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Abstract 

We proP()Sf' (\ long haselille neutrino osdUation €'xperill1ent. lIsing 1'1 fine-grained ("alo.-jllle­
tel' whid, is apPl'opriat.e to the study of neut.rino iut.eract.ions. The high Hux frolU the !\laill 
Injed:or !Ient.dllo heams. ('()upled wit.h 1ll0ut>I'at.e neutriuo energies and t.he long distance 
rrolll Ff'rlllilah to Soudan i\lillllesol.a. will combine to provide unprecedent.ed sellsit.id1r 10 

several possihle llIodes of neutrino oscillation, The higb spatial resolut.ion and good energy 
1'("Solution of \.he Soudan 2 tlet€'ctor make it \n:~U suit.ed to st.udy It'pt.oIl8 and ha<ll'olls ill 
m·ut.l'illo illteradiolls, Om key measurellleut.s will will in\'olve t.lH~ neut.ral current t.o chargeci 
('1\1'ff'lIf. I'al.io and will not. d('pt>l1u upon a knowlt~dge of til€' absolut.e Hux. I1owew·r. we will 
Silllltll.a.nt'OlII:;\,'· meMure the absolut.e nux with a neal' det.ector. whkh will provide impOl'talll. 
cOlll!list.eu('y dle'<"ks 011 flU,\' obselTC'd signals. 

http:unprecedent.ed


1 Introduction 

,\ long hil~(>linf" 1lf"11 t.rino oscillation f"xpel'iment Illling t bf" Fel'milah maill i IIje('tor (\.lui I.he 
1'It'lIsit.i\'f" Soudan 'l fine grained calorilUeter would be able to probe au impol'ta,ni alld lal'ge 
lIew ilrea of paI"a.metel' space for the mode "ll ....... "r' The capabilities of the d("t.ecl.ol' al'e 

,;:.8uch that a. lltlluber of independent tests of the oscillation hypothesis can be made, The 
j"xpel'illlellt will eit.her discover ueutt'ino oscillations in a compelling wa.y (if t.hey exist, in t.he 
seul'ith'e l'f'gion of parameter space). or mle them out.. 

,-\ JOllg ba.'1t'line ut'ut.rillo oscillat.ion expt'rimellt was first. suggest.ed [or Fel'lllila.b ill unTIlJ. 
A 1:It'ltl)it.in~ uew f'xperilllt'ut is considered ill this proposal and is lllot.jvated by {h'e fa<:ton~: 

• 	 The possible obsen'ation of atmospheric "M oscillations by the Kamiokand", llIea.'3Ul"t'­
melll of au anomalous "IIII'~ ratio.[2] 

• 	 The i nteq)1't'I.At ion of the missing solar neut.l'ino problem a.'S e\'icience for ma.tt.t'l'·illduced 
", ....... "/1 oscillaLiolls.[:3] 

• 	 TIlt.' Iwar ('Ompld.ion of the 1 kiloton Soudau :2 uucleoll decay detectol' and its delllou­
slral.f"d t'fl.pabi lit~- ill lIf.'utrillO .let.ecj iOll, H] 

• 	 Tlu:.· planned new Main Injector at. Fel'lllilab which could be C\ source of large IIl'ut.rillO 
fluxes with rdat.i\'f"ly low f"lIergy.[5}[6j and 

• 	 The dt'sign of a double h01'll high intensity neut.rino beam which could be t.a.l·get.ed 011 

a r.~motE' NOI,tll American uuderground llet·ector sllch a.s Soudan 2[T]. 

In a lIiut' mOIlI!. run with a 120 GeV proton lJeam ami a. cOHvf.'nt.iollal dOllble hol'l1 
1l(~lIt l'illO ht>am aimed at Ihe Soudan :2 det-ector 800 kill awa~', (\. search could \)(' lIIa(l", If)\' 
IU'utrillo osdllatiolls with partkular E"llIpltasis 011 the most. likdy os<:illatioll lIlod(~ /'j' - "r, 
If (>\'i.I('lIce fot' oAdllatiolU'I is not found. new limits would he st't extending tht' ~m:l f"xc\tld~'(1 
rt-gioll fl'om U.:I t F:l to U.U025 t l':l for mixing angles sin 2(20) > U.U6 at ~)O% ('olltidencf" lc~n'L 
\\'p will show that Soudall 'l could set t.he limits which aTe shown in figure 1. ,re piau t.o USf:' 

a IlIllllbf'l' of Soudan :2 modules a.'5 a near detedor at. Fermilab in order to kt'ep syst.elllat.ic 
t'l"'ors at a. low IE'''",I. 

The physics Illot.ivat.ioll foi' a long ba.'1eline neutrino experiment. is discussed ill sect.ioll 2. 
Tht' issiles covf"t't'd iJ1(:lude t·hE' preseut. status of t.he search for lIeut.rino osdUa.tioll8 <113 \\'(·11 
as tile illt<"l'<.'st. in a pal'i.icular regioll of parameter- space (~m:l YS sin2(20)) which is based 
011 UtE' l'E'pol,{.t'd atlllospbe'l'k "p a.nd sola.r v~ deficits ment.ioned aho\,f". 

The l)l'opel't.ies of the Souda.n 2 detector are cOl'Ned in !Section :J. and til(> dOIlItIt~ lIorn 
Iwutl'illO lwa1l1 iR diseussed in section -1. The physics capabilities of the SOll(lulI :t (It~Ic'dul' 

wit.lt a. l,<:>nnilab bt'alll are co\'el'f.'<i in section 5, The expectatioll for III' disappearau('t:' find 
"r appeR\'8llCe eXpel'illlt'ut.S a.re included. as m:oil as a lltlluber of ot.her " f>xl)t'rilllC'uls t IIftt 
we could ~:arrr out.. Performance and calibration of UIE" Soudan :2 detector are diRcltssed ill 
Sf>Ct.ioll (}. III section 7 we discuss the request.s of the P82'l collaboration frol11 Fel'lllilab COl' 
Lids propositi. 

.-\ IOllg j,Meliuf" Ilt'ut.rinoos<"illatioll experiment. carried out. in Soudan 2 and COllCf"llt.\'a.t.ing 
011 ..:'1Ill J of 1.0 t.o W-:~f l~:l for the 11l0de v~, ....... Il r • well compiement.s die pl'oposed l'erlllilab 

-1 
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Figure 1: ~)O%CL Limit.s 011 l/~! -+ llr oscillations att.ainablt> by Souda.n. C'ut'vt> A is bast.d 
011 t.lte U..€"rIJffr t.f'st. using Hl(> Soudau :l slti~ld. 13 is lJaSE'd on the R">ll'''''''''''' t.(":'It.• anci (I is 
hMed 011 U ..",."!"<,<,,, test· in t,be calorimet.er. The point is Kamioka's "hf>St tit", Tlw~+> \t'stf' 
(Ire desnibed ill s(>ction I), 

0.05 0.1 0.5 
ain2 (28) 
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P80:J ~>nntlsioH f"xperimeut with its sf-'a.rch for 1/11 ---- I'. at uigher ~11!~ and 1 O\\"f' !' mixing 
anglt>. 
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2 	 Physics Motivation for Long Baseline Neutrino Ex.. 
peritnents 

111 this .':It''ct·ioll we (IiSfllSS some of t he previous uellt,rino oscillation searches. These 8ea.rdl.,s 
Imn" bt:'fOlI lUol,j\'a.t.ed by t,he possible existence of a weak mixing ma,trix analogous t.o tbe 

- :':~Illa.l'k lUi xing (CKM) matrix. We t.ben discuss two recent eXI>erilllental results whkh sj>("Cif­
knit." motin\t.(" an intel'("st ill the region of pa.l'amet.er space whit-h t.his proposal could ex­
plore, The Iirst. is n result 011 the fla"ol' composition of atmospheric neutrinos which ('an be 
(:':q>la,iuf"d hy ///1 -+ //r (Ol' //1' -+ /1.) oscillat.ions ill a I>artkula.r region of pal'alltf!'t.er 8\>1\('(" 

(Sill:!(:Un > 0.1. ~1Il2 - 10-2 p'Vol), The other is t.he widely discussed eXI>lalla.tioll or \.lIe 
80\ar llP.llt rino problem as IllAtter euhanced //1: -+ //11 oscillat.ion (1\18\" dfed) which. when 
COUI)\p.<i with a see-saw lllp.challism[8] for t.he mass hierarchy of leptoll families, again lel\ds 
to (o.lm:!) "" 10-1 -10-1 eVol for 1/11 -+ I/r' 

2.1 Status of accelerator searches for VI' --+- ,Ir 

I)l1rill~ t hc.> last. two df:'('adf'S t.hf.'l'e ha"e bf"f.'ll a lIltlIll)el' of f.'XperilUf!'llts which haw" Rf'al'flit'<1 
1'01' 1I(~lItl'iIlO of!cillatious[lO]. These t:'xl>eriml:'llt.5 han:' h."I>othesized the possibl(~ I:'xistt"II(,(:' uf 
1I0llZel'O Il('lItrilio IlUl.<;S ami Irpt.olJ lllllnbf.'f ,-jola.tion. Although If'pton llumhf'1' l'If"(~lUl'I t,o l)tO a 

('OnSf:'ITf'd quant.um lltUll!>!"r ill expt:'rimental physics thus far. this does not. reflect any kUOWll 
rUlui<lUlf:'lltal (Irna 111 kal ('0I18el'\"a t iOIl la.w, 

Irt.he lIeu\.l'illO lllixillg matrix is similar t.o Ule (luark mixing matrix. 1/1< -+ "~ osdllat.iollR 
Illigllt 1)(> expectf'd wit.h a large mixing angle and "1' -+ '/r oscillations wit.h a sma.llel' mixing 
;lI1glt', l\lol'e g('IIt"I'al ('oIlRi(\("l'ations. howen-t'. would lead liS t.o Reat'ch for all l>ORRible "ahU'H 
or u "\\,('ltk" CI,M ltIat.l'ix. in whkh t"lelUt"llt.g might. bp. expected t.o be 0.001 or la.l'ger, 11' ~m1 
is slIlnll. pl'I'\'iol1s Ht'('"I{'l'aIOl' f'!('al'cill.'s I'm 11j1 osdllations would HOt. It;wE'' fou!)tl 1"'idl'l\('(' for 

n,n~' sm:h ol;('i lIaJiolls, 
Tllf:' pl'!~St~lll limits Oil I'll -+ [I,. oscillations from a,('celeratOl's are showll ill figlll'e 2, Tltf' 

I\\"o ClIl'\'("S a,I'e from F<"I'I11ilab [xperilllent. S:Jl. which used a 2:J lit.er emulsion stAck as I,he 
target. ill a. wide hand horn beam with mean effect.iw~ energy of '" 20 GeV[llJ. and CDWL 
witir\t used t.\\'o df'tedoJ's in a bigh energy neutrino ht'am at C'ERN[12J. The tedlllique in t.h(' 
E531 experiment is simila.r t,o the proposed P803 emulsion experiment a.t the Ma.ill Illjec.tor. 

A large uumbC"1' of experimeuts hM'e se-arched for evidence of neutrino oscilla.tions at aev­
<'I'al Iclhorat.ori(;'s[lO] , S(>"C"l'al of t hI:' experiment,s were only seusith'e t·o v', -+ II~ osdllat.iolls, 
l\lallY sf'arches beWE' ntle-d ont, port.iolls of pa.ramete-r space in figure :l tha.t "'(,I'e already 
f'xclnded llsing diIfel'ent. t.echuiques. Ot.he-1' experiment.s have looked for other It'Ss fa\"ol'ed 
1Il0dt's or lI<"ut,l'ino 08ciUa.t.ion. sllch as l/~ -+ Vr or VII -+ Jill' 

III onlel' to impro\'e exist.ing limits at accelerat.ors, expt'riments IUllst E'it her adliP"f' 1,t"I.' fOr 
st.at.ist,kal pl'f'eision. to be st''llsith'e t.o lower sill'.!' 29). 01' go to larger distances from the 
!It.'nt·dno somcf:'. to be sensitiye to lower ,-alues of ~ml.l This is Pl'P.c1Sf'\y what a IUlil'P.<1 
short and long baseline experiment, at. t.he Ma.in Iuject.ot' could accomplish. 

1St'l:' l'lflUltion :l, Tltl:' Vr dmrg4;'d (,Ul'reut. ~11...rgy t.br~sltold is 3,\) C;'"V, so all appearau{'e t!'xpp.rilllt'ut roll'" 
not h .. \Ioll~ at. low.. r .. m'rgy. 

http:Iuject.ot
http:effect.iw
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Figure 2: PArameter SpAce exdllded by accelE.'I'at.or experiments in the morle f/~. - fir. ('lIn°t':' 

A is frol11 C'DllS and B from FNAL !j:H. 
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2.2 Atlllospheric neutrino results and outlook 

SPnl'l'iws for 1I(·llt !'ino nsrilhlt iOIli' ar(> ""ing COllflllrtf'cl ill IIm'('r~roI1IHI df'i(>('\ol'!'l m::illJl; f Iw 
atllloSphf'I'k u('ut.l'ino flux, Thest" neut.rinos l'f:'Sult mainly from the decays of pions aud lllU0115 

produ(:('d ill cosmic \'i.l~' showers ill the eart·h·s almosphere, Neutrino osdHatiolls would affect 
j hE' t'xpl"ch'd Ilux. fia\'or composition. angular distl'ihutioll and energy distl'ihu\.ioll of I,he 

,::'ulldt'l'gl'OllUd lIt'ull'iuo nux, To examiut:' lhe na\-OI' composition. we cOllsider t.ht:' ratio: 

( L) 


A Illf'Mllll'PIl1PUt. of r different. from 1 is an indication that llPutrino oscillations f'xist. I,robahly 
ill Iht' motif" 1//1 -+ //'1' 01' 1//1 -+ U,. OS{'illat.iolls inlllese t.wo modes would alfed the I'at-io 
dilfel'entlr, in the a hsellce of oscilla.tions. it is da.imed[ 14} that the dellOmil1a.tOl' in e<Iuatioll 1 
call he calculated to ±O.Ol independent of l)Ossible \'ariatioll in the atmospheric /1 flux with 
l'olnr (:yde[i GJ, How('\'{"r, the earliest ('ltlculations ignored t.he muon pola.rizat.ion. which 
all'f.'cts tlw dc'nominator ill r by 1U·X" 

Thi~ I';dio IHli' bt"f"l1 measured ill the last ft'w Yf'ars by Kamiokandf>. Fl'p.jlls and l1\lD-:1, 
[\:HllliokamHi] l"f.'I)()rted thf.' ratio r = O. il ±O.US. The errol' is the combinat.ion of 8tat.istical 
aud t'st iIllai<'d S~'SI f.'lllatic f:'llfftS. r-.lol't." l'e('eutly. 11'1 Jj-:~[ l:1] presented 1\ I'esult from ",hich l' 

nlll he t'akulat.ed tu be 0.<17 ± 0,18 (followiug an earlier report of a deficit. of muon tic·{'ay 
!'iJ!;mlll' ill lMD-l). Fl'e,ills[16] repol,t.t'd l.0! ±0.1O{17] with the most recent aualysis 01' a.1I of 
tlie"i .. da! <I.• but, Frdus obt.ained 0.87 ±O.i!) with their contailled e\'ents, (It seems possihle t·hat, 
Ihe Fn'jll8 tl1J(,Ol1tailled e\'f.'llt.s may he conta.minat.ed by cosmic l'ay muolls.) NUSEX[18]. all 
,'xpe'l'il1lf:"ut similar to Frf.'jlls with much lower statistics. ohta.ined a ,-aiue of I' ('ollsiskllt. with 
Illlil~' bllt, dof'S not rule out t.he lower \'<'Iluf:'S, Taken toget.her. the results of ~hf:'Se f>xpl"l'imeut.s 
Kl.al.illl.i<'ally slIggest that. there is a deficit of 11/1 ueutriuos. perhalJS of about :10%. HOWeYf.'I', 
pUI'siL,II.' l'.\~tc'IlUtI.k (.'1'1'01'''; iu\·ol\'(·d ill St.'I)ClI'<Iliug low t'uergy dedl'oll nuu Illlloll t>n'lll·g ill (~ 
watN {'PI·(·nkO\· ('Ottll\·t'I' lll(l.y Hot. he adequal.ely understood. 

l\altlioJ.:illldc:,·s rt:'l:lult is evidellff.' ill fa\'ol' of neutrino oscillat.iolls, The ht'st. lil of (.hf>i .. dat.a 
10 I.\\<' hypotl1<'sis 11" -+ fir is for si u:t(20) = ,m) R.nd ~m2 = 1O-~F\:,2, This poillt is shown in 
Iigm'(~ :} ~l11d several other figures. The area of allou'ed l)arameter splt.('e at, 90%(' L is shown 
"(~Lw~1l th~~ two solid linf:'S in figure :1. The 9U% CL limit. fro111 t.he a.nalysis o[ aU the Frejl18 
da.t.a is a.lso shown. The regioll al/ol1'ed by all atmospheric and aC'celerator expel'imellts at 
!IU%(,L is outliued, 

,\h~o 1'\110\\,11 ill ng111'e:J is anotitf'r limit that. mIB-! h",.s set lIsing t.be ..atio of upward 
going to downward going at.lUosl>hel'ic neutrinos[H)], If neut.l'ino oscilla.tion l>al'amet.el's Wf'l'f:' 
ill this small area of pal'ameter spacE!', the osdllation length wouLd be close to the I'adius of 
the eart.h. and \..he number of upward and dowuward going neutrinos would not 1)(.. 1IIp !'lallle". 
,\ 1'{,,(:I:'IIt. RlIa.lysis or t.he KamiokamLe data excluded the part of ~m2 Iwlow W-:1

( \ "~[iU] 
which a.n ea.rlier allal~'si8 said was allowe<l[:n]. At.:.1m 'l of :3.0 lO-:lf ,'2, the osdllClI iOll lellgt.h 
of allllosphel'k ucmrinos is ('ompal'able to U1e radius of the earth. That region of parall1et·c'l' 
space is more sensith-e to the angular distl'ihllt.ioll of the Kamiokande data._ and UIC fad. 
I lint. the z."llit.h angle distribut.ion of the Kamiokaudt> da.t.a is nat suggests ~m'l is above 
:Ln lO-:l(: \ -2, If the Kamiokallde t"ffect continuf:'S to be confirmed by further e\-kleuce fl'om 
I\amioka.nde, J1\113. and Soudan. I.hen eiU1er neutrino oscillations can be detect.~l by our 

!J 
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Atmospheric II to II Oscillations 
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Figure :l: fic>giollS of paramc>t.el" space allou'f'd by Olle Kamiokallde analysis for I',l -+ "T 
(hf'hV~ll lillE'S) and excluded hy IMB-l(r\) and Fl'l'jUS (B). The point is Kaml()ka'/'I l,t"Sf ilt. 
TIlt.' al'ea allowC:'tl hy all E'Xpel'ill1E'llts at. !lOt1.CL is outlined 
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propol'lt'd ft'l'lIlilab t"xpP,·illlelll. or Ihe angular di~tl'il)lJl,iOIl of the atlllospheri(' eWIlI,s shuuld 
IU:"'olJu' ill«)lIl:lish~nt with Hat. as ht"llt'r statist·ics are obt~aillt"d. 'Vt' note that aft('r ;) kilotolt 
.\·f'<'II·S of I"lllluillg. Soudau 2 may be able to l'ule out. most. of t.he ';allowed- region if we measure 
IIIf' 11<\'\'01' rat.io expe(."t.ed ill the absence of neut.rino oscillations, 

\\"(" wllsidt'r these atmospheric II measurellll"llt,s to be related t.o pos.-;ible long liast'line 
.:,:'ul:Idlla.t.ion expt"rimellt.fl for two r("Mons, First, if atmospberic neutrino studies have Hleit, 

s~·st.E"lllat.ic el'l'ors under COllh'ol. t he~" can st,tldy Hie same ~m 2 - siu2 20 space for which 10llg 
hast"liue pxperiments are sellsith-e, And secondly. if the result j)ul>lished hy Kamiokallde is 
I'o.'rt"d. CUI acrnrat.e accelel'ator expe1'iment to llleMure iu the same para.l1let..l'r Sl)ac(" r('gioll is 
high I,\" d(~sirahlE'. We Ilote that tbe ElL distributions are very dose for a.tlllosph~rk nt'ut.rillos 
and ollr I>roposed long baseline experitnent. 

2.3 Solar neutrino puzzle 

Thf.' solar Ilt"ut.rillo ddkit was dis('o"f.'l"E'r1 hy t hE" Davis chlorine E"xpel'imf.'llt [22], A similar 
.I«'lidl, has recf.'u\.ly bE'f.'ll l11f.'asurecl by t.he I\:amiokamif.'[2:JJ detect.or. The dt"ficit repl'f.'Sellt.s 
it lower III('as1I\"('d Ilt"ut.l'iuo nux than would bf.' t'xpt'ct.ed haSt'd ou st.andard solar 1II0tipi 
("(1iclllatiollfl[llj, Bot.h t'xpt'rilllf'HIS lw\'t" dpteded ollly llbout half o[ tltt" prf'fiicf.t"d IWHtl'illO 
Ilux ill their alTf.'pt aUff.' region. E" > '7 JIe F, Hf.'ct"ut.ly SAGE. a, new galliulll expel'iIlU,'1II, 

which is sf'lIsitin' t.o 10wf'r en('l'~' Ilellt.rinos produced iu tllt" maiu solar ("~'cle. showe<l pr('­
limill(\l'~' r~sults which also indicate a deficit. of the neutrino tlux[:J:J]. Allor t.11(>8(, l'l'Sult.s 
Oil solar lIt"ut.rillos. it' taken at face ,'altle. lea.ve us t·he choice t.hat eit.her tht"l'e is a medta­
nism lIla,king II, •S llntlet.t:,ctablf.' or models of t.he SUll'S energy geut'ra,t,ion process a.'e "TOllg, 

01lt" I)o{>ular hypot.hE'sis is t.he ~1ildteye"-Slllimov-Wolfenstein (l\IS\V) mixing mechanism. 
[1:'] whidl eall t"xpla.iu (,he ohselTt'd solar llt'ul,riuo llux deplf.'t.ioll if t.here is a, smaH lIIass 
dilrf'I'('IKf' (..~m:l '" 10-.1 - 10-·(:,\"2) hetwpen II,. and III'" The ~ISW' dred is t.he JUlIue gin·" 
10 thl' n'SUllallt. (~Ilhall(·elllt'llt. by lIlaU<?r in the SUllo of (.he probability (hut aI', nea,lf'tl ill 
I lip :o;ol"r illterior ol'l("illatf.'s iut.o anotht'r spE'Cies, The efff.'d is duE' t.o the fad .. ha.t. 11Ft E'1a.~t·i(' 

...cal.tf'l'ill~ ("an pl'oc~d IJ." bot 11 Ilt"'utl'al and charp;e<l l"tlrrellt all11>lihtdes. while ot.her spt"des 
wutlld S('(l\.t,et' ull dedrOllS oub' by t.he neut,ra.l current. 

Tlte ~ola.. lIt"ut,l"ino situat.ion is relevant to long ba."Ieline neut.1'ino f.'xperiment,s for thrE'f.' 
rt'asolls: 

• 	 It, is a l'e(ltlirelllt~lIt, of lite MS\V effed tha.t. 1l0l1zel'O neutrino mass and Va('UUlll neutrino 
ol'dIIat. iOlls exist.. 

• 	If paramet.ers (..lm 2 
'" 1O-6 fl"2) suggested by t.he MSW dred are applicahlt· fot, "t. -+ 

1', os('illat,ions. one ("ol,dd reasollabb' E'xpect t he exi~tellce of 1.1,. -+ Ilr oscillaliotls 'It 

a higher ..lm·z, This would be a consequellce of l'e(ll.liring the three geuC'ratiolls or 
11(""t,rin05 to have the same lUass hi('ra.rchy as the leptoll a,nd ql1ari( gf.'ueral iOlls. n 
plaw"jlJlt" though 110t· mandatory requirement. 

• 	 If there is a see-saw lllf.'chanis1ll which is fE'SPOllSible for fermion ll1asse5,[8] and if the 
MSW solutioll to t.he solar neutrino problem using VII -+ "~ oscillations is COl'l'e<'" dWIl 
Wt" exp('("t III' -+ Ilr oscillations in just. t.he region of ~m2 accf."Sl'liblE' t·o this 1)"OP08(1.1, 
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2.4 Modes of neutrino oscillations 

\\'hich IIlOfi('s of ll(>lttl'illO o!'cillatioll are most. lik<.>ly'? III analog~' with Iltf' (1111\.\'k JlIIXlIIg 

matrix. I/jl -+ I/~ aud /1/1 -+ Ilr are expect.ed t·o lJe mOl'e likely than IJ~ -+ llr_ It is possible 
to SPf:t.('ch ror otht'L' modes. such as 1111 -+ ii/I and 1/11 -+ IIR.2 These are discussed In·if.'fiy ill 
sp("\. ion i). 

III t;his proposal WE' concentrate on t.he search for Vir -+ IJ r _ This is moth'ated by the 
diSClISl'OiOIlS 0[" Ulf.' la~t Ihret' St>ctiOllS. If 1/". -+ IJ~ oscillations are rdated to the 801a.r lIt'utl'iuo 

puzzlf.'. t hp~· would not. manifest. t.l!emst>l\·es ill all~' Fermilab long haselin(' f.'XTw-rillH'ut. Sill(·f.' 
I ht> osdllatiolliellglh for the likel~' set of parametf.'rs is 011 thf.' order of 10' ~:m. We wiJi discuss 
0111' ("ftpabilitr t.o sparch for 1/// - IJ~ oscillations in sect-ion 5.:3, and in fad. t.he possiblf.' limit.s 
thal ('onld hp set ill thp ahsf.'llcf.' of osciHat.it:ms are i>f.'ttf.'r t hall t.hosf.' for II,. -+ II.,., llowP"PI'. 
('oIllIJIU'ed fo pl'e"iolls limits set in readol' expel'imellt.s.[26j our "'" -+ "'~ lil11it.S would uo\. 
l'epl'E'Sf.'ut a large improvement. 

'.!"R rf','rest'llt.s a ri~ht. bRIIUt'tl sterile Ileut.rino. which dol'S not. int,eract wil h nlld~i. 

J2 
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3 The Soudan 2 Detector 

3.1 Detector description 

The SoudaH ~ experimeut, uses a current Iy o1>f:"ral ing det.f:"ctor in au uudergl'Ouud la.bol'ator~' 
.....710 III (20HO mt't£'rs water-equivalent) beneath Soudan. Minnesota.. Wheu it is compleled• 

. -thp dt,tect.or wi 1\ consist. of a. 10:10- ton fine-graineo tracking calol'im£'ter stll'l'otlllded 011 all 
~idp8 b~' {\ t.wo-Iayer actin" shieh! of proportional tubes, Its primal'," goa.1 is to search fur 
1l1l ...leon decay in modes which may be dominated by neutrino-iulf:"l'act,ion backgrounll ill 

ut.ht"1' experimeuts. It is well suit.ed to be a neutrino det,ector for the an>rage euergies uf 
1\ Muil! Iujf>dor neu1.rino beam. and is ill fact similar in resolut.ion ami size \.0 neutrino 
dt:'te<"iors which hm'e beell used in past, experimellts at Fenuilab and CERN. 

The twl'fol'luauce of t.he calorillleter modules ha5 also been studic..,d using cosmic ra~' 
llllion lra('ks. both un t·ht' slIrfa.cf:' and unoerground. Result.s of module perfol'luauce studies 
arf:' prese1JI.(~d ill st'ct ion 6 of lhis proposal. A. charged part,ide t.est hf:'alll. at. the Uut.herlord 
Lahol'atol'Y iSIS aCl.'eierat.or. has bf>f:'U lIsec.l t,o study detector respouse 1.0 low Pllt'l'gy 1>8I'tides. 
Th(~ ((':'11 IJPIUIl st nelies ha.,·p prO\'ided thp E'1lp.rgy calibl'at-ion for electromagnetic sllo\\'f:'I'S ami 
I r(lcks, (liltl hcwt> lIleasnrP.ll t he a bilit~· of Sumlan 2 to ideutjf.\' muon dlarge and dit,{,{,t iUII, 

Thp COlli plf>tp<l Soudrtll 1 dd.(:'('t Ol" [27J will consist of 2-1U ideulica.l ·1.:1 lou ntlo1'i IIlf'l PI' 

Illodul.·s. whidl arp. rOllst.nll'l.ed at Argollne Nat.ional Labora.tol'Y and t.he HUI.herrord .\p. 
pl(,toll Laborator.\'. Oue huu<ir('c\ tiny two modules are taking data. itt the Soudan mille at. 
1'1"('8('l1t., Tht' mudules <He placed in 1\ l'('daugular pnrallelepipe<l 2 1110ll1lles high x ~ Il1Oflnlc's 
ill t.he east.-west. direct.ion x 1.') modules along the axis of t.he cadty (nort.h-sout.h dit·ect.ion) . 

1 .dddillg a diIlU:'IISioll fur the full dd('ctor of !)x8x1!) m • This layout, is iHust.l'ated ill Iigul'('> -I. 

Eadt Illodule is cOUlposed of :HO la.,·e1'8 of 1m x 1m x 1.6 mm l'ol'l'uga.ted Rtt't"1 sheet.s 
illl('ri('tl\"C'd wit It 1111 iusulat.('d "handolier- nsselllblyof 1 III long x 0,5 111m thiek x 1:-) 111m 

diault't(3I' l'eAis1.h·e Hrt rf'1 d!'ift t.ubes (aPe figure !j). The insulation romdsts of t.wo Iflyers of 
115 1/1/1 lIl.dar. lamillat.e(1 t.ogpt,ht"l' with 10llg pOl'ket.s to a.('collllllo(late 1.he drift tubes. a1\(1 
UJ> /ll1U t.hick pol.nltyrc'lle inserts which are "aCUUlll formed t.o fit. the st.f>f:'l corrugation. The 
:-t ('('I s\tt"PI.s alld HlP ba.ndolif:'l' are stacked in 2-10 layers (2.5 In) hy fallful(lillg the baudolier 
had: and forlh wit It st.ef.'1 shedS illledf:'a,'e<.l. The st,ack is t·ht~n cOlllpressed with a.bout. 1:; 
lOllS or force. Each module is endosed iu a. gas-tight sheet steel enclosure constRting of weldal 
l'IideRkins t.o maint.ain cOllll>l'ession and l'emovable covers t.o allow access t.o the Wil'E"plall€'S 
<lilt! :;Im·k ran's. 

