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Chapter 1

Introduction

The question whether neutrinos are massive, and hence the question of the existence of
neutrino oscillations, is currently one of the main unsettled challenges in physics. All
experiments measuring the flux of solar neutrinos observe a deficit compared to the pre-
diction of solar models [1]. The ratio of muon to electron events observed in atmospheric
neutrino interactions is measured by most experiments to be less than expected from mod-
els of cosmic ray interactions in the atmosphere [2]. The measurement of the up/down
asymmetry of this ratio by the Super-Kamiokande collaboration [3] is generally consid-
ered to be the strongest evidence for neutrino oscillations so far. Furthermore, the LSND
experiment has observed possible oscillation signals in the ©, — 7, and v, — v, channels
[4]. Finally, neutrinos are a candidate for a partial solution to the missing dark matter
problem [5] if at least one mass eigenstate lies in the eV range. These observations make
the study of neutrino oscillations a very worthwhile endeavour.

While the cumulative evidence for neutrino oscillations is very striking, the final proof
that the observed anomalies are actually due to neutrino oscillations is still outstanding.
In particular, the current observations of atmospheric neutrinos are all consistent with
the hypothesis of maximal v, oscillations, but do not yet fully exclude alternative non-
Standard Model explanations [6][7].

The main physics goal of the MONOLITH experiment is to establish the occurrence
of neutrino oscillations in atmospheric neutrinos through the explicit observation of the
first oscillation minimum in v, disappearance [8], to investigate and presumably exclude
alternative explanations, and to significantly improve the measurement of the oscillation
parameters with respect to previous measurements. The experimental design, a massive
iron calorimeter, has been inspired by earlier detector studies [9][10]. In particular, the
detector concept of ref. [9] has been extended to be sensitive to the full parameter range
allowed by current experiments. This is achieved mainly through the addition of a strong
magnetic field, which is a novel feature among atmospheric neutrino detectors. The
additional charge and momentum measurement of muons from charged current (CC)
events also allows unique systematic studies of the atmospheric neutrino flux, and the
search for potential matter effects in neutrino oscillations.

Provided that the neutrino oscillation hypothesis is confirmed, the second goal of
the experiment is to further investigate the nature of these oscillations. Depending on
the oscillation parameters, oscillations into active (v,) or sterile (v;) neutrinos can be
distinguished through their different effects on the up/down ratio of neutral current (NC)-
like events, and/or through the presence or absence of matter effects yielding a distortion
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of the observed oscillation pattern as a function of energy or muon charge.

For this experiment we have designed a baseline option which has been optimized for
the detection of atmospheric neutrinos and can achieve these physics goals. This baseline
design would have limited sensitivity to the neutrino beam from CERN. Detector options
which would improve this sensitivity without compromising the atmospheric neutrino
performance are being investigated.

In its baseline version, a first part of the detector could be operational in 2002/2003.
The physics results described in the following chapters correspond to an exposure of 4
years with the full detector.

This document is organized as follows:

Chapter 2 treats in more detail the physics motivation outlined above. The detection
principle of the proposed measurements is discussed in chapter 3, therefore defining the
detector requirements. The implementation of the baseline detector option satisfying
these requirements is presented in chapter 4, and chapter 5 describes the corresponding
expected analysis results. Physics issues related to long baseline neutrino beams are briefly
outlined in chapter 6. Finally, cost estimates and time scales are reviewed in chapter 7,
and chapter 8 summarizes the general conclusions.



Chapter 2

Physics Motivation

2.1 Physics context

The main motivation for the design of this experiment is to clarify some of the questions
left open by the current and planned atmospheric and long baseline neutrino experiments.
The current measurement of the atmospheric neutrino anomaly by Super-Kamiokande [3],
supported by other atmospheric neutrino measurements, yields “evidence for oscillation
of atmospheric neutrinos” [3]. However, the experimental resolution is too poor to clearly
resolve the oscillation pattern, such that alternative explanations like neutrino decay
can not be excluded [7]. Furthermore, while the pure v, — v, oscillation hypothesis is
disfavoured both by the atmospheric neutrino data [3] and by the results of the CHOOZ
reactor experiment [11], the question whether the main effect is due to v, — v, or v, — v,
oscillations is essentially unsettled. Here, v is a hypothetical “sterile” neutrino, which is
relevant for atmospheric neutrinos in many oscillation models [12] and might be needed
to simultaneously explain all known neutrino anomalies. This point will be developed
further in section 2.3.

Promising new insights are expected from new long baseline neutrino beam programs.
K2K [13], the first long baseline accelerator neutrino experiment, started this year in
Japan. The sensitivity for v, disappearance expected after 3 years at nominal intensity
extends down to between 2 and 3 x 1073 eV? (figure 2.1). It does not quite cover the Am?
range indicated by the present atmospheric neutrino results. Pure v, — v, oscillations
are already strongly disfavoured by Super-Kamiokande atmospheric neutrino data.

If K2K observes a v, disappearance signal, the type of oscillation, v, or v,, will not
be determined, and the oscillation pattern will again not be fully resolved. However, such
a disappearance signal would strengthen the neutrino oscillation hypothesis, and indicate
oscillation parameters in the upper half of the Am? range allowed by Super-Kamiokande.
Conversely, the absence of a clear signal would favour the lower half of this range. A firm
result on this issue can be expected by the end of 2001.

The construction of the American long baseline programme NUMI [14] started this
year. MINOS is a 5.4 kton (3.3 kton fiducial mass) detector dedicated to v, disappearance.
The beam is scheduled to be commissioned in the last quarter of 2002, and the detector
is planned to be partially operational in 2002, and fully completed in the first quarter of
2003. The Soudan-2 detector [15] will also be running in the NUMI beam, with a mass
of less than a kiloton but a very fine granularity.

The expected performance of MINOS for 10 kty is outlined in figure 2.1. The exper-
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Figure 2.1: Expected sensitivity for K2K [13] and MINOS [14] (reference beam, for low
energy beam see text) for v, disappearance (a) and for v, — v, (b) after 3 years of
data taking. Published results from Super-Kamiokande [3], Kamiokande [16] and other
experiments [11, 4, 17] are also shown.

imental sensitivity reaches 2 x 1072 eV? in Am? with the reference beam (< E, >~ 17
GeV), and 6 x 10~ eV?2 with a low energy version of the beam called PH2(low) (< E,, >~
5 GeV); the corresponding discovery contour (4 o) goes down to 1 x 1073 eV2.

Finally, the CERN neutrino beam to Gran Sasso (CNGS) [18] is scheduled for potential
approval by the end of this year, to become operational in 2005, i.e. after the startup
of the proposed atmospheric neutrino experiment. A brief discussion of issues related to
this beam can be found in chapter 6. The prospects for beams from muon storage rings
are also discussed in this chapter.

2.2 Observation of neutrino oscillation pattern

In the two flavour approximation, the survival probability for neutrino oscillations in
vacuum can be expressed by the well known formula

P(L/E) =1 —sin*(20) sin*(1.27 Am?* L/E) (2.1)

where L is the distance travelled in km, E is the neutrino energy in GeV, O is the neutrino
mixing angle, and Am? is the difference of the mass square eigenvalues expressed in eV2.



However, none of the experiments which have yielded indications for neutrino oscilla-
tions have so far succeeded to measure an actual sinusoidal oscillation pattern. Figure 2.2
shows the L/FE distribution published by Super-Kamiokande [3] compared to the expec-
tation for neutrino oscillations and to a functional form suggested by a recent neutrino
decay model [7]. Once the detector resolution is taken into account, the two hypotheses
are essentially indistinguishable [7]. Even if one accepts the existence of neutrino oscilla-
tions based on the current evidence, a more precise measurement of the oscillation pattern
is necessary to actually prove the oscillation hypothesis for atmospheric neutrinos.

Am? = 0.32x10F eV’ sirf20 =1
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Figure 2.2: Left: L/FE distribution from Super-Kamiokande [3] compared to the best fit
oscillation hypothesis (including detector resolution, continous line), and to a parametriza-
tion corresponding to the neutrino decay model of ref. [7] (without detector resolution,
dashed line). Right: L/E distribution to be expected from MONOLITH (see Chapter 5)
for Am? = 3.2 x 1072 eV? compared to the best fit oscillation hypothesis (including de-
tector resolution, continous line), and to a parametrization corresponding to the neutrino
decay model of ref. [7] (without detector resolution, dashed line).

The proposed MONOLITH experiment is explicitly designed to fill this gap. Having
a similar mass as Super-Kamiokande, significantly larger acceptance at high neutrino
energies and better L/E resolution, the experiment is optimized to observe the full first
oscillation minimum, i.e. half an oscillation period, in v, disappearance (chapter 3).
Therefore, the oscillation hypothesis can be clearly distinguished from other hypothesis
which yield a pure threshold behaviour (figure 2.2).

Furthermore, the sensitivity is almost independent of the oscillation parameters (chap-
ter 5). This is in contrast to MINOS, which can do a similar measurement at the highest
allowed Am? if the low energy beam is used [19], but can observe only a quarter oscillation
period or less in the lower Am? range.

Finally, the better L/E resolution can be used to improve the measurement of the os-
cillation parameters by almost an order of magnitude with respect to the present precision



over the full allowed range (see fig. 5.6 in chapter 5).

2.3 Distinction of v, — v, vs. v, — v,

If the current indications for three independent Am? are confirmed, the only way out
is the introduction of at least a fourth neutrino. Taking into account the LEP results
[20] on the number of neutrinos, any extra neutrinos must be either very massive (m, >
Mz /2) or sterile with respect to weak interactions (e.g. a right-handed neutrino or left-
handed antineutrino). Present experiments can not clearly distinguish oscillations with
sterile neutrinos from standard flavour oscillations for either atmospheric [21] or solar [1]
neutrinos. v — v oscillations are therefore allowed in both cases.

Since the existence of one or more light sterile neutrinos would be evidence for new
physics, proving or disproving the v, — v, oscillation hypothesis for atmospheric neutrinos
is a crucial issue. Furthermore, it would exclude or confirm a large class of neutrino
oscillation models (see e.g. [22] and references therein). The observation of 7 appearance
in long baseline beams would be the most direct evidence for v, — v, oscillations, but
potentially leaves some loopholes for the interpretation of the atmospheric neutrino results
[23]. These loopholes could be closed through a direct v, — v, vs. v, — v, distinction in
atmospheric neutrino experiments.

The Super-Kamiokande experiment is trying to disentangle between the v, and v,
oscillation hypotheses using several approaches. The current measurement [24] of the
double ratio of “7°” events [25]

(Wo/e)data
(m0/e)mc

is compatible with both solutions (the expected ratio is 1 for v, and = 0.76 for v,). This
measurement is mainly limited by systematic uncertainties on the cross section (currently
20%). The K2K experiment, with the near detector, will allow to reduce this systematic
error, but even reducing the total uncertainty to 10% is unlikely to yield a 3o evidence [23].
Also the study of the 7° up/down asymmetry [26] is unlikely to reach a 3o significance in
the discrimination between the two hypotheses.

The second approach is based on potential matter effects affecting v, — v, oscillation
inside the Earth. Matter effects can radically modify the neutrino oscillation pattern
with respect to oscillations in vacuum [27]. These effects occur for oscillations involving
neutrinos having different interactions with matter. So matter effects are absent for
v, — v, oscillations and present for v, — v, and v, — v, oscillations. Due to these effects,
the expected shape of the zenith distribution of up-going muons is different for cos(f)<
-0.4, as pointed out in [28].

