cross sccti •m. u. ing our imulation (line) arc ~ h wn wiUI <·xpelitu ntal 
data (points) taken from [42] . 
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Figm e 4- 6: I ro ba bilit.y of 1r0 in teractions in 160 nucl<- us. Initial positions of 1r0 a re randomly 
se lected accord ing to the Wood-Saxon nuclear density. 

T be probabili ty of 1r
0 in teractious in 160 nuclei is shown in Figure 4- 6. ill the figure, 

in ir.i<ll posit ions of 1r
0 arc random ly selected accord ing to the \- ood-Sa:xon nucl ear density. 

From t!H' fi gure, 50 60% of 1r0s from p -f +?TO in oxyg~'n in teract b efore leaYiog the uucleus. 
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4. 3 At mospheric N eu t rino 

.-\fmo ph er i · neutrinos arc drcay produ ts of secondary p>Hticles which >trc procl u ·r·d in 
bad1·ouic s howers ca us.,-d l;y primar.v cosmic ray. !tigh in t be >ttnwspberc. For t.he flu x calcu­
ll<t ion, 0 11 nPcds to know the prima ry cosmic my fl ux, hadron inf entction. a mi a tmospheric 
structnre. ~ l oreover , one need, to fake into nrcounl the gt•omagneti ·cutoff rtfcct for pri­
mary cosmic ntys. Sin ce t he cuto ff energy depends on t he geomagneti c- fi eld of the Eanh , 
th ~ a tmospheric JWu trino flue< depends ou maguef ic l>tlil udf' . 

Among severa l a uLhor's ca lculations of the a trno ·phcric neutrinos, we adopt the flux of 
Honda et al. ['13] brca.nsc t lJ ey ca lcula ted th ~· f'l tL'l at I<amioka site a nd coven·d t.hc range of 
30 Me to 3 TcV neutrino euergy. 

Figw:e 4- 7 shows the pri m<u·y cosmic ray fluxes. T l1e chemica l composit ion of tlw cosmic 
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F'igure 4 7: T he chemical composi tion 
of the primary cosmi rays . .Protons, 
helium nuclei, and GN O 's a re shown 
in the fi gurr. Solicl lines are fi tting 
re u]ts for solar mid. da~b lines fur 
sola.r min , and dotted li nes for solar 
max [43]. 

rays i · ~ 95% protons, ~ 4.5'X helium , ru1d ~ 0. 3% CNO nuciPi for t lw energy above 2 
G V / nucleus. As shown in the fi gure, low energy fluxc. below a f •w Ge are a ffected by 
solflr activity. Experi mental 110Gerta inty of t he primary cosmic ray fl uxes is ~ 20% [44]. 

Var ious c-alcu la l.ed neutr ino fluxes a t the Super I ruu.iokru1de ; it1' are ; !Juwll iu F igum 4 
8. T he neutri nos with the energy around 1 GeV a re r·clevan t. to tlw backgrouuds of lhe 
p -f +1fo search. The absolute flux uncer tainty is estimated to be ~ 2- %. 
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Fignre •1- 8: T h ·· r<l.l cul;tLt,d <ltl!losplwr.ic neutr ino fluxes. T ht' AtL'<rS of Honda et al. [43] are 
show n by so lid liu ·s (Honda). BGS are from [45], BN from [46], a nd LK from [47]. The 
dott.0d lim's a rc the resul ts frolll the Houda's a l u.l atiou for high energy n eutrinos without 
the rigidity ru LofL 

4 .4 Neutrino Interaction 

Atmospheric neut rillOS passing th rough tbc Supe.r- Kamio.kand(' d.ctrrtor int eract with d<•­
trct.or watrr. In our simula tion, following charged current. (CC) in teractions ;u1d nputral 
current (NC) int.craclions a re considered. 

(a) CC quasi-clastic scattering 

(b) NC elastic cattPring 

(r) CC single-p ion production 

(tl) NC single-pion pmduct i.on 

(e) CC multi- pion produl' t. ion 

(f) NC mu.lri-pion production 

IJ+N -4 / +N' 

IJ+ N -4 JJ+N 

v + N -4 l + ' + 1r (W < 1.4GeV fc2
) 

v + N -4 11 + N' + 1r (W < 1.4Ge f r} ) 

v+N-4 l +N' +m1f (m ~ 2ifl.3 < W < l.4Gl'V/c2 ) 

(m ~ 1 if 1.4GeV ft? < IV) 

11+N -4 JJ+N'+nm (m ~ 2 if 1.3 < lV < l.4GeV/c2 ) 

(111 ~ 1 if UGe\'fc.2 < H') 

(g) CC coherent pion prod.uct.ion v+J 6 0 --) 1± + '11''~'+ 1 60 

(It) :.!C co!ten•nl pion pr duct ion v+ 160---) I'+ 1r0+160 
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w!J rev is a ncutruto or a n a nt i-neut rino. Nand N ' arc nucleons (protons or twut.rons), l is 
a ch;u·gcd l<'plon , m is multiplic-it,y of pions, and ll ' is im·a riant ntass or the hadronic- system. 
Each int eraction is d t: ribed iu the fo llowing Sl'Ctions. Neut rino Plrdro11 scatter ing is safely 
ncglrctPcl due to small CI'O!iS srct iou. C(lwpn red with thost• of neu trino nucleon scR.ttcring. 
:\Joreover , strang' partie! produ·tion, whose· cross ect iou is a lso vrr.v small , is nrgl<•ctcd in 
our simulation. 

4.4.1 Quasi-Elastic Scatterings and Elastic Scatterings 

For Lhe nentrino- uncleon CC qu<~s i -clast ic. C<ltterings, q2 (q, = p,(11)- p,(l ), 4-rnomcntum 
transfer) dependence of weak hadronic r urrent. is cxpre. sed usiug form factors of nucleons; 

f h adrun _ • 0 - (N') F' ( 2) + ~a,,,q f.Lp /.Ln \ ' fJ +, F ( 2) (iN) 
( 

. 1'( - ) F.~ ( 2) ) 
• v - COS cU -y, If (j 

2111 
N Yv"to r1 q U ( -J.-3) 

where F1~(q2 ) and F1~(q2 ) are vector form factors, F11 (q2 ) is a.xia l vector form factor, Oc is the 
Cabibbo angle. J\!JN is'' nucleon rnass, and tJ.1, ancl lt,1 a re t lJ e anomalous magnPt.ic moments 
of t he proton aud neutro n, resp ecti,·rly. T he form factors of Ft(rP). F1

2-(q2) . and F,~ (q2 ) a.re 
ex:pressed as following. 

( 
r/ ) - t ( ,11 2 q

2 
,1- 2 ) 

1 - 4M2 Gd q) - 4J1J2GM(If ) 

(] -4~~2 r, (c~~cq2) - G~(q2J) 
1 +( 

G~~(tt2 ) = _( __ ::.._:_q~2 -)...,.2 , 
1 - -
M~ 

- 1.23 
FA(q2) = _ ___::___::_:___""" 

(l - l;~~r 

~ = /-L,, _,1, = 3.71, 

(4-4) 

Pamrn eters iu tbe form factors a re de te rmined from the experimr ntal d;lta [48]. Vect or rna~· 
MF and ~,j al vector mas· A1;~ are taken to be 0.84 GcV Jc2 and 1.01 GeV fc2 , reBpectively. 
Along with the weak lepton curreut , the cross sections for t he quasi-elastic scatteri11g a re 
calculated Erom Equation (4-3) . Figure 4- 9 and 4- 10 show the calcnlMed tot<U cross sections 
for 111, + n--) ~~- + p and D" + p --) p+ + n , respectively, a long wit h e:xp r;rim otal data. 

For the NC elast ic scattering, we use the following rPl <1tio ns according to [53]. 

rr(11)! ---) JJ)>) = 0. 153 X a( 1m ---) 1'-p) 
a-(vp -4 vp) = 0.218 x a(iJp -> e+n) 

a(1m ---) 1m)= 1.5 x a(11p--) vp) 

a(vn---) vn) = 1.0 x a-(Dp --) Dp) 

(·1-5) 

(•1-G) 
(4-7) 

(-1- ) 
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Figure 4 9: Calculated to tal cross sections for v1, + n -7 1!- + p. Experinwu tal rlata are also 
shown fm- Ai\IL [49], GGlvl [50], aud Scrpukov [51). 
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Figure 4 10: 'alculatcd tota l cro~s sec tions for v1, + p --t p.+ + n. ExperilfiCnta l data arc 
also shown for GGM [52] <Wd Serpukov [51). 
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In case of <> bound nucleon targPt, we t a kf' int o account Fermi mot ion of >t targr•t uudcon. 
)l.lorr·m·er , P <lUli blocki11g effect is taken int o >lcconnl b~· requiring t be fj ual nucleon IlHHneu­

t um t'o be ove r Fermi surface momeutum (250 1\ !PV / c). F'igure 4 11 shows t llf' calculated 
total cro. s sec tious of reach (quasi-)elastic scattering both for free proton (solid lim•s) and 
bound nucleons (dashed lines). 
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Figure 4- 11 : Calcu lated total cross sections for (quasi·)elas ic scatterings. Solid lin ·s sJ1ow 
the free proton targPt s aud dashE'd lines sbow the bound nucleon t>1rget ·. 

4.4.2 Single-Pion Productions 

Single-pion production is simulated using tlte method by Rein and Sehgal [54]. fn their 
method , the singlc-piou production is mediated I y baryou n •. ooauce as: 
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re~onancc prorl ncl ion 

rr~onanc~ drcay JV• -t rr + N' 

"·urrr' JV• is onC' of baryon r<'sonaucr.s and N a nd N ' arr nucleons. 18 baryon rcsonauccs 
arc considcrrrl in thrir method. Amplit ud r for a<·h resonance production is calcu lated with 
the w<'igl!t of t]Je probability of the rcsouauce decays to onr piou and one nucleon. In o11 r 
sinlll latiou , hadronic iuva rian l rna o W is restricted to!)(' W < 1.4 Ge\'jr!- in order to ket>p 
coJJsis t.eucy with multi-pion prod uctions (sre section 4.4.3) . 

The cross sertiou for l'acll single-pion pr du ·tion mode is calcu la ted from (,bese ampli­
tudes. lutcrfercnr:c among thes<' rcsOilMC s is taken into account . The ca lcul<tt.ed cross 
S<'tl iou. of the CC singlt'- piou produrtions are showu in Figure ~ 12, 4 I 3, aud 4 14 with 
ex lwrimc11lal data. In the 6g1u·es, the caJcula tcd cross sections tl.grce well with the ('XpPri­
menta l data. Cal ·ttlaLcd cross sect ions of each C and 1C singkLpion production dmruwl 
arf' shown in Figure ·1 
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Figure 4- 12: Cross sccLions of CC ·ingle-pion prod uct;ion v1,p ""* J1 - JJ1f+ . Calcul ation (solid 
lin ) is shown with experimental data from A L [55] and GGlVI [56]. 

To decide decay kinematics of Lhe resonance 6(1232). wh ich is dom inant resouance in 
the region of I t' < 1.4 Ge\' j c, we also u 'Rein-S<'hgal 's method. For the d cay of other 
resonauc·cs, the pio11 direction is assumed to be uniC rm in them. onauce rest fram e. F igure 4-
16 shows the angn l:1r dis lrihtttion of pions in the r<'ltd ion of 11p--* /1 - prr ·r for 011r sitnulation 
and cxprrimentaJ data [57]. 
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Fig11re 4- 13: Cross sections of CC single-pion proclllct ion 111,n ""* ,,- p1r0 • CalculatioJJ (. olid 
line) is shown with exper imental data from ANL [55]. 
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.Figure 4- 14: Cross sections of CC single-pion producLion v1,n -t J.Cnrr+. Calculation (so lid 
line) is sh01V1J with experimental data from AN"L [55]. 
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F igw·c 4-16: Angular dist ribntion of pion from the ~(1232) dccny iu the interaction 11p ~ 
JFp7r+ In Adler frame (rest fram e of resonanc ), 0 is defin ed as opening nngle between the 
pion direct ion and (k1 - k2l/lk1 - k2l where k1 a nd kz arc the momentum vector of thP initi ;li 
and fiual lepton. rc. pectively. The calculat ion (solid line) is shown along with c:xpcrimcnt.al 
data [57]. 

4.4. 3 M ul t i-P ion P roductions 

The cross section of CC deep inelast ic neutrino-nuc leon scattering is Pxprcssed cu: 

d 2av,;; 

dxrly 

c1 
4MNEv:r.· 2Ev 

_ __!!1_ 
4AINEv.G 

where x = - q2 j(2 MN(Ev- E1)) is Bjorken scaling variable, y = (Ev - E1)/Ev is the 
fractional energy transferred to t!JP hadron system, AI N(M1) is nucleon (lepton) mass and 
Ev(E,) is initial neutrino (final lepton) energy. The nucleon st ructure functions F2 and 

xF3, as a function of x and rP. are taken (rom the (,:;>"+F •. catt('ring exr erim nt. [58]. 
By integrating Equation (4-9) with the constrain t of W > 1.3 GcVjc2, whPre \V is the 
iuvaria.nt mas. of the hadronic system, we get the CC cTO s scct·iou of mu lti-piou production, 

'v'N --c> !t±N'mtr (rn ~ 1). In the integration in i be regio.u of 1.3GeV jc2 < rv < 1.4G~V jd' . 
the contribu tion from one pion productions (m = l) is subtracted in order to keep consistency 
with the single-pion prodncLions described .in section ..J.4.2. 

Using the mea ·urCillelll' of charged pion multiplicit · b_v the Fenuil;lb 15-foot hydrogen 
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bu!Jblr chamlwr expcrimrnt [59]. we adopt lhP mean rnul tip li cit·y of each pion to bP 

< n, >= 0.09 + 1.83lnW 2 (-l-10) 

wlwrr < It, + >=< n, - >=< n, o > is assumrd. For an ind ividual l\[ont.r Carlo ~ven t , thl' 
piou rnultiplieity i~ dctC>rmiMd usiug KNO (1\oba- icl. e n-Ok~c·u ) scaling [60]. Figure 4- 17 
c·oulpart•s the c·aku lated mult;iplicity f1·om I \NO ~caling with clxprriment,a l data [59]. 
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--· ·Simulation _ 

Figure 4- 17: KNO scaling for the 
111,p --t J.L - X pror c s, together with the 
data from BEBC c.xpcriment [59]. 

We a lso adopt the forward-backward asymmetry of th<' produced pions in t.b.e haclronic 
c ·nter of mass system [61] 

n!"''""''1 0.35 + 0.4llnW2 

n~ackward 0.5 + 0.09/n ltli 2 
(4-11) 

where "forward' m('an~ the direction of the had ronic system in the labomtory frame. 
For Lit N multi-pion production, we adopt the followiug relntions between CC cross 

sc•ction and N cross. ('C tion which ha,·c been estimated from experimental data [62]. 

l 
0.26, Ev :5 3GeV 

a( 11N --t 11X) Ev- 3 
3Gf'V :5 Ev :5 GGcV a(vN --t J.L- .\ · ) 

0.26 + 0.04 X -
3
-, 

0.30 6GeV :5 Ev 

(4-12) 

l 
0.39, E,::;: 3GcV 

a(vN ~ v X) E -3 
(J( I/N --t Jt+X ) 

0.39 - 0.02 X -" 
3
-. 3Gc\l ::;: Ev :5 6GeV 

0.37, 6GeV::;: Ev 

(4-13) 
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T he calculated total CTQSS ~eclions or nrutrino iutc•ractions and CC <111t i neutrino 
int.eradions arc shown in F.igurr 4 18 and 4 19. rrspcrt.iveJ_v, a long with f•xperilllPntal data. 
Here, total cross sections are calrulatPd b:v smnming up tlw cross scct.ions of quasi-elast ic 
scatterings, single- pion proclnction.·. <tnd mu lt,i-pion produc-tions. 
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F igure 4- 1 : The total cross section of CC ueutrino iu teractions. Calculation (solid line) is 
hown along with experimental data of BNL80 [63], BNL81 [64] , GGt-- 179 [65] , GGM81 [66], 

SKAT79 [67], IHEP79 [68), IHEP96 [69), BEBC79 [70]. and ANL7!J [71]. 

4 .4.4 Coherent Pion Productions 

In coherent neutrino-nucleu~ interactions, the nndeus recoils as whole, without any change of 
cl1arge or isospin. BecauRC the trf111sferrecl momentum is very small in thP processc•s. angular 
distributions of recoi l leptons and produced pions h<n-e sharp peaks in t lw forward direl'tion. 
T he cross sections for the coherent pion productions are expressed [73] as 

da 
dxclyditi 

G}MNf2.42E (1 - y)-1-(a"'N )2(l +T2) ( j\1(~ )2e- bltlF. 
21r2 "' " l61r total JI>Jit + Q2 · <LI>S 

R j "',v(O) 
l mf"'N(O) 

(4-14) 

(4-15) 

where f"' = 0.93m"'. A(= 16) is aton1ic liiJ.rnber of oxygcm, AJ11 is the axial- vecto r mass, 
b = 80GPV-2

, tis the square of -l-moruentum t ransferrpd t.o the mlcl!'us. F"bs is the term for 
taking into account thf' pion absorption in the nucleus . alculat.ed cross se ·tions arc shown 
in Figu re 4 20. 
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Figure 4- 19: The total cross sPetion of CC ant.i-nPutrino interactiou . . Calc:ulation (~olid 
lin ~) is shown along with experimental data of GGi\1179 [72], GC\181 (6G), UfEP79 [68], a nd 
IHEPDG [69]. 
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Figure 4 20: The cross sect ion. of coherent pion productions. 
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4.5 Detector Simulation 

Simulat d kinematics or proton decays and 1wutrino int.C'ract ions arc vassecl t hrongh a de­
tector simulat ion program. The d<•tector simulation ~imul atcs the propaga tion of partidPs, 
Ch ~·enkov rad iat ion , 1 ropagat ion or Chen•nkov photons in the cl0lPct.or water , and the rl'­
·ponsf' of the PMTs and ADC/TDC electronic . Based on Lhe OEANT packa)!,t' [74], the 
custom ~lrteclor sinmlat ion program was d!"vrlopcd for the npcr Kamiokande d<>tcctor. 

4.5.1 Photon Generation and Propagation 

In this detecto r simulM.iorJ , Clte.renkov photons are gcncratC'd ace rdiug to Equation (3-2) 
;mel (3-3). The photons propagate in the water with the group v<'loc ity c/n' (>.) where n'(>.) 
is wave length dependent, effective refractive index. Fignrc 4- 21 shows i.lt' cffcctivP refractive 
index in our simulation . 
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Figure 4- 21: T he effective refractive index in water. The group velocity of light is cjn'(),) 
where n' (>.) is the effective refractive index. 

In the propagation of the photons in water, scattering and absorption processes are takeu 
into account in t he simu.lation . l:i'or photons with short wavelength (>. -:;-150 nm) TI.ay leigh 

scattering is a dominan t interaction which is caused by small part icles (1· « >.. •r is rarlius 
of a particle and )., is wavelengt.h of photon) in wa ter as well as by 1-hO m olecul e. The ross 
sect ion is written as 

da 1'6 [c - 1 [2 . 
dO. = ,\4 c + 2 Iii· 0/2 

(4-16) 

where c is penniLLidLy of Lhe p<trticle, f; a nd 0 al" i11iL ial and riJJ<tl polal'izaLi n veGLOr or Lhc 
photon, re. pect1vcly. The cross section It a a power dependence of >.- 4 a r\d bt>comes larg 
at sbort wavelength. For longer wave leugth (>. :;::-450 nm), an absorption by H20 molecul<' 
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hcrorues thr rlominant. process. The arnp litudc· of' rhP. absorpciou as fl. fin'IC' l ion of a wave­

lc~lgt h an• takc•n fro til <':xpcrinrc•t rt.a l data. :vloreover, lVJi e scattering, 1\'hich has , ha rp peak 
in forward direct iou , is considrrPrl in our simulat ion. T i.Jis scattering is caused by relat ively 
large particl<' (r ~ ,\). Figure I 22 shows the angular rlislrib11lion of Ray l ~ igh scatteriug 
and \[ic scat tering. F igure .j 23 shows the wavelength dependence of attenuation co<'ffi -
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Figure 4- 22: The angular distribution of Rayleigh and Mie sc<tLtcriitgs. 

ricut of photons in our imulation compared with measurement results of the laser system 
(sect ion 3.3.4). ln our si mula t ion. the attenuation coeffici ents of t.he Rayleigh scattering 
<lncll\1ie scatte ring are tuned to be consistent with the laser m easurement . J\'loreover, thc~e 
parameters are confiTmed by cosmic ray muon events (section 3.3 .5) . 

\•Vhen a photon arrives at black plastic sheet., refl ection or absorption are simulated us ing 
the measured probabilities show n in Figure 4 24.. 

On a rriving at the P -LT sutface. some of photons are reflected according to 1 h mea­
sured probability : hown in F igm e -1- 25. For s imula t ing PMT response in phoron detection, 
uwa. nrcc.l quan tum effi.:ienc.' · shown in FigurP 3- 6 is u sed. Total amount of d ·t cted p.e.s 
in each P~!T is .:alculatccl by surruning up Lhe ind ividua l detec ted p.e. using meas ured one 
p.e. di.·tribution (Figure 3- 7). For simulating t iming resolution . Li ming infonnal,ion in each 
P!I.J'f is smeared according to mcaiiured timi ug resolutiou as a funct ion of dctccLccl p.e.s. 
The measured timing resolu t ion is already shown in Figttre 3- 14. 
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Figure 4- 23: Tb e wavelength dep endences of photon attenual:ion coeffici ent in our sim­
ulatiou (solid lines) a re shown compar<'d with tnfmsurement results by t he laser system 
(section 3.3.4). 
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Figur<J 4 25: Tb reflection probabi li t-y of light; on Pl\'IT surface. T he vertical dirretioo 
corrc•spond~ t.o cos 0 = l. lVfC'asur •d points a rc cOimect,ed and usrd in our simulation. 

4.5.2 H adron Propagation 

H a 1r
0 Pseapcs lrom 16 0 nucleus or a 1r0 is generated by free proton interactions, it imme­

diatl•ly decays to two gamruas (98.8% bra nching rat io). However, 7r ± have rPlat. ivcly long 
lifetune and we m·~ed to simulcltc t he pion propagat ion in water. We select CA LOR [75] pro­
gnun for simulati ng ll adro nic intC'radions in water which well reproduces pion in LPra<"t ions 
PVl'D in low energy (~ lGcV) region. For much lower energy region (p~ :<::: 500 MeVfr"), we 
d(•ve l op~d a r ust.om hadron simulation prograrn [40] which uses measured pion cross sec­
tio ns 176] . In Llw cus tom simulation progralll , we considered elastic scat terings, inelast ic 
scalf.t• rings, abstJrpl ions, and charge exch ange. 
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5 Event Selection 

5.1 Reduction for Fully Contained Sample 

Si nce its start of opcnttion on lst Apri l 1996, Llw Super Kamioka.nde has been cont iuuonsly 
taki ng data except LO% down time due• t.o del; ctor calibrat ions main tenances of t. he drt.~'ctor 
and so on. The DO% li ve-time data are sent to ph_\·sics analysis streams. The rate of triggPr 
we use in this ana.lysis is about 10 Hz and about. 800 ,000 events are recurdPd ~very day. 
2. 7 Hz arc dur to cosmic ray muons in which 2 Hz muons ent.cr the innrr clrwctor. A bout 
6 H~. arc due to relatively low ncrgy (a few 1\Ic\') e\'ents caused by radioadivity in the 
detr•ctor water or gamma ray from surrounding P i\ ITs and rocks. Hemaining l }Jz are due 
to fake triggers caused by refl ection of P\1T sigmtL~ or unwanted PMT signals foll owing 
highly energetic events ("af ter puls ing"). 