The !>ask df"tector element or t.he E'XI>el'imellt. is shown in figure G. It. is a resist.ive 
( ...... -IxlUllH-cw) plMt.ic Bytrel tuhe (made b.\· DuPont Corporation), Eadl mOflul('COlllaills 
7:'60 drill t.ubes. A linearly graded electric field is applied by :H 1.:) 1I1111 wi(1.. WIlI.WI· 
t'\("rtt'o<ies (Sf"e flgme !). These haye a· ,"oltage of -~, H' at Htf:' middle of tIlt.' tuhe (I lie 1 U " 
AI. t.I\(~ \.\\'o elida. Tbe resist.i\"f~ tuhe tiu"ll grades the ,"oltage bt'tWP.f:'1l elt'ctrodes. n(~alillg a, 
IIl1ifortll axial dl"ift field of 180 ,'oli /('111 inside the t,ube. The modulE'S are filled wil h a "f'IT 
pure {Il'ift. gas mixture of 8!)<;':', argon. l.1j(;{, COz ami 0..1% of H 2 0 (from lilt> plast.ic). \\'1I('n 
a charged pal't,icle passes t.hrough Utf' tuhe it ionizes the gas: the libel'ale..! plerlroll8 t.hen 
drill (wit.1t a ,·elocit." of 0.6 clllhli~ee) up t.o 50 em t·o the ends of t.he t.ube where t.hey are 
!'()lIedpd a.nd am[)lified un a ;')0 Iml diametf.'r anode wire. 
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Figure -1: Soudan 2 maiu det.ectol' and active shield layout .. 
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FLa:llt"f:' (i: .\ sillglt:' drift t lIbt:', Tht:' drift fidJ is gt:'llerated b.\' t·he application of gra.dc~(1 
\·()ltag(~8 01\ a Sf>l'if>8 of' Zl cuppE-r ",Iectrodt:'s 

The I.ulws cUt' alTallgeu ill a d08e-packeJ hexagonal cUTny as shown in figul't:' 1), The allode 
wil'f>S nIH \'f:'rl.i<:aHy ill a I,lime 10 mm from the tub€' t:'mls and are spared evt:>ry 15 Ill", 80 
Ihnt I. Itey art:' aligned wilh I.he ct:'ntel'S of the htlles, ('a,t,hode pads are cOlillectt:'d in horizont.al 
strips 01'1 hogoua.l {o Hie allode wires 5 mm hehind t.hem. and are aligued witb Lite l.uiJes. 
Th..,.; it. i~ p08l:!ible to identify which tube a, signal came rrom. since the anoti*.' wil'f"8 and 
ntllto(l(~ Pllds forlll a grid n:'ntf>l't:'d all t.he tube ends. The posit.iOIl aloug the t.1I1>t:' I(·ugt.h 
is ohtaiut.'(1 frolll drift.-tillu" iuformation, Thre€' cOl'l'eIat,ed spatial coordinates aud l\. (/t:.:/(/;I' 
IlIPiiSI1\'t'l11t'nt (11'(' ('('('o("(it:'d for e\'("r~' dtarged partide crossing of a, drift tuhe, 

The raw dat.a pulse pattel'lls a,t. t.he ADC input,s are continuously compared with pro­
gnl.tllIllClhlt' t rigg~l' ('onditiolls 1,0 d~l.ed lo("alized dusLers of hit;s ill t.he drift.. 1.1.lil*.'s, Siu('e 
t"·(·l'\' I'C~Rdout. ('hannel contributes eoqually. t.he tl'iggel' l'equit'emellt is uuifol'lIl t,hroughout. 
till:' df't·f>(,\,Ol' ,'olume. Efficiell(,Y is high for muons above 2:10 1\1e 'F/c and falls Ii llt:'ady to zero 
at UO ..lIE \ ie (for lllUOlll:l which do Hot ha,,'e a \'isibl~ dccay), The el~drou (showt'r) t:rigg<>.-iug 
t.Ill'eshold is al>out 50 illf:1.', The rate of random triggers from natUl'al raclioadidt.y is less 
I.h.m O.!) 11:: ill t.he full dE"tect.ot' uuder t.hese conditions, The t.l'igger efficiency £01' neutrino 
(~\'t~lItS pl'odlJ('{'tl b~' th~ Ft:'l'l1lilab beam will be esst'ut,ially 100%, 

The main (It:'t.ector is surrounded 011 all sides by a 2-layel' array of ext.l'luled alumiuuUl 
proport.ional t.ubes [28J. This act·h'e shield is 1110untt'd against lhe ca\'ity waUs to sigllnll.hf> 
IIl'ef.!(~lIce of coslllic ray eyeut.s in the ('ayity 8,11<1 the surrounding l'Q('k. ('mllllk nl." IHUOIlS 

nl,1I (Teate eont:aillt:'d t'\'ent candidat,es by t'llteriug the det~tol' through tht" 8l>an~ IU'!\,'('(,U 

Lllain ddect.or modules. or hy creatiug neutrons. photons and /\'(5 in t.he llt'a\'hy rock ",hidl 
P(:"Ilt:'tJ"ate to t.he iut.erior wit,hout leaving tracks. Such ncutral part..ide produdioll is almost 
alwa~'R M~odat.ed with chal'geclpRl'lictes which are dc:ot.f>cted in the shield. Bt:'cauSf> tlip. 1 iOO 
/Ill shidd has ueady ;1.5 t,i1l1e8 t,he area of the main dp.tectol" ill the directiol1 or Fenuilab. 
it can also bf> used t.o iUlTease the efft:'dive area [or t,he measuremt'lll, o£ the flux of muons 
fl'Oll1 /1 iutel'a.(,tiollS ill t.he ro('k upst.realll of Soudau 2. 
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SOllie lHh-alltagt>!) of the Sundall :! detector for dt:'t€'ctin,!; and idelltif~'illg m.'ut.rillo e\'C"l\f.s 

• 	 The Hne grallulal'it.y gin's lUuch better track a.n<.l n:'rtex resolut.ioll than wat,(,I' (\~l'ellkov 
COllut,ers. The result. is high <Iuality pictoria.l e,-ent informa.tion. compa,fable to that 
from st.anda..d elect-ronic ami hea.\-y li(IUid hubble chamber nellt,duo experiment.s, The 
:-;pat.ial l'e~olHt ion is 1 cm or beHer in all three spatial coonUllat,es, 

• 	 The ionizat.ion measure1l1ent. ~'if'lds part.ide ident.ificat.ion iuformation tf'.g. prot.oll/ pion­
1ll1lOll sepal'at iOIl) 110t. a,'aila.ble ill S0111e other udect.ol's. 

• 	1'- absorption in iron gh"es a t.ra(·k cha,rge information not. available ill a water ("('reukov 
detector. (about. 'l.;:J of stopped lIT'S decay \'isibly ill Souuan 2.) 

• 	III a Illouerat.e dellsity iron calorimeter. high energy muon/hadron separatioll is easy, 

• 	 Tht> t>llergy t hl'eshold or the lrigger fot' lllUOilS is lower t han ill any oth(.... tludel'grouud 
I' tiet.edOl·. 

• The 011:-;(>1'\'1'11 ion of showt'r dew'lopulPltt ~'ields bettp.r low f'1lp.rgy elp.drOll-IllUOIl l'lt'l)a,­
rat-ion t Ilan ill ,,'aier C'el't'ul,o\' <Ietectors. 

• 	 1'h(' modularity of the ddp.c't.or has allowed det,ailed t,est. beam calihration studies, 

• 	 The modularity of UtE." tielector will allow us t.o operat.e a.11 almost ideut.ical lype uf 
lIf'lI.)' dt"tf'dor at Ft'rmilab. 

The pfll'l.iculal' fp.a.tmes whicb make this detector quite powf>l'ful for t.he PI'OI)Osf'd lIeut,rino 
I'Xp(>riIllPIlt. an.' Ihe ex('('IIC'ut pat.tt'l'll l'p.('ognition ami part.ide ioeul.ificatioll of IUHh·olls. 1II1.10llS 

and dt>d rollS, This (.'apability will t'llable relia.ble st>pal'at,ioll of dlargt>d autl Ilf'lltr!ll CUI'I't>1I1 
('\'(·lIl,l:! aut.1 the ideutifkatioll of the tla\'or of the final state lept.oll. 

3.2 Detector operation 

The compi(>te del.ector will be rea,d out hy :l2256 anode wires aud 122880 cathode pads 
l.hl'Ougb 5888 electronics cbaullels. The reduction ill the l1umber of chanul"ls is accollll)lisht'd 
in t\\"o st.ages. Groups of 8 modules are sta<:ked 2 high hy ... across to form a ha.lfwall, The 
('omplet,p' detector will ('onsist of :30 halfwalls. The two la.rge faces of ead) halfwaU cont,aill 
S \\'irc~planes. Anocie signa,is fro111 the upper modules are bussed to the lowe\' modulE'S tlml 
('at.hode signals al'e bussed across the balfwaU t·o give an equi\'aleut readuut plane' \\'ltkh iR 
!)m high x hll wide aud is known as a loom. Each 100111 consists of 'l:j(i I-\llud~ dll'\mlt->I~ 

and -l~O ('at.ho<lf" dlanne15. The preamplifier signals frol11 each a.11ode are then lUull iplt.>xecl 
$·fol<l by conuect ing t,he anode channels from 8 separate loorns to Olle digit izat.ioll nal,t'. 
The pl'f'amplifier signals from each ca.thode pad are also lllult.iplexed 8-fold. but ill a dislinct 
lIlamll'I'. f.'llsuriug that the looms ser"ed by one anode Cl'at-e are St'l'\'ed by dif£(,l'f'llt. fal·bode 
('f'at.~, Since any Olle loom is served by a unique allode crate aud cathode cratl' cOlllbilla.t,ioll. 
11 \.uhe all~'whf')'e in t.hE' detf'ctor may be 10caJed by mat,ching tlte anode and ('athodf' pulSE'S. 
i\ (,01.... 1of 21 digitizat.ioll crat,es are used ill the experiment.. 
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Tu prompt tile SOlldall '2 ddector to rea.d Ollt alld store an en"llt. it. is lIe('eSRa..~· for flte 
!,\'el1 I In :-;,,1 isl\ t hI" trigger re(luirelllenls. The primary trigger n·qllit'elllellt. ill (he Soudall :l 
cldecj or is tht' "edges" trigger. :\ detailed description of the edge trigger will 1101 be gh'ell 
Itere. for a complete account.. see reference 29. Cumpton electrons produced hy photolls 
illtt'rafl.iug ill the emipia.ne of a module are a primaQ' element of the noise rat.e in the 

_ :.:-df:'t.eclor. The edges trigger was designed t.o reject these event.s, so an en'ni lllust haYe SOUle 
11\ illillltlllI t'xlelll ill t he drift. direct ion 1·0 satisfy this t.l'iggel'. The t.rigger (~fIkiell(,Y 1'01' enaut.g 
nSRol'iaff:'d with I.he F'enllilab bealll would be neal' 100%. The dt'R.dlillle will be 1~5 I.hem 1%. 

The I'Pndout elf:'ctl'olli<'s a.re CAMAC hilSed. A serial C.-\MAC highway is used thilt. al­
lows the r(~a(lolil. of all crat.es 011 a single highway cont-roller, A .Jorway Model III l',\.MAC 
luterfacE" is Il~f'(l 1>t"t.w€'E"1l the serial highwa.v and the host COll1()ut.el'. a Digital EquiplJl(.'ut. 
('orpOl'nt.ioll Y.\Xst.al.ioll :J100 ruuning uuder VMS. Kiuetic S."Ste1l15 L2 S('rial C"'utc ('011­

Irollers art" IISf'(1 t.o contl'ol each of t.be crat.eR 011 the highway. Prior t.o readout.. an 8086 
lIli('1'op"o('C~sso" controls t.he cOl1lpact.ioll of the data from each 6 bit flash AD<..'·hased 16 
dmllud digitizatiol1 cc'll'd. only passillg 011 a cltauuel only if t.he sigual frolll it. is ahow' a 
1)['I~l~wt thl'ellhold, Tile digitiza.t.ion and t.rigger eledl'Ouks are ~llfLTIDlTS hMt"(1. 

.\11 ('xfllllple or part or a. (,()~Illi(' 1'CI.\' 1I1l10n track is shown ill figure 7. TIll' rille d(·tail 
(,I" il fe'\\' pulse'S nlll J,., st"t:'JI. This shuws hot.h the pIIlse I$hapt" illfurlllatioll (1mI I lit:' :.mUus 
digil izal.iolJ Iilllf.'. The I·el:\llit. of t he fit· to t.hat pllrt of the t\'ack in rdat.iollship tu tilt:' patt.c.'rt1 

of 1.lw Hl.iwk is abo j\'\!tOWIl. A cOl1lpl(~t.e lIluon I rack tl'(\\'ersiug t.he dp.tectol' is showlI ill figU1'(~ $, 
( 'ol1lpal'iug t.he 1·\\'0 ligures. t be large amollnt of informaLioll t.hat is availabJe for eadl E"\'f:'lIt. 
is aPI)an-'ut.. 

Data al I.be SOlldau sit.e is stored on disk in nms of lel1gt.h 1-2 hours, and is proce!CIsed jill· 
IlIf'fliat.eb· after I hf:' rUll ends 011 a loca.l Vaxdush.'r wit.h all analysis package SOAP (Soudan 
Oflline Auitl.,'sis Program). SOAP performs noise reject.ion. pulse ma.t.chillg. l.l'ack r('(·onst.a·lI('· 
t JUII, nlld ~o\'1 illJ!; of E"\'ent.fI int.o nu-iOl1s categoriE's of physics int.erest.• such as muons. lIIul­
I illlllOlIl'!. lHullopole ('andidat.(;'s. ('out.aillet!) IwutriUO candida.t·f:'s. aud semi-cont.a.ilwd ('\'('tIIl'!, 

i\luolls frolll (IPutrillo inleradiolls ill the rocl( frotH t.he direction uf Ferl11ilab would all h(~ 

round ;11 thf=' 11IliOll sa.tUple. Neut.rino eW'ut.s would be ill pit.her the ('ontaiued ur sellli· 
('olltaiued en'lIt d<t.'5silkat.iolls. An addit.ional processor \\'ouJd be writtell t.o flag t"\'('uts that. 
w(Ore ill t.ime \\'it h a Fermilab beam pulse ami have the correct spat.jRl oriellta.t.ioll. This e\'ellt 
slunple would be cOlllparE'd wit.1t t.he cOllt.aiued and selUi-l'Ollta.illed e\'ellt samples \.0 ('USH!'t" 
that all F!'rmilab f.'veuts Wf:'re heing found with high efficieucy. 

3.3 Detector status 

Thf.' Soudan :l dete<'tol' has bE"ell opE"rational since Julr l!.'88 "'hE"1l the fil'f:t 2Ti Ions of 
,ll'ied-or was [·ul'lled OIl. Data nre I.akeu while the dete..-tol' is heing (·ullstnWI(·<I: ('IIITl'llt I~' 
(,1)1) tOilS of detector is in ol.lp.l'ation and U.-l:j ktoll years of exposlire has IWt'li uhtaillt'd, 
nt~Ot1stl'll!.'tiou and liltering of conta.ined IIp.utrino f:'\'ents and cosmic ray muons is pE"rrol'llwd 
at Iht' Soudan Rile immediately after data acquisition. Detailed analrsis has been colllplt.'(.ed 
Oil all dat.a takt"11 In·fore December 1990, The dp.tector is now in routine operation about TOIJ{, 
of t.11t' Hme. The major dowll-t.ime is associated with the addition of Ilew tllodul(~s 1.0 I.ltt" 
"I~lf.'('l()\' (Iud ",ill cease with HIp. cOlllpietioll of the det·ectol' ill 1992. The perf01'lllanCp. of the 
delf'{·i.or has been I'ellla.rkabir reliable and stable O\'t~l' Ihe past. two years of operat iOIl. WE" 
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Figure ;: Segment of a mUOll track aml fit. 

do lIot. <l1It-iripate allY problelUs with cont.inuing o[>€'rat.ioll thmllgh the t.illlf> pf'I'iod whf'1I (\ 
IWlltrillO 111"'<1111 might. be a,-a.ilahl€'. \Yf' are ill any rase cOlllluilted t.o rullllillg SOlltlau :2 at lt'<lst 
IIlItil I!19lj to oiJt.aill a. proton decay exposure of:J kiloton years. The tldectol' t>t~do\'mal1cf> is 
1'111 irel.,· {"ollsist-{'nt with tht' original SoudC\1I :! pl'OpOSed ami ilion.' Ihall adc.'{lUah.' 10 1)(,l'fo1'1II 
I Itt' t'XIH'I'ilUf>l\t (Sf"f> sectioll Ci). 
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4 The Double Horn Neutrino Beam 

Th~ prt'sent, piEHl for Ferlllilah neut.rino beal11s from tlit> illjedor is t.o use 110 GIAV primary 
Pl'Ot,01l8 and a double horn sil1lilar to t,hE' Olle used by ma.uy previous fenllilab wide baud 
Iwalll lleut.rillO experimE'uls. Tbe Fenuilab ul:"utrino bE'am simulator. NUADA, has bt:'E'1l 

_::fUll for a, Soudau 2 sized dE'tector 10ca,t,E'd 800 km from FE'l'luilab. The l'e8U1t.illg ueuLl'iuo 
Ilux ami erent. rate are shown as functions of E'uergy ill figures 9 anu 10. Note tbttt at. this 
dist.iUlce from Fel'lllilah. the flux scales simply as fr. The present "1'uu" t.hat we are using 

1013for iliustraUn· purposes is 4 x prot,ons per pulse every 2.0 secouds. am.! 100 110mB of 
i»f"a.m per week for uille 1110nt.ils, This correspoll(ls to 2.1 x 10:.10 protons 011 t,al'get, l.lnlike 
au e.:q)t'rilllt'ut. 011 the sUl'face. we could use "pings" on a slow spill, aud would no(, need 01lE' 
tum t"xtradioll. 

There will he small conta,mina.tions of the Vt/ bE'am by lIe 's, ve's. and iiIJ ·s. ThE'se come 
pl'edomiuantly Crom f( de('ay. alld haye been cakulatoo as a· function of ene-rgr[6]. III genel'<:tl. 
j,lw." tire or t.he O1"del' of 1% of (he healll or less. Tiley willl'E'(fuire some minor {'o1'l'ediollS ror 
tltt' t·fo'st.s desnii>f'd in ::oIedioll 5, hut no conclusions are affect.ed by t.his len"1 of bi'\.ckground. 
There il:l ItO significant. SOUl'('e of llr Ol' 17rill t.he double hom it.self. Less l.han 10-4 1'\'('11(.8 

<H'f" ('x[>f'{'ic·d from the 1>I'OC(>88 pS - o.4.'\:: D.• - rS: T .- llr.\. in the proton dump 1'01' t,11f' 
f:'1lt.ire rill!, 

l~lux estimat.es calculat.ed from beam design pal'amet.ers ma.y only be I\.ccura.te t.o ±20'){., 
.-\ heUel' \'aluf' can. be lllea.~t1red from conta.iued neutrino events in thE' detector and \\'ollid 
gin:, fill f"sl.illlate of Ule- IH;'ul.riuo flux good t.o ± 1%. Iuformat.ion frolll a 1'822 lIf"al' det.(~cIOI', 
as WE'll (\8 P80:J and h(l'atll monit,ol's should aHow us t,o determinE' Lhe beam flux a.<!I well a.<!I 

:,!I,'{., Eit.lwr P80:) 01' P822's measuremt'ut of the heam flux would be Iimit.E'd by syst.t>llUl.l.k 
ami 1101 shll.isl.kal fadors. r\ :35 tOll 1'822 lIf"a.I' det.ector wou1c.1 l'e<'onl 0\'t11' !) millioll (~\·Pllt.S, 
P()ssibl(~ sp~t.t>ll1a.t.k errors due to llllcert.aint.ies in t,lle energy and angular dist.t"il>ut.iolls at'E' 
clisellsst><1 ill t.he ::;fo'ctioll on t.he Ileal' stMion dat,a. 

Geography Then:' is rooUl 011 the Fermilab site for a nelltrino hf'am poillt.ing tl'l1f' nort.h 
aft..E'l' the swit.cbyard (to t.he left of the meson beams). ,\11 initial beud t.o tlle 110rth will 
l)t~ required. for which 40 main ring dipoles and 10 qU8.dl'upoles are ueeded: t.hel'ea.[Lf:'I' the 
"f'am is as d('scribed in t.he Conceptual Design Report: Main Injector Neutrino 
Prograll1[i](CDR), We willl10t repeat the description of the heam givE'1l in t.hat, tiO{"lllllent.. 
\Ve only Hot.e t.hat t.he design criteria for t.hat beam make it a VE'ry good lllatdl to Ollr 

proposed f:'Xpel'illlt'nt,: 

• 	 Maximulll neut.rino flux ill the forward direction. 

• 	 Sufficient flux alJove Vr t.hreshold to make a· Vr appE'arallCe t'xperilllt"lIt feasiblc', 

• 	 LHt,le ,-ariation of t.he energy spectrum of t.he beam 30'3 a [ullctioll of allgll' from Hit> 
heam direct ion. 

We l'f"('Qgllize that. l.here will hE' a number of conflicting demands 011 t.he 120 GeV pl'Otou 
heam, illdudillg illjection int.o UIE' Tevatl'On, j.'i production. and other possible fixed target 
expt:'riult'uts st.ucldng Kaon properties, It. will be important to look at the compatihilit.y 
or \'al'ious experiments. both thosf!' needing the 120 GeV beam. amI t.hosE' using Te\'at.l·oll 
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extract-ed nx(>d target Iwam, ,\8 a remote experiment. which is continuousl,\' operating. wt" 
are (,()lllpleh"ly tl<'xihle 1t!)()11t bf'''lll usn.ge schedules. 

Tlu~ ('DR a.lso looks ill <let.ail at the ("ORts of COBstruct ing t.he he<tm. illdmliug the ad­
di\.ional (.'oats required for OUI' proposal. The estima.t.e for P822 was $7 million more tha.n 
ror Hie cost. of P80:J alont>. iududiug engineering aud contillgency. We will contiuue t.o wOl'k 

_::wil.h Ft.·rluilab ellgineers 1.0 lind less expensin' ways to construct the beam. 
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5 Physics Potential of P822 

5.1 General considerations 

\Vf' will be able to study II't - llr osciUat.ions in a. significant large llE'W area of pa.rampLcf 
_spllce, This is because of the combination of large oscillation distancE'. modE'ratE' bE'am 

--ell(·l'AY. aud ,"pr.\" high /1 flux comparE'd to any previous experiment, 
If llt-'ul.riuo oscilla.tiolls exist.. the pl'obabilitr l P 1 of oscillation is: 

(2) 

Winl ~m2 in eV2• L ill km and £" in GeV_~m:l = Im~.. - mZb Iand 9 is Ule mixing angle of II.. 
amlll!, lleuh·iuos. In order that the energy be high enough for dean identificatioll of t.he flavor 
through ohSt."l-viug charged curreul· eYellt,s. and to explorE' the very small lllasS diffel'ellC(OS 
which apl»(.>al' to ht> illtt'resting, a large distance for oscillation is required. The SOlula.lI 2 
ha!'lt'linf> of 800 kill extends t.he ~m:2 sellsit.i\·ity (lowuwa1'<1 by two ordf>I's of Illl'guitllde rrom 
all PI'C"\'iOU8 a{,(,f>I(~ratol' expt'l'il1leJlts. Wi t.IlOUt. tbt" large neutrillo flux frolll .. he Main IlljE'dor. 
('xp.·rilllellts at this di:>tallt.'E' would han:- only a handful of events: a "similar" (·xpE'rilllelit. 
lIsiu)l; thf:' Tf:'\'a.iroll woul(1 ha\'E' ('ight. hundred tillles fE'wer f:'\'ellt·s a.llti ,...·ould tllUe Hot hf:' 
suHki('lIt.ly sf:'usil.j,'~. Ouly l.he l\la.in lnj€'dol' combines t.he higb flux wit,h the dght (~l1(~rgy 
ra.nge ror I.his expcrilllt'llt. 

The ~t-'1I8iti"ity t.o mixing angle depends 011 statistics and cont.rol of systemat,ic t"I'I'Ol'S[:W). 
Qlle or t.llt> most itUporhmt ways of minimizing systematic error will be llnJerst,auding the 
lu:,ulrillo Iwalll itself to sufficient accuracy. There are t.hree important. chal'actel'ist.ics of t.be 
bt-'I'III Ihn.t Heed to h~ llu'aStl\'f:'<I amI 1ll011itol'E'c.I: 

L 	The "bsoltlle dirc(:t.ioll of Hu:, ct'lIler or the I)t'alll, 

.) 	 Th~ widt.h of 1he b~am at the <IdE'ctol'. 

:J. 	 'fht' dumge ill thE' energy distribution as a funct.ioll of angle from tbe ct'uter or the 
beam dirE'Ct.ion. 

An illll)Ort.allt t.ool ill understanding t.be long baseline b~alll will be measuremE'uts done in 
Ihf' sallle "pam h~' a. llUlHbt'r of Soudan 2 modules iu a· near detectol' at. FermiIah. llsC?'i'ul 
illfol'lllation would also bE' a.,-ailable from l.bE' short baseline experiment. Fermilah P80:J. 

AllY lludt>l'gl'OllUd ueutrino det.ector away from the Ft-'l'Iuilab sit,~ {'all l'ecol'<I llf>llh'inos 
iul.f'radillg eit her inside the d€'tector (containC?'d vertex signal) 01' in t h«" lllaJel'in I IIp~ll·pl'lm 
of I.he dt:,t·ec:\.ol' ("rock~ muolls). The size of the contained ,'eriex signal i:; pruporl iolUl.l 10 

dt't.E'Ct.ol' l1lass and t.he rod; I' signal is pl'Oportional to the detecto\' surface area ra.cillg tht'.' 
Il("Ut.l'iIlO h(~am froul, Bot.h signals are ill"E'l'sel~" proportional to HIE' S(llUU'e or the c.lista.ll(~e 
:'>f'1)8.l'al,illg m.'ut,l'illO sourCE' aud dct·E'ct.or, For exal1lplE', Soudan 2 is at a dist.all('e of 800 km 
I'rolll tf.-l'1uiJab. whilt' 1MB (P805) is at. 570 km, This resuIt.s in a reduction of a fador or 2 
ill t.he u€'ut,l'illO flux. but. 10wE'l's the limit Oll ...l.m:l that. can be reached, 

The <1(", edOl' wHI SE'8,I'C"h ror a df>Cl'easE' in t.hE' v~, HllX duE' to oscillations. ThE' Ilt/ 's i nt.E::'l'­
acl.jug ill HIt> E'art,h will erE'ate l11uons that have a range wllich is almost lillead~' Pl'Opol·t.iollal 
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10 1ll1l011 ellergy, .\S llIl10ns range out, new ones are created b~' charged current int.eractions. 
~o al ClII.'· point. aiung the beam t.here will be a COllstant muon Hux (#/"11"), wllkh is \If:'a.rl~' 
illd('pendf'lIt. of ro("I.. df:'nsit~', The long range of IllUODS from high energy neut.rinos prodlles 
au elfect.h'e target mass which is largel' than l.he mass of the uetectol', This effective t.arget 
mass is a functioll of energ~' and is larger for high energy muons. 

-.-- As a large highly segmt'nt.ed det.edor. there a.re a Humber of ways t.hat Soudan 2 could look 
for !If.'ut.rino oscillat.ions, Both appearance and "disal)pearance" experiments Rre possible. 
In t.he ll('xt t.hrE't' sect.ions. we describe t.hree independent ratios t.hat are Sf.'llsiti\'e to t.he 
exist.ence 0[' "/1 - "~ oscillatiolls: 

• 	 R"Ill'''I''o::c'' which requires t.he separation of neutral current and cha.rged curren!. C'On­
tRined ,'ert.ex en~nt.s, 

• RIi which compares t.he rate of rock muon events t.o contained "ert.ex neut.rino e\"ellts. 
" 

• 	 RII.",'lf"r which rompares the rat.e of e"ents ill Ule nea.r detedor t.o the rat.e in t.he 
detector at l he Soudan lUillt', 

III t he sll"seqll(~lJt sed-iolls. we d~'scrihe adtlit.ionalmeasurements and other ll('ut.rino os(·illa.­
lioll III0 dt.'8 , 

5.2 R··llcoo/ ..,x·· test to detect ll r appearance 

If "/I'S oscillate into "T ·s. this will affect the apparent. ratio of neutral CUlTent e,'ent.s to 
cila.rged CII\Tf:'nt. e,-ent.s. in the a.hsence of oscillations. WE' expect.[:H J 

lIumbe7' () f f'I.'F IIt.'l wit Iwut (/ m lIOII 
R = 	 = 0.31 ±O.Ol 

IIl1mlu:1' vf H'{·l1t.~ H'ith (/ /Ill/OIl 

Theil for N ev(>nts. 


\ " 1 I \" R

/I.'-l- = ;' x -- (IIU line = ,: X ---	 (t)

1+R 	 1+R 
(f t hel'f.' is t\ p\"Oha hilit.y. P. for "/1 t.o oscillat.e iuto "T' t.hen t.he result.ing "T neut.ral Clll'l'ellt 
("'eut.s ,,"ould bC' iudist,illguishable from the v" neutral current e\'f.'llts. However, 1ll0St (8:1%) 
of t.he liT charged current. events ha.\'e no muon and would t.herefore be classified as neutral 
ClIlTt'llt. p',-('uts. "'e would measure 

""' " = N( 1 - P +I]BP) (llId n .."." = X( R + 1]( 1 - B)P) (!))c 1+R 	 1+11'L 	 l 

where I3 = D,li is t.he bl'allching fradion for r- - 11- X and 'I i~ the ratio of tlH~ "r cilClrgcd 
current. cross sect iOll t.o t.he lip cha.rged Clll'rent cross section. The not.ation "ee" tlist illguishes 
f','eut.s dassified as chargt>d current. due to t.he presence of a. muon in t he final state fl'OIl1 t.hE' 
actual dlal'ged current. events. which for an incoming V f or "T would be incorrectl_,' classified 
as nc e,'C"uts. 

