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Abstract
The ICARUS technology is the outcome of many years of a graded
and careful R&D programme developed to provide Ôbubble-chamberÕ quality
events. It is now a mature technology and a 600 ton module has been
approved for construction in the Gran Sasso Laboratory in order to study
proton decay and atmospheric and solar neutrinos.
The possibility to build a neutrino beam from CERN to Gran Sasso
in order to study neutrino oscillations in the region hinted at by
atmospheric neutrino experiments was discussed in the ICARUS proposal.
The importance of a measurement in an artificial beam, free of systematic
errors, has already been stressed. The characteristics of the required beam
line have already been defined.
Today there is a greater body of experimental data, which leads to a
three neutrino solution compatible with all experimental data of neutrino
oscillations. It suggests that very probably long and possibly intermediate
baseline experiments coupled with the CERN SPS wideband neutrino beam
could be the real focal point of the oscillation searches. Spectacular νµ ↔ νe
conversion is expected to be observed at long distances, while νµ ↔ ντ
conversion could be visible at intermediate distances.
While we maintain full commitment towards the long baseline
programme at Gran Sasso (730Êkm from CERN), we are motivated by the
larger theoretical framework to also discuss in this document the physics
potentialities of an ÔextendedÕ experimental programme consisting of an
additional exposure of an ICARUS-like module with external m u o n
detector at a location of 17Êkm (Jura) from CERN. We argue that these two
measurements, performed with the same detector technology, would
complement and support each other since they would provide within the
oscillation context the ÔnearÕ and the ÔfarÕ positions. When combined, the
two exposures could provide a coherent exploration of the L/E oscillation
parameter interval where the present experimental data seem to place the
appearance of the oscillation pattern. They would fully address our
theoretical prejudice with very comfortable rates which would provide
unmistakable interpretations of the observations. In case of a negative
result, stringent limits on oscillation parameters would be set in regions of
neutrino mass differences which are, to a large extent, still unexplored.
A proposal for an experimental programme at the Gran Sasso and at
the Jura has been submitted to the CERN SPSLC (CERN/SPSLC 96Ð58/P304).
We discuss in the present document those ideas in more details.
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I.

THE ICARUS PHYSICS PROGRAMME

1.

Neutrino oscillations

ICARUS is now an approved experiment of the Gran Sasso Laboratory
(LNGS). We refer to the original ICARUS proposal [1] for further details. The
physics programme is primarily:
1) a decay-mode independent proton decay search in the range τ ≈
1033Ð1034 year,
2) a search for oscillations in atmospheric neutrino events,
3) model-independent solar neutrino flux measurements at EÊ>Ê5ÊMeV.
After a first 600 ton module is completed and tested and some early
physics is produced, we plan to progressively increase the installed mass to
about 5000 tons of liquid argon with the addition of several (~8) similar
modules.
The central issue of neutrino physics is the determination of masses
through neutrino oscillations. The necessity of the oscillation phenomenon,
initially proposed by Pontecorvo [2] stemmed from the results of the solar
neutrino experiments [3] which all indicate a deficit of about a factor 2 with
respect to the Standard Solar Model. Though such a model is not without
problems, it would seem that the most reasonable explanation is to assume
that the depletion of the νe neutrinos is due to flavour mixing νe ↔ νx
occuring along the path between the Sun and the Earth. Until recently the
preferred solution was the one of a relatively small mixing angle, coupled with
a Ômass enhancementÕ phenomenon during the travel of neutrinos through
the solar matter, the so-called MSW effect [4]. If the Sun has such a specific
mechanism, one would expect that other experiments with more conventional
neutrino sources would give no major depletion in flux.
However, more recent results from atmospheric neutrino experiments
[5], though with significant uncertainties, also claim a depletion factor of the
same order as solar neutrino experiments. Already with one 600Êton ICARUS
module, it is possible to study directly the atmospheric neutrino fluxes and
therefore cross-check the atmospheric observations with an overall rate of
about 150 events per year per module. The sensitivity of this measurement is
illustrated in Figure 1 for exposures of 0.5 and 1ÊktÊyr.
On the other hand, we expect that, at the appropriate L/E distance, the
oscillation pattern must appear as a direct, self-contained signature and would
provide an unmistakable proof of the phenomenon. The oscillation should
manifest itself as an energy-dependent modulation in the disappearance rate
νµ ↔ νx and in the appearance rates νµ ↔ νe and/or νµ ↔ ντ of the different
neutrino flavours, starting from a ÔconventionalÕ νµ neutrino beam at an
accelerator, with neutrinos of sufficiently high energy to produce all three
charged leptons with appreciable cross-sections. The neutrino flavour
appearance rates complemented by a disappearance search provide
information on the mass differences and mixing between the neutrino
flavours. The possibility to build a neutrino beam from CERN to Gran Sasso i n
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order to study neutrino oscillations, including the characteristics of the
required neutrino beam, was already discussed in the ICARUS proposal [1].
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Figure 1: Atmospheric neutrino 90% confidence level sensitivity regions ( o n
the right-hand side of curves) for the ICARUS 600 ton module separately for (a)
νµ ↔ νe and (b) νµ ↔ ντ oscillations. Exposure times of 0.5 and 1Êkt yr are
shown.

2.

Neutrino oscillations: evolution of the expectations

There have been many attemps to reconcile all the existing neutrino
experiment data in a coherent neutrino oscillations picture. It seems difficult to
satisfy all the constraints with only two oscillations νµÊ↔Êνe or νµ ↔ ντ and two
mass-squared differences, say ∆m2 and ∆M2.
It is the merit of Harrison, Perkins and Scott [6] to have pointed out
that all existing disappearance data (with perhaps the exception of the early
data from Davis) could be reconciled with the simple assumption of a large
mixing angle and a neutrino mass difference ∆m 2 of the order of 0.01 eV 2.
WeÊrefer to Figure 2, taken from Ref.Ê[6], to visualise this point.
Assuming two competing neutrino species and the worldÕs
information on disappearance experiments, there is little or no room left for
the oscillatory pattern unless ∆m 2 ≈ 0.008 eV 2. In all cases, the large difference
between the ÔdepletedÕ long-path neutrino experiments (solar and cosmic rays)
and the apparently ÔunperturbedÕ short-path results (accelerators and reactors)
suggests a large mixing angle, of the order of sin2(2θ) ≈ 0.9 [6].
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Figure 2: Compilation of disappearance rates as a function of the distance
(From Ref.Ê[6]).
More recently, the LSND experiment [7] has claimed evidence for
neutrino νµ ↔ νe oscillations (FigureÊ3). This result, when compared to other
experimental data which exclude such oscillations, could indicate a ∆m 2 value
of the order of 1 or 2ÊeV2 with an effective mixing sin 2(2θ) ≈ (2Ð3) × 10Ð3, i n
other words, a small angle.
As pointed out by Acker and Pakvasa [8], it seems possible to explain all
three experimental indications (solar, atmospheric and LSND) with only three
neutrino flavours by envisaging possible mixing amongst the three families.
The solution must be analysed in terms of two independent mass differences
(for example ∆m 22,1 ≡ m 22 Ð m 21 and ∆m 23,2 ≡ m 23 Ð m 22) and a 3 × 3 mixing
unitary matrix of the form Uαβ between the three weak eigenstates (νe, νµ, ντ)
and the mass eigenstates (ν1, ν2, ν3). The oscillation probability is then:
P( υα → υβ ) = δ αβ − 4 ∑ U α , i Uβ , i U α , j Uβ , j sin 2 ( ∆ i , j 2)
i> j

where ∆ i , j =

∆m i2, jL
2E

.

The LSND result [7] can be accommodated with the second mass
difference of the order of ∆m 2 = 1 Ö 2 eV2, leading to an attractive scenario with
∆m 22,1 ≈ 0.01 eV 2 and ∆m 23,1 ≈ ∆m 23,2 ≈ 1 eV 2. According to Ref. [8], the best
mixing matrix compatible with all existing disappearance and appearance data
is:
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0.764 ↔ 0.630 0.140
 0.630 ↔ 0.764

U α ,β = −0.776 ↔ −0.645 0.619 ↔ 0.754 0.124 
−0.010 ↔ −0.028 −0.187 ↔ 0.185 0.982

∆m 22 ,1 = 10 −2 eV 2
∆m 23 ,1 = ∆m 23 , 2 = 1 ÷ 2 eV 2 .

∆m2 (eV2/c4)

This scenario results in two competing oscillatory patterns: a ÔfastÕ
oscillation driven by the ÔlargeÕ mass squared difference ∆m 23,1 ≈ ∆m 23,2 ≈ 1 Ö
2ÊeV2 and a ÔslowÕ oscillation driven by the ÔsmallÕ mass squared difference
∆m 22,1 ≈ 0.01 eV2.
The experimental evidence for such a pattern is, so far, purely
circumstantial. It is only because of the disagreement between different
experimental results that the possible explanation through the oscillation
mechanism emerges. It is clear that such an attractive scenario calls for a rapid
and careful experimental verification.
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Figure 3: Plot of the LSND ∆ m 2 vs sin 2 2θ favoured regions. The s h a d e d
regions are the 90% and 99% likelihood regions. Also shown are the 90% C.L.
limits from KARMEN, E776 and the Bugey reactor experiments (From Ref.Ê[7]).
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3.

CERN SPS long and medium baselines

It is a fortunate circumstance that both ÔfastÕ and ÔslowÕ oscillations are
centrally located in the energy range of neutrinos produced by the CERN SPS
beam at two distances which are readily accessible:
¥

at 17 km behind the Jura, using the existing neutrino beam, to explore
the pattern due to ∆m 23,1 ≈ ∆m 23,2 ≈ 1 Ö 2 eV2;

¥

at 730 km from CERN, at the Gran Sasso National Laboratory (LNGS)
to study ∆m 22,1 ≈ 0.01 eV 2, for which a dedicated new beamline has to
be constructed [9]. The Gran Sasso Laboratory caverns are already
oriented in the direction of CERN.

The following observations on the CERN SPS neutrino programme
can be formulated:

1

¥

At the present location (0.65 k m1) of CHORUS [10] and NOMAD [11]
the νµ ↔ ντ conversion is very small, of the order of 5.79 ×
10Ð4 [10/EνÊ(GeV)]2, presumably too small to be detectable by the present
generation of experiments (see Figure 4a).

¥

At the Gran Sasso location (730Êkm), one expects an effective νµÊ↔ ντ
steady conversion with P(νµÊ↔ ντ) ≈ 0.028 ÷ 0.035 accompanied by a
large oscillatory νµ ↔ νe conversion (see Figure 4c). The effect is very
spectacular in the νe/νµ ratio. At the ÔresonantÕ energy EresÊ=
5.9Ê×Ê102Ê∆m 2Ê(eV2), the νµ is essentially absent to the extent of
1ÊÐÊsin2Ê(2θ) ≈ 0.1. At higher energies the fraction of νe events is
decaying smoothly (50% at EÊ=Ê2ÊEres, 10% at E = 5 Eres and decreasing as
1/E2 for larger values). Therefore, while electron events dominate at
lower energies, at high energies the normal Ômuon-likeÕ behaviour is
re-established.

¥

At the Jura location (17 km) within the continuation of the present
neutrino beam, one expects an oscillation into τ-neutrinos which is
dominated by an effective νµ ↔ ντ oscillatory conversion with a
sin2Ê(2θ)Ê= 4[Uµ,3 Uτ,3]2 ≈ 0.06 and a small amount of νµ ↔ νe
conversion at very low energies (see Figure 4b). The actual values of
the mass difference and of sin2(2θ) can both be determined from a fit of
the ratio of events ντ /νµ as a function of the visible energy, since large
changes are expected over the energy interval of detectable events.

The distance is calculated from the centre of the decay path (300 m).
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4.

Alternative scenarios

The previous discussion even though attractive by its minimal
requirements contains a certain amount of theoretical prejudice and may turn
out to be not entirely correct:
¥

The choice ∆m 23,1 ≈ ∆m 23,2 ≈ 1ÊeV2 is motivated by the LSND result
which is experimentally unconfirmed. This is the dominant
assumption on which relies the νµ ↔ ντ appearance experiment at the
Jura position. Note, that it will be possible to test the LSND result for
the ÔdirectÕ νµ ↔ νe conversion by looking for an excess of electron
events. Therefore, both the νµ ↔ νe and νµ ↔ ντ hypotheses with ∆m 2 Ê≈
1 eV2 will be studied at the Jura.

¥

More credibility can be assigned to the ∆m 2 ≈ 10Ð2ÊeV2 oscillation
hypothesis, to be tested at the Gran Sasso position, since it relates to the
rather extensive phenomenological analysis of Perkins et al.Ê[6]. It relies
on the observation that atmospheric neutrinos anomaly and solar
neutrino deficits are consistent with being interpreted as the same
phenomenon [12].

Since Ref. [6] is based exclusively on disappearance data, it may well be
that the oscillations are transforming incident neutrinos into ντ rather than
into νe (assuming of course that the result of LSND is wrong).
The detection of a very large νµ ↔ ντ conversion with ∆m 2 ≈ 10Ð2 eV2 is
possible with the ICARUS apparatus at the Gran Sasso. Indirectly, the νµ ↔ νx
disappearance rate complemented by the νµ ↔ νe appearance rate will shed
light into the possible νµ ↔ ντ conversion. A direct νµÊ↔Êντ appearance
measurement is also possible. A separation between events with and without a
tau in the final state based on the total and transverse energy measurement
will be achievable (see Section V.4). One will also measure the ratio of events
with and without an identified muon in the final state (i.e. NC/CC test).

5.

Other experimental programmes in progress

Experiments presently in progress will soon be able to establish on a
firmer ground the likelihood of observing neutrino oscillations:
(1) the SUPERKAMIOKANDE experiment [13], based on the same
technique as the KAMIOKANDE experiment but with a much larger
mass (≈Ê30Êkt of fiducial mass), may confirm the result on the
atmospheric neutrino anomalous ratio.
(2) the future reactor experiments such as CHOOZ [14] and Palo Verde [15]
which observe νe survival probability and will be sensitive down to
∆m 2 ≈ 10Ð3 eV 2, should see a large effect P(νe ↔ νe) ≈ 0.48 Ö 0.50, thus
confirming the interest in the Gran Sasso position.
(3) the upgraded KARMEN experiment [16] which will verify the result
from LSND and therefore may give more strength to the measurement
at the Jura position. Note that both experiments ÔseeÕ the ν3 eigenstate
only indirectly, through a small effect in the νµÊ↔ Êνe conversion. The
7

Jura position measurement will instead ÔseeÕ the oscillation directly i n
the ν τ channel.

6.

Conclusion

There is a substantial body of data leading to a theoretical prejudice
which suggests that most probably the Gran Sasso and possibly the Jura
locations, coupled with the SPS neutrino beam could be the real Ôfocal pointÕ of
the neutrino oscillation search. Spectacular νµ ↔ ντ conversion is expected to
be visible behind the Jura and a monumental νµ ↔ νe conversion is expected to
be observed at the Gran Sasso position.
We would like to point out the pragmatic consideration that the L/E
interval covered by the two proposed positions is not yet well studied and that
the simultaneous, possible νµ ↔ ντ and νµ ↔ νe oscillatory conversions can be
observed very cleanly with high-energy SPS neutrino interactions in ICARUS.
We believe that both locations should be explored with the same
detector as part of same programme. If the same neutrino beam configuration
is used, the Jura and Gran Sasso represent, respectively, the ÔnearÕ and ÔfarÕ
positions of the experimental programme.
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II.

THE EXPERIMENTAL PROGRAMME: A COMPLETE
ANSWER

1.

Aim of the experiment

The proposed experimental programme consists in two exposures of
two similar ICARUS modules with external muon detectors at the positions of
17 km (Jura) and 730 km (Gran Sasso) from the source.
The experimental programme is aimed at searching for neutrino
oscillations in the mass difference regions which are today of great interest,
namely the ∆m 2 ≈ 10Ð2 eV2 and the ∆m 2 ≈ 1.5 eV 2 regions, and is motivated by
the prejudice on the three neutrino oscillation solution as proposed by Acker
and Pakvasa [1]. It proposes to find evidence for the predicted νµ ↔ νe and the
νµ ↔ ντ oscillations at the proper L/E distances (see Section I).
In practice, we plan to perform both νµ ↔ νe and νµ ↔ ντ oscillation
searches at both locations (Gran Sasso and Jura, i.e. ∆m 2 ≈ 10Ð2 eV2 and the ∆m 2
≈ 1.5 eV 2 regions) in order to give a complete answer to the atmospheric
neutrino problem [2,3] and to the LSND claim [4] for neutrino oscillations.
The Gran Sasso and Jura measurements complement and support each
other (ÔfarÕ and ÔnearÕ positions, distance ratio 43: 1) and, when combined,
provide a large and coherent exploration of the L/E interval of interest, taking
into account the energy spectrum of the CERN SPS neutrino wideband beam (5
↔ 200ÊGeV). The complementarity of the two position measurements is
evidenced in Figure 1. They cover very well the mass difference regions of
∆m 2Ê≈ 10Ð2 eV2 and ∆m 2 ≈ 1.5 eV2.

∆m2 (eV2) for first maximum

10
1 Jura location (17 km)

δm23 ?

0.1
LNGS location (732 km)

0.01

δm12 ?

0.001
1

10
Neutrino Energy,GeV

100

200

Figure 1: Mass difference for the first maximum of oscillations as a function o f
the neutrino energy, for the ÔnearÕ and ÔfarÕ positions of our Proposal.
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With the Jura exposure acting as a ÔnearÕ measurement of the energy
spectrum of the νµ component of the beam, we will also perform a νµ ↔ νx
disappearance experiment at the Gran Sasso.
The oscillation searches will therefore be disappearance and appearance
measurements, starting with an initially pure νµ beam converting over its path
into the νe and ντ channels.

2.

Outline of the detector

The ICARUS [5] technology provides a general-purpose particle
detector and, in particular, is extremely well suited for the detection of highenergy neutrino interactions:
¥

it is a fully homogenous medium which acts at the same time as the
neutrino target and the detector;

¥

it can easily provide for large target masses (order of kilotons necessary
to achieve sufficient rates at large distances);

¥

it is fully sensitive and has full acceptance;

¥

it has a very high granularity.

The advantages of the ICARUS liquid argon technology allow within
the same volume:
¥

a precise tracking device with high resolution dE/dx measurement;

¥

full sampling electromagnetic and hadronic calorimeters (X0 = 14 cm
and λint = 84 cm);

¥

a full reconstruction of the event with a picture of bubble-chamber
quality;

¥

a self-triggering device, continously alive (no dead time) and providing
events Ôon-lineÕ implying that the analyses can be performed in realtime.

With these attributes, a 600 ton ICARUS module, as approved for
construction at the Gran Sasso, allows the full reconstruction of the final-state
kinematic of neutrino events:
¥

electrons are easily identified and measured with excellent energy
resolution (σE/E ~ 3%/√E(GeV));

¥

assuming a fiducial volume of 400 tons, there is enough containment
to completely collect the energy of photons (electrons) and hadrons and
therefore measure with high resolution the hadronic jet in deep
inelastic neutrino interactions;

¥ in order to identify and measure high-momentum muons as they
occur in high-energy νµ neutrino charged current interactions, an
external muon detector is required.
¥

12

for low-momentum hadrons, ionization measurements provide an
excellent momentum resolution and also particle identification when
combined with range information.

3.