Therefore, we should elimin ate these backgrounds while a<:cepting t lw possib.le proton 
decay signals. ·Wba.t we are looking for are ·igna l events whieh occur in t hr inner detector 
and have about 1 GcV energy deposit. The reduction algorithms for this a na lys is select full y 
contained events in which at; least 30 MeV visible energy is observed in the inner cletec t.or and 
no outer detector activity is seen. The selcct.ed events are ca lled full y contained c•vents which 
are commonly used for the proton decay searches and the atmospheric neut ri no ana lyses. 

T bc reduct ion procedure consists of several reduction steps as shown in F igure 5- l. 
Stmti:ng from I he raw dat.a of 800,000 events/day. four r~cl uctio n software are applied to reject 

Raw Data ~ 
800,()(){Jcl•lday ~--.J... __ _.!,t 

I st reduction ,I 
4,000ev/day ~-~~·L,~-..!.,t 

2nd reduction 

SOOcvlday ~--.J...-~-.!.t 
I 3rd reduction I 

30cv/ctay ~--....1...·----'-

.---- - -- -- - - --J 
fiducial vo lume. cut : 

visible energy> 30McV i 
' ~ 

Figure 5- 1: T he reduction flow for tbe fu lly contained sample. Event ra tes an· shown on t he 
left ide. 
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most bar:kgronnrl event s resultiu)l in 17 remaining events per day. T hrsP rermdning rvents 
an' s<·au u ~d doubly by phy. ici:>Ls using an intrractive graphic evr•nt display t.o clinoinat·<· 
noost of th<' n•mainiug hackgr nuds and check the data qua lity. Aller the S<:<\nn ing, furt h(' r 
sca uuiug is don 10 heck the st:mming qua li ty. 

Evr•nt n•constructious (sc ·tion 6) arc performed for hc$C evenl8 and finally, a fiducial 
\·ohun r cut aud a minimum energy cut arc a pplied. 

5.2 First Reduction 

Thr first reduction algorithm comprises SPvera l simple criteria i.o r> limina tc most of the 
backgrouud even ts. Crit.rria to select. f11lly c·ont.a inecl event cand idates are: 

(u) PE(30Uns) > 200 p.e. 

and 

PE(300ns) is dr•fin nd as t;be maximum of t.be total number of p.e. of the inner 
detector in a slidi ng 300 nscc window. 

(b) NHITA(800ns) ::; 50 or outer n·igger bit is off 

and 

NHITA (800ns) is defined as the total number of fu·~d PMT in the outer detector 
in a fixed 800 nsPt window. 

(c) T flvlDTF > 100 ,,~er 
T ll\.illTF i: a Li111 inLcrval from th previous event. 

ln criterion (a), PE(300ns)=200 p.e. corresponds to lower moment um cut of 22 MeV /c 
for eJl'ctrons and 190 1\ l V /r for muons. Figure 5- 2 shows t;hc typical PE(300ns) distribution 
fo r Lhe Taw data. As shown in tlie .figure, the raw data con:ist; of cosmic ra.\· muons (ha tched 
region), low energy radioactivity Pvf'uts (peak around 60 p.e.), aud electron ' from thr decay 
of cosmic ra~· muons (pPak aro nud 500 p.e.). Lower p ak of t he l'mtched region i. made by 
cosmic ray muons pa sing through rhe outer detector (PE(300ns) is calculated with imler 
PMTs). A.~ ex.plainecl be low, the GO p.e. peak is eliminated by the cr iterion (a) and the 
,·osmir ray muons are rejec ted by l\'HlTA(800ns) c·ut. (criterion (b)). Tbe 500 p.c. peak is 
rejected by the Tli\•ID IF c·u t (criteriou (c)). 

By criterion (b). eosmic ray muous causing lhe out er dc'tec t.or activity arc eliminated. 
F igure 5 3 shows the 1HJTA(800ns) d istribu t ion for (a) mw data, (b) periodical trigger 
events . and (c) Xe lamp eYents. The periodical t rigger events a ro made by inpu tting trigger 
s ignals every G sec. We chrck the random coincidence using these datil.. F igu re 5- 3 (b) 
shows that the crit.eri ou (b) (and criteriou (a) i1t the srconcl reduction) 11.rc quit<> sRI'e for 
fully cont>ti nPd events . Figme 5 3 (c) shows tlte NmT. ( DOns) distribuliou for Xc lamp 
data. ThP light soLu·ce was located at the ceuler of the inner tank ami total p.e. in each 
ewut. is around 370,000 p.e. corresponding 1 o 40 GeV. Tbi figure shows tha.t t he lighL shield 
between tlte inner and the outer detector is good and the light leak from the innrr to Uoe 
outer detector is negligi bl 
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Figure 5- 2: PE(300ns) dist;ribution for raw data. r\11 data and cosmic ray muons (hat.chPd 
region) a re shown. T he muon sample is selected by reqniring NHITA(800ns) > 25 wh ich 
corresponds to the rejection cri terion (a) in the second reduction. The high est peak around 
GO p.e. corresponds to low energy radioa ·tivit,y events and auother pe:tk aronnd 500 p.e. 
corresponds t.o electrons from the decay of cosmic ray muons. The scle tion criterion (a) in 
the first reduction is shown by arrow. 

Criterion (c) eli minates tbe electron events from the d~cay of cosmic ray mu ns using the 
t ime difference from l.be preceding events (TTiVIDIF). This criteriou a lso eliminates fake trig­
ger events cau eel by reflect ion s igna ls of Pi\ IT and "after pulsing" events followin g energe tiC' 
eYents. F igure 5- 4 shows the Tll\IIDlF d istribution for the raw data. Nom inal value of 10- l 
sec corresponds to t he trigger rate of 10 Hz. In short TlMD IF region , peaks a round 10- 6 

sec and ro-o sec correspond t.o r eflection of P MT s ignal and "after pu lsing" respec tively. 
Decay curve between 10- 6 sec a nd 10- 5 sec is made b deC<\ electrons from stopping cosmic 
ray muons. Those unwanted events are elintioated by the TTMDIF cut (c). 

Besides t,heoe crit.eria for fully contained events, here are sepa rate niterion to select 
electrons from the muon decay. 

(a') t ime interval from t he primary fully contained vent candidate is less t han 30 

J.LSCC 

T hese events are attached to t he fully contained cand idates as sub-events 3J1d Iteve1· used 
as primary contain ed events. They are analyzed only as decay electrons following primary 
conta ined events. Tn the reconstruction step, further selection criteria (appendix A.5) are 
appli ed to these ·ub-evenls to select pure decay elecl..roilS. 

5.3 Second Reduction 

The second reduction a lgorithm also comprises sim ple cri eria t,o r eject remaining back­
ground. Crit<'ria for selecting fully contained events are: 
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Figure 5- 3: \THITA(800us) distri bu tions for (a) normal data, (b) periodical trigger data, 
and (c) Xe lamp data. Thr cut criteria are .bown by arrows for NHITA(800ns) :s_: 50 (fi rst 
reduction) aud NHITA(800us) :s_: 25 (>wco ud n·duction). 
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Figure 5- 4: TIMDTF distribution for raw data. E,·ents with TlMDIF > w- 1 sec are . cl · ted 
by t he criterion (c) . 

(a) NHTTA(800ns) :S.: 25 or outer trigger bit is off or tot~al number or p.e. in the 
iuner detector > 100,000 p.e. 

and 

(b) PEMAX/PE(300ns) < 0 5 
PEMAX is defined as maximum number of p.c.s observed by one inner PMT. 

The criterion (a) is simi lar to the criterion (b) in the first reduction but t he thrcshokl of 
25 is more stringent. However the cut is still safe <tS shown in Figure 5 3. This elirninatP 
remaining cosmic ray rnuons. Criterion (b) rejects events in which nHtjority of total p.e. 
in the inner detector is observed in a single PMT. This rejects events which occurred very 
close to an inner PMT or electrical noise events. Because the dynamic rang of the ATM 
ADC is 250 p.e. , this criterion is effective onl.y for low energy evenrs with PE(300ns) < 500 
p.e. corresponding to a visible energy of 55 MeV. Fig11n• 5- 5 shows the PEtvi.AX/PE(300ns) 
distribution for d;J.I:<\ after the first reduction. 

5.4 Third Reduction 

After lhe fi.rst aut! second reductions, remaining bar.kgrounds an' mostly no·ise evl•nts and 
cosm ic ray muons which have a small nurnber of outer clrt •t:tor hits and pass the first 
and second reductions. To eliminate t· h~~se backgrounds, third r •duction ;llgori!,hms arc 
dev~ J opPd. Th is algorithms ('Oillprisr srvPn11 a lgorithms dcdiratPd to sprcific backgronnds: 
cosmic ray stopping muons, through going muons, noise events called fl asher, and low energ_v 
events. There are several cut conditions: 

• through goiug muon ·ut. 
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Pigme 5 [): PE:MAX/ PE(300ns) dist ribution for data aftrr the first n•d nction. T he selection 
criterion {b) in tLe second reduction is shown by t he arro\\·. 

• stopping Itlnon ·ut. 

• veto eounter cut. 

• flasher event cut. 

• low cuergy event cut. 

• accidental coincideuee event cut . 

T hese backgrounds and cut condi tion are explained in following sections. 

5.4.1 Through Going Muon Cut 

By the first and second reducLions. most of cosrni · ray muons are eliminated u ·ing the 
outer dete~.;to r information (NHJTA( OOus) cut). Therefore, remaining cosmic ray muons 
have on ly a small nuruber of fired outer detector P MTs. To eliminate thesf' muous keeping 
high effici cnc of saving the fully contained events, vertex and direr tiou of the muons arc 
reconstructed a ud cut cri teria usi ng only the outer tl e ~ector PNITs around the r constructed 
cnl rancP and exit points a re dcwloped. The aceiclenlaJ coincidence hi ts arf' reduced by 
rc ·tri ·ting the outer detector P?I!Ts used in the cuts. 

Selection criteria for ~hrough goiug muons are: 

(a) PEJ\IAX > 230 p.(' 
PEl\ lAX is defin ed as the maximum rmmbc-•r of p.e. in one inner P!VIT 

and 

(b) goodn~s~ of Lhrough going muon fit> 0.75 

..... 
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and 

(c) NHITA{ent.nmr-r) > 9 or NHITA(cxit) > 0 
NHITA(en t.rancc>) (NHITA(cxit)) is dcfi.nrd as the numb r of fi red outer drtccto r 
P ITs in fi.;-.::c"d 00 nsec window l oc~ttf'tl wit hin 8 m from thr rccon ·tructcd 
cnt.rancc (exit) position. 

Those which sat isfy al l cri teria are thrown away as through goi11g muons. Pi\lTs nrar t hP 
ex it point of a t hrough going muon t:yp.ical ly detect large photoelectron llllnlber., a.nd tLe 
signals arc recorded as overflowed A DC counts (saturated PMTs). T ht- fit" tPr for through 
going muons reconstructs t.he entrance and exit points of muons by fi nding rhe clustered 
eru·liest hit PMTs a nd saturated PMTs, respectively. T hr goodness of t hrougb going muon 
fi t.t.cr is defined as: 

1 1 [ (t;- T )2 
] 

goodness = - 1- x L 2 exp 
2

( . -) 2 
""_ i (Ti 0"; X 1. ;:, 
L... ., 
; a1-

(5-1) 

where Tis t he entering t ime of tlw muon, t, is TOP subtracted tirnf' of the i- th Pi'v!T, a nd a-, 
is t.he time resolu tion of the i-t.h P:\1T. Typical goodness for a rPconstru ted through g ing 
muon is 0.9. F igure 5- 6 shows the NHITA(entrance/~-xit) distribution for perioclical trigger 
events. ln the figure, entrance and ex.it poin ts are randomly selectPd in the inner detector 
surface. T he criteri a (c) is quite safe for accidenta l coincidence. 

!II ..... 
10 5 c 

Q) 

> 
Q) - 10 3 0 .... 
Q) 

10 2 
.0 
E 10 ::J z 

0 5 10 

NHIT A( entrance/exit) 

Figure 5- 6: 11-!JTA(entrancc) or NHITA(exit.) d istri bution for periodica l trigger events. nt 
conditions for through going muons (section 5.4.1) and st.opping muons (section 5.4.2) a.rc 
sLown by arrows. 
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5.4.2 Stopping Muon Cut 

Sd~rt ion criteria for . t.c1pping muons arc: 

(a) clustcrPd oarlir.st hit P:'IIT~ (cntntn<:c point) is found by "stopping mnou fitter 

and 

(b) NllfTA(cntraoce) > 9 
or 
f\1-IITA (ent ntn('e) > 4 and good ness of 1 he stopping muon (itter > 0.5 

Those wh ich atisl' · botb criteria arc tltrowu <:\way as stopping muon . The fiLter for stopping 
muons recoustruct.s t.hP eMrnncc of mnou · by finding the clusten'd earliest hit. Pl\1Ts. The 
goodness is defi ued as Equation (5-l). i\llost oft lte fu!Jy COtJtain rd ('vents bave snJ a ll good ness 
ntlne ( < 0.5). As shown in Figure 5- 6, the Nl:UTA(en trancc) > 11 cnl is still safe. 

5.4.3 Veto Counter Cut 

After tbesc cosmic ray muon cuts, there arc sti ll . onw stopping cosmic ray tuuo11s wit lt 
clustered entrance points. Figur 5- 7- (a) shows the X and Y vertc..x dishjbution for t !Jc 
evr-•nt.s reconstructed in Lhe upp r region of the detector (Z> 1760 em). 

These:- clustered events in t.be F igure 5- 7- (a) are cosmic ray muons wbich pass through 
PIIIT cabl€' bundles. These cable bundles eros the top p<trt of the outer dete•(·tor. It is fouud 
that thcsf' bundles shield Lhc ern it ted light from muons and causc the inefficiency of the ont.Pr 
detector. To eliminate these muons , four plastic sciut.ill at ion counters measuring 2 m x 2.5 
m arc placed on tl1e LOP of the d~tPct.or at Z = 2210 cn1 le,·el as shown in Figure 5- 7 (b). 
Sinrc April 12th, 1997, Lhe in tailed wto counters have \wen us0d in the thinl reduct;ion . 
Event, in which 011e veto CO iuttcr is fired and cross poin t of tlw reconstructed muon track 
and Z = 2210 em pliwe is within 4 n1 from the countrr position, is eliminated as rnuous. 
Tlwse muons arc wf' ll elimil.Jalcd as shown in Figure 5- 7- (b) . 

5.4.4 F lasher Event C ut 

After the cosmic n1y muon cuts, most of I he remaining backgrounds are noise event callrd 
"flasher" whieh are caused by a eli cha.r re from a PMT. O nce the had Pl'viT ca11sing Oa. her 
ewnts is identified , l1igh voltage p wcr for t he PMT is turned of[ However there are st ill 
many "Oashrr'' events iJ1 the data .. \Vc use characterist ics of the flasher to eliminate them. 

One of characteristics is tha.t ome Rasher f'vents have long tail in t iming disL.ribulion as 
sbown in Figure 5 8. To climioat.c such kind of fl ashers, selection criteria for flasher even t.s 
a.rP defirwd: 

(a) !'iHIT(minimum);::: 15 
or 

NHIT(minitnnm) ;::: 10 and tota l tltnnbc•r of hits in the inner drtector ::; 800 
NHIT(min itnum ) i~ cl linrd a.. <1 minimu111 nulllbt'r of hi ts in 100 os •c width 
sliding wi11dnw bet wecJJ 1200 and 1700 ns c. 
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Figure 5- 7: X andY verte--x distribution for the fully contained dal<t with Z > 1760 em. 
Outer circle shows the the inner deteetor wall and tlw inner circ.ie shows llte 6du cial volume 
(2 m from the wa.ll). In figure (a) , data before Aprill2t h, 1997 are shown a nd fom cluste1·ed 
ve rtex are seen around cable bandies. Since April 12th, 1997, l.be installed sc intillation 
counters have b en used in the reduction. In fi gure (b), dat.a a fter April 12tb , 1997 Me 
hown anll the veto counter cut are applied. Four boxes show t he veto coun ter located at Z 

= 2210 ern , 400 em above t.he top wall of the iuner d 'lector. 
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Figure 5- 8: Typical flasher event. whid1 lmve a tai l in !.be time distribution. The timr 
distribution from 1200 to 1700 nscc are used to cut flasher events. CornpRrison shou ld b 
mad<• with F'igurP 5 9. 
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Figure 5- 9: Typical f11 lly contained event and it~ t iming distribution. The t imP distr.ibution 
from 1200 o 1700 nsec are usecl to cut flasher cvPnts. Clear ly no significant tail in the time 
disl riburion is ~f'f'n. 
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As shown iu ih(' hbtogram in FiguTc 5 9, lillliug window from 1200 to 1700 nscc is off 
timi.ng from primary Ycnt s and t!J rn· !Ire on ly few fin•d PlvfTs in tliP rl'gion for lJOl'mal 
I'Wn ls, Figurr 5 10 ohows thr f\'IIIT(min iiL1JJill) dislril;ut. ion fm: Uw p--+ e+rr0 1vlont.e Carlo 
i•vcul.s, Th Aa.slwr eul NHlTA (minimum) 2:: 15 or 10 is q uit. sa fP forth· p--+ e+1r0 cvei! LS, 

(/) -c:: 
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Figure 5- 10: NHIT(minimum) distribution for 11--+ e+1r0 l'd onte Carlo events, T he flasher 
cut 1 HITA(miuiruum) 2': l5 or 10 is quit safe for the p--+ e+1r0 even ts , 

Anoth<'r charaetcri. t ic of flash er event is repeated event pattern correspond ing to each 
source P l\IIT, For this purpose, ~ igh t t,ypes of flasher pattrrns a re characteri zed a nd compared 
wit h aLI data, Tbjs cut is only perfor111ed for the even ts with total number of fired Pl\'lTs 
~ 1000 whicu corresponds to low enl'rgy of ~ 180 MeV far away from Lhe energy regions of 
p -> e+rr0 events, 

In t he fourth reduction, more gcurral Aasher cut using repeated event P<lttrm is per­
fonnecl, 

5A,5 Low Energy Event C ut 

Thcrr a rc still low eucrgy even t.' which might be caused by radioactivities in the clctedor or 
fl ash •rs, Min.iumm energy cu is app li f>cl to eli mina te t hese rema ining backgroUL1dS, 

(a.) NH1T(50ns) < 50 
NHIT(50us) is the mn~imum number of hit PMTs in 50 nsec timing window 
a fter sub t racting TOF. 

Tho c which satisfy lhe criterion are eli minated as low energy events . NB.IT(50ns) = 50 
<:orr<,sponds to ~bout visible energy or 9 \ le \ ·. 
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5A,6 Accidental Coincidence Event Cut 

T here are some low euergy event · which ar<" foll owed by cos rui c ray muons wil hiu thr timing 
window of the cvenL Tbr·se accidental coi ncidence PV<'nt.. a rc still rNnaiu( •d i.n tlJC reduction 
stream bec<tuse t lwre a r~ no on-t imi ng outf'r detector activities and Pl~(300ns) are large d ue 
to rhe muons . The cut cri trria to c> lim iJJate t hese e\'cnts are defined as: 

(a) 

and 

(b) 

NHITA(ofl') > 19 
NHITA(off) is the number of fired P:\'lTs in the outer dcte{'i.or in a fixc>d 500 
IIBE'C off-timing window between 1300 aud 1800 nscc, 

PE(off) > 5000 p.e. 
PE(off) is defined as the total num ber of p,e,s of t he inner detec tor iu a fixed 
500 nsec: oA'-riming window between 1300 and 1800 nRPC, 

T hose which satisfy the bot h criteria arc:> eliminated as accidental coi ncidPnce eveuts. 

5.5 Fourth Reduction 

After the third reduction, most of remaining backgrounds ar fl asher event , T hr flasher 
events ha.,,e typically many repeated , s imila r pa tterns. Therefore, ill chc forth reduction, 
repeated events a re eliminated as the flash ··r background, 

To define th , estimator to compare t he event pattrrn, d ' Lector walls are divided into 
abo ut 200 x 200 em square patrJ1es including 6~9 Pi'v!T . T he total number of [H\S in each 
pa.tch is ca.lculated (Q.), fn comp<trison of event~ A and B, the estimato r of veut patt m 
matching is defined as: 

1'= ~------~~--------------
NaQ.,aQu 

(5-2) 

where < Q > is t he average of Q; and aQ is the RMS deviation of Q about < Q > HOd N is 
the number of patches, The T takes a value close to unity when the event pattern of A and 
B are very similar, li 

7' > 0.1608 x log10 (( PETOTA + PETOT8 )/2) + 0,1299, (5-3) 

the event A satisfies tue "match" con !ilion against the event B where PETOT is t li e total 
nu mber of p.e,s, Figure 5- 11 shows the maxi mum 1' distribution wil.h t,be "malch '' condit ion 
for (a) data after the third reduction , (b) atmospheri c neutrino Monte Carlo, and (c) P--+ 
e+rr0 Monte Carlo. 

Aetua.lly racli evcut. A is com par -d \\'ith other C\'P.IJI S B only whru the follO\\'Lllg eritt•rion 

is atis(iPd. I I 
PETOT" - PETOT

8 
(
5
-.t) < 5. 

)PETOT" + PETOT8 
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Figure 5- ll: Dist ribution of maximum value of matching e timator 1· for (a) dat.a after t he 
I hird reduction, (b) atmospheric neutrino Monte Carlo, and (c) p -> e+1r0 l'vlontc Car lo. 
The ·'match" condition is d fined a a funct iou of total number of p.e.s . Tllos · which have 
maximtLm 7' :=: 1.0 in thP fi gm c (a) are flas her events. 
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Tot.;tlnumber of "ruatch " ewnt.s N,~:a,ch [rom the comparisons i. nsrd for discrinlinat ing lhe 
f!Hsher CYeHtS. Figure 5- 12 shows Llw N"'""" distribul.ioJJs for (;1) rle~t a. (b) atmo. phcric 
neuu-ino Mont" Carlo, and (c) p-> r +1r0 Monte Carlo. Tit<' rhrf's bolrl value for the Nm<~trh 
is selcded as a ftwetion of the maximum value of 1· for eacb r•veut as shown in t,hc fipm::. 
The selection effici ·ncy is 09 .95% for the atmospheric neutrino iVlonlc Carlo. For p -t e+1r0 

signal, no events are rejected iu the fourth reduction for 1000 gPucralNi ~W('IJ ! S. 

5.6 Event Scanning 

After these four reduction programs arc applied , remaining c•vrnts are scanned independently 
by two physicists using an interactive t:,•Taphi~ event. disp lay. Tbe scanners separate t,he [uJly 
contained events and other backgrounds. llloreover, the scannprs check th · data qua li ty at 
the same lime. If they find bad runs (or subruus). i11 which, for example•. there an' mmty 
flasher events or many PMTs ar ·· in bad condition, these runs (s11bruns) a re assigned as bad 
runs (subruns) and eliminated fronl furtlwr analyse~. 