Ru "I" .. - lI"nc" _ R + ,,(1 - B)P (6)
nc el' - /1,\-<," - 1 - P + "BP 
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Figure ll: Cakulat,ed fIr tot.al (l.lld qlla.~i-ela8tic cross section 

The re.... io 'I has heell calculated as a fuuctioll of ellergy by Rogel' Phillips a.t, the Rut.herfor(l 
Lah[:4'). The rdevaut. (TOSS Sf>ct.iOllS a.re shown ill figure 11. 1/ a.lso has heen ('alculated by 
the Ohio State 1'80:3 group[:3:l] with a similar resuU. Iutegrated over t.he neutrino sIJedrulll 
iu figme ~,. 11 =0.2-1. By contrast. the neutral cmrellt. cross sections for "T and ",. are E"qual. 
TilE" ~iglUtl of au 08ciHa.t.ioll thus COllsist.s of a value or R""C'''I'\''''' that is t.oo la,rge. If our 
lIll'aSUreUleut. yields t.he known R"nc~1""0:'" ratio for "" allows a, limit on the pl'oba,bilit.y of 
oj;cillat.lon can be deduced. 

The expE'cted number of contained ,'ertex e"euts ill the Soudau 2 detector call 1)(' writt(>11 
as: 

(7) 

whE"re XI is t.he number of t.arget nucleons and ¢( E) is t.he neutrino flux. Fsillg an assumed 
illj(:·ct.or beam wHh -! x 1013 prot.olls en~l'r 2.0 seconds and 100 hours of beam p('r week for 
nine months. we compute from equation, tha.t the eutire Souda.n 2 det,ector would record 
G,S e"E"l1t,!,! with a cont.ained produdion vertex. 

WE" han' perfornu:'d a Mont.e Carlo calcula.t.ion t,o generate t.hese e'-ents uniformly through­
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out. t.he \'Ollll1le of the Soudan :2 dete('tor, We conclude that. (G'! ± i)'~, of the en'llts \'\till haw· 
1heir hmlrouic showers WflU contained in the ac:t.h·e \'olume of Soudau 2. (The enOL' is hal'\ed 
011 t.he st.a.t.ist.ics of MOllte Carlo eveuts that we have st.udied so far, and Joes not. repr('Seut. a· 
s~·st.e1l1atic error for the experiment,) \Ve have t.herefore chosen a restrict.ed Soudan 2 fidu­
cial \'o!ume ill which th(,l'e is dose t.o 100% separation betwf'en neutral currellt and cbarged 

_:::t'lu'reut t.opologies for I.hese ,!:3,! event·s. The distinctive t.opologies of neutt'al and cha.rged 
('lInent en'uts are iUusti'ated in figures 12 and 13 respectively, Figure 12shows the neutral 
('unent e\'ent at. the same s('ale as I.he charged current e\'ent.. and one view on a magnified 
sea.le, The high SI)a.tial resolution of the det.ector makes identificat.ioll of charged aud neutral 
C'tU'l't>llt E'\'f~nt.s ra.ther st.raightforward on an eVE'llt hy eyent ha..,is. similar t.o what has bf"E'll 
done ill Fenuilab E594[:3,!], We further note that with the external muon identifier described 
in S€'diOll lUI, tilE' acceptallce would rise to over 90%, 

The presence or absence of a mllon from t.he main vertex is a IJOwerful signature. and Ute 
nut':' granularity of Soudau 2 makes it well suited to detect this signature. The a,-erage event 
('lIergJ will I>e 16 GeV. so lor most of the y region. the separat.ion will be straightforward. 
Flll' nory low ~-, a correction will ha\'e to be made for 11111011S which do 110t: come out. of' the 
sl!O\w·I', _\ ~1Uall COl'1'ect.iOll will a.lso be needed for neutral Cllrrent en:'llt.s which <'1.1'(" lllist.a.k­
t'nl~- classified as lun-jng all f"xit ing h·ack. It should he l>ossibie (.0 accura(.el~' Illake j !test' 
('OlTeet.iol1s with the Iu:'lp of a. ~lonte Carlo. as has been doue I)y a.lI previolls II f:'xp(~rilL1elLl$ 

at. [i'P'1'lnilah ami CERN, Not.e t.ha" this cot'rect.ion is not needed if we compare R"7lc"''',.,.'' as 
1llE'C\.Sll\'t':'d at. Soudan wit.h that measUJ'ed ill our near detf"ctol'. The 90% confidf"u('t' le'-E'l 
limit. we could 8(~t. in the ahsence of oscillations is shown ill figure t ill t.he cltl"'e labt'lf:'tl "f''', 
Ollb' statil:!tical errors a.re included: systema.tic errors will be negligible compared wit·h tilE' 
statist it-al P.lT01'8. 

5.3 R l!. tests using nluons frolD the rock 
IF 

\\:E' plan t.o IllC:'MUl'e Ri!. the rat.io of muons from the rock t.o neutrino e'-ents wit.h vertices 
inside thf:' SOllda.n 2 det~ctor_ Wt' define t.he rat·io Ra. as Ule rat.io of incoming (muon) e\'f'ut.g 
rrom t.he rock ill front of the det.ector, t.o Ule nutn~r of contained vel'tex (neutrino) events. 
S.\'st.t:'llla.tic P.ITOl'S due t.o bea.m pointing. knowledge of the energy distribution of I.he ht'am. 
t.he gt'Oltlt't.l'Y of I,he dt'tectol' and properties of the Slll'J'Olllldillg matter have been t'ollsid<.'l'e<.l. 
No drects have been identified which would introdnce ullcertainties larger than ! % ill the 
measurement or R a.. An o,-erall systematic a.ccura,cy in t.he measmemellt of t.his l>arametel' 
of the order of 2'7., i8 eXl)ed.ed. Note that t.he ht'am flux norlllalizat.ion (01' time nu·ia.bility) 
does not. a.ffect R ~. 

The rat.e of m~I0118 eutering the detector from 1111 charged C'ltl'l'eut interactimll'l iu t It(·, rock 
IS: 

($) 

The (.\\,0 £1' factors come from t.he cross section and muon range. bot.h propol'i.ionai to t.lip 
neut.rino euprgy, The Fermilab beam would ent.er t.he dt't.ector (in the l)ian "iew) poiut.ing 
:W.·,I/'\V of NOl,t.h. Tltt' long axis of Souda.n 2 is ol'ieut.ed along Ihe N-S direct.ion, The eolleet.h'e 
art'a of Soudan 2 dewE'd from t.he direction of Fermilab is then 9,1 m,2 for the main detector 
and 27!j m! for I.he shield. For t.hp main Jetedor. llsing the existing triggel·. WE' would expecl, 
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FigUJ·f.' l:l: Simulated cha.l'ged Cllnent neut.rino enmt ill Soudan 2 

1.0 <It·j f"('1. ~l!jO muons frolll the rock for t.he entire exposure. Our trigger and recolIRI,mct.ion 
eHiciendes will he llt."a.l' ullit.y . 

•Isillg thPRt" muolls. an a.ddit.ioua.l neutrino oscillation expel'imellt. cau be doup. \Vp would 
louk I'm a dt>(T('Me CrGIlI the expect.ed numbt"l' of lllUOllS 1t~; due t·o V,I, -+ II.,. oscillation: 

(!) ) 

111 tht' ah~(~Il('f' of such a dt.'cl'ea.<3e. a limit. on the osdllatioll probability. P. could /)(. st-". This 
is t1w ('IIITP lahelt.'d "n- ill ilgure 1. ThE:' limit. is dominated by t.he st.at.istit-al erml' for '/l~J', 

Nol.e t [tnt t.he CullllUluber of such eVent.s Ce\.U be used iu this calculation. whet.ilC'l' or IlOt. t.hp.y 
iue ill t.he Hdt)('ial "olume required for distinguishing between neutral a.ud citargf.'d currellt. 
iut.el'ad,iolls, 

The calculation of lI~r.r dt"peuds Hot only 011 the llleasUl"t'd number of contained n'rtex 
PVE"uts but. also 011 kuowledge of t,he energy dept"udence of the VJS flux. To first ortlet.. the 
d('\I~it..,· of tllp rock in which the Uluons are made dot"s 1Iot afft"Ct t.he milO!) flux. III all~' 
(·Mt'. t.he r()('k ill the dcinit.y of t.he Soudan mine has been wellmt"asured. In cont.rast. t.o t.he 
R"tI,," r,"'" ratio. We will he comparing the observed ratio Ra. t.o a cakulat,ed rat.io. wit.h the 
rock muon l'atf;' luwing 011e extra pow!':'r of E" in the nUlner~tor, 

5.4 RHol/'/fal' test using Soudan 2 modules at Fermilab 
The Soudan 2 (1(~t.ed.ol' is ,-ery modular. l\Iain dett"Ctol' modules have bE'en opE"l'at.ed ill 

the Hllt.lwl'fol'c! ISIS test. beam. and on cORmic ray test stands at. Argonne and Rut·herford­
.\pplf.'l.on Laboratories. Thus We a.re able to can'y out 
Soudan 2 Illodult's Ileal' t.he P803 tlet.ector at. Fermilah. 
met-ers of space along t.he beam t1il't"ct.ioll. 

a 
T

two statioll experilllt'ut. llsing 
he eX)>erimeut. will nred eight 
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\rp pl'OpOSP 10 IJrill~ f:"ight modules to Ff:"rmilab. in a 2 (wide) by 4 (det':'p) configut·atioll. 
Tllis ('OtT«:'RPOllds t,o :11.1 tOIlS of detector and on:>1' ..W million neutrino iuteractions ill the 
nillt' mont·1t run. The trigger will re{(llire a n~rtex iu the front two modules. gidug about 
olle t.riggel· ppr spill. Although t he muon flux should be lllodest (a requirement of P80=1). it 
would be helpful t,o luwe a '·,-eto" sciutillat,ioll counter ill front. of our nea.r detector. 

These neut.l·iI1O e'-ellts will be used to measure RUnc·/~cc" ill the near detect.or_ Seledillg 
ek:'ct.rOll. lIltlOll and t·au dla.rged ('urrent en'uts in the same wa.y in the Ileal' and fal'detect.ol·s. 
aud IttPaSurillg the ratio of each type to the tot.alllulllberof iut.eract.iollS will yield illIol'lllat.iolt 
011 all t"rtJPS of osdllation. Alt.hough cont.ainment, issues \-\'ould not. be ident·kal ill the two 
clet.f:"ct.o1's. these call be correct.ed using Monte Carlo techniques. This atJpl'oa.(:h will greatly 
lower the le,'el of syst,ematic errors ill t.he Neice ratio. 

In addition. t.he near station will give llS data which we will use t.o llonna.lizf." th(~ beam 
flux. The mllon rate al. Soudan call be normalized t.o t.he rate t.hat. is measlll'ed by the Ileal' 
detect.or, We call t.his t.he R"f!arllal' test. Since the statistical accuracy or the nea.r detector 
i" f."1l01'lll01iS. thf." main int.riusic limit.atiolls will be from the st.at.ist.ical accuracy of t.h€' far 
d(~"pdol' ami the ahility to a('curatel~- estimal,f." t.he llIuon I'ate due to ullcertailltif."s ill tht' 
I'IU'rg.'- di~t.riIJUtioll as a fund-ion or angle, COlllPuter st.udies dOlle 011 t,he proposed neut.rillo 
ht'al\l[:lG]l'lhow I.IIClt, HI'! long as the all,ll;le ['rom t.he beam axis is less t.han O.i!) 1111' t.he "'r~I(·lllat.k 
('ITOI' on t.hf." f."xp€'cted llluon rate is less t.han l.it}L This re<luiremeuL is shaight.tol'ward 1.0 
sat.iRf~· and has heen a('hie,-ed by other Ferlllilab neutrino eXpOSlll'es. EFfects that \\'P Ila.\'e 
IlOt y(:'t idt"llt.ifi~d lUa,\' lilllit our knowledge of t.he absolute flux by 1.0%, Therefore WP exp(-d 
t.hat. out' ut'ftt' st.al,ioll will gi\'e liS knowledge of t.he neutrino flux at OUI' Soudan det.ectot' with 
a sPIt.t.'lUat.i(' errol' of about :l.Of/{•. 

This flllx 1l1€'3S111't"lllellt. Can be Uj;etl in a.t. least Iwo different ways. It. ('all bf." use',l 10 
1I0rma.lize the lUuon rat.t"s ill the det.ector to search rOt, both 1//. -+ I/r a.nd 1/" -+ I/R. The 
Iltlt~!' Ill()d~· 1·"pt"f'Sellt.:~ HIP ()scillat.ioll of 1/ int.o a. right, handed neut.l'il1o. which would hp 
-~Iprilf"o and not illtel'ac1 so that hot.1I t.h(· "m·ut.ral ('urrt"ut (,l'O88 St"(·\.iOll amI cital'gt'd ('SII'l't'ltt 

ITORR spct.ion at'p zel·o. In t.he ahsence of osciHat.ions. t.he limits t.hat ('(HI he St"t. in t.ltiR war 
are ShOWll in figurp 14. lh.iug the normalize<1 flux rrom thp llea.l' st.at-ion wit.h t.h€' l'()('k lIIUOIlS 

iJ((.Teas€'R t.he precision or Ule oscillation t.est from that shown ill cUr\'e -~Lr' of figmel.J. 111 
I'!ed.ion 5.7. we discuss how l.he Sottd~.n 2 active shield can be used t.o obt.ain curve .~A" ill 
Hgul't~j L 

Anot. her possible llse of a near st.ation would be to bring the detect-ors into a low energy 
(;,-25Gp\') hadroll bea.m. This would allow au addit.ional check 011 the neutral ('UlTellt 1.0 

dlal'ged ('IUTent, sppaloa.t.ioll. The nea·r det.ector would be Illove<l iut.o a· charged paTl,ide I.f.·!oil 

beam a.t, Fenuilab, A modest, amount of running time would suffice for such calibrat.ions. 

5.5 "#' --I> 1I( oscillations 

Soudan 2 ('au also sea.reh for l1€'utl'ino oscillations in the mode 1/1, -+ I/~. although Wfo' not.e t.bat 
presPllt limits Oil 1111 -+ II, in t.he relevant. paramet.er space ral1ge already exist from ('(~r(,ain 
\'(~ad.ol· experiment,s. The limit from the Gosgen experiment. which is the mORt. sellsit.h·e. 
is shown ill figure 15, Also. t.he ~m.:l sensit,idty does not approa.ch that which is l'ele\-ant. 
to solar neutrino experiments. \Ve can search for possible //,, -+ 1/. oscillat.ions lIsing the 
H"",'"r''",''' t.est. t.he RI;!; "est, and the R"ea;/I"r test. For t.be R.."c"/'\'c" test. equation (j shoulll 
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Soudan p. to v and 2 station tests 
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Figure L1: 00% CL limits using the R"r.arIJ'''· test (A.B) and the RI! test. (C.D). Ea.ch l)air 
liME'S the ral.e of muons ill the shield( 81.!j0) 811{1 the c81orimett:'1' (:21;:)0). "Tht> poinl ill I\HlIliolol'::; 
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Iw use-d with B = (I ami '1 = l so I,hat the sf>arch would be- more 8ellsitin~ t.han (.ha.t, for 
I'll -- I'~. Lilllits that. can be l'e-ached are plotted in figure i;j, 

Allollwl' analysis st.rategy for II'!'S is to try to 5epara.t.e duuged n11'1'ent II. allll,l" f'\'ent.g on 
au en:'ut. by e\'ent, basis. This is somet.hing that Soudau 2 can do for atmospheric neutrinos 
wit.h < E >"-' IGt:1'. Pl'elimilla.ry studies illc.licat.e that fol' the deep iueJastic e\-euts wit,h 5 

: :':'lillles that. energy. it is likely that hadronic showers would be confused wit.h the E'lE'drOllS a 
Rignificant. fraction of the time. However. eiedromaguetic showers above about lOGeV will 
be relat.h'ely ullcont.aminated by 1r'" showers from the haurollic Yert.ex[:)!)j. 'Ve will continue (.0 

inn'stiga.ie this possibility_ Sondan 2 is well sllit,ed t.o be able to meMm'e the eiect.romagllet.ic 
('uel'gy fradioll as a fUllction of e\'eut energy . ..-\. large fradion of events with over 20 Gt:"V 
f·If>ct.r0111agnetic ellf'rgy may bf' a· signal for VIA -+ 1.1.. oscillation. 

Possible Soudan v lo v limits 
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FigurE' 15: ~O% CL limits on //,. -+ Ve oscillations attainable by Soudan :!, Cm\'E' AI c.lot-da.':!h) 
uses the R"n<'-/"c,'" (('st. B is based on the R'ltarlj(,r tE'st anti C' 011 t.he Ria t.est. C'uf\'e D is 
the pl"esent.ly excluded region from Uosgen react.or. " 
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5.6 Stopping muons 

ApPl'oxilllat('I.,· .'}oo or onr :.H.')O mllons f"1llf"rgillg from thf" rock at'f" f"xpf"de(1 to RtOI> ill thp 
detf"dor, WE.' haye studif"d the respOllse of our detector to stopping muons hoth iu sul'facf" 
('ORlUic I'ay en'uts amI in thf" Ruthedord [SIS test beam. We have measured ~he ionization 

.... rise at t.he end of the t.rack and have observed the decay eledrons fr0111 stopping it+ 'so 
. - Visible decays are st.rongly su[>pressE."<.1 in iron for st.opping J'- 'So This J'+ / J'- disc.ri11lination 

will enable us to search for oscillat.ions iu the mode /III - iill using t.he J'+ / It-ratio. The rate 
of st.opping IIlll0nS hM a. different. energy dependence than thf" total rat.e of rock 111110118. The 
("\lei'&,' c1epf"udE'llcf" of sever;'!.1 processes which we will Illea..'ml'e is listed ill Table L \VbeUu:'I' 
a neutduo oscillat:ioll sigllal is l>resellt. or absent. P822 sbould measure a consistent. llumbel' 
of events for these processes. The abilit.y to measure a number of differeut. processes will be 
an import.ant. confirmation that the energy dependence of the flux is understood. 

Table 1 

E, llerg~' depf.'lldeuce 0 f vanotta pmcessE'S 


Nellt.rino flux <j>v( £') 
Contained W'l'tex f"W~lltl'l £'<1>1'(£) 
Rock JUlIons E"t <1>v ( £') 
Quasi-elastic contained en'llt.s 9v(E) 
st.opping muons E~II(E) 

5.7 Larger area muon detection 

III adclition to Ihe 21.')0 p's entering the main det.ector. we expect 8150 Jl'~ (hased 011 2i:im": 
!lol'lual tn t.he directioll of the beam3 ) pntering the south and east shield ,,'alL It would 1I0t. 

I,E' expf"llsiw· t.o e'llhallt'e t.he frout shield wall with a crossed layer of pl'oportional tubes, in 
on It-I" to trigger on t.he extra 6000 muons, Within the present configuration of t.he shield. 
there would be fotu' tube crossings for each muon t.raversing the Soudan 2 shield. \ore pl'Opose 
t.o ellhallce this to at Jeast six. \Vith six tu!>e crossings, we will bot.h get all acceptable t.riggE'r 
rate. and bt:' able l·o Cully reconstruct the angle of the lllttOn to the'" 2° a.ngula.r resolution 
ur t.he 1'Ihidc.l[:J8J. A[tel' l't'COllstl'uct.ioll. there would be essentially no backgJ.'Otind for muons 
at. i.his angle. e\'eu before eveut. timing in coiucidence wiih the Fel'luila.b beam is imposed, 
The limit. t.hat could be set if the expected Humber of muons is observed is gil'en ill figure 1 
("nlTe ..A'~ , 

OesitiE's euha.ncing the existing "shield-. several other parts of the Soudan mint:" muM 
be inst.rumellted wit.h crossed proportional tubes, .\ significant area of t.ubes ill a '-3I'iely 
of locat.ions t ltl'Ollghollt. t:he Soudan Illine. amI/or 011 the surfacE'. would again in("l'ease the 
Bt:atist.ics and allow some informat.ioll about. the radial extent. of t.he beam to be measlIl'E'd, 
This would require the building of addit.ional e<luipmellt. HO\\'e\'er, the l'elat.in:, ("ost. of these 
(\('ted.ors cOlllpared to eit.her the maiu calorimet.er or the neut-rino beam it.self would be 

:JTbis area is comparable to Ute area of t.he [I\lB dt'tect.or (P805'. 

:12 
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"mall, It is Sf.'ell fl'Olll lil!;ll1'C' U that Llu:' physics ,'a.1uE' of an inCI'E'8.'3E'd llumbE'1' of mUOllS using 
1Itf> H~ t.eRr. is flll ite marginal. This is hE'cauSE' thE' stat.isUcal pOWE'1' of t,hE' tE'st. is domiutI.tf>d 
h." {.In:· IlI111th('r of vt>rtE'X cont.aillE'<.1 en'nts t.hat are measurE'<l. HowE"'E'l'. incl'E'ased staJir;;t.ics 
of Illuons would allow import.ant syst.ematic studiE'S to be pE'rformE'd. CI.ud would pl'O\'ide a 
l'ousist·f>Il{·Y check on an~' possible signal with au indepelldeut data. sample. In COlljUllctioll 

_=:with the RII~"'''IJ'''' t.f."St.. t.he enhancemE'nt of Lhe sitiE'ld is morE' valuable. This can also I.e 
Sf'eH ill figut'E' l,t The most. Sf'llsitive II/I - II,. search that we could perfOl'lll l'E'([uiI'E's bot.1I a 
two st.atioll expf."l'il11t"ut ftud t.he f>Uhanct"lUE'ut or t.llE' shiE'ld. 

ThE' II beam exits t.hE' earth about. 20 miles llorth of the Soudan mine. OUE' could iustall 
four sets of 10m2 t·ubE' planE'S. G layers each of muon detectors hE'rE'. doubling thE' E'ffecth'e 
area of tIlE' E"XpE'rilllE'nt for a modest cost. The four sets could measure the lat.eral s))t'ead of 
!.hE' heam, Since tile t.descopE' would aim almost horizontally. <:osmic ray ba.ckground should 
he llla.JlageahlE'. 

5.8 l/r event identification 

.\8 ali'E"ad.,' poillt.f>tl out. Ilr chargf>tl current (CC) int.E'ra.ctiolls in which the r d('('ays illt,o 
hadron!'; ptus a II,. wilt bf> dassitied as neut.ral t'tl1'l'ent (NC) iutE'l'a.ctions. Ho\\'e,'er. Lh("~' are 
f'xpedt·d to lta,'E' a significaut.ly diffE'rE"llt killE'lUatic configuration t.han t.he 11/.1 neut.ral rurrt'llt. 
(·\'(.-Ut.5, We Ita.\'f> nuwe a Mont.e Carlo study using Ule proposed u('ut.l'ino !>("am SPE'ct.I'tlill 
(.0 S('f." if this differellce can be exploitf."(l t.o i<iC'ntify II,. E','ellts. ThE' method we use is Ule 
Illtllt·inuiaut disnill1inallt allalysis, This method finds clusters cOl'respouding to t,he Llll't"f." 
classes of eveuf,s. ('('. NC. aud lIT' ill a 111l1it.iuilUensional spa.ce of kinematic ,·al'iables. WE" 
fOllucI t.hat a significant POI't,;OIl of t.he v,. l'f>gioll wag lIot oVf>..ta·PPE'd hy t,tIE' Nt' 01' CC l'E"giolls 
(ill all,\' ('R$e ('("s will be ifl<.Antified by thE'ir muollS). ThE'rerore fOl' oscillnt.ion proiJa.bilil.ies 
).!;re,dl'I' Ulan (>=.06 "'f> t'ould expect t.o ideutify on the order of half of the r f'Vf>ut,s ill t.hE' 
Soudan t'f>ul.ral dt:'tect 01'. 1-'01' t. he llE'ar del.ector part, o[ (.he experimeut. WE" Ilt>t>d furtiu.'1' ~tlld~' 
SillCf" WP wOllld hE" df>a.ling with much sma.IIE'r vftlues of P and need t.o ca.l'E'fully st"t'" how t.hf> 
la.iIs or t·hE" Nt' c1ust,el' rE'ach iuto the T rE'gioll. WE" int.end t.o ('out.juue this shld,v. iunE-asillg 
ollr i\lonl,e Carlo st.at.ist.ics amI folding in dE't.ector properties. or course. stlch aualysf."S l'all 
hf' madE" 0111,\' in det.f."Ctors which yiE"ld illforma.t.ioll a.bout il1di\'idua.I t.ra.cks frolll cOlllplex 
f'vell(.S. 

Anot.hf>l' signa.l t,hftt Souda.n 2 can SE'al'ch for is {Iuasi-elastic Vr sca.t.tering (lI r n - r-l')' 
Thp ca.lculat.f."(1 II,. (IUasi-elastic cross SE'ct.iOll as a function of energy is given ill figurE' 11. 
III (;!)'/(' of r df."('a.,rs. thE' tau will show up as one (.0 five charged pions. plus neut.ral ellerg.'" 
Evpnt.s cont.a.ining tightly coHima.t.ed high E'llel'gy pions a·J·e E'xpf>ct.f."(l t,o have a. chal'acl.t'rist.ic 
signat.ure iu :ioudan 2. but would bp diffi(,ult. t.o identify in water ('(~rE"lll\()\' dpt.echm~. \\'(> are 
1I0W ('a.l'1',riug out. Mont.e Carlo studiE'S on simulatE'd <Juasi-elasHc lIT f>'-E"nts t.o quaul itat in·lr 
l'st-illlat . .,. onr en'ut identifica.tion l'apability for II,. e'-ellts. 

III the ot her :J!)% of the {IUasi-E"last,ic event·s, t.he r would decay into a single t:'1f."('t 1'011 

01' lllHon. SinglE' lcpt.olls at small but. nonzero angles from l.he Fermila.b hf>am tlil'(-'dioll 

would be ra.tht'r unlik.,.lr in the ahSE'llCe of oscillations. and a l)osit.h'E' '·e'8Uit. for 11 ,.'15 in t.ht> 
appe'Arallce (11('/ec) and/or disappearance pa.rt of the experiment. should bE' ac('olUl)a.niE'<.1 
,,~, such E",·eutR. For t.he E'lectWll channel. t.his will l'E'ly 011 our a.bi lit.y t.o l'E"ject hatil'olls 
,'el'sus siugle elert.i'olls near :W GeV, which will be bett.er than 100 to 1 for E'xdusi\'e t'lect.roll 
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."·f'nts[:m]. Cohereut. 71"') production off t.lle lludf."llS and neutrino eledt'Ol1 elastit- seatt.el'ing 
wOllld bf' :'illlall backgt'Ollllds ill this chanllel. Here Clgain. we are l'arr~'illg out. i\lont.f' ('arlo 
studies. 

5.9 External muon identifier 

We bf'lie\-p t.lll\.t. the illsL;allation of au externa I llluon itient ificatioll system would constit.ute 
a ,-aluoblf." addit.ion to this eXlwrillleut._ It woulti iucl'ease by 50% the fiducial mass of t,he 
de(.ector which can bf." used for t,he R"nc''!'',:c'' test.s. About. half of t.he muons from ambiguous 
HC or t'C en'nts deep ill t.he detector will exit the nort.h wall. while the ot.her half will exit 
towards Ihe W("st., On the north side. thf.'rf.' is ample space t.o iustrument. all exlf."l'lIaimllOIl 
idt'ul.ifical.iou system. and to place material t.o absorb hadrons from neutrino e"enl,s deep ill 
the calorimet.er. 

in addit.ion. maguE'tizeu iron as part of the external Illuon identifier wouM givp Us infor­
mat.ion about the llIuon Utolllenhull for many events. \\~t' have .i ust sta.rted exploring I.he 
adnwt.ages t.hat au externa.J muon identifier "'ould gh'e using l\·[ollt.e Carlo silUulai.ious. No 
1'(·sult. :::howll in this propos".l relies 011 externalllltioll ideutificat.ioll. hut all t.hose depeIHI(~nt. 
01\ I.be' 1l11lllbf'1' or ident.ilied (~"f'nt.s ill t.he main detector would be iml>l'On·d. 'r(~ expe(:t t.o 
submit. an addendul1l to t.his l>roposa.l at iii later dat.e which will discuss bol.h thp possil>le 
impro\'PIllPut.s in physics reach that. this euhancemellt would provide. and t.he I)Ossible design 
ami ('()!oll.s or such a srstem. 

5.10 Additional enhancelllents to the Soudan 2 detector 
This proposa.l for t.he long hasp.line neutrino beam is one t,lla./; would l'P.flllil'p. a substant.ial 
iU\'f'Shn(~nt, Oil I lifO petl·t. of Fel'lllilah. Complelion of the l\Iaiu Injector and I.he prol'osp.d widt' 
!land lIenl.duo bf'alJl are nt least. foUl' yp.ars iu Lite fut·ul"t:'. It is reiilsollabl(~ 1.0 t'x81l1im:' ",11a.t. 
01· hf'I' possihilit if'S exist. for enhancing this eXpel'illlE'nt that haye not yet. bt't"l1 t.horoughly 
nmsid(·'l'f~(1. Allti-uf:'ut.rino running is Olle possibility, 

Thp. Soudan sit.e contains three l.imes t.he volume of excellp.nt laboratory space t.han will 
bp o("('upied hy the Soudan 2 detector. This gh'es us considerable flexibility t.o: 

1. 	 Add additional modules t.o the Soudan 2 detector. 

" 	 E:q,alld t he shield 

:1. 	 Add dist ...ibnt.ed dead mass withill the exist.jug det.ect·or to ill('l'eaSe the cont.a.illed \'p.rt.ex 
" f'VPlli rate at. low cost. 

.1. 	 ,\,<1<1 an ext.ernal mtlon ident.ifier system. 