Outline of the searches for oscillations

The search for oscillations is based on the particle identification
capabilities of ICARUS and on the kinematical reconstruction of the events:
¥

for the νµ ↔ νx disappearance search, we rely on the external m u o n
detector to identify and measure the muon and use the liquid argon to
reconstruct the jet energy; the spectrum of events obtained at the ÔfarÕ
position is compared to that of the ÔnearÕ position;

¥

for the νµ ↔ νe appearance search, the analysis is based on a rather
straightforward identification of the electron in the liquid argon (the
development of the shower is completely visible; see the next chapter
for the rejection of non-prompt sources of electrons) and the
reconstruction of the jet energy; the energy spectrum of events
obtained is compared to the one expected from the νe contamination
calculated from the knowledge of the beam. Note that in order to
perform the Ôevent-countingÕ νµ ↔ νe appearance test, one must
maximize the oscillated signal compared to the intrinsic background
which cannot be reduced. It is therefore mandatory to be located at a
L/E distance corresponding to the mass difference ∆m 2 one wishes to
test.

¥

for the νµ ↔ ντ appearance search, the analysis is based on the
kinematical suppression of the background using similar techniques to
those of the NOMAD experiment [6]. This requires good energy
resolution:
Ð the electromagnetic energy resolution in liquid argon is excellent
(measured) to be σE/E ~ 3%/√E(GeV);
Ð full simulations in argon predict that the energy resolution for
hadrons is good [σE/E ~ 12%/√E(GeV)], indicating that we can
anticipate having a resolution for jets similar to that obtained in the
NOMAD experiment.

While in NOMAD a rejection of a factor 104 is needed in order to
achieve a zero-background limit, in our case we only require a rejection of a
factor 100 to 1000 in order to extract the oscillation signal predicted by the
theoretical prejudice.
The identification of the tau lepton by means of kinematical selection
is complicated by irreducible backgrounds produced by:
Ð potential losses of final-state particles (detector acceptance, neutrons,
low momentum particles);
Ð by tails in the Fermi momentum of bound nucleons;
Ð by nuclear effects (rescattering, absorption, etc.);
All of these effects can distort the kinematical closure of the observed
event kinematics.
In ICARUS, there is essentially no loss of final-state particles since the
detector is fully sensitive, has full angular acceptance and large containment,
and has high granularity (3Êmm wire pitch) which allows one to detect very
well small range tracks (the detection and measurement threshold for proton
is typically 60ÊMeV of kinetic energy).
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The granularity of the detector provides redundancy in the
reconstruction of the event energy flow: all secondary interactions can be
identified and event topologies can be well identified. We anticipate that this
information will allow a clear classification of the tracks in the events and, for
example, for the class of events with kinematical configuration close to the one
expected for the signal, there will be sufficient information in order to veto
reconstruction ÔanomaliesÕ (secondary interactions close to fiducial boundaries,
laterally escaping charged particles, etc.).
The tails in the Fermi motion of the nucleon in argon and the effect of
nuclear reinteractions are discussed in Section VII.2. From simulations based
on the FLUKA package, these effects introduce backgrounds at a tolerable level
(≈5% level).
A small 50 litre LAr chamber will be placed in the CERN neutrino
beam during the 1997 run [7] in which this kind of issue will be extensively
studied.
We therefore anticipate that no major problems will be introduced by
nuclear effects. They will also be studied in situ with the large sample of νµ CC
events.

4.

Outline of the neutrino beam setup and event rates

To compare the νµ neutrino energy spectrum at the ÔnearÕ and at the
ÔfarÕ position, we begin with a beam line setup which is similar to the current
CERN SPS West Area setup (WANF) (see Section V for more details). Under
these assumptions, at the Gran Sasso location,
¥

the expected rates are about 1000 deep inelastic νµ neutrino events per
1019 protons on target and per kiloton of target;

¥

we take as a reference detector three ICARUS modules (1800 tons) and
assume an integrated proton intensity of 4 × 1019 protons on target
(pot);

¥

this yields a total of 4890 deep inelastic νµ neutrino events.
For the Jura location,

¥

the expected rates are quite large, due to the relatively close distance,
about 843Ê000 deep inelastic νµ events per 1019 protons on target and per
kiloton of target;

¥

we take as a reference detector one ICARUS module (600 tons) and
assume an integrated proton intensity of 2 × 1019 pot;

this yields a total of 674Ê000 deep inelastic νµ neutrino events.
The integrated intensities should be easily achievable in a few years of
normal operation of the CERN SPS machine. Shorter machine cycles could
also be considered in order to achieve the required exposure in a shorter time
(see Ref.Ê[8])
The neutrino energy of the CERN SPS wideband beam is sufficient i n
order to produce directly a large number of ντ charged current events (the
kinematic suppression of the charged current cross-section is στ /σµ = 0.48 for
deep inelastic events and 0.91 for quasi-elastic events).
¥
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The expected event rates for deep inelastic neutrino interactions (DIS),
for quasi-elastic neutrino interactions (QE) and for neutrino interactions with
production of a single baryon resonance (RES) are summarized in TableÊ1 i n
case of no oscillations. The number of oscillated νµ ↔ νe events at the Gran
Sasso, expected for the parameters ∆m 1,22 ≈ 0.008 eV 2, sin2Ê2θ 1,2 = 0.9, and the
νµ ↔ ντ oscillated events at the Jura for the parameters ∆m 3,22 ≈ 1.5ÊeV2,
sin2Ê2θ3,2 = 0.06 are also shown.
At the Gran Sasso Laboratory, the rate of quasi-elastic and resonance
processes is rather small. We therefore concentrate on the analysis of deep
inelastic events. At the Jura location, the rate of the quasi-elastic processes is
quite large and we use those as well to extract the oscillation signal.
If, as expected, we find evidence for neutrino oscillations at the Gran
Sasso at a mass squared difference ∆m1,22 ≈ 0.008 eV 2, we foresee to change the
beam optics from the wideband ( < E2νµ > −1/ 2 ≈ 25 GeV ) region to a narrower

low energy band ( < E2νµ > −1/ 2 ≈ 10 GeV ) in order to optimize the rate of
neutrinos at low energy to better study the oscillated events.
Also, it will be very interesting to repeat the study with antineutrinos,
by simply changing the polarity of the beam.
Table 1: Expected events at the Jura and at the Gran Sasso locations with t h e
oscillations parameters: ∆ m 2 1,2 ≈ 0.008 eV2 , sin2 2 θ 1,2 = 0.9 and ∆ m 2 3,2 ≈ 1.5 eV 2 ,
sin 2 2 θ 3,2 = 0.06 (DIS = deep inelastic events; QE = quasi-elastic events; RES =
baryon resonance production)
Jura
1 module

Gran Sasso
1 module

Gran Sasso
3 modules

Number of protons (pots)
Distance (km)
Fiducial target mass (tons)

2Ê×Ê1019
17
400

4Ê×Ê1019
732
400

4Ê×Ê1019
732
1200

νµ CC DIS

674 000
15 200
3790
66
116

1630
35
8.7
Ð
Ð

4890
105
26.1
Ð
Ð

νµ ↔ νe CC DIS

Ð

113

340

νµ ↔ ντ CC DIS
νµ ↔ ντ CC QE
νµ ↔ ντ CC RES

11 440
532
931

Ð
Ð
Ð

Ð
Ð
Ð

νµ CC QE
νe CC DIS
νe CC QE
νe CC RES
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III.

THE ICARUS DETECTOR

1.

A graded, careful strategy

ICARUS [1] is the outcome of a graded, careful strategy of R&D to
develop a new experimental technique which offers a Ôbubble-chamberÕ quality
of events for non-accelerator experiments and neutrino physics. The detector is
essentially a large cryogenic pool equipped with an electronic readout system
and is an ideal device for the search for rare events such as proton decay or
neutrino interactions. As in the case of a bubble chamber, the ICARUS
technology:
1) permits the recording of unbiased events in three dimensions and with
high spatial resolution and precision (there is the possibility of adding a
magnetic field);
2) because of the high density of the liquid medium, can combine target
and detector functions;
3) is capable of unambiguous discoveries with only a few events produced
inside its volume, as was the case for neutral currents discovery, the
Ω− discovery, hadron spectroscopy (SU3), etc.
However, unlike bubble chambers, the ICARUS detector is:
1) continuously sensitive and self-triggerable;
2) cost effective and simple to build in modular form;
3) sufficiently safe to be located underground (no pressure, no flammable
gas, etc.).
The feasibility of these goals has been amply demonstrated by an
extensive R&D programme which included ten years of studies on small
volumes (proof of principle, purification methods, readout schemes, mixtures
of argon-methane, diffusion coefficients, electronics) and five years of studies
with a 3 ton detector at CERN (purification technology, real events, pattern
recognition, event simulations, long duration tests, doping, readout
technology). An example of an event recorded in the 3 ton detector is shown i n
Figure 1.
The main cryostats for the ICARUS 600 ton module are being
developed by Air Liquide Italia (Figure 2). Each volume is approximately a
parallelepiped of 3.6 × 3.9 × 19.9 m 3. Its main walls are made of aluminium
honeycomb panels. The main parameters are listed in TableÊ1.
The thermal insulation uses an innovative method requiring n o
vacuum and based on a 60 cm thick honeycomb insulating material with gas
flowing through the cells and adiabatically rising its temperature to the room
value. Two cryostat units bolted side to side are enclosed in the same
insulating envelope. The cryogenic and the argon purification systems as well
as the operational maintenance are also directly supplied by Air Liquide Italia.
Each cryostat has two readout planes, one at each end of the volume, a
high-voltage plane at the centre, to be set to a nominal voltage of 75 kV and a
maximum drift length of 1.50Êm. Racetrack electrodes ensure appropriate
17

uniformity to the electric field. The maximum collection time of the electrons
(drift speed 1.5Êmm/µs) is of the order of 1.0Êms for a specified free electron
lifetime in the argon of about 5Êms. Each readout plane has three readout coordinates at 60¡ from each other (horizontal, +60¡, Ð60¡) and a readout wire
pitch of 3Êmm. This corresponds to a ÔbubbleÕ diameter of about 3Êmm, which
was for instance the case of Gargamelle. Note also that the radiation length
(14Êcm) and density of liquid argon (1.4Êg/cm3) are the same as heavy Freon,
often used for neutrino experiments in Gargamelle. Scintillation light from
argon (possibly doped with xenon) is detected by two photomultiplier arrays
behind the transparent wire planes in order to determine the t = 0 internally Ñ
the t = 0 timing is also available as a signal from the HV-cathode Ñ and
eventually can be used for other trigger purposes.
The mechanics of the wire planes (Figure 3), which has been already
extensively tested in liquid argon, is designed with industrial support (BremeIndustries) and has the interesting feature of having a moving mechanism to
ensure constant wire tension even during the cool-down process, since
significant deformations due to thermal contractions are likely to occur.

Collection view
Induction view

Figure 1: Recorded cosmic ray muon stopping in the 3 ton CERN prototype.
Both views (induction and charge collection are shown). The ionization
information, proportional to the grey level, is clearly identifiable. The actual
drift distance in argon is about 50 cm.
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Figure 2: General layout of the ICARUS 600 ton cryostat, according to t h e
design of Air Liquide Italia.

Figure 3: General layout of the wire planes. Note the three wire orientations.
The high-voltage feedthrough is also shown.

19

Table 1: Main parameters of the cryogenics of the ICARUS module
Number of independent containers
Single container internal dimensions:
length
width
height
internal volume
Single container external dimensions:
length
width
height
Container wall thickness
Container material
(honeycomb structure)
Design pressure
Working pressure
External insulation thickness
Insulating material
(honeycomb flushed with nitrogen gas)
Nominal heat losses in steady regime
Cooling liquid
Single container own weight
Dimension limits for transportability on the Italian highways:
length
width
height
Minimum cross section of the entrance doors to the Gran Sasso
laboratory
width
height
Total external dimensions:
length
width
height
Total internal volume (occupied by LAr)
Total LAr mass
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2
19.9 m
3.6 m
3.9 m
279 m3
20.2 m
3.9 m
4.2 m
153 mm
aluminium
1.5 bar (abs)
1.25 bar (abs)
600 mm
aramid fibre
≈ 15 W/m2
LN2 @ 3.6 bar
19.6 ton
25 m
5.9 m
5.2 m

4.95 m
4.67 m
21.4 m
9.0 m
5.4 m
559 m3
782 ton

The readout electronics, also extensively tested, consists of an
appropriate low noise amplifier followed by an ADC which samples and stores
signals in the digital memory of each wire approximately every 400 ns. The
readout system has an appropriate processor to compress the information
before readout, keeping only the relevant hits. This processor will be produced
with the help of industry (CAEN). One detector module has about 46Ê000 preamplifiers and 46,000/16 = 2875 ADCs, since analogue signal multiplexing is
used before digitization. The main parameters are listed in Table 2.
Table 2: Main parameters of the readout planes of one ICARUS module
Number of readout chambers
Number of wire planes per chamber
Wire orientation with respect to horizontal
Wire pitch
Wire length:
horizontal wires
wires @ ± 60¡
Wire diameter
Wire nominal tension
Number of wires/construction module
Number of modules/chamber:
horizontal wires
wires @ ± 60¡
Number of wires/chamber:
horizontal
@ ± 60¡
Total
Total number of wires
Maximum drift length
Maximum drift time @ 500 V/cm
Distance between racetracks
Number of racetracks/sensitive volume
Sensitive volume/chamber:
length
width
height
Nominal drifting field
Maximum voltage on the cathode
Number of analog channels
Analog multiplexing factor
Number of digital channels
Sampling time for the single analog channel
ADC range
Estimated signal-to-noise ratio
Induction wires
Collection wires
Total sensitive volume
Total sensitive LAr mass

4
3 (all readout)
0¡, ± 60¡
3 mm
9.37 m
3.76 m
150 µm
12 N
32
33
2 × 162
1056
2 × 5184
11424
45696
1.5 m
1.0 ms
50 mm
29
85.1 m3
17.95 m
1.5 m
3.16 m
500 V/cm
75 kV
45696
16
2856
400 ns
10 bit
10
15
340 m3
476 ton

21

2.

External muon spectrometer

The determination of the total energy of the neutrino events requires
the measurement of muon momenta. In view of the higher energy of the
events from the SPS, when compared for instance to cosmic ray neutrinos, an
external muon momentum analyser is required.
¥

At the Gran Sasso, the angular coverage of the muon spectrometer
must be as large as possible, since the statistical precision in the
determination of the beam energy spectrum will depend on it. The
simulation shows that the angular distribution of deep inelastic
scattering events is rather broad (160 mrad on average), it will be
important to build the largest possible muon spectrometer.

¥

For the Jura experiment which relies mostly on quasi-elastic events,
with a very forward kinematics, a large angular coverage of the m u o n
spectrometer is less critical, and it is sufficient to cover well the crosssection of the ICARUS TPC, that is a surface of about 7Êmetres
(horizontal) by 4 metres (vertical).

It is clearly desirable in all cases to minimize the cost of the detector.
Consequently, we plan to try and use existing equipment, whenever possible.
TableÊ3 lists the acceptance for muons with momentum above
2.5ÊGeV/c produced in deep-inelastic and quasi-elastic neutrino interactions
produced uniformly in the liquid argon TPC for various sizes of m u o n
chambers. As expected, the muons produced in quasi-elastic interactions are
very forward and it is sufficient to cover the cross-section of the TPC in order to
get an acceptance above 97%. For deep-inelastic events, about 10% of the
interactions have a muon at large angle. With a coverage of |x|<275, |y|<375
cm which we plan to build for the Jura setup, we expect an acceptance of about
90% for identifying the muon in the chambers. The impact point of the muons
in the chambers behind the TPC is also graphically shown in Figure 4 for deepinelastic and quasi-elastic events.
Table 3: Acceptance for muons with momentum above 2.5 GeV/c produced i n
deep-inelastic and quasi-elastic neutrino charged current interactions in t h e
liquid argon TPC for various sizes of muon chambers. For the Jura setup, w e
plan to use a coverage of |x|<275, |y|<375 cm.
Dimensions
|x|<220,|y|<300 cm
|x|<275,|y|<375 cm
|x|<330,|y|<450 cm
|x|<385,|y|<525 cm
|x|<440,|y|<600 cm
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DIS efficiency
82.2%
89.2%
93.4%
95.9%
97.0%

QE efficiency
96.7%
98.6%
99.2%
99.7%
99.8%

2.1.

Gran Sasso muon spectrometer

For the Gran Sasso experiment, a possible solution would be to recycle
part of the MACRO detector [2] (Figure 5), which may become available after
1999. The advantage is that MACRO is presently in running conditions, and
already located at the Gran Sasso Laboratory. In addition, because of its large
size, MACRO offers the possibility of a large angular coverage. The
configuration of the detecting planes would have to be modified in order to
allow detection of muons in the direction of the CERN neutrino beam, as
opposed to vertical muons from cosmic rays. Magnetized iron should be
introduced since there is no muon momentum measurement in MACRO. It is
clear that the largest possible solid angle should be covered since the
measurement of the beam νµ energy spectrum will require the largest possible
statistics.

Figure 4: Impact point on the chambers behind the liquid argon TPC of t h e
muons produced in a) deep-inelastic and b) quasi-elastic neutrino interactions.
The neutrino interactions are uniformly distributed within the fiducial
volume of one ICARUS module (3.0Ê× Ê3.2 Ê× Ê12.9) m3 .
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Figure 5: The MACRO detector, at the Gran Sasso Laboratory.

2.2.

Jura muon spectrometer

For the Jura experiment, we would like to recycle CERN detectors, if
they become available to us.
A first possibility would be to build a new magnetized iron structure,
instrumented with muon chambers recycled from the UA1 experiment [3].
There are still 19 such chambers in existence at CERN (15 used by NOMAD,
2Êused by RD5 and 2 at LSS5). Each chamber has an active area of 3.75Ê×Ê5.5 m 2
with two planes of drift cells in the horizontal and two in the vertical
direction. It is possible to arrange them in four arrays of four chambers each,
interleaved with magnetized iron. The system provides in total four times two
measurements of the muon track in the bending plane. In order to obtain a
∆p/p resolution of 20% or better we need about 2 m of iron, with a saturating
field of 1.8ÊT. A possible segmentation could be 4Ê×Ê50 cm. The chambers can be
arranged in pairs for track segment reconstruction, as in the present NOMAD
setup.
The effect of multiple scattering on a track angle is:
∆θms =

0.016 L
,
p
X0

where θms is expressed in radians, P in GeV/c, L is the path length in iron and
X0 the radiation length, both expressed in metres.
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Assuming conservatively a space resolution of 1 m m in the m u o n
chambers1 , and that a vertex constraint is available, the contribution from the
chamber resolution to the radius of curvature of the track, κ ≡ 1/R, is:
ε
∆κ res = © 2
L

320
≈ 10 −3 ,
N+4

where ε is the chamber resolution, L' is the track path projected on to the plane
perpendicular to the magnetic field direction, N is the number of measured
points along the track.
The total contribution to the track curvature is:
2
2
∆κ = ∆κ ms
+ ∆κ res

where ∆κms ≈ ∆θms/L. This results into a precision in the deviation angle given
by:
L
∆θ
1
ε 2 320
p2 .
=
2.56 × 10 −4
+ 2
X 0 L © ( N + 4)
θ
0.3BL
2
2
As long as ∆θms
» ∆θres
the momentum resolution is independent of
p, which is the case up to a momentum of about 50 GeV/c. From this we can
estimate the momentum resolution of our muon spectrometer, by noting that:

∆p ∆θ
=
.
p
θ
We have estimated ∆p/p as a function of L (Figure 6), assuming that i n
the iron we have a saturation field of 1.8 T. From this we conclude that we
need 2 m of magnetized iron, in order to have a momentum resolution of 20%
over the momentum range of interest (5Ð50 GeV/c).
The optimal arrangement of the available chambers is four arrays of
four chambers, separated by four magnetized iron sheets (1284 tons in total),
with an approximately toroidal field configuration, as shown in Figure 7. The
spectrometer starts immediately behind the liquid argon TPC with a first iron
sheet, which will filter most of the hadronic shower components, so that the
first layer of muon chambers sees a relatively low track multiplicity. If
necessary, the first iron sheet could be segmented further and instrumented i n
order to have some hadronic calorimeter measurement, in such a way that it
would constitute a tail catcher, for hadronic events, and allow to extend the
useful fiducial volume of the TPC.
Figure 8 shows the details of the muon chamber arrangement, in the
direction of the beam line.

