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Abstract

We propose a long baseline neutrino oscillation experinient using a fine-grained calorime-
ter whicl is appropriate to the study of neutrino interactions. The high flux {rom the Maiu
lujector neutrino heams. coupled with moderate neutrinio energies and the long distance
rom Fermilaly to Soudan Minuesota. will combine to provide unprecedented sensitivity to
several possible nodes of neutrino oscillation. The high spatial resolution and good energy
resolntion ol the Soudan 2 detector mmake it well suited to study leptous and hadrons iu
nentrino inleractions. Our key measureinents will will involve the neutral current to charged
current ratio and will not depend upon a knowledge of tlie absolute Hux. Ilowever, we will
sinnttaneously measure the absolute flux with a near detector. which will provide important
consistency chiecks on any observed signals.
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1 Introduction

A long baseline neutrino osciilation experiment using the Fermilaly main injector and tle
sensitive Soudan 2 fine grained caloriieter would be able to probe an important and large
new area ol parameter space for the mode v, — r,. The capabilities of the detector are
~such that a number of independent tests ol the oscillation hypothesis can be made. The
experiment will either discover neutrino oscillations in a compelling way (if they exist in the
sensitive region of parameter space). or rule them out.
A long baseline neutrino oscillation experiment was first suggested lor Fermilab in 1977[1].
A sensitive new experiment is considered in this proposal and is niotivated by five {actors:

e The possible observation ol atinospheric v, oscillations by the Kamiokande measure-
ment ol an anomalous v, /v, ratio.[2]

e The interpretation of the missing solar neutrino problemn as evidence lor matter-induced
v, — v, oscillations.[3]

o The near completion of the | kiloton Soudan 2 nucleon decay detector aud its demon-
strated capability in neutrino detection.[4]

e The planned new Main Iujector at Fermilal which could be a source of large neutrino
fluxes with relatively low energy.[5][6] and

o The design of a double horn liigh intensity neutrino beam which could be targeted on
a remote North American undergronnd detector such as Soudan 2[7].

In a nive month run with a 120 GeV proton beam and a conventional double horn
nentrino heam aimed at the Soudan 2 detector 800 ki away. a search could be made lfor
neutrino oscillations with particular emiphasis ou the most likely oscillation mode v, — v,.
Il evidence lor oscillations is not found. new limits would be set extending the Am? excluded
region from 0.3 ¢ V2 to 0.0025 ¢ V"2 for mixing angles sin®(28) > 0.06 at 90% conlidence level.
We will shiow that Soudan 2 could set the limits which are shown in figure L. \We plan to use
a nmber of Soudan 2 modules as a near detector at Fermilab in order to keep systematic
ervors at a low level.

The physics motivation for a long baseline neutrino experiment is discussed in section 2.
The issues covered include the preseut status of the search for neutrino oscillations as well
as the interest in a particular region of parameter space (m? vs sin?(20)) which is based
on the reported atmospheric v, and solar v, deficits mentioned above.

The properties of the Soudan 2 detector are covered in section 3. and the double horn
neutrino beam is discussed in section 4. The physics capabilities ol the Soudan 2 etector
with a Fermilab beam are covered in section 5. The expectation lor v, disappearance and
v, appearance expertments are included. as well as a number of other v experiments that
we could carry out. Performance and calibration of the Soudan 2 detector are discussed in
section 6. In section 7 we discuss the requests of the P822 collaboration {rom Fermilab for
this proposal.

A loug baseline neutrino oscillation experinent. carried out in Soudan 2 and concentrating
ou Amn? ol 1.0 to 1072172 for the mode v, — v,. well complements the proposed Fermilab
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Figure 1: 90%C'L Limits on v, — v, oscillations attainable by Soudan. Clurve A is based
o the M, ./ r0r test using the Soudan 2 shield. B is hased on the Ry prse test. and (' s

based on It /.~ test in the calorimeter. The point is Kamioka's ~hest fit”, These tests
are described in section 5.
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P803 emulsion experiment with its search for v, — 1. at higher Ain? and lower mixing
angle.

6



2 Physics Motivation for Long Baseline Neutrino Ex-
periments

In this section we discuss some of the previous neutrino oscillation searches. These searches
have been motivated by the possible existence of a weak mixing matrix analogous to the

““quark mixing (CKM) matrix. We then discuss two recent experimental results which specif-
ically motivate an interest in the region of parameter space which this proposal could ex-
plore. The first is a result on the Havor composition of atmospheric neutrinos which can be
explained by v, — v, {or v, — v,) oscillations in a particular region of parameter space
(sin®(20) > 0.L.Am* ~ 1072 eV'?), The other is the widely discussed explanatioun of tle
solar nenirino problem as matter enhanced v, — 1, oscillation {(MSW effect) which. when
coupled with a see-saw mechanism[8] for the mass hierarchy of lepton [amilies. again leads
to (Am?) ~ 1071-10-% eV for v, — v:.

2.1 Status of accelerator searches for v, — v,

During the last two decades there have been a munber of experiments which have searched
for neutrino vscillations[10]. These experiments have hypothesized the possible existence of
nouzero neutrino mass and lepton number violation. Althongh lepton nuinber seeius to be a
conserved quantum number in experimental physics thus far. this does not reflect any kuown
[undamental dynamical conservation law.

It the neutrino mixing niatrix is similar to the quark mixing matrix. v, — », oscillations
might be expected with a large mixing angle and », — v, oscillations with a smaller mixing
angle. More general considerations. owever. would lead us to search for all possible valnes
of a *weak™ CIKM matrix. in which elements might be expected to be 0.001 or larger. i Am?
is small. previons aceclerator scarches lor v, oscillations wonld not have found evidence for
any such oscillations.

The present limits on 1, — 11 oscillations [roni accelerators are showu in figure 2. The
two curves are from Fermilab Experiment 331. which used a 23 liter emulsion stack as the
target in a wide band horn beam with mean effective energy of ~ 20 GeV[11]. and C'DIIS.
whicli used two detectors in a high energy neutrino beam at CERN[12]. The technique tu the
E531 experiment is similar to the proposed P803 emulsion experiment at the Main Injector.

A large number of experiments have searched lor evidence of neutrino oscillations at sev-
cral laboratories[10]. Several of the experiinents were only seusitive to v, — v, oscillations.
Many searches have ruled out portions of parameter space in figure 2 that were already
excluded using different techuiques. Other experiments have looked for other less favored
imodes ol neutrino oscillation. such as v, — v, o1 v, — 7.

In orcler to improve existing limits at accelerators. experiments must either achieve betler
statistical precision. to be seusitive to lower sin®(26). or go to larger distances [rom the
neutrino source. to he sensitive to lower values of Am?2.! This is precisely what a paired
shiort and long baseline experiment at the Main [ujector could accomplish.

18ee oquntion 2. The v, charged curreut energy thresliold is 3.9 GeV| s0 an appearance experiment could
not he doue at lower euergy.

~1
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Accelerator limits for vu to v
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Figure 2: Parameter space excluded by accelerator experiments in the mode 1, — #,. Curve
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2.2 Atmospheric neutrino results and outlook

Searches [or nentrino oscillations are being conducted in nnderground detectors nsing the

atmospheric neutrino flux. These neutrinos result mainly from the decays of pious aud muons

produced in cosmic ray showers in the earth’s almosphere. Neutrino oscillations would affect

ihe expected flux. flavor composition, angular distribution and energy distribution of the
- “underground neutrino flux. To examine the flavor composition. we cousider the ratio:

;o= ("’u/Vf. Jmeasured ( l.)

{ ”;:/"t )predicted

A measurement. of r different from 1 is an indication that neutrino oscillations exist. probably
in the mode v, — v, or v, — v.. Oscillations in these two moces would affect the ratio
differently. lu the absence of oscillatious. it is claimned[14] that the denominator in equation 1
cant be calculated to £0.01 independent of possible variation in the atniosplieric v flux with
solar cvele[15]. Llowever. the earliest calculations ignored the mwuon polarization. which
allects the denominator in r by 10%.

This ratio has been measured in the last few vears by lKamiokande. Frejus and INDB-3.
Kamiokande[2] reported the ratio r = 0.71 £ 0.08. The error is the combination of statistical
and estimated systentatic effects. More recently. INB-3[L3] presented a result [rom whicl r
can be calculated to be 0.67 £ 0.18 (following an earlier report of a deficit ol wuon decay
signals in IMDB-1). Frejus[16] reported 1.0l +0.10[17] with the most recent analysis ol all of
their data. but Frejus obtained 0.87+0.15 with their contained events. ([t seems possible that
the Frejus uncontained events may be contaminated by cosmic ray niuons.) NUSEX][18]. an
experiment sintilar to Frejus with much lower statistics. obtained a value ol r consistent with
nity but does not rule out the lower values. Taken together. the results ol these experiments
statistically suggest that there is a deficit of v, ueutrinos. perhaps of about 30%. [owever.
possible systematic errors involved in separating low energy electron and nuwon eveuts i a
water ('erenkov counter inay not be adequately understood.

Kamiokande's result is evideuce iu lavor of neutrino vscillations. The best lit of their data
{0 the hepothesis v, — v, is for sin?(20) = .69 and Adm? = 107312, This point is shown in
ligure 3 andd several other figures, The area of allowed parameter space at Y0%(C'L is shown
between the two solid lines in figure 3. The 9U% CL limit fron1 the analysis of all tlie Frejus
data is also sliown. The region allowed by all atmospheric and accelerator experiments at
20%C'L is outlined.

Also shown in fignre 3 is another limit that IMB-1 has set usiug the ratio of upward
going to downward going atmospheric neutrinos{19]. If neutrino oscillation parameters were
in this small area ol parameter space. the oscillation length would be close to the radius of
the earth. aud the number of upward and downward going neutrinos would not be the same.
A recent analvsis of the Kamiokande data excluded the part of Am? helow 10~ V7#[20]
which an earlier analysis said was allowed([21]. At Am? of 3.0 10%¢ 172, the oscillation length
ol atimosplieric neutrinos is conparable to the radius of the earth. That region ol paramneter
space is more sensitive to the angular distribution of the lKamiokande data. and the fact
that the zenith angle distribution of the Kamickande data is flat suggests \wn® is above
3.0 107242, I the Kamiokande effect continues to he confirmed by furtlier evidence from
Kamiokande. IMB. and Soudan. then either ncutrino osciliations can be detected by our
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Figure 3: Regions of parameter space allowed by one IKamiokande analysis for v, — »,
{between lines) and excluded by IMB-1(A) and Frejus (B). The point is Kamioka's best fit.
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proposed Fermilah experitteut. or the angular distribution of the atinospheric events should
hecotne inconsistent with lat. as belter statistics are obtained. \We note that alter 3 kiloton
vears of running, Soudan 2 may be able to rule out most of the “allowed” region if we measure
the llavor ratio expected in the absence of neutrino oscillations.
We consider these atmospleric » measurements to be related to possible long baseline
~uscillation experiments for two reasons. First. if atinospheric neutrino studies have their
svstematic ervors under control. they can study the same Am? —sin? 20 space for which loug
baseline experiments are sensitive, And secondly. if the result published by Kamiokande is
rorrect. an accurate accelerator experiment to measure in the same paraineter space vegion is
highly desirable. We note that the E/L distributious are verv close for atinospheric neutrinos
and our proposed long baseline experiment.

2.3 Solar neutrino puzzle

The solar neutrino deficit was discovered hy the Davis chlorine experiment[22]. A similar
deficit has recently been measured by the Kainiokande[23] detector. The deficit represents
a lower measured neutrino flux than would be expected based on standard solar model
calculations[21]. Both experiments have detected ouly about half ol the predicted nentrino
lux in their acceptance region. £, > TAlel’. Recently SAGE. a new galliumm experient
which is sensitive to lower encrgy neutrinos produced in the main solar cvcele, showed pre-
liminary results which also indicate a deficit of the neutriuo flux[33]. All of these results
on solar ueutrinos. il taken at face value, leave us the choice that either there is a mecha-
nisi making », s undetectable or inodels of the sun’s energy generation process are wroug,.
One popular hypothesis is the Miklievev-Smirnov-Wolfenstein (MSW) mixing mechanism.
[25] which can explain the observed solar neutrino llux depletion if there is a swall mass
dillerence (Am? ~ 10™1 — 10~7eV?) between 1, aud »,. The MSW effect is the name given
to the resonant enhanceent. by matter in the sun. ol the probability that a v, created in
the solar interior oscillates iitto another species. The effect is due to the fact that v.e elastic
scatiering can proceed by both neutral and charged current amplitudes. while other species
would scatter un electrons oulyv by the neutral current.

The solar neutrino situation is relevant to long baseline neutrino experiments lor three
reasons:

e [t is a requirentent of the MSW elfect that nouzero neutrino inass and vacuun neutrino
oscillations exist.

o Il parameters (Am? ~ 107%1?) suggested by the MSW effect are applicable for v, —
i, oscillations. one could reasonably expect tlie existence of 1, — 1. oscillations at
a higher Am? This would be a consequence of requiring the three genecrations ol
neutrinos to have the same mass liierarchy as the lepton and quark generations. a
plausible though not mandatory requirement.

e If there is a see-sawwv mechanism which is responsible {or fermion masses.[8] anel il the
MSW solution to the solar neutrino problem using v, — », oscillations is correct. then
we expect v, — v, oscillations in just the region of Am? accessible to this proposal.

11
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2.4 Modes of neutrino oscillations

Which modes of nentrino oscillation are most likely? In analogy with the quark mixing
matrix. v, — v, and v, — v, are expected to be more likely than v, — v,. It is possible
to search lor other modes. such as v, — 7, and v, — vp.> These are discussed briefly in
section 9.

= ln this proposal we coucentrate on the search for v, — v,. This is motivated by the
liscussions of the last three sections. H v, — v, oscillations are related to the solar neutrino
puzzle, they would not manifest themselves in any I'ermilaly loug baseline experiment. since
the oscillation length for the likely set of parameters is ou the order of 10" kne. We will discuss
our capability to search for v, — v, oscillatious in section 5.5, and in fact the possible limits
that conld be set in the absence ol oscillations are better thau those for v, — v.. llowever.
compared (o previous limits set in reactor experimeuts.[26] our v, — v, limits would uot
represent a large improvement.

" represents a right handed sterile neutrino. whiclt does not interact with nuclei,

12
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3 The Soudan 2 Detector

3.1 Detector description

The Soudan 2 experiment uses a currently operating detector in an underground laboratory

410 m (2090 meters water-equivalent) beneath Soudan. Minnesota. When it is completed,

the detector will consist of a 1030-ton fine-grained tracking calorimeter surrounded on all
sides by a two-layer active shield of proportional tubes. lts primary goal is to search lor
nucleon decay in modes which may he dominated by neutrino-interaction background in
other experiments. [t is well suited to be a neutrino detector for the average euergies uf
a Maiu Iujector neutrino beawn. and is in fact sinilar in resolution aud size to ueutrino
detectors which have been used in past experiments at Fermilab and ('ERN.

The performance of the calorimeter modules has also leeu studied using cosmic ray
muon tracks. both on the surface and underground. Results of module perforinance studies
are presented in section 6 of this proposal. A charged particle test bean. at the Rutherford
Laboratory IS1S accelerator. hias been used to study detector response to low eucrgy particles.
The test heam stndies have provided the energy calibration for electromagnetic showers and
tracks. and have measnred the ability ol Soudan 2 to identi{v nmon charge aund direction.

The completed Soudan 2 detector [27] will cousist of 240 ideuntical 1.3 tou caloriineter
modules. which are constructed at Argoune National Laboratory and the Rutherford Ap-
pleton Laboratory. One hundred fifty two modules are taking data in the Soudan mine at
present. The modules are placed in a rectangular parallelepiped 2 modules high x 8 modules
in the east-west direction x 15 modules along the axis of the cavity (north-south direction).
vielding a dimeusion lor the full detector of 5x8x15 m?. This layout is illustrated iu figure 4.

Each module is composed ol 210 lavers of Lm x Lm x 1.6 mm corrugated steel sheets
interleaved with an insulated ~handolier™ assembly of [ m long x 0.5 non thick x 15w
diameter resistive Hytrel drift tubes (see figure 53). The insulation counsists of two lavers ol
125 g mylar. laminated togethier witli loug pockets to accommodate the drilt tubes. and
0.5 nun thick polystyrene inserts which are vacuum formed to fit the steel corrugatioun. The
steel sheets and the bandolier are stacked in 240 layers (2.5 m) by fanfolding the handolier
back aud lorth with steel sheets interleaved. The stack is then compressed with about 15
tous of force. Each module is enclosed in a gas-Light slieet steel enclosure consisting of welded
sideskins to maintain compression and removable covers to allow access to the wireplanes
and stack laces.

The basic detector element of the experiment is shown in figure 6. It is a resistive
(~ 1x1012Q =) plastic Hytrel tube {made by DuPont Corporation). Each module contains
560 drilt tubes. A linearly graded electric field is applied by 21 1.5 mm wide copper
vlectrodes (see figure 5). These have a voltage of -9 A17 at the middle of the tube and 0 V'
at the two euds. The resistive tube then grades the voltage between electrodes. creating a
nniformn axial drift field of 180 volt/cm inside the tube. The modules are filled with a very
pure drift gas wmixture ol 85% argon. L5% C'O; and 0.4% of H,0 (from the plastic). When
a charged particle passes through the tube it ionizes the gas: the liberated electrons theu
drilt {(with a velocity of 0.6 cin/psec) up to 50 cinr to the ends of the tubse where theyv are
collected and amplified on a 50 e diameter anode wire.

13
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Figure 6: A single drilt tube. The drilt field is generated by the application ol graded
vollages on a series of 21 copper electrodes

The tubes are arranged in a close-packed hexagoual array as shown in figure 5. The anode
wires run vertically ju a plane 10 prin from the tube ends and arve spaced every 15 mm so
that Lhey are aligned with the centers of the tubes. (‘athode pads are counected in horizontal
strips orthogonal (o the anode wires 5 mm behind them. and are aligned with the tubes.
Thus it is possible to identify which tube a signal came [rom. since the anode wires and
cathode pads forin a grid centered on the tube ends. The position along the tube length
ix oblained from «drift-tine inforuation. Three correlated spatial coordinates and a L'/dr
measurement are recorded for every charged particle crossing ol a drilt tube.

The raw data pulse patierns at the ADC' inputs are continuously compared with pro-
gramable trigger couditions to detect localized clusters ol hits in the drilt tubes. Since
every readout chiannel coutributes equally. the trigger requirement is unilorm throughout
the detector volume. Efficiency is high for muons above 230 MeV/c and falls linearly to zero
at 90 MeV /¢ (Tor tuons which do not have a visible decay). The electron (shower) triggeriug
threshold is about 50 Ale}V. The rate of random triggers from natural racdioactivity is less
thay 0.5 1z in the full detector under these conditions. The trigger efficiency for neutrino
events produced by the Fermilab hean will be essentially 100%.

The main detector is surrounded on all sides by a 2-layer array of extruded aluminum
proportional tubes [28]. This active shield is inounted agaiust the cavity walls to signal the
preseuce ol cosmiic ray events in the cavity and the surrounding rock. Cosniic ray muons
can create contained event candidates by entering the detector through the spaces hetween
utain detector modules. or by creating neutrons. photons and A}’s in the nearby rock which
penetrate to the interior without leaving tracks. Such neutral particle production is almost
always associated with charged particles wlhich are detected in the shield. Because the 1700
m? shield has nearly 3.5 times the area of tlie main detector in the direction ol Fermilab.
it can also be used to increase the eflective area for the measurement of the flux of muons
fromy v interactions in the rock upstream of Soudan 2.
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Sotne advantages ol the Soudan 2 detector for detecting and identifving neutrino events
ares

e The fine granularity gives much better track and vertex resolution than water ('erenkov

counters. The result is high quality pictorial event information. comparable to that

- {rom standard electronic and heavy liquid bubble chamber neutrino experiments. The
spatial resolntion is | cm or better in all three spatial coordinates.

¢ The tonization measureimnent vields particle identification information (e.g. proton/pioin-
ntuon separation) not available in soine other detectors.

e ;~ absorption in iron gives a track charge information not available in a water C'erenkov
detector. {about 2/3 of stopped pet’s decay visibly in Soudan 2.)

¢ In a moderate deusily iron calorimeter. high energy muon/hadron separatiou is easy.

o The energy threshold of the trigger for muouns is lower than in any other underground
1 detector.

¢ [he vbservation of shower development vields better low energy electron-muon sepa-
ratiou than i water Cerenkov detectors.

s The modularity of the detector has allowed detailed test heam calibration studies.

e The modularity of the detector will allow us to operate an alinost identical type ol
near detector at Fermilab.

The particular features which make this detector quite powerful for the proposed neutrino
experiment are the excellent pattern recognition aud particle identification of hadrous. muons
and vlectrons. This capability will enable reliable separation of charged and neutral current
events and the identification of the tlavor of the final state lepton.

3.2 Detector operation

The complete detector will be read out by 32256 anode wires and 122880 cathode pads
through 5888 electronics channels. The reduction in the number of channels is accomplished
in two stages. Groups of 8 modules are stacked 2 high by 4 across to form a halfwall. The
complete detector will consist of 30 halfwalls. The two large faces of each haliwall contain
8 wireplanes. Anode signals from the upper modules are bussed to the lower modules and
calthode signals are bussed across the halfwall to give an equivalent readout plane which is
A high x Im wide and is known as a leom. Each loom consists of 236 anoude chanuels
and 130 cathode chanunels. The preamplifier signals from each anode are then nmuhtiplexcd
S-lold by connecting the anode clhiannels from 8 separate looms (o oune digitization crate,
The preamplifier signals from each cathode pad are also multiplexed 8-fold. but iu a distinct
mauner. ensuring that the looms served by one anode crate are served by different cathode
crates. Since any oue loowu is served by a unique anode crate and cathode crate combination.
a tube anvwhere in the detector may be located by matching the anode and cathode pulses.
A total of 24 digitization crates are used in the experiment.
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To prompt the Soudan 2 detector to read out aud store an event. it is necessary for the
event to satislv the trigger requireimnents. The primary trigger requiremnent in the Soudan 2
detector is the "edges”™ trigger. A detailed description of the edge trigger will not be given
liere. for a conplete account. see reference 29. Comipton electrons produced by pliotous
interacting in the endplane of a module are a primary element of the noise rate in the

_=detector. The edges trigger was designed to reject these events, so an event must have some
ntininum extent in the drift direction to satisty this trigger. The trigger ellicieucy lor eveuis
associated with the Feruilab beam would be near 100%. The deadtiie will be less than 7.