:). 	 Move a.1I addit.ional existing detect·or into t he Soudan Labora.tol'Y 

6. 	 Build a. IIe'W det.e-ct.or. 
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5.11 Summary of oscillation measurements 

"'(' hnw" ('f'J1l~id('I'<'d ~ 1I1.1I1111("" of rliffp.I't'ut WI'I.'·S to stlldy pot f" II I inl 1lf'lItl'ino osdllatinwol. Tlil" 
following list sUlllmarizes the t1iffel'ellt Pl'O(,(·SSp.s whicb Soudan 2 cau observe. 

• t.he IIp.ut.t'al Clll'1'ent. rate 

• t.IIe (-harged Clll'l'ent rate 

• I.he contained '-el'tex rat.e 

• t.it", rock muon rate in the t1et.ector 

• Ihe ro('k muon rate in the shield 

• t,he stOi>l>illg muon rate 

• the stopping muon charge I'atio 

• 1.11(:' qUllsi-<-'last ic muon rate 

• ~,11 or t.he ~lJo"t:' rates ill a Ilf"ar detector at. Fenuilah. 

N(·ul.l'illo OI'dllat.ion tests iu\'oh-f" measuring the rat.ios of t.hese ,'ariolts ra.tes. or COlll'St;" not. all 
or 1,lu" ratio.<l wouM bt:' indepp.ndent. tp.sts. WP. havp. discussed in some cletail the R .. ,,,... /'\.,.... Rlio 

" and Rn~"rl /!lr t.ests. \Vp. try to SUl1l1l1arize ill table 2 the mo.'3t im])orta.nt tests we call do. III 
the t,~hle we dist.inguish fOllr 1Il0df"s of neut.riuo oscillation (I'IJ - "r'VI! - 'It!. ",l - "R.II". ­

VI') amI I.hosp. iudf"pelldt:'llt, t(~St8 that could bf.' ust:'d in each modt:'. 
In f.ahle :1 wt:' gh'e some example e\'p.llt rates for different asSlllllt"d values of the oSf:i 11a.l. iOll 

pr()hilhilil~-. Tllis Wt:l~- is 1I0t· pri"'cir'J('ly coned h("('r\use t.ht:' probability is a f1lnction or f'nc·rg~'. 
hut it gh-f"S the rt"adt:'l' a. let-Hug [or the statistical power of the variolls t.ests. 
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Table 2 

Neutrino Osriliat.if1>11 Tp!'It.Q 


mode t.est not·e 
! IIp. - Ilr Rune" /"cc" 

IJp - IJ r RIL detector It 

"/. -".,. RIL shield It 

II/I --- Ilr RneQ"llar t.wo stat,ion 
I 

! IIp -- ­ IJ.,. Rnearl far shield. two station 

IJp. - "r stopping muon rate t.wo station 

I /'11 -- ­ ,1" Run ct" / Ucc~t 

I 11,1 -- ­ lIe Ra detector It 

: IIp -- ­ lIe RfIA!:(1'1'/f",r two statiOll 

: flu -- ­ II. Rnearl fur shield. t.\\·o st.ation 

/111 - II, Ra shield I' 

II/I - I~R t.wo dfOt.p('jm 

/1/1 - Ti,l ~ :'Itoppiug IlltlOI1S 

T l1 } E a ) e ; -- 'xa·Jl1I) e eyeut rat.es 
P = O.:Jl!} 

m I':-± 06 

p=o P = 0.1 P = O.:Z 

l!!i! - 'H ± 0:3 ~ = .:)7 ± .o·! ~ =.-13 ± .05 222 = ..J' •Run,·- I ",-c" 3.11 - .' • 

l::Ili1 .} G'} ± I'Jp'29 - 'J 88 ± 14tl!.iU - 'J 1- ± l-J. .m:m - 'J 0·, ± 14 599 - _. • 542 = _... .'Ill.! 1.1':'8 -'" • tJ39 -'. • ... 

lW - 1')'J ± '} 5 106 
185 ± :U·~ = 136 ± 2.7 I '~3 = 153 ± :3.1 53ii5 =iIT5U - -' _.'H'''''''-I!''/' 

Table :3: Exppct.ed ratios for 5e\'e1'<'11 example probabilit.ies of oscillation (.3-15 c01'l'espouds t.o 
,.!lp Kamiokalllie value at high LIE) 
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6 Performance and Calibration 

6.1 Module performance 

The I'esponse or the detector is continuously mouitored by analysing t·he data. [rol11 the cosmic 
_:.:-ray 1ll1l0nS which trigger t.he expel'iment at a rate of about 0.3 Hz, r\ sample of t,racks 

afflllllulat.ed over se"l"'ral weeks is used to measure the detailed response in the region of 
nucleon decay or neut.rillO iutel'act.ioll candidate e,'(,'llts. III order to ol>timize the opf'rat,illg 
parametel's (e.g, gas and electronic ga.ins). a few modules were initially operated on the 
surface where t.he cosmic ray flux is high enough to do high statistics studies rapidly. Some 
or t.ltt' results 011 det.ect.or performance of ihe modules operated on the surface a.re presented 
ill t.his sed.ion. 

1"01' t.he study or tuhe efficiency t.he cosmic ray muon trajectories were fittf'd. By compal'· 
iug Ule numbel' of hit tubes crossed hy t.he tra.jectory wit.h the number l>l'e<licted t·o bt" hit. 
I he luhe etfic:iency is det,ermined. Such a definit.ion not only considers if the t.ube is work­
illg. it nl~ iuc:iucif"A t.he anode-<"at.hode matching efficiency aud the tl'a.ck fit.ting f"ffidellry, 
J\lol'eo\'f"r. tilf" ..-flicif"llCY will hf" (If'neasf''d due t.o de\'iat.iolls of the adual tube I)ositioll from 
ils nominal position. and l'alH.lom scaUel'illg of lhe muon f!"Om a· s1IIooth trajl.'{'t.Ol'Y. III ,.lIt· 
{'aSf> or pf'rrf'd g('omet.ry, fOI' ~ lont.... Carlo data. t.hf" t.u be f'fficiell<"Y is 851;1'(,. l.! IldN act.lUI.l 
opt'l'at.illg l'Ouditiolls HIt:' luean tube e1lldeucy is of the order of i5%. The lIlean iuhf" dB­
l'it'ucy is n~ry uniform throughout a module. as is shown ill figure 16. whel'e the efficiency 
i:;; plol.tf"d a.lollg t.he cat.hode clirect:ioll. The va.dations 8ef"U ill figure 16 al'f" ("ol'l'f'lat.ed wit.h 
lhf' pnlse ht.·ight variat.ions a.long t.he cat.hode direction. The maximum Lube e1lldeucy .. hat 
is I'eac'hed is 80% for very high pulse ht:'ights. but the modules were operated at t.he knf"t' of 
I. h{~ t:'llki(>llcy plaieau t.o remain ill l,he proportional gain I'egion, 

T,\'pkal fll'ift aHf'IlUal.ioll lengths a.J'e of thE' order of iO em. For the pulse height, <list.d­
hllt.ioll sht)wll ill figlll'f' l'j Ihe aHt:'lluatioll lellgths for the \.\\"0 ;,)U em (Irift l't'giolll:! an" II Rnd 
(i:l ('III. Snch aU.enuatioll is well underst.ood in terms of dectroll diffusion duritlg dl'ift.illg 
<llltl d(~rt.l'oll aUa.dullellt <hlf" 1.0 O2 t'ontaminat.ion at t.he few pplll le,'el. Some ,'a.riat.jouR 
from lllotiule-to-Illodule cau he observed, e,-en wit,h the same gas <"olllpositioll. due t.o ill!­

Iwrfectiolls ill the elect,l'i<' field which show up as a difference ill the effective l'adii of t.he 
t.ubf"S. III t.ht:' ahSf'llfe of oxygen at,t.adllueut. att.elltmtioll lengths are expf"d.ed (.0 be about, 
iO em. The spatial resolut.ioll is determined by t.he allode a.nd cathode spacing. the drift time 
digitiza.t.ioll uuit. and t.he drift velocity. The spa.tial resolution is obtained from the R.MS of 
the residual distributions. ca.lculated by fit.tillg cosmic 1'a.,)' muon tracks. The spatinl rf"solu­
t.ion ill the "f"rtica.l (y) dh'ect.ioll is 0,4; ± 0.10 em • compatible wit.h the expt"ct.a.tiolls from 
ea.t.hodf" Sf"llal'atioll. A rf"sult cOllsist.eDt wit.h allode sf"paratioll is obtaille<l iu the horizont.al 
(.1') directioll. The spatial resolution in Ule drift· (.:) direction is 1.04 ± 0.2-1 em. 

Olle of thf" main clta,ract.eristks of the Soudau 2 detectOl' is its ahili(.y to yid<l ptllt!c~ IU'jght. 
information for t.rack direction detf"l'tllinatioll a.nd pal·t.icle ident.ification. To mak(> maximulll 
ltse or this iuformation, the Imlse height ,-aria.t.ioll between modules lllust be slllalier t.han 
Landau tluct.uatiolls (20%). Typical pulse height. fluctuations along t.hE' ",ire pla.lIe ar(' of t.he 
order of :lot,?;. ",hile ill thf" drift. dired-ioll. due t.o pulse height 1'I.t.t.euuatioll. a ,,,)Oc/I', retlurtioll 
ill pulse ht"igitt: call 1Jf" obserwxl. (see figure 1 j). Howe,'el', t.hese variations are corredt"d by 
t:a.libl'ating out· t.he effects of nIf"asm'ed pulse height attenuation. ",ire plane 1l01l1.ll1iformities. 
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Figure 17: Typical pulse height \"adat.ion along t.he drift direction. 



H1odulf"-lo-l1lodllit" \'(t,ria.t.ions. atmospheric pressurE'. and ga.s composition. After pulst" height 
calibration. a lOli{. nu·ia.tioll is obtained. 

6.2 Module calibration 

.·=-At, tht" Rut.hel'lord Laboratory's ISIS pulsed llt"utron source. a Soudan 2 calorimeter module 
was exposf"d to hf"ams of positiw' and negative pions. muons. and ett"ctl'ollS at. momenta 
bf~t.Wl?f."l1 L",*O and -l00 ilifF/c, and protons at. iOO ami 8:~O l\/(F/c. for st"\'era,1 angles of 
inddf'\lc(", Anolllysis of the da.ta, is in pl'ogrE'SS but, 1>I"€'liminary l'f"sults a.l'e available on t.1t€' 
dt>tertor resolution. ionization response. and particlE' idE'ntificatioll. ThesE' studiE'S have con­
firmed that the delE'dol' modnles (l,l'e pel"iorming M expected. and also have 1>rovid€'(\ delailE'd 
response parameters whit-h <.:au bt" used ill the l\Ionte Carlo det.ector simulation. 

Tbe €'lE'ctromagnetic 8ho\',--el' enE'rgy is determincd by counting tube crossings (bits). Fig­
m'E' L8 shows the Humber of tub€' crossings as a fUllction of til€' electron beam energy. for 
ISIS and MontI'" Ca.rlo dat.a. The non-linE'ar dependence upon the f."uergy rf'fiect,s HIE' high 
t1t-"ltsity of '.ube ("I'OSSillgs at high energy, The l1lE'asttrE'd energy resolution call b€' l't'presf>l1tt>d 
as ill ligurt' In, 

1000 • ISIS 

_800 0 Monte Carlo 
u 

....... 
taoo::z-0.. 400 

200 

Figltl'f' i8: Electron shower t'nergy n:'t'SllS llltlnbE'r of hit·s from ISIS data. and l\Joulc Carlo 
simulations. 

Althongh 1he SOll(la.n 2 detect,or is designed to hE' relatin~ly isotl'Opir. it~ gf'tHIlf'tIT is 
Ilot ('ompit.·tt'ly uuiforUl, This fa.ct will affect. a,t some ie\'el. the llumht:'r of hit,g l"ullllh~d for 
shower t>llel'gy measurement.. Figure 20a shows the llumb€'r of hit.s obser,'p,d for clilff."reill. 
"f"ltical illddeuce a,ngles of the heam. for tracks perpendicular to thE' tubes. ThE' maximum 
"(\I'jRt,ion (8'/(,) is obtained for small \'f"rtical angles. This variation is easily cEllil>l'atf.'d. The 
lol.al pulse' height is indepenciE'nt. of t.he "E'rt,ical inddt'llce angle as is show11 ill Ilg11r€' 20b. 
\rhf'1l t,he dependence upon horizontal angle (a.llgl€' with the:; direction) Wa."J meastu'€,d. a 
\'R.t'iaJiun of the llumht:'r of hits was obsE'l'\'ed wht>re the beam is almost parallel t.o tilE' tubf'S 
(SE'E' Ugltl'f:" :We), The tot.al pulse height does not \"ary with horizontal augle (figure :lUd). 
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Figure W: Energy resolution [or electron showers. 

Th~r("rOl"~. tlu:- Soudall 2 detect.or is isot.ropic aft.er some small correct.iolls. The smail dt,t.ertor 
"misolropy obsern-d is (·ollfirult.'d wit.h t.he Monte {'ado aud does llOt. compromise t.he energy 
re801 u(.iOIl, 

A sampip. of 11"0'" produced ill charged pion interactiolls ha.'3 heen reconst.ruded, The 
f'\'euh~ \\'~re seleded hy scanning for events with two well separated showers, The 11"0 pE'ak 
is c("lIt'('red at 1:16 ±:J Mf:V/c2 aud has an Rl\IS of 40 ilb:V/c'l (see figure 21), When t.he 
pl'odudion "P.l'tE'X is kuown it. is possible to distinguish electro118 from photons by measuring 
Ih(-> di~t.allce ht't.w~ll t.lu· ,'("rtex and the Iit'st hit (conversion length). If the distauce is 
:-;tllallt"l' l.hcHi ·1 ('111 t.lu' reta,tin.' probcthilitx to be t : i is 8 : 1. for a distance lal'g<.'r thull I ('Ill 

the :-thowf>1' is more likel." a, photon with e : l' a probahility of 1 : I·!' 
~lllOIl moment,tllll i8 calculat.ed from t.he range oht.a,illed by measurement or the muoll 

Il'ack ll"ugt.h (L) and llsing a Illean det.ector dellsity (1.6 g/cm3 ), The avera,ge It'llgt.h ror 
2!5 ,lit F/c.' muons is 40.6 em. with at = 20%. giving a momentum I'esolut.ioll of 8%, This 
l't:'Solut.ion is illdepp.udeut of momentulU for the ISIS energies. 

Souda.ll 2 can distinguish bet.ween stopping positive and l1ega.tive muons because most. 
nega,t,h'e muons a.re ca.ptul'ed by iron nuclei and tlo \lOt. decay visibly. The decay posit.rolls 
from positive muons are usually detected, Figure 22 shows the Humber of extra hits at tbe' 
E"nds of h,ftcks for sample'S of negative and posith'E' mUOIL'3, Two or more showet' hits are 
observed aJ. the' end of 85% of the posith'e' muon tracks, No hits are ObSE'l'\'ed tor 'j":)(7c, of the 
nega.t.i,'e muon tracks. 

The expeded ionization response of a slowillg muon is obsen'P.tl. Ftgme 2:3 8huws the 
lIleall pull;(" height along the muon t.rajectory measured from t.he end of t,he t.,'acli. ('rude 
lHea.·mrellleut of the track direction (choosing the end with Ute higher meau iOllizatioll 011 

t.he last. 5 hit.s as t,he stopping end) yields the correct. direction 80% of the t.ime, 

40 


http:obsen'P.tl
http:Souda.ll
http:calculat.ed
http:detect.or


(a) 
(b) 8000 n.,...'T"'j""''''''''''''''''''''''''''''''''I"''''T'''''-' 

i ....,. "1'" " .,•.••• ' - IInl..... 
•• --...................... 1OO1DtI/_ 


• __.••,. .............. - .............. ~ tl.trY/• 


........ .....•..... ......... I" V..I_ 


20 40 eo 80 


VERTICAL ANGLE 


(e) 

E = 

--.-~· .•·-f.-... !.-. _-1.00 ...../
I 
...........Il ••• - •••• ,oi 100.,.. 

2000 

O~~~~~~~~~~W 
o ao eo 60 

VERTICAL ANGLE 

id) DOOO ,.,.. ....... T"'I""T'T",..,...,..,...,..,...,..,..,...,...,..,...T'T".,..,...., 


10 

•••••• , ........... ~_ ....... ':100 v... ..­• .,. ................. ___ .,., .......... a:::se v.., • 
......... ""' .. 
................. • __ ... 171 " ...1 

OLWWU~~~~~~~~uu 

o 20 40 eo 60 100 120 

HORIZONTAL ANGLE 

• •i ............ - ...• 400 II.n/e 

a •••• _.._ ••__ .L __ •••I! ao 11...1­

..._ .......__ ........ !lIV." • 

20 40 80 80 .00 120 

HORIZONTAL ANGLE 
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7 Requests of Fermilab 

7.1 Clock 

To ~lIltancp. t;hp. plII·it,)' of thp. Ileut,rino signal it, is important. to know the t.illlillg of f.lIC" C"Vf.'nts 
,--SP.t'1l at Soudan relative t,o tilt" Fermilab beam spill. In order t.o achieve the requil'eci timing 
--or <- Lm.!!. it will he nece'!Isary to hftye clocks at eadl end which al'E" an."urat.C" a.t this le\'C"1 

lllld :c;rnchl'onized with t"a('11 ot,her. This CRll be achieved by llsing docks which lock Ollto 
I he W'\:VB shortwa"e radio timing signals. An absolut.e synchronization and a contiuuing 
('heck ("'an be achieved at the microsecond level by using t.elevision synchronization siguftis 
as broadcast. h~' any of the grosYllchronolts satelJites. 

,\t Soudan. w(> would writ,e. as pa,rt of the dnta record. the time of every t.riggCI', At 
FC"I'mila.b wP. would writ.e the time of eac'h spill as well as allY other illfol'mat.iolJ available 
(e.g. spilJ intensity. t.argetillg infomlation .... ). Thel'e is a data link bf.'tween the two sites 
alld at. t.hE' t'ml of each run t.he Fermilab disk file would he sent to Soudan where all oHliu(" 
('on1:'lnt,ion would be dOlle to ma.tch up e"ents wit.h beam spills. At this time an illtegrat.t'd 
I'xp08U1'e coul.1 he calculated. basE"d on b€'am int.ensity and t.argeting. 

In addition. if neCf.'Ssary for thE' shield-only E'Vellts. we could USE' the So,.dan c1o('k to 
g('lI('raLC' a t.riggC'r ga.lE" fOl' the expedC"d hE"am an'ival time. ('Iearly •his would h~\\'€' t·o h(, 
J'I·gulllrir dweked against the ad-ual acceiE"l'ator clock by Sf'udillg information on t1l(" da.La 
link. pal't,icularly when th€' spill pE"riod or phase is changed. 

7.2 Beam monitoring 

II. will In' n'I'.'· illlport-allt. 10 monit.or the primary and secolHlary hC"ams with grC"a.t pr("('ision 
aud wit.h redundant syst.ems. For s("colldal'Y flux measlirements ill the horn. we would waul, 
b"8m turoiti8 and se('undal'Y emission monitors. as m"ll as a calibration syst.€'1lI to flI tid.,' 
the partid<.' nmt.t'ltt in thE" hom. For the prot.on beam. a SE'l'ies of precise segmeni,ed wire 
iOllizatioll duuulw.l's will he required to n~co}'(1 t.he posit.ioll where thE" beam hits it.s t,8I'g€'t 
011 a puJse hy pulse ba:;is. DownstrE"am of the dump. scintillatioll COllUt.E"l' arrays would bE" 
llsed for both flux aud larget.ing comparisons. M llluon rat.es are extremely sensitive to tbese 
Ilal'aUletE"rs. 

7.3 Near detector 

Our collaborat.ion will pI'ovide the modular dE"tectors and the dectronics for the near stat.ion 
('X}>C" I'itU€'11 I,. HowE"'el', about. 8 m of space which does not iut,erfE"fe with F€'rmilab P80:~ will 
Ile r~quirC"d. ill addition to a. data acquisition system. aud full access to bE"am monitoring 
iuformat.ion. 

7.4 Detector cost estimates 

We f.'St.imatC" t.hat the ll("cessal'Y additiona.l e(luipment.. such as a ',",WVB clock aud comtnl1~ 
llieat.ions syst.E"l11. a vet.o couuter system for t.he neal' dE't.ectol', 1>eam monitoring equipl1l("ot. a, 
piaUoi'm fuJ' u(>a1' st.atioll modules. and a. dat.a acquisition Syst.E"lll will cost a.bout. $2W.OOO. A 

http:monit.or


major IIpgl'a.df:.'. such as the external muou ideut.ification system a.t. Soudau. would cert.a.july 
lie IIl1tdJ 11l01'(, eXI)(:·usive. Howt'n..r. the largest (~ost. is certainly the COl1Stl'UC.'"ioll of Ult' bt'alll 
as describt'ti. ill tht' Fel'lllilah Neutrino COllceptual Design Report.. 

7.5 Computing requirements 

The 11I'ima.ry off-lint' analysis for Soudan 2 is now done at the Souda.n flit.e. At Ft"rmila.h. \\'t' 
would t'f.'quirt' processing for t.he large event. sallll>\e from the near detE'Ctol'. aud for MOllt.e 
(,a.rIo and sUlUmary t.ape analysis. \Ve l'e<luest 

1. 	 ; Vaxst.a.tion :J200 equivalents fol' 9 months at the t.ime of the II eXl>osure, 

2. 	 1 Va.x :J:200 equivale11t for :2 years (the year before and the yea.r a.rter) for Moute C'a1'lo 
and sUlllmary t.a.pe analysis. 

:J. 	 A('C'ess to Fermilab computing resources before the expOSlll'e for bea.m dt.'sign l\lol1t.e 
<. 'al'lo. f.'lc. 

http:11I'ima.ry
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8 Concluding remarks 

8.1 Personnel issues 
Our ('ollRbot'a.t,ion includes aH institutions which rue currently ra,t'l'yillg out t.he SOUdRIl 2 

__proton decay experiment,: A.I'goulIe NRtiona.i LRboratory, t.he Univel'sity of Arizona. the 
-- tT uivE'rsity of l\Iiuuesot.a. Tufts Ulli versity. the F uiversity of Oxfol'd and Rutherford-Appleton 

Lal.,()ra.l.o\'~', COllsidera.hle 5uPI>ort will coul,inlle to bE' provid(.>(1 by those institutions for 
[>822, ~lemhel'8 of Olll' coURbOl'ation have extensivE' experience ou neutrino experiments. 
ha.ving workt><l 011 E594 a.nd (,CFR at Fermilah. and 011 Argollue l:t. Ferlllilab J!j' and 
CEHN BEJJC JlE'utrino experiments. M well M Los Alamos neutrino eXI)08ures. T st.udies a.t 
SLAC's HUS. alld a.tmosplieI"ir ueutl'ino studies. 

8.2 Conclusion 

Th<> Sondl1l1 2 dd.ector is an excell('ut tat'get fOl' a long baseline v beam fro111 the Fenuilah 
l\[a.ill IlIjt'dor, The df'taile<1 eVt'llt reconstruction cl\.pabilit.ies of Soudau 2 and our ahility 
to IwrfOt'lll a l.wo stntjon experiUlt.'UI will gh-e "E'l','- good cOllt,rol or [Jotelltial sYRI.emat.ic 
('ITOl"S. \VI:' ("flU also uniquciy 1)E"rfol'lll au inll)Ortallt. l'r ap[Jearallce eXIJE'l"inu"llt by Hl'\illg 
the d(,8.riy disLinguishable I)at.tel'us of charged current aud neutral current e\'ellt.s. This 
is more important t.ha.n t.he a.dded statistical power OIl achieves in RU eXI)el'illlent closer 
t.o Fertllilab wit hout stich l).!'I·Ut"l'll n."t.'oguit.ioll cal)abilit.y, Our experiment. ('ottld dis(:over 
compelling eddem;e for neutrino oscillatiolls. II Vp -+ Vr and "p -+ V(' oscillations do noL 
exist. in this large new regiou or parameter space. imllortallt new limits 011 neuh'ino pl'operties 
.an he lOwt. 
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Abstract 

The atmospheric muon neutrino deflcit suggests that II.,. mass and mixings could be 
measured with a long baseline neutrino oscillation experiment &om Fennilab's Main 
Injector. We are proposing such an experiment from Fermilab to Soudan, Minnesota 
using a double horn neutrino beam and the 120 GeV Main Injector. The experiment 
concentrates on the mode "" - II.,.. The experiment would make use of the existing 
Soudan 2 detector and a smaller near detector loeated behind the short baseline ex­
periment P-803. The systematieally cleanest signal for this mode is a change in the 
apparent neutral-current to charged-current ratio. In two nine month runs, we are 
sensitive to sin2 28 > 5.0 X 10-2 and Am2 > 2 X 1O-3eV2

• This experiment will con-
elusively confirm or refute the exciting possibility that neutrino oscillations are causing 
the atmospheric II" deficit. 

1 Introduction 

1.1 .Historical Context 

The solar neutrino deficit, atmospheric neutrino deficit, and the missing mass problem offer 
three separate hints that the neutrino may possess mass. Neutrino oscillations are a natural 
consequence of neutrino mass. For the last several years, there has been increasing evidence 
that the Am2 range from 0.001 to 1 eV2 ·is the range of interest for neutrino oscillation 
searches. (Am 2 =Im~-m~ I) In this range there is a very strong hint for neutrino oscillation. 
from the atmospheric neutrino deficit. Independently, if the solar neutrino deficit is due to 
v" -fo Ve oscillations, this range is a strong candidate for v" -fo v.,. oscillations. Finally, if the 
dark matter includes a 10 e V v.,., this range is a strong candidate for v" -fo Ve oscillations. 
It is this range of 0.001 to 1 eV2 to which a long baseline (,..." 700 km) neutrino experiment 
from Fermilab's Main Injector is sensitive. 

The P-822 Proposal for the long baseline neutrino oscillation experiment from Fermilab 
to Soudan was submitted in March 1991. The overall physics motivation and capabilities of 
the experiment to study neutrino oscillations remain essentially the same. 

Several aspects of our original proposal will be updated in this document. A discussion 
of the double horn beam was presented to Fermilab in June 1991 through a Conceptual 
Design Report.[I] That beam did not point at the Soudan 2 detector; a new beam design 
and cost estimate are being prepared by the FermiLab Facilities Engineering Services (FES). 
A number of important physics and detector issues have been documented in some detail 
in the Proceedings of the Long Baseline Workshop at Fermilab in late 1991.[2] We have 
addressed those aspects of long baseline neutrino physics which we regard as most crucial 
in this revised proposal. We are also working on other concepts, which are identified at the 
end of the proposal. 

The P-822 proposal was discussed by two neutrino review panels which were convened at 

5 




Fermilab in May 1991 and June 1993. In August our collaboration was given questions from 
the PAC June 1993 Aspen meeting. They require much detailed work to provide complete 
answers which we have not yet finlshed to. our full satisfaction. However we do present in 
this document our progress towards fun answers. Since we expect further questions from 
the PAC at the November meeting, we anticipate giving more complete answers to all these 
questions at the next presentation cycle. 

1.2 What we are proposing 

We believe that the prospect of a convincing discovery of v'" -+ v.,. oscillations justifies a 
ma.jor neutrino oscillation program at Fermilab. This document discusses several options to 
broaden the capabilities or a long baseline experiment from Fermilab to Soudan. Although 
several such improved capa.bilities are referred to within this revised proposal, we regard the 
essence of our proposal as the following: 

1. 	We request that Fermilab build a wide band neutrino beam at the Main Injector 
pointed in the direction or Soudan 2, together with a detector hall to be shared with 
P-803. 

2. 	We will use the existing Soudan 2 calorimeter and a similar but smaller near detector 
to measure neutrino interactions. 

3. 	 We are proposing to build a muon toroid system and an enhanced shield, in order to 
add to the systematic reliability of the experiment. 

4. 	 We propose to run for two years with the full upgraded Main Injector proton :8ux of 
9.4 x 1()20 protons per year. 	 . 

H the experiment is approved, we are confident we will be able to determine whether or 
not the apparent atmospheric neutrino deficit is due to neutrino oscillations. 

An important upgrade to the Soudan 2 detector would be to take advantage of the empty 
space next to it. An approximately 8 kiloton "cavity filler" could be constructed there. Using 
one of several possible conventional techniques, such a detector could be constructed in a 
straightforward fuhion, though its size would make it relatively costly. We are working to 
determine its costs and capabilities. We will keep Fermila.b appraised of the progress of these 
studies, and should we decide such capabilities offer compelling advantages, we will propose 
an additional detector at Soudan or revise this proposal as appropriate. 

In Section 3, we compare the capabilities of a long baseline experiment with and without 
a cavity filler. Some preliminary thoughts about construction and cost of a cavity filler 
are presented in Section 5. However, we wish to make clear that the cavity filler is not 
yet a part of this (P-822) proposal. Although it would grea.tly increase the statistics, it 
would significantly add to the costs; the tradeoffs must be carefully studied. For example, 
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additional detector mass would be of grea.t value if several years should be required to reach 
design intensity in the Main Injector. The tradeoifs in "cavity filler" cost versus granularity, 
resolution, density, and other capabilities will depend on Monte Ca.rlo simulations which a.re 
underway but not yet completed. 

This proposal for a long baseline neutrino oscillation experiment depends on the con­
struction of a wide band neutrino beam with the Main Injector, and also on the existence 
of a short baseline experiment such as P-803.[3J As will be described later, we would rely 
on the P-803 spectrometer for high resolution measur~ments of the neutrino beam energy 
spectrum and composition. 

1.3 Organization of Revised Proposal 

Since many of the PAC members a.re new since our first proposal[4J we repeat in this version 
the essential elements of the physics justification and experimental method to avoid the 
necessity for constant cross reference between the two documents. 