1

The resolution of the chambers in the direction perpendicular to the drift direction varies with
the angle from 0.25 mm to 0.5 mm at 40û. We use 1 mm to take into account additional effects such
as survey errors, external conditions (gas pressure, humidity, etc.).
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0.6
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0.4
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0.2
0
0
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1

1.5

2
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3
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Path in magnetized iron (m)
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5

Figure 6: Momentum resolution, as a function of the path length i n
magnetized iron, for three values of the momentum (10, 50 and 100 GeV/c).
UA1 Muon Chambers
50

760

400

ICARUS TPC

CERN
Beam

Coil

Magnetized iron

Figure 7: General layout of the muon spectrometer for the Jura beam.
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375

550

Figure 8: UA1 chamber packages.

2.3.

Jura muon spectrometer with CDHS set-up

The CDHS muon spectrometer [4], presently used by CHORUS [5], is
also a possibility (Figure 9) for the Jura site. However, it is not clear whether it
will be available. The field in the iron is 1.8 T, and the momentum resolution
is of the order of 15%.

375

400

500

CERN
Beam

Figure 9: General layout of the muon spectrometer, for the Jura beam, using
the muon spectrometer currently used in CHORUS [5].
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IV.

PERFORMANCE OF THE ICARUS DETECTOR

1.

Ionization measurement

At the time of bubble chambers, ionization measurements were widely
used to determine particle speeds and therefore momenta. This allowed the
reconstruction of events with an accurate knowledge of the kinematical
quantities.
Like a bubble chamber, ICARUS provides a measurement of the total
ionization loss of a track with very high sampling. In a single ionization
ÔsampleÕ, which we take as reference to be a bubble of 3 × 0.6Êmm 2 of liquid
argon, the most probable energy deposited by a minimum-ionizing particle is
about 0.5ÊMeV. This corresponds to about 20Ê000 readout electrons (with the
addition of TMG Ð see next section). The noise of the electronics which should
be added, is primarily a ÔwhiteÕ Gaussian noise of about 500Ð1000 electrons. The
intrinsic resolution is therefore expected to be at the level of a few percent.
In this case, the ionization sample is dominated by Landau fluctuations
in the total collision losses of the particle. This is well reproduced by the output
of a GEANT Monte Carlo simulation [1] of 5 GeV muons in liquid argon, as
shown in Figure 1. In the simulation, a cutoff has been placed at 1 MeV above
which the program produces secondary delta rays in order to generate the soft
electron tracks which accompany the muon. The FWHM of the distribution
produced by GEANT (ValivovÕs theory is used) is about 150ÊkeV (12%
resolution) and is matched to what is expected from the Landau theory for
argon (ξAr = 97 keV/cm).
Known methods (see Ref. [2]) based on multiple determinations of the
ionization can be applied to remove these fluctuations. While for most types of
probability distributions, the best value of a set of N similar measurements of
the same physical quantity is given by the arithmetic mean of the result, in our
case, the collision loss is characterized by a long tail towards high energies. One
can show that compared to the error in a single measurement, the error in the
arithmetic
mean
of
N
measurements
distributed
as
the
LandauÐSymonÐValilov distribution is only 1Ðln(N/10) times smaller [3].
Indeed, solid materials have widths at half maximum which are only two or
three times smaller than the one for gas at STP, in spite of the several orders of
magnitude in the total energy loss.
In order to ensure the convergence of the N ionization measurements,
one introduces some kind of cut-off to remove the high-energy tail of the
Landau distribution. Two methods appear to be particularly simple and
effective: the Ôlogarithmic meanÕ and the Ôtruncated meanÕ methods.
The Ôtruncated meanÕ method consists in removing from the N
measured ionizations values, the (1Ðα)N largest values, and the most probable
ionization is determined from the mean of the remaining values. The error
found in this way is approximately σ/√(αN) where σ is the half-width of the
Gaussian-like distribution obtained by removing the long Landau tail. The α
parameter is chosen such that the centre of gravity of the retained
measurement coincides with the position of the most probable value. This
corresponds to rejecting 35% of the largest ionization values.
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igure 1: GEANT Monte Carlo simulation of the ionization measurement f o r
5ÊGeV muons.
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igure 2: GEANT Monte Carlo simulation of the ionization m e a s u r e m e n t
obtained by combining 20 consecutive measurements using the arithmetic
mean (dashed line), the logarithmic mean (dotted line) and the truncated
mean (solid line).
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The Ôlogarithmic meanÕ method consists in sampling the higher
ionization measurements by taking the logarithmic mean rather than the
arithmetic mean of all measurements. Only for large N does the accuracy of the
logarithmic mean tend to become equal to the one of the truncated mean.
In ICARUS, it is straightforward to follow a particle along its track and
combine the deposited energies. The electronic noise is reduced as 1/√N but
the possible presence of ÔcoherentÕ noise, due for instance to Ôpick-upÕ of signals
of external origin, would be enhanced. All channels can move coherently and
affect the mean in full size. It is however possible to control these effects by
looking at the pedestal immediately before and after the ionizing pulse.
Therefore, the effective variance of the single ionization measurement
in ICARUS is expected to be of the order of 12Ð15%, in reasonable agreement
with results of several experimental tests. If this is the case, then using N = 20
points, corresponding to a track length of about 6 cm, and the truncated mean
method should give a measurement of the primary ionization which is close
to Gaussian with a variance given by ∆I/I ≈ 0.12/√(0.65 × 20) ≈ 3.5%. This result
is also confirmed in the GEANT Monte Carlo simulation as shown in FigureÊ2.
Of course, longer tracks will permit a better measurement, in principle
improving as 1/√N and eventually limited by systematic errors and coherent
noise effects.

2.

Identification and momentum measurement of lowÐenergy
protons

The remarkable linear response of ionization to dE/dx in LAr has been
extensively studied on tracks from atmospheric particles (muons and protons)
stopping in the three-ton prototype; the addition of TMG [4] has proved to be
essential because it converts all of the energy lost by scintillation into
ionization electrons (see Figure 3).
This feature can be exploited to determine very precisely the kinetic
energy of all charged particles stopping in the detector: it coincides with the
total energy deposited. In addition the accurate range determination of the LAr
TPC (of bubble chamber quality) enables particle identification by dE/dx vs.
range. These characteristics are of paramount importance to extract proton
decay signals from the atmospheric neutrino background. The excellent
particle separation is presented in Figure 7.
In the study of neutrino oscillations with artificial beams, the dE/dx
measurement is very important especially in the case of quasi-elastic (QE)
events. Knowledge of the proton momentum (together with its direction) is
necessary to verify the kinematic relations of the quasi-elastic interactions and
separate tau neutrino events (where a tau decay into an electron and two
neutrinos) from electron neutrino background events.
The kinetic energy distribution of protons from QE neutrino
interaction is given in Figure 4; it has a mean of 330 MeV and decreases sharply
up to a few GeV. In this energy range a large fraction of protons will stop in the
detector, allowing for a complete reconstruction of the direction and the energy
deposited by ionization. Hence the proton momentum resolution is
dominated by the electronic noise level and has been estimated to be
8%/√E(GeV).
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and without TMG doping, for three different electric fields, indicated on t h e
figure.
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Figure 4: Kinetic energy distribution of protons in quasi-elastic interactions.

The remaining small fraction of protons will either interact or exit the
active volume before stopping. In both cases the initial direction of the
outgoing proton is still measurable using the hits on the first few wires. The
momentum can instead be recovered by evaluating the energy loss variation
along the track on all the available hits.
In fact the low momentum approximation of the BetheÐBlock formula
tells us that for proton kinetic energy T less then 1 GeV (γ < 2) the dE/dx is
roughly proportional to T-1, while the flat minimum is reached for T ≈ 2 GeV
(γ ≈ 3). It is evident that for a very large percentage of quasi-elastic neutrino
events the low energy decrease of ionization could be very valuable to
determine the proton momentum.
In order to measure the energy loss by ionization we applied precisely
the method of truncated mean described in Section IV.1 and in Ref.Ê[2]. Then
the BetheÐBlock relation was used to evaluate the momentum resolution as a
function of the proton kinetic energy in the range of interest for neutrino
quasi-elastic interactions. Figure 5 illustrates the results; a momentum
resolution below 10% is expected for most of the outgoing protons from quasielastic neutrino events.

3.

Dalitz pairs and photon conversion rejection

The identification and subsequent rejection of Dalitz decays of neutral
mesons (i.e. π0 → γe+eÐ) and photon conversion (γ → e+eÐ) is necessary in order
to reduce the background to neutrino oscillation searches arising from neutral
current interactions. Typically, when the electronÐpositron pair is very
collimated and, in the case of Dalitz pairs, the accompaning photon is not well
associated, it can be mistaken for a single electron shower. This usually
happens when the pair is asymmetric and the soft electron or positron is lost i n
the electromagnetic shower.
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Figure 5: Momentum resolution (in percent) for protons, kaons and pions as
given by the ionization measurement. The assumed resolution is obtained
combining about 30 measurements along a track (∆ I/I ≈ 3.5%).
Most ÔconfusedÕ pairs produced can be separated from genuine electron
coming from a tau decay or from prompt νe CC interactions by means of
Ôkinematical criteriaÕ at the level of selection of good electron candidates
(energy, transverse momentum with respect to jet axis, Albright angles, etc.).
This, however, can only be achieved at a rather large cost of signal efficiency.
For example, typically 30% or so of the electrons from tau decays are less
isolated than ÔconfusedÕ electrons which come from π0Õs produced in the jet
fragmentation.
It is more powerful to rely on the possibility to use multiple dE/dx
measurements, as available in the ICARUS detector, in order to separate the
minimum ionizing particle signal from that of a double minimum ionizing
signal produced by collimated electrons.
The electron pair will behave as a double ionizing signal until one of
the electrons starts to shower. After that, the shower development will prevent
the ionization measurement. The radiation length in liquid argon is 14 cm and
therefore we expect to be able to use on average about 32 wires to extract an
ionization measurement. As was shown in the SectionÊIV.1, this is quite
sufficient and provides an excellent ionization measurement resolution of
about 4%.
We therefore anticipate no problems in achieving a reduction of at
least a factor 100 on Dalitz pairs and photon conversions, which, as will be
shown in Sections VI and VII, is sufficient to reduce neutral current
backgrounds to a negligible level.
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A preliminary study was performed with the help of a Monte Carlo
simulation in which collimated Dalitz pairs were submitted to a full shower
development in liquid argon. The deposited energy was digitized by assuming
a triangular-shape time response of the signal and two perpendicular readout
wire views were generated.
A simple algorithm was implemented in order to collect the ionization
deposited along the track into ÔclustersÕ of charges. The clusters are scanned i n
order of increasing wire numbers until 20 wires have been used or until the
clusters become too ÔlargeÕ indicating that an electron has started a significant
shower.
The collected clusters are combined into a single ionization
measurement by means of a Ôtruncated meanÕ method (see SectionÊIV.1) i n
order to achieve a good estimate of the ionization loss. Figure 6 shows the
distribution of the result for a sample of single electrons and for the Dalitz pair
sample. A cut at 1 MeV allows to reject more than 99% of the Dalitz pairs while
keeping 91.4% of the single electrons.
It should be stressed that this algorithm can be substantially improved
by a refinement of the definition of the wires to be used along the track for the
estimate of the ionization loss. In particular, a visual inspection of the events
shows that the rejected electrons were due to early showering. We anticipate
that the algorithm can be easily improved to achieve an ever better electron
efficiency especially if a veto on the existence of a compatible, nearby photon is
used.
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4.

Electromagnetic calorimetry

Spatial resolution and geometrical accuracy of the ICARUS detector are
comparable to those of a large Freon-propane bubble chamber. However,
unlike a bubble chamber, the ICARUS detector can also provide very accurate
calorimetric measurements of contained events. The calorimetric volume can
of course be defined Ôˆ la carteÕ in each event.
The possibility of measuring continuously the ionization along the
track allows the identification of the nature of the particle by the dE/dx vs.
range relationship (see Figure 7). Separation between pions, kaons and protons
is entirely straightforward; instead π-µ distinction is marginal. For this
purpose, the charge response linearisation obtained by doping with TMG helps
enhancing the separation capability, but good results are already obtained i n
pure LAr.
The excellent quality of calorimetric measurements in an argon
calorimeter has been extensively investigated, both with Monte Carlo
techniques and experimentally.
At very low energies (MeV) the detector behaves like a silicon detector,
but with a work function which is about 15 times larger. In this energy range,
the intrinsic energy resolution is governed by the fluctuations in the number
of electronÐion pairs produced along the path of a charged particle. Therefore,
the resolution is determined by the energy required to create an electronÐion
pair (measured value: W = 23.6 ± 0.3ÊeV [5]) and by the Fano factor (estimated
value: F = 0.11 [6], which describes the scale of the fluctuations in the number
of electronÐion pairs. The estimated intrinsic energy resolution for pure LAr is
extremely good σ(E)/E = 0.16%. This high resolution value has not yet been
achieved in practice. The best results obtained so far are those of Aprile et al. [7]
which measured a resolution of 32ÊkeV (FWHM) at 976ÊkeV dominated by
electronic noise and charge recombination fluctuations along soft δ-rays (see
Figure 8). The result the ICARUS collaboration, obtained by measuring the
response to 4.43ÊMeV photons from an Am-Be source in the 3Êton prototype, is
σ(E)/E = 4.3% [8] (Figure 9).
The response for high-energy electrons and photons showers is also
very good. Measurements in pure LAr calorimeters [8] find that the energy
response to electromagnetic showers is perfectly linear with a resolution
σ(E)Ê/ÊEÊ≈Ê3%Ê/Ê√EÊ(GeV) (see Figure 10). These results are well reproduced by
our Monte Carlo simulations. Figure 11 shows for example the reconstructed
energy from simulated proton decays into e + π0; about 90% of the events are
reconstructed within 30 MeV from the proton mass.
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5.

Hadronic calorimetry

The detector response to hadronic showers has been investigated
by means of Monte Carlo simulations. We used GEANT version 3.16
interfaced with FLUKA 92 [1] to simulate all physical processes occurring in the
active volume. At each tracking step, the deposited charge in the active
volume was computed from the deposited ionization energy using the
semiphenomenological formula (Birk's law):
dQ = α ⋅

dE
1 + k ⋅ dE / dx

which accounts for charge saturation effects due to the recombination increase
with the ionization density. The constants α and k are computed in such a way
as to reproduce data obtained in our prototypes at a drifting field of 500ÊV/cm;
consistent values for pure and TMG doped LAr have been used.
To simplify calculations we assumed two orthogonal sensitive readout
planes with a wire pitch of 3Êmm. Whenever not otherwise specified, events
have been simulated inside a cube of 100Êm edge uniformly filled with LAr, a
volume which is infinite for all practical considerations. Effects of finite
volume on energy resolution and event reconstruction are discussed later o n
within this section.
Liquid argon is a non-compensating medium, however the LAr TPC is
characterized by complete homogeneity and very high granularity. From the
event visualization, especially if the event topology is not too complicated, it is
rather easy to distinguish between electromagnetic showers and hadron tracks.
It is therefore possible to introduce compensation by hand.
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In the simulation we assumed that electromagnetic and hadronic
energies are reconstructed separately. The total event energy is then obtained as
the sum of two terms
E = W ⋅ (Q em + f ⋅ Q had )
where f is a compensating factor which accounts for energy lost through
nuclear break-ups in hadronic interactions and for the larger charge
recombination along hadron tracks. From the simulation we find that the
value for f which minimizes the energy resolution is around 1.3 both for pure
and TMG doped LAr. The total electromagnetic (Qem) and hadronic (Qhad)
deposited charges are obtained by summing up all the charge depositions o n
single wires; charge is then converted back into energy by multiplying the
result by an appropriate factor (W).
From the simulation described above we find that the detector
calorimetric response to hadrons is extremely good for both linearity and
energy resolution. Figure 12 shows the results for single pions:
¥

the linearity is almost perfect up to energies of 20 GeV;

¥

the energy resolution is about σE/E ~ 12%/√E(GeV) with TMG doping
and 13%/√E(GeV) in pure LAr;

20

σ(E) / E

the fact that the performances with and without TMG doping differ
only slightly indicates that, for showers, linearity and resolution are
little affected by charge saturation. TMG doping is however mandatory
for particle identification from the dE/dx vs. range and for momentum
measurement from the dE/dx.
The reconstruction of hadronic jets in neutrino interactions is discussed i n
Section VI.1.
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Figure 12: a) reconstructed energy for single pions as a function of the original
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V.

THE NEUTRINO BEAMS

1.

The Gran Sasso and Jura neutrino beams

The Gran Sasso exposure requires the construction of a new neutrino
beamline while the Jura exposure is parasitic to the ordinary position of the
current CERN SPS wideband beam (WANF) presently operated for the
CHORUS and NOMAD experiments.
For the νµ ↔ νx disappearance test at Gran Sasso, the information o n
the beam at a ÔnearÕ (unoscillated) position can be very valuable. Of course, this
means that the ÔnearÕ and ÔfarÕ positions should be as similar as possible to be
comparable. This is easily satisfied if the ÔnearÕ and ÔfarÕ positions see the beam
as a point-like source or in other words if the asymptotic behaviour is
observed.
We argue that this condition is very well satistified if the ÔnearÕ
position is identified with the Jura exposure and the ÔfarÕ position is the Gran
Sasso exposure. For this reason, the Jura position is strongly preferred to a
dedicated Ôvery-nearÕ position under the Geneva airport. The Jura alternative
would be cheaper (in particular, it does not require a costly detector cave) and
could provide important physics results in addition. Even though the neutrino
beams to the Gran Sasso and to the Jura cannot physically be the same since
they point in different directions, their designs can be as similar as necessary.
We require an exposure of 2 × 1019 protons on target for the Jura and an
exposure of 4 × 1019 pot for the Gran Sasso. From the SPS machine point of
view, this exposure should be easily achievable in a few years of operation
(about 1019 pots were delivered for neutrinos in 1996 with a machine cycle of
14.4Ês). Shorter machine cycles could be achieved if the proton energy or the
time on the flat-top were reduced. Possible parameters are a cycle of 7.2Ê(9.5) s at
450Ê(400)ÊGeV with 0Ê(2.4) s flat-top.

2.