After the double scann ing, further scanning is pt•rfonned to check the scanJJing quality 
of t he double SC<tnning and make final decision to identify fully contained event·s. Since I hf' 
result of event scanning is finally decided by the fi11al. can11er, scanning efficiency is cbeck<Kl 
by comparing independent scaunjng results by two fina l scanrwrs. [n a part of data (1013 
cveuts), one scanner iden t ifi es 267 events in t he fiducial volume as fully contained eYents. 
On t he olht>r hand, another scanner identifies tbe 267 events and another rvent as full y 
contained ~vents . Addit ional one event is found to have visible energy .less than 30 MeV. 
Therefore, after rnir1imum vi~ible energy cut of 30 ivlPV, scanning cfl:i(' iency is estimated t.o 
be larger I han 99% for ful ly contai ned events in the fidllcia.l voluiUC. For p-> +1r0 events in 
the fiducial volume, the indficiency of t his rednctiou cha.ins in ·lnding scanning is cstimat. •d 
to be < O.l o/c from Monte Carlo samples. 

Applying the fidu cia l volume cut and minimum vis ib le energy cut of 30 !VIcV, we obtaiu 
447-J fully ·ontain · cl events. Ba.ckgrouud contaminations from cosmic ray mnons, !lashers . 
and radioactivities are negligible in the data sample. The characteristics of the full y con­
tained events a re de. cribed in St'Ction 8.1. The background contarrriuat.ions <\rc discu~scd 
again in the section 8.1. 
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Figure 5 12: Total number of malcl.Jed cvE·nts and the rn<l.-ximum value of matching estimator 
T for (a) da ta after lbe third reduction and (b) atmospheric ueutriJto Monte Carlo <tnd (c) 
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6 Reconstruction 

Aft.er applying reduction programs. we apply rl'construction algorithms 1 o till' full y r·onl.ained 
c\•ent sample. Here, we get physics mea:;m Pmcut.s such as vertex posilious. number of riugs, 
part icle types, momentum vectors. and th e• nmnlwr of decay electrons. T he procedmc of 
these reconstructions is 

Vertex Fitter 

R ing F itter 

Particle Identification 

MS Vertex F itter 

Energy Reconstruction 

Decay E lectron F inding 

Ring N umber Correction 

vertex posil i n 

number or rings 

pari icle ~ype, p<tr~icJc direction 

vertex position, ring direclion 
(ouly for single-ring events) 

particle momentum 

the number of dl•Cay electrons 

correction of the number o[ 1"ings 

We sthrt from the vertex fitter program to obtain the vertex position of events. Wi r.h 1 he 
knowledge of the ver tex position , ring fitter po~itively idcntific each ring. After tha t, phr ticle 
identification program identifies Lhe particle type for each ring. H r ·, particle direction of 
each ring is also reconstrnct('cl. For single-ring events, this parti ·Ie t pc information is u eel 
to reconstruct the vertex posit ion in "MS vertex fitter". Fina ll y, moment tUll for ca ·h ring is 
determined and deray electrons are ir.lent.ified. These rccon~tru cti oo algori thm5 are C.'< plaincd 
in the following s-ction (for details , se appendix A). 
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6.1 Vertex Fitter 

The rccou~tructiou procedure starts fi·om llw v<'rt.cx fitting. Tlte YCrtex position is estimated 
by liuding thP position ;u whicll the t.imi ng residual ((phown ~trrival t.im!:')-(timc of Aight)) 
distribution is rnohl peaked. We t;tkc into nccount tlw track length of the partick <111d scat­
tered light. as w<' ll as direct (non-scat tercel) light. to calculate the time of fiight of Cherenkov 
photons. 13ecaw,<' the number of riugs has not yet ~stirnated Rl this point, t his W'I'O<'x fitter 
scarch r~ for th<• vertex posiLion with single ring a sumption. Details of the algorithm are 
d snib<'d in appendix A.1. 

6.1.1 Performance of Vertex Fitter 

The pcrfonmUI('<' of the vertex fitter is investigaLcd for p --t +11° eveuts. Figure 6- l sbows 
the distance betwe<'n lhP reconst ruct.ed vertec' position and true (generated) position for thr 
p --t e+7r0 l\lont.e Carlo Pvent.s. The vertex reso lu tiou i~ estimated to be 18 em. The vertex 
resolution for. iugle-ring events is discussed in section 6.4. 
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Figure 6- 1: Tlw vertex resolution for the p --t e+n° events. The distances between the 
rN·on ·tructecl vertex and true (generated) verte.x Rn' filled in the histogram. The eveots 
in which 7!'

0 interacts in 160 nucl.eus are uot fill ed in the histogram. The estim ated vertex 
resoluhou is 18 em. 

6.2 R ing Fitter 

. fter reconstruct.ion o[ the \·ertex position and one d minant ring direction. other poss ible 
riHgs <~.n' looked for and probable rings are mconstmcted in this ring fitter. Using the 
reconstructed ring(s) , wP can reconstruct the l.o i.RI momentum and tota l invarian t mass of 
p --t e+71"U events and those of atmosphf' ri c neutrino C\'Cnts. 

a RECONSTRUCTION 69 

Starting from one ring rcconstn tet.ed by t.hc vertex fit Lrr, a econcl ring is look<>d for by 
using a known tf.'ch nic for a P<ll.trrn recognition, Hough transformation [77]. If a probitblc 
second ring is found and regarded as a true ring, the program goes back to look for a 1 hird 
ring. This iteration is pel-formed up ro -l time~ (firth ring) until no more probable ring is 
found. Details of the algoritlun are dr cribed in appendix A.2. 

6.2.1 Performance of Ring Fitter 

Figure 6-2: An example of the result of the 1·ing fit-ting. Ap--t e+n° Monte Carlo ev~nt. is 
reconstructed by the vertex fitter and tho ring fitter. The reconstructed Cherenkov rings are 
drawn by three lines projec ted on the i.nner detector wa.U. The fitters lit well the positron 
ring (left upper one) and two gamma rings (lower two). The four triangles in tbe figure 
show the reconstructed vert,e.'\ position. The left and right triangles indicate the height, of 
the vertex and other two indicate azimut hal angle coordinate of t.h vertex. 

An axample of the result of the ring fit.ting is shown in Figure 6~ 2. In the p --t e+11° 
event , the positrou ring (left upper one) is well fitted by I he vertex fitt.cr and re111aining L"\VO 

gamma rings are a lso well reconstructed by the ring fitter. The distribution of the nuntbr~r 
or reconstructed rings for ~he p --t e+n° event sample is presented in sett ion 9.1. 

The performance of the ring litter for ingle-ring event.. is a lso studied. Figure 6- 3 show 
the efficiency of single-ring idcntifkat.ion for quasi-elastic scattering ev 'nts. The efficiertcy i 
~ 96% for the momentum region of p < 1.33 GeV /c. 



G RECO,YSTR UCTION 70 

u + 1 t5 
+ f f "' I q; + ·u; 

"' " ~0.9 
0> 
c 

·;:: 

"' 0> 
c ·u; 

0.8 r-

0 500 1000 
MeV/c 

lepton momentum 

Figurr 6 3: T lw ellicirncy of single-ring identifica Li on for quasi-elastic scatterin g events. 
Using atmosplwric neu t rino i'donte Carlo, tile fraction of (single-r ing qua.si-('lastic 
cvcnts)/(quasi-elastic Pveuts) is plotted as a fun ction of momentum. The effit:ic ncy . is~ 96% 
for lhc momentum region. 

6.3 Particle Ident ification 

Tile program "particle identification" determines tlH• particle type of each .ring using its 
Clwrenkov ring pattern Md opening a ngle. Each ring is classified as a ~howering particle 
(e±, 1·) or a noushowering paJ'ticlc (It±, r.±). The showering (nonslwwering) particles arc 
somct.irnc•s ca ll ed e- likc (ft.- like) . To identify the particl type, we sta r t from "rings paration" 
(appeudix A.4.l) to get tbe observed p. e. distribution given by each ring. The exam ples of 
t he srpnral;ed p.c. distribu tions >trc shown tn Figure A 10 ru1d A 11 for the p --+ e+7ru event. 
AftPr the ring sepru·ation, the ob en ·ed p.c.s are compared wit h expected p.e. distributions of 
an cledron particle and a mtton particle. One of two pa rticle types which better reprod uces 
Uw observed p.e. distribution is sclectrd as a reconstru cted particle type. Details of t be 
algori thm arr lescrib rd in appendix A.3. 

6.3.1 P erformance of Part icle Identification 

To check t,he performance of our part icle identification. w~! use atmosplwric neutrino i\Jonte 
Cru·lo rveut$. Figure 6-4 shows t he par ~i cl P ident.ification results for the atmosph · ric neu­
tTino i\1onte Carlo Pvcnts lllld dat a. Tn the fi !{ures. part icle identification parameters P = 
( J- log P1 (it) - J - log ? 1 (e)) ;~re fill ed for single ring cYents with the visible energy bel ,,. 
1.33 Ge\'. Here, P 1 ( ) a nd P1 (It,) arr est imated probabilities for an elcclron assumption and 
a muon a umption. rcsp •ctiw•ly. If P > 0 (P < 0), t he ring is id ntified as showering 
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(noushowering) type. Ignoring the rf' lat ivr normali ~~:a t i n difrercnct" between r- lik<' ;tud fl.­
like events, Lhe paramcwr di. tribution, 11 TP(' wP ll betwPcn data and Mont<' Carlo. From the 
J\lonte Carlo sample, misidcntificntion probabilities a re estima ted lob<> 0.5 ± 0. 1% for CC 
QE events of vc and 0. 7 ± 0.1 % for CC QE event of tJ,.. AJ o. the particle ideutificatiou 
program was checked using a l kton wat. r Cherenkov dctc lor "·ith r and ft bt"am<; from t hr 
12 Ge\ prot,ou synchrotron at E El( [78]. 

DATA J.!-like < ' e-like 
~ 100 
» 
c 

75 0 
::;;< 
1.{) 

50 1.{) 
C\1 
-.. 25 (/) 
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Q) 

0 > 
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.0 

75 E 
" c 
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25 
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Figure 6- 4: Particle .identification parameLer distributions for data and atmospheric nf'utrino 
Monte Carlo. Single ring event wi t h t he visible energy below 1.33 CeV are Ji ll •d in the 
figures. Positive (negative) pammetcrs correspond toe-like (fl.- like) evf'nts. 

!V!oreover, cosmic my stopping muou da ta and their decay electrons a1·c u cd for inves­
lig<tling Lhe particle ideHLi fi cation p t"rform auce. F igure G 5 5hows the panicle idouLifbttiou 
parameters fo r t.he stopping muon, and their decay electrons in cad1 divided e::q JosHre pe­
riod. T hese distribu t ion a re stable and also agree well with Mont Carlo. From thfl data, 
th' rni identification probabilities for sLopping muons a nd deca ele 'lrons <He 0.4 ± 0.1 % 
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Figure 6- 5: Partie!!' identification parameter di. tribut ious for cosmi l: ray stopping muons 
(shaded hi:; togram:;) and their decay elec trons (blank histograms). The bottom figurP shows 
Monte Car lo s imulation . 

ln these investigations. we use only single ring events. However, t he rnisideutifieaLion 
probability differs bc•tween single ring and multi ring ' vents due to ove rl appin g rings. Usi11g 
a p ---+ e+1r0 lon tr Carlo s;\mple the multi-ring misidentification is est imated to be 2o/c as is 
shown in Figure 9 3. 

6.4 MS Vertex Fitter 

The ,·ertex p sition of multi-ring event · arc detenuinPd by the vertex fitter exp lained in 
St"cwon 6.1 which uses mainly timing information to reconstruct the vertex posit ion. On 
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t h~ ot.her hand, the 1·ert.ex posit.io.n of ing le-rLng events, whic·h is al~o rrcon tru cted by t,he 
,·errex fitter , is improwd by the J\ !S vertrx fitter. This vcrLex fitlPr us<'S Lhe 'hcrcukm· ring; 
patLem infonnation in addition to llte liming information and irnprm·~s t.bc v rt ex rC'so lution 
i11 the longiLudiual direction. The ring direct ion is a lso rccoustruct~d again in the fitting. 

lv!S ,·en ex fiLter uses the ex pected p.c. cli: t,ribution like thr P'trlicl c ideutiftcation . How­
ever, the Cherenkov opening angle, which is treated as a ntriab lc pantrncter and optimiz din 
the particle ident ifi cation (appendi x A.3), is fixed in MS vcnrx fitt er. In calcu la ting t he ex­
pectation , a panicle type which is detenni1tetl by the particle i IC'J>I ificalion and a n estimated 
momentu m a re used. The fitt er se lects a ver tex p osition where expected p.e. dis tribution 
most. reproduces the observed dis tribution. 

6.4.1 P erformance of MS Vertex Fitter 

Figure 6- 6 shows the vertex re~olu tion <tlong the particle direct ion (."lpos11 ) fm MS fi t t;er 
(!IdS-fit) compared with tb>tt for the initial vertex fitter (TDC-ril ). C lea rly, t he ve rtc.x 
resolutiou is improved by MS fitt er. 

e-like 11-like 

...... 400 1000 ~ 
I 

(/) 

:2: 200 500 

0 0 
...... 300 400 ~ 

) 

0 200 
0 200 
1- 100 

0 0 
-100 0 100 -1 00 0 100 
~pos11 (em) ~pos11 (em) 

Figure 6- 6: The vertex reso lution along the particl direction for t-IS vertex fitter (:viS- fit ) 
and initial vcrtrx fitter (TDC-fit). Single ring !'vents in at lll OS I h•·ri c neutrino ~l onte Carlo 
sample are \tsed. Thc; vertex resolul.ions are s ignifi<"anll unproved by MS litter. 

The improved vertex resolntion and angular re. e lu tion a re shown in Figure 6 7 and 6- 8. 
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rc pcc til'!•ly. ThP c n•solutions arr es1 i!Jiat<·d from at rnospheric JJc•u l rino !\'lonte Carlo sa mple 
with t he visible r1wrgy below 1.33 GrV. T lw vertex rrsolu tion is 3-1 c1n for e-likt• and 25 eru 
f'o r Jt-lik~> rwnts. The angular rnsolution is estinmted to be 3.2" for e-likc and l.9° for Jl-like 
events. 

(a) e-like 

400 
a= 34cm 

300 

200 

6pos(cm) 

800 

600 

400 

200 

(b) mu-like 

a= 25cm 

t..pos(cm) 

Figu re 6- 7: T he vcr tc•x resolu­
t ion after MS \"Crt.cx fitter for 
(a) e-li kr sing le ring events and 
(b) J!.- li ke single ring events es­
t imatc•d from atmo pbcric ncu­
t rixJO lllontc Carlo sample. D is­
tances bE'Lwrcn tntc• vertex po­
si tio us a nd rccons·truc ted ve rtex 
positions (6pos) are fill ed in t bP 
figurrs . Hatched regions show 
68% of t be tota l events. T he ver­
tex rc olu tio u is 3,1 em for e- li.kc 
and 25 em fo r •t- likf• events. 

6.5 Momentum Reconstruction 

T he moJnC'nt.um is estimated from th e tota l number of p. c.s detected within a 70° ha lf open ing 
angle towards the rccoustructcd ring dir ction. For single ring events, observ d p.c.s in each 
Pi\!T (f.; (i refers to a PMT number ) a re u~cd. On t he other band, for mul t i ring events, 
observed p.c .. given by each ring q,,n (n r efers to <l ring number ) a re used for each ring 
moment;um . The ~eparat.ed p.e.s CJi,, are calculat d from IJi by "ring separation" described 
in append ix. AA.2. T he number o£ observed p.c. is co rrected fo r light attenuation in water, 
PMT angular ace ptauce, and PMT coverage. 

. . G "' r i,n 1 PM'!' 
RJ'OT, = con tctnt X QMC X L: 0 q,,n. X CA'1J( T) X f(GPMT) X cos e .... 

01 n<rO 1 ,n 

(6-l) 

where 

G Pl\ fT ga in parameter for the event S<Unplc which i , deduced from cosmic 
ray muon sample (see section 3.3.5). For momentum rrcon truction of 
riMa Hnrl MontP C>trlo. Gdaca (dcduc<'d from through going mnou · of 
dar.a) and OM · {deducc>d from through going muons of l'd onte ilrlo) 
are used, rr pcctively. 

B,,,. opening angl of the i-th P lVJT towards tbe n.-Lh ring direction. 
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F igure 6 8: The angulrtr n'5-

olu tion afte r 0.!8 v·crtex fil­
ter for (a) e- like single ring 
eveuts and (b) It-like siug le ring 
events esLima ted from a.i.nto­
sphcric neutrino ~ JouLe Carlo 
sample. Openi ng <cnglt's between 
true lepton directions and recon­
struct.ed directions (,C>,dir) a re 
fill ed ·in the fi gures. Hatched 
regions show 68% of t.l1P t.of a l 
event s. The aup;11iar resolution 
is 3.2• for e- likl' and 1.9° For p,­
lik events. 

fractional p.e.s of the i- th PMT due to th n-th ring calculatPd by t.he 
ring SC'paration (a ppendix A.IL2). For single riug events. q, ," = q;. 

-r;,, travel length of emir.ted C berenkov photons for the i-th PMT. 

L attenuation length for t he even t, sampl {see sect.ion 3.3.5) . For mo­
m entum reconstruction of data a nd Monte Cad o, Lda•.a (drduced from 
through going muons of data) and L~1c (d duced from thwugh going 
muons of Monte CiLrlo) a rc used, respectively. 

effective cross section of a PMT as a function of Lbc in ·ident angle 8 ,," 
(Figure 6- 9). 

The ratio of gain param eters corrects for the PMT gain difference between da ta and Monte 
Carlo. T his te rm a lso corr~?cts for the t.irne variation of t he P MT g;,1in ob~ervcd in t he 
Su pcr- Kamiokancle detedor (F igure 7- 1•1). ln t he summ alion . there are correction terms 
for attenuation length , PMT angula r acceptance, an I P:VlT coverage. To rej ct the effect 
of possible decay electrons following the primary events, we only u c obser v0d p.e.s whose 
t iming information i within -50 to +250 US('' Wming window [rom t he peak of the t irning 
resid ual. This corre ted number of p.e.s RIOT,, is converted to t he particle momentum 
a suming the particle i ·an electrou for e- likc ring and a muon for tt-like ring. Figure 6- 10 
hows the relation bl•tween RIOT and the momentum for r iPdrons and mnons. Due to 

uonn •gligibll' muon mass, the rela tion for muons deviates from a linear lin<'. 

6.5.1 Performance of Momentum Reconstruction 

Figure 6- ll shows the m omentum resolut ion fm s ingle ring el · ct.ron >.U td muo11s. bor si ngle 

ring events, the r constructed momentum reso lu tion is esti mated to br ±(2.5/ jP(GeV) + 

- ~ -
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Figurr 6- 9: Th~ efrective cross section of t;hc Pi\1T as a fun ction of incident angle 8 . Th e 
vertical direction corresponds to 8 = 0. 

0 

0::8000 

6000 

4000 

2000 • 
• 

• 
0 

• 
• 0 

• 0 

• 0 

• 0 

0 • electron 
o muon 

• 0 

o~~·~~~~~~~~~ 
0 500 1 000 1500 

Momentum (MeV/c) 

F igure G 10: Tbe relation belwecn RTOT and thP morn utum for electrons and muons. 
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0.5)% for cl •c lrons fUJcl ~ ±3% [or muon~. However, the lllOmrntum rrsolution [or mu lti 
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Figure 6- 11 : The momentum resolution for single 1·i.ug elect rons anti muons. The recon­

st ructed momentum re ·olu t ion is estimated to be ±(2.5/ J P (GeV) + 0.5)o/c for electrons and 
~ ±3% for muons . 

ring events is cli:fl'erent from that for single ring evems due Lo ri.ug overlapping. Using the 
p ----t e+r.0 Monte Carlo events, the momentum resolu t ion is est imated as shown in Figure 6-
12. The resolution for positrons and gammns are 6% am! 14%, rcspecti,·cly. The ave raged 
resolution is ± 10% for each ring in the p ----t e+r.0 events. 

The ~a librat ion of t he -~bsoln te energy scale i important <1nd described in section 7. 

6.6 Decay Electron Finding 

We identify d cay electrons following the primary e\·ents to rejecL atmospheric neutrino 
background but. accept protou de ·ay sig-nal. The energy spectra of decay electrons are shown 
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F ignn' G 12: The momentum resolution for p --t e+1r0 events. T he fract iona l momentum 
d ifference. are till ed for (a) positrou rings and (b) gamma rings. T he resolution for positronH 
and gammas a r 6'1c and 1'1%, respectively. 

in Figure 7 8 a nd the mean encrg · is 37 MeV. Since the tr igger threshold cO ITCspouds to 
5.7 :.1eV Plc<:trons, most of decay electrons C>Ul be detected. Deta il s of th e d cay electron 
finding are described in appendix A.5. 

To s tudy the background contamination for muon dec<w detec t,ion , we collec t about 32000 
cosrni ·ray slopping ruuons with to ta l p.e.s below 10000 p.c. (~ 1.5 GeV / ·) . No event ha::; 
mon• than onr decay and t herefore t he contam ination level is less than J0- 4 . 

The analysis effi ciency for clct.edion of decay electrons is etitima~ed to be 80% for J.l+ 
aud 63% ror J.C by a Monte 'arlo s tudy. The difl'Nencc in t;he~e effici encies is due to p.­
cap ~ure on 160 . Th is efficient:.\· was confirmed to au accuracy of 1.5% using stopp ing cosmic 
ray muons. 

6.7 Ring Number Correction 

Fina.Uy. ring num ber correction is perl'ormed. In t,his step , final ring momenta a rc ch cck~d 
and iu cru e of vrry low monu"utum , the ring i rejeded as a fake riug. Th~ rej ec tion cr iteria 
are defined as following. 

(l a) EA < Ea 
EA and E11 <tre visible energy or ring-A a nd ring-D, rcspccLi vcly. 

(1 b) O,t-D < 30" 
0,1_ 8 is the oprniug angle between ring- .-\ and ring-D directions. 

(lc) E.1 cos OA - B < GO lvleV 
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(2a) EA/E,E, < 0 05 
The l'racliona l visiblt· eucrgy of riug-A is smaller lhan 0.05. 

(2 b) E;~ < 40 i\1eV 

If the condi t ions bnlbn l c a rc sa tisfied a nd /or 2an2b an' satisfied , the rin '-A iB d i sc>~rdcd 
as a. fake ring. This riug munber correction is perfornwd only for morr l ha u 2 riug events. 
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7 Energy Calibration 

The <'IICft-,'Y scale of t.lu• Snp('r Kamiokand<' drcector is checked u iug scw•ral ~>llibrat i o n 
sources. T he c-oswic ra_v muou~ stoppiug in t"he det<:'ctor are major calibration sour<·r.s muging 
from ~200 NI<'V /c to ft-•w CeVjc. Another source is neucrino-illrluced 1r0 cv~nts \\·hicl1 is us<'d 
b_y calibrat ing the invariant mnss. These 1r0s are unique multi-rin g sources whi<·h is important 
for t h<' 1J --+ e+1r0 sparl'h. Then• an• a.lso rlectrons from stopping rosmic my UII!On s and a 
linrar accclr rator. In section ·7.1 , the mdhod aml restdts of these ca librat iou a rc dt>scribed. 
The res nl ~s of sca lr calibrat ions an• sunJJnarizccl in section 7.1.6. In sect.iou 7.2, l,h<' time 
variation of the ru~rgy sc:·Lie arc stndicd. Pin a lly, unifornlity of the energy ,c<de in the 
del Pcto r are di st:ussrd . 