The readout electronics are CAMAC based. A serial CAMAC highway is used that al-
lows the readout of all crates on a single highway controller. A Jorway Model {11 CAMAC
luterface is used between the serial highway and the hiost computer. a Digital Equipment
Corporation VAXstation 3200 ruuning under VMS. Rinetic Systems L2 Serial Crate (‘on-
trollers are used to control each of tlie crates on the highway. Prior to readout. an 3086
uticroprocessor controls the compaction of the data from each 6 bit flash ADC-based 16
chaunel digitization card. ouly passing on a channel only if the signal from it is above a
preset threshold. The digitization and trigger elecironics are MULTIBUS hased.

A exaniple of part ol a cosmic ray muon track is shown in figure 7. The liue detail
ol a few pulses can be seen. This shows both the pulse shape information and the 200ns
digitization time. The result of Lhe fit to that part ol the track in relatiouship to the pattern
of the stack is also shown. A complete muon track traversing the detector is showu iu ligure 8.
Couparing the two figures. the large anount of information that is available for each event
is apparent.

Data al the Sondau site is stored on disk in runs of length 1-2 hours. and is processed iin-
mediately alter the run ends on a local Vaxcluster with an analysis package SOAP (Soudan
Offline Analysis Program). SOAP perforius noise rejection. pulse matching. track reconsiruc-
fion. and sorting ol events into various categories of physics interest. such as muons. wmul-
timuons. monopole candidates. (coutained) neutrino candidates., aiud semi-contained events.
Muons [rom veutrino interactions in the rock from the direction ol Fermilal would all be
found in the muon sample. Neutrino eveuts would he in either the contained or seini-
coutaied event classifications. An additional processor would be written to [lag events that
were in time with a Fermilaly beam pulse and have the correct spatial orientation. This event
sample would be compared with the contained aud semi-coutained event saiples to cusure
that all Fermilab events were being found with high efficieucy.

3.3 Detector status

The Soudan 2 detector has been operational since July 1938 when the first 275 tons of
detector was turned on. Data are taken while the detector is being constructed: curvently
(55 tons ol detector is in operation aud V.43 kton yvears of exposure has becn obtained.
Recoustruction and filtering of contained neutrino events and cosmic ray muous is performed
at the Soudan site inumediately after data acquisition. Detailed analysis has beeu completed
on all data taken before December 1990. The detector is now in routine operation abhout 70%
of the time. The major down-time is associated with the acdition of new wodules to the
detector and will cease with thie conpletion of the detector in 1992. The performance of the
detector as beeu remarkably reliable and stable over the past two years of operation. \We
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Figure 7: Segment ol a muon track aud fit

do not anticipate any problems with continuing operation throngh the time period when a
neutrino beam might be available. YWe are in any case conunitted Lo running Soudan 2 at least
nutil 1995 to obtaiu a proton decay exposure of 3 kiloton vears. The detector performance is
eutirely consistent with the original Soudan 2 proposal and more than adequate to perlorm
the experiiseut (see section ().
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4 The Double Horn Neutrino Beam

The preseut plan for Fermilah veutrino beams from the injector is to use 120 GeV primary
protous and a double horu siumilar to the one used by many previous Fermilab wide band
beam neutrino experiments. The Fermilab neutrino beam simulator. NUADA. has been

~=runt for a Soudan 2 sized detector located 800 km from Fermilab. The resulting neutrino
flux and event rate are shown as functious of energy in figures 9 and 10. Note that al this
distance (rom Fermiilab. the flux scales simply as ;15- The present “run” that we are using
for iltustrative purposes is 4 x 10! protons per pulse every 2.0 secouds. and {00 hours of
beain per week for nine months. This corresponds to 2.1 x 10® protons on target. Unlike
an experiment on the surface. we could use “pings” on a slow spill, aud would not need one
turn extraction.

There will be small contaminations of the v, beam by »,'s, 7's. and 7,’s. These come
predominantly from K decay. aud have been calculated as a function of energy[6]. lu general.
thev ave of the order of 1% of the beaut or less. They will require some ninor correctious lor
the tests described in section 5. hut no conclusions are affected by this level of background.
There is no siguificant source of v, or 7, in the double horn itsell. Less than 107 events
are expected from the process pN — D, XD, — r\:7 — ».X in the proton dump for the
entire ruu.

Flux estimates calculated from beam design parameters may ouly be accurate to +20%.
A better value can be measured from contained neutrino events in the detector aud wonld
give an estimate of the neutrino flux good to £1%. Information from a P822 near detector.
as well as P303 and beam monitors should allow us to deterniine the beam fux as well as
2%, Lither PS03 or P822's measurement of the beamn fux would be limited by systematic
and not statistical factors. A 35 ton P822 near detector would record over 5 willion events.
Possible systematic errors due to uncertainties in the energy and augular distributions are
discussed in the section on the near station data.

Geography There is roomn on the Fermilab site for a nentrino beam pointing true north
alter the switchvard (to the left of the meson beams). An initial beud to the north will
be required. for whicli 40 main ring dipoles and 10 quadrupoles are needed: therealter the
beain is as described in the Conceptual Design Report: Main Injector Neutrino
Program[7]{CDR). \We will not repeat the description of the beam given in that document.
We ouly note that the design criteria for that beam make it a very good match to our
proposed experiment:

e Maximum neutrino flux in the forward direction.
¢ Sufficient flux above v, threshold to make a v, appearance experiment feasible.

e Liltle variation of the energy spectrum of the heam as a [unctiou of angle from the
beam direction.

We recognize that theve will be a number of conflicting demauds on the 120 CGieV proton
beawn. including injection into the Tevatron. P production. and other possible fixed target
expeviments studving Kaon properties. It will be important to look at the compatibility
ol various experinents. both those needing the 120 GeV\ beam. and those using Tevatron
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extracted fxed target beam. s a remote experiment which is continuously operating. we
are completely Hexible abont beain usage schedules.

The ('DR also looks in detail at the costs of constructing the beam. including the ad-
ditional costs required for our proposal. The estimate for P322 was $7 million more than
for the cost ol P303 aloue. including engineering and contingencv. We will continue to work

~with Fermilal engiueers to lind less expensive ways to construct the beam.




5 Physics Potential of P822

5.1 General considerations

We will be able to study v, — v, oscillations in a significant large new area ol parameter

space. This is because of the combination of large oscillation distance, nioderate heant

energy, aud very high » flux compared to any previous experiment.
Il neutrino oscillations exist. the probability () ol oscillation is:

P,

oy = 502(20) sin’(L.27 Am® —EI‘—) (2)

14
with Am? ineVZ, L in kmand E, in GeV. Am? = |m? —m? | and # is the mixing angle ol v,
and 1 neutrinos. In order that the energy be high enough for clean identification of the flavor
through observing chiarged current events. and to explore the very small mass differences
which appear to be interesting. a large distance for oscillation is required. The Soudan 2
baseline of 300 km extends the Am? sensitivity downward by two orders of magnitnde Irom
all previous accelerator experiments. Without the large neutrino {lux from the Main lujector.
experitnents at this distance would have only a handful of events: a “similar™ experiment
using the Tevatron would have eight hundred thues fewer events and would thus not be
sulliciently sensitive. Ouly the Main Injector combines the high fux with the right energy
rauge lor this experiment.

The sensitivity to mixing angle depeunds on statistics and control of systematic errors[30].
One of the most important ways of minimizing systematic error will be understanding the
neutrino beam itself to sufficient accuracy. There are three important characteristics of the
beam that ueed to be measured and monitored:

1. The absolute direction of the center of the beain.

2. The width of the beam at the detector.

3. The change in the energy distribution as a function of angle {rom the center ol the
bean direction.

An important tool in understanding the long baseline beam will be measurements done in
the same beamn by a nunmber of Soudan 2 modules iu a near detector at Fermilab. Useful
information would also be available from the short haseline experiment. Fermilah P303.

Auny underground neutrino detector awayv from the Fermilab site can record neutrinos
interacting either inside the detector {contained vertex signal) or in the malerial upstream
of the detector (*rock™ muons). The size of the contained vertex signal is proportional to
detector niass and the rock p signal is proportional to the detector surface area facing the
neutrino beam frout. Both signals are inversely proportional to the square ol the distance
separating neutrino source and detector. For examiple. Soudan 2 is at a distance of 800 ki
{rotn Fermilab, while IMB (P805) is at 570 km. This results in a reduction of a factor ol 2
in the neutrino fux. but lowers the limit on Am? that can be reached.

The detector will search for a decrease in the v, Hux due to oscillations. The v,’s inter-
acting in the earth will create muons that have a range which is almost linearly proportional

23


http:dct�E'ct.or
http:dt't.E'Ct.ol
http:dt:,t�ec:\.ol
http:suHki('lIt.ly
http:SOlula.lI

(0 muon energy. As muons range out. new ones are created by charged current interactions.
o at any point along tlie beam there will be a constant muon tux (#/sr). which is nearly
independent of rock density. The long range ol muons from lLigh energy neutrinos provides
au eflective target mass which is larger than the mass of the detector. This cifective target
mnass is a [unction of energyv and is larger for high energy mwuons.

= Asalarge highly segmented detector. there are a number of ways that Soudan 2 could look
for neutrino oscillations. Both appearance and “disappearance™ experiments are possible.
In the next three sections. we describe three independent ratios that are sensitive to tlhe
existence ol v, — 1. oscillations:

¢ Ry pueer whiclt vequires thie separation of neutral current and charged current con-
tained vertex events.

e Rau whicli compares the rate of rock muon events to contained vertex neutrino events.
L4

® Rycorfsar which compares the rate ol evenls in the near detector to the rate in the
detector al the Soudan niine.

It the subsequent sections. we describe additional measurements and otlier neutrino oseilla-
tion wwodes.

5.2 R.,./- test to detect v, appearance

Il v,’s oscillate into »,'s, this will affect the apparent ratio of neutral current events to
charged current events. in the absence of oscillatious. we expect[3{]

number of events without a muon
R= of = 0.31 £ 0.01 (3)

number of events with a muon

Tlien for N events.

— (1
+ R
Il there is a probability. P. for v, to oscillate iuto »,. thien the resulting », neutral current
events would be ndistinguishable from the v, neutral current events. However, most (83%)
of the r, charged current events have no muon and would therefore be classified as neutral
current events. We would ineasure

N(Il-— P+ nBP) _ N(R+ (1l - B)P)

Noser = and nu, -~ = (5)

I+ R L+ R

Nee = N X and 1, = N x

where B = 0.17 is the branching fraction for r= — p~ X and 5 is the ratio of the v, charged
current cross section to the v, charged current cross section. The notation “cc¢” distinguishes
events classified as charged current due to the preseiuce of a muon in the final state from the
actual charged current events. which for an inconiing v, or v, would be incorrectly classified
as uc events.

neper R4+l — B)P 6
New  L—P +nBP (6)

R“nc" / o™ =
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The ratio y has heen calculated as a functiou of energy by Roger Phillips at the Rutherlord
Lab[37]. The relevant cross sections are shown in figure 11. # also has been calculated by
thie Ohio State P803 group[32] with a similar result. Integrated over the neutrino spectrum
i figure 9. y = 0.24. By coutrast. the neutral current cross sections for v, and v, are equal.
The signal of an oscillation thus cousists of a value ol Ru,o s that is too large. I our
nicasurement vields the known Ru,- e, ratio for v, allows a limit on the probability of

oscillation can be deduced.
The expected number of contained vertex events in the Soudan 2 detector can he written

as:
N =g + My = Mg + Nupes = /o,of(E)M_\}(IE (")
. dE
where N} is the number of target nucleons and ¢( £) is the neutrino flux. Using an assumed
injector beam with 4 x 10'? protons every 2.0 seconds and 100 hours of heamn per week for
nine months. we compute from equation 7 that tlie entire Soudan 2 detector would record

678 events with a contained production vertex.
We have performed a Monte C'arlo calculation to generate these events uniformiy through-
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out the voluine of the Soudan 2 detector. We couclude that {64+ 7)% of the events will have
their hadrouic shiowers well contained in the active volume of Soudan 2. [The error is hased
on Lhe statistics of Monte ('arlo events that we have studied so far. and does not represent a.
svsteinatic error for the experiment.) We have therefore chosen a restricted Soudan 2 fidu-
cial volume in which there is close to 100% separation between neutral current and charged

=rurreut topologies for these 434 events. The distinctive topologies of neutral and charged
current eveuls are illustrated in figures 12 and 13 respectively. Figure 12shows the neutral
current event at the same scale as the charged current event. and one view on a magnified
scale. The high spatial resolution of the detector makes identification of charged and neutral
current events rather straightforward on an event by event basis. similar to what has been
done in Fermilab E594[34]. We further note that with the external muon identifier described
in section 5.1, the acceptance would rise to over 90%.

The presence or absence of a muon from the main vertex is a powerful signature. and the
fine granularity of Soudan 2 makes it well suited to detect this signature. The average event
energy will be 16 GeV. so lor most of the v region. the separation will be straightiorward.
For very low v. a correction will have to be made for muous which do not come out of the
shower. .\ small correction will also be needed for neutral current events which are mistak-
enly classified as having an exiting track. It should be possible to accurately make these
corrections with the help ol a Moute C'arlo. as has been doue by all previous 1 experinents
at Fermilab and ('ERN. Note that this correction is not needed it we compare Ru,ju.~ as
measured at Soudan with that measured in our near detector. The 90% confidence level
liniit we could set in the absence ol oscillations is shown in figure [ in the curve labeled “(*".
Ouly statistical ervors are included: systematic errors will be negligible compared with the
statistical errors.

5.3 R tests using muons from the rock

We plau to measure Re. the ratio of muons from the rock to neutrino events with vertices
inside the Soudan 2 detector. We define the ratio Re as the ratio of incoming (muon) events
[vont the rock in [rout of the detector. to the number of contained vertex {neutrino) events.
Svstematic errors due to heam pointing. knowledge of the energy distribution of the beam.
the geometry of the detector and properties of the surrounding matter have been considered.
No elfects have been identified which would introduce uncertainties larger than {% in the
imeasurement of 1?4 An overall systematic accuracy in the measurement of this parameter
of the order of 2% is expected. Note that the beam flux normalization (or time variability)
does not. affect Ru.

The rate of muons entering the detector from v, charged current interactions in the rock

= 1.0 x 10" 12GeV 2 / T dE,En(E,) (8)
(1)

The two E, factors come from the cross section and muon range. both proportional to the
neutrino euergy. The Fermilab beam would enter the detector {in the plan view) pointing
26.4°\W ol North. The long axis of Soudan 2 is oriented along the N-S direction. The elfective
area of Soudan 2 viewed from the direction of Fermilab is then 94 m? for the main detector
and 275 m? for the shield. For the main detector. using the existing trigger. we would expect
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Figure [3: Simulated charged current neutrino event in Soudan 2

to detect 2150 muons {rom the rock for the entire exposure. Qur trigger and recoustruction
elliciencies will be near unity.

Using these nuons, an additional neutrino oscillation experiment can be done. We wonld
look for a decrease [rom the expected number ol muons n¢" due to », — v, oscillatiou:

n, =0, (L - P+ PyB) {9

In the absence ol such a decrease. a limit on the oscillation probability. P, could he set. ‘This
is the enrve labeled “B™ in figure 1. The limit is dominated by the statistical error for 2}
Note that the full number of such eveuts can be used in this calculation. whether or not they
are in the liducial volume required for distinguishing between neutral and charged current
iuteractions.

The calculation of 15" depeuds not only on the measured nuniber ol contained vertex
events but also on kuowledge of the energy dependence of the v, flux. To Rrst order. the
density of the rock in which the muons are made does uot affect the muon flux. In any
case. the rock in the vicinity of the Soudan mine has been well nieasured. In coutrast to the

Ry juoe ratio, we will be comparing the observed ratio Ra to a calculated ratio. with the
» . L
rock mmuou rate lhiaving otte extra power of £, in the numerator.

5.4 Ryear/far test using Soudan 2 modules at Fermilab

The Soudau 2 detector is very modular. Main detector modules have been operated in
{he Rutherford ISIS test beam. and on cosmic ray test stands at Argonne and Rutherford-
Appleton Laboratories. Thus we are able to carry out a two station experiment. using
Sondau 2 modules near the P803 detector at Fermilab. The experimment will need cight
meters of space along the beam direction.
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We propose to hring eight modules to Fermilab. in a 2 (wide) by 4 (deep) configuration.
This corresponds to 3.1 tons of detector and over 40 million neutrino iuteractions in the
nine month run. The trigger will require a vertex in the front two modules. giving about
one trigger per spill. Although the muon flux should be niodest {a requirement of ’803). it
would be helpful to have a “veto™ sciutillation counter in front of our near detector.

= These neutrino eveuts will be used to measure R.,. /cc» 0 the near detector. Selecting
electron. muon and tau charged current events in the same way in the near and far detectors.
and 1easuring the ratio of eaclt type to the total number of interactions will vield information
on all types of oscillation. Although containment issues would not be identical in the two
detectors. these can be corrected using Monte Carlo techniques. This approach will greatly
lower the level of systematic errors in the NC/CC ratio.

In addition. the near station will give us data which we will use to normalize the beam
Aux. The muon rate al Sondan can he normalized to the rate that is measured by the near
detector. We call this the R,.qr/fq- test. Since the statistical accuracy ol the near detector
is enorious. the main intrinsic limitations will be from the statistical accuracy of the far
detector and the ability to accurately estimate the muon rate due to uncertaiuties iu the
energy distribution as a function of angle. C'oniputer studies done on the proposed neutrino
bea[36] show that ax long as the angle (rom the beain axis is less than 0.25 mr the systematic
error on the expected muon rate is less than 1.2%. This requiremeunt is straightforward to
satis[v and has been achieved by other Fermiilah neutrino exposures. Effects that we Lave
not vet identified may linit our knowledge of the absolute flux by 1.0%. Therelore we expect
thal our near station will give us knowledge of the neutrino flux at our Soudan detector with
a systematic error of about 2.0%.

This Hux measurement can be used in at least two different ways. It cau be used to
normalize the muon rates in the detector to search for both v, — v, aud v, — vg. The
latter mode represents the oscillation of v, into a right handed neutrino. which would be
“sterile” and not iuleract so that both the neutral current cross section and charged enrrent
cross section arve zero. In the absence of oscillations. the limits that can be set in this way
are shown iu figure 14. Using the normalized flux from the near station with the vock inuons
increases the precision of the oscillation test from that shown in curve “B” of figureld. In
section 5.7, we discuss llow the Soudan 2 active shield can be used to obtain curve “A” in
figurel L. ~

Another possible use of a near station would be to bring the detectors into a low energy
{5-25CeV) hadron beamr. This would allow an additional check on the neutral current to
charged current separation. The near detector would be moved into a charged particle tesl
beam at Fermilab. A modest amount ol running time would suffice for such calibrations.

5.5 », — v. oscillations

Soudan 2 cau also search for neutrino oscillations in the mode v, — v.. although we note that
present limits on », — », in the relevant parameter space rauge already exist from certain
reactor experiments. The limit from the Gosgen experiment. which is the most seusitive.
is shown in figure 15. Also. the Am? sensitivity does not approach that which is relevant
to solar ncutrino experiments. We can search for possible v, — v, oscillations usiug tle
By oo test, the Rﬁ. test and the R,car/fqr test. For the Ru,.o /.~ Lest, equation 6 should
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be used with B = 0 and 4 = | so that the search would be more seusitive than that for
, — v.. Liits that can be reached are plotted in figure 13.

Another analysis strategy for v, 's is to try to separate charged current », and », events on
an eveut by eveut basis. This is something that Soudan 2 can do for atmosplieric neutrinos
with < £ >~ 1Gel”. Preliminary studies indicate that for the deep inelastic eveuts with 5

“Slimes that energy. it is likely that hadronic showers would be conlused with the electrous a
significant fraction of the time. llowever. electromagnetic showers above about 10GeV will
be relatively uncontaminated by x¢ showers fron: the hadronic vertex[35]. We will continue to
investigate this possibility. Soudan 2 is well suited to be able to measure the electromaguetic
cuergy fraction as a function of event energy. A large fraction of events with over 20 GeV
electromagnetic eniergy may be a signal for v, — v, oscillation.

Possible Soudan v to ue limits
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Figure 15: 0% CL limits on v, — v, oscillations attainable by Soudan 2. Curve A{dot-dash)
uses the Ru,e e test. B is based on the R,.q./5.- test and C on the Ry test. Curve D is
{lie presently excluded region {rom Gosgen reactor.
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5.6 Stopping muons

Approximately 500 of our 2150 muons emerging from the rock are expected to stop in the
detector. We lLave studied the response of our detector to stopping muons both in surface
cosniic ray events and in the Rutherford ISIS test beam., We have measured the ionization

rise at the end of the track and have observed the decay electrons from stopping ut’s.

"7 Visible decays are strongly suppressed in iron for stopping p~’'s. This u%*/u~ discrimnination
will enable us to search for oscillations in the mode v, — 7, using the u* /u™~ ratio. The rate
ol stopping muons lias a different energy dependence than the total rate of rock muons. The
energy dependence of several processes which we will measure is listed in Table [. Whether
a neutrino oscillation signal is present or absent. P822 should measure a consistent number
ol eveuts lor tliese processes. The ability to measure a number of differeut processes will be
an important confirmation that the energy dependence of the flux is understood.