Civil engineering

The design and construction of the neutrino beam to Gran Sasso can
profit greatly from the fact that a transfer line (TI8) between the SPS and the
LEP tunnels is in preparation in the same area. The call for tender for civil
engineering of TI8 is ready, it took 1.5 years to prepare by an international
consortium under contract with CERN for this type of work. The same
consortium must be used for the Gran Sasso neutrino beam.
The study for TI8 took 1.5 years to complete, however, in our case, it is
estimated that the preparation of the call for tenders will take between 3 and 4
months.
The schedule for the construction of the Gran Sasso neutrino beam
will be constrained by some of the civil engineering phases foreseen for the TI8
proton transfer line.
First of all, the present design of TI8, already includes an enlargement
of a section of tunnel, at the location where the neutrino tunnel should
separate from TI8 (see Figure 1). This judicious measure was taken, so that, i n
case the Gran Sasso beam is constructed, the cost can be minimized.
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Figure 1: Details of the TI8 tunnel design, in the neighbourhood
Sasso neutrino beam connection.
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Figure 2: General layout of the CERN neutrino beam to the Gran Sasso.
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An access pit (PGC8) (Figure 2) will be the first phase for the
construction of TI8. The work should start at the beginning of 1998 and be
completed by mid-1998. It will then take about six months for the LHC
excavation work to reach the separation area between the two tunnels (see
Figure 2). In principle, the civil engineering work on the rest of the neutrino
tunnel could start at the beginning of 1999. However, PGC8 is reserved by the
company building the LHC line, until 2002. In order to be able to start the civil
engineering work for the Gran Sasso tunnel earlier, a second pit should be
excavated. Therefore, for an additional cost of about MCHF 1.5, digging of the
neutrino tunnel could start at the beginning of 1999, and future interference
for the installation of equipment in the two tunnels could be minimized. Note
that there is room on CERN territory to build the additional pit (see Figure 2).
The connection to LSS4, common to both projects is on the critical
path. It is now foreseen to be completed by the end of 2001 (it necessitates a 6month shut-down of the SPS). However, it may be possible to advance the
schedule for the connection to LSS4, in order to allow an earlier installation of
the neutrino beam line.
Note that the TI8 line for LHC will be the first one to be operational.
The LHC planning foresees the first injection tests, into an LHC arc, in 2002.
The installation of the LHC equipment will therefore be carried out entirely
from the other proton transfer line (TI2), which is an excellent thing since it
will not interfere with the operation of the neutrino beam.
At the far end of the neutrino tunnel, a surface building can be avoided
by building a gallery connecting to the LEP tunnel. Safety requires an access at
each end of such a tunnel.

2.1.

Construction of the neutrino beam line and decay tunnel

The equipment of the beam transport from the switch between TI8 and
neutrino beam, the target area and the decay tunnel could start in 2000.
FigureÊ2 shows a sketch of a possible layout of the line. From LSS4 where a fast
extraction will be built, to the switch, the beam line will be common to LHC
and to the neutrino line. Between the switch and the target, it is estimated [1]
that about 66 SPS-type bending magnets are needed, together with 18
quadruples for the arc and 10 quadruples for the focusing optics. The target
location (Figure 3) is about 1.1 km away from the end of the neutrino tunnel,
which leaves room for the horn, the reflector, and a pion decay tunnel of about
1 km of length.
The 3 m diameter neutrino tunnel is about 10 m below the LEP tunnel.
It should go slightly beyond the LEP tunnel to avoid any possibility of inducing
radiation in the LEP tunnel. It is deep enough underground (≈Ê100Êm) not to
require any special shielding, especially given the fact that the beam has a
downward slope of 5.7% (except for some iron shielding at the end of the
tunnel, to allow, if required, removal of the most radioactive elements of the
tunnel, when the programme is completed).
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2.2.

Neutrino cave and secondary particle focalization

2.2.1.

The target

Figure 3 shows a possible layout of the neutrino beam elements [2]
needed to extract protons from the CERN SPS and to direct and focus the
charged hadrons producing neutrinos towards the Gran Sasso Laboratory. It is
foreseen to use the same type of target as currently used for the experiments
WA95 and WA96 (CHORUS and NOMAD), which is very similar to the one
used previously for experiment WA79 (Charm II). It consists of a string of
beryllium rods of 100 mm length each and a diameter of 3 mm. Each rod is
inserted at either end into the holes of a beryllium plate. Cooling is provided
by a forced flow of gas.
Proton Beam Target / Horn

Reflector

Evacuated Decay Tunnel

Vacuum window

Steel beam
dump

~ 1000 m from target

Figure 3: General layout of the CERN neutrino beam line for Gran Sasso.
The target is mounted in a container which will be put in place by a
precision plug-in technique. Compared to targets of different geometry and
materials this type of target provides optimum efficiency, i.e. highest flux of
neutrinos per primary proton. A target of this type has been exposed for long
periods of time with a double fast/slow extracted beam of spill length of 6 m s
and a total intensity up to 2.8 × 1013 protons per SPS cycle. Experience of this
type of target with a fast extracted beam of 23 µs spill length exists also from its
use for producing the narrow-band neutrino beam in 1979. We conclude that
we can assume a maximum intensity of 1 to 2 × 1013 protons per pulse at the
highest SPS energy. We need to study whether a somewhat different geometry,
e.g. by reducing the length of the rods, could perhaps increase the performance.
2.2.2.

The neutrino target station

There are several ways in which target areas have been designed for
protons of several hundred GeV in order to minimize the effects of the high
levels of induced radioactivity. In the North target areas of the SPS the
approach has been to build as large a target hall as was economically feasible i n
order to dilute the secondary particle fluxes by the simple inverse square law,
as much as possible, before they hit the target station walls, thus reducing the
interaction density in these walls and hence the levels of induced radioactivity.
Local shields are placed around the principal points where protons interact,
both to reduce the levels of induced radioactivity in the surrounding
components such as motors for positioning the targets, etc. and to reduce as
much as possible the total hadron path-length in the air thus reducing the
activity levels in the air. The large amount of space allows one to insert
inactive shielding between a person working and the active components.
The approach used at FERMILAB was to minimize the volume of the
target-station and to counter the effect of the extremely high levels of induced
radioactivity by avoiding the need for human intervention directly on the
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equipment of the target station. All equipment is mounted on ÔtrainsÕ which
can be removed from the target station to specially shielded areas serviced with
manipulators in order to maintain and repair the active equipment.
A possible approach for the new neutrino target area, would be to
follow that of the FERMILAB target stations, i.e. to mount the target, some
local shielding and all beam-monitoring equipment on one carriage, the horn
on a second carriage, and the reflector on a third. The three carriages would be
connected by flexible attachments and would move on rails set into the
ground. Alignment would be achieved by special jacks slotted into special
reference marks in the walls and floor of the cave. This should present little
difficulty for the 3.3 degree slope [2] of the target station to Gran Sasso.
A proposed concept for the neutrino cave involves filling in the
excavated tunnel with iron and concrete, leaving only enough room for the
trains to pass through. This shielding is designed to attenuate the secondary
radiation so that as little radioactivity as possible is created in the rock around
the target region. No services other than the rails and location points would be
installed in the tunnel. This implies that all services must be brought to the
neutrino cave via a parallel service tunnel of similar dimensions to the target
tunnel placed some 8 metres to the side and linked by small cross-galleries.
These galleries and alcoves would contain the transformers for the horn and
reflector. The galleries would be positioned so that services could be connected
to the carriages from the safety of the service gallery.
Other options are possible depending on the desired characteristics of
the beam [3]. At this point, a detailed study is still needed to evaluate
completely all the possible options, including their cost.
2.2.3.

The focusing elements
Three possibilities can be considered for focusing the beam after the

target :
Ð quadrupole focusing using one or more triplet structures,
Ð coaxial magnetic lenses usually known as horns and reflectors,
Ð plasma lenses in which the target forms the inner conductor.
The horn/reflector alternative (Figure 4) is preferred as it provides a
broader energy and angular acceptance Ð hence higher neutrino flux, is sign
selective (it allows a simple switching mechanism between neutrinos and
antineutrinos), and is known to operate with high reliability.
An essential feature of this type of beam is that there is little correction
of the beam direction after the target. However, it would be desirable, as is the
case for the present West Area beam, to be able to steer the horn and the
reflector by about 3 mm. All elements must be coaxial with a line between the
target and detector to a high degree of precision and the incident proton beam
must be steered coaxially through the target. This imposes stringent
requirements on the alignment of the elements and rail system.
For 450 GeV/c incident protons, the magnetic horn would typically be
of the order of 6 m length and located 12Êm behind the target, manufactured
from anticorodal, with a cylindrical outer conductor of 250Êmm radius and a
thin ÔparaboloidÕ inner conductor with radius from 180Êmm to 8Êmm. The
inner conductor would be cooled by a de-ionized water spray on a closed-circuit
system. The horn would be powered with a half-sinusoid pulse of 100Ð120ÊkA
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peak current and 3Êms duration obtained by discharge of a capacitor bank
through a pulsed current transformer.
A single magnetic reflector whose principle is sketched in Figure 5, of
similar design to the horn, is envisaged. The potential gain in flux by adding
further reflectors is usually negated by the increased absorption losses. The
reflector length would ideally be ~ 10 m, with an outer conductor of 400Êmm
radius; final dimensions would be conditioned by the size of the access shaft to
the cavern.
The transformers would be located in the alcoves of the connecting
galleries between the beam and service tunnels. The water and high-current
strip-line connections at the junction of the beam tunnel and gallery must be
designed so as to limit personnel radiation exposure, and some form of remote
handling equipment may be necessary.
Since the beginning of SPS operation in 1976, neutrino beams of this
type have been operated on a continuous basis for over 50% of the scheduled
machine run-time and taken 65% of all protons accelerated by the SPS.

0

12m

6.5 m

Target
~ 80 m

Horn
10 m

Strip line power
connections
Reflector Assembly
Figure 4: Details of the target, horn, and reflector assembly envisaged for t h e
CERN neutrino beam to Gran Sasso.

100 GeV
50 GeV

20 GeV
Horn
Reflector

Figure 5: Principle of the magnetic reflector envisaged for the CERN neutrino
beam to Gran Sasso.
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2.3.

The Jura neutrino beam

A detailed description of the civil engineering layout, the focusing
optics and operating details of the CERN SPS neutrino beam can be found i n
Ref. [4]. A good expertise on the operation of this facility has been acquired at
CERN during the successful operation of a similar target for the CHARM-IIÊ[5]
experiment and the current operation of the WANF beam for the CHORUSÊ[6]
and NOMAD [7] experiments. In particular, cooling, radiation protection,
shielding, acceptable proton intensities, alignments, monitoring systems and
simulations have been studied.
The West Area neutrino beam facility (Figure 6), presently used by
CHORUS and NOMAD is aimed at the Jura mountain, with an upward slope
of 4.253%.
The idea of installing a detector somewhere in the Jura, on the existing
neutrino path had already been considered [8]. It turns out that there exists an
almost ideal location, 17.8 km away from the T9 target (FigureÊ7). At that place,
the neutrino beam comes out of the rocks, on the western side of the Jura
mountain, about 120 m away from an inter-departmental road which should
provide adequate access for the equipment needed. The altitude at the exit
point from the mountain is about 1190 m above sea level.
The area, on French territory, is covered by trees and is a public domain
(Figure 8). There is a hard rocky ground which should make it easy to install
heavy equipment. In order to minimize the impact on the environment, one
could consider drilling holes in the ground to install polls which could support
a platform on which to build the detector and the counting room. The whole
structure could then be easily removed when the experiment is completed.
Both the Gran Sasso and the Jura beams require a precise survey to
determine the exact location of the beams near the detectors, respectively 732
and 17.5Êkm away (TableÊ1). A study by the Bundesamt fŸr Landestopographie
in Switzerland [9] shows that accuracy of the order of 1 to 2 cm is possible, by
using the international Global Positioning System (GPS). For instance, this can
be achieved for Gran Sasso by using a total of 15 points (each with a pillar and a
GPS antenna adapter). Five 24-hour sessions can provide an accuracy of 10Ð8 or
better. For the Jura site the precision required is only 10Ð6. In both cases, the
CERN survey group [10] can in principle take the responsibility for the
measurements.
IRON SHIELD
WITH
AIR EARTH SHIELD MEASURING PITS

CHARM
GGM
EMI

BEBC
Ventilation

8

7 6 5 4 3 2 1

SPS

VACUUM DECAY
TUNNEL

N C

CHORUS
NOMAD

173.44

185
407.84

NEL

NEUTRINO
CAVE

EXTRACTED PROTON BEAM

WEST HALL
49.4

TUN

289.81
414.13

Figure 6: The Weast Area Neutrino Beam Facility at CERN, showing t h e
location of the CHORUS and NOMAD detectors.
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Figure 7: Profile [10] of the present CERN West Area neutrino beam, s h o w i n g
the site situated in the forest of CernŽtrou, 17.8 km away from the target.

Figure 8: Photograph [10] of the site, in the CernŽtrou forest. The beam is
coming from the right-hand side. We see the road D25, going to the village o f
La Pesse, about two kilometres away.
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Table 1: Summary of characteristics of CERN neutrino beams
CHORUS&NOMAD
Distance from target (km)
Beam slope
Beam half-size (m)

2.4.

0.822
+ 0.04253
0.8

ICARUS
(Jura)
17.8
+ 0.04253
25

ICARUS
(Gran Sasso)
732
Ð 0.057
1060

Optimization of the neutrino beam optics and event rates

The existing wideband neutrino beam of the CERN SPS is presently
optimized for the search of νµ → ντ oscillations over a short base line with the
CHORUS [6] and NOMAD [7] experiments.
In principle, the energy spectrum of the neutrino beam can be tuned by
moving in the forward direction the optics focusing the charged secondary
particles (π-K) produced by the 450 GeV proton interactions in the ÔquasiÕ pointlike target.
The target is made of a string of ten beryllium rods (100 mm long and
3Êmm diameter) spaced 100 mm from each other. The focusing optics consist of
a magnetic horn placed at a distance from the target varying from 6 to 18Êm
followed by a magnetic reflector 80 to 90Êm downstream. The magnetic field i n
these devices is proportional to 1/R and is created by a steady current flowing
through the conducting skins. The polarity of the current can be chosen to
select positive or negative mesons (i.e. neutrinos or antineutrinos). A sketch of
the layout of the present neutrino beam optics is shown in Figure 9. A n
evacuated tunnel about 300 m long and with a diameter of 1.2 m follows to let
the pions and kaons decay.
Currently, the typical operating cycle foresees ≈ 2 × 1013 proton on target
in two spills of 6 ms separated by 2.4 s. Each cycle is repeated every 14.4 s. The
currents in the horn (110 kA) and in the reflector (120 kA) are provided by
transformers able to keep the current constant for the duration of the spill.
Note that for the Gran Sasso beam, the proton ejection from the SPS is
shared with the LHC transfer line (TI8) and is a fast extraction, with a time
corresponding to one turn in the SPS, or possibly a fraction of one turn, if
needed to reduce the thermal shock in the target.
The momentum window focused by a given optics depends on the
magnetic field strength and the distance travelled by the charged particle in the
magnetic field. In the limit of a slowly varying field, the bending angle is
roughly given by the relation θ ∝B L/p (where B is the magnetic field, L is the
distance traveled in the horn, p is the particle momentum). Since B = I/5r
(where I is the current in the horn and r is the distance from the axis) and pt ≈
pθ it is easy to show that:
1) a horn profile with constant L focuses in the forward direction particles
with constant pt2/p;
2) a profile with constant L/r focuses a fixed pt for any p;
3) finally a profile with constant L/r2 focuses a fixed p for any pt.

52

The horn currently used in the CERN SPS neutrino beam has the
shape shown in Figure 9. Its inner conductor has roughly a constant L/r shape
for the first half and continues as a cylinder with a constant radius. The
focusing pattern of its shape is difficult to express analytically but it can be
understood with the help of Figure 10. It shows a pt vs. p scatter plot of the
mesons decaying in the decay tunnel and producing a neutrino in the forward
direction. Two bands are visible: the lower one (wide and nearly p
independent) is due to the conical part of the horn, the upper one
(characterized by pt2 ∝ p) is due to the barrel section of the horn.
The optimization required by NOMAD and CHORUS aimed at
increasing the mean energy of the beam and widening the energy spectrum i n
order to enhance the ντ appearance (due to a more favourable ντ/νµ interaction
cross-section ratio).
This operation was performed by positioning the horn 19Êm away from
the target and introducing a beryllium collimator of 8 mrad of aperture 9Êm
away from the target. The overall effect is to select high-energy forward peaked
secondary particles in a narrow momentum range (around 60 GeV). The role
of the reflector, placed at 90Êm, is to complete the focusing of higher energy
mesons which were underfocused by the horn and to compensate the
overfocusing of the lower energy particles (see Figure 9).
The neutrino charged-current interaction rate at the detector site
(0.85Êkm from the target for CHORUS and NOMAD) is presented in Figure 11.
As a comparison, a simulation of a beam obtained by moving backward the
horn (at 9 m from the target) is also shown. This is similar to the optics
configuration previously used by the CHARM II experiment. The net effect of
the CHORUSÐNOMAD set-up is a reduction of the event rate below 25ÊGeV
where the ντ interaction are kinematically suppressed (see Table 2).
REFLECTOR

HORN

I = 120 kA

I = 110 kA

9 – 18 m

R = 39 cm

Be Target

R = 21 cm

π+ - K+

L = 6.565 m

80 – 90 m

L = 6.540 m

Figure 9: General layout of the horn and reflector setup for the CERN SPS
neutrino beam.
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Transverse Momentum (GeV)

π−Κ Momentum (GeV)

Figure 10: Pt vs. p distribution of the focused mesons decaying in the t unnel
and producing a neutrino in a detector in the West Area (with o p t i m i z e d
focusing).

Table 2: Comparison of expected beam parameters with the present WANF setup and the new optimized optics (see text)
6.35 × 1019 pot ton
2.6 × 2.6 m6
νµ DIS events
<Eνµ>
<E2νµ>Ð1/2
νe/νµ DIS events
<E2νµ>Ð1/2
<E2νe>Ð1/2
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Present WANF setup

Optimized setup
(ˆ la CHARM-II)

1.095 × 10 6
34.4 GeV
17.4 GeV
1.14%
17.4 GeV
25.4 GeV

1.430 × 10 6
32.0 GeV
17.4 GeV
0.96%
17.4 GeV
25.4 GeV

8000
7000
ν µ CC spectrum with CHARM II optics set-up
ν µ CC spectrum with NOMAD/CHORUS optics set-up

5000
(at NOMAD site = 0.85 Km)

Evts/GeV/10

19

pot/ton

6000

4000
3000
2000
1000
0
0

20
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100

Neutrino energy (GeV)

Figure 11: Expected neutrino event rates at the NOMAD position with t h e
current WANF and the optimized (ˆ la CHARM-II) horn set-ups.

2.5.

Simulation of long-baseline neutrino beams

In order to optimize the present (and the future) CERN SPS neutrino
beam line for the long-baseline oscillation experiment we developed a fast
simulation procedure divided in two steps: the first consists in tracking
protons and mesons in the target by means of FLUKA [11]; the second is the
evaluation of the probability that a given secondary particle, propagated
through the optics and the decay tunnel, gives a neutrino interacting in the
detector. During tracking, the effect of the materials has been taken into
account as multiple scattering. This simulation method is very efficient
because each secondary particle is used to produce an event (weighted by the
probability calculated above) for any detector distance and mass. This program
has been tested on the NOMAD experimental neutrino spectra and the
agreement has been found to be very satisfactory.
The long-baseline neutrino beam optimization relies on few major
requirements:
Ð

The event rate has to be maximized since the solid angle subtended by
the detector is extremely small (δΩ ≈ 10-10 rad in the case of Gran
Sasso).

Ð

The average energy of the beam must be kept as low as possible since
the oscillation effects tend to be enhanced at low energy.