7.1 Absolute Energy Scale Calibration 

7.1.1 Cosmic Ray Stopping Muons - I 

Stopping cosmir ray muons decay t.o cleci.rous and many of t iJ csP pi('ct rou · are observed 
as st'parate rwnts. Reconstructing Lhe ver t x positions of both the muons and t he de~ay 
elPctrons, oue can mc'asur<-' muon r<ll• gcs in Lhe dct.el'tor. Because this range i. ft n ind eprnde~t 
mcasmpruenl of muon energy, one can ut ili ze it for calibrating the energy scale d c> ri vcd from 
th<' number o r p.e.'s (section 6.D) which is used in proton decay ana lysis. Figurr 7- 1 shows 
IIH' sd wlllalic view of thi s ca lihrati011 method. 

~------

~~ 

range = I X- Y I 

muon 

Figu re 7 1: Schematic ,·iew of energy scale calibrn.tion using muon range. The run on tnwrrscs 
t lw delcrtor (so lid line a rrO\\' ) l'lllil ti ng C hc> r<'nkov light (dashl'd lin l' nrrow) and ~tops and 

decays to th_: <'i0_:tron. Using muou ,-er tC'X 5: and decay electron ver tex r. range could be 
defined a JX- ll 
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Cri teri a for sd ert ing cosmic ray muons for the cali bration arf': 

(a ) 200 p.c. < tota l p.o .. 

(b ) on cluster of bit PMTs in th outer detec-tor. 

(c) en t rance point is on top wall , cos 0, > 0.!)4 . 

(d ) on decay electron with tim<' d ifl'crence > 0.8 'tS<'C. 

(e) r ange> 7 m. 

Criterion (a) corrE'sponds t,o 190 !\.leV /c muonmonwntum. Criterio n (b) require. an en ranee 
point of a muon in the outer detector. Ju criterion (c), cos O. is tlw zenilh >1ngle of a muon 
and vertically down-going muons a re selected. Criterion (d) surely selects muon evrnts and 
time difference > 0.8 /-'Sec ensures nol to a ffect energy and t rack rec:onstrurtion of the muon 
events. By recons tructing muon vertex.:"? and decay elect ron ,-cr te.-x l' . a range of the muon 
could lw defi11 ed as JX- YJ. Resolut ions of both the muon vertex and the clrcay ell> -tron 
V('rtex are better than 50 em. In Figure 7- 2, uorizonta.J axis shows the muon range J.\' - i'J 
and vertical axis shows p,./ IX - 17 1 where p1, is the reconstrn~ted muon momentum from t he 
number of p.e.'s . Figure 7- 2- (a) and (b) show Lhe disLributions for 1 h(' rea l data and Monte 
Carlo events, r~spcct i vel y. Thf;'.se Monte Carlo events are generated u. iug t.hc recous1-ruc1cd 
vert-e.x and momeutmn vectors of t he muon data. Only flat, dist,ribu tio t'l rrgions of Lbe range 
> 7 111 are us(;'cl in t he calibrat ion (criterion (c)). 

(b) 

range( em) range( em) 

Figu re 7- 2: Range v.s. mom cutttm/nm ge cli~trihu tion For sl·opping rosn-Lir ray muons. Both 
(a) dat <t aud (h) i\tlonte Carlo arc shown. On ly muons with range > 7 m are used iu th<:> 
calibra t ion. 
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For comparisou of fhr data <tud thr ?l!ont.r Carlo, bo~h samples are di,·idcd bv the 5 m 
sf I'Jl or tl\(' range• fnJJu l 0 m to 3::> 111 aud one 3 m step of I ho range from 7 m,. Lo 10 Ill , 
resulting 6 bin .. Figun• 7 3 shows •he a" •raged p1,/J.'(- fl iu 1):1Ch rangr bin for t he data 
and f hr i'donte Carlo. Thry a Tee within 2.5% len· I. 
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Figure 7 3: Range v.s. averaged moment um/ range for data and ~!ontc Carlo. Figure (a.) 
shows the averaged rnomentum j ra.uge in cacu ran ge bins for da l >t (fill ed circles) aud !VJ.onte 
Carlo (cmpt.y circles). For comparison o f the data. and t he :vlont.e Carlo, both samples a rc 
dividt•d by Llw 5 .Ill step o f t he range from 10m LO 35 m and one 3m step of Lhe ra.nge from 
7 m to JO rn , resu!Ling 6 bins. Figun~ (b) s hows ratios of Monte Carlo to daLa . From the 
t:Orn parison of t he data and t he :tl lontc Carlo, the energy cale of data agrees with Monte 
Ca rlo within 2.51){ leveL 

7.1.2 Cosmic Ray Stopping Muons- II 

Another calibration method using stopping cosmic raY muons is to ut,ilize hal[ opening angle 
of CherenkoY riug. The open.in g anglf' () of Cercuko,· ring has dependence on the p1utick 
w lol'ity ,6(= ujc) as c:usiJ = 1/n/3. Because Jd0jrlp1,,l is la rgo at low momentum p

1
, region , 

Lhis calibration method is possible in thr low monwntnm rcg.ion of p1,~500 ~le Jc. T here[orc 

this cal.ibrat.ion method is supplemental with t he method using muon range (section 7. 1.1 ). 
Criteria for sekcti ug cosm ic ray muons for thi calibration ru·e: 

(a) 200 < total p.l'. < 1500. 

(b) one cluster of hit P\[Ts in the outer de tcnor. 

(c) ntrancc point is on lop wall. R < 14.9 m. ~.:o · f) , > 0.9. 

" . .. 
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{d) one decay electron with time difl'erencc > 0. pscc. 

Criterion (a) rough ly corresponds to fb • muon mom e.utum of 190 :\leV Jc 10 3 0 P.Ie\ 'jc. 
Criterion (b) rcquirt>s an en tranc~· poi nt of a muou in Lhc onte r detector. Criwrion (d) 
surely se lect. muon events and a lso prevents decay elC'ctrons from affPcti n ' Pnrrgy and track 
reconstructions of the muon events. Chcrcnkov op~ning angle for each r,·cut is rC'construncd 
in particle identification a lgo ri t hm (. ct;Lion A.3). 

Figure 7 4 shows Lhc reconst ructed ChcrPnkov opening ru1gle and reconstruct d muon 
momentu m Pp.e. distributions for data and i\ lonLP Carlo. T he e Monrc Carlo rvcnts arc 
generated using reconstmcted vertex a nd moment tlll l v(•ctors of muon data. The mon1cnturn 
dc"pendence of the ChPrenkov o pen ing 1mgle is S('Cil both in t he data a nd t,l1 e !Vlontc Carlo. 
In Figure 7- 5, the opening ang le is t ransfonnc:-d to f'xpected muon moment um p0 by th 

relation cos O= ljn{J = Jl + m2jp~jn . 

~ 400 400 
> 375 (a) 375 (b) "' " ~ :~~~! ·:::: :· 
E 

350 350 

.tl'' " 325 325 c 
"' 300 300 
E 
0 275 275 E --~" 
'0 250 250 ;;:Jif;*~, : .2! 
0 225 225 s 200 200 Ul 
c: 
0 175 175 
0 

"' 150 150 a: 
30 32.5 35 37.5 40 30 32.5 35 37.5 40 

opening angle (deg.) opening angle (deg.) 

Figure 7- 4: Reconstructed Cherenkov angle and reconstructed momenttun djstributious for 
stopping cosm ic ray muons. Both (a) data and (b) Monte Cru·Jo show clear momPntum 
dependence of the Chererrkov opening angle. 

Because there a re good agreements bctwPcn ]lp.e. and Po in F igure 7- 5, wr ca u comp>He 
energy scale of the data with t hat of th Monte Carlo by CO lli paring rat ios o( Pp.e./Po- F'ig­
ure 7- 6 shows the averaged Pp.e./Po in ead1 e.xpected lll OOI. ntum bin fo r the data and 1 he 
!1donte Carlo. Th ey agree wi thin 2.5% lrv(' l. 

7.1.3 Neutrino-Induced reutral Pions 

Invariant mas of a nrutrino-induced '11" 0 could b, a cali bration somc of the absolu te t•nrrgy 
scale. Because the reconstructed mass depends on the fit,ted verte.x position and 1·ing direc­
tion a well as absolute energy sca le. this calibration checks t il e combined systematic error 
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Figure 7 5: Expected Inuo11 morrH•nt um derived from reconstructed Cherenkov angle and 
r const ructed momentum distributions for stopping co mic ray n•uons. Both (a) data a11d 
(b) Mo.11tP Carlo <UP shown. Tile expected momentum p0 is deri ved 11sing the opening augle 

nnd the rel<\Lion cos() = l /n/3 = Jl + m2 /JJ~/n. 

1.2 1.1 

'0 1.15 
(a) 

1.075 .!! 
(b) 

" 1.1 ~ 1.05 Q) 
0. t--0----l 
)( f--e--j w 1.05 ,l!!1 .025 -

t--0----l 
"' '0 ~--~ ~ .!! 

" u 
2 0.95 

1-Q---- ::iEo.975 
(jj 
c: ~ 
0 0.9 • DATA 0.95 
" 0 MC Q) 

a: 0.85 0.925 

0.8 0.9 
150 200 250 300 350 400 150 200 250 300 350 400 

Expected momentum (MeV/c) Expected momentum (MeV/c) 

Figure 7- G: Tile ratio of muon monwntmn dr•rived from Lhc number of p.e.s and t hat dcri1·Pd 
from reconstructed Cherenk01· a11glP for toppi ng cosmic ray rnuons. Figure (a) shows t,h ·' 
momentum n1lios for data and i\ lo11 te Carlo in each expected momentum bin. Pig11re (b) 
shows the ratio of lhe data a nd the MontP Carlo. 
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for t he reconstructed ma ·s. l3C'c~usc invariant matis of onp comhin~liou of two e-like ring~ is 
ri"CJUircd to be consist.~nt with 1T0 mass in the p -1 c+rr0 search (srdiou 9.1), this comparison 
of rlata and i- fonte Carlo is important. In full,v contained r1·ent samplt· (sl'<tion 8). n ° cwnls 
an; collected lw followi ng criteria. 

(a) 2 rings. 

(b) both e-likc rings. 

( ) no decay electron. 

By these criteria , we select 2- ring evC'nt;s callsPcl by 2 1·-my fro!ll 11'0 d('cay. Cr iterion (c) 
rejects the contmn ination of 1T± 1To cl nd JL± 1To evcnt.s. 

Figure 7- 7. bows the reconst. ruct,ed mass d istrib ut ion for t hP sdrct d data and atlllO­

spheric neutrin o Monte Carlo. Hrrc reconstrncted mass ,If is defined as J\1 = J £ 1:0 , - R~, 
where Eto, = I:~= • lrY.I and Pto, = I I:~= l pJ Pi is t he momentum vect.or uf i-th ring. Recon­
st rueted mass distributions ar\" fitted by a combined fnnctiou of f(:r) = Pl + P2 x .c+P.3 x 
~;..:p[-(.t- P4) 2 /2P52

] corresponding to a linPar background and Gaussian distribution of 
i he 1r0 mass. The fitted m.ass peaks agree with each oth\"r within 3% level. 

7.1.4 Electrons from M uon D ecay 

E lectrons from t he decay of slopping cosmic ray muons could be the rel;ttively low energ-y 
(~ 50 MeV) calibration source wl1ich are almost u11ifonnly distributed in the cktedor. T he 
posit ron spectrum from the decay of J.l.+ is precisely calcu la.ted by pure V - A theory as 

E 
m,, <­e - 2 

where E., rn~, <tud G P ar c posit.ron euer~:,'Y, muou rest mass, cllld Fermi coupliug constant. 
ln case of f.L- , however, mosi. of,,- are bound in a L

6 0 orbit a ud t he electron spertnm1 from 
the decay of the bound ,,- are distorted [79]. T he calculated Sprctra for the I' + deeay and 
bound J.L- decay ar shown in Figure 7- 8. While t he elect ron spect rum has higher energy 
tail t han the po.:itron spect rum, t he differeuce of mean energy i, les: t h ~u J %. 

Selection criteria for the decay elect ron events are: 

(a) the number of hi ts in 50 ns wiaclow > 40. 

(b) t ime interval from a stopping muon 6.T i L5J1sec < !::iT< 8.0J.Lse ·. 

(c) the vertex is within fidu cial volume. 

Crite rion (a) cor responds t.o ~ 8 .M V electron energy and reject~ 6 MeV gamma rays from 
1r capture on the nucleon. Figure 7- 9- (a) shows t he reconstr11 ctcd momentum distributions 
for data and J\loute Carlo. ln the i\lontc Carlo, measured f.l + I f.l - ratio or 1.37 [80] i~ u eel. 
T he mea.n values of lhe Ter:onstructed momentum agree with each oth •r wi•hin 2.2% level. 
lu Figure 7- 9- (b) . t h , momenta of the l" lectrons of t lw data ;ue Inillt.iplied by 0.978 aud 
compared with t be Mont.P C;ulo. 
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Figure 7 7: The invariant mas~; distributions for ncutrino-indu ·cd 1r0 e,·ents. (n) data and 
(b) atmospberk neutrino l\l[onle c~rlo. EY(•nt~ having two e-likr ring: wit II no rlr·ray electron 
are filled in the figme. Reconstrnctcd tllass distributions are filled by a combiued funct ion 
of f(.r.) = P1 + P2 x x + P3 x <.'xp(- (.c - ?4)2 /2?52]. The fi t ted peaks of invariant mass 
P4 agree well with each other wit bin 3% ]e,·el. 
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Figure 7- 8: Calculated spectrum of e± from the decay of muons. Solid line shows spectrum 
for ~he decay of .fret! 1~+ and clot ted line shows spectrum for the decay of bouud ll- iu 16 0. 
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Figure 7- 9: The reconstm ctccl momentum distributions for decay electron . Figure (a) 
compares the rlata (fi LIN I circles) and lVJontr Cm'ln (hiRtogram). The mean vali1es of th rc­
coustructed momentum agree wilb each other wit·hio 2.2% level. In Figure (b) , the momenta 
of data ar multiplied by 0.978 lo ajust the mean value. 
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7.1.5 Electrons from Linear Accelerator 

For studying the detector r<'sponse lo electrons, n linear ar;cf•lt>rator (LJNAC) is lorn.ted 
twar the detector. The LINAC [8l) can prodtwe mono-enPrgctic ekctrons ra nging from 
5 ~lc\' to 16 i\i[eV which is suirablr for studying solar lll' ll t rino events. For lhe proton 
dP<'IlY analysis . only 16 i\l cV datH s>\Jttplcs arc usc·d t.o ca librate absolute en rgy sca.le. T he 
acccl •rated rkrtrons are injrct.f'd \'ertically down-ward to the cl ct<.'ctor water [rom t.h c• curl ca p 
of tl10 bcmnpipr at. (.r , y , z) = ( 1237cm. - 70.7on,1206cm) . Siugle electron event s arc selected 
aud compared with 1\lont c Car lo iu Figmc 7 10. The mcau va.l ue. of the rcconst ructcd 
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reconstructed momemtum (MeV/c) 

Figure 7 10: Tbe reconstructed momentum distribut ions for electrons from LINAC. 
(fi lled circl ~s) and MonLe Carlo (histogram) arc shown. 

Data 

momeutum are 17.27 ~leY/c (data) and 17.46 MeV /c (l\'lonte Carlo) with an agreemenL of 
l.l % le,·eL The fitted peak va lnes by Gaussian distribution are 17.25 1\1 V /c (df1t.a) and 
17.22 !\leV jc ( lonte Carlo ) with an agrecnwnt of 0.2% level. Therefore, the systematic 
nncertainty of tlw energy cale from this ca libration i. 1.1 %. 

7.1.6 Summary of Sca.le Calibrations 

ln sections 1.1.1 to 7.1.5 , sevcwl energy calibration sources and calibration n:sui Ls are de­
sc ribed. IJ1 all cornparisous. the absolute energy scale of data agrees well with tha t of Mon t,c 
Carlo. Figure 7- 11 suUJma rizes the results of aU ca librations. 

As shown iJJ the Figure, the energy scale of data is 11·ell reprod uced by tb \ Jont,e Ca rlo 
in th momcn um range from ~200 Me ·;c to a few GeV /c. The uncertain ty of the energy 
scale is ±3%. 
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moment um range of each cali bmtion aud vertical a.,,is . bows Llw scale clifrercncc between 
data and Monte Carlo (MC-data/da ta). 
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7.2 Detector Stability 

Tlw ~ l abilit y of a detector is importa nt for a long t·crm obs0rvat.ion. ln thP Super Kamjokan rlc 
d0lcC"tor. SPveral quRnt.ili c·s arr monitored periodically t.o check the detector s t<lbilit~'· 

Thr limr v:triatiou of the da rk rat of t he i1mer Pi\·lTs are checkE>d using several sa mpled 
ruus aud ·!town in F'if'J trr 7 12. The dark rate is stable around 3.1 kHz and we don' t neerl 
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Figure 7- 12: T ile stability of the dark rat of t he inner PMTs. lt is sta ble around 3.1 kHz. 

t.ime dependent, correCLion. for the variation. 
T he hi t rate for each P MT is alway: checked and Pi\llTs with a.buormal hit rate arc 

assigned as bad channel . The c bad chamwls w mprise abnorma l P 1Ts, broken ATM 
ch;lllncls and broken c:harmell of high voltage po1n1r supplies. Figur<' 7- 13 shows the t ime 
var i.<1tion of the nu111hPr of bad channels. The number of bad channels, having increased 
clllring 1996, is stable from 1997 at 110 ~ 120. AD '/TDC information of the e s lected bad 
channe ls is not used in any e1·ent re('onstruct ions <tnd proper correcLion is performed for the 
lost information. 

Beca use the light attenuation lengLI1 in t he detector waLer dir ctly affects t he number of 
p.e.s observed by P~!Ts, moni toring the attemt;ttion length is imporLant for the momentum 
reconstructimL Also t lw Pi\JT gain is crucial and we n ed to monitor t he stabili ty of the 
g;un. Using cosmic ray muons we m onitor the tin te variations of both the att.euua tion length 
a nd the gain (secl'ion 3.3.5). Figure 7- 14 shows the time variat ion of the attruuation length 
and the PMT gain derived f1·om cosmic ray muons. Th e m easur d attenuation length vari ed 
frotu 90 m to 120 m during thP ~xposme period a nalyz<'cl in this th csi ~. T he PflllT gain 
has bent inl'reasing by J% du ring the period. As described in sec tion 6.5, the measnred 
aLlcnuation lf:' ngth a.ud lh e P l\!T gain are used in the momentum reconstruction t.o corre ·t· 
the number of detected p.c.s. 

To cbetk Lhe stability of the reconstructed mome11tmn , decay el('rtrons front stopp.ing 
cosm ic .ray muons RrP u, eel. Figure 7 15 (a) hows t he time vari;\tion of t lte reconstructwl 
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Figure 7- 13: The t ime variation of the number of bad channel 

momentum of the decay electrons. Even though th e total number of p.e.s (wi thout Mly 

corrections) in the electron events increased by 5% as showu in Figure 7 15- (b), t. hP rccou­
stm cted moment um of t he deca ' electrons is stable at ± 1% level. Therefore the CO ITl'et i011 
for the bad channels, the attenuation length, and the PMT gain successfully works . 

Final ly. the st,abi li ty of the part icle ident ification performance is chPcked using stopping 
cosmic ra muons and electrons from the decay of the muotL~ . No significant irue variation 
is seen in F igure 6- 5. 

7.3 D et ector U n iformity 

Decay electrons from stopping cosmic ray muon arc also ut ilized to study t he uniformity of 
the detector gain. T he decay electrons are good calibration sources because Lhc vNt.icPs dis­
tribute almost lllliformly in the detector a nd th moment um vr ·tor points a lmost uniformly 
in a ll ilirec tions so that we can investigate position and lirection dependence of th detPdor 
ga in from the reconst ructed momentum of the elect,rons. 

To avoid the muon polarization effect in thee timation of the zenith and azimu th ~d anglf' 
dependence of t,he detector gain , only electrons decaying in the direc tion perp ndicular to 
the initial muon direct.ion ar user!. This condi t,ion is - 0.25 < cos e,..,"' < 0.25 where e .... ,, 
is thf' opening angle between the elee TO ll and muon directions. Using the selected cl<·drons, 
th reconstracted momentum of the electrons are plotted as a funct ion of t he r.eni lb a ngle 
of the electrons. Figure 7- 16- (a) show~ the zen it b angle depend~uce of Lhe recottstruct cl 
moment um. From t he fi gure, t he detector gain is uniform in a ll r.enitlt angle withiu ± 0.6% 
level. 

Figure 7 16 (b) shows the azimuthal angle d penJeuce of the rceonstructed momentulll. 
Aga in, Lhc detector gain is uniform in a.ll azimut ha l angk within ± 1% lrvcl. 

Figure 7- 17 show the vertex posit ion d pendence of the reconst rurtctl momentum. T he 
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Figure 7- 14: The tim variation of t lte light attf'nnation length a nd the PlvJT gain from 
cosmic my muons. F igure (a) hows the time variation of the mea ured attenuation length 
during the PA1 )0. ure period. It varic>s from DO m to 120m. Fignr!C' (b) shows t he measured 
Pl'v[T gain w1ti cu has increased by ~ 4% level. These mon itored va lues are used to ('Orre~· t 
the number of detect d p.c.s in t he mornent,um reconstruct ion . 
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l'igure 7- .1 5: Figurp (h) shows t.he totalnw1tber of p.e.s in 50 nsec time window for electrons 
from the decay of stoppi11g cosmic ray muons and (a) shows the rcco.nslructed mom nlurn 
for the electrons. While total number of p.e.s increased by 5%, the reconstructed rn omenLutn 
was stable wituin ± 1%. 
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F igure 7- 16: T he gain uniformity of the Super- Kamiokandc. Iu figme (a), the mean va lu es 
of rccnnstnKt.Cd momenLwn for decay I ctrous are shown as a fun ction of the zPnith au­
gle. cos0,0 n;u, = J(-1) corrc ponds to downward (upward) dectrons. Pigurc (b) shows the 
moment um as a fwJct.iou of the azimu thal angle. The dete(;tor ga in is uniforn• within ± l % 
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Figure 7 17: The pos it ion dep >uclcnce of the reconstructed momentum for (a) data a nd (b) 
!\lonte C>.u!o. The Ill Pan val uP · of reconstructed monwnhun for clcc>.ty r l~ctro ns are shown 
ali a fwicLitiiJ of the d is tam:e £ro1n tit • LJ'<U'C!St wal l. The fidncia l volnllJC arc :;ltown IJy an 
arrow. In the fidu cial vol ume, the po ihou <.lcpcnclencc of th , rcconstruct,ecl momentum is 
at 3% Jc,·d iu data. This posi tion deprndc•ucr or data is well reprodLJCcd by !'viC. 
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mean roorncnt<l are plotted as a function of dislancc from n arcst. waiL u1 tLc liduciRI vo ilu ne, 
the posit ion d0pcndeuce of the rcronstruct •d n•ouwntuw is >ll ± 3% it'I 'Pi fo r data. Thr shapP 
of the lvlo11 te Carlo (h) reproducc·s the data wdl. 
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8 Characteristics of the Fully Contained Sample 

Thr reduction a lgorithms (sec lion 5) arc appli ed to t he raw c.Jnta LO ·eJect full y coutaincd 
cv!'nfs. The san tr a lgorithms arc also app li rd to lbc atmospheric neutrino i'v!C and 11 -t r+11° 
MC. T lw chamctrristie of lh ' sclt•cted dar a as wel l as that of the atmospheri c n!'lltrino i\ IC 
an• compared an cl discussed in lhis srdion. The reuonnalization of the !•vi C ta king in to 
acco unt the neut rino osci ll ations is disc 11ssed in sec tion 8.2. lu section 8.1 , the di•tu Rr(• com­
pared with the atmospheric nemrino 1\I C withont neut rino o cillalions. The chamctcrist,ics 
of the p -t +11° ~ fC arc· discussed in sect ion D. 