Table 1
Energy dependeuce of various processes
Neutrino Hux O (E)
(‘ontained vertex events E lzziv;,(i':',v‘1
Rock muons EXo (E)
Quasi-elastic coutained eveuts | ¢,(E)
stopping muous E¢(E) |

5.7 Larger area muon detection

In addition to the 2150 p’s entering the main detector. we expect 3150 g's (based on 275m*
normal 1o the direction of the beam?) entering the south and east shield wall. It would not
Ihe expeusive to enhance the front shield wall with a crossed layer of proportional tubes. in
order to trigger on the extra 6000 muons. Within the present configuration of the shield.
there would be four tube crossings for each muon traversing the Soudan 2 shield. We propose
to enhauce this to at least six. With six tube crossings, we will both get an acceptable trigger
rate. and be able Lo fully reconstruct the angle of the muon to the ~ 2° angular resolution
of the shield[38]. Alter reconstruction. there would be essentially no background for muons
at this angle. even before event timing in coiucidence with the Fermilab beam is imposed.
The limit that could be set if the expected nuinlrer of muons is observed is given in figure 1
curve “A”,

Besides enhancing the existing “shield”. several other parts of the Soudan mine could
e instrumented with crossed proportional tubes. A significant area of tubes in a variety
ol locations tliroughout the Soudan mine, and/or on the surface. would again increase the
statistics and allow some information about the radial extent of the beam to he measured.
This would require the building of additional equipment. However. the relative cost of these
detectors compared to either the main calorimeter or the neutrino beam itself would be

¥This area is comparable to the area of tlie IMB detector {PROS).
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small. [t is seen [rom figure 14 that the physics value of an increased number of muons using
the fty test is quite marginal, This is because the statistical power of the test is dominated
by the nnuber of vertex contained events that are measured. However. increased stakistics
of muons would allow important systematic studies to be performed. and would provide a
cousistency clieck on any possible signal with an independent data sample. In conjunction

c=with the Ry.er/qr test. the enhancement of the shield is more valuable. This can also be
seen in figure 14. The most sensitive v, — v, search that we could perform requires both a
two station experiment and the euhancement ol the shield.

Tle 1 heam exils the earth about 20 miles uorti of the Soudan mine. One could iustall
four sets of 10m? tube planes. 6 layers each of muon detectors here. doubling the effective
area ol the experiment for a modest cost. The four sets could measure the lateral spread ol
the beam. Since (e telescope would aim almost horizontally. cosmic ray background should
be manageable,

5.8 1, event identification

As already pointed out. v, charged current (C'C') interactions in which the r decays into
hadrons plus a », will be classitied as neutral current (NC) iuteractions. However. Lhev ave
expected Lo have a significantly different kinematic coufiguration than the v, neutral current
events. \We liave made a Monte (‘arlo study using the proposed ueutrino beamn spectruni
Lo see if this difference can be exploited to identify v, events. The methiod we use is the
multivariaut discrimmmant analysis. This method finds clusters corresponding to the three
classes of eveuts, ('C'. NC. and »,. in a2 multidinmensional space of kinematic variables. \We
found that a significant portion of the v, region was ot overlapped by the NC' or C'C' regions
(in any case (s will be identified by their muons). Therelore lor oscillation probabilities
grealer than P=.06 we could expect to ideutify on the order of hall of the r events in the
Soudan ceutral detector. For the near detector part of the experiiueut. we ueed further study
since we wonld be dealing with much smaller values of P and need to carvefully see liow the
tails of the NC' cluster reach into the r region. We intend to continue this study. increasiug
our Moute (arlo statistics and folding in detector properties. Of course. such analyses can
be made only in detectors which vield information about individual tracks {roni contplex
events,

Another signal that Soudan 2 can search for is quasi-elastic v, scattering (v.n — 77p).
The calculated 1, quasi-elastic cross section as a function of euergy is given in figure 11.
Ilu 65% ol r decays. the tau will show up as one to live charged pions. plus neutral energy.
ivents containing tightly collimated high energy pious are expected to have a characteristic
signature in Soudan 2. but would be difficult to identify in water C'erenkov detectors. We are
now carrving oul Monte C'arlo studies on simulated quasi-elastic », events to quantitatively
estiniate our event identification capability for v, events.

In the other 35% of the cuasi-elastic events. the r would decay into a single «lectron
or muon. Single leptons at small but nonzero angles from the Fermilal, beam divection
would be rather unlikely in the absence of oscillations. and a positive vesult for v,.'s iu the
appearance {nc/cc) and/or disappearance part of the experiment should be accompanied
by such events. lor the electron channel. this will relv on our ability to reject hadrons

versus single electrons near 20 GeV. which will be hetter than 100 to | for exclusive electron
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events[34]. Cohereut 77 procduction off the nucleus and neutrino electron elastic scatteriug
would be small backgrounds in this channel. Here again. we are carrving out Monte (‘arlo
stuclies,

5.9 External muon identifier

\WWe believe thiat the installation of an external muon identification system would constitute
a valuable addition to this experiment. It would increase by 50% the fiducial mass of the
detector which can be used for the Ru,.- /.~ tests. About half of the muons from ambiguous
uc or cc events deep in the detector will exit the north wall. while the other half will exit
towards the west, On the north side. there is ample space to iustrument an external muon
identification system. and to place material to absorb hadrons from ueutrino events deep in
the calorimeler.

In addition. magnetized iron as part of the external muon identifier would give us infor-
mation about tlhie muon momentum for many events. We have just started exploring the
advantages that an external muon identifier would give using Monte ('arlo simulations. No
result shown in this proposal relies on external niuon identification. but all those dependent
ou the number ol ideutified events in the main detector would be improved. We expect to
subwnit an addendum to this proposal at a later date which will discuss botlt the possible
improvements in physics reach that this enhancement would provide. and the possible design
and costs of such a system.

5.10 Additional enhancements to the Soudan 2 detector

This proposal for the long baseline neutrino beam is one that would require a substantial
investient on the part of Fermilab. Completion of the Maiu Injector and the proposed wide
band neutrino beamn are at least four vears in the [uture. It is reasonable to exaumine what
olther possibilities exist for enhancing this experiment that have not vet heen thoroughly
considered. Aunti-nentrino running is one possibility.

"Fhe Soudan site contains thiree times the voluine of excellent laboratory space than will
e occupied by the Soudan 2 detector. This gives us considerable flexibility to:

{. Add additional modules to the Soudan 2 detector.
2. Expand the shield

3. Add distributed dead inass within the existing detector to increase the contained vertex
1 event rate at low cost.

4. Add an external muon identifier system.
5. Move an additional existing detector into the Soudan Laboratory

6. Build a uew detector.
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5.11 Summary of oscillation measurements

We have considdered a number ol different ways to stnedy potential nenirino oscillations. The
following list sunumarizes the different processes which Soudan 2 cau observe.

o the neutral current rate

the charged current rate

¢ the contained vertex rate

e the rock muon rate in the detector

o the rock muon rate in the shield

o the stopping muon rate

o the stopping muon charge ratio

o ihe quasi-elastic muon rate

e all of the above rates in a near detector at Fermilab.

Neutrino oscillation tests involve measuring the ratios of these various rates. Ol course not all
of the ratios would be independent tests. We have discussed in some detail the fRu, /.. Ra.
and Rypqr/par tests. We try to suimmarize in table 2 the most important tests we can do. In
the table we distinguish lour modes of neutrino oscillation (v, — v, v, — Ve.v, — va.v, —
7,) and those independent tests that could be used in each mode.

In table 3 we give some example eveni rates for different assumed values of the oscillation
probahility. This way is not preciscly corvect hecause the probability is a function of energy.
but it gives the reader a [eeling lor the statistical power of the various tests.
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Table 2

Neutrino Oscillation Tests

node test note
'I“ — }y R"?’!C“/“CC"
vy — v, | Ra detector u

vy = 1. | Re shield g

L1ty — v, | Rnearjfar two station
vy = Vr | Ruearffar shield. two station
v, — I, | stopping muon rate | two station

]

}‘/“_ — I/s R“ﬂc"‘/"cc"
vy — ve | Ra detector u

Py = Ve | Rpear/far two station
v, = V. | Rocarjfar shield. two station
v, — v, | Ra shield g
v, — vr | lwo deteclor
v, =7, | & stopping nmuons

Table 3--Example event rates

P=0 P =101 P =02 P =0315
Rewiproer | BB=31£.03 | 4R=37+£.04 | B2=43£.05 | & =.57£.06

fe HR=317+.14 BR=30z.14|EB=288+.14| ¥ =2062+.13

"~ p . G .y -
Rucarssor | 25 = 123225 | #5=136£27 | &5 =153 £3.1 | 35 = 185 +37

Table 3: Expected ratios for several example probabilities of oscillation (.345 corresponds to
the lKamiokaude value at high L/E)
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6 Performance and Calibration

6.1 Module performance

The response of the detector is continuously monitored by analysing the data from the cosmic
~—tay muons which trigger the experiment at a rate of about 0.3 Hz. A sample of tracks
accumulated over several weeks is used to measure the detailed response in the region of
nucleon decay or neutrino iuteraction candidate events. In order to optimize the operating
parameters (e.g. gas aud electronic gains). a lew modules were initially operated on the
surface where the cosmic ray flux is high enough to do high statistics studies rapidly. Some
ol the results on detector performance ol the modules operated on the surface are presented
in this section,

For the stndy 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 etliciency is determined. Such a definition not only cousiders if the tube is work-
ing. it also includes the anode-cathode matching efficiency aund the irack ftting efficieucy.
Moreover. 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 siooth trajectory. ln the
case ol perlect geometry, for Monte C'arlo data. the tube efficiency is 85%. Under actual
operating conditions the wean tube efliciency is of the ovder ol 75%. The mean tube effi-
ciency is very unilorm throughout a module. as is shown in figure 16, where the efliciency
is plotted along the cathode direction. The variations seen in figure 16 are correlated with
the pulse lieight variations along the cathode direction. The maxiimum tube efficiency that
is reached is 80% lor very high pulse heights. but the modules were operated at the knee of
the elliciency plateau to remain in the proportional gain region.

Typical erift attenuation lengths are of the order of 70 em. For the pulse height distri-
butiou shown in ligure 17 the attenuation lengths for Lhe two 50 cni drilt regious are 71 and
63 em. Such attenuation is well understood in terms of electron diffusion during drifting
and electron attachment due to O; contamination at the few ppm level. Some variatious
from module-to-module cau be observed. even with the same gas composition. due to in-
perfections in the electric field which show up as a difference in the effective radii of the
tubes. [n the absence of oxygen attachment. attenuation lengihs are expected to Le about
70 em. The spatial resolution is determined by the auode and cathode spacing, the drift time
digitization unit and the drift velocity. The spatial resolution is obtained [rom the RMS of
the residual distributions. calculated by fitting cosmic ray muon tracks. The spatial resolu-
tioit in the vertical (y) direction is 0.47 £ 0.10 cm , compatible with the expectations [rom
cathode separation. A result consistent with anode separation is obtained in the horizontal
{r) direction. The spatial resolution in the drift (=) direction is 1.04 £ 0.24 .

One of the main characteristics ol the Soudan 2 detector is its ability to yvield pulse licight
information lor track direction determination and particle identification. To make maximun
nse of this information. the pulse height variation between modules must be smaller than
Landau Huctuations (20%). Typical pulse height fluctuations along the wire plane are of the
order of 30%. while in the drift direction. due to pulse height attenuation. a 30% reduction
in pulse height can be observed (see figure 17). However. these variations are corrected by
calibrating out the effects of measured pulse lieight attenuation. wire plane nonuniformities.
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module-to-module variations. atmospheric pressure. and gas composition. After pulse height
calibration. a 10% variation is obtained.

6.2 Module calibration

= At the Ruthertord Laboratory’s ISIS pulsed neutron source. a Soudan 2 calorimeter module
was exposed to heams of positive and negative pions. muons. and electrons at momenta
between 140 and 400 AMel/c. and protons at 700 and 830 AfcV¥/e, 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-
firtned that the detector modules are performing as expected. and also have provided detailed
response parainelers wltich can be used in the Moute C'arlo detector simulation.
The electromagnetic shower energy is determined by counting tube crossings (hits}. [ig-
ure 18 shows the number of tube crossings as a [unction of the electron beam energy. for
ISIS aud Monte Carlo data. 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 iu ligure [,

1200 b 1§81 ‘ | 2R ML ' T ¢ &3 ‘ LI L) l LI I ) :!“.-'.
1000 |~ o ISIS o
- A
?800 — o Monte Carlo '._:__:'0 -
< - -
> i .
[ 0 e
;800 " . .
~ N 3
* 400 |- -~ =
L = 4
- » 5
200 }— o® -~
L =1 .
0"'.161"%1111lal]nn:l:nl]itn;L

o 10 20 30 40 50

Nay

Figure 18: Llectron shower energy versus nwnber of Lits {rom ISIS data and Moute Carlo
simulations.

Although the Soudan 2 detector is designed to he relatively isotropic. its geumetry is
uot completely uniform. This fact will aflect. at some level. the muunber of hits comted for
shiower energy measurement. [IPigure 20a shows the number of hits observed for diferent
vertical incidence angles of the beam. for tracks perpendicular to the tubes. The maxiimmn
variation (8%) is obtained for simall vertical angles. This variation is easily calibrated. The
total pulse height is independent of the vertical incidence angle as is shown in figure 20b.
Wlhen the dependence upon horizontal angle (angle with the = direction) was measured. a
variation of the number of hits was observed where the heam is almost parallel to the tubes
(see tigure 20c). The total pulse height does not vary with horizontal angle (figure 20d).
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Figure 19: Energy resolution [or electron showers.

Therefore. tlie Soudan 2 detector is isotropic alter soine small corrections. The small detector
anisolropy observed is conlirmed with the Monte Carlo and does not compromise the energy
resolution. ‘

A sample of #%s produced in charged pion interactions has been reconstructed. The
events were selected by scanning for events with two well separated showers. The 7Y peak
is centered at 136 £ 3 MeV/e? and has an RMS of 40 AfeV/c? (see figure 21). When the
production vertex is kuown it is possible to distinguish electrous from pliotons by measuring
the distance between the vertex and the first hit (conversion length). If the distance is
smaller thau L e the relative probability to be ¢ : 9 is §: L, [or a distauce larger than | em
the shower is more likely a photon with € : v a probability of 1 : 1.4

Muon momentum is calculated from the range obtained by measurement of the muon
irack length (L) and using a mean detector density (1.6 g/em®). The average leugth lor
245 MeV/e muons is 40.6 em. with ‘—’z‘l = 20%. giving a momentum resolution of 8%. This
resolution is indepeudent of momentum for the ISIS energies.

Soudan 2 can distinguish between stopping positive and negative muons hecause most
negative muons are captured by iron nuclei aud do not decay visibly. The decay positrons
[rom positive muous are usually detected. Figure 22 shows the number of extra hits at the
ends of tracks for samples of negative and positive muous. Two or more shower hits are
observed at the end of 35% of the positive muon tracks. No hits are observed for 7T5%. of the
negative muon tracks.

The expected ionization response of a slowing muon is observed. Figure 23 shows the
mean pulse height along the muon trajectory measured from the end of the track. ('rude
nieasurement of the track direction (choosing the end with the higher nieau iounization on
the last 5 lLits as the stopping end) yields the correct direction 80% of the time.
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7 Requests of Fermilab
7.1 Clock

To enliance the purity of the neutrino signal it is ilnportant to know the timing of the events

__seen at Soudan relative to the Fermilab beam spill. In order to achieve the required timing

of <~ Lins, it will be necessary to have clocks at each end which are accurate at this level
and syunchrouized with each other. This can be achieved by using clocks which lock onto
the WWVD shortwave radio timing signals. An absolute synchronization and a continuing
check can be aclhieved at the microsecond level by using television synchronization signals
as broadcast by any of the geosynchronous satellites.

At Soudan. we would write, as part of the data record. the time of every trigger. At
Fermilab we would write the time of each spill as well as any other information available
{e.g. spill intensity. targeting information....). There is a data link between the two sites
and at the end of each run the Fermilab disk file would be sent to Soudan where an offline
correlation would be done to match up events with beam spills. At this time an integrated
exposure could be calculated. based on beam intensity and targeting.

In addition. il necessary for the shield-only eveuts. we could use the Soudan clock to
geuerate a trigger gate for the expected beam arrival time. Clearly this would have to he
regularly checked against the actual accelerator clock by sending information on the data
link. particularly when the spill period or phase is changed.

7.2 Beam monitoring

It will be very importaut to monitor the primary and secondary beams with great precision
aud with redundant svstems. For secondary flux measurements in the horn, we would want
bheam toroids and secondary emission monitors. as well as a calibration svstem to study
the particle content in the horn. For the proton beam. a series ol precise segmented wire
ionization chambers will be required to record the position where tlie bean hits its target
on a pulse by pulse basis. Downstream of tlte dump. scintillation counter arrays would be
used for both [lux and targeting comparisons. as muon rates are extremely sensitive to these
parameters.

7.3 Near detector

Our collaboration will provide the modular detectors and the electronics for the near station
experiment. lHowever, about 8 m of space which does not interfere with Fermilab P803 wiil
he required, in addition to a data acquisition system. and full access to beamn monitoring
information.

7.4 Detector cost estimates

\We estimate that the necessary additional equipment. such as a WWVB clock and commu-
nications systeni. a veto counter system for the near detector. heam monitoring equipient. a
platform lor near station modules. and a data acquisition system will cost about $250.000. A

Lk
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major upgrade. such as the external muon identificaiion system at Soudan. would certainly
he much more expensive. However. the largest cost is certainly the construction ol the beam
as described i thie Fermilab Neutrino Couceptual Desigu Report.

7.5 Computing requirements

The primary off-line analyvsis for Soudan 2 is now done at the Soudan site. At Fermilal., we
would require processing for the large event saniple from the near detector. and for Monte
(‘arlo and summary tape analysis. We request

I. 7 Vaxstation 3200 equivaleuts for 9 months at the time of the » exposure.

2. 1 Vax 3200 equivalent for 2 years (the year belore and the year after) for Moute (atlo
and summary tape analysis.

3. Access to Fermilaly computing resources hefore the exposure for beam design Monte
(‘arlo. elc.
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8 Concluding remarks

8.1 Personnel issues

QOur collaboration includes all institutions which are currently carrying out the Soudan 2

_proton decay experiment: Argonne National Laboratory, the University of Arizona. the

University of Minnesota. Tults University. the University of Oxford and Rutherford-Appleton
Laboratory. Considerable support will coutinue to be provided by those institutions lor
822, Mlembers of our collaboration Liave extensive experience on neutrino experiments.
having worked ou E594 and CCFR at Fermilab. aud on Argonue 12°. Fermilal [5° and
C'ERN BEBC neutrino experiments. as well as Los Alamos neutrino exposures, r studies at
SLAC"s [IRS. and atmosplieric ueutrino studies.

8.2 Conclusion

The Sondan 2 detector is an excelleut target lor a long haseline ¥ beam {rom the Fermilab
Maiu Tnjector. The detailed event reconstruction capabilities of Soudan 2 and our ability
o perform a two slation experitnent will give very good control of potential svstematic
errors.  We can also uniquely perform an tmportant v, appearauce experiment by using
the clearly distinguishable pattcrns of charged current and neutral current events. This
iy more inportant than the added statistical power on achieves in an experiment closer
to Fermilab without such pattern recoguition capability. Our experiment could discover
compelling evidence for neutrino oscillations. If v, — v, and v, — v, oscillatious do not
exist in Lhis large new region of parameter space. important new limnits on neutrino properties
can be sel.
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Abstract

The atmospheric muon neutrino deficit suggests that », mass and mixings could be
measured with a long baseline neutrino oscillation experiment from Fermilab’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 v, — »y. The experiment would make use of the existing
Soudan 2 detector and a smaller near detector located behind the short baseline ex-
periment P-803. The systematically 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 sin?28 > 5.0 x 10~2 and Am? > 2 x 10~%V?. This experiment will con-
clusively confirm or refute the exciting possibility that neutrino oscillations are causing
the atmospheric v, 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 Am? range from 0.001 to 1 eV?.is the range of interest for neutrino oscillation
searches. (Am? =| m}—m} |) In this range there is a very strong hint for neutrino oscillations
from the atmospheric neutrino deficit. Independently, if the solar neutrino deficit is due to
v, — ¥, oscillations, this range is a strong candidate for v, — v, oscillations. Finally, if the
dark matter includes a 10 eV w,, this range is a strong candidate for v, — v, oscillations.
It is this range of 0.001 to 1 eV? 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.[1] 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
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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 finished to our full satisfaction. However we do present in
this document our progress towards full 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
major neutrino oscillation program at Fermilab. This document discusses several options to
broaden the capabilities of a long baseline experiment from Fermilab to Soudan. Although
several such improved capabilities are referred to within this revised proposal, we rega.rd the
essence of our proposal as the following:

1. We request that Fermilab build 2 wide band neutrino beam at the Main Injector
pointed in the direction of 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 slneld 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 flux of
9.4 x10% protons per year.

If 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 fashion, though its size would make it relatively costly. We are working to
determine its costs and capabilities. We will keep Fermilab 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 greatly increase the statistics, it
would significantly add to the costs; the tradeoffs must be carefully studied. For example,



additional detector mass would be of great value if several years should be required to reach
design intensity in the Main Injector. The tradeoffs in “cavity filler” cost versus granularity,
resolution, density, and other capabilities will depend on Monte Carlo simulations which are
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.[3] As will be described later, we would rely
on the P-803 spectrometer for high resolution measurements of the neutrino beam energy
spectrum and composition.

1.3 Organization of Revised Proposal

Since many of the PAC members are new since our first proposal[4| 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 neutrino 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 satisfaction
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 v, — v... These include several possible and/or approved short
and long baseline experiments. Section 7, describing futnre work, discusses our efforts on a
“cavity-filler design” and sets out our plans for continued analysis. Appendix A discusses
the derivation of limits in Am? versus sin? 26 space for different neutrino oscillation tests.
Appendix B describes the existing Soudan detector and calibration. In Appendix C we offer
a consistent definition of appearance and disappearance neutrino oscillation experiments.
Because we have found differing 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.