The Super-Kamiokande collaboration [24] presented a very preliminary analysis disfa-
voring the v,—v, hypothesis at the 20 level using this approach, and dividing the angular
distribution for upward going muons into two bins. Using the complete angular distri-
bution MACRO has found a similar indication [29]. More complicated scenarios with 3
flavour oscillations can not be excluded with the existing data.

The MONOLITH experiment can exploit the spirit of both approaches to improve on
these measurements. The first technique, based on the up/down ratio of high energy “NC-
like” events (including 7 appearance), is explained in chapters 3 and 5. This up/down

= 1.00 £ 0.06(stat) + 0.23(syst) (2.2)



study will be much less affected by systematic uncertainties on cross sections and/or
detector acceptance than NC/CC studies. Depending on Am?, a separation of the v, and
vs hypotheses of up to 3 o is within the reach of the experiment.

The second technique, based on potential matter effects, is only briefly discussed
below, since detailed simulation results are not yet available. An analysis similar to the
one recently performed by Super-Kamiokande [24] can be carried out on the sum of the
neutrino and antineutrino components of the atmospheric neutrinos, using the fact that
v, — Vs oscillations get suppressed at high energies. In MONOLITH, the significance of the
result should be improved by the higher acceptance for high energy contained and semi-
contained events, and its capability to measure the momenta of upward through-going
muons. Furthermore, the predicted shape and position of the first oscillation minimum
(section 2.2) becomes energy and angle-dependent, yielding an additional handle for the
v, — vy discrimination.

Moreover, with the exception of the special case of maximal mixing (sin?(20) = 1),
neutrinos and antineutrinos have different oscillation parameters in matter. The effective
mixing in matter becomes maximal when the resonance condition [30] is satisfied. This
is possible for antineutrinos (neutrinos) when Am? is positive (negative). Additional
resonance effects are possible if the matter density varies along the neutrino path [31].
So in the case of non-maximal oscillations with matter effects we expect a change in the
observed v, /7, ratio (fig. 2.3). This phenomenon could be used to measure the sign of
Am?. In this context we can use the MONOLITH capability to separate the v and
component and to measure muon momenta up to several hundred GeV.

As a first outlook into this kind of analysis, we show results of computations for up-
going muons. We expect about 250 events per year with a muon threshold larger than
1 GeV (in the absence of oscillations) produced by neutrino interactions external to the
detector and coming from below.

Figure 2.3 shows the ratio:

NuNoOscillation

N

W

R= (2.3)
for 1~ (neutrinos) and p* (anti-neutrinos) as a function of angle and energy for Am?=0.005
eV? and sin?(20) = 0.8. There is a clear difference between neutrinos and antineutrinos.
The size and sign of this difference depends on the sign of Am2. Of course the difference is
zero for maximal mixing. However we have verified that even at a value of sin?(20) = 0.95
there is a measurable difference between p~ and p*.

Finally, matter effects are also present in the case of a significant contribution from
v, — v, oscillations. Taking into account the CHOOZ limit [11], the expected effects are
generally small. A possible exception could be the observation of a neutrino/antineutrino
asymmetry predicted by tri-maximal mixing models [32], which are currently not yet
completely excluded.

The full statistical analysis of the implication of the matter effects with charge recog-
nition is in progress both for external and internal events.
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2.4 Cosmic ray muon studies

MONOLITH is also well suited for the study of muons from cosmic rays. Detailed simu-
lation studies are not yet available, but some important aspects are outlined below.

The spectrum of primary cosmic ray particles observed in extensive air shower (EAS)
investigations is well described by a power law over many orders of magnitude in energy.
However, it exhibits a well known change in slope (the so called “knee”) around 10'° —
10 eV (1-10 PeV). In nucleon-nucleon collisions, PeV energies in the laboratory system
correspond to center of mass energies in the TeV region, where new physics and new
(heavy) particles are predicted by various theoretical models. Above 2 TeV these energies
are out of the reach of current accelerators.

There are two main possibilities for the explanation of the knee: a change of the pri-
mary spectrum (and/or composition), or the appearance of new processes in very high
energy interactions. Today most investigators support the first point of view. However,
the second option remains possible (see for example [34]). In this case, the knee would be
explained by missing energy carried away by leptons which are not or incompletely de-
tected by EAS arrays: neutrinos and very high energy muons. These could originate from
the decay of any new particles in the TeV mass region (Supersymmetry, Compositeness,
heavy Higgs, ...) produced with a large cross section of order tens of mb. It was pointed
out recently [33] that a good possibility to find such new particles in cosmic rays is to
perform a measurement of the muon energy spectrum. Therefore the direct measurement
of this spectrum in the multi-TeV region (fig. 2.4) can yield very important information
about the nature of the knee.

From the point of view of cosmic ray muon investigations MONOLITH will be the
first spectrometer in the world for the measurements of muon energies in the interval of
hundreds of TeV that uses a pair meter technique [35]. This technique is based on the
multiple production of secondary cascade showers (mostly from e*e™ pair production)
along the muon trajectory over a very large number of radiation lengths (more than 500
X for MONOLITH, which is needed to reach an energy resolution of about 50%). The
important feature of the technique is the absence of an upper limit on the measurable
muon energy. The detector will have an effective acceptance several orders of magnitude
larger than the biggest previous magnetic spectrometers [36]. The expected integral rate of
standard cosmic ray muons in MONOLITH is shown in fig. 2.4. It was obtained from the
surface muon energy spectrum, taking into account that muons reaching the Gran Sasso
laboratory lose on average 2/3 of their energy. The expected additional contribution from
heavy particle decays needed to explain the knee is also shown. The drastic change of the
muon energy spectrum around 100 TeV would be an excellent signature of new processes.

Even in the absence of such a contribution, simultaneous measurements of the energy
and zenith angle of individual muons open new ways of investigating primary cosmic
ray interactions as well as their particle spectrum and composition. Inelastic scattering
processes of high energy muons can also be studied.
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detected by MONOLITH in 3 years: 1 - m, K decays only; 2 - m, K decays and “prompt”
muons for a ratio R/, ~ 1073; 3 and 4 - lower and upper limits for muons from heavy
particle decays to explain the “knee” [33] (see text).



Chapter 3

Detection principle

3.1 Introduction

The physics goals of the experiment are to firmly establish/disprove the evidence of neu-
trino oscillations reported by the Super-Kamiokande collaboration [3], measure the oscilla-
tion parameters and clarify the nature of the oscillation mechanism. This programme can
be accomplished in an experiment on atmospheric neutrinos, exploiting the high energy
component of the atmospheric neutrino fluxes. In this context, the following techniques
have been mainly considered:

e detection of an oscillation pattern in the L/FE spectrum from the comparison of
upward and downward rates of charged current interactions of high energy muon
neutrinos;

e comparison of upward and downward rates of muon-less events of high energy;
e study of matter effects on high energy up-going neutrinos.

The first technique (“v, disappearance”), already investigated in [8, 9], where a high
density and large mass tracking calorimeter was proposed, requires the capability to recon-
struct in each event the L/FE ratio of the neutrino path-length to its energy. Oscillations
of muon neutrinos would manifest themselves in a modulation of the L/FE spectrum, from
which the oscillation parameters can be measured. This technique, formerly suggested in
[37], has sensitivity to v, oscillations with Am? > 6 x 10~° eV? and mixing near to maxi-
mal and fully covers the region of oscillation parameters suggested by Super-Kamiokande
results [9]. In the present proposal, an increased sensitivity in the region of Am? > 3x1073
eV? with respect to past studies is achieved by means of a magnetised calorimeter.

The second (“v, appearance”) technique can shed light on the nature of the oscillation
mechanism, by discriminating between the hypothesis of oscillations into a sterile or a tau
neutrino. The v, appearance method can also be exploited in a large mass calorimeter [9],
where the appearance of v, interactions contributing to muon-less events of high energy
can be searched for. This method is effective for Am? > 3 x 1073 eV2.

Both the v, disappearance and the v, appearance methods are to a large extent
independent of predictions of neutrino event rates, since they rely on the comparison of
rates induced by a near (downward going) and a far (upward going) neutrino sources.
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Besides these “model independent” methods, additional information on the oscillation
mechanism can be obtained from the study of potential matter effects related to the prop-
agation of upgoing neutrinos through the Earth. In particular, as discussed in Chapter 2,
evidence of matter effects could be detected from the separate measurement of u* and p~
rates induced by high energy upgoing muon neutrinos and anti-neutrinos. To accomplish
this, the unique feature of the magnetised detector proposed here of measuring the muon
charge and hence flag the leptonic charge of the muon neutrino can be exploited. The
potential of this latter method to clarify the oscillation mechanism will not be further
addressed in this report, since a complete study of all the experimental aspects involved
in this measurement has not been performed yet.

In the following a detailed description of the v, disappearance and of the v, appearance
methods, of the requirements on the detector performance and of the implications for the
detector design is presented.

3.2 Disappearance of muon neutrinos

Atmospheric neutrino fluxes are not in general up/down symmetric. However, the up/down
asymmetry, which is mainly due to geomagnetic effects, is reduced to the percent level
for neutrino energies above 1.5 GeV [38, 39]. At these energies, for Am? < 1072 eV?, as
indicated by Super-Kamiokande results, downward muon neutrinos are almost unaffected
by oscillations. Thus, they may constitute a near reference source. Upward neutrinos are
instead affected by oscillations, since the L/F ratio of their path length over the energy
ranges up to 10* km/GeV. Atmospheric neutrinos therefore represent an ideal case for a
disappearance experiment, since one may study oscillations with a single detector and two
sources: a near and a far one. The effects of oscillations are then searched comparing the
L/FE distribution for the upward neutrinos, which should be modulated by oscillations,
with a reference distribution obtained from the downward neutrinos. For upward neu-
trinos the path length L is determined by their zenith angle as L(f), while the reference
distribution is obtained replacing the actual path length of downward neutrinos with the
mirror-distance L'(f) = L(m — 0) (see Fig. 3.2).

According to the figure and given symmetry properties of the cosine, the neutrino
path-length can therefore be estimated as L(0) = Rparn(V1 — k2sin* 0 — k| cos 0|), where
k = Rgarin/(Rgartn + AR) ~ 0.995 and AR represents an average neutrino production
height in the atmosphere. The ratio Ny,(L/E)/Naown(L'/E) will then correspond to the
survival probability given, in case of oscillations, by eq. (2.1) (section 2.2). A smearing
of the modulation is introduced by the finite L/E resolution of the detection method
as discussed in the following and in chapter 5, where the analysis of simulated data is
presented.

Some remarks are in order:

i) results obtained by this method (known as Picchi & Pietropaolo’s [37]) are to a large
extent insensitive to systematic effects arising from uncertainties in the knowledge
of atmospheric fluxes, neutrino cross sections and detector inefficiencies.

ii) this method does not work with neutrinos at angles near to the horizontal (| cos 6| <
0.07), since the path lengths corresponding to a direction and its mirror-direction
are of the same order.
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Figure 3.1: Artist’s view of the mirror neutrino path length: downward going neutrinos
(zenith angle 6 < 7/2) are assigned the distance they would have travelled if § = m — 6.