8.1 General Distributions 

The dist rilm f.ions of I he numbrr of rings for lhe Sf•k•ctcd data and the atmosplwric neutrino 
l\JC :u·c shown in Figur' 8 l. As eli ·cussed in sect ion 9, mnlti-ring evP.nts are used in this 
protoll dP<·a.v HC<Lrrh whi le single-ring events ;ue used in th atmospheric nentTi110 analysis. 
The a ltrtOtiphcrit II Cutrino A1C is normali zed by livetirnc. 4476 full.v cont.>tirwd t'vent.s are 
obs rvcd with CX"])<'Ctf•d number of events of 4764.1 in the fiduci a l volum.e. ThorP is~ 25% 
uncertainty in the absolu te normalization in which the a bsolu t.e nt•utrino flttx unccrt.aintv is 
20% and the tWnlrino cross se<· l ion uncertainty is 15%. Tlw lOo/c discrepancy between ·the 
data and the l\JC i, within thC' uncertainty. AI o, the d>.1.ta shape is well reproduced by he 
atmospheric neutriuo :vrc. 

Visible energy distributions for all evcuts, sirtgle-ring events, and multi-rin <•vents are 
showu in Figure - 2. The multi-ring vents arouucJ 1 GeV is relevant to this ana lysis. 

Pigm c 8 3 sh ws tltr vertex po ition dis t ri bution. (or the data and Lhe atmospheri c 
uAuLrino i\IC. The samples in (a) and (d) are di vidrd into single-ring events ((b) and (e)) 
a nd tnlllti-ring cvt'nt s ((c) and (f)) . Both !'or single-ring aucl multi-ring samples, the ·hapes 
of the d<\ta iu Z and R2 distributi n are iu good agreement with that of MC. We can al. o 
see from thr figures Uta!. t.he con tam ination of entering muons into Lhe fidu cial volume is 
negligible. 

Therefore, a ll ('haravteristics of t he data shown here a rc well represPoted by the atmo­
spheri c neut rino l\ IC. F'or the prot.ou decay search, one have to c.xtratt possible signals from 
t hese neutrino backgrounds. 

8.2 Neutrino Oscillations and Re-normalization of MC Events 

The Super Kamiokande collabora t ion reported tuc evidence f r the neu trino oscillations in 
the almosphPric ncutriHos. Due to I he osci lla tion., the ob~ervccl fl avo r nll io (v1,+171,) /(11,+Pe) 

(= 111./11,) is smaller than expC'ct.ed one. Tbis anomalous flavor ra tio as well as the zenith 
angle distributions is well exp lained b , v1, B 11T two flavor scillatiou hypothesi:. Table 8- 1 
summarizes t he ohsf'nwl l'ully cont a ined ~,·l'n ts a long wilh :X•!C prr•d icrions . Hrn· we show 
only sub-Cc\i sampl e bec<ltls the iutere. ting energy region for the proton decay sC'a rrh is 
arou11d 1 GPV. For the snb-GeV sample, we r quir Pe > 100 i\leV /· for e-likc <'Vents ;wei 
p1, > 200 MeV /c for p-like events. and vis iblr energ·y < 1.33 GcV. The table shows l it at. t,lw 
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314 

10 
2 3 
number of rings 

Figure - 1: The number of ring distribution for full y contained events in da ta {fill -d circle) 
and atmospheri ·neutrino MC (.his togram). The fractions of single- aud multi-ring cvent,s iu 
tJtc data are 68% and 32% respectively. 

DATA MC Ve,Ve CC 111., Ill' CC NC 

single-ring e- like 1231 1049.1 8% 2% 10% 
fl.-like 115 1573.6 0.5% 06% 4% 

multi-ring 911 1049.1 24% 43% 33% 

Table - 1: Summary of observed events and J\.1 predictions in s ub-GcV region. Th' es­
timated cont ributions from charged curr('n t (CC) interactiort s and neutral cmrent (NC) 
interactions are also sbowu. 
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Figure 8- 2: T he visi ble ener·gy di~tribntions for fully cout<tined event sample. (a) :til fnll y 
contain('d c\·e11ts. (b) single-ring ~Ycnts, and (r·) m ulti-ring ('\"('uf·s. The tnulti- ri ng events 
around 1 GeV ar~' relevant to this analysis. 
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Figure 8- 3: The vertex position distribution for fully contained sample. Z dish·ibut ions of 
the events witb R < 14.9 m are shown for (a) all. (b) single-ring. a nd (c) m11lti-ring cYents. 
AI. o, R2 d i t ribu t ions of tbc events with IZI < lG. l tn are shown for (d) a ll , (c) s ingle-ri ng, 
and (f) mul ti-ring events. Line~ and a rrows show the fidu cia l vo lume. 
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numbN of 1'- likr cv('nts is 17% larg<'r than cxpectPd our whi le the ll tll niler of 11-like Pvenls 
is 26% SIIHlller. Both discrepancil's nn• we ll understood l.>y I he 1.11, H 11T osciJI;ttions and tbr 
uncert<einly of the ab~oluf<' !Hlnnalizaliou. Figme 8 4 shows t lw momputum distribu t ions for 
(a) su b-GE·V e-likr events, (b) 11-Like cvrnls, and (c) l he douhiP ral io (JI/P)oATA/(JI/e)Mc· 
NC'il hrr t hr excess of r-likc c•veul5 nor t il e cleficil. of Jl.- likt' <'\'ents do n't have a.ny siguificant 
mo1ncntnm dC'pendenc 

For various comparisous of da.la and atmosph eric neutrino MC. the neutrino ·Mc sam ple 
is rcuonnalizrd l.o tlw nurnbt•r of observed al nwsphPric lWutrioo eventS at Supcr- Kamiokande 
in the' following manner. The number of Ve (11p) CC eveuts .i s normalized by the rat.io of the 
numb<'!' of single riug e1·cuts with au e- lik<' (J.t- like) part icle idenLification (PlD) iu Lbc da,ta 
to the number of sing!(• ring t•venls with an e-likc (p.- like) Pill in the at rn ospbcric neutrino 
VIC. For NC \'C ll ls, til<' snuw nonmtlizatioo facto r a.s I hat of the v, CC rvenls is used due 
Lo t he v1, H 1/.,. two llavor o~ci ll at i on h)'lJotbesis. For a ll comparisons bctwr~n t he da t.a and 
the neutrino !'viC in the uPxt section, t,hese renormali zitt ion facl.ors al'c used. 
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Figure 8- 4: T he momentum distributions for sub-GeV sample. (a) e-like events, (h) p- I ike 
eveuts, and (c) tbc lou ble ratio (pfe)oATA/(p,fe)Mc a re shown as a funcliou of momenturu . 
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9 Proton Decay Analysis 

In 5ection 5, t he• reduction a lgorithms fi)r full y coutaiued events arc explained. .For thP 
rcm~ iu ing fully contained vents, additiona l se lect ion criteri a arc required to sclert p ---t c+w0 

caudklates. lu t.hi · sC'ction, t.he selceLion cri teria for the p -t e+w0 s ig1lal <UP de.~nibed 11nd 
after lhat. t.hc• results of proton decay search are shown. Pin any, syst.etmHic rrors concerning 
lui s proton d<·ray search are considNcd. 

9.1 Proton Decay Selection Criteria 

To extract t lJe 7J ---t c+w0 signal from the fully coutaiued event sample, proton decay selectioH 
cri teria ar drfitwd: 

(A) 6800 JJ.t' . < total p.c. < 9500 p.e. 

(13) the number of rings is 2 or 3 

(C) a ll rings h<lV<' a. howcring particle identificat ion (Pill) 

(D) 85 Me /2 < w0 mass < 185 MeV /c2 

(E) no decay c!rct.ron 

(F') 800 MeV /c2 < tota l inwtriant mass < 1050 !VIe\i jc:l aud 
r.o ta.l momPntum < 250 :VIeV jc 

'riterion (A) roughly corresponds to a l,otal energy of 800 !VleV to 1100 MeV. Figur<> 9 
shows the total p.e. di stribution of the p -t c+w0 MC . au1plc. The shaded histogram is the 
dis tribu t ion for fr e proton d(•cays and this criteria (A) is safe for the free proton decay. Oa 
I hP ot her luu1d , t h<> blauk hi. tognl m shows the clistribut.ion for protons in 160. It has low!'r 
p.e. pea.k below the criterion (A) ll'hich is d ue to 1r0 interactions in 160 tmcl r us, uamE• Iy wo 
absorptiou, cbtu·ge exchange·, and scat tering in 16 0 nucleus. 

After the crit.eri n (A), cri ter ion (B) is appljcd to sc!Pct 2 or 3-ring events . T he nnmbcr 
of ring eli. t ributiou of p ---t e+1r0 :\1 C i, shown in F igure 9 2. Io l hr sample. 98% evenl:s a re 
c"'tegorizcd as 2-ring or 3-ring !'v<:mts and pass the criterion (B). 

Criterion (C) selt•<·t e± and 7 usiug pa rtid<' ty pe information. Figure 9- 3 s.hows PID 
parameters for cad\ ring of the p -> +w0 :11mple. The negatiw (positive) paramPtrr value 
cor-rPsponds bO showrring (nonshowering) particl - ty pe. Af er criteri a (A) a.nd (B) , a. l mo~t 
a ll rings Rre electromagnetic shower caused by posit ron or 'Y front th - d<'cay of w° Foi <'acb 
ring of t be proton decay S<l mple, mi ·ideutif:i caLion probabil ity is esti mat ed to be 2%. 

Crit.erion (D) i. appli rd to only 3-ring events. Here, at leasj. one paiT of rings ntust give 
a recou.~tr uctcd invariant mas~ which is cou: istcnt willt thee: timated 1r0 mass rrso.lntio.n of 
135 ± 35 MeV / c-2 . Th invariant 1r0 ll1aS · dist ribu t ion for the p -t c; w0 1\ IC sam pi is shown 
i~1 Figure 9- 4. Tlw efficiency t.o pa;;s the criterion (D) is 88% for 3-ring cwnts of this sample. 

Criterion (E) is r qnircd since e" and 1r
0 produce no decay electrons. This ciiterion is 

useful to rej~c::t. at mospberi · nPutrino backgrounds without au~· loss of dci.Pction effi cienc-y. 
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Figure 9 1: Total p.c. distribution for p -t e+1r0 MC eYents. Proton decay selection cri tt•rion 
(A) 6800 p.e. < total p.e. < 9500 p.c. is shown by arrows. The sh<tclccl hi stogram is the 
eli tribution for free proton and t he blank histogmm shows the clistribut ion for protons in 
160. T he high p.e. peak iu tlt ' cut region corr •sponds to proton decay in 160 wiLltont w0 

i11t · ntctions in t.lw 160 nucl •us or free proton decay. T he lower p.e. p~ak below t !Jf' cril.criou 
(A) correspoacls to proton decay in 160 with 1r0 interactions in the 16 0 nucl<'uS, na mely w0 

a bsorption, charge exchange, and scattering on l60. 
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Figure 9 2: The number of ring dist ribution for p -t e+w0 l'l'l C events. Proton decay se lection 
crite rion (B) selects 2-ring and 3-ring events. In thi sample, 98% e,·ents a rc categorized as 
2-riug or 3-ring event . 
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Figu re 9- 3: Partie!<' ID p<H>)meter for each ring of p -t +1r0 MC events. The negativE' 
(posith·e} value of the parameter corresponds to showering (nonsb.owcring) particle type. 
I\Jisidcntiiication probabilit,y is 2% for this sample. 
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criteria (D) 5 MeV /c < im·arianl 11° mas. < 185 1\leV /cis sho11·n by arrows. 

g PROTON DECAY ANALYSTS 

1000 

900 -

~sao -

~ 
Q) 700 -
:2 
"E saa 
::J c 500 
Q) 

g 400 

E 
iii 300 -

0 
- 200 

100 -

: .-: .. ··~·. 

200 400 600 BOO 1 qoo 1200 
total invariant mass (MeV/c ) 

105 

Figure 9- 5: Total invariant mass a nd total m omentum distribution for J) ---+ e+11° 10 after 
the criteria (A)- (E) (see text). The boxed region in the figure shows the ·elect ion criterion 
(F) 800 MeV fc2 < total invarian t mass < 1050 MeV/2 and totalmomcn um < 250 MeV fc2 

Tn criterion (F), the total mom<:> ntum is defined as P,0 , = I I:~lrings1Jil where ]J, is re­
constructed momentum vector of ·i-tb ring. The Lotal invariant ma~s is defined as J\!!, 0 , = 
J E'(:0 ,- P,~, where total euergy Etot = I::llrings IPil- Criterion (F) checks that th<1 tota l iu­
varirult mass and t.otal momentum corrP.spond to the ma s <Uld momentum of the source 
proton, rcspf'ctively. F igure 9- 5 shows total invariant mas. and total momemuu1 distribu­
t ion for the p -> e+Tio !VIC sample after t he cri teria (A)- (E). The boxed region in the fi gure 
shows the criterion (F). From this sam ple, the detection effici n ·y of p ---+ e+Tio eveuts is 
estimated to b 44%. 

ln summary, d t.ection eflk i ncies after each criterion are shown in fugmc 9- 6. The 
efficiency for free proton decay (star) ru1d proton decay in 160 (empty ci rcl e) are separatdy 
shown. The selection criteria (A) t hrough (F) keep the efficicucy of 91 % for t.he frea proton 
decay. On he other hand. only 35% proton decay in 160 are identified. It is shown ir• 
Figure 9-6 that. the large reduction mainly COJu('S from the criterion (A) 6800 p.e. < total 
p.e. < 9500 p.e .. Thi means that the absorptiou , charge exchauge and scatt('ring of 11°' in 
the 160 nucleus are the dominant cont ribution to the detection inefficiency. The combined 
efliciency (filled circl ) arc also shown in the figure and the total detection eifici~' n<·y is f unci 
to be 44%. 
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Fignre 9-6: Detection efficieucies after each cri tNion (A)- (F ) (see text) for p --l +1r0 M 
events. DST means ~tJI Fully contained events in the fiducial volume. The efficiency for 
free proton d<•cay (star) and proton decay in ' 60 (empty circle) are separately shown. The 
comuined elliciency (fill ed circle) are also shown and t he totaJ detection effi ciency is 4LJo/c . 

9 .2 Background 

'L' estim ate the background from atmospheric neutrino interactions, t lte ntrnospheric neu­
trino MC sam ple of 900 kton·year e-xposure P(jltivalcnt is generated (section 8). The reduc­
t,ion <l lgorithrns (sect.iou 5) arc applied Lo I he sample in the s~tme ways as the data to select 
!. he fully contained ~vents (section 8). By applying the proton cleccL.V selection criteria (A) 
!.!trough (F) (section 9. 1) to this sample, the number of background vents ir1 the signal re­
gion is esf;imat·cd. In the 900 kton·year sample, there are three events which pass all select . .ion 
rrit.cria. Therefore the number of background is csti m~tted to be 0.1 event in 32 .9 kt.on·yem-. 
Figur<' 9 7 shows tJJC total invariant mass and total moment um distribution for t lw neutrino 
~!C samp l ~ after the criteria (A)- (E). 

Th characterist ics of tho thr background event· passing the proton decay selection 
~:rit.cria arc listed in Tables 9--1 and 9- 2. All of the three background events are ca used by 
charged current v, interactions producing one electron and one 1r0 Becaust> the protons in 
the final stat• have' too low mom ntum to produce mu ch Cheren.kov light , it is diJfic·u!t to tag 
t,he proton hy a water Cherenkov detector. T herefore, hry mimic the pwton dr-cay signa l 
p --l e+7ro The various distrib11tions of phy:ical qu antiti r~ arc cliscussecl iu the nrC\1" sc•ction. 
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CO II1Hle !lLS 

1r+ and 1r0 arc produced by the 1r+ in watr•r. 
1r+ didn't exit from '00 nucleus. 

Table 9- 1: T h(' cl1aracteristirs of the neutrino ba kgronnd vf• nts. 

total p.e. thP numbe r: o[ ring rr0 ntass total mass t:ot.al momPnl.um 
(MeVfc2

) (!vleV /c2
) (MPV/r) 

BGl 7930.6 3 132.9 842.4 22l.i 
BG2 7808.3 2 886.8 153.9 
BG3 7641 .2 2 862.9 242.2 

Table 9- 2: The me,1.surrd physic~tl qu~tutitics of the neutrino background events. All qu~tn­
tities are within the proton decay selection criteria (A) - (E') (sec text). 

9.3 Results 

FinaJly the same criteri a are applird to the da!.ft t,o se<trch for the p --l e 1r0 signa l. Figure 9-
8 s hows total invariant mass and totaJ momentum distribution for the dat eL sample aft 'r I he 
criteria (A)- (E). In the 32.9 kton·year data, no events urvive all criteria as shown in the 
fignre. 

For con istency check between data and atmospheric neutrino MC, several compari5ons 
arc made. First, the 2-dimen ional distributions of total mass ~tnd total mom ntum (Fig­
ure 9- 5, 9- 7, 9- 8) should be compared. To make the comparison clear, thcs distribu t ion ar<' 
projected in a 1-dimensioual plot of "L" which is defined as It d ist.anc' between each event 
point and a line in Lhc protou decay signal region. Figure 9 shows the distribution of "L" 
for p --l e+1r0 MC, atmospheric neutrino MO, and data along with the definition of "L". lt 
is clear ly seen that the data distribu tion <u·e we ll reproduced by the neutrino MC. 

Figure 9- 10 com pares the reconstruct •d total mass for atmospheric neutrino !11 . the 
p --l +1r0 MC, and the data events wh.ich sa:ti fy th criteria (B)- (E) and have a total 
reconstructed momentum < 250 Me /c. For this comparison criterion (A) is not ilflposed 
to provide enough statistics. The clear peaks of 1r

0 mass ar seen in both the data and t he 
neutrino MO. Th mass listributions for the data a nd the neutrino 1\IC h~tv · good agrc ment. 

FigurP 9- 11 compares the recou tructed totaJ momentum for the three sam ples which 
sar.isfy the criteri a (8)- (E) and IHlVC a total reconstructed ma . . of 800 1\JeV /c2 to 1050 
\ lc\)c2 . For l liis comparison criterion (A) i. omilt.f'd ~tgain. The nlOIII !' lltluu clist ribntion 
of data is also well reproduced b.· t he neutrino MC. 

Finally, Figure 9- 12 shows he event rate after applying each of criteria (A) t hrough 
(F) for the data and atmospheric neutrino !II events. The ev nt rate is uormaJizcd to 

' ~ & 
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Figm c 9- 7: Total im·ariant mass and total momentum dist ribution for atmo pheriG llilut rino 
!viC aftt'r the critcr i <~ (A)- (E) (sect xt). The boxed region shows tlte selection criterion (F) 
8UU MeV jc2 < total invariant mass < 1050 lvleVjc2 and tota l mo.mentum < 250 MeV /c2 . 
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Figure 9 8: Tolal invariant mass and total momentum eli ·tribution for data after tl1 e crite1· ia 
(A) (E) (s<'e text). The box d regiou shows the selection crit f'r iou (F) 800 ~leV /r·2 < total 
invariant mass< 1050 ~lrV/r? and tota l momcntnm < 250 "NleV/c?. 
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Figure 9- 9: Distance '·L" dist ributions in mass v.s. rnomentmn plot for data (circles) , nor­
malized atmospheric neutrino Monte Carlo events corTe. paneling t.o 900 kton·ycar (unshaclcd 
histogram) and p -; e+1r0 Monte Carlo normalized to one event in signal region (shaded 

, . 'L" histogram) which sat:isfy the niteria (A)- (E) (see text). In the upper left flgure, the ' 
is defined as a distMce between Pach event point and the line in the proton decay signal 
region. 
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Figure 9-10: The tota l invariant mass distributions for data (ci rtl es) , nOI'malized atrnospheric 
nentrino Monte Carlo events corresponding to 225 kton·year (uushadrd histogram), and 
p-; +?TO Monte Carlo events normalized to one event i~1 signal region ( haded uistogram) 
which . al isl~' t he criteri a (B)- (E) (sec texl) and have a tola.l reconstructed momentum < 
250 1\IeV jc. 
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FigurP 9- 11: Total momentum d istributions for d<lta (circles), nornmlizecl at mospheri c 
neutrino Monte Carlo events corresponding Lo 225 kton-year (unsbadecl histogram), and 
p---+ e+r.0 Monte Carlo uonnalizecl Lo one event in signal region (shaded histogram) which 
:;;~tisfy tlw criteria (B) (E) (see tex1) and have a total iuvariant mass of 800 MeV jc2 to 1050 
ivleV /c2 . 

10 2 O o 
DST 

10 o• 
a tot 

~ 
O o 

2,3ring o. Ot 

Iii 1 PID n' 0 ~ 

E decay-e ., 
~~': > .e. ·1 

10 o Neutrino M.C. 
• Data l -2 

10 , 

1 
A B c D E 

selection criteria 

Figure 9 12: Thee,· nl rate a[ll'r mdJ j)roton c!C'c·a.r sC'lrction crit eriun (sec' tc•xt) for data 
(fill ed cir ·le.) and atmospheric neutrino Monte Carlo (empl_v circles). DST means all fully 
contained events in the Hducial voltmJP.. There is no event in the data aJter criterion (F) aod 
only the 90% CL upper limit, is shown in the last bin. 
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(kton-ycar) - 1
• The cvcm rate of the data <u·e w0ll repn•sentcd hy 1 hr ucul.rino !VI 

9.3.1 Limit Calculation 

From these n·sults, I conclude that no c,·idencc of t ue proton decay iu the mode p ---7 

e+r.0 is observed. T l!e rcti>rc. I ralr-ulal.e the lower linlil on th.(' lifrlimP of proton . The 
quantitir.~ of this calculation arC' t he dct ec t.ion efficiency of 4·1%, 0 caHdiclatc events out of 
32.9 kton-year data , and 3 bnckground candid;w•s out. of 900 kl.on·yea.r of the s imulated 
atmospheri c neutrino in teractions. Assumi ng mean of the numbrr of backgrounds !LlJ is 
knowu with negligible systematic uncerLain t~r, the upper limit on mea n of the numl)('r of 
s ignal N can be drfined using Poisson d istr ibntion: 

no ( . +N)" 
e - (t•H+N) L .-.:f.L_B=----:-1 --=--

CL = 1 - n = O n. 
"" (p )" e-Jtn L _~.~_1 _ 

n=O n. 