The organization of this document is as follows: In Section 2 we review the physics 
motivation for a long baseline neu,trino oscillation experiment. In Section 3 the experimental 
capabilities of this proposal are reviewed. In Section 4, we provide preliminary answers to the 
questions posed by the PAC. We note that we have been unable to answer to our sat.isfaction 
all of the questions posed by the PAC but we believe we are headed in the right direction, 
have made substantial progress and will be able to give more complete answers to the rest of 
the questions at the next presentation cycle. In Section 5 we discuss the possibilities for a.new 
cavity filler detector in the Soudan facility. In Section 6 we compare the capabilities of this 
proposal to other searches for Up. - u.,.. These include several possible and/or approved short 
and long baseline experiments. Section 7, describing future work, discusses our eiforts on a 
"cavity-filler design" and sets out our plans for continued analysis. Appendix A discusses 
the derivation of limits in .6.m2 versus sin2 26 space for dift'erent neutrino oscillation tests. 
Appendix B describes the existing Soudan detector and calibration. In Appendix C we oifer 
a. consistent denmtion of appearance and disappearance neutrino oscillation experiments. 
Because we have found dift'ering uses of these terms to be widespread, it is necessary to 
define and distinguish them. 

Where appropriate, cost estimates are included within the relevant Section. All cost 
estimates are in 1993-94 dollars, with no estimate for inflation. 
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2 Physics Motivation 

2.1 Atmospheric Neutrinos 

When our P-822 proposal was submitted in 1991, we argued that the possible atmospheric 

neutrino deficit was a strong motivation for a long baseline neutrino oscillation experiment. 

At that time, the evidence for an atmospheric II" deficit was based on 2.8 kiloton yean of 


. Kamioka data, and 1MB had not publlcly 'presented it. p 'versua e ring analylis. Now, the 

same defi.~t i. seen in over 13 kiloton years of H20 Cerenkov data. It is reviewed here only 

brieB.y. 

Several underground experiments which can measure the ratio of II" to ". in the atmo­
spheric neutrino dux see an apparent deficit of "" compared. to expectation. We define a 
ratio of ratios : 

R =(1I,,/II.)m___ 
(1)

- (II,,/II" ).".1ItHt:tAtil 

The experimental situation is summarized in Table 1.[5} We note that the following me .... 
surements of contained atmospheric neutrinos are all consistent with a 30·40% deficit of II" 
uormalized to the mee.sured II" rate. 

• IMB-I (3.8 kton-year): muon decay fraction[6} 

• 	Kamiokande (6.2 kton-year): muon decay fraction(71 

• 	 Kamiokande (6.2 kton-year): ring analysis[7] 

• IMB-3 (7.7 kton-year): muon decay fraction[81 

• IMB-3 (7.7 kton-year): ring analysis[8} 

• 	Kamiokande (2.7 kton-year): ring analysis with inelastics taken into account.f9] This 
is not independent of the second item above, but uses different analysis techniques imd 
includes more inf'ormation about the total event sample. 

• Frejus (2.0 kton-year): 	contained events.[IO} An analysis of their data including the 
uncontained events does not favor the existence of a deficit, however. The limit bued 
on thia analysis is included on the plot of Figure 1. 

• Soudan 2 (1.0 kton-year):preJiminary result with contained events.[U) The statistics 
of the Soudan 2 observation is small, but it is quite intriguing to us that the value is 
on the low side. 

Ascribing the atmospheric deficit to neutrino oscillations defines an allowed region in 
Am',sin'21J space. The allowed region (at 9O%CL) for v" - v.,. is shown in Figure 1, 
together with accelerator limits. The data are taken from an analysis of the first 2.76 kt­
year of the Kamioka data. The statistical significance for R #: 1 has increased as Kamioka 
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has taken more data and more sharply defined the allowed values. 1MB has not publicly 
presented an o.cillation analylia, but the result. are expected to be similar. A large mixing 
angle is required to explain the entue effect as V" - VT" The entire area .hown in Figure 1 
is larger than the region of parameter .pace which is statistically allowed by Kamiokande 
at 90% CL. However, given the current spectrum of experimental results, and plausible 
systematic errors, it represents the relevant area of interest for the atmospheric neutrino 
deficit. 

Limits on V" - v.,. have been presented baaed on the rate of upward throughgoins, 
muon8.[121 However, any limit. b.aaed on upWard going muons must include large systematic 
uncertainties in the absolute flux of cosmic rays and hencev.... [13J, [14] In our view, such muon 
measurements have not reliably excluded any of the allowed region in Figure 1. Limits have 
also been presented by 1MB baaed on upward going stopping muons. This result depends 
on knowledge of the energy IIpectrum and on the absence of background, such aa hadron 
backscatter. A background of only 10 such events would invalidate this limit. 

Experiment Exposure R! 

KamiokaDde 6.10 kton-year 0.60:g:: ± 0.05 

IMB3 7.70 0.54 ± 0.02 ± 0.07 

hejus 2.00 0.87 ± 0.19 

NUSEX ~ 0.4 0.99 ± 0.40 

PRELIMINARY 
Soudan 2 1.00 0.69 ± 0.19 ± 0.09 

Table 1: Atmospheric neutrino exposures and results. 

2.2 Why Concentrate on vp. -+ v.,.? 

We fi.rst the define relevant notation. If neutrinos of one species oscillate into at most one 
other species, the probability is given by 

po.._.... = sin' 28 sin'(1.27 Am' :o.) (2) 

with Am' in eY', Lin km and Eo. in GeY. Am' = 1m!. - m!.1 and 8 is the mixing angle 
between v" and Vb neutrinos. The masses and mixing angles are unknowns. An experiment 
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which fails to find neutrino oscillations can set a limit in the .6m2 versus sin' 29 parameter 
space. 

Several neutrino oscillation experimenis and proposals have been run or are being con­
sidered. within the high energy physics and nuclear physics communities. Since the observed 
width of the Z boson permits only three flavors of light neutrinos,[15] it is reasonable to 
concentrate attention on the three possible modes "", - "., "" - ".,. and ". _ ".,.. A long 
baseline experiment with a primarily"" beam can look for the oscillation modes "" - fI". 

and "" - ".' 

What motivates an experurive, difficult search for oscillations? A skeptic can reasonably 
ask the following question: 

The parameter 8pGce for neutrino oscillations i6 lhree semi-infinite plots ofam' 
l1ersu sin2 29. Dozens of eqeriments Ml1e searched for and failed to find evidence 
for neutrino oscillati.ons. Why should any new eqensil1e eqeriment be built 
which can' only "elude another finite area in parameter space 'I 

There are two seis of answers to this question. The first set is based on the experimental 
evidence of the atmospheric and solar deficits. The second combines this evidence with some 
theoretical considerations to justify a search in a particular channel, and in a definite region 
in mass and mixing space. 

The fI" - fI.,. channel deserves a careful search because of two experimental observations: 

• 	The atmospheric neutrino "" deficit is naturally explained by fI" - ".,. oscillations in the 
parameter region accessible to P-822. This is the strongest argument for a new neutrino 
oscillation experiment in general and for P-822 in particular. The combined data yield 
a statistically compelling effect. There is no reason to disbelieve the result but the 
natural interpretation, that we have discovered a violation of lepton family number, 
is so important that a definitive experiment mut be carried out. The accelerator 
community cannot ignore or downplay the result merely because the techniques are 
unfamiliar; rather, it should use the considerable advantages of neutrino beams to 
definitively confirm or refute the effect. 

• 	The solar neutrino data can be explained by"" - ,,_ oscillations with the MSW 
efFect.f16] This range of .6m2 for fI" - ". cannot be reached with any proposed accel­
erator experiment, yet serves as a strong motivation for the notion of neutrino mass 
and mixing. The solar-implied range of am2 for "" - ". together with the expected 
neutrino mass hierarchy implies a m"'r heavier than Ja m2 ("'" - ".) ~ 1O-3eV. This 
could be accessible to either the short baseline proposal P-803 at small mixing angle 
and Am' above a few eV', or to P-822 at larger mixing angle and am2 down to below 
1O-2eV2. 

A second set of arguments are more speculative and model-based but point toward P-822. 
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The solar and atmolpheric deficiia are linked by our theoretical expectaiions. If the 
neutrino masses have the same generational hierarchy as the other quarks aa.d leptonl, and 
if the lepton vemou of the KM matrix has the same nearly diagonal structure as the quark 
KM matrix, then II" -+ II.,. is a natural candidate for accelerator-based experiments based ou 
the following chain of reasoning: 

• The lum of the three neutrino masses are likely to be lesl than 10-100 eVor they 
, 	 would overdose the Universe. It il also interesting to note that if gioballymmetries 

are broken at the Planck scale, this implies a lower,limit of m" of IO-leV.[UI 

• Within this range, there would be three neutrino masles; mil., m..,. and m..... The quarks 
and leptons all exhibit a generational masl hierarchy, m" < me < me; nl4 < m. < m,,; 
and mill < mIl < mr. Therefore it is plausible that m... < mv" < m..,.. We point out 
that in specific models which have been published in the literature mo.t seem to have 
this feature.[18] If no pair of neutrino masses is near-degenerate, we would have 

Am2(v" - v.,.) = m!r 
Am'(v. - liT) =m~ 	 (3) 

A 2( ) ,-"~m ". - II,.. =mil,. = Elm.... 

This last relation defines El; which is smaller than 1. 

Again with guidance from the quark sector, a lepton Kobayashi Mashwa Matrix is 
expected to have the following general form: 

with f, small compared to 1. 

• 	To date, no evidence has been found for oscillation. at accelerator experimentl, 80 P 
is small. If we imagine increasing LIE and repeating those experiments, then as we 
increase L and decrease E, we may find oscillations with P ~ 921.21Am'LIE. If we 
now compare the probability of oscillation for the three modes for experiments at a 
fixed distance and energy, we find 

(4) 


With these rather general assumptions, the mode v" -+ VT is the most likely mode to 
be observable with accelerator neutrinos. 
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2.3 See-Saw models 

The see.aaw mechanilm[19} naturally explains both the low neutrino masses and the mass 
hierarehy in equation 4. If the solar neutrino problem is explained by the MSW effect, then 
m..". > 1O-8eV. Depending on whether the see-saw meehanism is implemented with quark 
masses or lepton masses, and whether a linear or quadratic mechanilm is used, a m .... from 
0.01 to 10 eV is predicted.[20] If the m .... == 10 eV and the mixing angle is smaller than E531 
limits, then CHORUS, NOMAD and the more powerful P-803 could discover lip. -+ v,. in 
that parameter space. This scenario is favored by "mixed dark matter" proponents who have 
come forward since the anisotropies of C9BE have been seen.[211 But neutrino mass, even 
without direct cosmological implications, is interesting and important. m...,. ~ 0.1 eV, whieh 
is alao allowed by see-sa.w models, is favored aa an explanahon of the atmospheric neutrino 
defi.cit.[22] Recent reports of MACHO's,[23] massive compact halo objects (such as Jupiter, 
but filling the galactic halo region), offer alternative dark matter explanations and leave the 
neutrino sector accessible to solar, atmospheric, and long baseline accelerator experiments. 
A suggestion tha.t the see-saw meehanism might be accompanied by enhanced mixing[24J 
also favors this scenario. 

This proposal concentrates on the oscillation mode vp. -+ v,.. However, it is also possible 
that the atmospheric anomaly is due to Vp. -+ v.. P-822 would confirm that. If the v,. were 
heavier than 1 eV, with a mixing angle below the limits of FNAL E531, then the atmospheric 
neutrino problem could be explained with v" -+ v. oscillation •. Reactor experiments have 
limited some, but not all of this vp. -+ v. parameter space. In this scenario, the MSW 
effect cannot explain the Solar neutrino deficit. However, a solar neutrino deficit equal to 
the atmospheric deficit would be expected in Homestake, Gallex and SAGE, with a slightly 
smaller deficit in the Kamiobnde solar data.[171 

2.5 The NUMI Program 

The NUMI program at Fermilab, by combining the short baseline P-803 and the long base­
line P-822 offers a unique opportunity to study neutrino oscillations. The availability of a 
neutrino beam using the Main Injector will provide an extremely large neutrino flux capable 
of giving large event rates at long distances, with a substantial fraction of the beam above 
v.,. eharged-current threshold. Both appearance and disappearance experiments can be run 
simultaneously. 

There are three possible indications of neutrino mus: the missing mass problem, for 
which the heaviest neutrino mast of l-lOeV is needed if hot dark matter is a significant 
part of the answer; the atmOlpheric neutrino problem which needs a high mixing ugle and 
Am2 of 1O-2eV3 to lOoeV2 t and the solar neutrino problem, whieh might be explained by 
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Reference 

Standard Model 
Pakvaaa[22] 
Hall[25] 
Akhmedov[17] 
GINO[26] 
Caldwell[271 
Wolfenstein B[28] 
"JUlt So" 

mv,. m..,. 
(eV) (eV) 

0 0 
10-3 10-1 

10-3 10 
10-1 10 

0 0 
3 3 

3 10-4 3 10-3 

10-1 10-1 

Does it explain? 
Solar Atmotpheric Dark 

deficit deficit MaUer 
NO
yeS 
yes
NO 
yes 

NO 
yes 
NO 
yes
YES 

NO 
NO 
yes 
yes 
NO 

yes 
yes 

yes 
NO. 

yes 
NO 

yes NO NO 

P-803? P-822? 

NO NO 
yes yes 
yes NO 
yes yes
NO yes 
yes yes
NO NO 
NO No 

Table 2: Several theoretical neutrino mass scenarios 

"IA ...... II, oscillation. and the MSW effect. Neutrino o,cillations cannot naturally explain 
all three effects, but could naturally explain any two of them. Table 2 lists a number of 
neu~rino mass scenarios. Most of them have been designed to "explain" one or more of the 
three hints. It is seen that the NUMI program, consisting of a short baseline experiment 
P-803 and a long baseline experiment P-822 is well positioned to find neutrino oscillations or 
greatly constrain the neutrino physics explanations of these three important phenomena. 

3 Discovering Neutrino Oscillations with· P-822 

3.1 Neutrino flux and event rates 

The design and capabilities of a wide band neutrino beam using the Main Injector were 
spelled out in the Fermilab Conceptual. Design Report for the Main Injector Neutrino 
Program.[l] The specifics for extraction and beam design in the direction of Soudan 2 have 
been worked out by the Fermilab Main Injector groups and Research Division and will not 
be addressed in this document. A map of the beam and a cartoon sketch of a profile of the 
earth are shown in Figure 2. The neutrino beam will go through the shori baseline detector 
P-803 and also a ~ 50 ton near version of the long baseline detector at the Fermilab site. It 
will then traverse 730 km to the Soudan mine. 

The Soudan 2 detector has a mast of 960 tons. The cavity in the Soudan hall is 72111. x 
14m x 11m, and we estimate that, depending on the required granularity, another .etector 
of up to 8 kton could be constructed behind Soudan 2 with a similar capability for measuring 
NC/CC in the Fermilah beam. 

Since the original proposal was wriUen, the expected intensity for the Main Injector has 
increased from 4 1013 protons per pulse every 2 seconds to 1014 protons per pulse every 1.5 
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secOllds. Thil increases the neutrino event rate in the exilting Soudan detector by a factor 
of 3.3, as shown in Table 3. We aslume two nine-month runs with 100 hours per week 
oi rulUling. All of the rate.s aM limiU given in this document apply to this luue running 
tU.umption, unle.t.t otherv1i:le noted. In Table 4 we show the event rate which could be 
obtained in two nine month runs if we also build an 8 kiloton cavity :filler. 

It i. uNful to be able to compare dHferent scenarios for a long baseline experiment with 
the double horn beam from the Fermilab Main Injector. Starting with our base assumptions 
we can scale the mass, diltance and running time and intensity as follows: 

M )( 730km )2(".Ot0'll6 0'11 ta.rget)
( (5)N == 6000 x 900ton.s . L 2 x 9.4 X 1020 

p==O P == 0.1 P == 0.2 P. == 0.345 

R"'ru:"t-t:t:I' :: == .310 ± .011 

= 
;i: == .365 ± .013 i: = .433 ± .015 

= 
i:: == .566 ± .020 

R".lu ==2.93±.04 ":.': = 2.80 ± .04 = 2.66±.04 "i:: = 2.40 ± .04 

Rr-"/ltI!I' 4!~ == 2270 ± 45 3::0 = 2530 ± 51 3i~ = 2840 ± 57 2::0 = 3470 ± 69 

Table 3: Expected ratios for several probabilities of oscillation (.345 corresponds to the 
Ka.miokande value at large LIE). Rates are for two calendar year (nine month) runs using 
the existing Soudan Detector. The errors are statistical only for R"nt!' 1M =- and R"./II tests 
and are dominated by 2% systematic errors for the ~rl/ar test. These numbers are not 
corrected for ". and NClce misidentification. Those corrections, which are discussed in the 
text, will change the value. of the ratios, but will not greatly affect the statistica.i.ignificancea 
shown in this Table. 

3.2 Neutrino Oscillation Tests 

The expected event rate as a function of neutrino energy is shown in .rlgure 3. The rates 
for quasi-elastic, resonance production, and deep inelastic are shown separately. The bulk 
of events are deep inelastic, with several pions in the final state. 

The most powerful test we have for ueutrino oecillationa, the R"N!' '''t:t!' test is the m.oet 
independent of preciee knowledge of the beam flux or energy spectrum. Several other sta­
tistically independent test. can alao be used. All require more work, but any of these 
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P=o 

=. = .310 ± .004 R"nc"rOt!' 

== = .65±.004R"'/II 

::~ = 3790 ± 76~/IG't' 

P = 0.1 


~= =.365 ± .004 

=: = .62 ± .004 

::.:. = 4210 ± 84 


P =0.2 


~= = .433 ± .005 


:: = .59 ± .004 


:~ =4730±95 


P = 0.345 


~= =.566 ± .007 


:~ = .53 ± .004 


~ =5780 ± 116 


Table 4: Rates are for two calendar year runs (9 months) with an 8 kiloton cavity filler. 

statistically-independent tests described below would provide a clear and convincing signal 
in the Kamioka-allowed region for the atmospheric deficit. 

• 	R"rwf'ret!' test, the ratio of neutrino events without a clear muon to the number with a 
clear muon. We will directly compare the ratio measured at Soudan to that measured 
in the same beam at the near detector and in P-803. 

• 	R"'/II test, the ratio of muons coming from v". charged-current interaction. in the rock 
. upstream of Soudan 2, to the rate of neutrino interactions in Soudan 2. 

• 	 R-r/I." test, the ratio of numbers of events seen in the near and far detectors. 

P-822 can search for v". - v. as well. A small intrinsic v./v". rate would enable us to 
search for v". - v.,. or v". - v. by direct detection of electrons. Soudan 2 can identify low 
energy electrons with high efficiency, although we have not yet determined the efficiency 
with which we can separate electrons from hadrons at higher energy or multiplicity. Using 
the decay channel T - ev.v.,. (branching fraction = 18%) as signal the background is then 
"N",. + Nil.' "is the probability that a hadron shower will be misidentified as an electron. 
A multivariate analysis has been pe:dormed for P-803 to separate v.,. events from neutral­
current background. Some of these variables, such as the angle of the muon with respect to 
the hadrons, can be measured in a fine-grained calorimeter such as Soudan 2. This may lead 
to additional power to distinguish v.,.'s, particularly if mixing angles are large. 

Finally, we expect 4300 events in which there will be an incoming muon from a charged 
current interaction in the rock which stops in the detector. This event rate will be particularly 
sensitive to the lowest energy neutrinos, and hence to neutrino oscillations. In the presence 
of v oscillation, the stopping muon rate would decrease in a way that is more sensitive to 
low value. of Am2 than the throughgoing muon rate. Knowledge of the beam spectrum is 
important for this test, particularly at the low energy part of the spectrum. 
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We have calculated the event rates and limit curves for the first three tests Jisted. The 
limit curves which can be obtained using the three tests for our base running conditions, and 
assuming 2% systematic error, are shown in Figure 4. For comparison, the limit curves for 
the three tests discussed in the original proposal are shown in Figure 5. Restricting ou.raelves 
to the R...,... /"«1' test, we compare the effects of systematic and statistical errors in Figure 
6. That figure compares the limits with and without an eight kiloton cavity fi.ller, with a.:nd 
without a 2% assumed systematic error in D'sIR; (R = RIAni4", ..cc")' 

With a fine grained shori baseline detector, and the running experience of the P-803 
and E-770/E-815 experiments, we estimate that we may be able to achieve D'sIR of < 
2%.[2, 29jlLimit curves for the R~," test are shown in Figure 7. 

Limit curves give one description of the sensitivity of a search, but a worthwhile exper­
iment must be capable of seeing a positive signal. This is illustrated in Tables 3 and 4. In 
Table 3 we show the expected event rates under the assumption of no neutrino oscillations 
(P=O), and assuming that the average probability is 0.1, 0.2 and 0.345. The latter value cor­
respond, to the mean of the atmospheric II~ deficit. H P = 0.345, we will see a 13 (T result in 
R..nr!'/"«I', and independently an 13 (T result in R~," and a 17 sigma result in R-a./Jap. (We 
approximate the errors as Gaussian for illustrative purposes.) The latter result is dominated 
by a 2% systematic error. All three results are statistically independent. It is important to 
note that although this experiment intenu to measure R absolutely, the oscillation test only 
requires that the systematic error on the change in the mea.sured R is smallj recall that the 
central Kamioka value would cause a shift in the measured R of 0.566, so P-822 would still 
measure a significant result with an unknown systematic error as big as 5%. 

Table 4 shows the statistical errors on event rates for two nine-month runs with an 8 
kiloton cavity filler. As an example, if P = 0.1, we could obtain an 14 (T result in R...,..., ..cc., 
a 7 (T result in R~/lI' a 5 (T result in R-a./Ja.' These independent measurements provide a 
strong handle on whether any anomaly might be due to neutrino oscillations. 

In tables 3 and 4, we have compared the NC/CC ratio to the world average of 0.310. 
However, there are uncertainties in the expected ratio in the energy region around charm 
threshold.l30] This experiment is operating in that energy region. The Soudan 2 detector is 
very modular. Main detector modules have been operated in the Rutherford ISIS test beam, 
and on cosmic ray test stands at Argonne aud Rut.herford-Appleton La.boratories. Thus we 
are able to carry out a two station experiment, using Soudan 2 modules near the P-803 
detector at Fermilab. 

The configuration of the near detector is discussed in Section 4, Question 3. The near de­
tector will provide a systematic check of the measurement in Soudan 2 modules of Runt!' /"tII!', 
and in addition, provide high statistics information about the neutrino beam. Our expec­
tations for the R...,... ,-t:I/l," test will be normalized to the measured NC/CC ratio in the neat 
detector. On the other hand the check that, after correction,the neat detector measures the 
expected NeiCe ratio, up to uncertainties due to charm thresholds, will provide a valuable 
test of ow: systematic errota. This empirical ra.tio will be measured with high statistical 

IE-no hu already achieved a(R)/R < 1.2%. 
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accuracy (millions of events) which will allow us to compare the ratio in the near and Car 
detector to a greater accuracy than R"ftI!''''«' is presently known at· these energies. 

The energy dependence of dift'erent event rates varies as shown in Table S. While ~/u 
depends on knowledge of the energy spectrum of the beam, and Rn.o"/lo" on the absolute 
rate, R"ftI!'/"«' is much less dependent on either. In the next three Sections, these tests are 
discussed in more detail: 

Table 5 E .. nergy dependence 0 f Yanous proces ses 
Neutrino fluX tA,(E) 
Contained verlex events E",.,(E) 
Rock muons E~tA, E) 
Quasi-elastic contained events "'u(E 
stopping muons E~(E) 

3.2.1 R"nc"/"W' Test to Detect liT' Appearance 

If II".'S oscillate into liT' 's, this will afFect the apparent ratio of neutral-current events to 
t:harged-current events. In the absence of oscillations, we expect[31] 

K!!.. . - R t ,,- = number of events without a muon _ 0 31 0 1 (6)
"'Nt'I·W' - - number of event" 'With a muon -. :i:.O 

Then for N events, 

1 R'I'UII 
(7)n- =N x 1+R""- and nne = N x 1 +Rtf've 

If there is a probability, P, for II". to oscillate into liT" then the resulting liT' neutral-current 
events would be indistinguishable from the lip. neutral-current events. However, most (83%) 
of the liT' charged-current events have no muon and would therefore be classified as neutral­
current events. We would measure 

_.1 _ N(R"ve + ,,(1 - B)P) 
(8)ana n"'lll!' - 1 + R""­

where B =0.17 is the branching fraction Cor r- - 1'-X and" is the ratio of the liT' charged­
current cross-section to the II". chuIJed current cross-section. (See equation 16). The notation 
"cc" distinguishes events classified as charged-current due to the presence of a muon from 
the actual charged-current events. For an incoming ". or liT', most charged current events 
would be incorrectly classified as NO events. 

R!',!r .... = n"nc" = Rtf've + ,,(1 - B)P (9)
Icc n ..cc.. 1-P+"BP 
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Integrated. over the neutrino spectrum from the Main Injector, " = 0.24. By contrast, 
the neutral-current cross-sections for Vr and v'" are equal. The signal of an oscillation thus 
consists of a value of Rurvl' /"et:!' that is larger than expected. If our measurement yields 
the known R"w;!' /"et:!' ratio for v"'" this allows a limit on the probability of oscillation to be 
deduced. 

In general, v. contamination of the beam will cause .m"~ /lAce" to increase. Both v. 
neutral-current and charged-current events will be classified as neutral current. A 1% Ve 

contamination will cause a 4% increase in K!!'~/"cti" ve'S in the beam mostly come from 
Kd decay, and the K's decay at the beginning of the decay pipe. Monte Carlo calculations 
confirm. that the spectnuri of v.'s is not a strong function of angle. This background is 
discussed further in the answer to Question 2. 

The expected number of contained vertex events in the Soudan 2 detector can be written 
as: 

f dtP.,(E)N1: = ft"cc" +ftlAJtitl' = (Ttot( E) dE NedE (10) 

where Nt is the number of target nucleons and ¢(E) is the neutrino flux. Using an assumed 
injector beam with 1014 protons every 1.5 seconds and 100 hours of beam per week for 
two nine month runs, we compute from equation 10 that the entire Soudan 2 detector would 
record 6000 events with a contained production vertex. 

Implementation of the R,'N!' /"et:!' test is discussed extensively in Section 4 in the answer 
to Question 2. 

3.2.2 R",/u Tests Using Muons from the Rock 

We plan to measure R",/u, the ratio of muons from the rock to neutrino events with vertices 
inside the Soudan 2 detector. We define the ra.tio R",/u as the ra.tio of incoming (muon) 
events from the rock in front of the detector, to the number of contained vertex (neutrino) 
events. The rate of muons entering the detector from v", charged-current interactions in the 
rock is: 

(11) 

The two Eu factors come from the cross-section and muon range, both proportional to the 
neutrino energy. The Fermilab beam would enter the detector (in the plan view) pointing 
26.4°W of North. The long axis of Soudan 2 is oriented along the N-S direction. The effective 
area of Soudan 2 viewed from the direction of Fermilab is then 94 m2 for the main detector 
and 275 m2 for the shield. 

Using these muons from the rock, an additional neutrino oscillation experiment can be 
done. We would look for a decrease from the expected number of muons N- due to v", - v.,. 

'" 
08CilIa .tlon: 

N", =N;"(1 - P +P"B) (12) 
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In the absence of such a decrease, a limit on the oscillation probability, P, could be set. The 
limit depends on the statistical error on N". and the systematic error on N:'. Note that the 
full number of IUch events can be used in this calculation, whether or not they are in the 
fiducial volume required for distinguishing between neutral and charged-current interactioIll. 

The calculation of N:: depends not only on the measured number of contained vertex 
events but also on kp.owledge of the energy dependence of the II". flux:. To first order, the 
density of the rock in which the muons are made does not·affect the muon flux. In any 
case, the rock in the vicinity of the Soudan mine has been well measured. In contrast to 
the RIO,...r«!' ratio, we will be comparing the observed ratio R".jl1 to'S: calculated ratio, with 
the rock muon rate having one extra power of E., in the numerator. Systematic errors due 
to beam pointing, knowledge of the energy distribution of the beam, the geometry of the 
detector and properties of the surrounding matter have been considered. No effects have 
been identified which would introduce uncertainties larger than 1% in the measurement of 
R"./lI' An overall systemat.ic accuracy in the measurement of this pa.tametet or t.he otder of 
2% is expected. Note that the beam flux normalization (or time variability) does not a.fFect 
R".j.,. 

3.2.3 R,..rjJar Test Using Soudan 2 Modules at Fermllab 

The near station will give us data which we will use to normalize the beam ft.ux. The muon 
rate at Soudan can be normalized to the rate measured by the near detector. We call this 
the R.....r/J•• test. 

The statistical accuracy is that of the far detector. The systematic error is dominated 
by our ability to accurately estimate the muon rate due. to uncertainties in the energy dis­
tribution as a function of angle. Computer studies done on the proposed neutrino beam[1J 
show that as long as the angle from the beam axis is less than 0.25 mr the systematic error 
on the expected muon rate is lesl than 1.2%j the energy and rate as a function of angle are 
shown in Figure 8. This requirement ill straightforward to satisfy and has been achieved by 
other Fermilab neutrino beamlines. Effects that we have not yet identified may limit our 
knowledge of the absolute ft.ux by 1.0%. Therefore we expect that our near station will give 
us knowledge of the neutrino flux at our Soudan detector with a systematic error of about 
2.0%. 

This ft.ux measurement can be used to normalize the muon rates in the detector to 
search for both "". - II.,. and II". - II.. The latter mode represents the oscillation of II". 
into a right handed neutrino, which would be "sterile",· i.e. both the neutral-current and 
charged-current cross-sections would be zero. Recent cosmological argument8trelated to the 
primordial Helium abundance preclude this mode in our area of sensitivity, however.[32] 
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3.2.4 Using the Teats for the Mode II~ -+ II. 

In P-822 the II _ II. sensitivity is actually better than the II~ -+ II.,. sensitivity using the 
t ~ :I {

R"fII!' ret!' test, because 'I = 1.0 and B = O. Pmift, and hence sin 26 is lower by a {actor 0 

2.6 {or II~ _ " •• (Pmin is defined in Section 4.1.) If the atmospheric neutrino anomaly is due 
to this mode of oscillation, we would expect a large and consistent effect in the R"nc" '''et!', 
R~,,, and R,..,./I.,. tests. These limits are shown in Figure 9. In the event that a signal for 
II oscillation is meaaured in P-822, the R"nc"rOil' test and the hadronic energy distribution 
could be used to separate whether the oscillations wert? due to II~ -+ ". or II~ -+ II.,.. 