We also notice that if Am? were larger than 1072 eV? (Kamiokande region), upward
neutrinos would be in almost complete oscillation, while the oscillation pattern would
become detectable in the downward sample. In this limit, a mirror-distance L'(f) =
L(m — ) can be assigned to upward neutrinos, which can be used as a reference L/E
distribution for downward neutrinos. In this case, due to the uncertain estimate of the
neutrino path-length for downgoing neutrinos related to our ignorance of their production
height in the atmosphere, there would be some model dependence in the determination of
the oscillation parameters. Nonetheless, the observation of an oscillation pattern would
still firmly test the oscillation hypothesis.

A more “standard” technique, based on the direct comparison of the measured rates
of charged current v, interactions to the predicted ones, could also be exploited over the
full range of Am? of interest. We however believe that the larger systematic uncertainties
associated to this approach make it less attractive.

The outlined experimental method requires that the energy E and direction 6 of the
incoming neutrino be measured in each event. The latter, in the simplest experimental
approach, can be estimated from the direction of the muon produced in the v, charged-
current interaction. The estimate of the neutrino energy E requires the measurement of
the energy of the muon and of the hadrons produced in the interaction. In order to make
the oscillation pattern detectable, the experimental requirement is that L/E be measured
with a FWHM error smaller than half of the modulation period. This translates into



requirements on the energy and angular resolutions of the detector or, more generally,
of the experimental approach. As a general feature the resolution on L/E improves
at high energies, mostly because the muon direction gives an improved estimate of the
neutrino direction. Thus the ability to measure high momentum muons (in the multi-GeV
range), which is rather limited in the on-going atmospheric neutrino experiments, would
be particularly rewarding.

These arguments led to consider in previous papers [9] a large mass and high-density
tracking calorimeter as a suitable detector. A large mass is necessary to provide enough
neutrino interaction rate at high energy, while the high-density provided muon energy
measurement by range. A sizeable increase in sensitivity for Am? larger than 3 x 1073
eV?2, can be achieved with a detector of the same structure as in [9], with the addition of
a magnetic field. At reasonable costs, this improves muon acceptance at high momenta,
and correspondingly efficiency at small L/FE.

This choice puts emphasis on the muon reconstruction. The high-density provides good
7/ separation, hence capability to select a pure v,-CC sample, while the measurement of
the muon energy and direction can be obtained with good precision. On the other hand,
even with a coarse resolution to hadrons, the overall L/E resolution can be controlled by
selection of neutrino interactions of limited inelasticity for small neutrino energies. This
is best seen from the expression of the relative L/E resolution:

o 2 2
(L/E)? B2 I2
2 2
~ YE 2 , 9B, 2 29 2.
~ Eé:(l—y) + E,ny + tan” foy; (3.2)

where E, E, and E), are the neutrino, muon and hadronic energies, y = Ej,/FE is the
inelasticity of the interaction and # is the zenith angle of the incoming neutrino. Events
of limited inelasticity have both a good resolution on the neutrino energy, dominated by
the resolution on the muon energy, and on the neutrino direction estimate from the muon
direction. Equation (3.2) implies that acceptance at small L/E can only be achieved by
recovering events of high energy, since near the horizontal (at small L) the L/FE resolution
is intrinsically limited by the knowledge of the neutrino direction. The detector does
therefore not need to be fully isotropic. Improvement of the L/E resolution through
better hadron reconstruction would only be possible with a calorimeter of much higher
granularity, which would increase costs, reduce muon containment and conflict with the
requirement of a large mass.

In addition to these requirements on the L/F resolution, the experimental apparatus
should guarantee the identification of the neutrino flight direction. If the interaction vertex
is not identified, this requirement is very stringent and translates into a requirement for
the identification of the muon flight direction with high efficiency and purity. Different
techniques can be envisaged, based on the increase of curvature along the track in the
magnetic field, on multiple scattering along the track or on time-of-flight measurements.
The latter technique is more effective and allows almost perfect up/down discrimination
of the relevant v,-CC events for timing resolution of order 1 ns. A precise time-of-flight
along the muon track will also be of utmost importance in the rejection of the cosmic
muon background in the sample of partially contained v,-CC events.



3.3 Appearance of tau neutrinos

If evidence of neutrino oscillation from the study of v, disappearance is obtained, a
method based on 7 appearance can be used to discriminate between oscillations v, — v,
and v, — v,. This method consists in measuring the upward/downward asymmetry of
muon-less events as a function of the visible energy.

For Am? < 1072 eV?, oscillations of v, into v, would in fact result in an excess
of muon-less events produced by upward neutrinos with respect to muon-less downward,
since charged-current v, interactions would contribute to the muon-less event sample, due
to the large 7 branching ratio into muon-less channels. Moreover, due to threshold effect
on 7 production, this excess would be important at high energy. Oscillations into a sterile
neutrino would instead result in a depletion of upward muon-less events. Discrimination
between v, — v, and v, — v, is thus obtained from a study of the asymmetry of
upward to downward muon-less events. Because this method works with the high energy
component of atmospheric neutrinos, it becomes effective for relatively large values of
Am? (>3 x 1072 eV?).

Table 3.1 shows the integrated rates of neutrino CC interactions for cos§ < 0 (upward
neutrinos) and for cos# < —0.5. The integrated v, and v, NC event rates are about one
third of the corresponding CC event rates. In case of oscillation into a v, the rate of NC
events is conserved. On the other hand, if oscillations occur into a sterile neutrino, the
rate of upgoing v,-NC is approximately reduced by a factor of two.

E,in(GeV) v, Ve v

1072 eV2 3 x1072eV?Z 1073 eV?
cosf <0 3. 14.73 5.04 1.29 1.06 0.62
10. 4.56 1.06 0.95 0.71 0.27
30. 1.32 0.21 0.40 0.17 0.03
cosf < —0.5 3. 6.38 1.61 0.54 0.53 0.43
10. 1.78 0.25 0.40 0.39 0.21
30. 0.51 0.04 0.18 0.13 0.02

Table 3.1: Neutrino + anti-neutrino integrated CC event rate (kt-y) ! for cos(#) < 0 and
cos(f) < —0.5. For the v, case, rates for maximal mixing and three different values of
Am? are given. Rates for v, and v, correspond to the no oscillation hypothesis.

These tables imply that high energy muon-less events must be selected. Moreover, in
order to make the v, appearance method effective, a detector of large mass is necessary,
due to the small expected rate of v, events, and with a good capability to discriminate
muon-less events from the residual background of v, and v, charged current interactions.

A high-density detector, optimised for the v, disappearance method, fulfils most of
these requirements: it guarantees a large mass and a reasonable rejection of events with
penetrating tracks (muons), while the poor response of a coarse-grain calorimeter to
electro-magnetic energy shifts the v,-CC interactions towards low visible energies, thus
reducing the background of these events in the tau-appearance sample.

A detector with a relatively poor resolution to the hadronic energy could still be ef-
fective in the measurement of the up/down asymmetry of high energy muon-less events



integrated over a wide energy range (although the sensitivity could benefit from an im-
proved resolution).

The main experimental challenge is represented by the detector capability of discrim-
inating upgoing from downgoing muon-less events. This discrimination can be based on
the analysis of the event topology and could also benefit from timing information.

These aspects will be further addressed in Chapter 5, where the analysis of the simu-
lated data is presented.



Chapter 4

Experimental Setup

4.1 Introduction

In general, a detector capable to perform the measurements discussed in the previous
chapter has to provide NC/CC discrimination, muon momentum and charge measure-
ment, some hadronic energy reconstruction capability, up/down discrimination for muons
above 1 GeV, and it has to provide an event sample with good L/E resolution, large
enough to observe the modulation produced by v, oscillations. Moreover, one requires
a high rejection power against incoming stopping muons, better than 107 in the Gran
Sasso underground laboratory. Finally the detector has to fit into an existing hall of the
LNGS and it must have a reasonable cost.

All this can be achieved with a high-mass tracking detector with a coarse structure
and magnetic field.

We shall mainly consider what we call the baseline option (figure 4.1). This is a
detector consisting of a stack of 120 horizontal iron planes each 8 cm thick and with a
surface area of 15 x 30 m?, interleaved with planes of sensitive elements. The iron plates
are magnetized at a magnetic induction exceeding 1 T. The total mass of the detector
exceeds 34 kt. The sensitive elements provide two coordinates with a pitch of 3 cm, and
a time resolution of 2 ns. Sensitive elements are housed in a 2 cm gap between the iron
planes. The height of the detector is thus 12 metres.

A different option being considered has a similar structure as the baseline but with
vertical planes. Such a configuration may offer interesting opportunities ~which are being
considered— in an operation with beams. It will be shown to provide similar reconstruction
capabilities of the L/FE pattern, but with some loss of efficiency around the vertical. This
implies a loss of events at large L/FE resulting in a somewhat reduced precision in the
measurement of the mixing angle. The performance in the v, /v, discrimination still has
to be evaluated.

The final design will be defined after detailed studies and comparisons of performances,
costs and construction times. The performance of the baseline option represents an im-
portant reference, since only configurations yielding at least a similar performance in the
reconstruction of the L/FE pattern will be considered for this experiment.

In this chapter we review the present status of the detector design.
For iron magnetization, extensive studies, which include power consumption and cost,
have thus far been done for the baseline option only. As will be shown in the next
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Figure 4.1: Baseline design of the magnetized calorimeter.

section, these studies indicate that a magnetic induction of about 1.2-1.4 T is affordable
at reasonable cost and power consumption.

Two primary options are presently being considered as detector elements: Glass spark
counters (resistive plate chambers), and scintillator bars with wave length shifter (WLS)
read-out. Their performance, feasiblity and estimated cost will be discussed in the fol-
lowing sections and in Chapter 7.

As already mentioned, the baseline design is 30 m long, 15 m wide and 12 m high,
which is consistent with construction and operation in the Gran Sasso Hall C. Other
dimensions could be considered if necessary.

Finally, technical studies will be done in order to split the detector into two or three
super-modules.

4.2 Magnetization of the iron plates

In the baseline option, the ideal magnetic field should be horizontal and uniform. However,
to avoid huge power consumption and stray field, we have to contain the field lines strictly
inside the iron. This requirement is of course conflicting with the ideal uniformity. We
have found two possible layouts that are reasonable compromises between these require-
ments. We will call these layouts respectively layout H (the field lines lay in horizontal
planes) and layout V' (the field lines lay in vertical planes).

In the layout H, each field line lays entirely inside an individual iron plate. To obtain
this, we need a vertical slot, crossing all the stack, through which the currents, generating
the field, have to pass (see the Appendix A for more details).

In the layout V, the field lines run along each iron plate for almost all its length,



then they go into vertical paths (obtained filling with iron the ends of the slots, made
for the detectors) and come back along another iron plate. In this layout, the currents
generating the field cross the stack along its horizontal median plane, together with a
layer of detectors (see the Appendix A for more details).

In the layout V, we call end-caps the regions containing the ends of the detector
slots, filled with iron. They could be structured in vertical iron plates, interleaved with
detectors, like the horizontal ones.

In the Appendix A we show that both the layouts allow to create a field of the order of
1.2+ 1.4 T, with a power consumption not exceeding 200 kW and a cost of the windings
not exceeding 500 kEuro.

4.3 Glass Spark Counters

4.3.1 Basic structure and operation

As described in the previous chapter the baseline option for the experimental apparatus
for atmospheric neutrino oscillation detection is a massive tracking calorimeter of about
34 kt of iron. A possible solution is a sampling calorimeter consisting of 120 8 cm thick
iron slabs interleaved by detector planes. Taking into account the overall dimensions of
the apparatus (30 m long, 15 m wide and 12 m high) the total detector surface is ~ 54000
m?2. The large active area requires a low cost detector, suitable for a fast mass production.
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Figure 4.2: GSC: principle of operation.