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 v, deficit was based on 2.8 kiloton years of
.Kamioka data, and IMB had not publicly presented its s 'versus e ring analysis. Now, the
same deficit is seen in over 13 kiloton years of H;O Cerenkov data. It is reviewed here only
briefly. :

Several underground experiments which can measure the ratio of v, to v, in the atmo-
spheric neutrino flux see an apparent deficit of v, compared to expectation. We define a
ratio of ratios : '

R= (Vu/“’g)muwcd (1)
(V! Ve Jpradicted
The experimental situation is summarized in Table 1.[5] We note that the following mea-
suremeits of contained atmospheric neutrinos are all consistent with a 30-40% deficit of v,
normalized to the measured », rate.

e IMB-1 (3.8 kton-year): muon decay fraction[6]

o Kamiokande (6.2 kton-year): muon decay fraction(7]
¢ Kamiokande (6.2 kton-year): ring analysis|7]

e IMB-3 (7.7 kton-year): muon decay fraction(8]

o IMB-3 (7.7 kton-year): ring analysis[8]

o Kamiokande (2.7 kton-year): ring analysis with inelastics taken into account.[9] This
is not independent of the second item above, but uses different analysis techniques and
includes more information about the total event sample.

¢ Frejus (2.0 kton-year): contained events.[10] An analysis of their data including the
uncontained events does not favor the existence of a deficit, however. The limit based
on this analysis is included on the plot of Figure 1.

¢ Soudan 2 (1.0 kton-year): preliminary resuit with contained events.[11] 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® 20 space. The allowed region (at 90%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 Kamicka 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. IMB has not publicly
presented an oscillation analysis, but the results are expected to be similar. A large mixing
angle is required to explain the eatire effect as v, — v,. The entire area shown in Figure 1
is larger than the region of parameter space 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 based on the rate of upward throughgoing
muons.[12] However, any limits based on upward going muons must include large systematic
uncertainties in the absolute flux of cosmic rays and hence’s.[13], [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 IMB based on upward going stopping muons. This result depends
on knowledge of the energy spectrum and on the absence of background, such as hadron
backscatter. A background of only 10 such events would invalidate this limit.

“Experiment | “Exposure p:
Kamiokande 6.10 kton-year 0.60*33 + 0.05
IMB 3 1.70 0.54 +0.02 & 0.07
Frejus 2.00 0.87 +0.19
NUSEX ~ 0.4 0.99 + 0.40
PRELIMINARY
Soudan 2 1.00 0.69 + 0.1»9 % 0.09

Table 1: Atmospheric neutrino exposures and results.

2.2 Why Concentrate on v, — v,?

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

P,

-y = 8in® 20 sin?(1.27 Am? é':) (2)

with Am? in eV?, L in km and E, in GeV. Am? = |m3, — m2 | and 0 is the mixing angle
between v, and 1, 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 Am? versus sin? 20 parameter
space. '

- Several neutrino oscillation experiments 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 v, — v,, v, — v, and v, = v,. A long
baseline experiment with a primarily v, beam can look for the oscillation modes Yy = Uy
and v, — v,.

What motivates an expensive, d:fﬁcult sca:rch for oscillations? A skeptic can reasonably
ask the following question:

The parameter space for neutrino oscillations is three semi-infinite plots of Am?
versus sin? 2. Dozens of ezperiments have searched for and failed to find evidence
for neutrino oscillations. Why should any new ezpensive experiment be built
which can only ezclude another finite area in parameter space?

There are two sets 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 v, — v, channel deserves a careful search because of two experimental observations:

¢ The atmospheric neutrino v, deficit is naturally explained by v, — v, 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 must 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.

e The solar neutrino data can be explained by v, — », oscillations with the MSW
effect.[16] This range of Am? for v, — v, 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 Am? for v, — v, together with the expected
neutrino mass hierarchy implies a m,, heavier than \/A m? (v, — v,) = 10-2eV. 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 Am? down to below
10~2eV3.

A second set of arguments are more speculative and model-based but point toward P-822.
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The solar and atmospheric deficits are linked by our theoretical expectations. If the
neutrino masses have the same generational hierarchy as the other quarks and leptons, and
if the lepton version of the KM matrix has the same nearly diagonal structure as the quark
KM matrix, then v, — v, is a natural candidate for accelerator-based experiments based on
the following chain of reasoning:

e The sum of the three neutrino masses are likely to be less than 10-100 eV or they
. would overclose the Universe. It is also interesting to note that if global symmetries
are broken at the Planck scale, this implies a lower limit of m,, of 108V .[17]

e Within this range, there would be three neutrino masses, m,,, m,, and m,,. The quarks
and leptons all exhibit a generational mass hierarchy, m, < m. < my; mq < m, < my;
and m, < m, < m,. Therefore it is plausible that m,, < my, < m,,. We point out
that in specific models which have been published in the literature most seem to have
this feature.[18] If no pair of neutrino masses is near-degenerate, we would have

Ami(v, —v,) = md,
Am*(ve = v,) = m3, (3)
Am(ve — v,) =m], = elm],

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

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

~1 & g
g ~1 e

ég €3 ~ 1

with €2 small compared to 1.

e To date, no evidence has been found for oscillations at accelerator experiments, so P
is small. If we imagine increasing L/E and repeating those experiments, then as we
increase L and decrease E, we may find oscillations with P =~ 631.27TAm?L/E. If we
now compare the probability of oscillation for the three modes for experiments at a
fixed distance and energy, we find

2
P v x €

Pv.wu, X 5; ‘ (4)
P,

2
CSmd & e?‘:

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

The see-saw mechanism{19] naturally explains both the low neutrino masses and the mass
hierarchy in equation 4. If the solar neutrino problem is explained by the MSW ef?ect, then
m,, > 10~-3eV. Depending on whether the see-saw mechanism is implemented with quark
masses or lepton masses, and whether a linear or quadratic mechanism 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 v, — v, in
that parameter space. This scenario is favored by “mixed dark matter” proponents who have
come forward since the anisotropies of COBE have been seen.[21] But neutrino mass, even
without direct cosmological implications, is interesting and important. m,, = 0.1 eV, which
is also allowed by see-saw models, is favored as an explanation of the atmospheric neutrino
deficit.[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 that the see-saw mechanism might be accompanied by enhanced mixing[24]
also favors this scenario.

24 vy,— v,

This proposal concentrates on the oscillation mode v, — v,. However, it is also possible
that the atmospheric anomaly is due to v, — 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, oscillations. Reactor experiments have
limited some, but not all of this v, — 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 Kamiokande solar data.[17]

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, charged-current threshold. Both appearance and disappearance experiments can be run
simultaneously. -

There are three possible indications of neutrino mass: the missing mass problem, for
which the heaviest neutrino mass of 1-10eV is needed if hot dark matter is a significant
part of the answer; the atmospheric neutrino problem which needs a high mixing angle and
Am? of 107%eV? to 10%°¢V?, and the solar neutrino problem, which might be explained by
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Does it explain?

Reference m,, m,, Solar  Atmospheric Dark | P-8037 P-8227
(eV) (eV) | deficit deficit Matter |

Standard Model 0 0 | NO NO NO | NO NO
Pakvasa[22] 10-* 107! YES YES NO YES YES
Hall[25] 103 10 YES NO YES YES NO
Akhmedov[17] 10! 10 NO YES YES YES YES
GINO(26] 0 0 . YES YES NO NO YES
Caldwell[27] 3 3 YES YES YES | YES YES
Wolienstein B(28] | 3 10~* 3103 | YES NO. NO NO NO
“Just So” 10-*  10-® YES NO NO NO NO

Table 2: Several theoretical neutrino mass scenarios

vy — v, oscillations and the MSW effect. Neutrino oscillations cannot naturally explain
all three effects, but could naturally explain any two of them. Table 2 lists a number of
neutrino 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.[1] 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 short 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 mass of 960 tons. The cavity in the Soudan hall is 72m x
14m x 11m, and we estimate that, depending on the required granularity, another stetector
of up to 8 kton could be constructed behind Soudan 2 with a similar capability for measuring
NC/CC in the Fermilab beam.

Since the original proposal was written, the expected intensity for the Main Injector has
increased from 4 103 protons per pulse every 2 seconds to 10'* protons per pulse every 1.5
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seconds. This increases the neutrino event rate in the existing Soudan detector by a factor
of 3.3, as shown in Table 3. We assume two nine-month runs with 100 hours per week
of running. Al of the rates and limits given in this document apply io this base running
assumption, unless otherwise 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 is useful to be able to compare different 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, distance and running time and intensity as follows:

M 730km ., protons on target _
N = 8000 x (ger =7 (59 ax 100 (5)
P=0 P=01 P=02 P = 0.345

Renerjoeee | 1989 = 310 £ .011 | 128 = 365 +.013 | 1320 = 433 +.015 | 1328 = .566 + .020

Ry, |520=203+.04|380=-280+.04] 800 =266x.04| 70 =240=%.04

Rosae/ter | i = 2270 £45 | 5% = 2530 £51 | ;1% = 2840 + 57 | ;1% = 3470 + 69

Table 3: Expected ratios for several probabilities of oscillation (.345 corresponds to the
Kamiokande value at large L/E). Rates are for two calendar year (nine month) runs using
the existing Soudan Detector. The errors are statistical only for Repcrjuer and Ry, tests
and are dominated by 2% systematic errors for the R,.a,/tar test. These numbers are not
corrected for v, and NC/CC misidentification. Those corrections, which are discussed in the
text, will change the values of the ratios, but will not greatly affect the statistical significances
shown in this Table.

3.2 Neutrino Oscillation Tests

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

The most powerful test we have for neutrino oscillations, the Roper = test is the most
independent of precise knowledge of the beam flux or energy spectrum. Several other sta-
tistically independent tests can also be used. All require more work, but any of these
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P=0

P=0.1

P=02

p———

P = 0.345

Reuper frcer

Sea0 _ 310 +.004

10390 . 365 + .004

10300 _ 433 +.005

o8 - 566 +.007

35000
Ruv | Saoos =85+.004 | 330 = .624+.004 | 3309 = .50 +.004 | 20 = 53 +.004
Rrioe/ter | Sigoes = 3790 £76 | 248 — 4210 + 84 | B0 = 4730 £ 95 | L& = 5780 + 116

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

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

¢ Roupyveer 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,/ test, the ratio of muons coming from »,, charged-current interactions in the rock
upstream of Soudan 2, to the rate of neutrino interactions in Soudan 2.

° e/ tar 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 + — ey,v, (branching fraction = 18%) as signal the background is then
kN, + N,,. « is the probability that a hadron shower will be misidentified as an electron.
A multivariate analysis has been performed 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 particulazly
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 values of Am? 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 listed. 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 ourselves
to the Ruper /e test, we compare the effects of systematic and statistical errors in Figure
8. That figure compares the limits with and without an eight kiloton cavity filler, with and
without a 2% assumed systematic error in o/ R; (R = Runerjucen ).

With a fine grained short 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 oar/R of <
2%.[2, 29]'Limit 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=0), and assuming that the average probability is 0.1, 0.2 and 0.345. The latter value cor-
responds to the mean of the atmospheric v, deficit. If P = 0.345, we will see a 13 & result in
Reuner /4o, and independently an 13 o result in R,;, and a 17 sigma result in Rpear/for. (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 intends to measure R absolutely, the oscillation test only
requires that the systematic error on the change in the measured R is small; recall that the
central Kamioka value would cause a shift in the measured R of 0.568, 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 o result in Ruper /v,
a7 oresultin R,/, a 5 o result in R,g,/far. 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.[30] 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 and Rutherford-Appleton Laboratories. 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 Rupcr ez,
and in addition, provide high statistics information about the neutrino beam. Our expec-
tations for the Rupcrju test will be normalized to the measured NC/CC ratio in the near
detector. On the other hand the check that, after correction,the near detector measures the
expected NC/CC ratio, up to uncertainties due to charm thresholds, will provide a valuable
test of our systematic errors. This empirical ratio will be measured with high statistical

VE-770 bas already achieved o(R)/R < 1.2%.
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accuracy (millions of events) which will allow us to compare the ratio in the near and far
detector to a greater accuracy than Runsr/ee~ is presently known at these energies.

The energy dependence of different event rates varies as shown in Table 5. While R,;,
depends on knowledge of the energy spectrum of the beam, and Rp.ar/far on the absolute

rate, Rencr v is much less dependent on either. In the next three Sections, these tests are
discussed in more detail:

Table 5: Energy dependence of various processes

 Neutrino flux (E)
Contained vertex events E¢(E) |
Rock muons E*9,(E
Quasi-elastic contained events | ¢,(F
stopping muons E¢,(E) |

3.2.1 Ruygpyver Test to Detect v, Appearance

If v,’s oscillate into v,’s, this will affect the apparent ratio of neutral-current events to
charged-current events. In the absence of oscillations, we expect{31]

number of events without a muon

. ' — true — =
Rgb""'/ = R = number of events with a muon 0.31 +0.01 (6)
Then for N events,
1 Rtrve
n“—Nx1+Rw and nu—-NxW (N

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

N(R"“ 4+ n(1 ~ B)P)

_ N(1-P +7BP) _
Nuger = 1 T aﬂd Naper = 1 T R" (8)

where B = 0.17 is the branching fraction for ¥~ — x~ X and 7 is the ratio of the v, charged-
current cross-section to the v, charged 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 v, or v,, most charged current events
would be incorrectly classified as NC events.

N R™% 4+ 5(1 — B)P
Rgb"”'f“ " e 1 — P +nBP ®)
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Integrated over the neutrino spectrum from the Main Injector, 7 = 0.24. By contrast,
the neutral-current cross-sections for v, and v, are equal. The signal of an oscillation thus
consists of a value of Runer /% that is larger than expected. If our measurement yields
the known Runcrjuc» Tatio for v, this allows a limit on the probability of oscillation to be
deduced.

In general, v, contamination of the beam will cause R, /e O increase. Both v,
neutral-current and charged-current events will be classified as neutral current. A 1% v,
contamination will cause a 4% increase in R%%. ... V's in the beam mostly come from
K. decay, and the K's decay at the beginning of the decay pipe. Monte Carlo calculations
confirm that the spectrum of 1,’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:
E
Nig = foeer + uper = fﬂ’m(E)dgs;é, )
where N, is the number of target nucleons and ¢(E) is the neutrino flux. Using an assumed
injector beam with  10'* 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.

NdE (10)

‘Implementation of the Rener /% test is discussed extensively in Section 4 in the answer
to Question 2.

3.2.2 R, Tests Using Muons from the Rock

We plan to measure R,,/,, the ratio of muons from the rock to neutrino events with vertices
inside the Soudan 2 detector. We define the ratio R,/ as the ratio 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: : -

N, =10 x 10712GeV~? fe dE,E*n(E,) (11)

The two E, 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 m? for the main detector
and 275 m? 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 N5° due to v, — v,
oscillation:

N, = N™(1 - P + PyB) (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 Ng=. Note that the
full number of such events can be used in this calculation, whether or not they are in the
fiducial volume required for distinguishing between neutral and charged-current interactions.

The calculation of N3* depends not only on the measured number of contained vertex
events but also on knowledge of the energy dependence of the v, flux. To first order, the
density of the rock in which the muons are made does not afféct the muon flux. In any
case, the rock in the vicinity of the Soudan mine has been well measured. In contrast to
the Ru,» /e ratio, we will be comparing the observed ratio R,;, to'a 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,u/u. An overall systematic accuracy in the measurement of this parameter of the order of
2% is expected. Note that the beam flux normalization (or time variability) does not affect
Rupe.

3.2.3 Rpar/ser Test Using Soudan 2 Modules at Fermilab

The near station will give us data which we will use to normalize the beam flux. The muon
rate at Soudan can be normalized to the rate measured by the near detector. We call this

the Roeer/far 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(1]
show that as long as the angle from the beam axis is less thanr 0.25 mr the systematic error
on the expected muon rate is less than 1.2%; the energy and rate as a function of angle are
shown in Figure 8. This requirement is 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 flux 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 flux measurement can be used to normalize the muon rates in the detector to
search for both v, — v, and v, — »,. The latter mode represents the oscillation of v,
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 argumenie related to the
primordial Helium abundance preclude this mode in our area of sensitivity, however.[32]
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3.2.4 Using the Tests for the Mode v, — v,

In P-822, the v, — v, sensitivity is actually better than the v, — v, sensitivity using the
Renc e test, because n = 1.0 and B = 0. Ppin, and hence sin? 26 is lower by a factor of
2.6 for v, — Ve. (Prmin 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 Ruponjuer,
R,/, and Roer/tar tests. These limits are shown in Figure 9. In the event that a signal for
v oscillation is measured in P-822, the Run/« test and the hadronic energy distribution
could be used to separate whether the oscillations were due to v, — v, or v, — vs.

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
charged from neutral-currents as in E-770. Second, the response of the detector vs. energy
is required so that we can measure the hadronic energy distribution; 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-distribution. 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 was initially designed as a muon beam for 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 adjust the beam rate and to removed off-momentum particles.
In this beamline 800 GeV/c protons from the Tevatron are delivered to a target in Enclo-
sure NE8 at a typical rate of 3 x 10!! protons per accelerator cycle. NK secondary beam is
capable of transporting a negative beam with a momenta between approximately 10 GeV and
200 GeV/c. 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 (7, K, and antiproton separation), transition radiation
detector (e) in Enclosure NKC, and a backing calorimeter from the Experiment 815 (u).
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 La5 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 GeV/c) to the new tertiary target station in En-
closure NKC. The basic design in Enclosure NKC will consist of a target, a dipole, a dump
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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 v, and v, events in our detector. We have calculated the v,
spectrum at the far detector using the program NUADA, the fraction of other neutrinos
using a program developed by P-803, and simulated y's,e’s, r’s 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. Cross-sections for v. interactions have
also been carefully studied. The detector simulation component of the Monte Carlo is very
comprehensive: particle tracking in an exact detector geometry, energy deposition in gas,
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 v, event rates is complicated by the fact that most standard calculations
of cross-sections neglect terms proportional to the lepton mass. For v, charged-current
interactions the contributions from such terms can be significant. Cross-sections for quasi-
elastic scattering that include terms proportional 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

2M’FA(qz)

m; — ¢

F, p(qz) = (13)
which follows from the condition that the axial current would be conserved if m, were
zero.[33] The inclusion of F, in the quasi-elastic cross-section for v, 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 quasi-clastic cross-sections. Qur cross-sections for resonance production are taken from
the work of Rein and Seghal.[34]

For deep inelastic scattering (DIS), we use the expression for the differential cross-section
calculated by Albright and Jarlskog.[35] :

o’ ]
= CMA{(y s R+ (1~ )~ (v + FrFr

[2v(1 - 1) ~ FegylFs £ Fal(3f=v + o) Fa— 3R} (14)

We are now faced with the task of finding an appropriate form for F; and Fy. Follow-
ing Albright and Jarlskog, we take Fy = 0 and zFy = F; which are consequences of the
assumptions 2zF; = F; and zF; = F;. The DIS v, cross-sections we have calculated in
this fashion have been compared to an independent calculation carried out by Roger Phillips
of RAL. Phillip’s calculation follows from first principles of the quark model. Despite the
different approximations involved, the two calculations are in good agreement. The form
factors F; and zFy are then computed from the parton distributions in a standard fash-
ion. Our charged-current and neutral-current DIS routines employ the CTEQIM parton
distributions.[36] 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 7 event, which had the de-
cay v~ — " x°x%,, looks topologically like the neutral-current events, just as we would
expect. In Figure 14 is shown a v, charged-current event. This also has 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 m? shield cross-section (as viewed from Fermilab) is nearly three
times larger than the cross.section of the central detector. The correspondingly larger yield
of rock muon events will improve the statistical accuracy of the numerator in the R, test.
The R, test, while prone to more systematic error than the Rune/v.» test, provides an
important check of our understanding of the neutrino beam energy distribution since the
rate for emergent muons includes E, factors both for the neutrino cross-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 shield consists of panels of two-layer proportional tubes (constructed at Tufis)
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 m? of single-layer proportional tubes obtained from the TASSO
experiment at PETRA.

Our experience with the performance of the active shield as presently constituted allows
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-alone
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 eatlier effort is required we can accurately
estimate costs. Panels sufficient to double cover both the north and west walls would cost
$200K.

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 angular 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
0.0010m~2s~1sr~1. The angular distribution measured in Soudan 1 is used to calculate the
flux through a vertical surface of muons with zenith angle 8 greater than a specified minimum
value. The results are 0.0003m~?s~! for 8 greater than 50°, 0.0001m~2s~! for # greater than
60°, and 0.00001m~2?s~" for“§ greater than 70°. The flux of nearly horizontal (§ > 70%)
cosmic ray muons through the 420 m? area of the north and west walls 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 ms/1.5 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 cm for HPW and 4 cm 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 ° for the stand-alone shield.

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

Equipment cosis (tubes and electronics):  $400K
- Installation (6 FTE x 3 years x $35K): $560K

Support structure: $ 40K
Contingency (20%): $200K
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 costs 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 ' $240K $320K $400K

DNR (hoist, electricity,overtime) $ 50K $ 70K $200K

Gas $ 50K $100K $150K

Supplies, misc. $110K $150K $200K
“Total/year $450K $640K $950K

Table 6: Steady state laboratory operations costs (1994 $)
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4 Answers to Questions of June 1993

4.1 Question la —-Limit Curves

What specifically limits the sin? 20 and Am? range?

In general, the minimum sin? 26 detectable by any experiment depends on the sensitivity
of the test employed. The minimum Am? depends on both the sensitivity and L/E , 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 assumptions. A detailed
comparison of various parameters and how they affect the limits is given in appendix A.
Here we focus on the neutral current to charged current limits for the case v, — v,.