3.3 Hadron Beam calibration at Fermilab 

To properly understand the response of the calorimeter to hadrons with energies up to 8 
GeV the modules must be tested in a particle beam for two reasons. First, the "length" 
of hadronic showers as a function of energy must be measured so that we can distinguish 
cha.rged from neutral-currents as in E-770. Second, the response of the detector V.1I. energy 
is required so that we can measure the hadronic energy distributionj combined with the 
information from the toroid (discussed below in Sec. 4.7), we can compare the observed 
neutrino energy spectrum to predictions and check the observed y~diatribution. Both are 
necessary to provide a believable signal. As a natural choice the modules could be tested at 
FNAL, e.g. in the NK beamline in Lab F. 

The NK beamline Waa initially designed as a muon beam {or Experiment 782 at Lab F. 
It is being modified by Experiment 815 to serve as a hadron calibration beam. The NK 
beamline optics will allow for the selection of production angles and beam momenta and is 
equipped with collimators to adjUlt the beam rate and to removed off~momentum particles. 
In this beamline 800 Ge V Ic protons from the Tevatron are delivered to a target in Encl~ 
sure NE8 at a typical rate of 3 x 1011 protons per accelerator cycle. NK secondary beam. is 
capable of ~ransporting a negative beam. with a momenta between approximately 10 Ge V and 
200 GeVIc. The modified NK beam. consists of pions with an admixture of electron, muons 
and antiprotons. The particle mixture depends very strongly on the momentum selected. 
The particle types can be identified on an event by event basis with a Cerenkov counter 
between Enclosure NEB and NKC (11", K, and antiproton separation), transition radiation 
detector (e) in Enclosure NKC, and a backing calorimeter from the Experiment 815 (,,). 
Given that the distance from the target in Enclosure NE8 to Lab F is approximately 450 m, 
low energy hadrons produced at the target will not be able to reach the P-822 calorimeter 
modules in Lab F. An effort is presently underway to design a tertiary beam. Since En­
closure NKC is less than 100 m from Lab E (and even less to :...~ F), low energy hadrons 
produced in Enclosure NKC will be able to reach the modules to be calibrated. The details 
of what the tertiary been will look like has not been finalized but will involve the trans­
port of highest energy secondary beam (the highest momentum presently capable of being 
transported through Enclosure NEB is 200 GeVIc) to the new tertiary target station in En­
closure NKC. The basic design in Enclosure NKC will cOD,8ist of a target, a dipole, a dump 

20 




and a dipole. A similar design tertiary beam. was successfully used in the NW beam during 
the 1991 fixed target run. Since Enclosure NKC will be approximately 65' long after the 
planned Experiment 815 modifications to it are done there should be adequate space within 
Enclosure NKC. Cerenkov counters, quadrapoles and additional bends for good momentum 
resolution could be installed within Lab F upstream of the modules to be calibrated. The 
shielding around Enclosure NKC will be 3' thick and should be adequate for the needs of the 
tertiary beam target. The modified NK hadron calibration beam will be utilized to check the 
energy calibration of the modules for hadrons, the mapping of the detector response at the 
boundaries of the modules, and to study muon identification probability. These calibration 
runs are expected to require about six months excluding the initial set-up time. 

3.4 Event simulation 

In order to demonstrate the power of P-822 to study neutrino oscillations, we have run a 
Monte Carlo simulation of II~ and II.,. events in our detector. We have calculated the II~ 
spectrum at the far detector using the program NUADA, the fraction of other neutrinos 
using a program developed by P-803, and simulated p.'., e'., r'. and hadronic interactions 
in our detector with a Monte Carlo developed in Soudan 2. The Soudan 2 Monte Carlo 
was written within the collaboration and has been used for a number of years to simulate 
the wide variety of physical processes that are studied with the Soudan 2 detector. It has 
played a crucial role in our analysis of nucleon decay and atmospheric neutrinos. The event 
generation component of the Monte Carlo includes quasi-elastic scattering and resonance 

- production in addition to deep inelastic scattering. Croaa-sections for II.,. interactions have 
alao been carefully studied.. The detector simulation component of the Monte Carlo is very 
comprehensive: particle tracking in an exact detector geometry, energy deposition in gu, 
digitization and electronics readout are all simulated. It utilizes the SLAC EGS routines for 
electromagnetic interactions and the GEISHA routines for hadronic interactions. It produces 
electronics readout in a format indistinguishable from real data. 

Calculation of II.,. event rates is complicated by the fact that most standard calculations 
of cross-sections neglect terms proportional to the lepton mass. For II.,. charged-current 
interactions the contributions from such terms can be significant. Cross-sections for quasi­
elastic sca.tteting tha.t include tetms ptoportiona.l to lepton mass have been calculated by C. 
Llewelyn-Smith. [33] Here one must include the usually neglected pseudo-scalar form factor 
F" and make some assumption as to its functional form. Following Llewelyn-Smith we take 

(13) 

which follows from the condition that the axial current would be conserved if Tn,.. were 
zero. [33] The inclusion of F, in the quasi-elastic cross-section for II.,. has the net effect of 
further reducing the cross-section ( by about 4% for energies around 15 GeV). One must 
undertake a similar procedure for the resonance production cross-sections. In addition to 
the usual phase space reduction we further reduce the cross-sections by the same factor as 
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the quui-elaa-uc cron-sedions. Our cross-sections tor resonance production are taken lrom 
the work ot Rein and Seghal.[34] 

For deep inelutic scattering (DIS), we ule the expression for the differential cron-section 
calculated by Albright and Jarlskog.[35] 

d'Jrr',p 
dzdll = cZ!,Il{(ZlI + .i:is)lIFl + [(1 -11) - (:::z1/ + 5r )]F2 ± 

[:C1l(1- f) - .L1I1Fa± ~[(5:cy + fir )F. - ~FI]) (14) 

We are now faced with the task of finding an appropriate form for F. and Fl. Follow­
ing Albright and Jarllkog, we take F4 = 0 and :cFr. = F2 which are consequences of the 
aslumptions 2:cFt = F2 and :cF3 = F2 • The DIS v" crols-sections we have calculated in 
this fashion have been compared to an independent calculation carried out by Roger Phillips 
o( RAL. Phillip'. calculation followl from fint principles o( the quark model. Despite the 
different approximations involved, the two calculations are in good agreement. The (orm 
(actors FJ and :cFa are then computed trom the parton distributions in a standard fash­
ion. Our charged-current and neutral-current DIS routines employ the CTEQIM parton 
distributions.r36] Figure 10 shows the quasi-elastic and deep inelastic v.,. cross-sections we 
have calculated. 

Figures 11·13 show a representative v". neutral-current, v". charged current, and v" 
charged-current event respectively. Each event is shown with the whole detector view, 
and with one view magnified around the event vertex. The T event, which had the de­
cay T- -+ 'It'-'It''''It'DV", looks topologically like the neutral-current events, just as we would 
expect. In Figure 14 is shown a v. charged-current event. This also haa the appearance of a 
neutral-current event in our detector. 

3.5 Shield Upgrade 

We propose to augment the present Soudan 2 active shield with additional proportional 
tube panels to convert the shield to a stand-alone detector of muons emerging from the 
upstream rock. The 275 m2 shield cross-section (as viewed from Fermilab) is nearly three 
times larger than the crOls-section of the central detector. The correspondingly larger yield 
of rock muon events will improve the statistical accuracy of the numerator in the R".I., test. 
The R".I" test, while prone to more systematic error than the R-nc"red' test, provides an 
important check of our understanding of the neutrino beam energy distribution since the 
rate for emergent muons includes E., facton both for the neutrino crols-section and for the 
range of the muons in the rock. An enhanced shield, capable of triggering on rock muons 
alone, would also provide an electronics path for measuring the intensity of the Fermilab 
neutrino beam, which is independent of the electronics of the calorimeter. 

The active slueld consists of panels of two-layer proportional tubes (constructed at Tufts) 
arranged to form a 13.4 m x 9.5 m x 31 m rectangular parallelopiped which surrounds 
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the central detector. Some augmentation of this base shield has already been performed. 
Five panels of single-layer proportional tubes (obtained from the Harvard-Purdue-Wisconsin 
experiment) have been placed on the ceiling. The HPW tubes are oriented at 90° to the 
Tufts tubes to enable particle tracking. We have already in the Soudan mine enough HPW 
tubes to complete the double coverage of the entire ceiling and floor. In addition we have 
available in the mine 900 m2 of single-layer proportional tubes obtained from the TASSO 
experiment at PETRA. 

Our experience with the performance of the active shield as presently constituted allow. 
us to determine the level of enhancement required to convert the shield to a stand-alone 
detector. The principal problem is that the shield must be equipped with a stand-Blone 
trigger. The single-layer panels now available are not adequate to produce such a trigger. 
It is essential to have additional panels of two-layer tubes to cover the two side walls (north 
and west) of the shield which are opposite to Fermilab. The tubes in the add-on panels 
would be oriented at 90° to the tubes in the adjacent Section of the base shield. The great 
utility of the two-layer tubes arises from the ability to form a coincidence between the two 
layers. Measurements in the mine show that the two-layer coincidence rate is only 1% of 
the single-layer rate. Both rates are primarily the result of radioactivity. We would build 
the additional two-layer tubes and associated electronics in precisely the same fashion as for 
our original shield. Since only a continuation of earlier effort is required we can accurately 
estimate costa. Panels sufficient to double cover both the north and west walls would cost 
S200K. 

The signature for a through-going muon emerging from the rock would be the triple 
coincidence of two-layer coincidences. Two of the coincidences would come from overlapping 
panels on either the north or west walls and the third would come from any of the panels on 
the remaining four walls of the shield. 

The trigger rate expected due to radioactivity is calculated to be 0.006 Hz. This rate is 
negligible and is of even less concern if the experiment is gated on only during the Fermilab 
beam spill. 

The expected rate of cosmic ray muons passing through the shield at various zenith angles 
can be calculated from rates already measured in the Soudan 2 experiment for nearly vertical 
muons and from muon angula.r distributions measured previously in the nearby Soudan 1 
detector. Any through-going muon which passes through the north or west walls will satisfy 
the trigger requirement. The flux of vertical muons in the Soudan 2 cavity is measured to be 
0.001Om-2s-1,s.,.-I. The angular distribution measured in Soudan 1 is used to calculate the 
flux through a vertical surface of muons with zenith angle (J greater than a specified minimum 
value. The results are 0.0003m-28-1 for (J greater than 50°, 0.0001m-28-1 for 9 greater than 
60°, and O.OOOOlm-2,,-1 for"'9 greater than 70°. The flux of nea.rly horizontal (9 > 70°) 
cosmic ray muons through the 420 m2 area of the north and west wa.lls over a 9-month run 
is then expected to be roughly 100,000. This background can be reduced substantially by an 
azimuthal angle cut which requires the muon to have come from the direction of Fermilab 
but it is clear that the Fermilab duty cycle (1 ma/1.S s) information is required to reduce 
the background to a tolerable level of less than 50 muons. 
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The muon tracking capability (x,y measurement on each of the six walls) would be com­
pleted by installing the TASSO panels on the east and south walls. The spatial resolutions 
of the various proportional tubes are 20 cm for Tufts, 15 em for BPW and 4 em for TASSO. 
The path length within the shield would be typically more than 10 m so we may expect an 
angular resolution of roughly 1 0 for the stand-alone shield. 

The expected costs of the upgrade are given below in 1994 dollars 

Equipment costs (tubes and electronics): .400K 
Installation (6 FTE x 3 years x B3SK): 1560K 
Support simciure: S 40K 
Contingency (20%): 1200K 

Total '1,200K 

3.6 Operation of the Laboratory 

Plans call for the Soudan 2 detector to operate through 1998, well before the operation of 
this long baseline experiment. We estimate future operating cosb in Table 6. 

Present Soudan 2 Soudan 2 + toroid 
Item Soudan 2 + toroid + 8 kton CF detector 
Mine crew FTE 6 8 10 
Hours of access/week 50 66 96 
Mine crew salaries S240K S320K '400K 
DNR (hoist, electricity,overtime) • 50K S 70K S200K 
Gas • 50K 'IOOK .150K 
Supplies, misc. SnOK S150K $200K 
Total/year '4S0K S640K S950K 

Table 6: Steady state laboratory operations costs (1994 S) 

. ' 

24 



FERMILAB-Proposal-OB22 

4 Answers to Questions of .June 1993 

4.1 Question la -Limit Curves 

What specifically limits the sin2 28 and .6.m2 range? 

In general, the minimum sin' 29 detectable by any experiment depends on the sensitivity 
of the test employed. The minimum .o.m' depends ,on both the sensitivity and LIE, the 
distance the neutrino has travelled and the energy' of the beam. The sensitivity of a test 
depends on the statistical and the systematic errors. The derivation of the limit curves is 
given in Goodman and Snyder.[37] The complicated shapes are due to energy integrals. It 
is instructive to consider straight line approximations to the limit curves, following Parke 
and Bernstein,[38] which are then easy to scale for various other usumptions. A detailed 
comparison of various parameters and how they aJ£ect the limits is given in appendix A. 
Here we focus on the neutral current to charged curreni limits for the cue v'" - V-r. 

The oscillation probability is given by 

nM. Rep,..n."nctt,,,Ot!' ­
(15)P",,. - ...... = ( B) RoN ( B)11 1 - + "'filii' '''cc'' 1 - 11 

where R!P"" is the expected neutral· current to charged current ratio, ~ /,,1%' is the m~ 
sured ratio, B = 0.17 is the branching fraction r - "X, and 

= JO'v,.(E),p",(E)dE _ 0 24 (16)11 - JO'",,.(E),p,,,(E)dE - . 

using the Main Injector neutrino spectrum. 11 takes into account the fact that the V-r charged· 
current c1'08l·section is lower than the v". charged. current cross-section throughout this en­
ergy region. 

In the absence of oscillation, an experiment can set a limit on P in equation 15, defining 
Pm.",. At 90% confidence level, m!~, ..0t!' - II!'- = 1.29 erR (for a. one-sided Gaussian). 
Putting this into equation 15, 

Pm", = 2.56erR (17) 

O'R is a combination of systematic and statistical error: 

(18) 


Keeping just the statistical error, 
. _ 1.87p. (19)
-- v'N 

where N is the number of events. For a two year run, P-822 should see 6000 events in the 
existing one kiloton detector with 4500 events in the fiducial volume. Thus Pmm =0.020, 
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and we get limits sin2 26 = 0.040 and 4m.2 = 0.0019 ey2 as shown in Figure 15. A systematic 
erroro£2% added in quadrature with this statistical error leads to a PM." = 0.032, and limits 
sin2 26 = 0.064 and 4m2 =0.0025 eV2. For our base running assumption, the statistical 
errors and systematic effects· will each contribute a similar amount to our sensitivity. A run 
with lower intensity or time than we hl.ve assumed will be dominl.ted by stl.tistica.l erron. 

We ca.n compa.re these limits with those that could be obtained with a.n 8 kiloton cavity 
filler in addition to Souda.n 2 under the same running conditions. The statistical limits would 
give P""" = 0~0066, a.nd limitssin2 26 = 0.013 and 4m2 = 0.0011 ey2. However, adding a 
2% systematic error in quadrature would lead to Pm." = 0.018, and limits sin2 26 = 0.037 
and 4m2 = 0.0019 eV2. The burden on I. cavity filler design is not only to keep costs low, 
but also to keep possible sources of systematic error in (FBI R to below 0.5%. 

Our studies of systematic effects discussed in the fonowing answers make U8 confident 
that we can maintain a systematic error of 2% or less using the Soudan 2 det.ector, thus 
ensuring that the systematic error is less tha.n the statistical error. Extensive Monte Ca.rlo 
and beam studies a.re still necessa.ry to determine whether systematic errors of 0.5% or less, 
necessa.ry to justify the increased statistics of a cavity filler detector, can be achieved. 

4.2 Question 1 b -Thresholds 

Provide an outline of the analysis procedure including discussion 
of thresholds, smearing effects, acceptance corrections, etc. 

• Thresholds 

The Trigger threshold in the Soudan 2 detector is 50% efficient for a neutrino energy of 
300 MeV. Thus except for a fraction of the ",..p elastic scattering events, Soudan 2 will 
trigger on virtually all of the Main Injector neutrino beam events which interact in the 
detector. The Soudan 2 trigger is discussed in detail elsewhere,{39], but is basically 7 
or 810cal hits, depeading on geometry. Most triggers are due to throughgoing muons 
which enter from t~ ceiling and leave through the fioor. About 30% of the triggers 
are due to random radioactivity. We measure about 75 events per yea.r of atmospheric 
neu.trino in!eractioDs and a similar number of neutral particles coming out of the rock 
accompanied by other shower particles in our active shield. These latter showers are 
presumably all due to cosmic ray muons. Our simulation shows that we trigger on 97% 
of neutrino interactions from Fermilab which interact anywhere in the detector. Thus 
the P-822 proposal could proceed with 110 change in trigger. 

• Backgrounds 

The two important kinds of beam associated events are the throughgoing muons from 
the direction of Fermilab t and neutrino events with a vertex in the detector. For both 
categories of events, we have calculated the rate or background cosmic ray events and 

-~- '~found it to be acceptably low (2-5 events over two years). We have Dot yet estimated 
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the backgrounds for incoming showers and incoming stopping muons but those events 
are not used in any limits described in this proposal. The backgrounds for all of these 
classes can be measured using the present Soudan 2 data sample. This analysis is 
currently under way to confirm our predictions . 

• Analysis procedure 

Preliminary event processing would be similar to present practice described in Ap­
pendix B2. Events &SIOciated with the Fennilab beam spill will be collected on sepa­
rate tapes for further analyos. The most straighUorward analysis tasks are to identify 
the presence of a vertex and the presence or absence of a long track. Track finding 
algorithms in the Soudan detector exist.[401 To date, vertex recognition has been ac­
complished by scanning.[41J. For orientation, a ch&,fged current Monte Carlo event is 
shown in Figure 16. Based solely on the track and vertex information, events will be 
categorized as follows: 

1. 	 A throughgoing muon. Tracks are expected to enter the south or east wall and 
exit the north or west wall and their angle will be within 100 of the Fermilab 
beam direction. 

2. 	 An incoming stopping muon. Tracks will enter the south or east walland stop in 
the detector. 

3. 	 An incoming shower. Segments of showers will appear on the south or east side 
of the shield and detector. There may also be a track associated with the shower. 

4. 	 Contained vertex event. Contained vertex events should have no shield hits on the 
south and east walls. Our goal is to distinguish the neutral and charged-current 
events. First we present a simple analysis algorithm: 

- If the event has a non-interacting track longer than 3 meters (480g/cm2 ), it 
is classified as charged-current. 

- Among the events left, if the event has a track from the vertex which exits 
the detector, the event is classified as outside acceptance. 

- The remaining events are classified as neutral current. 

The 3 meter cut has not been optimized. The length of the muon track. in an (infinite) 
Soudan detector is shown in Figure 17. The angle of the muon tracks with respect to 
Fermilab (the neutrino direction) is shown in Figure 18. Also, the distribution of track 
lengths in the detector for p's, 1I"S and ~'s is shown in Figure 19. 

When scanning the events, it i. clear that this simple algorithm does not take advan­
tage of aU the information. Other event characteristics useful for NC/CC separation 
are: straight tracks from the vertex along the beam direction, hadron energy deposi­
tion, interactions along the tracks, quasielaatic (and hence low hadron energy) event 
topologies, event ionization (for ~/p separation), hits in the shield, and unusual geo­
metrical effects, such as tracks which leave the detector and reenter it. Many 1-3 meter 
tra~s from the vertex will be muons. Using additional information during scanning, 
more event. will be accepted and claslified than with the simple algorithm. In order 
to take advantage of this information, more sophisticated pattern recognition software 
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must be developed since the events are in general much larger and more complicated 
than are dealt with in the current Soudan 2 software. In this document. we present an 
analysis using the simple algorithm and by scanning. 

• Acceptance corrections 

In Section 4.4 we discuss the NC/CC confusion matrix and the acceptance for the two 
methods described in the last Section. The result is that the acceptance is 66%±2% for 
the simple algorithm and 74% ±3% for the scanning. The quoted errors are statistical 
Monte Carlo errors. which will be negligible when the expeJiment runs. 

• smearing effects 

Radronic energy resolution does not affect the event classifications listed above. Row­
ever, hadron energy resolution and e/r separation are useful additional measurements 
to complement the R-nc- ret!' test. This is discussed further in the answer to Question 5. 

4.3 Question Ie -Calibration 

Outline the strategy to determine the detector calibration and 
resolution and their implications for the measurement of the hadron 
energy spectrum and the neutrino energy spectrum. 

Soudan 2 modules have been calibrated in low energy lepton and hadron beams as dis­
cussed in appendix B. Tests in higher energy hadron beams would be required for this 
experiment. and are briefly described in Sections 3.3 and costs are included in 4.5. Detectors 
in situ are mouitored using cosmic ray muons. The number of cosmic ray muon events is 
about 10 million per year. 

The major purpose for the hadron beam calibration would be to permit the measure­
ment of hadroruc showers which fake charged-current events. The two components of this 
misidentification would be long penetrating hadrons and decays of 'Ir'S and K's in the hadronic 
shower into muons. Both contributions could be studied with sufficient statistics to check our 
Monte Carlo simulations, and verify the corrections that are required. Running the detector 
at a variety of angles, and using diJl'erent energy hadrons will increase the reliability of that 
comparison. 

The implications for measurement of the hadron energy spectrum are discussed together 
with the muon momentum measurement in the answer to Question 5. 

4.4 Question 2 -NeIce Identification 

Question 2a How big is the correction to charged-current events 
trom muons that are not separated from the hadron shower? How 
well is this correction likely to be known? 

28 



question 2b How big is the correction to the N C event rates for 
exiting tracks that lead to classification as CC events? How well 
is this correction likely to be known? 

uestion 2c Are there other contributions to the NCI CC misiden­
tt catton matrix? What are they and how much do they con­
tribute to the systematic uncertainty in R? 
Question 2d In general what are the magnitudes and uncertain­
ties in the various contributions to the observed NC/ce ratio in 
the near and far detectors? Simulation with expected detector 

.resolutions, thresholds, and cuts should be used in this analysis. 

These four questions all address the issue as to how well the NCICC test can be used to 
look for oscillations. With perfect event identification we would expect to measure R to be 
0.31 in the absence of oscillations. In a fine grained calorimeter such as Soudan 2, the track 
length is a powerful criterion to separate muon tracks from hadrons. 

We define a charged-current event to be one with a non-interacting track of three meters 
or more emanating from the primary vertex. Elements of misidentification in the ~confusion 
matrix" are shown in Table 7. One key question is the fraction of charged-current events 
in which the muon does not get out of the hadron shower. In a Monte Carlo run of 7601 
charged-current v,.. events, 450 had a range ofless than 480glcm2

• At that range, they would 
fail to travel 3 meters in the Soudan 2 detector. This is 6.0 ± 0.3% of the charged current 
events, where the error is statistical based on that Monte Carlo statistics. Soudan 2 will 
contain only a very small fraction of these muons. The fradion of muons which stop in the 
detector (presently based on a smaller statistics simulation, 22/308) is 7.1%. 

In general, charged current events with a track shorter than 3 meters will be classified 
as neutral current events. However many events with short muons will be low energy events 
with only small numbers of hadrons produced, and it may be possible to identify them 
correctly with more detailed selection criteria. In a sample or 310 neutral current event., the 
longest track went more than 3 meters in 9 cases. 

A bigger problem than the misidentification of low energy muons is the classification of 
event. near the edges of the detector whose tracks exit with a potential path length of less 
tha.n 3 meters. One choice is to reetrict the fiducial volume. Such a strategy il not optimum 
in a long baseline experiment which is limited by statistics. At the expense of some increase 
in misidentification, we keep and classify events throughout the detector. If an event has 
tracks which exit the detector before it can be determined whether they are hadrons or 
muons they are classified as "outside acceptance". These events can not be used for the 
Rllne" ,.cc" test but they are still useful for the R,../u test. 

In order to study the systematic errors to R"n.:"I"cc" we have studied simulations or NC 
and CC events in our detector, using the beam spectra discussed in Section 4.5. Events 
were fully simulated in the total mass of the detector. We have not yet finalized our best 
analysis strategy and thus the statistics of the Monte Carlo studiea are at present small. 
Two physicists each scanned 489 events, and then compared their classification to the Monte 
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Carlo "truth". Events were classified in 3 categories: 

1. Charged-current (CC); 

2. Neutral-current (NC); 

3. Outside acceptance; 

Factor. which affected the classification included multiple scattering of the longest track, 
other interactions along the tracks, geometrical considerations, kinks along tracks, and energy 
flow with respect to the direction of Fermilab. The result of the scan is in Table 8. It is seen 
that the scanners were correct 91% and 93% of the time. The acceptance, i.e. the fraction 
of events useful for the R"fII!'ree- test was found to be 74%. 

We note there are modest asymmetries between N C and CC in the events rejected as 
"outside acceptance". 1£ there is an event near the edge with hadrons which exit the detector, 
a long p may still be visible and the event is a clear CC. Had such an event been a neutral 
current one, it would have been classified as "outside acceptance". ·Neutral current event. 
located Dear the edge of the detector may have all of the tracks from the primary vertex 
interact before leaving the detector. Had an event like this been charged current, the mUOD 
would not have been long enough, 10 it would have been classified as "outside acceptance". 
The fint effect is somewhat bigger, leading to a higher fraction of charged current events 
in the acceptance for scanning. or course, at the expense of statistics, these effects can be 
checked by defining a reduced fiducial volume which ensures hadronic containment. 

A simple program was written which categorizes the longest track in the event. This 
program was correct in 93% of the cases in which it decided to make a choice. It found an 
acceptance of 66%. The program has not been optimized to use all events in the acceptance 
which carry useful information. Also, at present, it i. not using reconstructed track lengths 
for the companson. We expect there needs to be considerable program development until 
the program can be as good as a scanner. 

Although our study i. by no means complete, the number of off-diagonal, misidentified 
events is small. The misidentification will be corrected by applying the same algorithm 
to the Monte Carlo events, leading to an error on the correction which is a small fraction 
of the error itself. In addition of course the ratio in the far detector will be compared to 
that measured in the near detector with very similar experimental biases. Even with this 
small statistical sample, we find that the (1'a/R from event misidentification, after corrections 
based on applying the same algorithm to the Monte Carlo events, will be less than the 2% 
requir ~ to better the statistical accuracy. There is also the potential that further Monte 
Carlo studies could lead to a smaller misidentification. 

Events from v. charged current interactions will appear to be neutral· current events in 
all of our tests. The correct fluxes of each neutrino type are included in the simulation. The 
fluxes are well understood and Will be checked in the near detector, as is discussed in the 
next Section. The v. events will be less than 2% of the event totals, and the uncertainty on 
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that fraction will be less than 20%. Therefore we do not expect the systematic error from 
the IIa', (or v.'s) in the bea.m to contribute to our measured R~ret!' ratio, after correction. 

The largest present uncertainty in the NO/CO misidentification i, the differenCe! between 
the edge effects in the near and far detectors. This issue is addressed again in the next 
Section. 

Apparent CO . Apparent NC 
TrueOC correct low energy muons 

cracks 
IIa events 

edge effects 
TrueNC ha.dron punch through 

edge effects 
correct 

Table 7: Contributions to the CC/NC confusion ma.trix. 

CC NC outside a.cceptance 
Scanner 1: 

TrueCC 244 . 20 101 
TrueNC 6 82 22 

a 0 4 0 
Scanner 2: " 

True CC 244 14 108 
True NC 16 69 20 

a 
" 

0 4 0 

Table 8: CC/NC confusion matrix by scanning 

CO NC outside acceptance 
True CC 727 64 484 
TrueNC 9 301 83 

" 
a 0 5 0 

Ta.ble 9: CC/NC confusion matrix by program 

4.5 Question 3. -Near Detector 

Provide details on how to determine and handle the difference 
between the near detector and far detector geometry and analy­
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sis. In particular, what are the following parameters:· angular di­
vergence, electron neutrino component, antineutrino component, 
and energy spectrum, for the beams in the near and far locations? 
What are the contributions to the final error from uncertainties 
in these effects? 

We have used the Fermilab neutrino Monte Carlo NU ADA to calculate the energy spectra 
of the v'" neutrino events at the near and far detector. Th~ event spectra at the location 
of the near detector for 5 radial slices of the beam ill shown in Figure 20. In Figure 21 we 
show the event energy spectrum at the far detector location (730 km) and have normalized 
it to the central radial slice at the near detector, r < 0.25m. It is seen that there is little 
difference, despite the huge differences in the five near spectra. The central 25 cm of the 
beam at the near detector represents the beam at the far detector. 

In order to estimate the v., V'" and v. event energy spectra, we have used this P-803 
Monte Carlo.[3] Restricting ourselves to the central 0.25 meters of the beam, we get the 
neutrino fluxes shown in Figure 22. We obtain the following flux ratios: II", : V. : V'" : Ii. = 
116,110 : 781 : 1749: 122. It is seen that the v.'s are less ~han 1% of the beam, and v",'s are 
less than 2%. 

At a distance from Fermilab which is large compared to the length of the decay pipe, 
the neutrinos appear to come from a point source. In Figure 23, we show the event energy 
spectra from various neutrinos for a detector at 10 km. (It is not practical to run this Monte 
Carlo at 730 km.) The neutrino ratios are: 13724:73:247:18. Again, the conclusion that the 
central part of the beam at the near detector matches the beam at the far detector is valid. 

The near detector will be much smaller and have much larger statistics than the far 
detector. However, the geometry will be different, which will lead to different acceptance 
corrections. We estimate 12 modules in the near detector (1 high x 3 wide x 4 deep) versus 
224 in the far detector (2 high x 8 wide x 14 deep) at an angle of 27°. We will run the near 
detector at the same angle as the far detector (see Figure 24). For some analyses, we will 
restrict the events in the near detector to those in a radius of 0.25 meters from the center of 
the beam, in order to match the energy spectrum at the far detector. 