For that reason we propose Glass Spark Counters (GSC) [40, 41, 42, 43, 44, 45, 46]
as active elements, which provide a timing of the order of 1 ns, and therefore excellent
up-down discrimination of muons from v-interaction inside the apparatus.

The GSC (fig. 4.2) is a gaseous detector composed by two parallel electrodes made of
glass with a volume resistivity of about 10’ Qcm. The two electrodes, 2 mm thick, are
kept 2 mm apart by means of suitable spacers. The gap between the two glass electrodes
defines the gas volume where the particle detection occurs. Under particular gas mixture
and electric field configurations (typically ~48% Argon + ~4% isobutane + ~48% R134A
and ~4--5 kV/mm) the detector is operated in spark mode. Typical signal amplitudes of
the order of 100200 mV /50 Q) are observed, corresponding to a charge of about 100200
pC (depending on the intensity of the applied electric field).

The use of highly resistive material as electrodes ensures that the spark discharges just
a limited area around the spark location. The time to recover the electric field, depending
on the electrode resistivity (7 ~ pe, where p is the glass volume resistivity and ¢ is its
dielectric constant), avoids self-sustaining sparking.

The read-out of the detector is performed with external pick-up electrodes, allowing
a bi-dimensional localization of the crossing particles together with its crossing time.

The details of the current GSC design and the proposed arrangement for the apparatus
plane will be discussed in the next section.

4.3.2 GSC and apparatus design

A sketch of the GSC design is shown in fig. 4.3 [45]. It consists of a couple of float glass
electrodes 1.75 m long, 25 cm wide and 2 mm thick. The 2 mm distance between the
electrodes is ensured by NORYL spacers clamping the edges of the glass plates. These
spacers sustain both electrodes, ensuring a gap tolerance at the level of a few microns,
for uniform working conditions in a such large apparatus. The high voltage is applied
to the electrodes by means of resistive adhesive film with a surface resistivity of about
200 k2 /square. The detector is inserted into an extruded NORYL envelope, that ensures
the gas containment. In such a way a possible variation of gas pressure does not change
the distance between the electrodes. The HV connections to the resistive film are located
in one of the two end caps that close the GSC module. External pick-up strips (not
shown in fig. 4.3) are used to detect the induced pulses. All the materials used are
commercially available, while the manpower is essentially due to film application on the
glass surface and to the detector module assembling. This detector is conceived for the
use in a underground laboratory. In fact all the materials are halogen free (PVC has been
replaced by NORYL), the gas mixture is ecological and not flammable (Freon has been
replaced by R134A, the isobutane percentage is well below the flammability level).

For the MONOLITH apparatus (fig. 4.4) the GSCs will be equipped with X-Y pick-
up strip electrodes, both with a pitch of ~ 3 cm, mounted on the opposite side of the
detector planes. The pulses are induced on the strips and then discriminated by the
electronics directly connected on the strip ends. The electronics should also provide a fast
discriminated signal for timing purposes.

This type of readout system will provide a three-dimensional tracking of particles
inside the apparatus with a time resolution of ~ 1 ns and a spatial accuracy of ~ 1 ¢cm
on both views.

In fig. 4.5 the GSC plane arrangement is shown. The detector plane insertion is along
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Figure 4.3: Schematic view of the GSC.
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the Y direction, as requested in the case of the so called Layout V magnet configuration
(see section 4.2). The mechanical construction of the iron structure should not interfere

64 Y - flat cable strips
(~2.7 cm pitch)

A2

64 X - flat cable strips
(~2.7 ¢cm pitch) 1 plane unit =7 GSCs 1.75 m long

Figure 4.5: Schematic view of a GSC plane unit.

with the detector installation. The dimension of the underground hall permits a maximal
length of the detector module of ~ 1.75 m to allow module insertion. In this case, each
detector super-plane is composed by 17 roads, 1.75 m wide and 15 m long, realized with
8 plane units 1.75 m long (fig. 4.4). To allow detector insertion after the assembly of
the iron structure, each plane unit lies on a stiff aluminum support equipped as a trolley
which can slide inside the iron gap. The plane units are rigidly attached to each other
via the gas and HV connections. They are composed of 7 GSC detectors 0.25 x 1.75 m?,
equipped with X-Y strip planes (64 strips each, fig. 4.5). A scheme for multiplexing more
strips into the same readout channel is being worked out. For instance, the X strips of
each unit could be connected to those of the next unit to make 15 m long X strips along
the road and then read out by digitizing electronics put on one strip end; the Y strips
of each unit could be daisied into a chain (as illustrated in fig. 4.6) and then read out.
Both X and Y front-end electronics are placed on the same detector side. In this scheme
the second coordinate is fully determined only if the crossed plane unit is reconstructed.
For this purpose both X and Y front end electronics should provide a fast discriminated
output signal either for time measurement (the X one) or to solve the ambiguity on the Y
cooordinate (the crossed plane unit is determined by the relative difference of the arrival
time between the Y and X signal). Following this read-out scheme each super-plane
would be read out with 2,176 X and Y digital channels and 34 fast discriminated signals,
corresponding to 261,120 digital channels and only 4,080 TDC channels for the whole
apparatus.
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4.3.3 Electronics and readout

According to the experiment requirements we have to identify crossing particles with ~
3 cm readout pitch and ~2 ns timing resolution. Then signals coming out from strips
have to be discriminated to obtain both spatial and timing information. Due to the huge
number of readout channels involved it is too expensive to use high timing resolution
discriminators for each strip. So, part of the signal (about 20%) is discriminated using
low-cost, low-speed discriminators, while the rest of the signal is summed together with
the respective ones coming from the other strips. The sum signal is discriminated using
a high speed discriminator for timing information, as shown in fig. 4.7. The main
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Figure 4.7: X and Y readout block diagram.

problem of the front end electronics comes from the inaccessibility of the Y view readout.
A possible solution to overcome this problem is to integrate the Y view electronics into
the detector itself. This arrangement allows the readout from a single side but has the
following drawbacks:

e clectronics reliability (it is almost impossible to replace broken electronics parts in
the assembled detector);

e detector heating due to electronics power dissipation;



e huge number of Y readout channels (about 1 million channels for the whole appa-
ratus);

A readout system overcoming the previous drawbacks is shown in fig. 4.6 . In the
scheme each of the 64 Y strips of one plane unit is connected with the corresponding one
of the following plane unit on the same road. This gives, for each road, a total number of
64 strips for the X view and 64 strips for the Y view (that is a reduction of a factor 8 in the
number of Y strips readout channels). Because of the road Y strips interconnections, the
X and Y information gives 8 possible couples of coordinates. To have the correct spatial
information we have to look for the plane fired by the crossing particle. As shown in fig.
4.6, the identification of the plane unit is done by measuring the delay time between the
Y and X views.

4.3.4 Detector performance

During last 10 years the performance, life-time and reliability of the GSC detector has
been extensively studied by some of us. GSCs have been studied also by a group belonging
to the BELLE experiment [46].

A set of measurements has been performed with a telescope made up of 4 horizontal
planes [42]. A wide efficiency plateau has been obtained with a knee at 7.4 kV. The
low noise operation of GSCs allows an easy monitoring and calibration of the device, by
simply performing single counting rate measurements. A detector efficiency of 98% has
been reached with a 25 cm wide chamber.

Using a scintillator telescope selecting cosmic ray muons, a GSC time resolution of
about 480 ps has been measured with respect to a fast scintillator counter (with a mea-
sured time jitter of about 150 ps). The supplied voltage was 8.6 kV (about 1.2 kV above
the knee) and the measurement lasted about 30 days.

Further detailed studies have been also performed on the glass properties [43], [44]
and on the detector design optimization and engineering in order to make its construction
easy and fast [45].

An 8 ton calorimeter prototype has been equipped at the LNGS by a group belonging
to the MONOLITH collaboration. The prototype has been tested on the T7 PS beam
facility at CERN to study the hadronic energy resolution and the reconstruction capability
of the shower direction. The test module is made of 20 (1 m?) iron slabs 5 cm thick
(kindly borrowed from the ALEPH collaboration), interleaved by 21 GSC planes, for a
total sensitive area of about 23 m2. Each plane is equipped with 96 horizontal strips (1
cm pitch), equipped with digitizing front end electronics (SGS cards) on one end and
with custom analog cards (realized at the LNGS) on the other end. The digital readout
of the strips produces the event pattern, while the analog one provides the charge and
time measurement of the event (for each plane). Fig. 4.8 shows an example of a 4 GeV
test beam pion interacting in the 8 ton calorimeter prototype. Analysis of the data is in
progress.
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Figure 4.8: 4 GeV pion interacting in the 8 ton calorimeter prototype.

4.4 Scintillator Bars with WLS Fibres

4.4.1 Requirements

As an alternative active component we consider scintillator bars with wavelength-shifting
(WLS) fibres and a highly integrated optoelectronic readout. This choice would allow to
exploit the calorimetric properties of scintillators. The linear response at higher energies
is expected to increase the resolution at lower L/E.

Detectors based on scintillators are widely applied for tracking and calorimetry. For
dimensions up to 8 metres there is no doubt about a reliable performance. Scintillator
bars with WLS fibres up to 12 metres have not been realized so far although they have
been proposed [10, 14]. A careful optimization of the various parameters is required to
meet the high requirements of the system:

e A high photon yield of the primary scintillator combined with good uniformity of
photon emission along the bar.

e A high trapping efficiency of the WLS fibre and an efficient optical coupling of the
fibre to the bar.

e To ensure a detectable light intensity after transport along the fibre of up to 12 me-
tres, a long attenuation length is needed. Although five to six metre attenuation
lengths are given in catalogs, batch to batch variations in reality can reach a factor
of two difference in performance.
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Figure 4.9: A module based on scintillator with WLS fibres. The fibres are read out on
both ends by multichannel optoelectronic devices.

e To reduce self-absorption the created (blue) light should be shifted to a longer
wavelength, typically around 500 nm.

e The spectral sensitivity of the photo-cathode should peak around the maximum of
the emission spectrum. Not all manufacturers are able to fulfill this requirement.

e A good optical coupling between fibre and photo-cathode.
e An overall photoelectron yield sufficient to reach 2-3 ns time resolution.

e An efficient photon detection tube with a high integration level (large number of
channels) to reduce the cost.

e Commercial availability of the components (bars, fibres, photo-tubes).

e Affordable cost for mass production of the scintillator bars.

4.4.2 The scintillator bar and fibre

The scintillator bars are made of polystyrene doped with 1% PPO and 0.03% POPOP,
to ensure a high photon yield. Due to the large number of required bars we are con-
sidering extruded scintillator with a co-extruded 770, layer for reflectivity, as proposed
by MINOS [14]. On the surface, along the bar’s axis, a groove will hold the WLS fibre.
Important quality parameters are the uniformity of light emission along the bar and the
surface quality to reduce reflection losses. They will be optimized during the R&D work,
which has been started, with the manufacturers. Two companies have been contacted
and are in principle able to fulfill our requirements.



Following the baseline design from Figure 4.1, we are considering bars between 12 and
15 metres length and a squared cross section of two by two cm. The final design will
result from an optimization procedure based upon ongoing tests. The volume ratio of
iron to scintillator will be around 4:1 reflecting the need of high mass and the financial
constraint of the higher scintillator price.