The oscillation probability is given by

P Rebn'c"f"ce" b R"“‘

(15)

where R is the expected neutral-current to charged current ratio, R%%. /v i8 the mea-
sured ratio, B = 0.17 is the branching fraction 7 — X, and

gz Lo (E)BEME _
=~ [ou(E)¢(E)E

0.24 : (16)

using the Main Injector neutrino spectrum. 7 takes into account the fact that the v, charged-
current cross-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
Prmin. At 90% confidence level, R, .. » — R*™ = 1.29 op (for a one-sided Gaussian).
Putting this into equation 15,

Ponin = 2.560R (17)
oR is a combination of systematic and statistical error:
sta syat
%2y = (T 4 (T (18)
Keeping just the statistical error,
Prin = 187 , (19)
VN ,

where N is the number of events. For a two year run, P-822 should see 8000 events in the
existing one kiloton detector with 4500 events in the fiducial volume. Thus Py, = 0.020,
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and we get limits sin? 28 = 0.040 and Am? = 0.0019 eV? as shown in Figure 15. A systematic
error-of 2% added in quadrature with this statistical error leads to a Py = 0.032, and limits
sin?28 = 0.064 and Am? = 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 have assumed will be dominated by statistical errors.

We can compare these limits with those that could be obtained with an 8 kiloton cavity
filler in addition to Soudan 2 under the same running conditions. The statistical limits would
give Ppin = 0.0066, and limits sin?26 = 0.013 and Am? = 0.0011 V2. However, adding a
2% systematic error in quadrature would lead to Pni. = 0.018, and limits sin?28 = 0.037
and Am? = 0.0019 eV?. The burden on a cavity filler design is not only to keep costs low,
but also to keep possible sources of systematic error in og/R to below 0.5%.

Our studies of systematic effects discussed in the following answers make us confident
that we can maintain a systematic error of 2% or less using the Soudan 2 detector, thus
ensuring that the systematic error is less than the statistical error. Extensive Monte Carlo
and beam studies are still necessary to determine whether systematic errors of 0.5% or less,
necessary to justify the increased statistics of a cavity filler detector, can be achieved.

4.2 Question 1b —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 v,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 8 local hits, depending on geometry. Most triggers are due to throughgoing muons
which enter from the ceiling and leave through the floor. About 30% of the triggers
are due to random radioactivity. We measure about 75 events per year of atmospheric
neutrino interactions 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. Qur 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 no change in trigger.

s Backgrounds

The two important kinds of beam associated events are the throughgoing muons from
the direction of Fermilab, and neutrino events with a vertex in the detector. For both
categories of events, we have calculated the rate of background cosmic ray events and
found it to be acceptably low (2-5 events over two years). We have not 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 associated with the Fermilab beam spill will be collected on sepa-
rate tapes for further analysis. The most straightforward 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.[40] To date, vertex recognition has been ac-
complished by scanning.[41]. For orientation, a charged 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 10° of the Fermilab
beam direction. '

2. An incoming stopping muon. Tracks will enter the south or east wall and 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. Qur 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/cm?), 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 tracks 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, 7’s and p’s is shown in Figure 19.

When scanning the events, it is clear that this simple algorithm does not take advan-
tage of all 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, quasielastic (and hence low hadron energy) event
~ topologies, event ionization (for ;1/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
tracks from the vertex will be muons. Using additional information during scanning,
more events will be accepted and classified 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.

e 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 experiment runs.

¢ smearing effects

Hadronic energy resolution does not affect the event classifications listed above. How-
ever, hadron energy resolution and e/x separation are useful additional measurements
to complement the Rupc»/«» test. This is discussed further in the answer to Question 5.

4.3 Question 1¢ —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 monitored 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 hadronic showers which fake charged-current events. The two components of this
misidentification would be long penetrating hadrons and decays of x’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 different 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 -NC/CC Identification

Question 2a How big is the correction to charged-current events
from muons that are not separated from the hadron shower? How
well is this correction likely to be known?
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Question 2b How big is the correction to the NC event rates for
exiting tracks that lead to classification as CC events? How well
is this correction likely to be known?

guestion 2c Are there other contributions to the NC/CC misiden-
tification matrix? What are they and how much do they con-
tribute to the systematic uncertainty in R7

Question 2d In general what are the magnitudes and uncertain-
ties in the various contributions to the observed NC/CC 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 NC/CC 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 of less than 480g/cm?. 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 fraction 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 of 310 neutral current events, 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
events near the edges of the detector whose tracks exit with a potential path length of less
than 3 meters. One choice is to restrict the fiducial volume. Such a strategy is 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
Ruper juen test but they are still useful for the R,/ test.

In order to study the systematic errors to Rupcr/«cr We have studied simulations of 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 studies 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;

Factors 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 Rupr /v test was found to be 74%.

We note there are modest asymmetries between NC and CC in the events rejected as
“outside acceptance”. If there is an event near the edge with hadrons which exit the detector,
a long g 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 events
located near 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 muon
would not have been long enough, so it would have been classified as “outside acceptance”.
The first effect is somewhat bigger, leading to a higher fraction of charged current events
in the acceptance for scanning. Of 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 is not using reconstructed track lengths
for the comparison. We expect there needs to be considerable program development until
the program can be as good as a scanner.

Although our study is 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 cg/R from event misidentification, after corrections
based on applying the same algorithm to the Monte Carlo events, will be less than the 2%
requirsd 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 v,'s (or #,s) in the beam to contribute to our measured R+, ratio, after correction.

The largest present uncertainty in the NC/CC misidentification is the differences between
the edge effects in the near and far detectors. This issue is addressed again in the next
Section.

Apparent CC | Apparent NC |
True CC correct | low energy muons
cracks
v, events
edge effects
True NC | hadron punch through ~ correct
edge effects

Table 7: Contributions to the CC/NC confusion matrix.

‘ CC | NC | outside acceptance |
Scanner 1:
" True CC | 244 | 20 101
True NC| 6| 82 22
Vy 0 4 0
[ Scanner 2:
[ True CC | 244 | 14 108
[ True NC | 16| 69 20
V, 0 4 0

Table 8: CC/NC confusion matrix by scanning

CC [ NC [ outside acceptance

| True CC | 727 | 64 ‘ 484
True NC 91301 83
v, 0 ) 0

Table 8: CC/NC confusion matrix by program

o F

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 NUADA to calculate the energy spectra
of the v, neutrino events at the near and far detector. The event spectra at the location
of the near detector for 5 radial slices of the beam is 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, » < 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 Ve,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: v, : v, : 7, : ¥, =
116,110 : 781 : 1749 : 122. It is seen that the v,’s are less than 1% of the beam, and 17,’'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 kigh 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 Runerj«c test, restricting ourselves to the 4% acceptance that matches the far
detector beam, we will still have over 10% events to use. This would correspond to an error
on Reperjuer (statistics only) of or/R = 7.3 x 1074. We would use the full acceptance and
compare our answer in the near detector to E-815’s result, which will be cg/R = 0.002. We
would expect, after acceptance corrections, to match 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 far 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.

o The statistics in the near detector is large. We will be able to study not only millions -
of events in the part 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.

e 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 the beam. '

o 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 to 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: $200K

Gas, tapes, supplies $ 30K
Mine crew travel/living at Fermilab $ 70K
Contingency (20%): , $ 60K

Total $360K
We will request the following help from Fermilab: A

e Steel detector support structure
e 2 man years technician effort
¢ 0.5 man years engineering effort

s 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 issue of the
importance of making a muon momentum measurement at the near detector is discussed in
our answer to Question §.

" We expect to rely on P-803 for the following information:
e The v, v., v,, and 7, components of the beam, as a check on the beam composition
Monte Carlos.

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

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

o 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 NC/CC for neutrino interactions in this energy range,

and an estimate of the contribution of neutrino induced charm production just above
threshold.

4.7 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 based upon the
neutrino beam design, the best-fit oscillation parameters measured using the other methods
described herein, and the muon spectrum measured by P-803 at the near detector. For most
values of Am? and sin? 26 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 Am? 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 deflection measurement. A small fraction of the muons, about 7%, 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 27. The momentum of this 2.3 GeV muon
can be determined from its range to 11%.

There are several kinds of apparatus enhancements which can give range measurements
for a larger fraction of the muon events. A passive dense absorber followed by muon detec-
tors could increase the 7% to perhaps 15% or greater, using the existing space around the
Soudan 2 detector. Another, less promising, idea which we are exploring is to instrument
the rock for range measurements, using holes in the wall and placing detectors in them.
Of course, all of these range measurements will be confined to the muons 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 functions 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 SDC. Based on the SDC work [SDC-92-201],

we estimate the following costs:

Iron $1300K
Drift chamber system 500K
Coil system 400K
Installation 200K
Total $2400K

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 above.

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:

e Comparison 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. ’

e Comparison of the hadron energy spectrum for neutral-current events is an additional
test for ¥, — v, oscillations, to the Rupr juecr, R,y and Roeqr)gar tests. In the presence
of v, — v, (or v, — v,) 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:

A
Pu = 20% (20)
Pu
ard the hadronic energy has been smeared with[42]:
AE 400
- = —= 21
EVE )

We have used the central 0.5 m of the beam for the energy spectrum at the near detector.
The smeared E,, Epg and Euim = E, + Epqaq 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 statistics of our base assumptions, is 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 E,, 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 difference in
the two spectra. We will certainly measure any shift in the energy spectrum which is larger
than the difference 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 of this experiment, and is included
as part of this proposal. The addition of this system to the proposal requires additional sim-
ulation which is not yet included in our Monte Carlo. We expect to repeat these studies with
the full 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 GeV or more, much higher than the Soudan 2 threshold.

Design considerations of a cavity filler are discussed in the next Section. An element of
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 thickness s and density d, = 7.8g/em?®, with
2a = 5 mm and g = 10 mm, and d, = 3g/cm? (like aluminum), we could put 4 to 11 kilotons
of detector in a space 8 x 10 x 25m?®, depending on s. This is shown in Table 12.
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Modules
Module Assembly Manpower

Module Installation

Module Support Structure
Gas System
Electronics and High Voltage

Total (1993 §’s )
Table 11: Costs for tripling the size of Soudan 2

$14520K
1560K
1560K
1748K
60K
4700K

$24148K or $24M

s | m 8x8x24 8x8x24|8x10x25|8x10x25
mm | g/em? | kton chambers kton | chambers
50270 [4.10 48000 5.4 56250
10 | 3.75 5.76 38400 7.5 45000
15 | 3.75 5.76 38400 8.8 37500
20 | 4.8 7.49 27400 9.76 32109
25 | 5.25 8.06 24000 10.5 28125
30 | 5.53 8.49 21320 11.1 249084

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

Preliminary studies have begun to define a detector that could be constructed in the cur-
rently unused space in the Soudan laboratory which would give up to an order of magnitude
higher statistics than can be obtained with Soudan 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 effects 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? 28 using the near-far detector compmon 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.

lemiron 2 cmiron 4 cmiron

% events crossing 10% 17% 53%
less than 5 planes

% events < 6 hits 11% 15% 36%
in hadron shower

% events with muon 12% 7% 10%
contained within
the hadron shower

Table 13: Steel thickness options showing event length

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

We have studied two options for detecting elements; resistive plate chambers (RPC) and

drift chambers with 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 lammable 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 of 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 $35M.
One prospect for keeping the costs down that we are pursuing is to use steel at the low
prices available in Russia to our collaborators 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. Detailed 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 RPC
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 sin? 28, Am? plot for atmospheric neutrinos will be performed in the
near future. '

The decision about the value of the “cavity filler” 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 = 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 v, — v, oscillations is motivated in part by atmo-
spheric neutrino experiments, and the time scale for running P-822 is long, in this Section we
shall also consider the capabilities of new and proposed underground experiments to study
atmospheric 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. IMB, Frejus, and Kamiokande 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 Kamiokande and IMB 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 of the data.[2]

Later in this decade, Superkamiokande will greatly increase the number of contained v
events. At present, it seems unlikely that the atmospheric v, deficit seen by Kamiokande
and IMB 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
v, — 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 v, — 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 IMB 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 v, — v,
limits at small mixing angle. If it gets significant running at Los Alamos, LSND could
improve v, — v, limits at small mixing angle.
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To summarize, we think that the P-822/P-803 combination offers the best ability to
observe neutrino oscillations if they are responsible for existing anomalies. Although a large
fraction of this collaboration is 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 of parameter
space which are complementary to the region we are focusing on. In the NUMI program,
we will run concurrently with the best such experiment. Two major ideas which are directly
competitive 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 v, charged-current threshold. They are exclusively relying on v, 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 of neutrino mass and mixing.

Soudan 2 as is P-822 cavity filler | BNL889
event rate 6000 v 54,000 18,300 quas
far detector 17600 g (from rock) | 35,000 u
event rate 500 x 10° 0.5 x 10° 638,000
near detector
date to completion | ~ 2003 ~ 2003 ~ 2000
distances lkm l1km 1km
730 km 730 km 3 km
20 km
masses 1. 50 ton, 1. 100 ton 1. 400 ton
2. 900 ton 2. 8 kton 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 (vN S vx°N) (7) |
v,CC yes yes no '
detector calorimeter calorimeter H,0 Cerenkov
site underground underground surface
accelerator Main Injector Main Injector upgraded AGS
requirement
beam new beam new beam new beam
Table 14: Comparison Fermilab P-822 and Brookhaven 889



7 Work in Progress

This proposal remains incomplete in several aspects. In this section, we identify 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 receiving attention.

7.2 Further Simulations

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

1. Complete a higher statistics analysis of NC/CC 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 muons 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 enel;gy 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 of v,
signatures.

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

8. Study the possibility to identify v, — v,;7 — 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 Ama.

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 further developed over the next year:

¢ The anti-proton (AP2) beam line was considered as a source of pions and muons for
P-880. The same beam might be used to aim a new neutrino beam at Soudan 2 with
a long decay pipe.

s 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 flux of rock muons and ensure
that the horn is correctly aligned with respect to the mine.

o Holes could be drilled into the west wall, 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 Fermilab 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 neutrinc mass requires a major effert 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 or/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 v, — v,
exist with Am? = 10~? and sin® 26 = 0.4. '(This point is conservatively chosen on the low
P,, v, 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 o effect in Ruper jucen.

¢ A measurement of R in the near detector, which statistically can be measured to
op/R = 7.4 x 1074, but which will only need to agree with E815’s measurement to
better than 5%.

¢ A comparable measurement of R in P-803.
o Measurement of an independent 7 o effect in R,,,..

o Measurement of a 10 o effect in Rpear/for- if knowledge of the beam flux can be
controlled to 2%.

¢ Confirmation of the expected v, v, v, and ¥, fluxes in P-803 to 2% for v, and 20%
for the others.

o A hadronic energy spectrum for charged-current events in the near detector which is
consistent 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, Epqq.

s A x momentum measurement in the muon toroid yielding the expected distribttion.

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 and 6 properly take into account the cross-section weighted energy
integrals. However if we approximate using just the average energy at low Am? and take the
limit f(sin 1.27Am?L/E)*dE = 1/2 at high Am?, we get straight line (log-log) parameter
space plots. These are easy to calculate by hand, which is useful for comparing various exper-
iments and assumptions about energy, detector size, running periods, statistics, 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,.q,//4- 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. Ruperjveer 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 v, events on an event-by-event basis. However, the test is sensitive to v,
appearance, and if v, — Vgerie takes place, the test 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 x, but may still be dominated by background. Such a test will also have
some efficiency for v,’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:

Am3L
5 )

P = sin*(26) sin?(1.27 (22)

where L is the distance in km, E the neutrino energy in GeV, and the unknown parame-
ters are the mixing angle § and the squared neutrino mass difference Am?. If an experiment
is sensitive to neutrino oscillations, it can either measure P to some accuracy, or set a limit
on P which we will call P,;, for the usual 90% confidence level limit. An experiment with a
sensitive test for neutrino oscillations could set a small P,;,, a less sensitive test would lead
to a larger Ppin or no limit at all.

All limit curves which depend on a single variable P,;, start at some Am? 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 Am? at maximal
mixing, and S, which is the sin? 20 limit at high mass. We extend the curve from Do with a
slope -0.5 until it crosses the other line at S, D;. These are shown in Figure 36.

At maximal mixing, sin?2f = 1 and we will set a limit when the second sine term in
equation 22 is small:

Ex V]mia = FEX ‘V]min
1.27L 1.27L

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.

Am? x~ (23)

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

S = 2Pnin (24)
085’\/ Prin
bo=—1371 (25)
Dy
Dy = —

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 (R%en juee — RE™)
7(1 - B) + R%% jur(1 — B7)

(27)
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where R"™“* is the expected neutral-current to charged-current ratio, R2®. /% i8 the mea-
sured ratio, B is the branching fraction of the final state lepton to muons, and 7 is the event
weighted charged-current cross-section of the final state lepton compared to that for muons.

p = L E)ow (E)E
~ [ $u(E)ovu(E)AE

(28)

For v, — vy, B = 0.17 and 5 = 0.25. (For v, — v, B=0 and n = 1.0) For a 90% limit,

1.2905

Frin = S0 By ¥ B (1 = B)

(29)

which is 2.56 o for v, — v, and .99 g for v, — v,. Thus the v, — v, limits are always 2.8
times to the left of the v, — v, limits for the same statistics. The factor 1.29 corresponds
to the 90% confidence level, and is 3 for a 3 o effect, 4 for a 4 o effect, etc.

For the neutral-current to charged-current test,

_ 1 1 _RO+R) 073
R=R\Netee = N C W (30)

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

187
vN

Pain = (31)

We can also use these equations to study the effect of systematic error. If we express S in
terms of cg/ R, we get S = 1.59 cxg/R. The PAC recommended that the experiment should
reach a systematic uncertainty on the NC/CC ratio (or or/R) of less than 0.02, which yields
S = 0.03. We believe that we can exceed this goal, since we are only sensitive to the change
in r and do not require an absolute measurement (although we will certainly do so as a
check).

A.4.2 Low background appearance experiments

For a truly zero background appearance experiment, a long baseline detector has no ad-
vantage over a short baseline experiment.[45] The reason is that while for a low Am? the
probability of oscillation increases as:L?, the flux and event rate fall as 1/L3.

When there is background, the background falls as 1/L?. As one moves far away, the
signal might go down slightly, but the signal to background greatly increases. 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 signals.
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Unlike the other tests, this limit goes linearly with statistics:
2.3

Nexnpxe

where 7 takes into account the v, charged current cross-section, and ¢ includes all other
efficiencies. For P-803 in the Conceptual Design Report, ¢ = 0.06.[1, 3] It is interesting to
note that Do which is proportional to +/Pni./L is a constant as you move a given detector
because Pmin  1/N and N o« 1/L2. This is the same as the argument made above. For
fixed statistics, Do < 1/L.

(32)

Prnin =

A.4.3 Muon disappearance experiments

v, 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 flux, 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:

_ 1.29
~ VN<(1-19B)

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 flux 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.

Prnin (33)

A.4.4 Kinematic cuts, such as electron appearance

Using kinematic and topological cuts, it may be possible to identify r events. The decay
mode r — evv is one particularly promising example. Let’s assume we can identify electrons
and perhaps 7°’s. The number that you measure is:

Nm = “'Nu + Npsrqpu"—.u, (34)

where «x is the background rejection factor for events which pass the cuts. We may be able
to achieve x = 102, ¢, is the fraction of signal which passes the cuts =~ 0.50 and 7 is the
cross-section factor, 0.1R

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

1.29,/xN,
P = »_ 1.43 (35)
ernN, vV Nu

50



A.5 Using the equations to scale various experiments

Now we can ask what it would take to get to the curve actually shown in Figure 36. The
stated PAC goal is shown at Am? = 0.01, sin?26 = 0.01. The parameters we calculate
are Dy = 107*,D; = 1072,5 = 1073, 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 a 4 o signal at the
PAC point, it goes up to 1.33 Million events. If we consider the Am? 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 Am? region suggested by the atmospheric neutrino problem.

Another important point is the way that sin? 2 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 detectar 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.1 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. Its primary goal is to search for nucleon decay in modes
which may 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 parallelopiped 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 m?. This layout is illustrated in Figure 37.

Each module is composed of 240 layers of 1lm x 1m x 1.6 mm corrugated steel sheets
interleaved with an insulated “bandolier” assembly of 1 m long x 0.5 mm thick x 15 mm
diameter resistive Hytrel drift tubes (see Figure 38). The insulation consists of two layers
of 125 um mylar, laminated together with long pockets to accommodate the drift tubes,
and 0.5 mm thick polystyrene inserts 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 sideskins 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/em?, a radiation length of 9.7 cm and a nuclear interaction length of ~ 81 cm.

The basic detector element of the experiment is shown in Figure 39. It is a tube made of
resistive (~ 2x10'2Q) — cm) plastic Hytrel (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 k1 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/cm inside the tube. The modules are filled with a drift gas mixture of
85% argon, 15% CO; and 0.5% of H;O (from the plastic). When a charged particle passes
through the tube it ionizes the gas; the liberated electrons then drift (with a velocity of 0.6
cm/psec) up to 50 cm 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
dE/dz measurement are recorded for every charged particle crossing of a drift tube.