For the R..ne"/ ..=,, test, restricting ourselves to the 4% acceptance that matches the far 
detector beam, we will still have over 108 events to use. This would correspond to an error 
on R"rw:!'/"«!' (statistics only) of trR/R = 7.3 x 10-". We would use the full acceptance and 
compare our answer in the near detector to E-815's result, which will be trR/ R =0.002. We 
would expect, after acceptance corrections, to ma.tch that answer to 0.01 or better. Without 
a cavity filler, the statistical error in the far detector would be greater. 

A neutral current event in the near detector geometry is shown in figure 25. A charged 
current event in that size detector is shown in figure 26. 

Since the event rate in the near detector is very high we can restrict the target volume for 
comparison with the Car detector to the central 25 cm of the beam and to the first module in 
the stack. This ensures long potential lengths for all tracks from the vertex. We will, in the 
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near future, repeat the analysis described in question 4.4 in the near detector. We estimate 
at present that a near detector of the size described here will be adequate to keep geometrical 
differences to a size that can be corrected by the Monte Carlo to leave systematic errors of 
less than 2%. If detailed analysis should show this not to be true, then the size of the near 
detector could be increased without seriously increasing the costs or affecting the operation 
of the far detector. The following checks will also be available. 

• 	The statistics in the near detector is large. We will be able to study not only millions 
of events in the pari of the beam similar to the long baseline energy spectrum, but 
millions more with a similar range of energies closer to the edge of the detector. 

• We may choose to run part of the time with the near detector offset with respect to the 
beam axis, in order to sample more geometrical effects with the central 0.25 m radius 
of tIle beam. 

• 	 These effects can be studied in considerable detail during the hadron calibration run­
ning. 

There is a potential problem from pileup using Soudan 2 as a near detector. The Soudan 2 
drift times is about 86 microseconds, and the total window to record drifting events is about 
200 microseconds. With the high Main Injector fluxes that are anticipated, and using a 
50 ton near detector, we could expect 15 events per 2 millisecond spill. Thus the neutrino 
events themselves would not be a large problem. We note that with existing electronics, we 

_ 	 can trigger only on one event per spill. Depending on their rate, throughgoing muons from 
upstream interactions (such as in the P-803 magnet) might present a pileup problem. A 
high efficiency active veto counter upstream of Soudan 2 would alleviate this if it turns out 
to be a problem. Other scintillation counters will be used in a trigger where required. 

The twelve modules will be arranged in a 4 m x 3.5 m x 2.5 m (high) structure, weighing 
50 tons. These modules will be removed from the Soudan 2 detector, and will be calibrated 
in a charged particle test beam at Fermilab before it is moved into the P-822/P.803 neutrino 
beam. Many of the electronics and gas system components needed ~ operate them already 
exist. 

We estimate the following timetable for these test beam exposures: 

Set up detector in charged particle test beam: 6 months 
Check out operation and performance: 3 months 
Charged particle test beam exposure: 3 months 
Move to neutrino beam: 6 months 
Neutrino beam exposure: 2 years 

We have made the following preliminary cost estimate: 
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Electronics, High voltage, data acquisition equipment: 
Gas, tapes, supplies 
Mine crew travel/living at Fermilab 
Contingency (20%): 

1200K 
I30K 
S 70K 
S 60K 

Total S360K 

We will request the following help from Fermilab: 

• Steel detector support structure 

• 2 man years technician effort 

• 0.5 man years engineering effort 

• Computing facilities 

4.6 Question 4 -803 

Would a muon identifier help in the near detector? If so, what 
kind of muon detectors have you considered? If it would not 
help, why not? What information from P-803 is needed in the 
analysis? 

As we have discussed in detail elsewhere in this proposal, the fine grain and large size 
of Soudan 2 allows precise reliable classification of events into CC and NC (i.e. having or 
not having a muon). For the near detector, our intent is to deploy enough Soudan detector 
modules to be able to achieve the same high precision event classification as at Soudan 2. 
Therefore a muon identifier is not needed for the near detector. The related iuue of the 
importance of making a muon momentum measurement at the near detector is discussed in 
our answer to Question 5. 

. We expect to rely on P-803 for the following information: 

• The II"" II., V"" and v.. components of the beam, as a clleck on the beam composition 
Monte Carlos. 

• The radial dependence of the energy spectrum compared to that predicted by the beam 
Monte Carlos, particularly the muon energy spectrum. 

• A beam flux measurement which can serve as a check upon our own measurements. 

• Hadron energy distribution for CC and NC events. This will serve as a check on our 
own rather precise measurements of these two spectra in our near detector. 
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• A high statistics measurement of NCICC for neutrino interactions in this energy range, 
and an estimate of the contribution of neutrino induced charm. production jUlt above 
threshold. 

4.1 question 5 -Muon Toroid 

The Panel recognizes that the observed CC events are not those 
which oscillated. However, the Panel continues to believe that 
a measurement of the neutrino spectrum at the far location is 
important for controlling the systematics. Discuss measurement 
of the muon momentum in this context. 

The principal reason for measuring the muon momentum spectrum at the far detector 
is to verify that the observed distribution is consistent with expectations baaed upon the 
neutrino beam design, the best·fit oscillation parauieters measured using the other methods 
described herein, and the muon spectrum measured by P-803 at the near detector. For most 
values of ~m2 and sin2 28 in the range over which this experiment will be sensitive, only small 
changes in the muon spectrum at Soudan will be caused by the oscillation. Nonetheless, at 
the lower end of our Am2 range, a measurable change in the muon spectrum could occur (at 
its low momentum end). 

There are two ways to make a muon momentum measurement, by range and with a 
magnetic de:flection measurement. A small fraction of the muons, about 1%, will range out 
in the Soudan 2 detector, yielding a momentum measurement for those events. One such 
muon from our Monte Carlo is shown in Figure 21. The momentum of this 2.3 GeV muon 
can be determined from its range to 11%. 

There are several kinds of apparatus enhancement. which can give range measurements 
for a larger fraction of t.he muon eventl. A passive dense absorber followed by muon det.ec­
tors could increase the 1% to perhaps 15% or greater, using the existing space around the 
Soudan 2 detector. Another, lell promising, idea which we are exploring is to instrument 
the rock for range measurementl, using holes in the wall and placing detectors in them. 
Of course, all of these range measurements will be confined to the muon. of relatively low 
momentum. 

To measure muon momentum by magnetic deflection, we would place a 1 meter thick iron 
toroid on the north end of the Soudan 2 detector. This location would result in a toroid muon 
acceptance of about 50%. With drift chambers before and after the toroid, we could achieve 
a muon momentum resolution of about 20% throughout the entire muon spectrum. (This 
toroid would also act as a passive absorber, increasing our range measurement capability. 
Such an absorber also function. as a muon identifier and will allow some increase in the 
usable neutrino interaction fiducial volume of Soudan 2.) 

This toroid, shown in Figure 28, is a substantial object of approximately octagonal shape, 
standing 8.5 meters high and weighing 600 tons. Because of the underground location, it 
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would be made of many pieces of iron .and probably would be magnetized by a superconduct. 
ing coil. Overall, the toroid and drift chambers could be quite similar to the forward toroids 
which have been designed and costed for the SOC. Based on the SOC work [SOC-92-201], 
we estimate the following costs: 

Iron S1300K 
Orift chamber system SOOK 
Coil system 400K 
Installation 200K 

Total S2400K 

Table 10: Toroid Costs (1994 dollars) 

There is another important issue to consider in deciding whether to add muon momentum 
measurement capability to Soudan 2. That is the fact that by measuring the hadronic energy 
spectrum of NC and CC events in Soudan 2, we will already have accurate and important 
spectral information of the type discussed a.bove. 

The measurement of the muon momentum is related to the measurement of the hadron 
energy spectrum. Measurement of the hadron energy spectrum is important for two reasons: 

• Com.parison of the hadron energy spectrum for charged-current events is an important 
check that the near and far detectors are measuring the same region of the neutrino 
beam. . 

• Comparison of the hadron energy spectrum for neutral-current events is an additional 
test for lilA - v.,. oscillations, to the R..rv!' ret:", RIA/II a.nd Rn-"./ta.". tests. In the presence 
of VIA - II.,. (or VIA -+ II.) oscillations, there would be more high hadron energy events 
in the far detector. 

In order to study the value of the muon toroid, we have used our Monte Carlo to compare 
the energy distributions which could be measured in the near and far detectors. The true 
muon momenta have been smeared with: 

ApIA =20% (20) 
PIA 

""od the hadronic energy has been smeared with[42]: 

AE 40.0 
(21)E=n 

We have used the central 0.5 m of the beam for the energy spectrum at the near detector. 
The smeared EIA , Elwad. and Eeoetd = EIA + Ehatl distributions for charged-current events in 
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the near detector are shown in Figure 29. The distributions using the far energy spectrum, 
and the statistica of our base assumptions, ia shown in Figure 30. The acceptance for 
containing the hadronic shower will be about 80% of the acceptance for neutral-current­
charged-current separation. The toroid acceptance will further reduce the acceptance for 
the Eeoc measurement by a factor of two. 

The two smeared total energy plots are shown together in Figure 31. It can be seen 
that our measurement of the charged-current event energy is sensitive to the di1£erence in 
the two apectra. We will certainly measure any shift in the energy spectrum which is larger 
than the dift'erence between our two assumed plots. The difference between the neutral 
current to charged-current ratio for the two energy spectra will be less than 1%. Given the 
measurement of the expected energy distribution in Figure 30, it will be possible to correct 
for some of that difference. 

A muon toroid system clearly adds to the reliability or this experiment, and is included 
as part of this proposal. The addition of this system to the proposal requires additionalsim­
ulation which is not yet included in our Monte Carlo. We expect to repeat these studies with 
the fnll detector Monte Carlo of the toroid system, and include the additional information 
in the NC/CC separation, and report to the PAC in the spring of 1994. 

4.8 question 6 ....:.Expanded detector 

How much, and at what cost can the detector be expanded in its 
present location? 

A floor plan of the Soudan laboratory is given in Figure 32. The amount of space that 
can be utilized for the detector has been estimated at about 3/4 of the space not presently 
utilized by the Soudan 2 detector. We believe that filling the remaining space with Soudan 
modules would be quite expensive. There is room for 3 kilotons of Soudan 2 in the cavity. 
Based upon our experience in building Soudan 2 modules, we can accurately estimate the 
costs in Table 11. 

The Soudan 2 detector is a high resolution pictorial device. Costs and space constraints 
would prohibit the building of 10 kton with a similar resolution. The aim of such a cavity 
filler would be to identify muons from charged-current events by range, and measure the 
hadronic energy in a calorimetric fashion. This can only be achieved by an increase in the 
thickness of the passive material from 3mm to 1-2 cm. The threshold for neutral-current 
events in such a detector would be 1 Ge V or more, much higher than the Soudan 2 threshold. 

Design considerations of a cavity filler are discussed in the next Section. An element or 
such a detector is illustrated in Figure 33. We define the steel thickness s, the detector wall 
thickness a, and the gas thickness g. For a steel thicknesls and density tl. =7.8g/cm3 , with 
2a =5 mm and g =10 mm, and d", = 39/cm3 (like aluminum), we could put 4 to 11 kilotons 
of detector in a space 8 x 10 x 25m3 , depending on s. This is shown in Table 12. 
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Modules 
Module Assembly Manp'ower 
Module Installation 
Module Support Structure 
Gas System 
Electronics and High Voltage 

S14520K 
1560K 
1560K 
1748K 

60K 
4700K 

Total (1993 I's ) S24148K or 124M 

Table 11: Costs for tripling the size of Soudan 2 

s 
mm 

m 
g/cm' 

8x8x24 
kton 

8 x 8 x 24 
chambers 

8 x 10 x 25 
kton 

8 x 10 x 25 
chambers 

5 
10 
15 
20 
25 
30 

2.70 
3.75 
3.75 
4.8 
5.25 
5.53 

4:10 
5.76 
5.76 
7.49 
8.06 
8.49 

48000 
38400 
38400 
27400 
24000 
21320 

5.4 
7.5 
8.8 

9.76 
10.5 
11.1 

56250 
45000 
37500 
32109 
28125 
24984 

Table 12: Density versus size of cavity filler options. 
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5 Cavity Filler 

Preliminary studies have begull to define a detector that could be constructed in the cur­
rently unused space in the Soudau.laboratory which would give up to au. order of magnitude 
higher statistics than CM be obtailled with Soude 2 alone. This would yield a factor of 
roughly three smaller errors. The detector has to be designed to keep losses and event 
misidentification to a minimum, as these effect. have to be corrected by Monte Carlo. The 
criteria we have adopted are 

1. 	A planar geometry for simplicity of construction and optimum event definition given 
a known beam direction. 

2. 	 Steel target plates for compactness and precision of construction to obtain the maxi­
mum detector density. 

3. 	Event losses and misidentifications should be less than 20%. These can be corrected 
to give less than 1% errors on sin l 26 using the near-far detector comparison and a not 
very demanding Monte Carlo simulation. 

4. 	 Detecting elements must also be compact and cheap. 

Table 13 shows the results of a. simulation using the expected neutrino beam spectrum 
_ at the far detector for various steel thicknesses and trigger conditions. 

1 cm iron 2 cm iron 4 em iron 

% events croasing 
less than 5 planes 

10% 17% 53% 

% events < 6 hits 
in hadron shower 

11% 15% 36% 

% events with muon 
contained within 
the hadron shower 

12% 7% 10% 

Table 13: Steel thickness options showing event length 

Table 13 shows that our criteria are satisfied with 2 cm steel plates and we have a.dopted 
this thickness. 

We have studied two options for detecting elements; resistive plate chamber. (RPC) and 
drift chambers wlth diamond shaped cathode readout similar to the OPAL muon chambers. 
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A resistive plate chamber, obtained from the Italian manufacturers, is working at RAL 
and performs according to the advertised characteristics. Tests of the cathode-readout drift 
chambers have been carried out in Oxford. The resistive plate chambers have the advantages 
of speed, compactness and cheapness since they do not require electronic amplification. 
However they work best with flammable gases which may cause problems in the mine. The 
very large number of channels is another disadvantage. We have not yet made a final decision 
between the two options. 

A preliminary engineering study has been carried out assuming use or RPC's. Figure 34 
shows a possible layout. In this scheme a 8 kton detector could be built In the currently 
available space. We would strongly advocate running Soudan 2 and the new detector in 
parallel, at least at the beginning of the experiment, to take advantage of the much higher 
granularity of Soudan 2. At this early stage it.is difficult to make reliable cost calculations 
but preliminary estimates are that the 8 kton detector would cost between '25M and 135M. 
One prospect for keeping the costa down ihat we are pursuing is to use steel at the low 
prices available in Russia to our conaborators from Lebedev Institute and the Institute for 
Theoretical and Experimental Physics (ITEP). 

As the statistical precision of the detector increases the systematic errors become much 
more critical. Deta.iled Monte Carlo simulations of the beam at the near and far locations 
have only recently become available and much work remains to be done to ensure that the 
systematics of the proposed system can match the statistical precision. 

A massive detector of this granularity could not do the traditional underground proton 
decay physics. However there would be a significant rate of high energy (> 2 GeV) atmo­
spheric neutrino interactions in the detector == 500/year). With the fast timing of the RPe 
it should be possible to define a large fraction as being produced inside the detector even 
though the high energy muon may not be contained within the detector. A measurement of 
the muon to electron ratio at these high energies will be very interesting to complement the 
Kamioka/IMB/Soudan 2 measurements at lower energies. At these energies the correlation 
of muon/electron direction and energy with those of the neutrino is much tighter thus en­
abling a more precise oscillation analysis to be performed. Monte Carlo studies of the reach 
of this detector in the sin2 2B, am2 plot for atmospheric neutrinos will be performed in the 
near future. 

The decision about the value of the "cavity finer" must balance the square root of mass 
improvement in statistical precision which can be attained versus the costs of that detector 
and the required systematic controls. On the one hand, larger statistics in a new more 
massive "cavity filler" detector would allow greater study of systematic effects. On the other 
hand, to take advantage of the higher statistics in setting neutrino oscillation limits I! smaller 
systematic uncertainty would be required. 
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6 Comparison with Other Experiments 

There are a variety of new and proposed neutrino oscillation experiments at accelerators 
around the world. Since the search for Vp - v.,. oscillations is motivated in part by atmo­
spheric neutrino experiments, and the time scale for running P-822 is long, in thUs Section we 
shall also consider the capabilities of new and proposed underground experiments to study 
atmo.spheric neutrinos. 

We divide the consideration of other proposals/experiments into three classes; atmo­
spheric neutrino experiments, "long baseline" accelerator experiments aimed at sensitivity 
to smaller values of am', and "short baseline" accelerator experiments designed to probe 
small mixing angles. 

Between now and 1995, the only experiment likely to shed new light on the atmospheric 
flavor ratio is Soudan 2. Additional Kamiokande running will not reduce their statistical 
uncertainty significantly over the next several years. 1MB, Frejus, and Kamiobnde may 
further analyze aspects of their existing data to see if they are consistent with a neutrino 
oscillation hypothesis. In two years, there will be a beam test of a water Cerenkov.detector 
at KEK using both Kamiobnde and 1MB tubes. This will measure the trigger and pat­
tern recognition efficiencies used in their analyses. The angular and energy distributions 
of atmospheric neutrinos will be important in distinguishing possible neutrino oscillation 
interpretations o{ the data.(2] 

Later in this decade, Superkamiokande will greatly increase the number of contained II 

events. At present, it seems unlikely that the atmospheric Vp deficit seen by Kamiokande 
and 1MB can be explained away as a statistical aberration. However, improved statistics 
will be useful in studying systematic effects. 

A few proposals are directly competitive with the goals of P-822, i.e. to search for 
lip - v.,. at low mass differences. Brookhaven experiment 889 would be a disappearance 
experiment along a 20km beam on Long Island. CERN is thinking about aiming beams at 
Superkamiokande or the Gran Sasso laboratory. Existing detectors at Gran Sasso are not 
suitable for Vp - v.,., so proposals are being considered for ICARUS, a liquid argon detector, 
and GENIUS, a planar calorimeter. A comparison of Brookhaven, CERN and P-822 is made 
in Table 14 and Figure 35. 

Also relevant to the question of possible atmospheric neutrino oscillations is the flux of up­
going muons, and the angular distribution of that flux. In addition to 1MB and Kamiokande, 
this can be measured at MACRO, LVD, Baksan, and when they start to take data, at DU­
MAND and AMANDA. At the present time, uncertainty in the prediction of the upward 
going neutrino flux makes it difficult to obtain reliable limits or signals from this technique. 

Several experiments and proposals at accelerators emphasize other modes and other re­
gions of parameter space than P-822. At CERN, Chorus and Nomad will improve lip - II.,. 

limits at small mixing angle. IT it gets significant running at Los Alamos, LSND could 
improve lip - lie limits at small mixing angle. 
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To summarize, we think that the P-822/P-803 combination offers the beat ability to 
observe neutrino oscillations it they are responsible for existing anomaJies. Although a large 
fraction of this collaboration Us actively involved in the study of atmospheric neutrinos, we 
regard it as unlikely that these experiments will conclusively prove or rule out neutrino oscil­
lations, with the statistics and systematic errors which are required for such a demonstration. 
The short baseline experiments are searching for neutrino oscillations in regions or parameter 
space which are complementary to the region we are focusing on. In the NUMI program, 
we will run concurrently with the beat such experiment. Two major ideas which are directly 
compet.itive to this proposal are the experiments which could be done at Brookhaven and 
CERN. The major disadvantage of doing this physics at Brookhaven is that the beam energy 
is below II.,. charged-current threshold. They are exclusively relying on "". disappearance with 
the incumbent systematic challenge of understanding the neutrino flux calculations. The 
CERN proposals do not have the potential high neutrino fluxes which will be available from 
the Main Injector. We feel that coupling the existing fine grained Soudan detector with the 
Main Injector, which is presently under construction, offers a unique opportunity to address 
the exciting possibility or neutrino mass and mixing. 

Soudan 2 as is P-822 cavity filler BNL889 
event rate 
far detector 

6000 II 
11600 II- (from rock) 

54,000 II 
35,000 II­

18,300 quasi 

event rate 
near detector 

500 x 10· 0.5 X 109 638,000 

date to completion ,.... 2003 '" 2003 ,.... 2000 
distances 1km 

730 km 
1km 
130 km 

1km 
3km 
20km 

masses 
, 

1. 50 ton, 
2. 900 ton 

1. 100 ton 
2. 8 kton 

1. 400 ton 
2. 400 ton 
3. 4.6 kton 

mean energy 16 GeV 16 GeV 1 GeV 
run time 2·9 month runs 2·9 month runs 1-4 month run 
type of experiment appearance appearance disappearance 
neutral-current yes yes (liN - 111f'°N) (1) 
11".00 yes yea no 
detector calorimeter calorimeter H20 Cerenkov 
site underground underground surface 
accelerator 
requirement 

Main Injector Main Injector upgraded AGS 

beam new beam new beam new beam 

Table 14: Comparison Fermilab P-822 and Brookhaven 889 
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7 Work in Progress 

This proposal remains incomplete in several aspects. In this section, we identiCy the main 
tasks which are still required and describe our plan to complete them. 

7.1 Cavity filler proposal 

The optimal cavity filler proposal will depend on the energy resolution and triggering capa­
bility that is required, which in turn requires extensive Monte Carlo work. This has been 
started,[43] but has not been carried out in enough detail to choose an optimal detector 
design.. 

Other work is in progress to study the suitability of diamond cathode pad chambers and 
RPC's for a new detector. In addition, the engineering requirements on getting flat yet 
inexpensive steel to place between chambers is .receiYing attention. 

7.2 Further Simulations 

Considerable simulation work remains to be done. These jobs include: 

1. 	 Complete a higher statistics analysis of NClce separation issues, and further optimize 
algorithms to get the highest possible acceptance with low misidentification. 

2. 	 Extend the Monte Carlo into the upstream rock and generate the rock muon. for the 
R~/'" test. 

3. 	 Perform a high statistics simulation of the proposed near detector and optimize the 
near detector configuration and mass. 

4. 	 Incorporate the toroid, which was discussed in answer to Question 5, in our detector 
simulation. 

5. 	Calculate the hadron energy resolution for high energy neutrino events, both for P-822 
and for high energy atmospheric neutrinos. 

6. 	 Study particularly the quasi-elastic neutrino events, as a clean potential source or v.,. 
signatures. 

7. 	 Study v.,. simulated events and devise low background signatures. 

8. 	Study the possibility to identify v~ - v.,.; T - evv. This depends on electron hadron 
separation, and we note that Soudan 2's high granularity make it well suited for such 
a search, if it is possible in an iron calorimeter. 
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9. Study the backgrounds and signal for stopping muons coming out of the rock, which 
are sensitive to the lowest energy, and hence low values of AmI. 

10. Study of Soudan 2 data to confirm. that backgrounds to Fermilab beam events are low. 

7.3 Other Ideas 

We list here some of the other ideas which are being considered to enhance the experiment. 
Some of these ideas will be fu.rlher developed over the next year: 

• 	The anti-proton (AP2) beam line was considered as a source of pions and muons for 
P-860. The same beam might be used to aim a new neutrino beam at Soudan 2 with 
a long decay pipe. 

• Beam profile counters could be placed on the surface or other areas of the the Soudan 
mine. These would measure the radial distribution of the ftux of rock muons and ensure 
that the horn is correctly aligned with respect to the mine. 

• Holes could 	be drilled into the west waJl, and counters placed in them. This would 
serve as an external muon identifier for Soudan 2, and would also increase the target 
mass for the highest energy charged-current events. 

• Iron absorber could be added on the west side of the detector to increase the acceptance 
for muon identification, using the existing shield as a. muon identifier. 

7.4 Timeframes 

The P-822 collaboration is committed to document to Fermilab the capabilities and possible 
limitations of this proposal. By the spring of 1994, we expect to have most of the simulation 
work referred to in this Section completed. This has become the major time commitment 
of several members of the collaboration, as well as graduate students from Minnesota and 
Oxford. In the same time period, we expect to work with Fermilab to gain a realistic 
appraisal of the costs of building the beam. Other collaboration members are working on 
understanding the required capabilities and costs of a major new detector at Soudan. We 
expect more detailed questions about our proposal from the Fermila.b Program Advisory 
Committee, and to provide answers in the spring. 

The collaboration is actively .~king to enlarge its size in order to work out many of the 
detailed issues facing our experiment. Uncertainties in the time frame for the Main Injector 
hamper some groups from making such a commitment. We recognize the necessity that a 
successful experiment requires more collaborators than we have at present. 
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8 Summary 

We believe that the question of possible neutrino mass requires a major effort to search 
for neutrino oscillations in the region of parameter space where this proposal is sensitive. 
The granularity of Soudan 2, its distance from Fermilab, the neutrino energy spectrum and 
fluxes possible from the Main Injector, and the .Am' range of the atmospheric neutrino deficit 
together provide a fortuitous opportunity to make a major discovery. We are confident that 
Soudan 2 is the right detector to use in such a search. 

We have not identified any systematic effect which would cause tTsl R to be larger than 
2%. The (uncorrected) event rates expected and the ability to measure oscillations based on 
R can be seen in Table 3. Let us suppose for example that neutrino oscillations II". -+ II.,. 

exist with 80m2 = 10-' and sin2 26 = 0.4. '(This point is conservatively chosen on the low 
P",._".,. side of the allowed atmospheric neutrino deficit solution.) Convincing evidence from 
this experiment for a positive and consistent neutrino oscillation signal would consist of the 
following: 

• Measurement of an 8 tT effect in R0M'ret:". 

• 	 A measurement of R in the near detector) which statistically can be measured to 
tTIIIR = 7.4 x 10-", but which will only need to agree with E81S's measurement to 
better than 5%. 

• A comparable measurement of R in P-803. 

• Measurement of an independent 7 tT effect in RIJ./"" 

• Measurement 	of a 10 tT effect in R-a"'/Ja.,.' if knowledge of the beam ft.ux can be 
controlled to 2%. 

• Confirmation of the expected IIIJ.' "IJ.,II., and 17. ft.uxes in P-803 to 2% for IIIJ. and 20% 
for the others. 

• 	 A hadtonic energy spectrum for charged-current events in the near detector which is 
consilient with the 803 spectrometer results. 

• Calibration of the hadronic energy response in a hadron beam at Fermilab. 

• 	 Measurement of a comparable hadronic energy distribution for charged-current events 
at Soudan with the much larger statistics in the near detector, ENad. 

• A p. momentum measurement in the muon toroid yielding the expected distrilrittion. 

A long baseline neutrino oscillation experiment also represents a risk. We believe that the 
prospects for a real and convincing signal are considerable. The NUMI program is uniquely 
positioned to lead the world's high energy physics community into a new study of the once 
elusive neutrino. 
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A Long Baseline limit curves 

A.1 Introduction 

The limits in Figures 4 &Ild 6 properly take into account the cross-section weighted energy 
integrals. However if we approximate using just the average energy at low dm2 and take the 
limit. J(sin 1.27 dm2L/E)2rlE = 1/2 at high dm2, we get straight line (log-log) parameter 
space plotl. These are euy to calculate by hand, which is useful for comparing varioul exper­
iments and assumptions about energy, detector size, running periods, Itatiltics, distances, 
etc. 

A.2 Types of Neutrino Oscillation Searches 

Four kinds of neutrino oscillation signals can be considered for a neutrino oscillation search. 
They can be separated as follows: 

1. 	 Disappearance of some of the neutrinos in the beam. The measurement consists of 
comparing the number of observed neutrino interactions to the number predicted by 
other measurements. The solar neutrino experiments, the atmospheric neutrino exper­
iments, Brookhaven E889 and the R.,..,."IJ.,. test in P-822 are examples of this kind of 
search. 

2. 	 Exclusive appearance experiments. Here the signal is a clear cut neutrino interaction(s) 
from a flavor not present in the original beam, with little or no background. P-803, 
CHORUS, and in principle NOMAD are examples of this kind of experiment. 

3. 	R-M'I"«' test, or the Shrock-Albright test[44]. This is an appearance experiment, but 
since the background to the signal is large (all neutral-current events), one can not 
identify II.,. events on an event-by-event basis. However, the test is sensitive to II,. 

appearance, and if II~ - "neril. takes place, the teat does not measure any change, so 
it is an appearance experiment. 

4. 	 Kinematic cuts. A signal such as electron appearance will have some large background 
rejection K, but may still be dominated by background. Such a test will also have 
some efficiency for II/S, !.,.. If the rejection is sufficiently high, this could be a zero 
background test. 

A.3 The Line Limit Approximation 

There are several subtle aspects to the usual 90% confidence level plots which are used to 
characterize limits obtained by neutrino oscillation experiments. In order to make certain 
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scaling approximations and compare experiments more easily, it is useful to approximate the 
curves as two straight lines. The probability of oscillation is: 

(22) 

where L is the distance in km, E the neutrino energy in GeV, and the unknown parame-­
tera are the mixing angle 9 and the squared neutrino mass difference 6m3• If an experiment 
is sensitive to neutrino oscillations, it can either measure P to lOme accuracy, or set a limit 
on P which we will call Pmin for the usual 90% confidence level limit. An experiment with a 
sensitive test for neutrino oscillations could set a small Pmin, a leIS sensitive test would lead 
to a larger Pm,,, or no limit at a.ll. 

All limit curves which depend on a single variable Pmin start at some 6m2 with a slope 
-0.5 on a log log plot, oscillate, and approach a fixed mixing angle at high mass. We will 
therefore approximate the limit curves with two numbers, Do, which is the am2 at maximal 
mixing, and S, which is the sin2 29 limit at high mass. We extend the curve from Do with a 
slope -0.5 until it crosses the other line at S, D2 • These are shown in Figure 36. 

At maximal mixing, Bin2 29 = 1 a.nd we will set a limit when the second sine term in 
equation 22 is small: 

(23) 

where E is the average neutrino event energy, and the factor F takes into account the fact 
that integrating over energy differs from using the average energy. For our limits, F = 0.80. 