Calculations of the light yield and first measurements indicate a marginally sufficient
light yield with two fibres per bar. In view of the batch to batch variations of the fibre
manufacturer and high accuracy of the calorimetric measurements we believe four fibres
per bar, one on each side, are more reliable with only a small increase in total cost.

Fibres with acceptable light yield are commercially available and those found to have
the best performance will be evaluated during ongoing tests. The baseline design features
a double clad Kuraray fibre with the wavelength shifter Y11 and a diameter of 1 mm. We
are investigating other fibre materials and larger diameters as well. Good optical contact
of the fibre to the bar can be ensured by means of optical glue (e.g. Stycast or Bicron
BC400).

The fibres from one bar are coupled to the same readout pad. They are read out on
both ends resulting in a higher light yield and a spatial information along the bar.

We prefer a direct optical coupling of the WLS fibres to the photo-cathode. Fibres
from neighbouring groups will be coupled to one tube to keep the additional length short.
For 12 metre long bars, the maximal fibre length should not exceed 14 metres, therefore
requiring the attenuation length to be five metre or better.

4.4.3 The read out

For the photon detector we see three possibilities:

A) Multi-channel Photomultiplier (PMT)

B) Hybrid Photodiode (HPD)

C) Electron Bombarded CCD (EBCCD)

All three were tested by the collaboration and show satisfactory results [47, 48, 49].
The EBCCD has the advantage of a very high level of multiplexing (only 1 readout per
tube) and an excellent single photon detection efficiency [49], but no timing capabilities.
Its single photon detection capability makes the HPD superior to the multi-anode PMT.
The peaks for each photo-electron are well separated due to low gain fluctuations of
the HPD and a detection threshold at one photo-electron will not cause light losses.
Figure 4.10 shows the light yield measured with an HPD from DEP. A 61-channel HPD
is commercially available, with an individual pixel size of 2 mm? and a very good pixel-
to-pixel gain uniformity. Larger pixels are available when the number of pixels per tube
is reduced. Every pixel has an individual feed-through which contributes to the fast
response of the HPD (in contrast to the EBCCD) but makes the number of readout
channels identical to the number of bars, 4 x 10*. Housing a much larger number of pixels
in a single HPD tube is another possibility [50].

Because of their capability of single photon detection, gain uniformity, and fast timing
we opt for HPD’s as a baseline design. The other options are being followed up within
our collaboration.

An important question is the timing performance of a scintillator system. The short
transfer time of the read out devices (HPD, PMT), of a few nanoseconds, would allow a
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Figure 4.10: Measured light yield with a scintillating bundle of 1x1 mm? cross section.
Emerging photons were detected by a single-channel HPD [51].

good time resolution. However, the decay time of the scintillator is rather slow (7 &~ 7 ns)
if a high light yield is required. The dispersion of light transmission can be calculated
from the condition of total reflections. For a typical double clad fibre the variations in
the arrival time of photons are £+ 2.5 ns and can be considered negligible with respect to
the statistical fluctuations of the light decay. The effect of the electronics noise on the
time resolution is expected to be less than 4 ns even for low light yields due to the low
gain fluctuations.

For a reliable estimate of the timing performance, the decay time of different scin-
tillators with fibres was measured and used as an input for a Monte-Carlo simulation
including electronic noise. First results indicate that a time resolution of 3 ns is possible
if the mean number of detected photo-electrons is 10, despite a measured effective decay
time of 10 ns.



4.5 General Infrastructure

Since the detector has not yet been finalised, detailed studies of the infrastructure re-
quirements still have to be worked out. Here, we present some general considerations.

The difficulty of the work inside the cavern and the necessity to minimise the con-
struction phase (~3 years) impose a certain number of constraints:

e detector construction and assembling outside the cavern
e iron modularity compatible with earthquake safety rules

e a suitable optimisation of the apparatus assembly

The preferred hall is Hall C: given the total mass of the detector (fixed by the number
of events necessary) the larger transverse dimension results in a better containment of the
neutrino events, or, in other words, a larger fiducial volume. The maximal width for a
detector is about 15 m, given the hall width of 18 m. It is mandatory to keep the first 12
m of the hall free to permit entering of lorries. The use of hall B is also considered to be
possible. The reduction in the transverse dimension can be recovered by increasing the
length from 30 m to 50 m. The length of the detectors would be shorter with a potential
benefit in performance.

The maximum dimension of a single piece with which to assemble the detector is
determined by the lorry dimensions (typically 12 x 2.5 m?) and the crane capability. For
a fast assembly one could, for instance, imagine to transport four parts of an iron layer
of 7.5 x 1.0 x 0.08 m? or 3.75 x 1.8 x 0.08 m3. Horizontal planes can be assembled by
placing these parts side by side and welding them together to form a well linked structure
including spaces for the active detector planes. A similar procedure can be used for
vertical planes: in this case it is necessary to add some special supports when starting the
assembly until the structure becomes self-supporting. These procedures remain valid for
sheet thicknesses down to 4 cm.

As a first step, the iron could be installed layer by layer and, later, be filled with the
active detectors. In such a scheme, the sensitive detectors are constructed with a high
modularity in order to decouple detector assembly and installation. The maximum length
of a module is linked to the available space of 1.5 metres on both sides of the detector.

The LNGS is located in a seismic region requiring the structure to resist to an hori-
zontal acceleration of 0.2 g. A possible solution is to link all the sheets one to the other by
welding. The number and the lenght of the welding points must be calculated carefully.
On a smaller structure (8 x 8 m?) calculations show that the goal can be achieved with
an adequate number of welding points.






Chapter 5

Analysis and Performance

5.1 Introduction

In this Chapter, results obtained from a full simulation of the experiment are presented.
The analysis of simulated data has been performed in the framework of the experimental
methods outlined in Chapter 3. Only the capabilities of the v, disappearance and of the
v, appearance techniques have been fully evaluated and are reported hereafter in sections
5.3 and 5.4. The first technique, based on the comparison of upward and downward going
events with a high-energy muon, will test the hypothesis of v, oscillations and measure
the oscillation parameters; the second technique, which relies on the comparison of rates
of upward and downward muon-less events of high energy, will be used to discriminate
between oscillations into a sterile or a 7 neutrino.

Neutrino interactions in iron have been generated by G. Battistoni and P. Lipari: the
differential distribution of the atmospheric neutrino fluxes at Gran Sasso is described by
the Bartol model [52]; neutrino interactions are calculated with GRV94 parton distri-
butions [53] with explicit inclusion of the contribution of quasi-elastic scattering and of
single pion production to the neutrino cross-sections [54]. The GEANT package [55] has
been used for the detector simulation.

In the experiment simulation, a detector consisting of a stack of 120 horizontal iron
planes 8 cm thick and 15 x 30 m? surface, interleaved by planes of sensitive elements, has
been considered. The sensitive elements for tracking and timing have been assumed to be
housed in a 2 ¢cm gap between the iron planes and provide two coordinate readout with
a pitch of 3 cm and a 2 ns timing resolution. The detector has a total mass exceeding 34
kt. A magnetic induction of toroidal shape of 1 T has been assumed in horizontal planes.

Alternative geometries, with vertical iron planes, have also been simulated. In section
5.5, preliminary results obtained with this configuration are discussed.

5.2 Muon and hadronic shower reconstruction

At the reconstruction stage, the muon direction is obtained by a best fit procedure to the
muon track, which accounts for effects of detector resolution, multiple scattering, energy
loss along the track and magnetic field. Optimisation of the track-fitting procedure is still
in progress.

The muon energy is mainly determined by range for stopping muons and by track
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curvature for outgoing muons. The energy resolution on the sample of stopping muons
produced by v,-CC interaction is on average better than 6%, with the sole quality request
that the muon track span at least seven layers. With the same request, the average
resolution on outgoing muons is o(1/p)/(1/p) =~ 22%; the additional request — explained
in the next section — that the track length inside the calorimeter be larger than 4 m brings
the average momentum resolution to about 15%, essentially limited by multiple scattering
in iron. An improved resolution is achieved at higher field intensity. The dependence of
the momentum resolution on the track length, the pitch angle to the field and the magnetic
induction has been found to agree with expectations.

From the analysis of the track curvature, the identification of the muon charge is
possible. Due to the field configuration the charge identification is best achieved near
the vertical direction, perpendicular to the field lines. On average 85% of the muons
with a track length of at least seven layers have their charge correctly assigned, with an
identification capability varying from 75% near the horizontal to 90% along the vertical
direction (perpendicular to the field). For very long tracks, as they occur for upward
throughgoing muons (typically about 12 m) charge discrimination is better, and momenta
can be measured up to several hundred GeV.

The direction of the muon at the vertex, from which the neutrino direction is estimated,
is reconstructed with an average resolution of about 10 mrad. This has a negligible effect
on the resolution on the neutrino direction, which is limited by the p-v scattering angle.

The hadronic energy is estimated from the hit multiplicity in the calorimeter (digi-
tal information). The detector has a coarse hadronic energy resolution and a poor ca-
pability of reconstructing the hadronic energy flow. According to the simulation the
dependence of the energy resolution on the hadronic energy can be parametrised as
o(E)/E = 90%/\/E (GeV) & 30%, averaged over all shower directions. As explained
by equation (3.2) of Chapter 3 and discussed in the next section, the overall resolution on
the neutrino energy, which enters in the measurement of the L/F and is generally dom-
inated by the fluctuations in the hadronic shower, can be controlled by proper selection
criteria, related to the in-elasticity of the event.

5.3 Disappearance of muon neutrinos

Oscillation parameters are not known a priori, therefore a unique set of event selections
and a unique analysis method have been defined in order to make the oscillation pattern
detectable for every possible experimental outcome.

In order to select a pure v, charged current sample, only events with a reconstructed
track corresponding to a muon of at least 1.5 GeV are retained in the analysis. This
energy cut also ensures a good up/down symmetry in the absence of oscillations. In order
to reject — in a real experiment — the background due to incoming cosmic ray muons,
a further selection requires the events to be either fully contained in a fiducial volume
corresponding to about 85% of the detector, or to have a single outgoing track (muon) with
a reconstructed range greater than 4 metres; in both samples the muon is required to hit at
least seven layers. For the partially contained events, the requirement of a track length of
4 m corresponds to an up/down separation of about 107 for 2 ns timing resolution, which
should be sufficient to guarantee the rejection of the residual cosmic muon background
in the Gran Sasso laboratory. The observation of hadronic activity at the event vertex



and the analysis of the track curvature could provide further discrimination capability
between incoming muons and neutrino interactions.

Further selections, based on the quality of the muon track fit, and on event kinemat-
ics, are then applied in order to guarantee that the final sample has the required L/FE
resolution (better than 50% Full Width Half Maximum (FWHM)) over the whole L/E
range. These selections have been tuned according to the discussion given in Chapter 3
(see equations 3.1 and 3.2) and essentially consist in a tight requirement on the estimated
precision in the reconstruction of the incoming neutrino direction. At low muon energies
only events of small in-elasticity and far from the horizontal are retained, while for large
muon energies deep-inelastic events even rather near to the horizontal can be selected.
For contained events, and given the detector characteristics, this is achieved by requiring
ytan?6, < 0.75E,, where y = E,/E,, 0, and E, are the interaction in-elasticity, the
zenith angle and the energy of the neutrino. For outgoing muons, since this sample is
populated by events of relatively high energy, the only requirement is that the energy
of the muon be estimated from the track fit with an error smaller than 30%. The L/E
resolution on the events surviving these selections is shown in figure 5.1.