The main detector is surrounded on all sides by a 2-layer arrsx 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 om wide and have a time resolution of 1 gs. 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 K§'s in the nearby rock which
penetrate to the interior without leaving tracks. Such neutral particle production is almost
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always associated with charged particles which are detected in the shield. Because the 1700
m? shield has nearly 3.5 times the area of the main detector in the direction of Fermilab,
it can also be used to increase the effective area for the measurement of the ﬂux of muons
from v 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 stages.
Groups of 8 modules are stacked 2 high by 4 across to form a halfwall. The detector
consists of 28 halfwalls. The two large faces of each halfwall each contain 8 wireplanes.
Anode signals from the upper modules are bussed to the lower modules and cathode signals
are bussed across the halfwall to give an equivalent readout plane which is 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 separate 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 any one 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 Intel 80C86 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 data buffers. When a trigger decision is positive, the digitization 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 detector 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 detector 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. Efficiency is high for
muons above 230 MeV/c and falls linearly to zero at 90 MeV/c (for muons which do not
have a visible decay). The electron (shower) triggering threshold is.about 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 hour length, and is pro-
cessed immediately after the end of a run on a local VAX Cluster with an analysis package
SOAP (Soudan Offline 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 flag 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 Fermilab
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 amplifiers with incorrect gain, disconnected cables, etc. The
response of the detector (as well as the electronics) is 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 pulse height response at
the level of individual drift tubes and can be used to correct the pulse 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 200ns
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 pressure is monitored and
the anode wire high voltage, for the modules 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 perforizlance

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
statistice 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 is work-
ing, it also includes the anode-cathode matching efficiency and the track fitting eficiency.
Moreover, 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 tabe effi-
ciency is very uniform throughout a module, as 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 cm. For the pulse height distri-
bution shown in Figure 43 the attenuation lengths for the two 50 cm drift regions are 71
and 63 em. Such attenuation is well understood in terms of electron diffusion during drifting
and electron attachment due to O; contamination at the few ppm level. Some variations
from module-to-module 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 absence of oxygen attachment, attenuation lengths are expected to be about
70 cm. 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 ¢m , compatible with the expectations from
cathode separation. A result consistent with anode separation is obtained in the horizontal
() direction. The spatial resolution in the drift (2) direction is 1.04 + 0.24 cm.

One of the main characteristics 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_ziion, the pulse height variation between modules must be smaller than
Landau fluctuations (20%). Typical pulse height fluctuations 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-to-module variations, and gas composition. After pulse height calibration, a 10%
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variation i1s 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 a function of the electron beam energy, for
ISIS and Monte Carlo data. 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 different
vertical incidence angles of the beam, for 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 x%'s produced in charged pion interactions has been reconstructed. The
events were selected by scanning for events with two well separated showers. The #® peak
is centered at 136 + 3 MeV/c® and has an RMS of 40 MeV/c? (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 cm the relative probability to be e : v is 8 : 1, for a distance larger than 4 em
the shower is more likely a photon with e : 4 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/ecm?®). The average length for 245
MeV/c muons is 40.6 cm, with AL/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

57



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:

e 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.

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

e u~ absorption in iron gives track charge information. (about 2/3 of stopped p*’s decay
visibly in Soudan 2.)

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

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

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

o The modﬁla.rity 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 opera;te an almost identical type of
near detector in the P-822 neutrino beam at Ferm .

The particular features which make this detector powerful for the proposed neutirino
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
increase in flux of a species. In order to measure such an appearance, particularly in the
presence of any background, then the signal (the number of suitably selected events) should
be greater than it would be in the absence of oscillations. In the Ruper/u.~ 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 flux in
similar detectors at two or more locations and search for a variation of L/E,. High energy
accelerator neutrino beams are usually more than 95%w,. Thus the appearance experiments
can normally measure v, — v, or v, — v, while the disappearance ones measure the decrease
of v,, e.g. v, — vx.

In the June 1993 PAC report, a different definition for an appearance experiment was
chosen, “The Committee considers an appearance experiment one in which the definitive
presence of the unexpected charged lepton (e.g. 7 in the mode v, — v, ) is detected.” An
experiment which has little or no background is certainly to be preferred over an experiment
with large backgrounds. Qur “measurement” of the 7 leptons by counting the neutral-current
events has a large background, e.g. all v, 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 measurement of Rep» /e in both the near and
far detectors. This aspect 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, R,.q,/fqr, is sensitive to v, disappearance. It would be sensitive,
for example, to oscillation of v, into a right handed, and hence sterile, neutrino species. How-
ever, the Re,n/ven and R, tests would be completely insensitive to such v, disappearance.
The ratio that we measure with these latter two tests is only changed by the appearance in
the beam of a v with a different flavor, v, or v,.
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Status of v  to v Oscillations
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Figure 1: Atmospheric and Accelerator Limits for v, — v,. The Allowed region from 2.7
kt-yr of Kamiokande is between the dashed lines. A and B are limits from IMB and Frejus
data. E and F are accelerator limits from CDHS and Fermilab 531.
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Figure 2: The neutrino beam from Fermilab to Soudan
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Energy Distribution of P822 Events
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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 Ruppn/u.» tests. From left to right the curves
assume an 8 kiloton new detector and 0% systematic error, 8 kilotons and 2% systematic
error, the existing detector with no systematic error, and the existing detector with 2%

systematic error.
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Figure 7: Potential 822 limits using Rg¢. From left to right the curves assume an 8 kiloton
new detector and 0% systematic error, 8 kilotons and 2% systematic error, the existing
detector with no systematic error, and the existing detector with 2% systematic error.
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Charged current cross sections
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Figure 11: v, neutral current event. In this event a 34 GeV v, came in, and a 20 GeV

neutrino and 14 Gev of hadrons were in the final state.
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Figure 12: v, charged current event. In this event a 19 GeV v, made a 3.6 GeV p~ and 15

GeV of hadrons. ]
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Figure 13: v, charged current event in the Soudan 2 Monte Carlo. In this event a 16 GeV
v, made an 8 GeV 7~ and nine x's,  — r~x%x°y,
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Figure 14: v, charged current event in the Soudan 2 Mrw‘e Carlo. This event was a 27 GeV
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Figure 16: A charged current event showing the direction of Fermilab
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Figure 17: Muon momentum distribution of v, charged current events expressed in muon
range
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Figure 18: Angle of the muon trackswith respect to Fermilab, t1e neutrino direction, for
charged current events
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Range Distributions of Final State Particles
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Figure 19: Length of the longest hadron in the detector for neutral current events
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Figure 20: Radial dependence of the neutrino energy spectrum at the near detector location
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Neutrino spectrum; near and Far
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Figure 21: The neutrino event rate from the center 25 cm (radius) of the beam at the near
detector and the far detector NUADA
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Figure 22: Near Neutrino event rate predicted by the 803 horn Monte Carlo for all four
neutrino types
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Neutrino flux at 10 km
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Figure 23: Far (10km) neutrino event rate predicted by an the 803 Monte Carlo
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Figure 25: neutral current event ir. ‘e near detector
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Figure 28: The upper view shows the elevation view of our toroid design with
respect to the Soudan 2 detector. The dashed line in the- lower plan view
shows the Fermilab direction. North is to the left.
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Measured Quantities in Near Detector
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Figure 29: Smeared energy distributions in the near detector. E,, Ep.q and Ey,, distributions
are shown,
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Measured Quantities in Far Detector
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Figure 30: Smeared energy distributions in the far detector. E,, Ep.g and E,. distributions
are shown.
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Measured E,,, for CC Events in .the Neor and Far Detectors
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Figure 31: Comparison of the smeared Eyy distributions for the near(solid) and far(dashed)
detector. The difference is due to low energy neutrinos from the decay of wide angle pions
at the near detector.
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Figure 32: Floor plan for the Soudan 2 laboratory



mean density = S*Dg + 24Dy

24 + G + S. “*

Dg = 7.8gm/cm3 Dy = 3gm/cm
Set 2A = 5mm and G = 1Cmm.
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Figure 33: sketch of cavity filler options
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Figure 34: Cavity filler platform
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line limit approximation
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Figure 38: Bandolier, insulation sheets (inserts) and corrugated steel assembly (stack).
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Soudan 2 Detector Operation

Drift Tube
1 mlong, 1.5 cm diam.

+—Anode Wire

Figure 39: A single drift tube. The drift field is generated by the application of graded
voltages on a series of 21 copper electrodes
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Figure 40: Segment of a muon track and fit

103




M3IA IS

M3IA INOYd

— PO
3
§ N
‘J’oa
g 2 a
5

0011

[)
|§ >
N : .
[-]
-0
- ° ‘
o
N 4
8
] - .
- °
Lo 1 1]
-] (-]
-
&
=
(=]
T
-
033
@u.ll
o g
@< s
S
N~
QW
== 3
o
N
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Figure 44: Electron shower energy versus number of hits from ISIS data and Monte Carlo
simulations.
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Figure 45: Energy resolution for electron showers.
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Figure 46: Meau number of hits (a) and mean total pulse height (b) for different beam
momenta versus the vertical angle, and mean number of hits (c) and mean total pulse height
(d) versus the horizontal angle.

107




25 T 1 vV ¥ i L 3 D I ) ] T 3
[ Myo=136+3Mev/c?
N (rms = 40) ’
20 :- .]
15 _
§ _ ]
m - -
o> = -
= 1
* 10— ]
X 1
5 |- 3
0 3 3" . ]
0 100 200 300

Mo (M ev/c?)

Figure 47: Invariant mass distribution for two shower events in the 7+ beam.
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Figure 48: Number of shower hits at the end of u+ and p- tracks.
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March 26, 1901

Taaji Yamanouchi
Director’s Office
Fermilab

Box 500

Batavia Ill. 60510

Dear Taaji

Attached is the proposal from the P822 collaboration for a long baseline neutrino oscillation ex-
periment for the Fermilab Main Injector era using the Soudan 2 nucleon decay detector. We are
excited that the Main Injector seems to be proceeding and that these important areas of physies
can be explored.

It is our understanding that the proposal will be sent to the PAC prior to the April 19th meeting.
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June 1993 Update to the 822 Proposal for a Long
Baseline Neutrino Oscillation Experiment from
Fermilab to Soudan

1 Introduction

The 822 Proposal for the long baseline neutrino oscillation experiment from Fermilab to
Soudan was made in March 1991. The overall physics motivation and capabilities of the
experiment to study neutrino oscillations remain essentially the same. However, several
aspects of the proposal need to be updated. In this document, we will discuss the present
status of the physics motivation for a long baseline neutrino oscillation search for v, —
v, the experimental capabilities for an experiment in the Soudan mine, both in terms of
possible limits that can be reached, and what discovery potential the experiment has for
neutrino oscillations, and a comparison with other proposed experiments. A number of
other important issues have been discussed in some detail in the Proceedings of the Long
Baseline Workshop at Fermilab in 1991.[1]

An important possible upgrade to the Soudan 2 detector would be to take advantage of
the empty space next to the Soudan 2 detector. We have worked out that an approximately
8 kiloton “cavity filler” could be constructed in that space. Using any of several conventional
techniques, such a detector could be constructed in a routine fashion and for a reasonable
cost. In this proposal update, we compare the capabilities of a long baseline experiment with
and without a cavity filler.

2 Physics Motivation

Several neutrino oscillation experiments and proposals have been run or are being considered
within the high energy physics and nuclear physics communities. Since the observed width
of the Z boson favors only three flavors of light neutrinos,[2] it is reasonable to concentrate
attention on the three possible modes v, — v, v, — v, and v, — v,. A long baseline
experiment with a primarily v, beam can address the modes v, — v, and v, — v.. We
argue below that the mode v, — v, is most interesting to pursue.

A long baseline neutrino oscillation experiment from Fermilab’s Main Injector to the
Soudan Underground Physics Laboratory has a reasonable chance of discovering neutrino
oscillations in the the mode v, — v,. We emphasize this mode because:

e If the neutrino masses have the same generational hierarchy as the other quarks and
leptons, and if the lepton version of the KM matrix has the same nearly diagonal
structure as the quark KM matrix, then v, — v, is favored. This idea is developed
below.

¢ Present experimental limits from accelerators and reactors are less restrictive on v, —
v, than the other two modes.

e The solar neutrino data can be explained by v,, — v, oscillations with the MSW effect.
This range of Am? for v, — v, cannot be reached with presently proposed accelerator
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experiments, yet serves as a strong motivation for the notion of neutrino mass and
mixing.

e The solar implied range of Am? for v, — v, together with the normal neutrino mass
hierarchy implies a m,, higher than \/A m? (v, —v,) ~ 107%eV?. This could be

accessible to either the short baseline proposal 803 at small mixing angle and Am?
above a few eV?, or to P822 at larger mixing angle and Am? down to below 10~2eV2.

¢ The apparent atmospheric neutrino v, deficit could be explained by v, — v, oscillations
in the parameter region accessible to P822.

e The demise of the 17 keV v, which could have been evidence for v, — v;, and which
seemed to require complex scenarios for the neutrino sector.

Neutrino mass and neutrino oscillation experiments are well motivated without any of the
above considerations. There is no compelling reason for zero neutrino mass. Thus a variety
of accelerator and non-accelerator experiments to study neutrinos are being considered.

The NUMI program at Fermilab, by combining the short baseline P803 and the long
baseline P822 offers such an opportunity. 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, charged current
threshold. This means that both an appearance search and disappearance experiment could
be run simultaneously.

In the two neutrino approximation, the probability that one will oscillate into another is

P,

v, = 8in® 20 sin?(1.27 Am? EL-) (1)
v

with Am? in eV?, L in km and E, in GeV. Am? = |[m} — m] | and 6 is the mixing angle

between v, and vy neutrinos. The masses and mixing angles are unknowns. An experiment

which fails to find neutrino oscillations can set a limit in the usual parameter space. However,

a skeptic can reasonably ask the following question,

The parameter space for neutrino oscillations is three semi-infinite plots of Am?
versus sin? 20. Dozens of experiments have searched for and failed to find evidence
for neutrino oscillations. Why should any new ezpensive experiment be built
which can only exclude another finite area in parameter space?

There are some general arguments which, though not compelling, indicate a particular
region of parameter space in a particular mode as the most likely. First of all, all three
neutrino masses are likely to be less than 20 eV, or they would overclose the universe. If is
also interesting to note that if global symmetries are broken at the Planck scale, this implies
a lower limit of m, of 10~%eV .[4]

Within this range, there would be three neutrino masses, m,,, m,, and m,,. The quarks
and leptons all exhibit a generational mass hierarchy, m, < m. < m¢; mq < m, < mp; and
m, < m, < m,. Therefore it is likely (but by no means mandatory) that m,, < my, < m,,.



We point out that specific models which have been published in the literature all seem to
have this feature.[5] If no pair of neutrino masses is near degenerate, we would have

Am*(v, - v,) =m}
Ami(y, —v,) = m:,' (2)
AmP(ve —v,) = m} = efm],
This last step is a definition of ¢;, which is smaller than 1.
Again with guidance from the quark sector, a lepton Kobayashi Maskawa Matrix is
expected to have the following general form:

~1 € €

€2 ~1 €g

& e ~1

with €; small compared to 1. To date, no evidence has been found for oscillations at accelera-
tor experiments, so P is small. If we imagine changing L/E and repeating those experiments,
then as we increase L and smaller E, we might find oscillations with P ~ 621.27TAm?§. If
we now compare the probability of oscillation for the three modes for experiments at a fixed
distance and energy, we find

2
Pv,,—ou,. X €,

Pucﬁ"f x E; (3)
Pypsv, x €361
With these rather general assumptions, the mode v, — v, is the most likely mode to be

observable with accelerator neutrinos.

3 Atmospheric Neutrinos

When our 822 proposal was submitted in 1991, we argued that the possible atmospheric
neutrino deficit was a strong argument for a long baseline neutrino oscillation experiment.
At that time, the evidence for the deficit was based on 2.8 kiloton years of Kamioka data.
Now, the same deficit is seen in over 13 kiloton years of H;O Cerenkov data. It is reviewed
here only briefly.

Several underground experiments which can measure the ratio of v, to v, in the atmo-
spheric neutrino flux see an apparent deficit of v, compared to expectation. We define a
ratio of ratios :

R= (Vu/Ve)meaoured (4)
(Vu/Ve )predicted
The experimental situation is summarized in Table 1.[7] If this deficit is interpreted as being

due to neutrino oscillations, then there is a region of parameter space which is allowed.
Restricting our interest to v, — v,, we show that parameter space in Figure 1, together

3



with accelerator limits. The area shown is the area allowed at 90% Confidence level from
an analysis of the first 2.76 kt-year of the Kamioka data. As the statistical significance for
R # 1 has increased as Kamioka has taken more data, the “allowed” region has shrunk
considerably. IMB has not publicly presented an oscillation analysis, but it is expected to
be similar. To explain the entire effect as v, — v, one requires a large mixing angle. The
entire area shown in figure 1 is no longer the result of a 90% CL, but remains an area of
interest for the atmospheric neutrinos.

Limits have been presented based on the rate of upgoing muons and upgoing stopping
muons.[8] However, any limits based on upward going muons should include large systematic
errors due to uncertainties in the absolute flux of cosmic rays.[9],[10]

4 Experiment Capabilities

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.[3] 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 short baseline detector
803 and also a 40 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, when complete later this year, will have a mass of 960 tons. The
cavity in the Soudan hall is 72m x 14m x 1lm, and we estimate that, depending on the
required granularity, another detector of up to 8 kton could be constructed behind Soudan
2 with a similar capability for measuring nc/cc in the Fermilab beam.

Since the original proposal was written, the design intensity for the Main Injector has
increased from 4 10*3ppp every 2 seconds to 10**ppp every 1.5 seconds. This leads to a factor
of 3.3 increased neutrino event rate in the existing Soudan detector as shown in Table 2. A
nine-month run with 100 hours per week of running has been assumed. We also show the
event rate which could be obtained in four such nine month runs if we also build a 5 kiloton
cavity filler.

These event rates can then be used to estimate limit curves. In Figure 3, the limit curves
for the three tests discussed in the original proposal are shown for comparison. Restricting
ourselves to the Ru,on/u.» test, the limits shown in figure 4 compare what the two running
periods would give, for two assumptions about the systematic error in Rupcrjucer, ég of 2% and
0%. We expect that with a fine grained short baseline detector, and the running experience of
the 803 and 815 experiments, we estimate that we can achieve %& between 0.5% and 2%.(1, 6]
With similar assumptions about systematic errors, curves for the Rg test are shown in figure
5.

Limit curves give some impression of the sensitivity of an experiment, but more telling
is the capability to measure an effect. This is illustrated in Tables 2 and 3. In table 2 we
show the expected event rates under the assumption of no neutrino oscillations (P=0), and
assuming that the average probability is 0.1, 0.2 and 0.345. The latter value corresponds
to the mean of the atmospheric v, deficit. The exposure corresponds to one 9 month Main



Injector run and the existing Soudan 2 detector. If P = 0.345, we will see a 9.5 o result in
Rupen fueer, and independently an 8.8 o result in Re and a 17 sigma result in Rpeqp/far. (Errors
are not Ga.ussla.n, but we assume that they are Just for illustrative purposes.) The latter
result is dominated by a 2% systematic error. All three results are statistically independent.
In addition, there would be a shift in the neutral current hadronic energy spectrum from
that expected with a significance greater than 3 o.

Table 3 shows the numbers for four nine-month runs with an 8 kiloton cavity filler. As an
example, if P = 0.1, we would see an 18 o result in Ruperjuce, a 10 o result in Re, 250 result
in Rnear/far, 80d a very significant shift in Epsa(nc). These four independent measurements
provide a strong handle on whether any anomaly might be due to neutrino oscillations.

5 Comparison with other experiments

There are a variety of new and proposed neutrino oscillation experiments at accelerators
around the world. Since the search for v, — v, oscillations is motivated in part by atmo-
spheric neutrino experiments, and the time scale for running the experiment is large; we
shall also consider the possible capabilities of new and proposed underground experiments
studying atmospheric 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?2, 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 contained
event ratio is Soudan 2. Kamioka will not double their statistics in the next several years.
IMB, Frejus, and Kamioka may further analyse 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 Kamioka and IMB tubes. This will measure the
trigger and pattern recognition efficiencies used in their analyses. The angular and energy
distributions of atmospheric neutrinos will be important in distinguishing possible neutrino
oscillation interpretations of the data.[1]

Between 1996 and 2000, Superkamiokande will come on line and greatly increase the
statistics of contained events. At present, it seems unlikely that the effect will be explained
away as a statistical aberration. However, greater statistics may be useful in various possible
systematic effects.

A few proposals are directly competitive with the goals of P822, i.e. to search for v, —
v, at low mass differences. These include Brookhaven 889 which plans a disappearance
experiment along a 20km beam on Long Island. Fermilab Proposal 860 could build more
detectors further from the debuncher and do a v, disappearance experiment. CERN is
thinking about aiming beams at Superkamiokande or the Gran Sasso laboratory. Existing
detectors at Gran Sasso are not suitable for v, — v,, so proposals are being considered
for ICARUS, a liquid argon detector, and GENIUS, a planar calorimeter. A comparison of
Brookhaven, CERN and P822 is made in table 4 and figure 6.

Also relevant to the question of possible atmospheric neutrino oscillations is the flux of
upgoing muons, and the angular distribution of that flux. In addition to IMB and Kamioka,



this can be measured at MACRO, LVD, Baksan, and when they start to take data, at
DUMAND and AMANDA.

Several experiments and proposals at accelerators emphasize other modes and other re-
gions of parameter space than 822. At CERN, Chorus and Nomad will improve v, — v,
limits at small mixing angle. If it gets significant running at Los Alamos, LSND could
improve v, — v, limits at small mixing angle.

“Experiment Exposure R 90% CL limits on P,,

Kamiokande 6.10 kton-year 0.60%:97 + 0.05 0.31 < P,, < 0.50
IMB 3 7.70 0.54 £ 0.02 £ 0.07 0.37 < P,, < 0.50
Frejus 1.56 0.87 +£0.21 0.0< P, <0.40
NUSEX ~ 04 0.99 + 0.40 0.0 < P,, < 0.50
PRELIMINARY
Soudan 2 0.50 0.55 +£0.27 £ 0.10 0.24 < P,, < 0.50

Table 1: Atmospheric neutrino exposures and results.

Example event rates

P=0 P=01 P=02 P =0.345

Renerjoeer | 15 = -310 £.015 | 24 = 365 + .017 | 24 = 433 +.027 | 2% = .566 + .027

R $800-293+.06 | 220 -280+.06 | 140 =266+.06 | 38 =2.40+.06
Rucar/far | 3% = 1212 + 24 | 4100 — 1347 + 27 | 4X100 — 1515 + 30 | 4X1% = 1851 + 37

Table 2: Expected ratios for several example probabilities of oscillation (.345 corresponds to
the Kamiokande value at large L/E). Rates are for one 9 month run of the existing Soudan

Detector.
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Example event rates

P=0 P =01 P =02 P = 0.345
Reper jrer | 22818 — 310 4 .002 | 21132 — 365+ .003 | 23383 = 433 £ .003 | §4322 = .566 + .004
Re |50 — 816+.004 | 220 = 780 & .004 | 12400 = 730 +.004 | 3242 = 668 £ .004
Rrcar/far | 553es = 3030 £60 | ;i = 3367 £ 67 | 5adcs = 3788+ 76 | A = 4626 + 903

Table 3: Rates are for 4 9 month runs with a 8 kiloton cavity filler.