At high mass, the energy integral of sin2 1/E averages to 0.5. We thus have three simple 
equations for s, Do and D2: 

S =2Pmin (24) 

D _0.8E~ (25)
0- 1.27L 

Do 
D2 = ..;s (26) 

A.4 Specific Neutrino Oscillation Tests 

A.4.1 Neutral-Current to Charged-Current test 

For the neutral-current to charged-current test in the presence of oscillations,[37] 

P _ (~""::"I"QC" _ Rep,,-) 
(27)

- ,.,(1 - B) + m::..1"QC"(1 - B,.,) 
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where R'''- is the expected neutral-current to charged-current ratio, ~ ret:" is the mea­
sured ra.tio, B ia the branching fraction of the final state lepton to muons, and ." i. the event 
weighted charged-current crosl-section of the final state lepton compared to that for muons . 

." = Jq,.,(E)O'u,.(E)dE 
(28)- JtPlI(E)O'IIJj(E)dE 

For "1& - II.,., B = 0.17 and 11 = 0.25. (For IIJj - lie B=O and 11 = 1.0) For a 90% limit, 

P, . _ 1.290'R 
(29)

"un - 11{1 - B) + R'rue{1 - B.,,) 

which is 2.56 O'R for lip - II.,. and .99 O'R for lip - lie. Thus the lip - ". limits are always 2.6 
times to the left of the "1& - II.,. limits for the same statistics. The factor 1.29 corresponds 
to the 90% confidence level, and is 3 for a 3 0' effect, 4 for a 4 0' efi'ect, etc. 

For the neutral-current to charged-current test, 

_ RJ_1- ~ _ R{l + R) _ 0.73 
(30)O'R- NC + CC - VNf" - IN 

where N is the total number of events. Thus for an experiment with full acceptance and 
efficiency, no other background or systematic error t 

l) 1.87 

r min = J7ii (31) 


We can also use these equations to study the effect of systematic error. If we express Sin 
terms of O'R/ R, we get S = 1.59 O'R/R. The PAC recommended that the experiment should 
reach a systematic uncertainty on the NC/Ce ratio (or O'R/R) oHess than 0.02, which yields 
S = 0.03. We believe that we can exceed this goal, since we are only sensitive to the cha/n.ge 
in r and do not require an absolute meaaurement (although we will certainly do so aa a 
check). 

A.4.2 Low background appearance experiments 

For a truly zero background appearance experiment, a long baseline detector haa no ad­
vantage over a short baseline experiment.[45) The reason is that while for a low am2 the 
probability of oscillation increaaes a,s...L', the flux and event rate fall as 1/L'J. 

When there is background, the background falls aa 1/L2. As one moves Ca.r away, the 
signal might go down slightly, but the signal to background greatly mcreUeB. Detectors like 
P-803 are very expensive per kiloton, and should be run at an accelerator first, and then 
only moved a long distance if there are backgrounds which are seen with possible signal •. 
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Unlike the other tests, this limit goes linearly with statistics: 

p. . _ 2.3 (32) 
man - Not: X 11 X E 

where 11 takes into account the liT' charged current crosl-section, and f!' includes all other 
efficiencies. For P-803 in the Conceptual Design Report, E =0.06.[1, 3] It is interesting to 
note that Do which is proportional to ..;rs;;;:1L is a constant as you move a given detector 
because Pmin oc 1/N and N oc 1/L2. This is the same as the argument made above. For 
fixed statistics, Do oc IlL. 

A.4.3 Muon disappearance experiments 

111£ disappearance can be measured by seeing a decrease in the absolute rate of events at a 
far detector. Here the crucial element is the measurement of the flux in an identical (or 
similarly configured) detector. One could also predict the far detector event rate based on 
the proton flux hitting the target and a calculated neutrino 6.ux, but the systematic errors 
in such a calculation are known to be large. Assuming that the statistical errors at the near 
detector are small, a limit can be set from: 

p. 	 . _ 1.29 ( )
""" - .;11;(1 - 11B) 33 

Strictly speaking, in a two detector disappearance experiment, one is looking for a differ­
ence between the two detectors, and the limit at high am' returns to maximal mixing. Both 
detectors would measure the neutrino Au which was maximally mixed. The two line approx­
imation fails to take this into account. Since previous short baseline appearance experiments 
at accelerators have failed to see neutrino oscillations, this is unimportant. 

A.4.4 Kinematic cuts, such as electron appearance 

Using kinematic and topological cuts, it ma.y be possible to identify r events. The decay 
mode r - eVil is one particularly promising example. Let's assume we can identify electrons 
and perhaps ?r°'s. The number that you meaaure is: 

(34) 


where" is the background rejection factor for events which pass the cuts. We may be able 
to achieve" := 10-2 • e.,. is the fraction of signal which passes the cuts :::I 0.50 and 11 is the 
cross-section factor, O.lR , 

With 90% CL, in the absence of oscillations, we measure less than 1.29J"NI£ events. 
Therefore, if we measure "NI£' the expected rate, we can set a limit on P: 

p. . _ 1.298 _ 1.43 
(35) 

mm - tT'11NI£ - JNI£ 
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A.5 Using the equations to scale various experiments 

Now we can uk what it would take to get to the curve actually shown in Figure 36. The 
stated PAC goal is shown at a.m.' = 0.01, sin' 28 = 0.01. The parameters we calculate 
are Do = 10-3 

, Dz = 10-', S = 10-', L = 713km. (!) and N = 140,000 events. Using the 
high Main Injector flux from two nine-month runs, and scaling this event rate to the P-822 
proposal with 100% acceptance at 730 km, leads to a requirement of a detector twenty times 
more massive than Soudan 2 with no systematic error. If we demand & 4 t:r signal at the 
PAC point, it goes up to 1.33 Million events. If we consider the a.m.' goal to be one for 
D, and the required distance would be 71 km, and the required statistics 140,000 events. A 
detector the size of Soudan 2 would be adequate, but we note that such an experiment does 
not address much of the a.m.' region suggested by the atmospheric neutrino problem. 

Another important point is the way that sin' 28 and Am.' scale with statistics. Limits 
on the mixing angle will improve as the square root of the number of' events, while limits 
on the mass will improve only as the one fourth power of the statistics. If one aimed a 
beam at a new detector at a moderate distance, such as 100 km, one could gain over this 
proposal with better limits on mixing angle at the expense of Am' reach. However, it would 
be impractical to improve that situation with greater mass or running time. On the other 
hand, a detector located at 700 km would start with a better am' reach at the expense of 
mixing angle sensitivity. However, this could be more readily improved with an additional 
detector or more running time. 

B The Soudan 2 Detector 

B.l Detector description 

The Soudan 2 experiment uses a currently operating detector in an underground laboratory 
710 m (2090 meters water-equivalent) beneath Soudan, Minnesota. The detector consists 
of a 963 metric ton fine-grained tracking calorimeter surrounded on all sides by a two-layer 
active shield of proportional tubes. lis primary goal is to search for nucleon decay in modes 
which ma.y be dominated by neutrino-interaction background in other experiments. It is well 
suited to be a neutrino detector for the average energies of a Main Injector neutrino beam, 
and is in fact similar in resolution and size to neutrino detectors which have been used in 
past experiments at Fermilab and CERN. 

The performance of the calorimeter modules has been studied using cosmic ray muon 
tracks, both on the surface and underground. A charged particle test beam, at the Rutherford 
Laboratory ISIS accelerator, has been used to study detector response to low energy particles. 
The test beam studies have provided the energy calibration for electromagnetic showers and 
tracks, and have measured the ability of Soudan 2 to identify muon charge and direction. 

The Soudan 2 detector [39] consists of 224 identical 4.3 ton calorimeter -modules, which 
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were constructed at Argonne National Laboratory and the Rutherford Appleton Laboratory. 
Two hundred and sixteen modules are taking data in the Soudan mine at present.(October 
1993). The modules are placed in a rectangular paraUelopiped 2 modules high x 8 modules 
in the east-west direction x 14 modules along the axis of the cavity (north-south direction), 
yielding a dimension for the full detector of 5x8x16 rna. This layout is illustrated in Figure 37. 

Each module is composed of 240 layers of 1m x 1m x 1.6 mm corrugated steel sheets 
interleaved with an insulated "bandolier" usembly of 1 m long x 0.5 mm thick x 15 mm 
dia.meter resistive H,trel drift tubes (see Figure 38). The insulation consist, of two layers 
of 125 pm mylar, laminated together with long pockets to accommodate the drift tubes, 
and 0.5 mm thick polystyrene insens which are vacuum formed to fit the steel corrugation. 
The steel sheets and the bandolier are stacked in 240 layers (2.5 m high) by fanfolding 
the bandolier back and forth with steel sheets interleaved. The stack is then compressed 
with about 15 tons of force. Each module is enclosed in a gas-tight sheet steel enclosure 
consisting of welded aideskins to maintain compression and removable covers to allow access 
to the readout proportional wireplanes and stack faces. The assembled detector has a density 
1.6 g/em3

, a radiation length of 9.7 em and a nuclear interaction length of - 81 em. 

The basic detector element of the experiment is shown in Figure 39. It is a tube made of 
resistive (- 2x101'O - em) plastic Hytre! (DuPont Corporation). Each module contains 7560 
drift tubes. A linearly graded electric field is applied by 21 1.5 mm wide copper electrodes 
(see Figure 38). These have a voltage of -9 IcV at the middle of the tube and 0 V at the 
two ends. The resistive tube grades the voltage between electrodes, creating a uniform axial 
drift field of 180 volt/em inside the tube. The modules are filled with a drift gas mixture of 
85% argon, 15% CO, and 0.5% of H20 (from the plastic). When a charged panicle passes 
through the tube it ionizes the gasi the liberated electrons then drift (with a velocity of 0.6 
em/Plec) up to 50 em to the ends of the tube where they are collected and amplified on a 50 
pm diameter anode wire (gold plated tungsten). The gas is circulated through the modules 
and filtered to remove oxygen and hydrocarbons which absorb the drifting electrons. 

The tubes are arranged in a close-packed hexagonal array as shown in Figure 38. The 
anode wires run vertically in a plane 10 mm from the tube ends and are spaced every 
15 mm so that they are aligned with the centers of the tubes. Cathode pads are connected 
in horizontal strips orthogonal to the anode wires and 5 mm behind them, and are aligned 
with the tubes. Thus it is possible to identify which tube a signal came from, since the anode 
wires and cathode pads form a grid centered on the tube ends. The position along the tube 
length is obtained from drift-time information. Three correlated spatial coordinates and a 
dEIdz measurement are recorded for every charged particle crossing of a drift tube. 

The main detector is surrounded on all sides by a 2-layer arr""j!' of extruded aluminum 
proportional tubes [46}. This active shield is mounted against the cavity walls to signal 
the presence of cosmic ray events in the cavity and the surrounding rock. The tubes are 
up to 7 m long and 20 em wide and have a time resolution of 1 pll. Cosmic ray muons 
can create contained event candidates by entering the detector through the spaces between 
main detector modules, or by creating neutrons, photons and KI's in the nearby rock which 
penetrate to the interior without leaving tracks. Such neutral particle production is almost 
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always &lsociated wit.h charged panicles which are det.ected in t.he shield. Because the 1700 
m2 shield haa nearly 3.5 ~imes t.he area of t.he main de~ector in t.he direction of Fermilab, 
it can also be used t.o inaeue theeft'eciive area for t.he meuurement of the flux of muons 
from II interactions in the rock. upstream of Soudan 2. 

B.1.1 Electronics Readout 

The detector is read out by 28,224 anode wires and 107,520 cathode pads through 5,888 
electronics channels. The reduction in the number of channels is accomplished in two It.ages. 
Groups of 8 modules are stacked 2 high by 4 across t.o form a halfwall. The detector 
consists of 28 halfwalls. The two large faces of each halfwall each contain 8 wireplanes. 
Anode signals Cromthe upper modules are bussed to the lower modules and cathode signals 
a.re bussed across the halfwall to give an equivalent. readout plane which il 5m high x 4m 
wide and is known as a loom. Each loom consists of 252 anode channels and 480 cathode 
channels. Preamplifier signals from 8 anodes are then summed together by connecting the 
anode channels from 8 separa.te looms to one digitization crate. The preamplifier signals 
from each cathode pad are also summed 8·fold, but in a different pattern, ensuring that the 
looms served by one anode crate are served by different cathode crates. Since anyone loom 
is served by a unique anode crate and cathode crate combination, a tube anywhere in the 
detector may be located by matching the anode and cathode pulses. 

The resulting 5888 channels of ionization signal are digitized by flash ADC's every 200 ns 
and stored in RAM. The digitization and data acquisition process occurs in a system of 24 
parallel MULTIBUS crates each containing an Intel80C86 microprocessor, which supervises 
a pipe-lined data compactor (which removes digitizations below a programmable threshold), 
and manages transfer of the compacted data via CAMAC to the host computer. Within 
each data crate there is a calibration card which, under local processor control, can be used 
to calibrate all the analog channels and verify the trigger logic within the data crate. The 
calibration card controls an array of pulsers which can send pulses to various combinations 
of the preamp inputs. 

Digitization proceeds asynchronously in each of the 24 data crates with the RAM's used 
as circular dat.a buffers. When a trigger decision is positive, the digit.izat.ion is continued for 
an additional time beyond trigger time. This allows all the ionization for that event to drift 
out of the tubes so a complete drift history is stored for each channel. 

To prompt the Soudan 2 detect.or to read out and store an event, it is necessary for the 
event to satisfy the trigger requirements. The raw data pulse patterns at the ADC inputs 
are continuously compared with programmable trigger conditions to detect localized clusters 
of hits in the drift tubes. The primary trigger requirement in the Soudan 2 detect.or is 
the "edge" trigger. A detailed description of the edge trigger will not be given here, for a 
complete account, see reference 47. Compton electrons produced by photons interacting in 
the endplane of a module are a primary element of the noise rate in the detector. The edge 
trigger was designed to reject. these events, so an event must have some minimum extent in 
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the drift direction to satisfy this trigger. Since every readout channel contributes equally, 
the trigger requirement is uniform throughout the detector volume. E:fIiciency is high for 
muons above 230 MeV/c and fa.lls linearly to zero at 90 MeV/c (for muons which do not 
have a visible decay). The electron (shower) triggering threshold isaboui 50 MeV. The rate 
of random triggers from natural radioactivity is less than 0.5 Hz in the full detector under 
these conditions. The trigger efficiency for neutrino events produced by the Fermilab beam 
will be essentially 100%. The deadtime will be less than 6%. 

B.2 Detector Status and Operation 

The Soudan 2 detector has been operational since July 1988 when the first 275 tons of 
detector was turned on. Data were taken while the detector was being constructed; currently 
(October 1993) 929 tons of detector are in operation and 1.5 kton-years of exposure has been 
obtained. Reconstruction and filtering of contained neutrino events and cosmic ray muons is 
performed at the Soudan site immediately after data acquisition. Detailed analysis has been 
completed on all data taken before November 1992 (1.0 fiducial kton-years). The detector 
is now in routine data taking operation more than 70% of the time. The major down­
time is associated with the addition of new modules to. the detector and will cease with the 
completion of the detector in late 1993. The performance of the detector has been reliable 
and stable over the past two years of operation. We do not anticipate. any problems with 
continuing operation through the time period when a neutrino beam might be available. We 
are in any case committed to running Soudan 2 at least through 1998 to obtain a proton 
decay exposure of 5 fiducial kton-years. The detector performance is entirely consistent with 
the original Soudan 2 proposal and more than adequate to perform this experiment. 

Data at the Soudan site are stored on disk in runs of .... 1 hout length, and is pro­
cessed immediately after the end of a run on a local VAX Cluster with an analysis package 
SOAP (Soudan Oft1ine Analysis Program). SOAP performs noise rejection, pulse match­
ing, track reconstruction, and sorting of events into various categories of physics interest, 
such as muons, multimuons, monopole candidates, (contained) neutrino candidates, and 
semi-contained events. Muons from neutrino interactions in the rock. from the direction of 
Fermilab would all be found in the muon sample. Neutrino events would be in either the con­
tained or semi-contained event classifications. An additional processor would be established 
to Hag events that were in time with a Fermilab beam pulse. This event sample would be 
compared with the contained and semi-contained event samples to ensure that all Ferm.ilab 
events were being found with high efficiency. 

The detector is monitored in several ways to assure that it is operating properly. The 
pulser system is used to inject signals into the preamp inputs. These signals then work their 
way through the readout chain and check. the operation of the electronics. Pulser calibration 
runs are performed daily to find amplifieD with incorrect gain, disconnected cables, etc. The 
response of the detector (as well as the electronics) i. continuously monitored by analysing 
the data from throughgoing cosmic ray muons. These muons trigger the experiment at a . 
rate of about 0.3 Hz. One to two days of data is sufficient to detect larger effects such as 
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air leaking into a module or bad electrical connections inside a module. A sample of tracks 
accumulated over about one month is used to measure the detailed pulae height retponse at 
the level of individual drift tubes and can be used to correct the pulae heights in the region 
of nucleon decay or neutrino interaction candidate events. 

An example of part of a cosmic ray muon track is shown in Figure 40. The fine detail 
of a few pulses can be seen. This shows both the pulse shape information and the 200nl 
digitization time. The result of the fit to that part of the track in relationship to' the pattern 
of the stack is also shown. A complete muon track traversing the detector is shown in 
Figure 41. Comparing the two figures, the large amount of information that is available for 
each event is apparent. 

To provide pulse height uniformity over time, the atmospheric preslure it monitored and 
the anode wire high voltage, for the modulel and for the shield, is adjusted to compensate 
the effect of pressure changes on gas gain. 
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B.3 Performance and Calibration 

B.3.1 Module performance 

In order to optimize the operating parameters (e.g. gas and electronic gains), a few modules 
were initially operated on the surface where the cosmic ray flux is high enough to do high 
statistics studies rapidly. Some of the results on performance of the modules operated on 
the surface are presented in this Section. 

For the study of tube efficiency the cosmic ray muon trajectories were fitted. By compar­
ing the number of hit tubes crossed by the trajectory with the number predicted to be hit, 
the tube efficiency is determined. Such a definition not only considers if the tube ia work­
ing, it also includes the anode-cathode matching efficiency and the track fitting efficiency. 
Moreo:ver, the efficiency will be decreased due to deviations of the actual tube position from 
its nominal position, and random scattering of the muon from a smooth trajectory. In the 
case of perfect geometry, for Monte Carlo data, the tube efficiency is 85%. Under actual 
operating conditions the mean tube efficiency is of the order of 75%. The mean tube effi­
ciency is very uniform throughout a module, &8 is shown in Figure 42, where the efficiency 
is plotted along the cathode direction. The variations seen in Figure 42 are correlated with 
the pulse height variations along the cathode direction. The maximum tube efficiency that 
is reached is 80% for very high pulse heights, but the modules were operated at the knee of 
the efficiency plateau to remain in the proportional gain region. 

Typical drift attenuation lengths are of the order of 70 em. For the pulse height distri. 
bution shown in Figure 43 the attenuation lengths for the two 50 em drift regions are 71 
and 63 em. Such attenuation is well understood in terms of electron diffusion during drifting 
and electron attachment due to O2 contamination at the few ppm level. Some variations 
from module-ta-modlde can be observed, even with the same gas composition, due to im­
perfections in the electric field which show up as a. difference in the effective radii of the 
tubes. In the a.bsence of oxygen attachment, attenuation lengths are expected to be about 
70 em. The spatial resolution is determined by the anode and cathode spacing, the drift time 
digitization unit and the drift velocity. The spatial resolution is obtained from the RMS of 
the residual distributions, calculated by fitting cosmic ray muon tracks. The spatial resolu­
tion in the vertical (y) direction is 0.47 ± 0.10 em , compatible with the expectations from 
cathode separation. A result consistent with anode separation is obtained in the horizontal 
(z) direction. The spatial resolution in the drift (z) direction is 1.04 ± 0.24 em. 

One of the main charactemtics of the Soudan 2 detector is its ability to yield pulse height 
information for track direction determination and particle identification. To make maximum 
use of this inforn_:'~ion, the pulse height variation between modules must be smaller than 
Landau fluctuations (20%). Typical pulse height fluctua.tions along the wire plane are of the 
order of 30%, while in the drift direction, due to pulse height attenuation, a 50% reduction 
in pulse height can be observed (see Figure 43). However, these variations are corrected by 
calibrating out the effects of measured pulse height attenuation, wire plane nonuniformities, 
module-ta-module variations, and gas composition. After pulse height calibration, a 10% 
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variation is obtained. 

B.3.2 Module calibration 

At the Rutherford Laboratory's ISIS pulsed neutron source, a Soudan 2 calorimeter module 
was exposed to beams of positive and negative pions, muons, and electrons at momenta 
between 140 and 400 MeV/c, and protons at 700 and 830 MeV/c, for several angles of 
incidence. Analysis of the data is in progress but preliminary results are available on the 
detector resolution, ionization response, and particle identification. These studies have 'con­
firmed that the detector modules are performing as expected, and also have provided detailed 
response parameters which can be used in the Monte Carlo detector simulation. 

The electromagnetic shower energy is determined by counting tube crossings (hits). Fig­
ure 44 shows the number of tube crossings as 8. function of the electron beam energy, for 
ISIS and Monte Carlo datL The non-linear dependence upon the energy reflects the high 
density of tube crossings at high energy. The measured energy resolution can be represented 
as in Figure 45. 

Although the Soudan 2 detector is designed to be relatively isotropic, its geometry is 
not completely uniform. This fact will affect, at some level, the number of hits counted for 
shower energy measurement. Figure 46a shows the number of hits observed for dift'erent 
vertical incidence angles of the beam, ror tracks perpendicular to the tubes. The maximum 
variation (8%) is obtained for small vertical angles. This variation is easily calibrated. The 
total pulse height is independent of the vertical incidence angle as is shown in Figure 46b. 
When the dependence upon horizontal angle (angle with the z direction) was measured, a 
variation of the number of hits was observed where the beam is almost parallel to the tubes 
(see Figure 46c). The total pulse height does not vary with horizontal angle (Figure 46d). 
Therefore, the Soudan 2 detector is isotropic after some small corrections. The small detector 
anisotropy observed is confirmed with the Monte Carlo and does not compromise the energy 
resolution. 

A sample of TO'. produced in charged pion interactions has been reconstructed. The 
events were selected by scanning for events with two well separated showers. The 11"0 peak 
is centered at 136 ± 3 MeV/~ and has an RMS of 40 MeV/~ (see Figure 47). When the 
production vertex is known it is possible to distinguish electrons from photons by measuring 
the distance between the vertex and the first hit (conversion length). If the distance is 
smaller than 4 em the relative probability to be e : 7 is 8 : 1, for a distance larger than 4 em 
the shower is more likely a photon with e : 7 a probability of 1 : 14. 

Muon momentum is calculated from the range obtained by measurement of the muon 
track length (L) and using a mean detector density (1.6 g/cm3 ). The average length for 245 
MeV/c muons is 40.6 C'm., with ilL/L = 20%, giving a momentum resolution of 8%. This 
resolution is independent of momentum for the ISIS energies. 

Soudan 2 can distinguish between stopping positive and negative muons because most 
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negative muons are captured by iron nuclei and do not decay visibly. The .decay positrons 
from positive muons are usually detected. Figure 48 shows the number of extra hits at the 
ends of tracks for samples of negative and positive muons. Two or more shower hits are 
observed at the end of 85% of the positive muon tracks. No hits are observed for 75% of the 
negative muon tracks. 

The expected ionization response of a slowing muon is observed. Figure 49 shows the 
mean pulse height along the muon trajectory measured from the end of the track:. Crude 
measurement of the track direction (choosing the end with the higher mean ionization on 
the last 5 hits as the stopping end) yields the correct direction 80% of the time. 

B.4 Detector Summary 

Some advantages of the Soudan 2 detector for detecting and identifying neutrino events are: 

• The fine granularity gives very good track and vertex resolution. 	 The result is high 
quality pictorial event information, comparable to that from standard electronic neu­
trino experiments. The spatial resolution is 1 cm or better in all three spatial coordi­
nates. 

• The ionization measurement yields particle identification information (e.g. proton/pion­
muon separation) not available in some other detectors. 

• ",- absorption in iron gives track charge information. (about 2/3 of stopped ",+'s decay 
visibly in Soudan 2.) 

• In a moderate density iron calorimeter, high energy muon/hadron separation is easy. 

• The energy threshold of the trigger for muons is lower than in any other underground 
" detector. 

• The observation of shower development yields better low energy electron-muon sepa­
ration than in water Cerenkov detectors. 

• 	The modularity of the detector has allowed detailed test beam calibration studies. 
Detector modules will also be calibrated in a high energy charged particle test beam 
at Fermilab at energies appropriate for the P-822 proposal. 

• The modularity 	of the detector will allow us to operate an almost identical type of 
near detector in the P-822 neutrino beam at Ferm ....!.l. 

The particular features which make this detector powerful for the proposed neutrino 
experiment are the excellent pattern recognition and particle identification of hadrons, muons 
and electrons. This capability will enable reliable separation of charged and neutral current 
events and the identification of the flavor of the final state lepton. 
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C Definition of an appearance experiment 

It is conventional to distinguish between two kinds of neutrino oscillation experiments, ap­
pearance and disappearance. In our definition, an appearance experiment is one in which 
we search for the presence of a neutrino species absent in the- initial neutrino beam, or the 
increue in flux of a species. In order to measure such an appearance, particularly in the 
presence of any ba.ckground~ then the signal (the number of suitably selected events) should 
be greater than it would be in the absence of oscillations. In the R"nd"1"__ test, that signal 
is the number of neutral-current events. 

In a disappearance experiment, the search is for a decrease in the flux of a neutrino 
species which is present in the beam. The latter is often done by measuring the fiux in 
similar detectors at two or more locations and search for a variation of L/Ell' High energy 
accelerator neutrino beam. are uually more than 95%"",. Thu. the appearance experiments 
can normally measure II", - II. or II", - II.,. while the disappearance ones measure the decrease 
of II"" e.g. II", - 1I:c. 

In the June 1993 PAC report, a different definition for an appearance experiment was 
chosen, "The Commit tee considers an appearance experiment one in which the definitive 
presence of the unexpected charged lepton (e.g. T in the mode II", - II.,.) is detected." An 
experiment which has little or no background is certainly to be preferred over an experiment 
with large backgrounds. Our "meuurement" of the T leptons by counting the neutral-current 
events has a large background} e.g. all II", neutral-current events. This does not remove the 
important distinction, however, that our measurement is sensitive to, and is only sensitive 
to, the appearance in the beam of a neutrino species that was not initially present. 

A crucial aspect of our experiment is the meas~rement of RaM'rOll" in both the near and 
far detectors. This upect of the experiment can be distinguished from the disappearance 
versus appearance question. Every appearance experiment would be made better by having 
more than one detector measuring the strength of oscillations at more than one location. 

Our disappearance test, Rn-,./lGf" is sensitive to II", disappearance. It would be sensitive, 
for example, to oscillation of II", into a right handed, and hence sterile, neutrino species. How­
ever, the R ..M'I"et!' and R"'/ll tests would be completely insensitive to such II", disappearance. 
The ratio that we measure with these latter two tests is only changed by the appearance in 
the beam of a II with a different fiavor, II.,. or II•• 
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Status of II 	 Oscillations 
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FiS\lre 1: Atmospheric and Accelerator Limits for "__ - liT' Tlle Allowed resion from 2.7 
kt-yr of Kamiokande is between the dashed lines. A and B are limits from 1MB and Frejul 
data. E and F are accelerator limits from CnHS and Fermilab 531. 
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Figure 3: Event rate as a function of neutrino energy. The curves are for deep inelastic, 
quasi-elastic, and resonance (dashed) production 
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Figure 6: Effect of systematic error on the R.'M"l"t:1I!' tests. From left to right the curves 
assume an 8 kiloton new detector and 0% systematic error, 8 kilotonll and 2% systematic 
error, the existing detector with no systematic error, and the existing detector with 2% 
systematic error. 

68 




at ....... 
e 
<:1-

0.5 

Figure 7: Potential 822 limits using Re. From left to right the curves usume an 8 kiloton 
new detector and 0% systematic erro;, 8 kilotoDs and 2% systematic error, the existing 
detector with no systematic error, and the existing detector with 2% systematic error. 
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822 limits with and without 2% systematic error 
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Figure 36: Limit curves using the approximations derived in Appendix A. 
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Soudan 2 Detector Operation 
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Figure 39: A single drift tube. The drift field is generated by the application of graded 
voltages on a leries of 21 copper electrodes 
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Figure 40: Segment of a muon track and fit 
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Figure 46: Mea!1 number of hits (a) and mean total pulse height (b) for different beam 
momenta versua the vertical angle, and mean number of hitt (c) and mean total puLse height 
(d) versua the horizontal angle. 
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Figure 48: Number of shower hits at the end of 1'+ and p- track •. 
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Figure 49: Mean pulse height versus anode number (measured from t.he last anode in the IS 
trajectory). 
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FERMILAB-Proposal-0822 

Marth 26, 1991 

Taaji Yama;nouchi 
DirE'Ctor's Office 
F'ermila.b 
Box .500 
DatR.via m. 60510 

Dear Ta.aji 

Attached is the proposal from the P822 collaboration for a long baseline neutrino oscillation ex­
i)eriment for the Fermilab Main hljector era using the Soudan 2 nucleon decay detector. We a.r~ 
exdtE'd tha.t the Main Injector seems to be proceeding and that these itnl)OrtaJ1t areas of physi('s 
cau be explored. 

It is our nnderstanding that the proposal will be sent to the PAC prior to tlte Al,ril 19th meeting. 
but that 110 presentation before the PAC is re<iuested. We will be pleased to answer any liueatio1ls 
wbich might arise either from the PAC or Fermilab staff in planning for neutrino funning with the 
Main Injector. 

The spokesman for tWs proposal is: 

Ma.ury Goodman 
REP 362 
Argonne National Laboratory 
Argonne, m. 60439 
Telephone: 708-972-3646 
Fax: 708~972-5016 
Uecnet: ANLHEP::MCG OR FNAL::MGOODMAN 

We look forward to consideration of this proposal . 

. Sincerely yours, 

.Maury Goodman 

High Energy Pbysi<:s Division 362 

Argonne, Illinois 60439 
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