Altogether, these selections reduce the charged-current interaction rate of “unoscil-
lated” downward muon neutrinos to about 7 per kty (20% of the total rate of muon
neutrinos above 1 GeV). The presence of a magnetic field, which allows to include events
with an outgoing muon, increases the acceptance for L/E less than 300 km/GeV by a
factor 2. This is best seen from figure 5.2, which shows the efficiency of the selections as
a function of the muon angle and of L/E.

The purity of the v,-CC sample selected is around 99%.

By taking advantage of the timing capabilities of the sensitive detectors (2 ns), the
flight direction is determined in each event from a least-square fit of the timing in each layer
versus the layer number. Negative (positive) time-of-flight differences indicate downgoing
(upgoing) events. No attempt to filter hits not belonging to the muon track has been
made, nor has the identification of the event vertex from the hadronic activity been tried
yet. The up/down discrimination of this method is about 95%, the residual confusion
being due either to very horizontal events in which the muon produced in the neutrino
scattering is in the opposite hemisphere with respect to the incoming neutrino or, more
importantly, to almost horizontal events in which the muon track has a vertical extension
comparable to the one of the hadronic shower. These latter events are easily resolved by
hand scanning. Advances in pattern recognition will probably achieve this by automatic
means. If not, the event sample is relatively small and it can be done by hand scanning.
In the following a perfect up/down discrimination is assumed.

Data have been generated for several different values of oscillation parameters and the
analysis of the L/F spectra obtained by applying the outlined selections has been based
on a binned maximum-likelihood procedure. Similarly to the definition of event selections,
the bin boundaries of the L/E distributions have been fixed without prior knowledge of
the oscillation parameters. An equal bin-size on a logarithmic scale, corresponding to a
constant relative L/FE resolution, has been adopted. It can be shown that, in order to
keep sensitivity to the oscillation pattern for every possible (yet unknown) value of Am?,
the bin-size should satisfy Alog(L/E) < 0.5 [56]. As for the requirement of an L/E
resolution better than 50% FWHM, the upper limit at 0.5 on the bin-size is set by the
requirement that the oscillation be sampled at twice its frequency at least over the first
modulation period.



/\' 60 7\ T T T T T T T T T T T T T T \7 /\' :\ T T T T T T T T T T T T T T \:
> L 4 3 [ 1
3’/ r ] \?; 16 B ]
2 50 42 14 = -
c C 1 c C ]
o L 1 0 L ]
S o4 [ 4o 12 e E
= 1 10 =
30 |- - g [ B
- . 4 b -
10 — — C ]
h ] 2 - —
O I I ‘ I I ‘ I I ‘ L] O :\ L1 ‘ I I ‘ I I ‘ L1 A
—1 -0.5 0 0.5 1 —1 —-0.5 0 0.5 1
((L/E)true_(L/E)mc) / (L/E)tme ((L/E)true—(L/E)rec) / (L/E)tme
g ,I :\ T 1 ‘ T T 1 ‘ T T T ‘ T T \: g 1 i\-\ wl ‘ T 1 ‘ T 1 ‘ T 1 ‘ T \:
{ 0.8 a B { 0.8 B B
J C I o 7
~ 06 = .. — ~— 0.6 —
\ : ------ : \ :
—~ 0.4 = = 3 0.4 —
/{E = b /\g ..... ]
W o0.2 ki W 0.2 -
> )
\I/ 0 \I/ 0 b
_=0.2 2 =02 =
L mal T B
S-0.4 S04 BRI LT i -
0.6 e e o S0.6 lmEtrerreoitoeete . {
0.8 GHETEEL L U —08 mnni E
_’I ;'\ '\::\-:\:"::\~'\"\"\"‘:-\::\:'\- \;:":\:'\‘-\~‘\- _'] :-\:'\ | “ L1 ‘\" | \‘ \" I ‘ L1 \:

0 1000 2000 3000 4000 0 200 400 600 800 1000
(I—/E)true (I—/E)true

Figure 5.1: L/FE resolution for contained (left) and partially contained (right) events after
the selections discussed in the text.
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Figure 5.2: Effects of the selections described in the text on a reference sample of v,
CC interactions with a final state muon of energy larger than 1.5 GeV (“multi-GeV
sample”). The cosf, and the L/E distribution for upgoing neutrinos as well as the
selection efficiencies are shown. The hatched area represents the contribution to the
selected sample of partially contained events. For Am? = 3.5 x 103 eV?, the present
best-fit value of Super-Kamiokande [24], the first oscillation minimum would be located
at L/E ~ 250 km/GeV, indicated by the arrow.



The likelihood function compares the observed rates of upgoing to downgoing events
as a function of L/FE and is defined as:

Npins

[e9) DZ —Hi
c= 11 J; g e, am)

Ui exp [~ P (0, Am?)]
U;!

where the first term accounts for the Poisson probability that an expectation value of y;
events would have produced the D; downgoing events actually observed, while the second
term gives the Poisson probability to observe U; upgoing events when u;P;(©, Am?) are
expected. P;(©, Am?) represent the v, survival probability for the i-th bin for given values
of oscillation parameters and is parametrised as:

P(L/E;0,Am?) =1— 1— R(Am?, L/E) cos(2.54Am’L/E)] , (5.2)

sin?(20)
— |
where R(Am?,L/E) folds in the experimental resolution and is taken as the Fourier
transform of the resolution function of Fig. 5.1. This parametrisation of the survival
probability is valid under the assumption that the L/F resolution function be symmetric
and that the L/E spectra of upgoing and downgoing neutrinos be (practically) flat [57].
Both these assumptions are reasonably satisfied. In particular, in the region where the first
oscillation would manifest itself for any value of Am? allowed by the Super-Kamiokande
results, the L/ E spectrum of selected events exhibits a variation of order 10% over a range
where the resolution function changes by a factor 2. Studies on systematic effects related
to the knowledge of the resolution function are in progress.

The L/FE distributions obtained with the outlined selections are shown in Fig. 5.3
and Fig. 5.4 for Am? ranging from 7 x 107* to 8 x 107% eV? and maximal mixing. The
figures also show the discovery potential (allowed regions of the oscillation parameter
space) of the experiment after four years of exposure as determined from the outlined
fitting procedure.

For large values of Am? this approach loses sensitivity to the determination of oscil-
lation frequency, because of the limited statistics at small L/E. At Am? around 1072
eV? oscillation starts to manifest in the downgoing sample and the Picchi & Pietropaolo’s
method adopted here is not optimal. Still an up/down asymmetry will be clearly visible.
Moreover, for Am? larger than a few 1072 eV?, upward neutrinos — at large L/E — will be
in complete oscillation, while the oscillation pattern would become detectable in the down-
ward sample. In this limit, a mirror distance L'(#) = L(m — ) can be assigned to upward
neutrinos, which can be used as a reference L/FE distribution for downward neutrinos. In
this case, due to the uncertain estimate of the neutrino path-length for downgoing neu-
trinos related to our ignorance of their production height in the atmosphere, there would
be some model dependence in the determination of oscillation parameters. Nonetheless,
the observation of an oscillation pattern would still firmly test the oscillation hypothesis.
An example of the L/E distribution and results obtained with this analysis are shown in
Fig. 5.5.

The results of the outlined analysis are summarised in figure 5.6. The precision on
oscillation parameters (allowed regions at 90% C.L.) that can be achieved in four years of
exposure is compared to the regions at 90% C.L. allowed by the Kamiokande and Super-
Kamiokande results. In the absence of oscillations, the arguments presented can be used
to exclude a region of oscillation parameters. The exclusion limits that this experiment
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Figure 5.3: Results of the L/E analysis on a simulated sample in the presence of v, — v,
oscillations, with parameters Am? = 7 x 10~* eV? and sin?(20) = 1.0 (top) and Am? =
2 x 1073 eV? and sin?(20) = 1.0. The figures show from left to right: L/E spectra for
upward muon events (hatched area) and downward ones (open area); their ratio with the
best-fit superimposed (the first point is integrated over the first six bins) and the result of
the fit with the corresponding allowed regions for oscillation parameters at 68%, 90% and
99% C.L.. Simulated statistics correspond to 25 years of data taking, rate normalisation,
error bars and errors entering in the best fit procedure correspond to 4 years. It has been
checked that this procedure yields a good approximation of the exact sensitivity contours.
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Figure 5.4: As Fig. 5.3, for Am? = 5 x 1073 eV? and sin?(20) = 1 (top) and Am? =
8 x 1073 eV? and sin*(20) = 1 (bottom).
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Figure 5.5: As Fig. 5.3, for Am? = 3 x 1072 eV? and sin?(20) = 1. As explained in the
text, an inverse oscillation pattern appears for large values of Am?.

will be able to set after an exposure of one year at 99% C.L. or 4 years at 90% and 99%
C.L. are also shown in the figure.
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Figure 5.6: Left: Expected allowed regions of v, — v, oscillation parameters for MONO-
LITH after four years of exposure, as obtained by the analysis described in the text: the
results of the simulation for Am? = 0.7,2,5,8,30 x 1072 eV? and maximal mixing are
shown. Right: MONOLITH exclusion curves at 90% and 99% C.L. after one or 4 years
of data taking assuming no oscillations. The full (dashed) black line shows the published
results of the Super-Kamiokande [3] (Kamiokande [16]) experiment.



5.4 Appearance of tau neutrinos

If evidence of v, disappearance is observed, for Am? > 3 x 1073 eV?, the appearance
of 7 neutrino charged-current interactions can be searched for to distinguish between
v, — v, and v, — v, oscillations. As discussed in Section 2, this method consists in
measuring the upward/downward ratio of muon-less events, as a function of the visible
energy. Charged-current v, interactions would in fact result in an excess of muon-less
events in the upward sample at high energies, due to the large 7 branching ratio into muon-
less channels (BR ~ 0.8). Moreover, because of threshold effect on 7 production, events
of large visible energy must be selected, in order to enhance the relative v, contribution
to the muon-less event sample.

This method was first considered in [9], where the selection of muon-less candidates
(defined as events without non-interacting tracks longer than 1 m, equivalent to a m.i.p.
of 0.9 GeV) and the up/down discrimination were largely based on hand scanning. Since
the statistics of these events is not large, hand scanning is affordable. Here, however,
results of an automated analysis are reported.

The selection of muon-less events is based on the ratio of the visible energy to the
event length and on the recognition of a penetrating track, defined as muon candidate
of energy greater than 1.5 GeV (taken from simulation truth). The sample of muon-less
candidates selected by these criteria has a slightly larger contamination of v,-CC events
than the muon-less sample of Ref. [9]. However, the comparison of visible energy and
event length does not require pattern recognition, while hand scanning shows that muons
of 1.5 GeV are easily visible and within the reach of further progress in pattern recognition
algorithms.

In addition, in order to achieve good up/down discrimination, events with limited
vertical development have been rejected by requiring that at least 5 layers be fired and
that the visible energy in the event obtained from the hit multiplicity be larger than 4
GeV.

These selections have an efficiency on v, interactions followed by muon-less 7 decays of
about 60%, while the purity of the upgoing muon-less sample, assuming perfect up/down
discrimination, is about 25%. The 1v,-CC and v,-CC background accounts for about 10%
and 25% of the sample, while the remaining events are genuine NC interactions, which
also carry useful information for the v, /vy discrimination.