Ð

The beam profile should be well known
disappearance tests efficiently.

in order to perform
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As already seen in Figure 11 the first two requirements can be fulfilled
simply by bringing the horn closer to the target. The simulation indicates that
the best compromise between acceptance and focusing properties of the horn is
obtained by putting the horn at 12Êm from the target (CHARM II position; see
Table 3). We decided to perform all the beam calculations with this optimized
optics keeping in mind that further optimization is still possible by changing
completely the optics or the target (see for example Ref. [2]).
The third requirement indicates the need for a near detector to
measure the beam profile and spectrum before the oscillation occurs. A study
of the asymptotic behaviour of the beam has been performed showing that the
Jura position should be strongly preferred as ÔnearÕ position to a dedicated Ôvery
nearÕ position (≈ 1 km). Figure 12 shows the change with the detector distance
of the neutrino beam corresponding to the CHARM II optics.
Table 4 summarizes the main beam parameters at each distance. It is
clear that a very near detector, even in its central region, sees a much softer
spectrum than what is expected at the asymptotic distance. The explanation is
as follows. Since the the neutrino energy decreases with increasing opening
angles between the neutrino and the parent meson in the laboratory frame
(Lorentz boost), neutrinos non-parallel to the beam axis crossing the detector
will be softer than those travelling parallel to the beam axis. A very far detector
will only see ÔparallelÕ neutrinos while a near position will have the
contribution of a wider solid angle (even in the central region).
It is also evident from Figure 12 that the Jura position is already
asymptotic compared to the Gran Sasso distance.

2.6.

Results of simulations for the Jura and Gran Sasso beams

Having chosen the optics layout (optimized setup) we performed a
detailed calculation of the beam profile and spectra at the Jura and Gran Sasso
positions.
The Jura position is parasitic to the ordinary operation of the CERN
SPS WANF and a simple continuation of the current operation of the W A N F
would be sufficient. Incidentally, in view of the substantial cosmic muon flux
through the module in the essentially unshielded position of the Jura
(≈Ê10ÊkHz), the duration of the beam burst should be as short as possible (fast
extraction) but the requirement is not stringent, i.e. pulses of a few
milliseconds. The neutrino CC event rate is given in Figure 13. Note again that
the total number of νµ events is larger than expected by an extrapolation from
the rates at the NOMAD position. Moreover the νe background events (due to
Ke3 and µ decays) is limited to less than 0.6%, to be compared with the ≈ 1% of
NOMAD. This is a further consequence of the solid angle reduction (the pt
distribution in the Ke3 and µ decays is wider that that in π decays). In Figure 13
we also show the rate of quasi elastic νµ events (about 2.2% of the total CC
events).
For the Gran Sasso option we considered a layout very similar to that
of the Jura (in order to have neutrino spectra as similar as possible). In order to
increase the absolute rate the only modifications introduced were in the decay
tunnel (1 km long and 3 m wide). The resulting neutrino event rate is
presented in Figure 14. All the important parameters characterizing the beam
are very close to those of the Jura option (see Table 4). The increased width of
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the tunnel is useful to accept more decaying mesons especially toward the end
of the tunnel. This can be directly seen in Figure 15 where the decay radius is
plotted for various decay lengths.
Table 3: Parameters of the optimized optics along the beam direction (origin at
the beginning of the target)
TARGET

HORN

REFLECTOR

First rod position
Total length
Material
Rod length
Rod diameter
Spacing between rods
Position
Length
Outer radius
Inner radius (front)
Inner radius (back)
Current
Position
Length
Outer radius
Inner radius (front)
Inner radius (back)
Current

0m
2m
10 beryllium rods
interleaved with air
100 mm
3 mm
100 mm
10.24 m
6.565 m
210 mm
4 mm
74 mm
110 kA
90.58 m
6.540 m
388 mm
208 mm
98 mm
120 kA

Table 4: Comparison of expected beam parameters at various locations with t h e
optimized optics (see text)

Distance (km)
Detector area
νµ DIS /1019pot
<Eνµ>
<E2νµ>Ð1/2
νe/νµ DIS events
<Eνe>
<E2νe>Ð1/2
pot ¥ ton/1019
νµ DIS events

West Area

West Area

Jura

Gran Sasso

0.85
2.6 × 2.6 m2

0.85
r < 0.5 m

17
r < 1.5 m

732
r < 1.5 m

225 000/ton
32.0 GeV
17.4 GeV
0.96%
44.9 GeV
25.4 GeV

430 000/ton
32.8 GeV
21.7 GeV
0.65%
47.7 GeV
27.6 GeV

843 000/kton
36.3 GeV
24.7 GeV
0.56%
51.1 GeV
29.0 GeV

1019/kton
36.6 GeV
24.8 GeV
0.53%
49.3 GeV
27.2 GeV

6.35
1.43 × 10 6

6.35
2.73 × 10 6

800
6.74 × 10 5

4800
4890
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Figure 12: Neutrino event spectra at a) the NOMAD position (2.6 × 2.6 m 2 ),
b) at the NOMAD position with reduced radius (r < 0.5 m), c) Jura a n d
d) Gran Sasso distances with radius r < 1.5 m. Note the difference between
configuration b) and c), d).
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Figure 13: Expected deep-inelastic and quasi-elastic (QE) neutrino events energy
spectra at the Jura location.
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Figure 14: Expected deep-inelastic neutrino events energy spectra at the Gran
Sasso.
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VI.

THE PROGRAMME AT GRAN SASSO

The most important question to settle relates to the confirmation of the
Perkins et al. survival probability graph. Indeed, experiments classified as a
function of L/E appear to fall into two categories: ÔshortÕ L/E where there is n o
depletion compared to expectations and ÔlongÕ L/E where there is an observed
depletion of about a factor 2 (or 5/9 as predicted in the model of Perkins et al.
[1]).
It seems inevitable (continuity and coherence), even in absence of any
firm theoretical prejudice, that the actual transition should occur somewhere
in the Gran Sasso L/E range.
The neutrino ÔoscillationÕ pattern is most evident if the neutrino
energy is well measured. This is not the case in the plot of Perkins et al. [1]
where the oscillations have been smeared out over the acceptance of the
experiment as shown in Figure 1.
In the case of ICARUS complemented by a muon spectrometer, we
fully measure the νµ CC events with an energy resolution of about 10% at low
energies (i.e. where the oscillation pattern is assumed to be maximal). This
should reveal a spectacular oscillation pattern in the energy spectrum of the
events and will give a direct measurement of the oscillation parameters ∆m 2
and of the mixing strength.
The event rates at the Gran Sasso position are:
¥

1019 deep inelastic for 1019 pot and 1 kton target (in absence of
oscillations), corresponding to 1630 events for a single ICARUS module
and effective exposure of 4 × 1019 pot;

¥

71 νµ ↔ νe conversion events for 1019 pot and 1 kton target (7.0%) and
oscillation parameters ∆m 2 = 0.008 (eV2), sin2(2θ) ≈ 0.9.

To extract the signal from the background, we note that:
¥

the beam contamination due to νe is very small corresponding to the
expectation of 0.53% of the flux.

¥

the energy spectrum of the background events is very different from
that of the oscillated component. The expected energy spectra of the
recorded events are shown in FigureÊ2. We note the striking difference
of the spectra for the transmitted νµ and oscillated νe events.

If, on the other hand, the anomalies observed by the cosmic-ray
neutrino experiments are due to ντ, the expected event rate at the Gran Sasso is
smaller, due to the differences in cross-sections, but still substantial, 95 ντ CC
events for 4 × 1019 pot and 1 kton target. We expect no difficulty in identifying
their presence in the event samples, since, to a first approximation, they will
ÔmimicÕ NC events, but with very different kinematics.
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Figure 2: Expected deep-inelastic neutrino events energy spectra at the Gran
Sasso location assuming νµ → νe oscillation with parameters: ∆ m 2 1,2 =
0.008Ê(eV2), sin2(2 θ )eff.≈ 0.9.
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We want to stress at this point that one ICARUS module and one year
of data is sufficient to completely clarify the situation about atmospheric
neutrino oscillations:
¥

from a νµ ↔ νx disappearance test we can demonstrate that oscillations
are present;

¥

and from the νe appearance study we can state clearly the nature of the
oscillation: if the νe signal is absent or if it is too small to compensate
for the disappeared ν µ's then it would mean that the ντ neutrinos are
participating in the oscillation.

¥

with a target mass of three modules, the rates will be largely sufficient
to detect the ντ appearance directly.

Taking into account that in view of the proton decay search we intend
to build, after the first one, two ICARUS modules per year we can safely detect
direct ντ appearance in two or three additional years of running.
It would be of course valuable also to exploit, at least in part, the
planned mass upgrade to improve the statistical accuracy of the neutrino
oscillation search, though we believe that one module is sufficient for a proof
of existence of the expected effect.

1.

Hadronic jet reconstruction in deep inelastic events

The possibility of analysing deep-inelastic neutrino events in pure
liquid argon is of relevance for the Gran Sasso case. From our tests, we find
that TMG doping is not compatible with scintillation light detection, which is
in turn necessary for the T0 measurement of low energy events such as those
from solar neutrinos. Results from here on are relative to LAr doped with
TMG, the pure LAr case being almost identical.
Deep-inelastic neutrino events [2] were simulated into the detector (see
FigureÊ3). We used for the parent nucleon momentum the Fermi distribution
with high energy tail in order to account in a phenomenological way for
nuclear effects at the event vertex (see the discussion for the quasi-elastic
events analysis).
Figure 4 shows the reconstructed energy as a function of the true
energy for fully simulated hadron cascades produced in deep inelastic neutrino
interactions: as for single pions, the energy resolution is between 10% and
15%/√E(GeV).
The neutrino energy spectrum is the one expected for muon neutrinos
at the Gran Sasso location in the absence of oscillations. Only events with
hadronic energy lower than 20ÊGeV have been simulated in accordance with
the request that topology has to be simple enough to allow for electromagnetic
and hadronic energy separation.
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Figure 3: ZY-view (wire vs time) of a simulated ICARUS event: deep-inelastic
charged current ν e interaction in Argon. The electron shower is clearly visible.
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Figure 4: Reconstructed vs. original hadronic energy distribution for hadronic
cascades produced in deep-inelastic neutrino events in liquid argon.
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Besides the shower energy, the other relevant quantity that has to be
known in order to distinguish ντ events from the CC νe background is the
transverse missing momentum; the hadronic transverse momentum must
therefore be properly reconstructed. Our strategy has been to try to reconstruct
the hadronic momentum by means of an integral method making use of
calorimetric information; in other words we reconstruct the energy flow vector
of the whole hadronic cascade. The basic idea behind this choice is that, in the
most general case, track multiplicities and angles will be such that it will be
rather difficult to assign, with the necessary precision, the appropriate energy,
to each track coming out from the primary vertex.
More precisely the momentum reconstruction is performed in the
following way.
1) To each charge deposit, which is assumed to be classified as hadronic or
electromagnetic, inside the active volume is assigned a vector with
direction coincident with the position vector of the signal relative to
the event vertex and modulus equal to the signal amplitude:
r
r em / had
em / had ri
Qi
= Qi
⋅ .
ri
2) Electromagnetic and hadronic energy flow vectors are formed by
summing all individual vectors for single charge deposits and
renormalizing in the proper way (W is the conversion constant from
charge to energy):
r

/ had
∑ Qem
i

r
Eem / had = W ⋅ Q em / had ⋅ i

r / had
∑ Qem
i

.

i

3) The total energy flow vector is finally computed as the sum of the
electromagnetic plus hadronic energy flow vectors weighted by the
compensating factor:
r
r
r
Eem + f ⋅ Ehad
E = (Eem + f ⋅ Ehad ) ⋅ r
.
r
Eem + f ⋅ Ehad
The momentum resolution obtained with the above method turns out
to be very good. The distribution of the transverse hadronic momentum
reconstructed for DIS neutrino events has a sigma of 400 MeV (see Figure 5).
Figure 6 shows the reconstructed total pt distribution for CC νe events
under the assumption that the electron momentum is measured with infinite
precision. The mean value of the distribution is about 650ÊMeV.
The main advantage of the energy flow reconstruction is that, besides
the identification of the electromagnetic and hadronic components, it does not
require any information about single-particle directions and energies in the
hadronic shower. The analysis will be rather simple and the main requirement
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is that the electron and hadronic showers are reasonably separated in space.
However, there is certainly a class of events, characterized by a small hadronic
energy or a small multiplicity, in which single particles can be separately
measured. In this case results are much more accurate, as shown in FigureÊ7
and Figure 8. These are relative to the same data set as for Figures 5 and 6 but
in this case we assumed that the energy of single charged particles and photons
from the primary vertex can be measured with an accuracy of 15%/√EÊ(GeV)
and 3%/√EÊ(GeV), respectively, while the directions at the vertex are in both
cases exactly known. The integrated momentum of the remaining neutral
particles exiting the vertex is reconstructed using the energy flow method. The
transverse energy distribution is in this case well described by two Gaussian
distributions with sigmas of respectively 110 and 270 MeV, showing that the
precise knowledge of the direction of charged tracks improves significantly the
reconstruction of the jet.
Results presented so far are all relative to contained events, we will
now discuss the effects on the event reconstruction and detection efficiency of
finite sensitive volume.
Unlike quasi-elastic and resonance events, deep inelastic events will be
rather wide, especially in the longitudinal direction. For hadronic energies
below 20ÊGeV, from the simulation we find that events are properly
reconstructed if the event vertex is more than 4Êm (about 5 nuclear interaction
lengths) from the detector boundary along the neutrino direction. In the
transverse plane we find that all events with vertices inside the central quarter
of the detector cross-section are practically fully contained and they are
reconstructed as well as in the infinite volume (FigureÊ9).
Tails remain at the level of a few per cent, in the reconstructed energy
and transverse momentum distributions due to uncontained events if the
event vertex stays at least 40Êcm away from the boundary, while the
distributions become significantly distorted if the vertex is in the outer, 40Êcm
wide region (Figure 9). We can say therefore that almost all events occurring at
least 40Êcm inside the sensitive volume boundary will be retained in the
analysis while for the external ones, only the 50% with the hadronic shower
pointing towards, the inside of the detector will be correctly reconstructed. The
conclusion is that, despite their potential complexity and extension, the
fiducial volume for DIS events is quite large: we can roughly estimate that at
least 300Êtons per ICARUS module will be useful for the event analysis, which
compares with 400Êtons fiducial volume estimated for the quasi-elastic and
resonance channels.
A more precise determination of the detection efficiency requires a
visual event analysis. It is clear that the fiducial volume is, in our case, event
topology dependent, as the decision to accept or reject an event will be taken o n
the basis of its particular topology. For example the fiducial volume will be
larger for events in the lower energy region in which the most interesting part
of our signal is concentrated.
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Figure 5: Distributions of the difference between the hadronic transverse
momentum and the one reconstructed using the energy flow method for TMG
doped LAr and pure LAr. Distributions are relative to ν e CC events with t h e
neutrino spectrum expected at the Gran Sasso and hadronic energy b e l o w
20ÊGeV.
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Figure 6: Total transverse momentum reconstructed for ν e CC events with t h e
energy flow method; the mean value of the distribution is 650ÊMeV. For
comparison, the Fermi distribution of the parent nucleon is also displayed.
67

27.46

/ 107
30.16
-0.4504E-01
0.1095
16.50
-0.4244E-02
0.2702

A1
µ1
σ1
A2
µ2
σ2

50

40

30

20

10

0

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

True - Reconstructed Transverse Energy (GeV)

Figure 7: Distribution, in TMG doped LAr, of the difference between the true
hadronic transverse momentum and the one reconstructed using the charged
tracks and the photon direction information and the energy flow method f o r
other neutrals. The distribution is fitted by a double Gaussian; fitted resolution
is about 110 MeV for the peak and 270ÊMeV for the tails.
300

250

200

150

100

50

0

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Reconstructed PT (GeV)

Figure 8: Total transverse momentum reconstructed for ν e CC events using
charged tracks and photon direction information and the energy flow m e t h o d
for other neutrals; the mean value of the distribution is about 430 MeV.
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Figure 9: Difference between original and reconstructed transverse m o m e n t u m
for ν e CC events having vertices in the transverse plane: a) in the central
quarter of the detector; b) in the region between the central quarter and t h e
outer, 40Êcm wide, region; c) in the outer region. In d) the p t reconstructed i n
the three cases is shown.
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Search for νµ → νx: disappearance test

2.

The rates of neutrino-ν µ charged current events expected at the
GranÊSasso are 4890Ê(1630) unoscillated neutrino-ν µ CC events in three (one)
400Êtons ICARUS modules for an exposure of 4 × 1019 pots.
If νµ oscillations exist, the rate of νµ interactions at the Gran Sasso will
be depleted with respect to expectations, independently of the flavor into
which the neutrinos have oscillated.
The comparison between the spectra at the ÔnearÕ and ÔfarÕ positions
will be subject to rather low statistical errors but will be dominated by the
systematics errors in the extrapolation of the neutrino spectrum at large
distances.
In general, near/far fluxes comparisons are complicated by the fact that
the near detector, if too close, also ÔseesÕ a non-negligible fraction of neutrinos
emitted by pions and kaons relatively off axis with respect of the ideal targetdetector line. These neutrinos in order to reach the detector must be emitted
with a large angle with respect to the direction of flight of the parent meson
and will therefore tend to lower the average energy of the beam. It should be
noted that this is true even in the core of the ÔnearÕ detector (for example
within a radius of, say, 50 cm at a distance of 1Êkm Ð see Section IV).
With the exposure at the Gran Sasso completed by the exposure at the
Jura, the sources of systematic errors are reduced as much as possible, since:
¥ both positions are rather insensitive to Ôoff axisÕ mesons; they both see
the asymptotic beam distribution (see Section IV Figure 12);
¥

we use similar detector techniques avoiding different intrinsic detector
systematics.

To perform the ÔnearÕ flux measurement, we will rely on both quasielastic and deep-inelastic events:
¥ the quasi-elastic interaction cross-section is independent of energy and
a distribution of the event energies will give directly the neutrino flux;
the identification of quasi-elastic events is very clean and simple (see
Section VII). The statistics accumulated in 2 × 1019 pots in 1 ICARUS
module is 15200 events. With 1 GeV energy bins, the statistical error i n
each bin between 5 and 50 GeV is always below 1%.
¥
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the deep-inelastic interaction cross-section is linearly increasing with
energy and the neutrino flux will be unfolded from the energy
distribution of events. It is also possible to use events with a cut on the
hadronic energy. In any case, the total statistics is very large, i.e. 674Ê000
νµ charged current events for 2 × 1019 pots in 1 ICARUS module. The
statistical errors in 1ÊGeV bins will be below 1% up to energies of about
100ÊGeV.

In summary, the statistical errors of the ÔnearÕ measurement (in bins of
1ÊGeV) will be smaller than 1%. The main source of systematic error is in the
extrapolation of the beam energy spectrum from the near to the far locations:
of the order of 5%. It dominates over the statistical error at the near location,
however, at the far location even with 3 ICARUS modules and exposure of
4Ê×Ê1019 pots, it is the statistical error which will dominate.
The oscillated events will be concentrated at low energy and should be
about 340Ê(113) in three (one) 400Êtons ICARUS modules for an exposure of 4 ×
1019 pots using the oscillations parameters sin 2Ê(2θ) = 0.9, ∆m 2 = 0.008 eV 2 (see
Figure 10). For 3 modules, we expect about 660 νµ CC events below 20 GeV i n
case of no oscillations whereas 490 will be measured if oscillations occur with
target parameters sin2Ê(2θ) = 0.9, ∆m2 = 0.008 eV2.