Table 4. Comparison
Fermilab 822 and Brookhaven 889

Soudan 2 as is 822 cavity filler | BNL889
event rate 3000 v 108,000 v 18,300 quasi
far detector 8800 4 (from rock) | 330,000 u
event rate 40 x 10° > 10° 638,000
near detector
date to completion | ~ 2001 ~ 2005 ~ 2000
distances 1km lkm 1 km

730 km 730 km 3 km

20 km

masses 1. 40 ton, 1. 100 ton 1. 400 ton

2. 900 ton 2. 8 kton 2. 400 ton

3. 4.6 kton

mean energy 16 GeV 16 GeV 1 GeV
run time 1-9 month run 4-9 month runs | 1-4 month run
type of experiment | appearance appearance disappearance
neutral current yes yes (vN — vr°N) (7)
v.CC yes yes no
detector calorimeter calorimeter H,0 Cerenkov
site underground underground surface
accelerator Main Injector Main Injector | upgraded AGS
requirement
beam new beam new beam new beam




Atmospheric v to v__ Oscillations

T
3 T’IlljllT] T T T 1 T7vq
100 =—
-
10-1 |
m: E
\m, -
NE i
S 1072
:
10~3 —
{ ] 14L1L|I 1 Ax lleu
0.05 0.1 0.5
sin® (20)

Figure 1. Region of Interest for the mode v, — v,. The area shown is allowed at 90% CL
by all accelerator experiments, the Frejus experiment, and the first 2.76 kiloton year analysis
of the Kamiokande data.



§ 20 ke m

<730 km e

Km ~
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Possible P822 limits for v to v
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Figure 3. The limit curves from the original 822 proposal. Curve A was from the R,..,, /far
test. Curve B was from the R« /«.» test. Curve C was from the R‘.:' test.
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1.1

Introduction and summary

Introduction

In this document we address the issues raised by the PAC in their consideration of the P822
proposal for a long baseline neutrino oscillation experiment. They were:

1.

2.
3.

The analysis strategy we propose to adopt and the systematic errors inherent in our
measurement of the change in the ratio of apparent neutral current and charged current
events due to neutrino oscillations between near and far Soudan 2 type detectors.

The gains to be obtained from a measurement of event energy at the two detectors.

The extension of the experiment with a new, more massive detector to reach the best
possible sensitivity in Am? and sin?(26) .

One of the major features of the P822 proposal which distinguishes it from a below-7-
threshold experiment is that it offers a number of independent tests of neutrino oscillations

eg.:

change in the fraction of apparent neutral current and charged current events between
the near and far detectors

change in the total energy spectrum of charged current events between the near and
far detectors

change in the hadronic energy spectrum of events without an identified muon between
the near and far detectors

deviations from the expected ratio of muons entering the far detector from interactions
in the rock to the total event rate in the far detector

change in the interaction rate in the far detector from that predicted by the rate in
the near detector

there is the potential to directly observe 7 production

A crucial feature of a real signal in any test is that consistent effects must be seen in the
other tests. We are thus shielded from the effects of systematic errors which might give a
spurious result in any single test. Each of the tests has strengths and weaknesses in terms
of statistical and systematic errors and the regions of Am? and sin?(26) that it probes. In
this document we will describe in detail the analysis strategy we have developed for two of
the tests:

The change of the fraction of charged current events between near and far detector
offers the cleanest analysis in terms of systematic errors since many possible errors
cancel.

e The change in the event energy spectrum between the two detectors provides an entirely

independent oscillation test with quite different systematic errors which can separate
the effects of Am? and sin?(26).



Descriptions of the other tests are given in our previous proposals [1] and elsewhere [2].

These analyses can be done with the presently working 15M§$ Soudan 2 detector with
the addition of a downstream toroid. However, as we shall show below, a 1 kton detector
at the distance of Soudan is limited by event rate and thus by statistical errors. The P822
collaboration is committed to doing the best experiment possible in the beam available
from Fermilab. We believe that this involves a detector at the maximum possible distance,
consistent with a sufficient event rate, in order to maximise the reach in Am?. This implies
a larger detector than Soudan 2 in order to maximise the statistical precision and the reach
in sin?(20). The larger detector also has the potential to provide the event rate which is
necessary to enable cuts to be made which can separate 7 production from the v, background,
thus exploiting the above-7-threshold beam.

1.2 Summary

1. In section 2 we demonstrate an analysis strategy using the change in the fraction of
charged current events from the near to the far detector which will enable us to set
limits on neutrino oscillations in v, — v, in the Soudan 2 detector of sin?(26) > 0.14
and Am? > 0.003 eV? . For v, — v, the limit on sin?(24) would be 0.05. We show
that systematic errors would limit this measurement at a sin?(26) of around 0.025 for
v, — V, in a more massive Soudan 2 detector. Within these limits we have a high
discovery potential. For example if neutrino oscillations exist with the Kamioka best fit
parameters [3] the change in the fraction of CC events between near and far Soudan 2
detectors would yield an 8¢ effect.

2. We reiterate that this experiment offers many checks of any apparent observation of
oscillations. In section 3 we give an example of this by showing how oscillations can be
observed by studying the difference in the measured CC total energy spectra between
the near and far detectors which is independent of the above test. Observation of
oscillatory behaviour in the energy spectra would be unambiguous evidence for neutrino
oscillations. For the Kamioka parameters an additional, independent 6o effect would
be observed.

3. We are enthusiastic in wishing to extend the measurements that we can make in
Soudan 2 to smaller mixing angles and to the direct observation of 7 leptons. This will
require the construction of a new, massive detector. We have entered into preliminary
talks with several groups with a view to forming a larger collaboration to design and
build such a detector. Section 4 expands on some of the considerations involved in the
design of such a detector.

4. We envisage that the presently proposed experiment in the fine grain Soudan 2 detector
will be backed up by a new, much more massive but possibly coarser grained detector.
We request the PAC to give stage 1 approval for this experiment using Soudan 2.
Approval now would have the following very desirable effects:

e It will enable the present P822 collaboration to focus on the details of mounting
the near detector at Fermilab and the upgrades proposed for the Soudan labora-
tory



o It will aid us in enlarging our collaboration, in particular for the design and
construction of the new detector

o It will remove the uncertainty on the siting and design of the beam for E803 /P822.
The sharing of the beam construction and accelerator operating costs between two
components of a neutrino oscillation program is an important advantage of the
Fermilab program.

o It will demonstrate Fermilab’s commitment to a long-baseline program which
is vital if a comparison is to be made between the Fermilab and Brookhaven
programs.

2 Analysis strategy for a two station experiment

We describe below our analysis strategy for the test which we consider has the smallest
systematic errors and thus potentially the greatest reach in sin?(24); a measurement of the
change in the fraction of charged current events between the near and far detectors. We
detail the event classification procedures, the analysis formalism for a two station experi-
ment including the effects of event acceptance and misidentification, and a discussion of the
systematic errors expected.

2.1 Event classification by software filter

In our proposal we showed, by physicist scanning, that it was relatively easy to separate
charged current (CC) events from neutral current (NC) events in Soudan 2 by observing
the penetrating muon characteristic of CC events. It would be possible to scan all the
events expected in the far detector. However the large numbers of events produced in the
near detector and the large number of Monte Carlo events needed to determine corrections,
make it necessary to use a program based separation method, although it will doubtless
be less efficient than human scanning. We have adapted the reconstruction programs used
for the present Soudan 2 proton decay experiment. These search for three dimensional
tracks, calculating the track length and flagging whether or not the tracks exit the detector.
It should be emphasised that the typical 20 GeV neutrino events from Fermilab are very
different from the 0.5 - 1.0 GeV events for which the programs are optimised. It will be seen
that the performance is good but improvements will be made by tuning for this new event
configuration.

Figures la and 1b show the detector configurations used in the Monte Carlo. Figure la
depicts an 86 ton near detector of 20 modules arranged in 5 rows of 4 modules, staggered
to follow the beam, which enters at the same angle as the beam in the far detector. Events
are generated in a central 50cm x 50cm region of the target module (shown in the figure).
We demonstrated in our October 93 proposal that the neutrino beam in this central part of
the beam spot corresponds closely to the beam in the far detector. F igure 1b shows a far
detector similar to that presently installed and running.

Figure 2 plots the generated length of the muons in Monte Carlo near and far detector
CC events versus the length of the longest track reconstructed in the event. The correlation
is good. We will use the length of the longest reconstructed track as a flag for a muon.
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The critical experimental difference between the near and far detector is that in the near
detector events must be selected in a small region near the centre of the beam whereas events
will be spread uniformly through the far detector. Figure 3a shows the length of the longest
reconstructed track in Monte Carlo near detector CC events and 3b the same quantity for
NC events. It can be seen that NC events are strongly peaked to short maximum lengths
whereas the CC events typically have the maximum potential length available with only a
small tail of short lengths, mostly due to low energy muons which do not exit the hadron
shower region. A cut of 3.5m on the track length provides a good separation between CC
and NC events. Figures 4a and 4b show the equivalent plots for all events produced in the
far detector. There is no longer a clear separation between NC and CC events because many
CC events are produced near the edge of the detector without sufficient potential length for
the muon to exceed the cut length. It would be possible to define a fiducial volume in the far
detector which maximised the muon potential length and minimised the possibility of hadron
tracks from a neutral current event leaving the detector. However this would unnecessarily
restrict the target mass and the statistics of the experiment. Instead we prefer to define a
selection procedure which uses all of the available events but includes a category of events in
which the potential path length of the tracks is too small to be able to distinguish between
charged and neutral current.

The selection categories are:

1. Events with a reconstructed track longer than L (3.5m) are defined as charged current.

2. Events with no reconstructed track longer than L, AND with no track exiting the
detector are defined as neutral current.

3. Events with no reconstructed track longer than L, AND with any track exiting the
detector are defined as “out of acceptance”

4. Events with no track reconstructed

The confusion matrix for the near detector (defined such that the elements sum to 1.0)
is:

Generated Defined NC Defined CC Out of acceptance No tracks Total
Neutral current 0.138 0.023 0.061 0.014 0.236
Charged current 0.029 0.693 0.042 0.0 0.764

and for the far detector:

Generated Defined NC Defined CC out of acceptance No tracks Total
Neutral current 0.086 0.017 0.120 0.020 0.243
Charged current 0.018 0.409 0.317 0.013 0.757



From these tables we find that our combined trigger and pattern recognition efficiency
is 97%. Our acceptance is 88% for the near detector events and 53% for the far detector.
These numbers could be equalised by different definitions of the fiducial volumes in the two
detectors. However the event distributions in the two detectors will still be different and must
be compensated for by the Monte Carlo. This correction is the major source of systematic
error in the event definition procedure and is discussed in detail in section 2.4.2.

Near and far detectors with closely equal acceptance could be artificially produced by
defining a detector of the same size as the near detector around each far detector event and
only using hits within this pseudo-near detector in event reconstruction. Any event which
was too close to the far detector edge to allow construction of a pseudo-near detector would
be rejected as out of acceptance. Unfortunately this would reduce the fiducial mass of the far
detector to only about 25% of its total mass and thus severely restrict the statistical precision
of the experiment. It will however be a good check that the Monte Carlo calculations of
acceptances and event misidentifications do not produce large biases.

2.2 Use of a toroid to increase CC acceptance

We propose to add magnetised iron toroid spectrometers downstream of both the near and
far detectors. A preliminary design for the far detector toroid was given in our proposal. The
major purpose of the toroids is to measure the change in the total visible energy of CC events
between the near and far detectors, thus offering an independent test of neutrino oscillations
(see section 3). However the toroid will provide extra muon identification, particularly for
those events produced near the downstream end of Soudan 2 where there is not sufficient
potential track length to provide muon identification. Events are defined as CC if a track
passes completely through the toroid. The toroid acceptance is 57% for far detector CC
events. We will investigate the possibilities of improving the definition of neutral current
events by reconstructing tracks into the toroid and ensuring that no muons are missed.
Adding the toroid identification we have a final identification matrix for the far detector
given by:

Generated Defined NC Defined CC out of acceptance No tracks Total
Neutral current 0.086 0.017 0.120 0.020 0.243
Charged current 0.013 0.559 0.179 0.006 0.757

Because the restricted target volume in the near detector guarantees a long potential
length for most muons, the toroid does not add appreciably to the near detector acceptance.

2.3 Formalism for a two station experiment

We consider an experiment using the selection procedure defined in section 2.1. The number
of selected charged current events (N/), neutral current (N),) and out of acceptance (OA)
events can be written as:



Ng: = Fchéc+FncN,’;¢ (1)

N" = FaN. + F,.N', (2)
OA = (1= Fu— Fy)N. + (1 = Fpe — Fon)N., (3)

where

F_ is the fraction of Monte Carlo muon events with reconstructed tracks longer than L cms,
F,. is the fraction of Monte Carlo non-muon events with reconstructed tracks longer than L
cms,

F_, is the fraction of Monte Carlo muon events with no track longer than L cms AND no
exiting track,

F,, is the fraction of Monte Carlo non-muon events with no track longer than L cms AND
no exiting track,

N/,,N]_ are the true numbers of events with and without a muon in the detector.

We can define two ratios that we measure in the far detector

) N,.
R" = 7 (4)
Nee
TII — 7V7 (5)
Where N” is the total number of events observed.
Then
FouN! + F..N!_
B = TN v Fun: ©)
Fcﬂ + anR’
= Fot PR ™
and
F.N' _ + F,.N/
TII —_ cc ;" nc (8)
= (Fuo — Fo)T' + Fo. (9)

where R' and T’ are the ratios that would be obtained with perfect acceptance and identifi-
cation

In our proposal we presented an analysis in terms of R’ (NC/CC) which is the variable
used in experiments such as CCFR. However the ratio 7" (CC/total) only depends on the
separation of events with long muons from the rest, i.e. does not depend on F,, and F,,.
Also the expressions obtained in the following analysis are simpler and easier to interpret
for systematic errors if T is used instead of R”. Of course in the limit of perfect acceptance
and separation it would not matter which ratio is used but for the practical case we prefer
to work in terms of T.



We now consider the effects of v oscillations. We initially consider the case of v, — v, as
the algebra is simpler. We define P, as the probability of a v, turning into a v,, integrated
over the energy spectrum. We also assume that all v, interactions are classified as NC and
initially that we have perfect separation. At the far detector we have:

N, = Ne(1 - F.) (10)
1-P. = T/T (11)
where N_. is the number of events with a muon and T is the ratio €% in the absence of

total
oscillations. Including the experimental acceptances and using equation 9 we find

. (T” _ Fnc)
R e RaT o

We may do exactly the same analysis at the near detector. Here the oscillation probability
is 0. Using lower case quantities for the near detector we find

(tll - fm)
t = —mmm= 13
(f cc T f nc) ( )
Of course because of the difference in the acceptances of the two detectors F,. # f.. and

Fnc # fnc

Assuming that the unoscillated ratios are the same at the near and far detectors, i.e.
t=T, we can substitute for T in the far detector formula, giving

(T” - Fnc)(fr:r: - fnc)
(t" - fnc)(Fcc - Fnc)

P, and its associated error may be deduced from this expression. It can be seen that it is
simply the ratio of the measured T, t" ratios near and far divided by the ratio of the accep-
tances for CC muons near and far, all quantities being corrected for the misidentification of
NC events. If v, — v, then the right hand side of equation 14 will be less than 1.0

If instead of v, — v, oscillations we assume v, — v, then we can carry out the same
analysis except that we have to correct for the fact that the integrated v, cc cross-section
is lower than the v, CC cross-section at these low energies by a factor 7 (0.24) and that a
fraction B (0.17) of 7’s decay into p’s. Both of these effects reduce the size of changes in
T" and R" produced by v, — v, oscillations compared with v, — v, oscillations. We then
obtain

(1 - Pe) (14)

(t” — fnc)(Fcc - Fnc) - (T” - Fnc)(fcc - fnc)
(" = Fac)(1 = B)(Foec ~ Fuc) — (T" — Fac)(1 = 7))

It can be seen that the effect is to replace the factor ( F.. — F,.) in equation 14 by

P, (15)



(1= Bn)(Fee ~ Foc) = (T" = Foc)(1 — 1)

Using the values obtained below the ratio of these factors is 1:2.7 and this quantifies the
difference in sensitivity between v, — v, and v, — v,.

2.4 Statistical and systematic errors

Using the above formulae we can calculate the statistical and systematic errors that we
anticipate in our experiment. We emphasise that by performing a two station experiment
we are, in general, only sensitive to changes between the two detectors. We do not have to
determine absolute values of T or R though it will clearly be a crucial check of our analysis
that we find consistency in the near detector with both previously measured quantities and
the values found by E803. We have identified the following sources of systematic error:

1. Errors in the Monte Carlo calculation of the correction factors F. etc.
Changes in T due to uncertainty in the charm cross-section

Changes in T due to changes in the v, contamination between the near and far detector

Ll

Changes in T between the near and far detector brought about by changes in the
neutrino energy spectrum

5. Differences in backgrounds at the near and far detector.

We can calculate the effects of changes in T between the near and far detectors by
substituting T = ¢ 4+ dT in equation 12 instead of T = t. This results in a spurious oscillation
probability given by

dP, = e = fre) 4 (16)

(t" - fnc)

Substituting the numbers listed in section 2.4.1, we find
dP. = -1.3dT (17)
The equation for dP, has the same correction factor as equation 15 and therefore

dP, = 2.7dP, (18)
= —3.5dT (19)

2.4.1 Statistical errors

We assume that the statistical errors in the near detector are negligible compared with all
other errors and do not consider them further.

Since our October 1993 proposal there has been a revision of the expected proton flux
given by Fermilab. We now assume 5 x 10!? protons every 1.9 seconds for 100 hours per week
and two 9 month runs. This is 40% of the proton flux assumed in our proposal. As a result we
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now expect 2400 neutrino interactions from an unoscillated beam in the far detector instead
of 6000. For completeness we repeat in Table 1 the table from our October proposal giving
the numbers of expected events for v, — v,, various oscillation parameters and various tests
using this new flux and acceptances. R is the ratio of the number of muons entering the
detector from v interactions in the rock to the total number of interactions in the detector.
Rpear/ tar 18 the ratio of the total event rate in the near detector to the rate of muons passing
through the Soudan 2 shield, our highest statistics test. New limit curves are plotted in
Figure 5.

P, =0 P, =0.1 P, =02 P, =0.345
R" 240 — 187+.013 | 258 = 222+.0015 | 2% = .264+.018 | 3¢ =.345+.023
Re 7040 =293+ .07 | $40=281+.07 | ¥R =267+.07 | 55 =244£.07

17600 15800 14100 11500

Roear/gar | 22090 — 2070 + 45 | 492107 _ 9530 4 51 | £0x10" — 9840 + 57 | 4210 = 3470 + 69

Table 1: Rates using the existing detector, including effects from misidentification, charm
and v.’s. The column with P=0.345 corresponds to the Kamioka oscillation parameters

The statistical error (dT") on T is given by the binomial form

dT" = \/T"(1 - T")/N" (20)

The values of the acceptance parameters and measured values of the ratios at the near
and far detectors are:

F, cc F, ne f ce f ne T "
0.734 0.069 0.880 0.081 0.586 0.692

To calculate the expected error on P. (dP.) we can differentiate equation 14 with respect
to T" (for v, — ve). This yields a value of dP, = 0.0195. For P, we have to apply the extra
factor of 2.7 and obtain P, = 0.0526
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2.4.2 Systematic errors due to misidentification and acceptance

We repeat here the expression for P,.

(T” - Fnc)(fcc - fnc)
& = Foo)(Foe — Fo) (21)

(I;Pe) =

It can be seen that the expression is rather symmetric in the acceptance parameters F,
Fre, foes fre:

The misidentification of a neutral current event as a charged current event (F,., fnc)
depends on the programs finding a long track, either because a hadron track managed to
penetrate that far without interacting or, more likely, that the programs continued a hadron
track through an interaction. Systematic errors could arise if the physics of the hadron
showers was not perfectly simulated or if the tracking in the Monte Carlo is not completely
correct. However since an error depends on finding a track longer than actually existed,
uncertainties in the detector acceptance will not produce large eflects. As both F,,. and f,.
are small and the physics errors will cancel from near to far detectors we consider that the
systematic errors they introduce are negligible. Effects due to changes in the length cut are
considered below.

The acceptance for charged current events (F.., f..) depends both on the fraction of
events with muons of length less than the cut-off and on the acceptance of the detector and
analysis for tracks longer than the cut-off. It can be seen that

P, o d ; ) (22)

The systematic errors in the two quantities will tend to cancel. We have identified four
effects which could lead to a systematic difference between the acceptance in the near and
far detectors:

1. Different numbers of events with muons physically shorter than the muon length cut
because of differences in the energy distribution.

2. Errors in the detector geometries simulated in the Monte Carlo which could result in
errors in the numbers of events passing the length cuts

3. Systematic differences caused by the choice of the value of the muon length cut L.

4. Differences in the numbers of events which are improperly reconstructed because of
the different module geometries at the two locations

We have studied the change in the average energy distribution from the Monte Carlo,
comparing the central part of the beam in the near detector to the beam in the far detector.
The average energy only changes from 17.31 GeV to 17.34 GeV. The change in the numbers
of accepted muons for this small change in average energy produces a negligible systematic
error of dT' = 0.00010.