These values are integrated over the energy. However, the residual v,-CC background
has a soft energy spectrum, since the rejection of v,-CC events with a hard muon (E, >
1.5 GeV) is effective on high energy events (due to the flat y distribution of the CC
interaction). The v,-CC background is mostly degraded to low visible energy, due to the
coarse sampling of the detector which filters off the electro-magnetic component of the
interaction. As a consequence the visible energy is mostly due to the residual hadronic
component, as in the case of neutral current events.

The determination of the neutrino flight direction has been obtained by an automatic
algorithm on the basis of the event topology and by taking advantage of the timing
capabilities of the detector. The position of the centre of gravity of the event (as derived
from the digital information) and of the earliest hits in the z and y views are determined
along the z (vertical) direction, to establish whether they lay in the lowest or in the
highest half of the event. The combined information of these variables is used to derive
the flight direction of the neutrino. Moreover, these variables (event “vertex” and centre
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Figure 5.7: Top: Up/down asymmetry of muon-less events as a function of the visible
energy, for maximal mixing and Am? =5 x 1073 eV? (left) and Am? = 1072 eV? (right).
The expectations for v, — v, (hatched area) and for v, — v oscillations (dots) are
compared. Events have been generated with high statistics, error bars correspond to four
years of data taking. The rightmost bin also integrates the contribution of events with
reconstructed energy larger than 70 GeV. Bottom: Probability density function for the
experimental outcome of the up/down asymmetry of events above 7 GeV after four years
of data taking.

of gravity) provide a rough estimate of the neutrino zenith angle (~ 20 degrees FWHM)),
which has been used to filter events near the horizontal. These events are of little use
in the measurement of the up/down asymmetry since near the horizontal the up/down
confusion and the v, background are larger and (in the upgoing sample) the oscillation
probability is smaller.

The up/down discrimination algorithm is not yet as effective as the result of hand
scanning and optimisation is in progress.

After rejection of events with a reconstructed zenith angle within 15 degrees from the
horizontal, for which the determination of the neutrino direction is most ambiguous, the
efficiency to muon-less v, interactions is reduced to around 40%. On average 85% of the
v,-CC events have their sense of direction correctly assigned.

Fig. 5.7 shows the result of the outlined analysis. The differential up/down asymmetry
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Figure 5.8: Significance of the v, /v, separation in four years as a function of Am?.

of muon-less events as a function of the visible energy, defined as
U(E) — D(E)

A(B) = U(E) + D(E)’

(5.3)
with clear meaning of symbols, is shown for maximal mixing and Am? = 5x 1073 eV? and
1072 eV? for the two alternative oscillation hypotheses (top). In the v, — v, case there
is an excess of muon-less events with high visible energy from the bottom hemisphere
due to the 7 decay into muon-less channels that produce neutral current like events and,
hence, a positive asymmetry; in the v, — v, case there is a lack of neutral currents from
the bottom hemisphere at all visible energies, since the sterile neutrino does not interact.
At low energies a negative asymmetry is observed also in the v, — v, case. This is due
to the residual background of v,-CC events at small energies which gets depleted in the
upgoing sample because of oscillations.

The figure also shows (bottom) the probability density functions for the experimental
outcome for the up/down asymmetry of muon-less events of visible energies above 7
GeV. Results are given for four years of data taking: the two alternative hypotheses are
discriminated at 90% (95%) C.L. with a rejection power of about 1% (3%).

Figure 5.8 shows the significance (number of sigmas) of the v, /v, separation in four
years, defined as the difference between the expectation values of the asymmetry for the
two hypotheses normalised to the expected error. Below 3 x 1072 eV? this method loses
sensitivity, since it relies on high energy neutrinos which do not oscillate enough. At
larger Am?, the separation achieved by the present analysis is at the 2.50 level, mainly
limited by the current performance of the up/down discrimination algorithm. For an
equivalent efficiency to muon-less v, interactions, hand scanning reduces the probability
of a wrong classification by more than a factor 2. As shown in the figure, if a perfect
up/down discrimination is assumed, a separation of more than 3¢ on the same sample of
muon-less events is obtained.



5.5 Comparison of different detector geometries

Alternative geometries, with vertical iron planes, have also been simulated, since they offer
a better acceptance to neutrino interactions induced by a possible beam from CERN.
As far as atmospheric neutrinos are concerned, a structure with vertical planes presents
acceptance limitations along the vertical, while it offers improved reconstruction capabil-
ities for events near the horizontal. These latter events, however, have a limited L/FE
resolution as discussed in Chapter 3 (see equation (3.2)) and most of them are eliminated
by the selection criteria. Fig. 5.9 compares the samples of selected fully contained events
as a function of L/E for a structure with 8 cm iron planes oriented vertically or horizon-
tally. The same set of reconstruction and kinematic criteria, along the lines discussed in
section 5.3, has been applied in both cases. No specific selection against the cosmic muon
background, which is more severe for the vertical layout, has been introduced.

@ | _Horizontal plate
§ 100 L ... Vertical plate
@ [ 8 cmiron
%80 | contained
s | .
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60 |-
o
20 |-
0 il | L |

175 2 225 25 275 3 325 35 375 4

Log (L /E)

Figure 5.9: Comparison of the statistics of fully contained events selected with the vertical
(dotted line) and horizontal (full line) layout. The loss in efficiency at large L/FE is
introduced by lower event reconstruction capabilities along the vertical direction.

The figure shows that, in the region where the first oscillation minimum would manifest
itself, for all the values of Am? allowed by Super-Kamiokande results, the statistics of
selected events is similar in the two geometries, while at large L/ E the effect of the limited
acceptance along the vertical of the vertical structure is visible. This results in a reduced
sensitivity to the mixing angle.

A more complete analysis has been performed with a more complex geometry, con-
sisting of vertical iron planes 4 cm thick alternated with active planes of 2 x 2 cm?
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iron/scintillators bars. The bars are oriented once vertically and once horizontally, to
provide two coordinates. The ratio of the iron to the active element, the total weight
and dimensions are similar to the baseline option discussed in the previous sections. A
magnetic induction of 1.5 T of toroidal shape in the vertical iron planes has been assumed
in the simulation. The muon reconstruction is obtained from a track fitting procedure,
while the hadronic energy is obtained using the analog information from the scintillators.

An analysis along the lines described in section 5.3 has been performed, without any
specific selection against the cosmic muon background, which is of particular importance
when, as in this case, events with outgoing muons are included in the selected sample. An
additional external veto is therefore assumed. Figures 5.10 a,b show the efficiency as a
function of the muon angle and as a function of the L/E ratio. Figures 5.10 ¢,d show, for
the value Am? = 2 x 1073 eV? and maximal mixing, the L/F distributions for up-going
and down-going muons together with their ratio.

The above preliminary results show that, concerning the observation of the L/E pat-
tern, the performances obtained with the vertical layout are similar to those obtained
with the baseline solution.

5.6 Summary and conclusions

By exploiting the high energy component of the atmospheric muon neutrino fluxes, this
experiment has the capability to detect the oscillation pattern from the comparison of
L/FE spectra of upgoing and downgoing neutrinos. The outlined analysis takes advantage
of the up/down symmetry of the high energy atmospheric neutrino fluxes, which makes
high energy atmospheric neutrinos an ideal source for disappearance experiments.

In the apparatus considered, the determination of the neutrino energy and direction
relies mostly on the muon reconstruction. By means of the measurement of v, disappear-
ance, the existence of oscillations can be (dis)proved and the parameters measured over
the entire range suggested by Super-Kamiokande and Kamiokande results (see fig. 5.6).

The comparison of rates of upward and downward muon-less events of high energy will
allow to discriminate between oscillations into a sterile or a 7 neutrino. A full simulation
and analysis has been performed with the horizontal structure. The optimisation of the
up/down separation, which represents the main experimental challenge, is still in progress.
For Am? > 3x10 3 eV?, a separation at the 3¢ level is within the reach of this experiment
(see fig 5.8). For lower values of Am? the separation of the two hypotheses is marginal,
since the high energy component of the atmospheric neutrino fluxes does not oscillate
enough.

Preliminary results on a vertical structure shows comparable capabilities in the de-
tection of the L/FE pattern, with a reduced acceptance at large L/E. A study of the v,
appearance with a vertical layout has not been performed yet.

v, — Vs discrimination using matter effects, as described in section 2.3, has not yet been
addressed in detail for either detector structure. However, we believe that our massive
magnetized calorimeter has a strong potential for this method of separation, for its ability
to select large statistics of fully measured high energy up-going neutrino events. More
generally, the capability to identify and fully measure separately v, and v, events is a
very important feature of this detector.



Chapter 6

Potential Synergies with Other
Experimental Programmes

6.1 Complementarity of atmospheric and long base-
line programmes

The physics issues addressed by MONOLITH are fully complementary to the physics
programme of the CERN neutrino beam to Gran Sasso (CNGS [18]). The main physics
goal of the CNGS project is the experimental observation of 7 appearance. This could be
achieved either directly through the detection of the 7 decay kink in nuclear emulsion [58|
“ala CHORUS [59]”, or indirectly through 7 detection using kinematical criteria [60] “
a la NOMAD [61]”. However, the expected event rate is small since at L=730 km and
E~15 GeV v, oscillations, which are found to be maximal in atmospheric neutrinos, are
not yet fully developed. It is therefore impossible to observe an oscillation pattern.

Furthermore, a similarly small 7 appearance rate could also be obtained from fully
developed oscillations at high Am?, but small mixing angle. Current limits from short
baseline experiments [59, 61] do not exclude this possibility [23]. In the most extreme
case, such a contribution could fully mask the effect of atmospheric v, — v, oscillations in
long baseline experiments, and mimick atmospheric v, — v, oscillations. Here, MONO-
LITH could add some independent information, which would help in understanding these
loopholes.

Earlier considerations of this complementarity have led to the suggestion of a detector
concept which would combine the two physics programmes [62].

6.2 Studies in progress for neutrino beam from CERN
to Gran Sasso

The baseline design of MONOLITH would have very limited sensitivity to the CNGS
beam [18] due to the horizontal orientation of the detector planes and the direction of
the magnetic field. Other designs with vertical plane orientation or vertical end caps are
being studied which would be more suited to the beam. Such designs will be favourably
considered if their performance on atmospheric neutrino measurements matches the per-
formance of the baseline design.
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The purpose of this section is to briefly investigate the potential physics issues which
could be addressed with such a detector. No detailed simulations of potential beam
performance have been made so far. One of the strengths of a 34 kt detector is its high
event rate: with the upgraded CNGS beam performance [18], about 300.000 CC events
with energies in the range 10-30 GeV could be expected in 4 years of running. Ideally,
the presence of a near detector would allow to carry out the equivalent of the full physics
programme discussed in [10] and [14]. Since a near detector pit is currently unaffordable,
the remaining physics possibilities are unfortunately rather limited.

Based on the experience from previous beam simulations [64] we assume uncertainties
of order 10% in the absolute beam flux prediction and its energy dependence. This
makes any significant measurement of v, disappearance almost impossible. Reversing
the argument, the high event rate could be used to precisely measure the beam flux
(modulated by oscillations). Once the oscillation parameters are known, for instance
from the MONOLITH atmospheric neutrino measurements, this could reduce the beam
uncertainties for 7 appearance experiments.