150
ν CC events (no oscillation) = 4890
µ

100
Evts/GeV

ν µ CC events (with oscillation) = 4550

Oscillation parameters:
∆ m 2 = 0.008 eV 2
2

50

sin ( 2 θ ) = 0.9

0
10

100

Neutrino energy (GeV)

Figure 10: Comparison between the neutrino energy spectra expected at Gran
Sasso in case of no oscillations (dashed) and the oscillations parameters
sin2Ê(2θ ) = 0.9, ∆ m 2 = 0.008 eV2 (line).
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As expected from maximal mixing, the effect will be very significant.
Assuming that errors are dominated by statistics, the two cases are separated by
about 6.5 standard deviations consequently there is no doubt that we will be
able to measure the effect.
Our current sensitivity limit is, for three modules and 4 × 1019 pot,
P(νµ → νx) ≈Ê5 × 10Ð2.
From the ratio between the observed and the expected spectra we can
extract the oscillation probability as a function of the neutrino energy (see
FigureÊ11). Error bars represent the statistical accuracy with which we will be
able to measure the various points on the curve. A fit to this curve will give a
direct measurement of ∆m 2 which will be very precise. We will be able to
measure ∆m 2 with an error of the order of ±Ê0.0025ÊeV2 if the oscillation occurs
around our target parameters values (see Figure 12).
This means that, if we assume a mass hierarchy between fermion
families, the νµ mass could be determined with a precision of about 50% if ∆m 2
≈ 0.008 eV2 is confirmed.
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Figure 11: Survival neutrino probability as a function of the neutrino energy
for sin2Ê(2θ ) = 0.9, ∆ m 2 = 0.008 eV 2 . Error bars represent the statistical accuracy
with which we will be able to measure the various points on the curve.
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data shown in Figure 11.

3.

Search for νµ ↔ νe: appearance test

If, as expected, the νµ neutrino flux is strongly depleted at Gran Sasso,
the next question to answer is Ôinto what?Õ. The way to answer this question is
to study the νe or ντ appearance rates. Both neutrino flavours can be explicitly
and efficiently revealed by their charged current interactions (νe N → e X or
ντÊN → τ X) given the high energy spectrum of the beam.
For a maximal oscillation transition into νe neutrinos, the rates
expected are 340Ê(113) events in three (one) ICARUS module for 4 × 1019 pot
(see Figure 13). If only νe neutrinos are involved there will be an spectacular
excess of νe events Ñ 26Ê(9) events expected from the νe contamination in the
beam Ñ at low energies and the analysis will be based on a rather straight
forward identification of the outgoing electron.
There is no doubt that the detector can detect unambiguously the νe CC
events (see Figure 14). Since in this case the neutrino energy is measured, the
background from the neutrino-νe beam contamination is largely suppressed.
In the case of a negative result, a limit on the oscillation probability
would be set:

(

)

P νµ → νe <

Ne*
N νµ
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where the upper limit on the number of signal events in presence of the
νe beam background is N e = 6.6 at the 90% C.L. and the total number of deep
inelastic events is Nνµ = 4890. The following limit at the 90% C.L. would be
achieved:
P(νµ → νe) < 1.4 × 10Ð3 (90 % C.L.)
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Figure 13: Search for electron appearance at the Gran Sasso location assuming
the oscillation parameters ∆ m 2 1,2 = 0.008 (eV2 ), sin2Ê (2 θ ) eff.Ê≈ 0.9.
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Figure 14: ZY-view (wire vs. time) of a simulated ICARUS event of deepinelastic ν e interaction in argon.
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Search for νµ ↔ ντ : appearance test

4.

The Gran Sasso νµ ↔ ντ scenario will depend on whether the LSND
result is correct and, if not, whether the oscillations are uniquely between νµ
and νe, or between νµ and ντ, or partially νµ ↔ νe and νµ ↔ ντ.
The detection of the ντ neutrino can follow the method currently used
in the NOMAD experiment [3], although in our case a much smaller rejection
power is needed. A simple electron energy cut and an Albright angle plot [4]
can give acceptable signal in the τ → eνν channel.
The results of a study on the identification of τ CC deep inelastic events
for the decay channel τ → eνν are presented in this section. For 4 × 1019 pot and
three ICARUS modules at the Gran Sasso, there will be 26 CC events from νe
contamination in the beam, while 21Êν τ events with the τ → eνν are expected if
the atmospheric neutrino oscillations are totally between νµ and ντ (see
FigureÊ15). The main background for this channel comes from CC interactions
of νeÕs which are present in the beam at the level of 0.53%. The contribution
from π0 Dalitz decays in NC events is reduced at a negligible level, requiring
only that signals at the beginning of the electron track are compatible with a
single minimum ionizing particle (mip).
In order to separate ντ events from the background we can use the
same type of kinematics criteria adopted by the NOMAD Collaboration [3]. In
this case a rejection factor of the order of 104 can be attained at the price of
rather low detection efficiency (≈ 1%). In our case, as we are looking at a precise
zone in the oscillation parameter space for which, a background rejection factor
of 50 is largely sufficient to extract the signal, provided the detection efficiency
remains high.
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Figure 15: Search for tau appearance at the Gran Sasso location assuming t h e
oscillation parameters ∆ m 2 1,2 = 0.008 (eV2 ), sin2Ê (2 θ ) eff.Ê≈ 0.9.
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The characteristic that allows to ντ events to be identified is the
presence of the two neutrinos from the τ decay, which produces an unbalance
in the total transverse momentum of the order of half the τ mass. In fact,
taking the experimental resolution for deep inelastic events into account, a cut
in the missing pt distribution does turn out to be not very effective (Figure 16).
The key point is the relative orientation of the electron, hadronic and missing
momenta in the transverse plane. For νe CC events, the electron and the
hadronic shower are back to back and there is no correlation between either of
them and the missing pt; for ντ events, the distribution of the angle between
the electron from the τ decay and the hadronic system is much broader and is
similar to that of the angle between the missing pt and the hadron shower. The
situation is exactly defined by the distribution of the angle φeh between the
transverse momenta of the electron and of the hadronic system versus the
angle φmh between the missing pt and the hadronic system.
Figure 17 shows the distributions for simulated νe and ντ CC events
reconstructed using the energy flow method described in SectionÊVI.1. The cut
in the (φmh, φeh) plane indicated in Figure 17 allows 92.6% of the νe CC
background to be rejected while retaining 50% of the ντ signals. It is interesting
to note that, if an event is badly reconstructed due to lack of containment of the
hadronic shower, the missing pt will point in the same direction as the
shower. These events will populate the region in the (φmh, φeh) plane at low
φmh and they will not contaminate the ντ signal.

60

νe + N → e- + X
50

40

30

ντ + N → τ + X

20

–

→ e νe ν τ
10

0

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Reconstructed PT (GeV)

Figure 16: Reconstructed pt for ν e and ν τ CC events (full detector simulation).
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Figure 18: Visible energy distribution for ν e CC events and ντ CC events w i t h
τ Ê→ eνν (full detector simulation).
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A second distinguishing characteristic between ντ and νe events is the
energy spectrum. The ντ energy spectrum, taking into account the oscillation
parameters and the CC cross-section, is expected to be rather soft, peaking
around 10ÊGeV; νe neutrinos on the contrary, have a much harder spectrum
which extends to more than 100ÊGeV and is approximately flat (see FigureÊ14
SectionÊV). In addition, the two neutrinos from the τ → eνν decay carry, o n
average, 40% of the ντ energy so that the visible energy distributions for ντ and
νe events are practically separated (Figure 18). If we require the visible energy i n
the detector to be lower than 30ÊGeV we reject about 83% of the νe background
while leaving the ντ signal almost intact (94%).
Applying together the (φmh, φeh) and the visible energy cuts, with three
ICARUS modules and 4 × 1019 pot, we end up with 0.3 background νe events to
be compared with an expected signal of 9.7 ντ (τ → eνν) events if atmospheric
neutrino oscillations are totally between νµ and ντ (see Table 1). Additional
evidence will come from the analysis of other τ decay channels and the study
of the NC/CC ratio. We can therefore conclude that, with three ICARUS
modules and 4Ê×Ê1019 pot, we will be able to detect unambiguously the
appearance of ντ.
Table 1: Selection cuts in deep-inelastic events (τ → eνν search)
τ → eνν
events

Cut

All events
(φmh, φeh) cut
Visible energy < 30 GeV

21
10.3
9.7

τ→
eνν efficien
cy
100%
50%
46.1%

νe CC DIS
events
26
1.9
0.3

In case of negative result, a limit on the oscillation probability would be
set:

(

)

P νµ → ν τ <

Nτ
N νµ × ε × Br ×

στ
σµ

where for deep inelastic events the kinematical suppression is στ/σµ = 0.48, the
upper limit on the number of signal events is Nτ = 2.3 at the 90% C.L., the total
number of deep inelastic events is Nνµ = 4890, and the efficiency times the
branching ratio is ε × Br = 0.082. Therefore, the hadronic quasi-elastic channels
yield, in absence of signal, the following limit:
P(νµ → ντ) < 1.2 × 10Ð2 (90 % C.L.)
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VII.

THE PROGRAMME AT THE JURA LOCATION

1.

Motivations for a ÔnearÕ position at 17 km

It will be of considerable importance to perform a test of the ICARUS
technology with actual neutrino events to complement the Gran Sasso
exposure. This test will allow:
¥

the debugging of all the problems associated with the long-path
neutrino experiment and would help perfect the analysis of highenergy neutrino interactions in ICARUS;

¥

the measurement of the neutrino-ν µ spectrum with real events i n
preparation for the νµ ↔ νx disappearance test to be performed at the
Gran Sasso location;

¥

confirmation or disproof of the LSND evidence for neutrino oscillation
in the νµ ↔ ντ and in the νµ ↔ νe hypotheses;

¥

to collect a large amount of cosmic ray muons for calibration purposes.

The calculated rate of all neutrino charged-current (CC) events in the
Jura location is 8.43 × 105 for 1019 pot and a 1 kt target. This rate is large and
there is a non-negligible contribution from non-scaling neutrino interaction
processes: we expect 1.84 × 104 (2.2%) quasi-elastic interactions (ν + n → lÐ + p)
and about 3.22 × 104 (3.8%) neutrino interactions with production of baryon
resonances (isobar production) ν + p → lÐ + R++, ν + n → lÐ + R+. The energy
spectra of the deep-inelastic and quasi-elastic events are shown in FiguresÊ1
andÊ2, respectively.
Assuming a fiducial volume of 400 tons, we predict therefore
0.40Ê×Ê8.43 × 105 × 2 × 1013/1019 ≈ 0.7 events per SPS cycle (1 event every 1.4
cycles). The rate of quasi-elastic events is 1 event every 65 cycles. An exposure
based on an effective 2 × 1019 pot and a single ICARUS module would lead to
about 674 000 events (15 200 quasi-elastic).
We note that the memory time of the detector (max. drift time) is of
the order of 1 ms and therefore we expect of the order of 10 stray muon tracks
from cosmic rays over the full volume since the detector will most likely be
unshielded. The trigger could be simply based on energy deposition, with a
threshold of the order of 1Ð2 GeV, gated over the neutrino burst, which is
sufficiently high to remove most of the cosmic-ray triggers. Note that the
readout system of ICARUS is essentially deadtime-less, since the decision to
retain the event is taken at the end of the potential drift time stopping the
pulse acquisition process. During this time it is possible, if needed, to
introduce some rough event selection, to further eliminate the cosmic
background (showers). Therefore we expect a smooth operation with the
neutrino beam even if the detector is not housed underground.
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Figure 1: Expected deep-inelastic neutrino-event energy spectra at the Jura
location assuming the oscillation parameters: ∆ m 2 3,2 = 1.5 (eV 2 ), sin 2Ê (2 θ ) eff.Ê =
0.06.
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Figure 2: Same as Figure 1 but for quasi-elastic events.
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2.

Search for tau neutrino appearance at the Jura location

For the oscillation parameters ∆m 2 = 2.0 [1.5] (eV2), sin2Ê(2θ) = 0.06, the
signal event rates expected in one ICARUS module for an exposure of 2 × 1019
pot are:
¥

14 200 [11 400] ντ-oscillated deep inelastic events;

¥

570 [530] ντ-oscillated quasi-elastic interactions ντn → τÐ p;
1000 [930] ντ-oscillated resonance production ντ(p/n) → τÐ R(++/+)

¥

In view of the simplicity of the kinematic configuration of the quasielastic (QE) and resonance production (RES) events, they are of the Ôgold-platedÕ
kind. Their fraction is relatively large in the energy range in which the
maximum of the tau signal is expected (10Ð20ÊGeV). In the resonance
production events, the nucleon is excited into a low mass baryon ν + p → lÐ +
R++ or ν + n → lÐ + R + with the subsequent decay of the resonance into a pion
and a nucleon (R++ → π+ + p, R+ → π0 + p, or R + → π+ + n). We will show in the
following sections that a very good signal-over-background ratio can be
achieved with these events.
Deep inelastic events are overall dominant and we anticipate using
those to measure the neutrino beam spectrum. In SectionÊVII.7, we will show
that given the good resolution in the reconstruction of the hadron jet, the
deep-inelastic events can also be used to search for νµ ↔ ντ oscillations.
The quasi-elastic interaction process over a free nucleon is a very well
known process. The only ÔexternalÕ parameters in the differential cross-sections
are the nucleonÕs form factors. We use standard parametrizations and
according to experimental data we assume the following vector and axial
masses: mv = 0.84 GeV/c2 and mA = 1.03 GeV/c2.
A Ôfree-nucleonÕ scheme is adopted in our simulations [1]. The details
of the nuclear levels of the nucleus have so far been neglected. We expect this
approximation to hold well when the energies transferred are greater than the
typical nuclear potential well, i.e. greater than about 45ÊMeV. In order to take
into account the momentum of the nucleon inside the nucleus, we use a
Fermi Gas Model in which the nucleons, forced to obey the Pauli exclusion
principle, are Ôpiled upÕ with a constant momentum distribution until the
Fermi momentum k F (kF ≈ 245 MeV for argon) is reached. In the final state,
the Pauli exclusion principle is taken into account by imposing that the
outgoing proton momentum be larger than the Fermi momentum.
In addition, a Fermi momentum ÔtailÕ is introduced [2] above the Fermi
momentum (see Figure 3). Its origin is the nucleonÐnucleon correlations
inside the nucleus where hard collisions between the strong repulsive nuclear
potentials can leave nucleons in high momentum states. In the
parametrization, the tail extends up to 4ÊGeV/c. Momentum and energy must
be conserved inside the nucleus, the Fermi momentum tail is therefore
expected to be suppressed at low energy transfers.
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Figure 3: Distribution of the Fermi momentum probability of the nucleons i n
the argon nucleus used for the simulation of the neutrino interactions. N o t e
the long tail beyond Kf (≈ 245 MeV for Ar) extending up to 4 GeV/c.
At high energy transfers, the ÔspectatorÕ nucleus, left in an unstable
state will most likely produce debris which should be visible around the
vertex. The visibility of such vertex activity is at the moment an open question
and we conservatively do not use this information: all the events in the Fermi
motion tail contribute to the background for the tau searches since they
produce an apparent momentum imbalance. We will show in the following
sections that under such conditions we are already able to extract the signal
from the background.
There can be other nuclear effects which can contribute to the apparent
momentum imbalance of the neutrino interaction. The most important
contribution is expected to be the rescattering or absorption of hadrons in the
final state.
For the analyses of tau appearance, one needs to know the size of the
transverse momentum imbalance generated by nuclear effects to predict the
number of background events which could appear with an unbalanced
kinematics. Preliminary studies
described below based on the FLUKA
(PEANUT) package [3] seem to indicate that the reconstructed transverse
momentum imbalance produced by the sum of these phenomena is similar i n
magnitude to the Fermi motion parametrization of Ref.Ê[1]. We can therefore
assume that the tail is an ÔeffectiveÕ adequate parametrization for the complex
nuclear phenomena.
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To estimate the extent of nuclear effects on neutrino interactions,
quasi-elastic events have been subjected to the FLUKA package [3]. The finalstate kinematics in a neutrinoÐnucleus interaction is different from that in a
neutrinoÐfree-nucleon interaction. The extent of this difference has never
been investigated in detail, although it can heavily affect the results of present
and future neutrino experiments. In the past, bubble-chamber experiments
have reported evidence for kinematic differences between interactions o n
hydrogen and on complex nuclei, for example neon or Freon [4].
The analysis of nuclear effects is complicated by the nuclear model
dependence of predictions. The most important effects are however:
1) the initial-state effects, essentially related to nucleon Fermi motion;
2) the final-state effects, due to reinteractions and absorption of the
scattered hadrons in the nucleus, to deflections in the nuclear and
Coulomb fields, and to reaction Q-values;
3) for quasi-elastic events, the Pauli exclusion principle, which suppresses
low-energy transfers.
Factors 1 and 2 have been taken into account in the calculations (see
Ref. [5] for more details) by exploiting the nuclear interaction model already
developed for the FLUKA code [3].
Since no neutrino interaction generator is currently available i n
FLUKA, events from neutrinoÐfree-nucleon interactions have been generated
and used as a source for FLUKA. Comparisons of the free and the bound final
states have been performed.
At present, PEANUT handles correctly interactions of nucleons, pions,
kaons, and γ-rays from about 3 GeV down to reaction threshold (or 20 MeV for
neutrons). Other models are used in FLUKA for higher energies, the main
difference being their simplified treatment of nuclear effects. The approach of
PEANUT is going to be progressively extended to higher energies, borrowing
from the high energy models the description of hadronÐnucleon interactions
and inserting them into the complex nuclear framework of PEANUT.
The reaction mechanism is modelled in PEANUT by explicit
intranuclear cascade (INC) smoothly joined to statistical (exciton) preequilibrium emission [6].
At the end of the INC and exciton chain, the evaporation of nucleons
and light fragments (α, d, 3H, 3He) is performed, following the Weisskopf
treatment. Care was taken in adopting suitable forms for the nuclear level
density and the inverse cross-sections. Competition of fission with evaporation
has been implemented, again within a statistical approach. Since the statistical
evaporation model becomes less sound in light nuclei, the so-called Fermi
Break-up Model is used instead. The excited nucleus is supposed to
disassemble just in one step into two or more fragments, with branching ratios
given by plain phase space considerations. The excitation energy still
remaining after (multiple) evaporation is dissipated via emission of γ-rays.
As a first step, quasi-elastic neutrino interactions have been studied.
Final state particles from the neutrino interaction are inserted into argon
nuclei and assumed as initial configuration for PEANUT. Due to the Fermi
motion of the target nucleons, a correction of the kinematics is necessary. In
doing this, the center of mass energy of the free system is preserved, and the
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incident neutrino direction is fixed; as a consequence, all particle momenta are
scaled and rotated.
In more detail, the implementation is performed according to the
following procedure:
¥

The target nucleon (a neutron for quasi-elastic events) is randomly
selected from all available ones.

¥

The Fermi momentum, pf and hence the Fermi energy, Ekf, of the target
nucleon is selected according to the standard distribution and the local
nuclear density.

¥

The interaction is ÔperformedÕ in the frame where the target nucleon is
at rest, through a suitable Lorentz boost.