(9-l) 

when! CL is a confidencr l vel a.11d n0 is the number of observed candidat(•S. Apply ing 
n0 = 0, t.h upper limi t N is calculated t.o b e 2.30 at 90% confidence I~wl. Due to 0 
observed ca ndidat ·s, the upper limit N is independent on t he background p.8 . Bing ~h e N, 
the upper limit on the parrial Jjfetime of proton r/Bv--->eh" is calculated as: 

(9-2) 

where .\is t he exposure of 32.9 kton-year, N 4 is Avogadro's number, and f is thr detection 
efficiency fo r p -> e+r.0 of 44%. T herefor·e, t he resulting li mit on the partia l l'l[eti me for 
p --l e+1r0 is found to be, r/Bp--->e+"' = 2.1 x 1033 years at 90% confidence level. T he lifelirne 
limi:t wiJJ be calculated aga in taking into account systematic uncm-tai nti es ill section 9.4. 

-
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9.4 Systematic Errors 

ln this sPnion, l would like to clisrn~s systematic errors concerning the pa rtial lifrt. imc limit 
T / /31,_.e+n•· Thl' sonrc~s of sysl f'lll<ttit uncertainty arc: 

• rkl <'ri ion ~ffki<•ncy f. 

- piou-nuc.lron scaltc•ling in 160 nudeus 

- cnrrgy rale 

uuiforn1it y of deL ctor gain 

parLide ID 

- fitting biii.SCS 

• det.cetor cxposur(> .>. 

- detector size 

- Jivetime 

In calcnlating t h<• limi t, the parameter with the dominant uncerta.ioty is the dctPction e·J~ 

fic ieuc . T his UJJ Ce rtai nty is pTimarily due to imperfectly known pi on- nucleon cross sect.ioJts 
i n 160 nuclei. T he contributions to t.he detection inefficieu ·y from t he p.ion - nucleou scatter­
ing a rf' summ a ri zed in Table 9- 3. Bec;wse almost all events i.n w hich r.0 interacts wit bin the 
160 nur! Pus arc nol ab le to pass t li c proton decay criteri a, thP prol>abili ty of the intera("tion 
direct! · a ffects th detection effic iency of l,be p--+ e+r.0 1b estimate the uncertaiuty of the 
pion interaction, Tal> le 9 -4 rom pares the probabilil")' of r.0 int.erartiou in 160 using sewral 
pi on-nucleon scatt. · ring models. The frac t ion of r.0 free escape is most importa nt for evalu­
ating t b detcct.ion efli cien y. The model '·SI<" used in this analysis agrP.es with the model 
'·I<am" [•JO] deve loped for the I<aJJliokande e:\'J)Crimen t aud Nishimura's model [40, 83]. T he 
larg<!Sl diflf.rencc f r.0 free escape is found to be ll% between t he model "SK" a.ud model 
"H-IB" [82]. It contributes ~15% difference in the total detection effi ciency of p--+ e+r.0 

T he nncrrta iu ty of thf' energy :;ca lc is also the possible source of the sys t,ematic error. 
By changing t he tota l invatian t ma ·s a nd total momeuturn cut (criterion (F)) by ±3% 
(scct.ion 7.l.G), t l! P det.ecl io11 eflk icncy for p --+ e+r.0 ;vrc eYents is changed by 1%. The time 
varia tions of att.enual io11 length and P l\IT gain a ffect t.he total p. c.s of candidate~ aJlCI ±5% 
(. c~tion 7.2) change of lot,a l p.e.s eausrs < 1% change of detet:tion effi ciPnC' '· 

T he unuu.iJonnity of the detector gain ca n cause systematic error in t hP mornentum 
ba.la!lC(' b1•cause a positron and cl r.0 (TY) would Prn il Cberenkov photons ont.o different s ides 
or t he det(' ·to r. T hr 3% (section 7.3) ununifonni t.,, <:O uld change the total momentum of 
cauclidates up lo ±6%. 13y changing t he tota l mornen tum cu t (cri terion (F)) by ± 6%, the 
contribution to I he uucertai u t~· of the dct('ct ion etfi ci<·ncy is est irn ated to be ± 2%. 

By ±2% change of the pa rt icle lllisidcutilication probabi li ty of 2% (sect ion 9.1) , t he 
contr ib1Ltion to the uncertai nty of I he detedioH cfllciency is est imated to be ±5%. 
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free prol.o u 
proton in 160 

r.0 J:ree eseap c 
r.0 a bsorpt ion 
r.0 charge ext:hange 
other inelastic scattering 

tota l 

a ll 

19% 
81% 

37% 
l % 
13% 
13% 

100% 

identified 

17% 
28% 

27% 
0% 
Oo/t 
l% 

44% 

113 

Ta ble 9- 3: The det.ection efficiency a nd r.0 interactions in 16 0 nucleus. The last. colu1nn 
shows t he fra.crion of p--+ e+r.0 events which pass t he proton decay cri te ri a. 

SK Kam Nishimura IMB 

r.0 free escape 43% 43% 46o/c 54% 
r.0 absorption 24% 14% 27% 22% 
w0 cb a rgc exch an gc 16% 16% 12% 10% 
1r0 oLher inelastic 17% 27% 15% 14o/c 
total 100% 100% 100% 100% 

Table 9- 4: Compari ons of r.0- nnclcon sccttt~riug probabili ty in 160 nuclei for 11 --+ e+1r0 . 

T he SK refers the m odel used in this a na lysi . The Kam (1MB) refers the model developed 
for l<am iokande [40] (1MB [82]) experiment. Esti mat ions by Nishimma [40. :1] a rc a lso 
shown . 

detection efficiency 
pion- nucleon scattering in 16 0 nucleus 
energy scale 
un iformity of detector gain 
particle ID 
fittin g biases 

ex po ure 
detector size 
liwtime 

uncertainty 

1 % 
15% 
< 2% 
2% 
5% 
7% 

< 1% 
< 1% 

< 0. 1% 

Table 9- 5: The List of systematic uncerla.i nties. 



9 PROT01Y DEC4Y ANAL )'SIS 

350 

300 

"' 250 
'E 
"' ii'i2oo 

~ 150 

E 
:::1 
c: 100 

so 

2 3 4 

number of rings 

114 

F igure 9 13: Comparison of lwo different ring fitting programs for p-) e+7r0 events. Tota l 
p .e. ut (.election crit eri ou (A) in S<'Ction 9. 1) is applied before the comparison. Solid hi s­
togram h ws t lw origina l fi tting program and das hed one shows a modified fitting program. 

nkn wn fittin g bias in t he Ting counting is estimated by using a m odifi ed riug fitting 
progrum. Thi$ progra m tkes sophisticated teclwic of enh,mcing peaks in Hough space (ap­
pendix A.2). Th anks to the t.edmi , thi. modified program reconstructs more rings t hm1 
the origiual oue. In Figure 9 13. the m odifi d and origina l ring fitter a re compared with 
each other 11 ing J1 -) <<+no MC. Although the nuwber of 2-ring events and 3-ring e,·ents 
ar~ ebauged by 20- 30%, the to tal number or 2 or 3-ring even ts is not changed much. Af­
ter app lying a ll proton decay selection criteria, th detcctiott effi ciency is changed by 4%. 
~loremw, possible fitting biases in tbe event wrtex, ring direction , and opening angle of 
Cbercnkov ring might be sour ·cs of the systematic error. The contribution from Lite vertex 
fit.ting is estimated to be ±3% by conrpariug rc: ults of two different fittin g algorithms. T!te 
cont ribution from t!te directional filti~1g is estimated to be ±2% by chauging the total mo­
mentum cut (triterion (F)) by ± 15 NleV/c. This 15 MeV/c mornent nn1 invalance wugl.dy 
corrc~pond . to changi ng the ring direction by 2". FinaUy, the cont ribu t ion from the opNting 
rutglc is estill\atcd to be ± -1% by cltauging the total momentum cut (criterion (P)) by ±30 
ilfe\1 /c. Thr. change of t he opening angle aflrtts ring separat ion and therefore a ffect rccou­
tructed momentum f'or multi-ring events. Tlt.iR 30 MeV /c error is estimated by changing 

t.!te reconst ru ted open ing <Ulgl by 2" and re-reconstructing t. hc total morn eutnm with t.hc 
~ hift cd opening Mgle. In total, t he contribution from the possible fi tt ing- biases is cstimated 
to be ±7%. 
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Next, systematic uncertainties in the exposure are Psti.r.naled. The accuracy of tlw dctcc­
t.or size must b wit.hin a few ern i11 each dimrnsion and it may coutrihutPs the uncertainty 
oft he exposure by <1 %. T he Ji vetimf' is calculated from the 48bit dock counter infonna­
tion recorded in TRG mod ule. Thr uucert.ainty of t.he obserYed li vetime is esti mat.(·d by 
comparing the clock coun ter with auother dock coun te r to be < 0.1 %. 

Ln • umma ry, ea.dt est.ima t.ed uncertainty are list.cd in Table 9- 5. T!tP total unccrtaint.y 
in the detection efR ciency is 18%. T he nucertainty in the exposure is <1% and negligible. 

9.4.1 Limit Calculation by Bayesian Statistics 

In section 9.3.1, sio1plc liwit. calcnlatioH using Poisson dist.rib11Lion is prrfonncd. In tbe 
ca lcn!Rtion , systematic uncerta inti es of qua ntiti es of exposun', clct<·ction rfficirnc,v, a nd the 
number of background a re assumed to be negligibl e. In thi .. cction , the nncertaintiPs asso­
l' iatecl with these quanti t ies a re included iu t he limi t cal ulation by rmploying a Ba.,vcsiar1 
method [84] (for details, see [85]). 

In t he counting experitn('nts, tbe probabili ty t.o detect n C\'Cnts follows the Poisson d is­
tribut ion. 

e-(I'A<+bl(f.-\ c +b)" 
P (n[rAcb) = 

1 n. 
(9-3) 

where r is the event rate (prot011 decay rate for us), ,\ is exposure, f is effi ciency, ;end b is 
the number of backgro und. P (A[ B ) represents the probability of proposition A, givl:'n that 
proposit ion B is tr11e. 

Apply ing Bayes' theorem allows us to write: 

P (rA<b[n) P(n) = P (n[rAcb)P(rAcb). (9-4) 

Because quantities r , .-\ , c, b ar independen t, P (f ,\eb) can be disintegrated. 

P(rAeb) = P (f)P (.-\)P (c)P (b) (9-5) 

D esired quantiti es of probabili ty dens ity function off can be obtain ed by: 

P (r [n) = I I I P (f,\eb[n)d,\dEdb. (9-6) 

By combining Equation (9-3), (9-4), (9-5). and (9-6) , we olJt.a i.n: 

-(rA<H)(fA + b)" 
P (f Jn) =A I I I e n! c P (f )P (A)P (c)P (b)cl.-\dedb. (9-7) 

T bc normalization factor A is reso lved by dem anding ,[0
00 P (f[n)dr = 1. P (r) P (.-\). P (c) , P (b) 

are prior probability density fun ctions (priers) a.nd t.hey ena ble Hs to inclHcle systE•malic un­
certainties in the hmit calculatiou. Using the P (fln), we c>111 calcHlate t.he upper limi t of 
tJw decay mte r timit by 

r1i01it 

CL = { P (f Jn)cli'. 
./o 

(9-8) 
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ThP lif<'tilne limit is I hP i11verse of flhuiJ . 

lu this mrtl.tod , r.he priors fort hP rxposurr P (.>.) and drt cction elli cicncy P (f) a rc taken 
as G>tussi>~n dist ributinn. , truucatl'rl io disallow unphvsical regions. 

P (>.) { e · ( ~ -~o )2 /2ai >.>0 
(9-!J ) 0 othenvisr 

P (c) { e -(<-<o)'/2a? 0 < € < 1 
(9-10) 0 otherwise 

T lw va lues of a, and a, arc taken frMn Tablt• D 5. 

The background prior P (/J) is taken to lw a convolutiou of Pois 011 and Ganssian distri­
hutious iu ordrr to at'count for both the srat istical ullcet·tai.nty of a finite back •round MC 
sa mpl r s i7.e and the sy temat ic uuccrtai11ty in t.he atn,osphcri c neutrino fluxes a11d cross 
sN:tions used iu t!Je background r-IC . aruplP. 

P(b) (9-11) 