Depending on the size of the associated systematic error, indirect measurements of 7
appearance through the measurement of the NC/CC ratio might offer some possibilities.
Previous measurements of this ratio for other purposes in high density calorimeters [63]
have achieved systematic errors in the 0.5-1% range. However, all these results were
obtained at neutrino energies of typically 50-100 GeV. Detailed studies are needed to
establish the performance in the 10-30 GeV range, including the possibility to use the high
event rate to study some of the systematic errors from the data themselves. Contrasting
the expected error of a few % with the expected apparent NC/CC enhancement for v, — v,
oscillations (~ 1—20% depending on Am?), it seems likely that a meaningful measurement
can only be achieved if Am? is large.

In conclusion, some beam measurements could be considered, but the absence of a near
detector severely limits the physics possibilities. More quantitative studies are needed for
a final evaluation.

6.3 Studies in progress for beams from muon storage
rings

Neutrino beams from future muon storage rings [65] (neutrino factories) will be essentially
pure beams of either v, +7, or ¥, +v,. The occurence of v,—v, or v.—v, oscillations would
therefore manifest itself via the appearance of wrong sign muons. A massive magnetized
iron detector like MONOLITH, with good muon charge separation and momentum mea-
surement, could therefore be well suited [66] for the observation of such oscillations. As
pointed out in [67, 68] this kind of beams will in particular offer the possibility to mea-
sure the #;3 mixing angle, currently only constrained by Super-Kamiokande and CHOOZ
results. It might also open the way for the study of CP violation in the neutrino system.

The performance of MONOLITH in such a beam would of course depend on the beam
energy, intensity, distance from the source and on the beam direction. Given the very early
status of the planning for such beams it would be premature to optimize the detector for
such a possibility today. However, it might be interesting to consider that such a facility
might become reality within the lifetime of the MONOLITH project, and that its useful
life might be extended accordingly.



Chapter 7

Cost and Planning

The member institutions of the MONOLITH project will continue to pursue studies to-
wards the realization of a full technical proposal. A detailed assignment of responsibilities
for the detector construction and operation will be made in parallel to the finalization of
the detector design.

Assuming a modular structure, the first part of the detector could be operational in
2002/2003. Total assembly time is expected to be 3 years.

Very preliminary cost estimates for the iron structure and the two basic detector
options for a 34 kton detector are given in the next sections. The costs for installation,
the full acquisition system and the general infrastucture strongly depend on the final
design and are not yet included.

7.1 Iron and Magnet

The cost of the iron plates is estimated to be about 9 MEuro. This refers to 8 cm plates
having the correct dimensions and precision to be assembled in 120 horizontal planes, and
includes delivery to the Gran Sasso hall. The cost for the magnet coils is calculated to be
about 0.5 MEuro for a field of order 1.2-1.4 T (see Appendix A). The cost for the active
elements for such a structure is given in sections 7.2 or 7.3.

7.2 GSC option

The result of a preliminary study on the cost of the GSC option (54000 m? of Glass Spark
Counters) is summarized in the following table:

- Glass Spark Counters 5 MEuro
- Strips 4 MEuro
- Front End Electronics 5 MEuro
- H.V. 4+ power supplies 1.5 MEuro

The cost for the gas system has not yet been estimated.
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7.3 Scintillator option

The preliminary estimate for the cost of the scintillator option (1.1 kton of scintillator in
bars of 2 x 2 c¢m, 2-sided readout, 360000 channels) is summarized in the following table:

- Scintillator 12 MEuro
- WLS fibres (4 fibres/bar) 5 MEuro
- HPD 3 MEuro
- Electronics 2 MEuro

7.4 Summary

Adding the cost for the magnet and the detectors and allowing for some margin for
installation and general infrastructure, a total cost estimate between 25 and 35 MEuro
is obtained, depending upon the detector choice. More details will be known when the

detector design has been finalized.



Chapter 8

Conclusion

We showed the feasability of a 34 kt magnetized iron detector which is able to

e measure the neutrino oscillation pattern in atmospheric neutrinos, therefore proving
the oscillation hypothesis;

e improve the measurement of Am? by almost an order of magnitude over previous
measurements, covering the full currently allowed range;

e improve the discrimination between the v, — v, and v, — v, oscillation hypotheses.
Depending on the oscillation parameters, this could be achieved through the mea-
surement of the up/down ratio of NC-like events, through the presence or absence
of a distortion of the oscillation pattern as a function of energy by matter effects,
or through the (non)observation of an asymmetry in the oscillation patterns for
neutrinos and antineutrinos.

Many of these measurements are unique to this detector, and therefore fully com-
plementary to other planned neutrino physics programmes. They can be achieved on a
relatively short timescale, at a cost which is dominated by the required detector mass.
Furthermore, a detector of this kind might fit into even more ambitious long-term pro-
grammes for neutrino factories.
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Appendix A

The magnetization of the iron plates

A.1 Introduction

Both the layout H and the layout V, introduced in the Section 4.2, are described by
the scheme of the Fig. 8.1, that shows the layout H if read as a top view, and the layout
V if read as a side view.

30 m
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Figure 8.1: Simplified configuration of windings and field lines
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Figure 8.2: Layout H, top view of the stack
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Figure 8.3: Layout V, simplified side-view of the stack, with the magnetic end-caps



A more realistic top view of the layout H is shown in the Fig. 8.2, where the field
can be shaped, adjusting the total currents 47; and 475 and their boundaries, x; and
x9. Of course the total currents will be suitably subdivided by means of a corresponding
subdivision and seriation of the copper plates carrying them.

In this layout the detectors cannot cross the wvertical median plane A-A of the stack,
because it contains the vertical conductors crossing the stack, so that the detectors have
to transmit their signals to the far ends of the stack, located 30 m apart.

The Fig. 8.3 is a simplified side-view of the stack for the layout V', where the slots
for the detectors are filled with iron near their ends, to obtain vertical paths for the field
lines. The conductors of the Fig. 8.1 (not shown here for simplicity), carrying a total
current 471, now cross the stack along the horizontal plane A-A, together with a layer
of detectors. Here the shaping of the field is achieved with the help of auxiliary coils,
carrying a total current 4i,. (In the Fig. 8.3 the cross sections of the auxiliary coils are
shown as small squares with a dot in the centre).

The dead space taken by the end caps is of course fixed by their maximum thickness
D, but D cannot be too small, because it has to be crossed by the same magnetic flux as
half the thickness of the iron stack (60 x 80 mm = 4.8 m). If we decrease D, we have to
increase the flux density B in the end caps, and approaching the saturation we have to
increase too much the current i,.

The magnetic fields for many configurations have been calculated by means of the
programs of the package “POISSON SUPERFISH” [69]. With the layout V' it is possible
to obtain an almost uniform field in the iron plates, as shown in Fig. 8.4, where the
bottom line is the trace of the plane A-A of the Fig. 8.3.

= |

Figure 8.4: Layout V, field lines with 47, = 28 kA, 415 = 60 kA




The Fig. 8.5 shows the field lines in the first quadrant, for the layout H and a sample-
set of values of x1, xs, 71, 72. The field lines cannot reach the corners of the iron planes,
and we can consider as “dead space” the area of the corner where |B| is smaller of 1 T.

»

Figure 8.5: Layout H, field lines with z; = 7.5 m, x5 = 10.25 m, 4i; = 60 kA, 44, = 120
kA

A.2 Copper cost and power consumption

Following the considerations of the previous paragraph, we might obtain many inter-
esting field configurations, but this would be useless without an evaluation of the cost
of the windings and of the power consumption. To do this evaluation we introduce the
following variables:

= 2.107® Qm = resistivity of copper

P
k = 8900 kg/m3 = mass density of copper

J current density (A/m?), constant for all the coils
k

= index of an individual coil

ix = current of coil £ (A)
¢, = length of coil £ (m)
Sk = 1g/j = cross section of coil k (m?)

e = ple/sk = plkj/ix = resistance of coil k (£2)

i = Y i, = total current (A)
k

1
¢ = = Uiy = mean coil length (m)
i
k

W = > ryiy=pj Y Lyir="Li-pj=total power consumption (W)
k k



1
Vo= D lsy = ;ngik = {i/j = volume of the copper (m?)
% %

pc = price of the copper, installed (Euro/kg)
Cec = kVpe=1VLi-kpc/j = total cost of the copper (Euro)

ps = price of the energy (Euro/J)

pr = py-1000- 3600 = price of the energy (Euro/kWh)

Y = duration of the experiment (years)

T = Y -365-24-3600 = duration of the experiment (s)
Cg = W-T-p;=W-876-Y -pp=1~Li-pj-876pgY =

= total cost of the energy consumption (Euro)

Cr = Cp+Cc=/(i(876ppYpj+ kpc/j) = total' cost of the magnetic field (Euro).

It can be easily shown that Cr = Cg + C¢ is minimum when Cg = C¢ and

j= bc R
876 -prYp

The cost of the energy, at the Gran Sasso, should be? about 0.08 Euro/kWh. The CERN
estimate of p¢ for a simple geometry corresponds to 36 Euro/kg. We can hope to get some
saving on the construction cost, but, taking for the moment these values and a duration
Y =5 years, we obtain:

j=214-10°A/m? = 2.14 A/mm”,

pj=2-10"%-2.14-10° = 0.0428 QAm™1,

kpc/j=8900-36/(2.14-10°) = 0.15 Euro A~ 'm™*.

Now we can easily calculate W and Cg:

W = li-pj=~0i-0.0428

Inserting in these formulas the values of the total currents and of the mean coil lengths,
respectively in kA and in m, we get for the most interesting configurations of the field,
the corresponding values of W and C¢, respectively in kW and in kEuro (see the Table
Al).

IFor the sake of simplicity, here we don’t include in the calculation of C'r the cost of the power-supply,
that roughly ranges from 40 to 150 kEuro when W ranges from 100 to 800 kW.

20f course we have to consider this cost, though the Gran Sasso Laboratory does not use to charge
the energy consumption to the experiments.



Table A.1

A Uy 47 43, |B| dead power copper
space comns. cost
(m) (m) (kA) (ka) (T) (%) (kW) (kEuro)

LAYOUT H | 39 39 31 23 1.1 41 90 316
39 39 24 56 1.3 11 134 468
39 39 60 120 1.5 7 300 1053

LAYOUT V | 42 348 20 14 112 16 o7 199
D=48m | 42 34.8 40 29 137 16 115 403
42 348 80 57 152 16 229 802

42 348 160 114 1.62 16 457 1603

D=36m | 42 33.6 20 24 106 12 70 247
42 336 28 60 1.20 12 137 479
42 336 40 238 1.34 12 414 1452
42 336 56 476 1.44 12 785 2752
42 336 72 714 149 12 1156 4052

D=3m 42 33 20 60 1.01 10 121 423
42 33 24 238 112 10 379 1329
42 33 32 476 1.23 10 730 2558
42 33 48 714 133 10 1095 3837

A.3 Conclusions

Looking at the Table A.1, we see that the second lines of the groups dedicated re-
spectively to the layout H and to the layout V, with D = 4.8 m and with D = 3.6 m,
correspond to situations satisfying the requirements on | B| and on the power consumption
and cost, indicated in the Section 4.2.

The better uniformity of the field and the better accessibility for the read-out of the
detectors suggest the choice of the layout V.

The dead space indicated here refers to blind end-caps, but as mentioned earlier they
could be structured and instrumented. At this point the choice between D = 4.8 m and
D = 3.6 m could go towards the first value, because it permits a higher value of |B|.

Of course the discussions are far from being closed, and there will be no major problem
in changing from one choice to another one.
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