Since the two detectors are made of identical components differences due to Monte Carlo
geometry errors will be small. The maximum error that we can envisage is that the modules
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are shifted by the equivalent of a row of tubes. We estimate that this would produce a
negligible systematic error of dT' = 0.00002.

We have changed the value of the length cut L within the range 3.25m to 3.75 m (around
the best value of 3.5m). Although the values of F.. vary between 0.72 and 0.76 and f..
between 0.87 and 0.91 the calculated value of P. varies by only 0.0005. We thus adopt this
as a measure of the systematic error on P, for this effect

The largest uncertainty in acceptance between the near and far detectors is the difference
in reconstruction failures due to the different geometries in the two detectors. From the
scatter plot in Figure 2, 5.3% of events are misassigned due to reconstruction failures. The
failures would be the same for tracks located in the same positions relative to the modules
and detector boundaries in the two detectors and would cancel in the ratio f—. However,
the distribution of tracks will be different due to the fiducial volume selectlon on the events
in the near detector. We conservatively assume that the Monte Carlo is unable to correct for
5% of these reconstruction failures. In Figure 2 approximately the same number of CC are
misreconstructed as NC as vice versa. However again-to take account of the worst case we
assume that the events that the Monte Carlo is unable to correct give rise to a change in %ﬂ
equal to the full size of the misreconstructed and uncorrected fraction, giving us a systema.t;::
error of d(&—‘—) = 0.00265. From equation 21, substituting the values of the acceptances, dP,

is approximately equal to 0. 85d(&)

Reconstruction failures represent the la,rgest source of systematic error which we have
considered. However this systematic error is much less than the statistical error, and it can
reduced further by;

1. Improvements in the reconstruction of muons in the programs
2. Hadron and muon beam calibrations of the near detector.

3. Extensive study of the causes of reconstruction failures in the Monte Carlo.

2.4.3 Systematic errors due to uncertainty in charm cross sections

The neutral current to charged current ratio is well measured at high energy. [4] The contri-
bution to the charged current cross section by charm has been measured with opposite sign
dimuons.[5] At the low energies of this proposed experiment, however, charm cross sections
are poorly measured and there are theoretical uncertainties in extrapolating to lower energy.
This can be parameterised as an uncertainty in the charm quark mass in the slow rescaling
model.[6]

If the neutrino energy distribution and acceptance for the near and far detectors were
identical, then any uncertainty in the cross section would cancel in the comparison of the
near to far detector. Our beam calculations show differences in the energy distribution
between the central 0.25 m of the near detector and the far detector, and in addition there is
some uncertainty in that difference. We will measure the energy distribution and the radial
dependence of the energy distribution in the near detector and in E803 and thus be able to
test and refine our beam calculations. However, in order to estimate our systematic error due
to charm cross sections, we conservatively take the uncertainty in the energy distribution to
be 100% of the difference we currently obtain between the near and far detectors.
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We have modeled the uncertainty due to charm using two beam Monte Carlos, and
two calculations of the uncertainties in the charm cross sections. The results are given in
Table 2. The two beam calculations came from the NUADA program used at Fermilab and
the Monte Carlo program written by the E803 collaboration (PBEAM). The two calculations
of the charm cross sections as a function of energy are given in Figure 6. The dashed curves
are a parameterisation of the neutrino induced charm cross-sections from the E803 proposal
[8]. The low, medium and high curves assume a charm mass of 1.9 GeV, 1.5 GeV and 1.1
GeV respectively. These curves bracket the high energy dimuon data. Another calculation
due to Phillips [9] using more up-to-date structure functions and with a charm mass varying
between 1.8 and 1.2 GeV is shown in the solid curves. The charm quark mass is better
known than is implied by this large mass interval, but this range brackets the dimuon data
and it can be argued that this parameterisation allows for additional variations which arise
from strange sea and structure function uncertainties.

Table 2 shows the charm contribution to the charged current cross sections using the
neutrino fluxes at the far detector and using the central part of the beam in the near detector.
The numbers are the results of the calculation of the ratio

[ aher™(E)¢ (E)dE
f a-cc—total(E)¢y(E')dE’

(23)

where ¢,(E) is the neutrino flux as a function of energy. The contribution to the systematic
error is:

dT [ Ac™"™(E)A¢,(E)dE
T(1-T) Jo=-ttal(E)$,(E)dE

where Ag**™™(E) is the uncertainty in the charm cross section, and A¢,(E)dE is the
uncertainty in the energy distribution.

Also shown in the table are the calculated charm fractions for the entire target of the
803 experiment. Since the target is transversely large compared to the central part of the
beam at the near detector, the average neutrino event energy is lower and the contribution
from charm is lower. We will verify our Monte Carlo predictions by comparing them with
the charm contribution as a function of radius in the E803 emulsion.

Using the most conservative result in the table (0.42%), we assign a systematic error due
to the uncertainty in charm cross sections to be dT = 0.00077. If the beam Monte Carlos are
verified so that the uncertainties in the energy distribution can be reduced, there is still a
systematic error from these estimated uncertainties in the cross section of 0.1% which leads

to dT = 0.00020.

(24)

2.4.4 Systematic error due to electron neutrinos

Electron neutrinos interact with the same neutral and charged current cross sections as v,’s,
but will all be classified as neutral current interactions in our analysis. The systematic
error in the two station analysis arises from the uncertainty in the difference of the electron
neutrino components at the near and far detectors. The contributions from various neutrinos
by neutrino type were shown in figures 22 and 23 of our October 1993 proposal[l]. In the
near central detector, 0.76% + 0.03% of the events were due to v, and 7., with the error due
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high | mid low

near 1.77% | 1.21% | 0.75%
PBEAM Monte Carlo; E-803 o's| far 2.19 1.51 0.96
E803 1.58 1.08 0.66

(near-far) | 0.42 [0.30 |0.21
high | mid low

near 1.82% | 1.24% | 0.77%
NUADA Monte Carlo; E-803 o's | far 2.08 1.42 1.01
E803 1.50 1.01 0.60

(near-far) { 0.26 | 0.18 {0.13
high | mid low

near 1.41% | 0.92% | 0.59%
PBEAM Monte Carlo; Phillips’ o's | far 1.83 1.22 0.80
E803 1.24 0.80 0.51

(near-far) | 0.42 | 0.30 | 0.20

Table 2: Predicted charm cross sections as a fraction of the total charged current cross
section.

to Monte Carlo statistics. In the far detector, they contributed 0.65% + 0.07% of the events.
We take as the present uncertainty 200% of this difference, which is 0.22% of the events.
This leads to a systematic error dT = 0.00167. The large uncertainty in the difference of
fluxes is currently dominated by the statistics of the monte carlo.

We can estimate how accurately we can expect to extrapolate the v,.’s in the near detector
to those in the far detector. From our beam Monte Carlo, 80% of the v. come from K.3
decays, 5% from Ki's and 15% from 7’s. Figure 7 shows the energy dependence of the
neutrino event rate in the near detector for 5 radial slices of a near detector, from 0-0.25 m
to 2-3 meters. This is the same plot as Figure 20 in the revised proposal, but the contributions
from 7 and K decay are shown separately. The energy distribution of neutrinos from = decay
varies considerably in different angular regions of the beam. However, because of the larger
transverse momentum available in the K decays, the energy distribution of neutrinos from
K decay is much less variable. Thus the extrapolation of the v, portion of the beam to the
far detector will be less sensitive to misalignments and energy spectrum differences than the
v, part.

2.4.5 Systematic error due to changes in the energy spectrum between the near
and far detectors

Variations in energy spectrum between the near and far detectors were discussed with regard
to the charm cross sections above. We have run our detector monte carlo to determine the
difference in the generated R and T values integrating over the differences in the energy
distributions. Using the uncertainties in energy distribution from NUADA, there is a cor-
responding uncertainty in dT = 0.00004. Using the PBEAM Monte Carlo, we found dT =
0.00009.

A second source of systematic can be generated by uncertainties in the v, cross sections
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if the near and far energy distributions are not identical. The major uncertainty in the v,
charged current cross section was charm production discussed above. Most other uncertain-
ties tend to cancel. We have studied the effects of uncertainties in the low Q? deep inelastic
cross-sections and the parameterisation of the resonance production and quasi-elastic cross-
sections. We find that the changes produced in T due to these uncertainties are small.
The cross-sections for resonance production and quasi-elastic scattering are parameterised
in terms of form factors whose main uncertainty lies in the value of the axial-vector mass,
which has a world-average value of 1.032+.036 GeV. The uncertainty in this parameter, when
folded in with the differences in energy spectrum for the near and far detectors produces a
change in T of 0.0002. Most high statistics neutrino measurements of deep inelastic scat-
tering have been made at much higher energies than those of this experiment. As a result,
there is some ambiguity in the low Q? region, which lies outside the range where the parton
distributions are well constrained. One approach is to extrapolate the @2 evolution of the
parton distributions outside the range of the @2 cuts on the data that went into construct-
ing the parton distributions. We have estimated the uncertainties due to this by continuing
the extrapolation of the CTEQIM parton distributions from 4.0 GeV? to 1.0 GeV?. The
uncertainty in T resulting from such an extrapolation is 0.0003.

A third source of systematic errors is misalignment of the beam which could change the
energy spectrum incident on the far detector. The center of the beam has a higher mean
energy than the outer parts because of the kinematics of the decays producing it. We have,
of course, the best of beam monitors, the near detector. We expect to be able to determine
the centre of the beam in the near detector relative to the optical centre of the horn to better
than 5cm, thus determining the beam direction to 100 pradians. This gives an error in the
beam centre at Soudan of 70m. Satellite surveying will give the geographical positions to the
same or better precision. This is much smaller than the angle subtended by the centre part
of the beam that we are using in the near detector. Thus any error due to misaiming will be
much less than the error due to energy differences already discussed, and will be negligible.

Although alignment of the beam is not a problem for the two detector T test, it is crucial
for the near/far disappearance test discussed in earlier proposals. We plan to use the standard
Fermilab neutrino beam instrumentation and we will obviously cooperate closely with E803
in beam monitoring. In addition we are considering installing beam profile monitors in the
near detector area, in deep wells at the Fermilab site boundary, and on the surface near the
Soudan mine, in order to guarantee that the pointing of the beam is understood and is stable
with time.

2.4.6 Errors due to background events

The background of events within the Fermilab beam spill will be different at the near and
far detectors. At Soudan we have measured the rate of events with contained vertices arising
from atmospheric neutrino interactions or interactions of cosmic ray muons in the rock.
Applying the Fermilab beam duty cycle gives a completely negligible background. The near
detector is close to the surface and in a much noisier environment and thus backgrounds
could be a problem. The CCFR experiment has measured its neutral current background
within the beam spill as 800 events with a detector threshold of 20GeV. If we extrapolate this
to a threshold of 0.5 GeV, appropriate to our detector, using a cosmic ray spectral index of
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2.6 we would obtain a background of 2%. However this is an upper limit to any background
as our near detector will be some distance underground and is much smaller than CCFR.
The rate of non beam associated background events can of course be measured to very high
precision by monitoring at off-spill times. We conclude that errors due to this source will be

negligible.

2.4.7 Limits on sin?(26)

Having estimated the above errors on P we can translate them into limits on sin?(26) via
the usual equation:

P = sin*(26) sin?(1.27 Am? —E{J—) (25)

For illustration we will give the limits on sin?(26) in the limit of saturated oscillations,
i.e. where the sin? term involving Am? integrates to 0.5

To calculate a 90% confidence limit on sin?(26) we must multiply dP by a factor of 1.3
to convert from o to 90% confidence and a factor of 2 for the above integral, a total factor

of 2.6.
Table 3 summarizes the contributions of the above effects to the errors and limits.

iContribution dT dP. dP,  sin®(20) sin*(26)
Uy D Ve VYV, Uy

Statistics 0.0100 0.0195 0.0526 0.0507 0.1368

MisID-energy cut 0.00010 0.00013 0.00035

MisID-A(Acceptance) 0.00002 0.00003 0.00008

MisID-reconstruction fail 0.00225 0.00608

Length cut 0.00050 0.00135

v, 0.00167 0.00220 0.00594

Charm 0.00077 0.00099 0.00268

Energy spectrum-PBEAM 0.00009 0.00009 0.00025

My 0.00020 0.00026 0.00070

Q? cutoff 0.00030 0.00039 0.00105

Total Systematics 0.00336 0.00928 0.00874 0.02413

Statistics and Systematics 0.0198 0.0534  0.0515 0.1388

Table 3: Summary of statistical and systematic error

The systematic errors have been added in quadrature. It can be seen that at the present
levels of statistics our experiment is not limited by systematic errors but that the systematic
errors would have to be very carefully controlled if a detector with an order of magnitude
more mass was constructed.
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3 Limits from total visible energy measurements

The addition of a toroidal momentum analysing magnet downstream of the existing Soudan 2
detector and a similar magnet behind the near detector would greatly enhance the capability
of the experiment. For a CC event the energy of the muon, E,, would be measured by the
toroid and the hadronic energy, Epq4, would be measured calorimetrically in the detector
modules allowing E, = Eny + Epqd, the energy of the interacting neutrino, to be obtained.
A comparison of the near and far energy spectra of CC interactions would not only be
a valuable check on systematic effects due to misunderstanding of the beam but would
also provide unambiguous evidence for oscillations. In particular, given a non-zero value of
sin?(26), oscillations in the event rate as a function of energy would be visible and the value
of Am? could be determined. This is in contrast to the measurement of T” where only a
contour in the Am? sin?(28) plot is found. A comparison of the shapes of the energy spectra
measured in the near and far stations would allow oscillations to be detected, or sin?(26) -
Am? limits to be set independently of the absolute normalisation of the exposures in the two
detectors.

The momentum resolution of the toroidal magnet system discussed in the proposal is ex-

pected to be:

BPu _ g0

Pu
for muons exiting the detector with p, > 2.0 GeV/c. It has an acceptance of 57% for all
muons from CC events in the far detector.

The hadronic energy resolution of the calorimeter modules has been determined by simula-

tions to be
AEpa 90%

Ehad a \/Ehad/].GEV

for the hadronic component of the final states of neutrino interactions from the Main Injector
beam. On average E, = Ehag = E,/2 and the effective resolution is AE,/E, ~ 17% at
E, =20 GeV, where the event rate is maximum.

In two nine-month runs with 5 x 10'® ppp on target 500 identified and fully measured CC
events are expected. Figures 8 and 9, which include the energy resolution of the calorimeter
and toroidal magnet, compare the near and far energy (E,) spectra, normalised to the
same number of events, for sin?(26) = 1.0 and Am? = 0.01 and 0.1 eV? respectively. The
error bars indicate the expected errors for a sample of 500 CC events in the far detector.
Oscillations would be clearly visible!.

Comparison of the shapes of the near and far energy spectra for CC events can be made using
maximum likelihood or, equivalently, a Fourier analysis of the 1/F, distributions[10]. The

!Energy distributions are shown for the sake of convention. The data would be more advantageously
displayed as distributions of reciprocal energy, dn/d(1/E,), since the ‘wavelength’ of oscillations is constant
as a function of 1/E,,.
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disappearance limits in the Am? - sin?(26) plane obtainable from such a test and assuming
v, — v, are shown on Figure 10. The solid line shows the limits obtainable if the absolute
normalisation of the exposures of the two detectors is known and the total numbers of CC
events in the near and far detectors are compared. This comparison could indicate a non-
zero value of sin?(26) but would give no information on Am?. The dashed line on Figure 10
indicates the limits obtainable from a comparison of the shapes of the near and far spectra
only, i.e. with a free overall normalisation. This limit curve turns over at high Am? due
to the finite energy resolution of the calorimeter + toroid system. Also shown on the same
Figure is the limit curve obtained by combining these two tests. Systematic uncertainties in
é.(E,) between the near and far detectors will primarily reduce our ability to set limits or
detect oscillations only in the region of small Am? and sin?(26) ~ 1.

As an example of the additional power that the momentum analysing magnet would add
to the experiment, even with the modest statistics of 500 fully measured CC events, an 8
standard deviation deficit would be observed in the number of CC events in the far detector
and an independent 8 standard deviation effect would be obtained from a comparison of the
shapes of the near and far E, spectra for Am? = 0.01 eV? and sin?(26) = 1.

For the same exposure 880 CC events with fully contained hadronic energy and the muon
identified (of which 500 would be fully measured) are expected. The disappearance limits
which could be achieved by a comparison of the numbers of such CC events in the near
and far detectors are shown in Figure 11. The greater reach in sin?(26) is due to the
increase in the number of events counted. The hadronic energy in a neutrino interaction
is, on average, E,/2 although there are large fluctuations due to the flat y = FEpqq/E,
distribution. A measurement of Ej.q in the calorimeter for CC events would, therefore,
be a crude measurement of E, and some information on Am? could be obtained from a
comparison of the Fjp,q distributions observed in the near and far detectors. The dashed line
on Figure 11 shows the limits which would be achieved by this comparison with free overall
normalisation between the two detectors. These are less stringent than those obtained from
the comparison of the E, = Ej.q + E, distributions discussed above because of the flat y
distribution.

From the foregoing we conclude that the addition of a muon momentum analysing system
to both the near and far detectors would be a powerful enhancement to this experiment.
It would provide control of systematic effects and allow limits to be obtained, or neutrino
oscillations detected, independently of the normalisation of the relative exposures of the near
and far detectors.

4 The design of a new massive detector

From the analysis in Section 2 it can be seen that systematic errors become a major con-
sideration in an experiment aiming at limits on sin?(26) for the mode v, — v, much below
0.03. The present P822 proposal using the Soudan 2 detector has statistical limits some way
above this value and would clearly benefit from increased mass. Costs dictate that any new,
much more massive detector will be much coarser grained than Soudan 2. Detector R&D
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is needed to design a massive detector which costs significantly. less per ton than Soudan 2
without dramatically increasing the systematic errors of the experiment.

A major advantage of the Fermilab beam compared with that from the AGS at Brookhaven
is that the beam energy is above 7 threshold. Thus it is in principle possible to verify that
oscillations have taken place into v, by a more direct identification of 7 leptons than the
change in N../N. We are investigating several possible identification criteria:

e High and missing p; in the decay 7 — u
e High energy electrons from the decay r — e
¢ High hadronic energy from the decay r — hadrons

Separation of 7 leptons will involve strong cuts to isolate regions of phase space populated by
v, but not by v, interactions. Although Soudan 2 would almost certainly be more powerful
at separating such events than any affordable new detector, the number of charged current
v, interactions in a two year run is only about 200, even for maximal mixing. In any given 7
decay channel there will be rather few events. An important goal in the design of a massive
detector is to obtain sufficient events to enable these cuts to be applied while maintaining
enough resolution to separate r events from background.

It is clear that these goals places strong constraints on the design of a new detector. One
possible configuration is thick steel plates separated by Resistive Plate Chambers (RPC’s)
(1]. A similar proposal has been made by the Caltech group in the GENIUS proposal for a v
oscillation experiment from CERN to Gran Sasso [11]. RPC’s can achieve nsec timing and
can be instrumented with narrow readout strips for good spatial resolution. The Caltech
group has carried out tests of an RPC calorimeter in a test beam at CERN[13]. Alternatively
slower, but more conventional, detectors such as drift chambers, possibly interspersed with
RPCs for timing, are also under consideration. To repeat our energy spectrum analysis in a
new detector and also to measure muon p, requires magnetic analysis. In a big detector this
would have to be much more closely integrated into the detector than the proposed Soudan 2
toroid and requires extensive study.

Such a detector would also considerably extend our knowledge of atmospheric neutrinos.
The statistics on atmospheric neutrino interactions above 1 GeV are very limited from current
detectors, both because of overall event rate and because these high energy events are not
contained within the detectors. It is not currently clear whether or not the deficit of v,
observed around 500 MeV neutrino energy is also present above 1 GeV. If the deficit is due
to oscillations then there will be a characteristic energy variation. If it is due to other physics
(e.g. proton decay as suggested by reference [12]) or experimental errors then new data above
1 GeV may be crucial. To demonstrate that high energy neutrino events originate inside
the detector requires good timing to discriminate between entering and leaving tracks. Fast
RPC’s could provide this. This physics would provide a second string to the bow of a large
underground detector of the kind needed to extend P822.

A preliminary design for a massive detector was described in our October 1993 proposal
document. This still remains valid but much work remains to be done to fully address the
highly desirable goals described above. We have initiated discussions with several groups
with a view to forming a new collaboration to design and build such a detector.
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5 Conclusions

5.1 Request for stage 1 approval

This document provides detailed answers to the PAC’s questions about P-822. The case for
a high energy (above 7 threshold) long baseline experiment is compelling, particularly in
comparison to the low energy experiment already approved at Brookhaven. The discovery
of neutrino oscillations, and nonzero neutrino masses, would have profound implications for
our views of physics and of cosmology. We therefore request that the PAC recommend stage
1 approval of this experiment.

The collaboration is enthusiastic about the prospect of improving the mixing angle sen-
sitivity of our experiment by the construction of a new massive far detector, which could
also have the additional potential for better identifying tau neutrino events and for studying
high energy atmospheric neutrino interactions. A positive PAC response to our request for
stage 1 approval would greatly aid our pursuit of these additional goals with an enlarged
collaboration. It would also demonstrate Fermilab’s firm commitment to a comprehensive
program of short and long baseline experiments to discover neutrino oscillations.

5.2 Future plans
After stage 1 approval of this proposal, the collaboration plans to pursue the following tasks:

1. Develop detailed analysis strategies for the other neutrino oscillation tests listed in

section 1 (as we have already done in sections 2 and 3 for the first two tests). In
particular we will investigate the possibilities for direct detection of +’s in Soudan 2

2. Continue design studies of a new massive far detector, with emphasis on:

¢ Identification of v events

e Identification of high energy atmospheric neutrino events,

e Detailed development of RPC and drift chamber detector options,
o Cost estimates.

3. Begin engineering design and performance optimisation studies of near and far toroid
spectrometers.

4. Prepare for test beam studies of Soudan 2 calorimeter modules at Fermilab, to study
their response to high energy charged particles and Fermilab backgrounds.
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