The kinematics of the final states of the free-nucleon and boundnucleon quasi-elastic neutrino interactions have been compared. The free
nucleon interactions with the three neutrino species give a lepton and a
proton (<p> ≈ 800 MeV) in the final state, while the bound nucleon
interactions have in the final state a lepton, one (or more) residual nucleus
(<pres nucleus> ≈ 250ÊMeV) and some protons, neutrons, γ-rays and charged and
neutral pions with the average multiplicities and momenta given in Table 7
(values are very similar for νe, νµ, ντ).
Table 1: Particle multiplicity in simulated neutrino quasi-elastic events w i t h
nuclear effects (as predicted by the FLUKA program)
Particle type
Protons
Neutrons
Charged pions
Neutral pions
Soft photons

Average multiplicity

Average momentum (GeV/c)

1.46
1.3
0.025
0.015
2.36

0.47
0.16
0.35
0.36
0.0025

Compared to quasi-elastic neutrino interactions on free neutrons
where only 1 proton is present in the final state, the average number of
protons (1.46/event) and of neutrons (1.3/event) are expected to be quite
enhanced by the nuclear effects: the actual simulation of the nuclear effects is
responsible for the appearance of low momentum protons and neutrons in the
final state with an average momentum of 150 MeV/c. This is shown i n
FigureÊ4(a) where the momentum spectra of the final-state protons on bound
nucleons are compared to that obtained on the free nucleons. Note the large
enhancement at momenta below 250 MeV.
The production of charged pions (possible through hard hadronic
interactions) is rare: only 2.5%Ê(1.5%) of the events have a chargedÊ(neutral)
pion. The simulation predicts a large number of extremely soft photons
(EÊ≈Ê1ÊMeV) as a result of nucleus de-excitation. These photons will most of the
time not be recognized in the detector.
As we have seen, the final state of QE neutrino events on free and
bound nucleons are different, so we expect that experimental acceptances will
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be different depending on whether or not nuclear effects are taken into
account. We define a quasi-elastic neutrino event as an event satisfying the
presence of a lepton and one proton with kinetic energy Tp > 150 MeV (with
no pions with Tπ > 15ÊMeV).
Figure 4(b) shows the momentum of the leading proton. The
distribution is not very distorted for interactions on argon compared to the
ones on free nucleons however the fraction of events with a leading proton
momentum less than ≈Ê250 MeV is enhanced; in these events, the leading
proton has suffered large rescattering in the nuclear matter and has lost part of
its kinematical information. In these events, the kinematical closure will tend
to be spoiled as shown below. The angular distribution of the proton (see
FigureÊ5(a) and 5(b) is also altered and is rendered broader by rescattering. In
particular, as is known from studies in photographic emulsions and bubblechambers, there is an enhancement of protons going ÔbackwardÕ in the
laboratory frame (θÊ> π/2).
When a requirement on the proton kinetic energy Tp > 150ÊMeV (or
pÊ> ≈ 550 MeV/c) (with no pions with Tπ > 15 MeV) is imposed, the acceptance
for quasi-elastic interactions on free nucleons is 60% while for interactions o n
the bound nucleon it is reduced to 42%.
In addition to the Fermi motion of bound nucleons, the most
important nuclear effect is an apparent missing momentum in the interaction
owing to the unseen energy taken away by the residual nucleus, by neutrons
and by undetected low energy particles (gamma rays, protons, and pions). For
this reason, while in the free nucleon νe and νµ interactions the missing
momentum is ÔzeroÕ, in the bound nucleon interactions the missing
momentum is different from zero.

Figure 4: Momentum of final protons with and without nuclear effects
(FLUKA) in neutrino quasi-elastic interactions (plot (a)); momentum o f
leading final proton in neutrino interactions (plot (b)).
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Figure 5: Angular distribution of final state protons with and without nuclear
effects (FLUKA) in neutrino quasi-elastic interactions (plot (a)); angular
distribution of leading final state proton in neutrino quasi-elastic interactions
(plot (b)).
The situation is of course different in the case of ντ interactions with
the subsequent τ → eνν decay where a real missing momentum is present
(<pmiss> ≈Ê700ÊMeV) also in free nucleon interactions, due to the two neutrinos
from the tau lepton decay. In this case the missing momentum distribution is
not modified so much by nuclear effects. Calculating the visible momentum i n
the event by summing up the lepton, all protons with kinetic energy Tp >
60ÊMeV, and all pions with TπÊ>Ê15ÊMeV we obtain the plots of FigureÊ6, where
the distribution of missing momentum for νe QE events on bound nucleons is
compared to the distributions of missing momentum for ντ QE events on free
and bound nucleons.
If a criterion to recognize ντ events from νe interactions were a missing
momentum > 400ÊMeV, the acceptance computed with nuclear effects would
be:
¥ ≈ 4% for νe and νµ
¥

≈ 33% for tau events.

We find that the contamination of background charged current events
in the selected tau event sample as predicted from the detailed model of
nuclear effects implemented in FLUKA is quantitatively compatible with the
estimation based on the Fermi momentum distribution [2] with a tail. In order
to estimate the backgrounds for the tau searches (see next sections), we have
not simulated the details of the nuclear effects. We rather relied on the Fermi
distribution with the long tail [2] in order to compute the irreducible
backgrounds; in the first approximation, the level of backgrounds estimated by
both methods is similar.
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In conclusion, we expect nuclear effects to be quite visible in the
experiment but their implications for a kinematical selection of the tau i n
quasi-elastic events are understood: we expect an irreducible background in the
kinematical closure of the events (at the level of 5% of events) and a slight
reduction of the efficiency for the identification of the tau quasi-elastic final
state due to proton absorption.
Nuclear effects will be studied in the actual experiment in the large
sample of νµ neutrino interactions. We anticipate that many of the nuclear
phenomena will leave traces close to the vertex of the neutrino interactions.
Even if we decide not to use this information, the νµ ↔ ντ oscillation signal at
the Jura can be extracted from the background with large statistical significance.
The irreducible background generated by nuclear effects has been included i n
our sensitivity estimations in an ÔeffectiveÕ way by introducing a tail in the
Fermi motion distribution.
We will show in the next sections that after all selection cuts the
number of background events is at the level of a few events per tau decay
mode in the quasi-elastic neutrino interactions searches.
In the following sections we present the results on the search for νµ ↔
ντ oscillations in the quasi-elastic channel ντn → τÐ p with four decay modes of
the tau: τ → eνν, τ → πν, τ → ρν and τ → πππν.

Figure 6: Missing momentum in ν e bound nucleon interactions (full line); i n
ντ free nucleon interactions (dashed line); in ντ bound nucleon interactions
(FLUKA) (dotted line)).

89

The τ → eνν search in quasi-elastic events

3.

The cleanest channel is the electron channel (see Figure 7). The
identification of electrons is fairly straightforward in ICARUS and the energy
resolution is excellent. The proton will be measured by range-out method or by
ionization measurement as shown in Section IV.2. The list of background
events to suppress is shown in Table 2.
A large fraction of the background comes from νµ CC and ν NC deepinelastic events which are very numerous at our energies compared with
quasi-elastic events (674Ê000 νµ CC and 202Ê200 νµ NC compared to 92 oscillated
QE τ → eνν!). Most of these events do not contain an isolated electron in the
final state and the CC events most of the time contain an identified muon i n
the rear muon spectrometer or in the LAr if the muon ranges out.
The largest source of electrons is from neutral current events with π 0
Dalitz decays. A suppression factor of better than 100 reduces this background
to a negligible level. As shown in Section IV.3, the Dalitz electron pairs can be
very well identified and separated from single electrons by means of the
ionization measurement. They can therefore be reduced to a negligible level.
Table 2: Event topology relevant for the τ → eνν search
Events
Oscillated QE
τ → eνν
Beam νe QE contamination
νµ CC
νµ CC + Dalitz(0.02)
νµ NC
νµ NC + Dalitz(0.02)

Number

Ratio

530
92
66
674 000
13 480
202 200
4044

5.64
1.0
0.7
7170
143
2150
43

Comments
Soft electron (≈0.2Eν)
Hard electron; no missing pt
No electron but muon
Muon + Dalitz rejection
No electron
Dalitz rejection
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Figure 7: ZY-view (wire vs. time) of a simulated ICARUS event of quasi-elastic
ν τ interaction on a neutron in the argon nucleus and subsequent τ − → e νν .
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The tau decay branching ratio into electrons (17.7%) reduces the initial
signal quasi-elastic sample to 92 events. The main background is from νe CC
interactions (νe QE and DIS) which account for 66 and 3790 events (see Table 3).
The deep-inelastic events which have on average a large multiplicity in the
final state are reduced to 20 events by requiring the presence of an electron and
a proton only. The identification of the proton suppresses events with a
neutron in the final state.
Table 3: Selection cuts in pure quasi-elastic τ → e νν search
Cut

At least one electron
Dalitz rejection
Only one proton
60 MeV < Tp < 1 GeV
Ee > 1.5 GeV
Miss. pt > 0.4 GeV
Ee < 40 GeV
30o < proton angle < 120 o

νe QE
τ → eνν
τ→
Events eνν efficien
cy
92
100%
66
92
100%
66
92
100%
66
74
80.6%
53
65
70.6%
53
49
54.0%
2.4
49
53.6%
1.2
48
52.1%
1.1

νe DIS CC

ν NC

3790
3685
20
8
8
0.8
0.8
<1

3934
105
<1
Ð
Ð
Ð
Ð
Ð

After imposing a cut on the proton kinetic energy 0.060ÊGeV < T p <
1ÊGeV in order to ensure that it is well identified and measured, the number of
νe QE and DIS events is 53 and 8, respectively.
The electron CC events are further reduced by requiring that the
transverse momentum be unbalanced since the electron from a tau decay is
always accompanied by two neutrinos in the final state. A cut (Miss. pt >
0.4ÊGeV) on the measured missing pt suppresses by more than an order of
magnitude the neutrino electrons (this fraction is simply the number of events
in the Fermi momentum tail as described in the previous section) while
keeping 75% of the taus (see Figure 8).
The energy spectrum of the neutrino electrons of the beam is harder
than that of the neutrino muon (or tau in the case of oscillation) and neutrinos
in the tau-decay final state lower even further the energy of the visible lepton.
About a factor of 2 rejection (see Figure 9) on νe QE events is achieved by a
requirement on the electron energy of 40 GeV.
To select the characteristics of quasi-elastic events and suppress the
remaining deep-inelastic events, we require that the proton be at a large angle
with respect to the incoming neutrino direction.
The list of cuts used in the quasi-elastic τ → eνν search are summarized
in Table 3. After all cuts, the efficiency for the signal is 52.1% while the
neutrino electron sources have been reduced to 1.1 events. For the oscillation
parameters ∆m 2 = 1.5 eV2 and sin2Ê2θ = 0.06, we expect after selection cuts a total
of 48 events. In the case of a negative result, a limit on the oscillation
probability would be set:
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(

)

P νµ → ν τ <

Nτ
N νµ × ε × Br ×

στ
σµ

where for quasi-elastic events the kinematic suppression is στ/σµ = 0.91, the
upper limit on the number of signal events in the presence of background is
Nτ = 3.4 at the 90% C.L. (assuming we observed a number of events compatible
with the expected background), the total number of quasi-elastic events is
NνµÊ= 15 200, and the efficiency times the branching ratio is ε × Br = 0.092. The
denominator amounts to 1273 events, therefore, in the absence of signal the
electron quasi-elastic channel yields the following limit:
(90% C.L.).
P(νµ → ντ) < 2.7 × 10Ð3

νe + n → e + p
-

ντ + n → τ - + p
–

→ e- ν e ν τ

Missing transverse momentum (GeV/c)

Figure 8: Missing transverse momentum
QE events with τ → eνν.
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distribution for ν e QE events and ντ

ντ + n → τ - + p
–

→ e- ν e ν τ

νe + n → e + p
-

Electron Energy (GeV)

Figure 9: Electron energy distribution for ν e QE events and ντ QE events w i t h
τÊ→ eνν.

The τ → eνν search in resonance-production events

4.

The analysis in baryon-resonance-production events is very similar to
the search in the quasi-elastic interactions channel except that the hadronic
system is either a soft proton and a soft pion or a soft proton and a neutral pion
(see Figure 10). The final state with a neutron and a charged pion is ignored
since the soft neutron is hard to detect and impossible to measure.
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Figure 10: ZY-view (wire vs. time) of a simulated ICARUS event of resonance
R ++ production ν τ interaction on a proton of Argon and subsequent τ − → e νν .
The list of cuts used in the baryon resonance production τ → eνν search
is given in TableÊ4. After all cuts, the efficiency for the signal is 26.4% while the
neutrino electron sources have been reduced to 4.2 events. For the oscillation
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parameters ∆m 2 = 1.5 eV2 and sin2Ê2θ = 0.06, we expect a total of 43 events after
selection cuts. In the case of a negative result, a limit on the oscillation
probability would be set:

(

)

P νµ → ν τ <

Nτ
N νµ × ε × Br ×

στ
σµ

where for resonance-production events the kinematic suppression is estimated
to be στ/σµ = 0.68, the upper limit on the number of signal events in the
presence of background is N τ = 5.0 at the 90% C.L., the total number of
resonance-production events is estimated to be Nνµ = 26 600, and the efficiency
times the branching ratio is ε × Br = 0.047. The denominator amounts to 850
events, therefore, the electron resonance-production channel yields in the
absence of signal the following limit:
P(νµ → ντ) < 5.9 × 10Ð3
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(90% C.L.).

Table 4: Selection cuts in baryon-resonance-production τ → eνν search
Cut

τ → eνν
Events

τ→
eνν efficien
cy

νe RES

νe DIS
CC

ν NC

At least one electron
Dalitz rejection
Signature pπ+ or pπ0
60 MeV < Tp < 1 GeV
Ee > 1.5 GeV
Miss. pt > 0.4 GeV
Ee < 40 GeV
30o < proton angle < 120 o

161
161
104
91
79
61
60
43

100%
100%
64.7%
56.6%
49.0%
37.7%
37.5%
26.4%

116
116
74
64
64
2.6
1.6
1.2

3790
3685
149
91
91
4.9
4.6
3.0

3934
105
3
3
<1
Ñ
Ñ
Ñ

5.

The hadronic decay channels in quasi-elastic events

In the hadronic channels τ → πν (see FigureÊ11), τ → ρν (see FigureÊ12)
and τ → πππν (+nπ0), we rely on the excellent hadronic calorimetry in order to
measure precisely the leading pions in the events. The proton will be precisely
measured by range-out method or by ionization measurement as shown i n
SectionÊIV.2
These channels, which are characterized by the absence of leptons i n
the final state, suffer from deep-inelastic neutral-current background. The νµ
CC events, dangerous because of their large rate, can enter as background if the
muon is not identified as such. We note however that in the quasi-elastic
interactions, the leading particle is very forward due to the smallness of the
energy and momentum transferred to the nucleus and so, in the class of events
we are looking for, we pay no price for requiring that the leading system be
very forward and only a proton be at a large angle. We can ensure in this way
that any muon will fall within the acceptance of the muon spectrometer.
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Figure 11: ZY-view (wire vs. time) of a simulated ICARUS event of quasielastic ν τ interaction on a neutron of argon and subsequent τ − → πν.
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Figure 12: ZY-view (wire vs. time) of a simulated ICARUS event of quasielastic ν τ interaction on a neutron of argon and subsequent τ − → ρν.
The analyses in the three decay modes τ → πν, τ → ρν and τ → πππν
(+nπ ) are very similar. The list of cuts imposed are shown in Tables 5, 6 and 7.
We first require that the event has no identified lepton in the final state. W e
then ask that there be a leading pion for the τ → πν channel, a charged pion and
two photons for the τ → ρν channel and at least three pions for the
τ → πππν(+nπ0) channel. The quasi-elastic signature is enforced by requiring
that the Ôleft-overÕ hadronic system be composed of a proton only. Its kinetic
energy must obey 0.060 GeV < Tp < 1ÊGeV in order to ensure that the proton is
well identified and measured.
0

Table 5: Selection cuts in pure quasi-elastic τ → πν search
Cut

No lepton in event
A leading pion
Only one proton
60 MeV < Tp < 1 GeV
Energy π > 10 GeV
Miss pt < 2.0 GeV
30o < proton angle < 120 o

τ → πν
Events

τ→
πν efficienc
y

ν NC

64
64
64
51
16
16
15

100%
100%
100%
80.6%
24.4%
24.4%
24.0%

198Ê172
192Ê364
5373
3393
5
3
<1

The deep-inelastic neutral-current background is largely suppressed by
the requirement on the proton down to about a few thousand events.
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The fake tau candidates from the background are composed of the
fragments of the hadronic system. These are in general much softer than the
lepton (in this case the outgoing neutrino) which takes on average about 50%
of the incoming neutrino energy. A very strong separation is therefore
achieved by a requirement on the energy of the tau decay products.
For the τ → πν channel, a cut at 10 GeV reduces the background from
3393 to 5 events (rejection factor ≈ 700). For the τ → ρν channel, we further
require that the invariant mass between the pion and the two photons be less
than 1.2 GeV since we expect it to peaked around the rho mass. Then, a cut at
10 GeV reduces the background from 2093 to 66 events (rejection factor ≈ 32).
For the τ → πππν (+nπ0) channel, we cut at 12 GeV and require that the
mass of the three pion system be smaller than 1.5 GeV.
In general, high momentum combinations in the background tend to
have large masses while, for the tau, the three pions plus the missing neutrino
should amount to the tau mass.
Finally, we impose for all channels a missing transverse momentum
cut, a missing transverse mass requirement and a proton angle with respect to
the incoming neutrino direction cut. The transverse mass exhibits a Jacobian
peak and we cut at 1.7 GeV.
The list of cuts used in the quasi-elastic hadronic modes search are
summarized in Tables 5, 6 and 7. After all cuts, the efficiencies for the signals
are respectively 24.0%, 42.3% and 34.5% while the neutral-current backgrounds
have been reduced to <1, 6.1 and 3.0 events. For the oscillation parameters ∆m 2
= 1.5 eV 2 and sin22θ = 0.06, we expect a total of 99 events after selection cuts
when the three channels are combined. In the case of a negative result, a limit
on the oscillation probability would be set:

(

)

P νµ → ν τ <

Nτ
N νµ × ε × Br ×

στ
σµ

where for quasi-elastic events the kinematic suppression is στ/σµ = 0.91, the
upper limit on the number of signal events is conservatively assumed to be
equivalent to the number of expected background events N τ = 9.1, the total
number of quasi-elastic events is Nνµ = 15Ê200, and the combined efficiency
times the branching ratio is ε × Br = 0.187. The denominator amounts to 2587
events, therefore, the hadronic quasi-elastic channels yield in absence of signal
the following limit:
(90 % C.L.)
P(νµ → ντ) < 3.5 × 10Ð3
Table 6: Selection cuts in a pure quasi-elastic τ → ρν search
Cut
No lepton in event
A pion and two photons
Only one proton
60 MeV < Tp < 1 GeV

τ → ρν
Events

τ→
ρν efficiency

ν NC

137
137
137
110

100%
100%
100%
80.6%

198Ê172
192Ê364
4968
2792

97

M(π±, π0) < 1.2 GeV
Energy ρ > 10 GeV
Miss. pt < 2.0 GeV
Transverse mass < 1.7 GeV
30o < proton angle < 120o

109
60
60
59
58

79.9%
44.1%
44.1%
42.8%
42.3%

2093
66
38
7.1
6.1

Table 7: Selection cuts in pure quasi-elastic τ → πππν (+nπ 0) search
Cut
No lepton in event
At least 3 charged pions
Only 3 pions and a proton
60 MeV < Tp < 1 GeV
Energy 3π > 12 GeV
M(3π) < 1.5 GeV
Miss. pt < 2.0 GeV
Transverse mass < 1.7 GeV
30o < proton angle < 120o

6.