where 

MC <'vents passing through proton dec<1y c-riteria. 

~~~ I C I rue mean ii!C evt>uts passing through pro ton decay cri tf'ria. 

c MC overs;unp li ng factor. 

uncertainty clue to neut.rino fluxes and cross sec tions. 

It should be uoticed , however , that due to zero observed candidates. our limit calculat ion 
result. is almosl. independent 011 the detail s nf P (/1). 

Finally, Lhc prior for lhP decay rate P (r) is taken to be tmifonn. This correspouds to 
the uniform prior implicitly used ix1 simple Poisson limits [86[. 

r >o 
otherwise (!l-12) 

B,r performing th iutegnltion of Equation (9-7) and (9-8), tue upper Limit of the decay 
ratr rl imil is btainecl. The rt'sulli.ng limit on the partial lifet ime for p ---t e +1r0 is found to 
lw: 

r/B1,_,.,+,• > 2.0 x 1033 years (90% CL). (D-1.3) 

Comparing "'ii.h the limit from the simple Poisson calculation (section !J.3.1) , i1 is found 
that the lifctinw limit is changed by oul y ~ 5% "' ' ·en i[ systeruati" uuc •r tainti H arc taken 
into ac onu l. 
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10 Conclusion 

In th is t l1esis, proton decay search via p ---t c + 1r11 mode was pcrfonnrrl using 32.9 ktou·yrar 
exposure (535 li w-rl ays) of Super- J<amiokanck dnt a. \\'bi le tl1e rlct etion rfflci<•n<·y \HIS -14% 
and estimated number of backgrounds caused by a t.mospheric tH•utrin int <•ract ion. war 0. 1 
events in this expo$ttre, Lhere wati no candidate ewnts whid1 s nrviv ·•d thr proton d cay 
selection crit.CJ·ja. Obse vcd t·ontain~d events were well explain ··d by xpr ·ted at111ospheri c 
uru triuo backgrounds. Therefore, I conclndcd thnt 110 e,·idC'ncc of thr proton deca~' in the 
mode p ---t e+1r0 was observed. Prom th~ data, s triugPnt pftrtial lifPLimo limit of the proton 
has b een set to I 

Tr/ Bp-;e+~" > 2.0 x 1033 yearti (90% CL), 

which hould be compared with t he previou ·experimental result ·, 8.5 x L032 years [7J. 
Several GUT models predict the decay rate of p ---t e+ 1r0 within oh en ,abJ,, ra nge of this 

exposure of Suprr- Kamiokancle data. For •xampl , flipped SU(5) model pred icts the paT h al 
lifetime of the proton as: 

T11 / Bp--+ e+rr• = 3 X lO:tl -:n years [13] . 

On the o her hand , SO(J O) model a lso admits relat ively s hort lifetime. Especially. SO( LO) 
GUT model wi th t he left-Tight symmetric intennedial.e symmetry of SU( 4) 0 SU(2)L ® 
SU(2)R predicts partial lifetime of p ---t e+1r0 mod • as: 

Tp/ B p--+e+"o = 1.44 x 1032·t±0.7±LO± I.9 years (15 . 2GJ. 

Although the new e:xperimcntallimi t can not. exclude these models, this can give rrst.ricl.ions 
to parameters in these model . .I:n minimal SUSY SU(5) model , pr·edicted partiall ifPtimP of 
protons via p ---t e+1r0 mod is long as ~ 1034-~8 yeaTs [28, 29, 30] and theoretical lower limi t 
is obtained as: 

Tv/ Bp--+e+~• > 4.1 x 1033 years [28]. 

Therefore, t he new e.x-perimentallimiL is close to the edge of the theoretical pn•cl iction. Tbe 
Supel~Kamiokaode sensitivity wil l r 'ach to the pred iction soon. 

Because the backgt'Oiilld level is very low for tlw p ---t e+ 1r0 modo, Super Kamiokancle 
wi ll have sPnsitivity for longe r proton lifet ime in future. Figure 10 1 shows the Super­
Kamiokancle detector sensitivity for the p ---t e+1r0 search . In the fi gu re, cJ-.-pectcd sc11sitivities 
for the partial lifetime at 90% CL and !J9.7% CL (3a) are shown as a function of detector 
exposure. In ten years, we will reach to 1034 years of t he partial lifetime at 90% CL. I'm 
looking forward to the 'vidence for proton dec·ays in future Suprr- 1\amiokande da til. 



.. 

10 'ON .LUSJO,V 

Super-Kamiokande sens itivity 

p-->err0 

this thesis 

Exposure (kton year) 

118 

Figu1·P 10 1: The Super Kamiokande detector sensitivity for th p ---t e+1r0 • eard1. Expected 
sen iti,·ities for Lbe part ial lifetime IIi 90% CL and 99.7% CL (3cr) arc shown as a fuu ct ion of 
detector exposure. T he confidence level i ~ calculated by simp! Poisson distribu t ion (Equa­
Liou (D-1) and (D-2)). T he poin t showR the rc ul t of this thes is. 

,-1 DETA1LS OF RECONSTRCJ 'TTON JJ !) 

Appendices 

A Details of Reconstruction 

A.l Vertex F itter 

T he rccoustruction p rocedure star ts from the ver tex fit ting. T he vert.Px position is <'S iimated 
by finding t he posit ion at whicl1 the timing residua l ((photon arrh-a! t ime)-(timP of flight )) 
distribu tion is rnost peaked . Beca use t he number of rings has nol yet estimated a t this poin t, 
this vertex fitter searchrs for t he vertex posi ion with single ring assumption. Actually, tl lis 
vertex fit ting algori thm consiBts of following ~hree steps. 

(a.) Point Vertex F itter roughly estimate vertex position. 

(b) Ring Edge F inding find an edge of <L Che.renkov ri11 g. 

(c) Precise Vertex Fitt.cr prccisf'l,, recoustruct vertex position u. ing the informat ion front 
(a) aud (b). 

Using roughly estimated ,-ertex position in (a), Cher nkov edge J)Osit ioo is detr rmined 
in (b). In precise vertex fi t ting (c), we t>lke iu t.o accoun t t he track length of tlw partid(·' 
and . cattered light as well as din•ct (non-scat tered) lig!,t to c-alcuJ ,ll c t he time of fli ght of 
Chercnkov photons. T hese three ·teps arc described below. 

A ,Ll Point Vertex Fitter 

The n<une of "Point Vertex Fitter" refers to the fi tter which is performed wi th lhe as urnpt ion 
of one point-like light source. T his means t hat the all Chercnkov light is assumed to be 
emi tted from one poin t at tbe same time and the track length of l he cba.rged part.icl(• is 
neglected. T he principle of the fi tter is that the timing residual ((photon arrival t ime)-(time 
of fli ght)) dis tribution should be most peaked wi th the correct verte..x position. In F igure A 
1, the t im e of flight. (TOF) subtracted TDC distributious arc shown with (a) true wrte..x 
position and (b) wrong position 4 m off from the true verte..x position. With the true w rtcx, 
the residual time distribu tion has a sharp peak as sbown in Figure A- 1 (a) . The fini te width 
of the clistrihution comes from the time resolu tion of the PMTs. T he long tail is made by 
scattered light and refl ected light from the detector wall. On the other hand, with the wrong 
vertex positi.on , U1 e residual time becomes a. wide distribution as shown in Figure A- 1- (b). 

_4 .. 

To find the vertex position, we define t;he estima tor Gp as 

(A-I ) 

where N is the number of li n•d inn r P MTs, I~ i~ T OF subtracted timing of i-t h P\!T , and 
< u > is typical t iming resolut.ion of the P 1v!T and we take < u >= 2.5 usee. WI! choosr to 
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Fignn' A- l: T br rt•sid nal t ime distributions after TOF subtraction for a ]J -t e+1r0 Mont' 
Carlo rvent. The timr of fii gbt is calcula ted with (a) tr ue verLe.x position aucl (b) 4 Ill off 
from lhr t:rn(' vrrtcx po it ion. vV ith Lhe true ver tex, t he rE-sidual time distribu t ion has a 
sharp peak. 

so that GP takes max.iwum va lue. \Nc subtract TOF as 

' n(q;, l,) I r; -1 t; = t, - --c- X r , - 0 (A-2) 

wht\rE' t; is Li.It' ti lJJ ing of the i-th PMT a ucl P, and 0 arc posit·ion of the i-th P:'viT <ntd the 
shrnat('d vcrtl'x position, respectively. Here, refractive index n(q;, l;) is taken as a fnm:tion 

of cleterled p.c. IJ;. and photou travel leugth I;(= IP; - 01) in order to take into account 
the wavelength dependence of the light velocity in watt•r (Figure 4- 21). B<'cause t iming 
in formation of a PMT is determined ooly by a first detected photon , t he t imi ng information 
h a.~ depPndeuce on the amount of dctN:ted p.c.s (=lfi) . Moreover, because the spec trum of 
Cheretl kov photons arc distor ted in propagat ing i.J1 water , the timing also has clepenclcnce on 
1 he I ravelirtg distance (=1;). Fignrc A 2 shows the probable rcfractiv inrl<'x as a fun ctiou 
of t he detected p.e.s and the traveling distance which determines the light velocity in TOF 
sub traction. 

By changirtg estimated ,-ertcx 0. the fit ter searches for the vertex position with whi r-h 
Gv l ak('S ma.ximum value. The fina l es ti1.11at.ed ,-ert x 00 is the ontpu t of this Rtcp . 

Using t he C$timated wrtex position 00. ring dirt'clion is also roughly <'sf im>lted b ·sum­
ming up the detected p.e. 1·ect.or. 

P;- 60 (~ = L rJ• X - -IP, -Ool 

With the 00 and d~, t he ring Pdge S!'arch is pl'rforrned ii i the ne:-.:i. st<>p. 
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Figure A- 2: T he ('ffed"ive refractive index used in the ,-ert.ex fiLLI'r. In t lw vertex fittPr , t he 
light veloc.ity is taken as a fun ctirJIJ of detected p.e.s (=q) and tmvcl Jpngth of photon (=I) 
and wri tten as v(q,l) = cfn(q, l). 

A.L2 Ring Edge Finding 

In t.his step. edge position of the ChcrenkOI' edge is determined and seveml PMTs close to 
the edge are tagged as edge Pi\1Ts. These tagged PMTs arc nsed in the uext step, precise 
vertex fitter. to d term inc the ring dirPct.ion. 

At first. each detected p.e. is filled in histogram as a functi on of Cbcrcnkov opening 
angle 0. Here, detected p.e.s arc corrected for light attenuation length and PMT acCt'p tancc. 
F igure A- 3 shows a ty pica l histogram of the corrected p.c. distribution (PE(O)) for a single­
ring event. ln t he histogram of PE (B), t he edge posi t ion Ocdgc is determined by the following 
two conditions . 

(a) Oedgc > Opcak Opcak is op ning angle where PE(O) takes maximum. 

(b)cFP E(O)I = o 
rr-o 

O.:::O<ld"e. 

second cleri va;tive shuu ld be zero at 0 = Ycdgc· 

If t.herr are se1·eral O.uge which sa.tisfy the ·ondi t ion (a) and (b) , the Ocdgc nearest to Open!- is 
selected . 

To determine the ring d irection . th est imator Q(Oedgc) is defi ned as 

f
0
'"•' PE(O)dO ( . ) 2 

. 2 } 0 dPE(O) (O,.tgu- Oexp) 
Q(Ocdg<') = . 0 x - 1-0 -I X cxp ( 2 2 ) 

St n edge C O= O'I!dge a 0 

where liexp a.11d o-0 are e:x pected opening auglc of the Clwren kov riug aud its resolution, 
rcspcctiv ly. Q(Oedgc) is dPfincd so that it takes large valur when large nurnb~r of p.e.s 

' ~ ~ 
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Fignrr• A 3: T he typical PE(O) distribution for a single-ring event. Lower fignre shows its 
second derivative. 

is siLting insid(• of Oooge and the first derivative of PE(IJ) is la rge aud Oedgc is cJ sc to the 
e-xpected one. By changing Lhe ring d irection, best direction whiclt gives max.imum val nc of 
tbe est imator Q is search ed for. In case of Ocdgc > 43°, EquMiou (A-4) is rf:'placcd in tbe 
final s1.ep b 

ro•d•• 

Q( I:J ) - Jo PE(O)dO ( - (Oe<lgc- Ocxp)2 ) 
edge - . I:J X exp ? 2 

Sill oogc -a 0 
(A-5) 

to correct the ring dircd ion. 
F inally, using the determined ring ciirection a nd I:J,>dge, PlvlTs on Lhc Cherenkov ring edge 

are tagged. These lagged Pi\1Ts a r!' used iu t.he nex t step, precise vertex fitwr. 

A .1.3 Precise Vertex Fitter 

T bis precis vertex fi ttcr c:onsi, ts of Uw following t,hree steps. 

• dPterrni11 e llw ring direction. 

• talculatc 1 be track lcngih of the cltargcd particle. 

• search for thP v•rtt•x position where fitting estimator takes <l n1 a:-..i1.11urn val ue. 

Thrs t p are pcrfonncd iteratively nul il lwtll'r position is no longer found. 

.4 DETAlLS OF R ECONSTR "CTION 

The diffl'rent"f'S behwen lbc poiu l. \"f'rl.e:x filter and the precisC> wrl c·x fit t cr arp that 
scattering Chcrcnkov light and track lrngl h of c.;hargcd pnrLidcs an• t"arefu lly lakPn .into 
account in the precise vert.ex fi Ht•r. 

Ring Direction 

l::l cre, ring rlirPction is determined usi.ng give11 vertex position. !1- lo,·eovPr. 1 a.gged PM.Ts on 
the Ccrenkov edge, wuich an• selected in the ri.ug edge finding step, arP II SPtl. T hP ring 
tlircct. ion which minimizes t he following;\ 2 is searc!J P.d for: 

2 " /A( O; - < oi >)2 

X = ~ vq, 
., ao, 

(A-6) 

where q; is the detected p.e.s in t he i-tl1 tagged PMT and I:J, is the opening angle of t.he 
i-th PMT along t.he est imated ring direction. < 0, > is the open ing aug! • ~vera~ed owr 
all 0;. The a0 is the resolution of the opening angle a11d ta ken to be 70cm/lf',- 01 wbcr ' 
IP;- 01 i the distruKe betweeu Llw vertex positiou and t lw i-th PI\IT. This 70 em refers 
to the distance bC:'tween inner decector PMT~. T he summat iou in t he equation is dou~ for 
all tagged PI\!Ts. Wilh t he clirect.ion which gh·es Lhe minimum x2 , the opening 1111gle of the 
Cherenkov riug is determined as 

(A-7) 

Track Length 

The track length of tb t hargecl particle is roughly est ima trd from LIH' tota l arnounL 
of p.e.s a suming dE/d.?; = 3 MeV /em. The assumption rlE j dx = 3 MrV /ern is sclcct.ccl 
mpirically tog t best perforrnan(·e of the reconstruction. 

Using the estimated t;ota l t rack length L,, t rack lengt,h 1: where lhc Chercnkov photons 
~ r t,Le i-th PMT are emitted is determined . A, shown in Lhe Figure A-4, the detected p.c.s 
in i-th PMT are projected onto t he part icle track, at Lhe p osition X., where 1..-\', - 01 is l;. 
Here, the op ning angle between the ring direction (R, - 0) Mel projection line (f5,- ..-Y;) is 
Oc which is the reconstructed opening angle by Equation (A-6) and (A-7). This proj ·ction 
gives the p.e. distribution Q(l) as a funclion of I. Using t bc proje<;lion function Q(l) , the 
t rack length t; where the Chcrcukov photons for ·i-th PMT are em it ted is est imated as 

1' = t Q(l)dl 

. fo Q(l)dl 
XL, (A-8) 

ln case of t; > l, .. t; is replac<'cl b l;. Tb i correctiou is important for electron ring, because 
t.he estimated track length L, for tiP eledron is too long d nc to electromagnetic ~howets. 

Using t he dPtcrmi.ucdl: , the resid ual time of t h0 i-th PMT ran be calculated as 

z; n 113 "'I tj- ---X i- J\L! 

c c 

l, - :: X IP, - Ol, 
c 

P~!Ts inside of Cl1 "renkov edge 
(A-9) 

PMTs outside of Cherenkov edge 
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ci 

Q 

0 i-th PMT 

o0 o 
0 

0_. Figure A- 4: The p.e. projection along 
the particle !Tack. The p.e.s of i-th 
PMT is projected at l; on th traek in 
order to make charge his togram Q(l). 
Oc is reconstructed opening angle of 
the Cherenkov ring. 0, P;, a11d ./?., are 
position vector of wrtex, i-th P:\1T, 
and projeetiou point for I. he i-th PMT, 
rcspecLi vely. E; is I. he <'st.imated emit 
point by Equation (A-8). 
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wher ·' -~f is est imated em itted positio11 for t lw i-th P~lT au cit: = [.\';- 0[ (F igm P A- -1). n 
is !.he effective n>fra.ctivc iurlex and hown in Fi 'l.1re A 2. 

Vertex Position 

For the fired P lvJTs inside of Ill<' Ch •renkov ring edge•, t iming inforrnatiou is mainly 
determined by direct (non-scattered) photons. On the of IH'r lmncL a s ign ific-ant fnlction of 
t he fired P i\llTs outside of Llw C hen•n kov ring <'dge det ects scattered lig hts f\ud re fl ecLPd 
light. on the detector wall. T herefore, Wf' should t reat them with dift"ercnt cst.imators. Por 
t he fired Pi\!Ts inside of C bercnkov eone, fitting est imator G1 is d >fined as 

G1 = :L ~Gd;,cn(t;, to) 
i al 

( -10) 

when• 
, ( U: - t0)

2 
) 

Gdirect(l; , to) = e.x p - ( )2 2 < u > x L5 
(A-11.) 

Here. u; is the timing resolution of the ·i-th PMT (section 3.3.1) as a function of d €' tect.ed 
p.€'.s (q1) and < u > is t iming resolution for the detect€'d p.e.s averaged over the fired PI\•!Ts. 
f; is TOF subtracted t.iming iuforrnation of the "i-th P IVJT cakulat.ed by Equation (A-9). 

For the PMTs outside of t he C hereu kov edge, the t0 is corrected in order to take into 
aecount t he late a rrival tir11ing of light as 

1.~ = to+ u; x (L5 x Rq - 0.7)2 

where Rq is the fractional p.c. s detcct.ed withi11 the Chereukov ring 

I: l/i 

R - 0<0,+3 
q- " L., q; 

0<70° 

Por the PMTs outside of the herenkov edge with t; ::; t~, estimator is defined as 

and for the PMTs outside of the Cherenkov edge with t; ~ t0. 

where 

... liL 

G02 = :L ~(ma .. ,[Gdi,ect (t;, t~), G'sc,.ct•r (t; , t'0)] X 2- l ) 
i (J i 

C ( I ') - Rq G ( ' ' ) ( Rq) ( 1.:-t~) scatter t;, 1-o - -
1 

" ? X dire<L l;,lo + 1 -
152 

X cxp --
60 .o- . nsPc 

(A-12) 

(A-13) 

(A-14) 

(A-15) 

(.A-16) 
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l3y sm mning up t h<' c~timators, fit t.ing f•st ima tor is drfinrtl as 

G _ G, + Go1 + G'o2 
- l 

:L -
1 Cli 

(A- 17) 

Hen• 1 0 (1~) is selcct.cd ;u each venex position so t hat t. h~ est.irnator G' lakes max imum value. 
T he vertex position which maximizPs lht• estimator G' is regarded as t.he rccons truct.cd vf' r r.f'x 
posiLim1. 1 ' umPrical factors in the Pstimators a bove are se lect.ed empi ri call y to g<l t. lwst 
perforrnal l<"f' oft IH• reco usr.rudiou. 

A.2 Ring Fitter 

After reconot ruct.ion of t.he v~rlex posit ion and one dominant ring clircction, other possible 
rings arc lookrd for and probab!P rings arc reconstructed in this ring fi tter. Using the 
reconstructed ri ng(.;) , we can recon~truct the to al moment um and tota l invariant mass 
of p - > P+ 1r0 ("VP nts ami those of at mospheric neut rino events. Act ual ly, this ring fitting 
a lgorithm consist> of following two step ·. 

(a) R.ing Candidate SelectiOJI select possib le ring canclida.tcs. 

(b) Ring andidatc T~st check the ring candidat;es by a li kelihood method . If t here 
is a candidate which satisfi es conditions, the ring is re­
garded as a t rue ring a nd go b>lck to (a) to sP-arch for 
ot lwr rings. 

St.art ing from one ring re onstrurtcd by t.he \'ertex fitt er , a second ring is looked for in t he 
step (a) and (b). If a probable second ring is found a.ud regarded as a t rue ring, the progra.lll 
goes lnl.Ck to step (a) to look for a third ring. T his iteration is perfo rmed up to 4 time (fifth 
ring) until no more probable ring is found. T lw steJ..> (a) and (b) a re explained below. 

A.2 .1 Ring Candidate S election 

V\'e use a known technic for a pattern recogui t ion, Hough transformati n [77], to search for 
possible ri.11g candi thtws. T he <'Ss('nce of i·he Hough t ransformat ion is shown in Figure A- 5. 
Snppose there are fom fired P MTs on t he unlu1 own ring (radius r·) a nd we want to Jind tbc 
eent f• r of the ring (lcfl figure). By 1-l ough t ransformat ion, the detected p.e.s me mapped to 
a circle ll"i th n1dius r centei"P.cl on the PVIT . . All mapped circles cross at the center of the 
unknown rir1g. By aceumu lat ing tlw mapped cirdes, we can fiud the p<"ak in t he Hough 
space, giving the ~en I er of the ur1lu1own rtng. 

Defore the mapping, the p.e. contributions from the rings which a lready h<we !wen 
regard<:'tl as true riugs are ~ubt rattcd ill order to eulwut·e tbt• capability of LIH• 1 iu~o; Oudi.ug. 
ln tbe ring fitt er. the Hough spac.e is made fi·om 2-dimensional a rrays di vicl d hy polar angle 
8 (3G bins) and azimu Lhal angle (!> (72 bins) , re.-,llting in 36 X 72 pixels. T hese a ng les 
Rre mca.qun>d from the n•const.rncted ' '<Jr t<•x. DctPctPcl p.c.s in each fired P~JT, wbich a r · 
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Figure A- 5: 1' he Hough transformation . . up pose there arc four fired PM'T'~ on the unknown 
ring (radi us r) and we wMt to find t he center of the ring (left fi gure). By Hough tra nsfor­
mation , the detected p.e.s a r mapped to a circle with radius r centered on tho P i\ !T. All 
mapped circ:les cro sat tbe center of t he unknown ring. By accumul a t.ing tli(' mapped cir(· ies, 
we can find the peak in t he Hough space, giving the center of the unknown r ing. 

corrected for acceptance and attenu ation length , are tnappcd to pixels (8., <!>,) for which the 
opening angle toward t he P ivJT is 42°. In lhe actl.ml case, a Cherenko,· r ing in tl1c Super 
Karniokande detector has a broad p.e. di""trib ut. ion rat her than au ideal thin cirdc. In order 
to take into account t he actual p.e. d.ist.ribution, the expected p.P. dist ribution for a 500 
MeV /c electron as a function of op eni.ug angle 0 is used as a weight in t bc p.e.s mapping. 
Na mely, the orrecLed p.e.s of a f.ired PMT are m apped to pix Is (8 ,. <I>.,), for wuich t he 
opening angles toward the PMT are 0, with weight of expec ted p .. s Q.(O). The expected 
p.e. distribu t ion Q.(O) is shown in Figure A- 6. 

P eaks found in the Hough space are .identified as enters of possible ring candidates. 
However , ring candidate for wb icl1 the direction is very close to one of thl' true ring directions 
(opening flilgle < 15°) is d iscarded as <t fake candidate made by t he true ring. ln order to 
take into accotuJt different Oherenkov openi11g angiP for n n-clcctron part icles <U1cl limited 
accuracy of the reconstructed vertex, the Hough n~usformatiou is performed wit.h Q,(O) 
which p eak position (Cherenkov ring edge) is s liddcn. The slidden peak po it ion which 
ma kes mo t sh<trp p eak in the Hough space is regarded a.~ t. be opening auglc of the canclidate 
ri11g. 

Onf' xample of p .e. d istribu tion in the Hough space is shown in Pigurc A- 7. l u making 
Lhe figure, p.e. subt raction for t he t rue ring (first rtug) is omitt('d. We ran find a econd 
clear peak which should b e id nt ifi ed as a cpotcr of the second ring ;wd ida.t.r. 
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Figure A 6: The expccLcd p.c. distribuLiou for a 500 lvlcV /c electron. 
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FigurP A 7: The transform~d p.e. distribution in the Hough space. Jn ma king the figure , 
p.e. subtradiou for the true ring ('first ring) is muitcec.J. We caD find a sctoucl cloar peak 
which should be ident ified as a center of the second ring cancljclate. 
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A.2.2 Ring Candidate Test 

The ring candidates el<?c tw l by the Hough ~p:tcc arc checked by a likl'lihood mt·t hod t.o 
drt<·rm ine whether the ring is probable or not. The likclilH>Od i~ <~<'fiuccl to eva lual.(' tlw 
probability to observe the p.<'. distribution with ex pcdPcl p.<'. distribution. 'To cakn! Fdr 
lite probability for multi-ring events, we need to undcrst<tnd the p.e. contribution li·om each 
riug. Because we only obs~rve the tot·al p.c. of ach Pivl'f which comprisr of contributions 
from several rings, we need to scparat t• the total p.e.s of each PMT into contributions from 
t•adl ring. This process, c·alled as "riug separation", is explain d i11 appendix A.-1.1. 

Given N already found ring find a (N + 1)- h ring candida te, the ring fitter checks the 
likelihood value to determine whether th ring candidate is fl true ring or not. The ring fitter 
calls the ring sepamtion and utilir. s the likelihood function similar to Equation (A-35). At 
first , assuming the existence oft h · (N + l )-th ring, the likelihood function £N+ I is calculat.ed 
as 

(A-18) 

where the. ummat.ion of the likelihood is p1•rformed for the i- h PMT for which the opening 
auglr towards at kast. one of (N + l) ring dirr·ct;ious is smaller than its opening angle timt•s 
1.2. T he q; is t he observed number of p.e. in the i-th PMT and Ct'n · lfi.~:' is the e;x pccted 
p.e.s for t he i-th PMT given by the n-th ring. The 1 robability prob is d fined in Equation 
(A-36). For the calculation of the likelihood , the expe<;tecl p.e. given by the (N + J)-t.h 
ring is calcu lated using the electron distribution shO\m i11 Figure A- 6. For other true rings, 
expected p.e.s are iteratively optimized using the observed p.e.s (see app ndix A.4.1). By 
opt imizing the cv11 's, the program I oks for the best. a,'s which giYe th ma:ximum value of 
L +'. 

After that, thr likelihood val ue is calculated again with N rirtg a.~sumpwon. N;lm ly, tiJ0 
expected p.e. · for (N + 1)-th ring are not considered in the calculat.ion ar 

3nE(N+ l), 0,,,<1.20~ ( N . ) 

L ' = I: log rnob(q; , I: a,, · q~';f) 
·i tl 

(A-19) 

where the 5umrnation of the likelihood is performed again for the exac:ll.v sam e P!\•ITs u eel 
in Equat ion (A-18). By optimizing only a,,(1 ~ n ~ N) and fixjng all q~:,."( 1 ~ 11 ~ N) . 
ma.ximum value for the uv is looked for. 

Jn principle, we a lways obtain L N+l ~ L N because we tan ITI<\kc the £L+J value to be 
L N+ l = uv by set ting c~N+ l t.o be zero. Howewr, th re is a constraint of a lower monJentum 
limit. for t hP (N + 1)-th ring and it disables the et,v 1 to be zero. Therefore, it. enables us to 
obtain £ "'+ ' ~ L N for some of ring candidates. In ca e of £ "'+1 ~ LN, t.he ring candidate is 
rejected b1•cause the (N+ l )-th ring ca ndidate iB less likely t.o be a n·al Che.renkov ring. 

For the randidntr ring which sat isfies LN+ l ~ I f. following rvaluation funl'tions <~n· 
ca.leulatetl. 

F1 (£'"+' - L~~') is ·orrected for the total p.e.s. When the clifrrrence (LN+l - £"') 
is lru·ge. the candidate is probable. 
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For 1 hr P!V!Ts around 1 hP edge of 1 !w candidate ring, thr assigned p. e.s r.o 
tbe r·~ndidate ring <1!'(' summed up. Th is surnrna.lion i ~ performed only for 
Pi\ ITs sir.ting at non-overlapping region of ChPrenkov ring . . \\'bcJJ Lh e averaged 
assigned p.e.s Qcdg<· is large, Lhc candidate is probable:. 

For tlw PMTs outside of Lhe ('<Ulcl idatc ring, t hP assigned p.e.s to the eandi­
dat;e ring ctrt' ~;ummcd up. Thi.~ smnm;)tion is a lso p ~~Jormed on ly for P iviTs 
sit.t.ing at non-o,·crlapping region of Cheren kov rings. T he averaged p.c.s Q""' 
should be srnall (• r tha11 IJw e~vcrag~d p.e.s Q""go, which is ca lculnted for thf' P2 . 

The differ('DC<' (QeJgo- Q0
"' ) is COlTf)d.ed for total p.e .s and the• openi ng anglr 

t,owards other rings. When tlw d ifference is large. the candidate i probab!P. 

Dy tlw ri ng SP.p<Uftti n with t he N ring assumption. we calculate the residual 
p.e. fo1· each PlV!T as q["" = q;- 2::,, g:;',;J . The total amount of residual p.e.s 

is calculated as I L; q~"'( P; - 6 ) I, where fi; am! 6 are position vee I or of the 
i- th PMT and the vertex position , respectiwly. Correction for total p. e.s is 
performed. \•Vhen the total amount oJ re&idu;il p.e.s is large , the candidfttc' is 
probable. 

Dy cakulating the product of F1, F2 , F:1, and F4 with som • optimizing weight , we get 
thr final cvaluat fun ction F for Lh e candiclat.e ring. By the F , ~he ring fitter cletermiu<'s 
whrtber the ca ndidfttc is t,rue or not. If a ll cm1did<Jte rings arr regarded as fal si:', ring fitter 
stop , giving the reconstructed N rings. If a cm1didatc ring which satisfies the condition is 
found , the ring i. roga.rdcd as a (N + 1)-th true ring and the ring fitte r goes bfttk to Lh c riug 
candidate scleniou (appendi..x A.2.l) in order to look fm a. (N + 2)-th ring. 

A.3 Particle Identification 

T he program "parti ·le identification" dctenn.iues the particle type of each ring using its 
Ch ·renkov ring pattern and op · ning angle. Each Ting is classified as a showering particle 
(e" .,·) or a nonshowering particle (;t±, 7i± ). The showeri ng (nonshowering) particles are 
somrt i111 es called e-like (p- like). To id ntify the particle typ e, we . tart from "ring separation" 
(appcnt!ix A.4.l) to get the observed p.e. disb:ibution given by each ring and its expected 
p.e. dislr ibuliou. T h0 exalllplcs of the sepamted. p.e. eli. tributions are showu in Figure A-
10 and A 11 for the 1J -> e+11° event . After t he ring separation , the observed p.e.s are 
compar:ed with e..'-pected p.e. distribution of a.n el ctron particle and a muou particle. One 
of two pa.rticle types which bettPr reproduces the ob. erved p.e. distrib11 t.ioo is selected as <t 

r constructed partie! type. 

A.3 .1 Expected p.e. Distribution for E lectron s 

Usin g ~he Supf:r - Kamiokande 1\·lontc Ca rlo s imul>>lion, we make Lh0 ex pec ted p.c. clistribu-
tion for ~ l ertron events. n hypothetical ·pheri cal urface with radius R'P" = lG.9m , lh 
expected p.e. distribut ion is ca lculated as a fun ction or j)('ning angle 0 t.oward the ring 
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di.J·cction. Actually. tbc cxpcctc>cl p.r .s Q0-"~'(ii,p) 's me l>1.bnlaird fo r C'lcctron mornc•nrum of 
p = 100 Me\ ' fc, p = 300 MeV fc, and p = 1000 ~ leV jc. Nrcf's. tl ry int,erpolaliun is perfonued 
in t he pa1·ticlc idcmifi at ion to obtain the dcsirt•d Q""'"(ii. p) fOJ' t.hr obsenwl to tal p.e.s of 
t he ring. 

U ing the Q"-'f•(O, p), expected p.e..s for the i-tb Pt-.· IT i. c<Llcnlatcd as 

where 

direct.( ) _ ( ) QClXP(O· ) ( R f>Ph)J.,) 1 X J (8~', MT) 
CJ;, ,. e - a,. e x n '·'" Pn x 1_i x exp(r, / L) (A-20) 

o·,(e) 

L 

expected p.e.s for ·i-tb Pi\ IT ftl1.d n--lh ring a~. unting the particle is an 
electron 

nonnal.i zatioa factor 

open ing angle of the ·i-th P.MT tow<Hds the n-th ring directio11 

radius of tb.e hypothetical sphere, 16.9 m 

attenuation len,gth for the event s;unple (see sec t.ion 3.3.5) 

distance from t he vertex to t he i- tb PMT 

eflcctive cross section of a PMT as a fun ction of the iucident. angle 
8PMT (Figure 6- 9) 

The facto r (R•P11 jT;) '-5 corrects for th, dillu ion of Cher nkov light. 

A.3.2 Expected p.e. Distribution for Muons 

For muons, we can analytically calculate th(' e.'\."])C ·ted p.e. d.istrib11tiou as 

where 

:c 

X r.,r\ 

expected p.e.s for the ·i-tb PMT and n-th ring assuming tlw particle is 
a muon 

normalization fac to r 

distancr lwtween t. IH' wrt'<'x point nud rnuon position ;1!ong the mnon 
trajectory 

di. tance between t he vertex point and CherenkoY emission point esti­
mated for the i-t II P~IT and n-tl1 ring 
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0 Chl'reJ1km• opPn.iug <Ulglc of t b(' muuu t raversing :-tt :r. T lw ~ Il(' rgy loss 
of I hP muon i tak(•n int,o account. 

C lwr~nkov op('uing angle of thC' muou traversing at :r = x,,11 • 

In thl' eqnal icJII, si u2 0 comPs f1·orn lbe Chercukov angle dependence of 1 hr Cbercukov photon 
int ensity (Equation (3-3)). T he seeoud tcnu r.;(tiin O+r,(rLO jd.r:)) tomes frOilll;he c.rotis ection 
of •h a rea where Cherenkov photons are emi tted to. As shown in F igure A- 8, when a muon 
traverse,~ d.r with dnlllging l .lw Cl1 ereukov opening a.ngle 0 due 10 the i011izal.i on loss, the 

hcn•u ku,· photons a rP emi I. I.Pd to the area 2m· si 11 0( d.c sin 0 + rdO ). To correct Lhc pl1oton 
ckn. it·. w<> liS<' l he 1erm r,(sin 0 + r, (rW frh:)) . T he q~-~ock iti lhe expected number of p. e.s 
from knock-on electrons wh.i ch is est imated using t he \1ont.(' Ca rlo simulation. 

muon 

F igure A 8: TLc cross S('Ct ion of !.he area where herenkov photons a re emit ted to. When 
a JIIUOD t raverses dx wit!t clti\llging the Cherenkov op ening angle 0 due to Llw ioniza­
t ion loss. t he ChcrellkO\' phoLOHS are emi tt ed to the hat ·bed area a nd its cross section 
is 271' r s in.IJ (dxsiJJ 0 + 1·d() ). 

A.3.3 Expected p.e. Distribution for Scattered Light 

From the timing infonmu ion of I he observed p. e.s, we di: tinguisb th P :VJTs fir <;>d with clircc· t 
photon. and sc:-tttcred pbot.ous. Given th p eak p o. it ion to in the T OF subt racted timing 
cli stTibutiou, we ident ify the dirc<:L photons and scattered photon · as 

to - 30nscc < t, < lo + 21Ji + 5t1Hec -t direct pb ot.ons 

fo + 2<7, 5n~ec < t, -t scatter d photons (A-22) 
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where ti is t he TOF subtracted t imiug of t he i-th P ?vi T anrl "• is thl" measnred ti ming 
resolut ion as a f1mction of observed p.e.s (Figm e 3 14) . -s ing the resul t of Equatio11 (A-
22) , PX pccLed p.c.s from the <:n t t.ercd lights q:,c;"cr is etitimatccl. Fina lly, expcrtcd J).('.s for 
au <"k cl,ron ;wd a muon are <:alc ul<ll eel ns 

(r\-23) 

A.3.4 Estimator for Particle Identification 

In general, we have IV rings in a single even t to be applied par t icle idenl ification . At; 6rsl, 
th e par ticle identification determines the par ticle type of l.he fi rst ring and next detf' rminrs 
the second ring, the t hird ring, and so on until it. terminates wit h N - th ring. Wlwn we 
determine the pa rt icle type of t,he n-th ring, the expected p.e. distributions for the n-t,h ring 
are calculated from Equation (A-20), (A-21), and (A-23) . For ot,her rings, expected p.e.s are 
calcula ted by "ring separat ion" (appendix A.4 .1) . In t lJ e ring sepa.ra tion, the expected p.e.s 
for these rings arc calcula t,cd using the observed p.e. dist ribut.ion. ThPrefor<', w p usc 

calcula ted from Equa tion (A-20), (A-21), and (A-23) with au 
assumption of t h fo' par ticle typ !". 

calculated by ring separation wilhoul a.ny assumption of the 
pru·ticle ty pe. 

where n is t he ring numlw r for which program determines t lw par t icle t ype. Thr probability 
function is defined to evaluate t.I1 e observed p.e. di stribution as 

l

prob(q;, q:,'::'(e or I' ) + L qf.;,) . 
n'#c-n 

PROB;,,.( or I' ) = wob(O , cJ.~;;cc'(e or !•) + L q~-~~) 
n'#n 

X prob(q;, q;:;:'tter + (J;- (J;,n ), 

direct ph otons 

(.-\ -24) 

scattered photons 

wl1ere prob(qobs, qexp ) is defin ed in Equation (A-36) and q,,,. is the sep:trat~cl p.e. for t he 
i-th PMT from the n-th ring calcula ted by tbe ring separa tion (s e appendix A.4.1). Using 
the proba bili ty PRDB;,,. the followi11g likelihood is caJcula tPd for th(' electron a nd muon 
a sumptious. 

L,.(e or it)= I1 PROB,.,,.(e or 11) 
o j/,71 <( 1 .5x 0~) 

(A-25) 

Here Ln( ) is calculated usillg the elecl,ron expec ta tion q~~:'(c) and L,.(!l) is cal ·ula l.ed using 
the muon x pectation q;·~:' ( J.t). The product in tbe qua tion is pei-form('d for the i-lh P \t!Ts 
who e opening angle 0,,~ is wi thi11 1.5 time the Ch erenkov opening ru1glc. Optimizations 
of r/"P( ) and q•""(!t) arc pcrfonncd by ~hanging t he dirc<:tion and the li ereukov opcuing 
angl~';ll ord C".r t~'~C' I. ma.xinmrn likel ih o~d Ln(e) and Ln(Jt). ThP ring direction and Chet cnkov 
opening angle which make tbe likt> lihood maximum arC' usNI for t he pro to n decay analy is. 
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In ordt•r to combine the above li kelihood with Mother estim ator whicb uses the Chereukov 
opening angle•, tlw likelihood i tra.nsfornt (•d in to the ),:2 distribu t ion as 

\~(r ur /') = -
1 

-
1
- X (- log 10 L,.(P or fl.))- constant 

og1o I ' 
(A-26) 

Using the x~(e) and x;,(p.), probabilities (rom the Cherenkov p attern arc calc uJatrd as 

Ppatw•·n( . ) _ (-~ ( X~(e or!")- x?.,m )2
) ,. e or 11 - cDrp 

2 ax~ 
(A-27) 

where x?";" = mi n [x.~(e). y~(t~JJ and ax1. is ca.lculated fro m t he degree of freedom as ax;; = 
J2N0 where N 0 is the number of PMTs used in Equati011 (A-25) . 

i\lor.,ovcr, another probabi li ty is defined using oul.v the Cherenkov opening angle. Given 
the reconstructed openiug angle as 11;, ± 611,, the proba bili ty is calculated as 

(A-28) 

whNc ll~'"(r) and O~'~'(t.<) are the rJqJected Cher~nkov opl'ning angle for <UJ electron and 
mnon, respectively, calculated from estimated ring mom e11t um using the det ected p.e.s. s­
ing (iw probability frum t he paltern and tbc p robability from the angle, total probability is 
df'lincd <IS 

p
1
t(e) = p~ntLten1(r) X p:ngle(e) 

P,,(f.l) = P;:a'lcrn(f.J,) X p:ngle(it) 

(A-29) 

(A-30) 

Por a s ingltHing ewwt, when P1(e) > P1(f.J,) (P1(e) < P1(t• )). t he ring is id l'ntified as 
showering (no.Hshowcring) type . However. for a multi-ring event like a p-+ +1r0 , we don 't 
use the angle probabi li ty P,':'glc in the particle ty pe dctermimttion. That is lwcause a 1 
from the drcay of the 1r0 sometimes penetrates in water (m('an free path of~ 55 em) before 
causing the clcct.nmtagnctic shower aud this gives a small reconstructed opening angle oft hP 
Cheren.kov ring. The small opening angle makes P,;u•gle(e) small , resulting in small Pn(e). 
Ther fo n•, for tl1e mult i-ring event, w(' dec.id d to use only the pattern probabili ty pg•tlern(e} 
:,UJd Pga'w"(f.l) (.o determine the particle type. Namely, when .P,rauern(e) > Pt,•"""'(tJ) 
(P ,faucr•(e) < PJ;"""m(f."}), the n-lh ring is ident ifi ed as showering (nonsbowering) type. 

A.4 Ring Separation 

A.4.1 Ring Separation I 

T he "rin.g srpamtion" program separates detected p.e.s in each P i\.fT into coHtJ·ibu t ions frO HI 
each Ting. As a resu lt, t hi s separation giyes t he observed p.t' . distri butions for individua l 
rings. 'vVc need this srpa.ration for I he ri11g fitting and t.he part icle identifica tion of each 
1·ing as well as the momentum reco nstruction. The st rategy of the separation is followiug. 
Given the Yertex position aud ri11g dirl'ction, thP expected p.e. distribution for each ring 
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as a function of opeuiu.g angle 0 is c.a.lcnl a t:ccl according to th obsenwl !J.P. distTi lmtion 
assuming an uniform disLributiou iu azimHt.hal angle 1/J. s ing Llw <'XJ)('CLC'd p.r. dist rihutio.n 
q;_';; , where i refers LO a PMT uum ber <1nd 11 reff'rS to a ring Hnrnbt'r. t lw obsc•n·r.cl p.('.s of 
t.hc 'i-th P.MT (<u) arc separated as 

(A-31) 

n' 

where q., ,n is lj·action>d p.c.: of the ·i-t b P l'v!T as~ ignccl to the 11-t h ring. \Vi.th the assnntpl ion 
of t. he cb S,YIIlmetr , the q.~~; can be calculated from Q~~P(B;,,.) whicl1 is tlw ex:p ted p.c. 
distribu tion a.s a function of oprning angle 0. Therefore. calcula t ion of thP Q~'P(O) is essential 
in the ring ~r parat i on . 

lu. t he first step, al l q;'~:' are ~el assuming that all par t icles arc electrons. Then . initial 
expected p.c. di stribution~ a rc drtcrrnin.ed by minimizing the following x2 : 

(i\-32) 

The sumlllat ion is performed for a ll uf ·i'- th PMT for which the op ning auglc toward. the 
n- t,h ring direction O;•,n i. within 70°. Actual proced ure is 

(a-1) i'vlodify only the firs t riug, q~~P , to miuimize the xT. The optimization is done by 
changing the moment um of th~ first ring. 

(a-2) fvlodify only t he second ring, q~,;", to minimize the X~· Tbc optimization is done by 
changing the momentum of the second r ing. 

(a-N) Modify only the N -th ring, q~')! , t,o minimize t he y~. The optimization is done by 
changing the momentum of the N-th riit g. 

(b) Go ba ·k to (a-1) until all y~ 's converge. 

After it.erating t he procedure, we gc the ini tial separated p.c.s q,,,. using t he rouw rged q~,!' 
and E quation (A-31). 

Using the initial separated p.e.s q,,n, we make t he exp ected p.e. distribution Q~P(O) as 
a fnnctiou of opening angle II towru·ds the n-t.b ring direction. The Q~,XP(II) is the expected 
p.e.s projerted on hypothetical spherical surface centered at. t h reconstrurtrd V('Tf('X. For 
making t he Q~P(II) from the q,,,. II'€ need to correct tlt e nnmber of p. e.s for thr disttmce 
from tlte vertex . tlw attenuat ion length. aucl the P!\!T acce ptance as 

n•ph 1 1 
cl, = q;,n x exp(- L"~.} x exp(-r;/L) x f(G;'MT) (A-3:3) 

wlterC' 
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project <>d p.~.s Jo the hypothct ica l splwrc 

r<ldius of the hypothl' ~ical sphf'rt\ lG.!J m 

ab~orption lengt h parcuurt;Cr for Mont~ Cru·lo sirnulation , 55 111 

L at.tcnuntion length fo r lhe cwnt smnplc (~ec· section 3.3.5) 

r, distance brt.wr•cn the vencx and 1 he i-th Pl\IT 

f(G)'MT) d fcct,i\·e cross sect ion of a Pl\IT as a. functi on of tlw incident angle eP~tT 
(Figure() 9) 

By summi ng up tJH• correcLed p.~. q; n for the n-t.h rtng within eaclt opening angle bin, 
we gel the Q;,""(fl). HerP, >Ul opt imizat.io'n is done so that main contribution to the Q;.""(O) 
comes from non-overlapping region of t he ring. Proper normalization and smoothing are 
also done for tbe Q~,"P(O). 

ln t,lw next sl.!'p, WP il.crnlively optit ui ze t he Q.~~"(O) l!Slng t he Likelihood Function. The 
expe,.t.e>d p.r.s for the i-th PMT q-::;; arr rf'calculat.ed from the Q~;'P( fl,,,) by t he function 
which eorresponds t.o lhc inverse funclion of Equation (A-33) . 

(A-34) 

UsiH g t he new q:·.~.", separation of the observed p.r' .s is performed again by maximiziug the 
following likelihood function L ,.: 

(A-35) 

wh rc a,.• is a norma.lizat.ion pnramct.cr u. eel for the optimization , 0~ is t.he reconst.ructecl 
opening angle of t.hc rt-lh Chcrcn kov ring, and the prob(qi', Ln! a,. · q~~~:, ) is the probability 
of observing <];• 11·ith expected p.e.s of Ln• a,, · q~{~, and defined as 

1

_ 1 . ( (qobs - 'lexp)
2

) 
../iia exp 2<T2 ' 

prob(qobs, Qexp) = couvolution of one p.e. 

disLribution rutd a Pois on 
dis tribution (Figure A- 9) , 

for rJuxp > 20 p.e . 

for q,"P < 20 p.e. 
(A-36) 

where t.he <T is dd1ned a c? = (1.2 x ,jli-;;i;J2 + (0.1 x f/exp) 2 in w hich the facl:or 1.2 takes 
iu to account lhL' differcucc of lhl' adm~l P:\IT resolul iou frutu I h!· idea l ouc aud Lit e fact.o r 
0.1 corresponds to the un("ertainty of the ga in calibrat iou. The probabili ty function for 
'lob.• < 20 p.c. is calculated by ron,·olution of the mea<;ured one p.e. dist ribution (Figure 3 

7) and a Poisson eli ·tribut.ion, and is shown in F'iguJ"(' A 9. Tl1r factor Q~,X 1'( 1:1 ,.,,.) and 
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min[l , J0~/0,.,,.] in llw Erpmtiou (A-:35) (' tl lt Rnce the !"Ontribulion~ front P:\.lTs a roHud t lw 
ChNcnkov edge and inside of I ht• C hcrcnko'' edge, rl'spectiv(•ly. 13y opt itui ~ing the fr,cl or 
a 0 . the program looks for the br.st n ., which lll!L'<itnize the likdibood fnn ct. i u L,.. At first. 
a 1 is optimized so that L 1 t.akPs ma .. ,intUllt. Sa.mr optimiza tion is it rntt ively prrf()rnwd for 
the second riug. third ring, <wei so ou tllllil a ll O'n 's conwrge. 

-~ 10 

:0 
ca 
a. 
0 a: 

-1 

0 2 4 6 8 10 12 14 16 18 20 
Observed number of p.e.s (p.e.) 

Figure A- 9: The probability function [or qcxp < 20 p.c .. 

Given thE· best o.,'s, the observed p.e.s of the i-th PI\IT are sepanttccl again as 

,. 
(A-37) 

Finally, t he proced ure from Equation (A-33) to Equalion (A-37) is repeated two morr 
times (three t imes in total), to improve the separated p.e. Cfi,n · Herr, t he diffusiou of 
Chermtko,· light; caused by electromagnetic shower is considered by addiug t.lt!~ factor (R"P" /7·i)-t.5 

and (Rsph j1·, ) !.5 in Equation (A-33) and (A-34) , re:pectiv ly. In the tbird cycle, t.hr finite 
size of the Pl\IT is more carefully taken into account in the s~tme equations. An Pxa mple of 
the result of the ring separation is shown in Figure A- 10 and A 1l. ln t he fi gur('s, oboerved 
p.e.s in a three ring event of p --+ e+1r11 are separated and assigned to ach ring. We cau see 
the clearly three separated rings. 

A.4.2 Ring Separation II 

ln the previous secti n, th ~ "ring separation·· a lgorithm is described. This <l.igo ritllln , whic:h 
doesn 't as ume thr particle type, i · u .. Pd for tbc ring fitting (section 6.2 and appendix A.2) 
and the particll' icl enttficatiou (sc•c tion 6.3 a nd appeudix A.3). However , for momentum 
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*~~er Komiokonde r 
RUN 999999 
SUBRUN 1 
EVENT 45 
DATE 97-Jun-17 
TIME 2 : 35 : 52 
TOT PE: 7845.7 
HAX PE : 68 . 2 
NM,HIT : 2957 
ANT-PE: 70.5 
ANT-MX : 6.4 
NM,HITA : 13 2 

13 

Figure A- 10: An example of lhe result of the ring sep<Lration (I). The upper figure shows a 
p -t e +1r0 i\.Jont e Ca rlo event in wl.Jicb t hree Cuereuko,· rings arc clearly scrn. T he obs('rved 
p.e.s il• each PMT ;ue separated h.r "ring separation" . T he ~eparat~:d p.e.s for rach ring are 
shown in t.he lower figure illH.l two figmes in Figure A 11. The observed p.c.s arc clearly 
separated and assigned to the threE' rin~:,'S. 
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*~er Kamiokondef 

RUN 999999 
SUBRUN 1 
EVENT 45 
DATE 97-Jun-17 
TIME 2:35:52 
TOT PE: 7845.7 
MAX PE: 68.2 
NJ;f!ITT : 2957 
ANT- PE: 70.5 
ANT - MX: 6. 4 
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RunMODE :MonteCar 

*~er Korniokonde f" 
RUN 999999 
SUBRUN 1 
EVENT 45 
DATE 97-Jun-17 
TIME 2 : 35:52 
TOT PE: 7845.7 
MAX PE: 68.2 
NM,HIT : 2957 
ANT-PE : 70.5 
ANT- ~IX: 6. 4 
NMHITA: 132 

.. . . 
:J, .... ::·:: · 

RunMODE:MonteCar 

Figur<' A- ll : An !'xamp!r of the re. nlt of thQ ring s!'p~rflt i O • I (II ). Tlw fn1 c1 ionaJ p.H .. 
assign d to the second ring and tLe Lhird ring ar~ howu iu the upper flgure and lower 
fi gure, rc pcctivel '· See a l ·o the Figur r\- 10 a nd its capt ion . 



A DETAIL OF RECOJYSTRL!CTJO,V 140 

cletPrminaLion, we use tLe riug sep:mtt.i<Jll algorit hm ;tssumiug llH' p:\rtirl type which is 
cl<'!cnuim•<.l hy Lhc• particle idc•ntifiration progr~m. As~umiug the paniclc typ of electrons 
or muons and rough l.v c•~tinmt , ('d ri11g monH' lltJnn , the expC'ct<'d p.r..s (n,. ·q~,~,P) ar(' ca lcul<1.ted 
for P<leh Pl\ IT (suffix i) aud Ntrh ring (surlix n). T his cxpC'ttatiou is calculated from t.he t.a.b­
ulatrd PJ'. dist ribution oblai rwd from i\loutc arlo s imulaL i u. Scattered light and r<.' fi ed('d 
light on thl' dC'tcc·tor wa ll arc• t11.kcn into acc-oHuL in the calculation. Usiug the C'xpcdatiou, 
ri ng S<'Pitrat iou is perform(•d again using tlw likclillOod function similar to E4uat.iou (A-35) : 

(A-3 ) 

Using the likelihood, a,. 's a re optim ized arJd then, epa ra,ted p .e.s are obtained from Equa tion 
(A-37). These separated p.e.s q,.n are used for t he momentum reconstruct ion (section G.5). 

A.5 Decay Electron Finding 

A .5.1 Detection Method 

\~fe identify decay electrons following the primary event.s lo rejc·ct atmospheric neut rino 
background but accepl protou decay signal. The cner~· spectrum of decay electrons a.rc 
, hown in F igure 7- 8 mrrl t he mean energy is 37 MeV. Sin e!? t he t ri ggrr thresho ld corresponds 
to 5.7 MeV Plettrons, most; of decay electrons can be detected. T here a re experimentally 
tlrrec types of obsP.rvPd !('cay ~· lenrous. 

(l ) ~ub-even t lype (.O.t ;:: 0.9p sec) Decay elrctrous obsetTed as :t separate event 

(sub-event) ~ is shown iu F igure A- 12. 

(2) p1·im~uy-m·enL ty pe (.O.I.::; 0.9rt sec) Decay electrons observed in the prirr.,u·y eveut 

(3) ~plit type (.O. t rv O.!Jp. sec) 

as is shown in Figure A- 13. 

Decay el ctrons occurring arou nd the boarder 
timiug of event wiudow. Fired PMTs arc ob­
served partially in t he primary event and par­
t ia lly in the separate evenr. (sub-event) . 

H~>re. il. t is tbe t.ime diff"erem:e brtwoen primary events ~utcl following decay elcclTons. 
For su h-Pvent type decays, 11·e req tLire t hat 

(a) il.t < 30wec 

(b) NHIT >50 
NHJT i~ Lhr ltlltnburof !ti L P:llTs 

(c) the v!'rl.e..x position i wel l fitted 
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*~~er Komiokonde1' 
RUN 3142 
SUBRUN 5 
EVENT 25887 
DATE 96-Nov-24 
TIME 17, 5 , 46 
~~ ~~~ 1~6~.3 
~~~~E~ 3 ~~.0 
ANT-MX' 3.3 
,NMHITA' 32 