τ Events

τ efficiency

ν NC

75
75
50
41
27
26
26
26
26

100%
100%
66.1%
54.0%
36.5%
35.2%
35.2%
35.0%
34.5%

198Ê172
107Ê284
1954
1165
412
38
23
4.0
3.0

Search for νµ ↔ ντ: deep inelastic events

Deep inelastic events will constitute the vast majority of our neutrino
sample. If the oscillation parameters ∆m 2 = 1.5 eV 2 and sin2Ê2θ =0.06 are correct
we expect to record in one ICARUS module at the Jura location about 11Ê440
deep inelastic events per year from ντ CC interactions (see Figure 13). Evidence
for νµ ↔ ντ oscillations will come, however, primarily from the Ôgold-platedÕ
quasi-elastic and resonance events, and a signal also in the deep inelastic
sample will provide confirmation of the result which will eventually become
precious if the rates turn out to be lower than expected.
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Figure 13: Expected deep-inelastic tau neutrino-event energy spectra at the Jura
location assuming the oscillation parameters: ∆ m 2 3,2 = 1.5 (eV 2 ), sin 2Ê (2 θ ) eff.Ê =
0.06.
We limit our discussion to the τ → eνν decay channel. The dominant
background is, as usual, represented by the νe contamination in the beam.
Neutral current events with π0 Dalitz decays are already reduced to a few tens
by the simple requirement that the dE/dx at the beginning of the electron track
is compatible with that of a single mip. For 2 × 1019 pot we expect 3790 νe CC
events from the νe contamination in the beam and 2040 oscillated ντ events
with τÊ→Êeνν. In order to extract the ντ signal we can apply the same selection
criteria already described in the section relative to the Gran Sasso experiment.
For the Jura location, because of the different assumptions on the
oscillation parameters, the ντ spectrum is a little bit harder (Figure 14) so that
84% of the events survive the visible energy cut at 30 GeV whereas for the
Gran Sasso the corresponding figure is 94%. The cut in the (φmh, φeh) plane
gives 50% efficiency in both cases.
For the oscillation parameters ∆m 2 = 1.5 eV 2 and sin2Ê2θ = 0.06, our
expected signal after the cuts is 864 ντ events with a background from CC νe of
48 events (see Table 8). Therefore, also for DIS events, we expect a very strong
signal. In the case of a negative result, a limit on the oscillation probability
would be set:

(

)

P νµ → ν τ <

Nτ
N νµ × ε × Br ×

στ
σµ

where for deep-inelastic events the kinematic suppression is στ/σµ = 0.48, the
upper limit on the number of signal events in the presence of background is
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N τ = 9.0 at the 90% C.L., the total number of deep-inelastic events is Nνµ =
674Ê000, and the efficiency times the branching ratio is ε × Br = 0.076. Therefore,
in the absence of signal the electron deep-inelastic channel yields the following
limit:
(90 % C.L.)Ê.
P(νµ → ντ) < 3.6 × 10Ð4

Table 8: Selection cuts in deep-inelastic events τ → e νν search.
τ → eνν
Events

Cut

# of Events / GeV / Year

All events
(φmh, φeh) cut
Visible energy < 30 GeV

νe CC DIS

τ→
eνν efficien
cy
100%
50.4%
43.5%

2040
1030
864

3790
280
48

50

ντ + N → τ + X
(1030 events)
- –
→ e νe ν τ
-

40

30

20

νe + N → e + X (280 events)
-

10

0
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Figure 14: Visible energy distribution for ν e CC events and ντ CC events w i t h
τÊ→ eνν.
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Summary searches for νµ ↔ ντ at the Jura location

7.

In this section, we summarize the results obtained on the search for
νµÊ↔ ντ oscillations at the Jura location. We note that our analyses have not
been fully optimized and therefore we anticipate that our sensitivities will
improve with time. In particular, we think that there is still some room for
improvements in the missing pt reconstruction of deep-inelastic events
especially for the class of events with low multiplicity (about 60% of all DIS CC
events have less that 4 charged tracks in the final state: in this case all particles
can be reconstructed individually). The efficiencies and surviving number of
events are shown in Table 9.
For the oscillation parameters ∆m 2 = 1.5 eV 2 and sin2Ê2θ = 0.06, the
combination of the quasi-elastic channels provides a total of 147 signal events
over a background of 10.2 events. These very simple events will provide a
Ôgold-platedÕ signature for the oscillation phenomenon.
The baryon-resonance-production events give in the electron channel
a total of 43 events over a background of 4.2. The search for the oscillations i n
the deep-inelastic τ → eνν channel yields after selection cuts 864 signal events
over a background of 48 events. The analysis of such events is more difficult
than the quasi-elastic channels but will provide an important complementary
result on oscillations.

Table 9: Summary of tau search analyses. The number of oscillated selected
events corresponds to the parameters ∆ m 2 = 1.5 eV2 and sin2 2 θ =0.06.
Channel

B.R.

event
s

efficiency

Quasi-elastic events
92
52.1%
64
24.0%
137
42.3%
75
34.5%

τ → eνν
τ → πν
τ → ρν
τ → πππν (+nπ0)

17.8%
12.0%
25.8%
14.2%

Total

69.8%

τ → eνν

Baryon-resonance events
17.8%
161
26.4%

370

selected
events

background

48
15
58
26

1.1
<1
6.1
3.0

147

10.2

43

4.2

864

48

Deep-inelastic events
τ → eνν

17.8%

2040

43.5%

It is clear that the combination of all these channels will provide a very
strong signal and also very good redundancy. In the case of a negative result,
the following limits on the oscillation probability would be set:
Ð

electron quasi-elastic channel:

P(νµ → ντ) < 2.7 × 10Ð3 (90% C.L.)

Ð

electron resonance channel:

P(νµ → ντ) < 5.9 × 10Ð3 (90% C.L.)

Ð

hadronic quasi-elastic channel:

P(νµ → ντ) < 3.5 × 10Ð3 (90% C.L.)
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Ð

8.

P(νµ → ντ) < 3.6 × 10Ð4 (90% C.L.)

electron deep-inelastic channel:

Search for νµ ↔ νe at the Jura location

We have assumed that the LSND evidence for oscillations was due to
the ÔshadowÕ of the ν3 neutrino mass eigenstate. The hypothesis that the signal
seen in the LSND experiment is instead due to direct νµ ↔ νe oscillation can be
tested at the Jura location by looking for an excess of νe neutrinos induced
events above the known intrinsic component of the beam.
Since the number of events is large, we limit our discussion to the
quasi-elastic events. In the first approximation, the oscillated νe neutrinos will
be accumulated at low energies since they follow the νµ energy spectrum while
the νe contamination from the beam has an energetic spectrum.
We expect in the energy range less than 40 GeV, a ν e neutrino beam
contamination of 38 quasi-elastic events per 2 × 1019 pots and per module while
the νµ ↔ νe oscillations with parameters ∆m 2 = 1.5 eV 2 and mixing angle
sinÊ2θ = 1 would yield 8534 quasi-elastic events (see Table 10). In the case of a
negative result, a limit on the oscillation probability would be set:

(

)

P νµ → νe <

Ne
N νµ × ε

where the upper limit on the number of signal events in the presence of the
quasi-elastic νe beam background is Ne = 8.0 at the 90% C.L., the total number of
quasi-elastic events is Nνµ = 15Ê200, and the energy cut efficiency is ε = 0.79. The
following limit at the 90% C.L. would be achieved:
P(νµ ↔ νe) < 6.9Ê(9.4)Ê10Ð4 for ∆m2 large (1.5 eV2)
Table 10: Selection events for νµ ↔ ν e oscillations at the Jura location w i t h
oscillation parameters ∆ m 2 = 1.5 eV2 and sinÊ2θ = 1.
Cut
All events
Visible energy < 40 GeV

νµ ↔ νe QE
9675
8534

νe QE
65
38
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VIII.

NEUTRINO OSCILLATION SENSITIVITY

We have chosen for our analyses the oscillation parameters of Ref.Ê[1]
because we believe that there are strong experimental hints that lead to them.
Of course, some of the hints might turn out to be wrong. This is especially true
for the neutrino tau parameters which are solely based on the unconfirmed
result of the LSND experiment [2] and could therefore be wrong. Even if the
LSND result is confirmed, the interpretation of the observed positron excess i n
terms of the ÔshadowÕ of νµ ↔ ντ oscillations could be wrong. Similarly, the
atmospheric neutrino data is compatible with a νµ ↔ ντ oscillation and since
the analysis of Perkins et al. [3] is essentially based on disappearance data, it is
not excluded that the signal would appear as an appearance of tau events at
Gran Sasso.
In any case, we have demonstrated our ability to explore the full spectra
of oscillation patterns. Indeed, at Gran Sasso, we will first perform a νµ ↔ νx
disappearance test which will immediately test the Perkins et al. disappearance
analysis and in the case of a positive result will imply that the solar and
atmospheric neutrino phenomena are due to the same neutrino oscillation
phenomena. Then, at both the Gran Sasso and Jura locations, we will be able to
perform appearance experiments in both νµ ↔ νe and νµ ↔ ντ channels, which
will give us information on the mixing angle matrix and confirm or disprove
our theoretical prejudice.
In the case of a negative result, stringent limits on the oscillation
parameters will be set in regions of the mass squared differences ∆m 2 which
are, to a large extent, still unexplored. The exclusion limits set by the νµ ↔ νe
appearance searches and interpreted in terms of two neutrino oscillations are
shown in Figure 1.
The νµ ↔ νe limit at Gran Sasso is obtained by analysing the excess of
electrons in deep-inelastic events assuming three 600 ton modules and an
integrated intensity of 4 × 1019 pot. The limit extends down to mass squared
differences of 10Ð3 covering very well the region indicated by the analysis of
Perkins et al. [3]. The region compatible with the result of KAMIOKANDE is
illustrated by a shaded region (see Figure 1). At large ∆m 2, the mixing angle
limit is 2.7 × 10Ð3. These results are compared with the sensitivities foreseen by
the KEK-LBL long baseline programme [4] and the planned MINOS (FermilabSoudan) long baseline experiment [5]. We see that our exploration is better
than that obtained at KEK and is comparable to the one claimed by MINOS
which is only based on a ÔdisappearanceÕ type of experiment (ÔnearÕ vs. ÔfarÕ or
Ô0µ-event/µ-eventÕ) since, in the MINOS detector, it will be very difficult to see
electrons or taus directly.
The νµ ↔ νe limit at the Jura location is obtained with a 600 ton
module and an integrated intensity of 2 × 1019 pot. The result is based on the
search of excess electrons in the quasi-elastic scattering channel. The mixing
angle limit at large ∆m 2 is 1.4 × 10Ð3 and at large mixing angle the ∆m 2 mass
limit is 1.8 × 10Ð2.
The exclusion limits set by the νµ ↔ ντ appearance searches and
interpreted in terms of two neutrino oscillations are shown in Figure 2.
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Figure 1: Two-flavour neutrino-oscillation (90% confidence level) sensitivity
regions (on the right-hand side of curves) for ν µ ↔ νe oscillations.
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Figure 2: Two-flavour neutrino-oscillation (90% confidence level) sensitivity
regions (on the right-hand side of curves) for ν µ ↔ ντ oscillations.
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Figure 3: Two-flavour neutrino-oscillations (90% confidence level) sensitivity
regions (on the right-hand side of curves) for ν µ ↔ νe oscillations for 1 ICARUS
module at the Jura location, KARMEN, E776 and BUGEY experiments. T h e s e
regions are compared to the evidence of LSND (shaded regions, 90% and 99%
C.L.).
The νµ ↔ ντ limit at the Gran Sasso location is obtained by analysing of
the τ → e νν channel in deep inelastic events assuming three 600Êton modules
and an integrated intensity of 4 × 1019 pot. The limit extends down to mass
squared differences of 2.9 × 10Ð3 eV 2 and covers the region indicated by the
result of KAMIOKANDE (see shaded area in Figure 2). At large ∆m 2, the
mixing angle limit is approximately 2.4 × 10Ð2. This result is compared to our
sensitivity in the νµ ↔ νx disappearance test and to the predicted sensitivities of
MINOS. We stress once again that the MINOS result is only based on a
ÔdisappearanceÕ type of experiment (ÔnearÕ vs. ÔfarÕ or Ô0µ-event/µ-eventÕ) since
it will be very difficult for them to see electrons or taus directly. Our νµ ↔ ντ
appearance result is at this stage limited by statistics and will further improve
106

with the planned increase of mass in ICARUS and more exposure to neutrino
beam.The νµ ↔ ντ limit at the Jura location is obtained with a 600 ton module
and an integrated intensity of 2 × 1019 pot. The result is based on the analysis of
the quasi-elastic and deep inelastic scattering channels. For the quasi elastic, the
combined mixing angle limit at large ∆m 2 is 6 × 10Ð3 and at large mixing angle
the ∆m 2 mass limit is 3.9 × 10Ð2 eV 2. For the deep inelastic analisys, we expect
to achieve a mixing angle at the level of 7.3 × 10Ð4 and the mass limit is 3.1 ×
10Ð2 eV 2.
The sensitivities obtained at the Jura location for νµ ↔ νe (see Figure 3)
and for νµÊ↔ ντ permit to completely test the LSND evidence for oscillations.
With an exposure of 2 × 1019 pot, it will be possible to confirm or disproof their
result. We believe the opportunity to test the LSND claim is very important i n
order to achieve a complete understanding of the complete neutrino
oscillations picture.
To conclude, we wish to stress once again that our analyses have not
yet been fully optimized and therefore we can anticipate that in general our
sensitivities will be further improved. The sensitivity limits are summarized
in Tables 1 and 2.
Table 1: Sensitivity of the ICARUS exposure (Gran Sasso)

Number of protons (pot)
Distance (km)
Fiducial target mass (tons)
νµ CC DIS
νµ CC QE
νe CC DIS
νµ ↔ νe appearance : CC DIS
Signal events (∆m 2 = 0.008 eV2 and sin2Ê2θ = 0.9)
Background
Signal significance (S/√B)
90% C.L. limit P(νµ ↔ νe)
sin22θ (large ∆m 2)
∆m 2 (sin2Ê2θ = 1)
νµ ↔ ντ appearance : CC DIS
Signal events (∆m 2 = 0.008 eV2 and sin2Ê2θ = 0.9)
Background
Signal significance (S/√B)
90% C.L. limit P(νµ ↔ ντ)
sin22θ (large ∆m2)
∆m 2 (sin2Ê2θ = 1)

Gran Sasso
3 modules
4 × 1019
732
1200
4890
105
26.1
340
26
67σ
1.4 × 10Ð3
2.7 × 10Ð3
9.8 × 10Ð4
9.7
0.3
18σ
1.2 × 10Ð2
2.4 × 10Ð2
2.9 × 10Ð3
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Table 2: Sensitivity of a 600 t ICARUS module exposed at the Jura location

Number of protons (pots)
Distance (km)
Fiducial target mass (tons)
νµ CC DIS
νµ CC QE
νe CC DIS
νe CC QE
νµ ↔ ντ appearance : CC DIS
Signal events (∆m 2 = 1.5 eV2 and sin2Ê2θ = 0.06)
Background
Signal significance (S/√B)
90% C.L. limit P(νµ ↔ ντ)
sin22θ (large ∆m2)
∆m 2 (sin2Ê2θ = 1)
νµ ↔ ντ appearance : quasi-elastic
Signal events (∆m 2 = 1.5 eV2 and sin2Ê2θ = 0.06)
Background
Signal significance (S/√B)
90% C.L. limit P(νµ ↔ ντ)
sin22θ (large ∆m 2)
∆m 2 (sin22θ = 1)
νµ ↔ νe appearance : quasi-elastic
Signal events (∆m 2 = 1.5 eV2 and sin2Ê2θ = 1.0)
Background
90% C.L. limit P(νµ ↔ νe)
sin22θ (large ∆m2)
∆m 2 (sin2Ê2θ =1)
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Jura
1 module
2 × 1019
17
400
674Ê000
15200
3790
66
864
48
125σ
3.6 × 10Ð4
7.3 × 10Ð4
3.1 × 10Ð2
147
10.2
46σ
3.0 × 10Ð3
6.0 × 10Ð3
3.9 × 10Ð2
8458
38
6.9 × 10Ð4
1.4 × 10Ð3
1.8 × 10Ð2
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IX.

CONCLUSION

The successful completion of the ICARUS R&D programme has led to
the approval of a first 600 ton module. This full-scale module is currently
under construction in Italy with a strong industrial involvement. It will be
assembled and tested at the University of Pavia during the second half of 1998
and should be installed in Hall C of the Gran Sasso Laboratory in the course of
1999 (beginning 2000).
The central issue of neutrino physics is the determination of masses
through flavor oscillations. Today there is a greater body of experimental data
(solar, atmospheric and LSND results and negative accelerator and reactor
results) which leads us to explore more carefully the ≈ 10Ð2 eV 2 and ≈ 1 eV 2
mass regions. A three neutrino solution based on those mass assumptions
exists and its compatibility with all experimental data deserves great attention
and urgent experimental confirmation.
We argue that a complete answer to these prejudices can be given with
two exposures coupled to the CERN SPS wide band neutrino beam of two
similar ICARUS detectors: one in the Gran Sasso Laboratory (730 km from
CERN) and the other behind the Jura (17 km from CERN). The importance of a
measurement in an articifial neutrino beam, free of systematic errors, is
stressed.
In both locations, we want to perform unambiguous studies of both
νµÊ↔ νe and νµÊ↔ ντ appearance measurements, and using the Jura (Gran
Sasso) location as the ÔnearÕ (ÔfarÕ) measurement we will also perform a νµ ↔ νx
disapperance measurement.
We have submitted a proposal for the experimental programme to the
CERN SPS Committee [1] to request for the construction of the new beam line
to the Gran Sasso and to assess the advantages of a continuation of the
exploitation of the CERN West Area neutrino beam.
The ICARUS detector is ideally suited for high energy neutrino
interaction studies at intermediate and long baselines: it can provide for large
target masses, is fully homogeneous, fully sensitive and has full acceptance and
very high granularity. It provides within the same volume a precise tracking
(with ionization measurement), excellent calorimetry and full reconstruction
of the events with bubble chamber like picture quality.
We have demonstrated the capabilities of this detector to perform very
well in the searches for neutrino oscillations: the identification and
measurement of electrons are excellent; the kinematical reconstruction of
events is good and well adapted to the search for the tau lepton appearance
(rejection 102 to 103 over backgrounds).
For the Gran Sasso exposure, the decision to build the new beam line
should be taken as soon as possible. The competition with other experiments
must be kept in mind:
¥

in particular, the KEK-LBL long baseline programme, which should
start around the year 1999 and last at least 3 years, is considered as a
serious competition since its sensitivity for ∆m 2 overlaps with the
Gran Sasso programme. The 30 kiloton SUPERKAMIOKANDE
detector is already operational and taking atmospheric and solar
neutrino data since the 1st April 1996;
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¥

the MINOS experiment in the U.S. will also cover the same oscillation
parameter region.

For the Jura exposure, the decision to extend the exploitation of the
West Area neutrino beam seems most reasonable, given the modest
investment required. We foresee no major technical problem in installing a
detector on the Jura site (CernŽtrou forest).
For the long-term, we intend to increase the mass of the detector at the
Gran Sasso by adding new 600 ton modules to progressively achieve a total
mass of 5000 tons. Since the operation of the Gran Sasso neutrino beam line is
compatible with LHC operation, which requires only the SPS during filling, we
anticipate that the CERN long-baseline neutrino programme could continue i n
order to take advantage of the increased detector mass. This would provide
higher-statistics samples for a more precise study of the neutrino oscillation
signal, or, in the absence of discovery, improve upon the exploration of the
oscillation parameter space at small mixing angles.
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