·' .... 

141 

Figurr .-\ l2: An C'xam ple of a ~nb-('w ut t.ypC' drear Pil'ctr n. L'pp('r fi gure ~ho11·s tlw 
primary contain d e' •eut a.nd lower one • bows t he following dent el ctron bserved as a 
separa c event. T he t irue differPncc between twu e,·cnts is 3.2 Jtsec·. 
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*;w.j:f" Komiokonoe r 
RUN 3024 

~BM¥N 12s2H 
DATE 96-0ct-30 
TIME 23:36 : 59 
TOT PE: 2461 . 4 
MAX PE : 35.3 
NMHIT : 977 
ANT-PE : 22.2 
.2\.NT-MX : 2. 4 

RunMODE:NORMAL 
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Figure A- 13: An -xample of a primfl.ry-eveut type decay electron. Left 6gure shows t hat the 
primary conf a in('d riug (ri ght herenkov r[ug) and tho following decay electron (left larger 
r[ng) a rc obscrwd in the a me event. Right fi gure s hows the tuning d istribu tlon of the Pvent 
in wlJiclJ second prak caused by the decay electron follows the primary peak. 

A DET..VLS OF RECOSSTJWCTTON 

(d ) ;'I/HlT(50ns) > 30 hit 
i\HIT(50us) is the maximum number of bit Pl\·ITs in 50 nsrr t iming window <1fter 
subtra<.:t ing TOF. 

(e) total number of p.c·.s < 2000 

For primary-event type decays. other peak of fired P1v!Ts is looked for aft;er the prak of 
the primary evenL \Ve require more than 20 hits in 30 uspc window above Lhc bar· kground 
level. 

If one primary eveut. has uot.h primary-event type and sub-event type d~>cays and tlw 
t ime difl'ereucc between these t.wo dcC'a~'S is less tha.n 100 nsec, tLey arc t rea ted as singk 
spli t. type decay. 

To s tudy the background contamination for mu on det<t.)' detection. we coll cc·t about 32000 
cosmic ray stopping muons with tota l p.c.s bPlow 10000 p.e. (~ 1.5 GeV/c) . No <'WilL has 
more than one decay and therefore the corrt<tmination .l evPl i~ Jess than 10- 4 • 

A.5.2 Selection Criteria and Detection Efficiency 

For t he proton decay analysis, we requi1·e add itional condif.iorts for muon dt'cays. 

(A) NHJT(50ns) > 60 (for sub-event type) 

(B) NHIT(30ns) > 40 (for primary-ev!O'nt type a nd split type) 

(C) O.lJ.tSec < 6.t < 0.8,,sec or l.2psec < 6.t < 30J.LSCC 

The cri terion (A) corresponds to about 11 MeV electron energy. The crit.eri>l (A) <lnd (B) 
rejPct the gamma emission from J.•- captured on 160 nuclei. Cri terion (C) rejects t hC' decays 
in I he ·inc.f6.cient rrgion around 1 J.tsec. 
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