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Introduction

Neutrino oscillations were first introduced in 1957 by B. Pontecorvo. This phe-
nomenon occurs if neutrinos have masses and if they mix among each other, in
close analogy to the experimentally observed mixing in the quark sector. In the
last 30 years some unexpected experimental observations of the solar and atmo-
spheric neutrinos were interpreted as hints on favor of neutrino oscillation. There
is now a clear evidence of neutrino oscillation: experimental proofs come from
more systematic studies of solar and atmospheric neutrinos and recently also from
studies on neutrinos produced by accelerators and reactors.

The Standard Model is constructed to give massless neutrinos according to
the failure of observing experimentally right-handed neutrinos. The value of the
neutrino mass can be directly probed by experiments on neutrinoless double beta
decay or tritium beta decay, but so far only upper limits have been fixed.

As an interference effect, the search of neutrino oscillations is the only way to
investigate even very small differences of neutrino masses. At least two different
frequencies of oscillations are found. The solar neutrino frequency was first dis-
covered by R.Davis, in a research of Brookaven National Laboratory that spanned
from 1967 to 1985: only one third of solar (electronic) neutrinos produced by sun
and predicted by solar models were detected in the Homestake mine. In 2001,
SNO experiment gives a solar model independent proof of νe disappearance, ex-
plaining it as a νe � νµ oscillation. Togheter with CHOOZ and KamLAND ex-
periments, a measurement of ∆m2

12 and sin22θ12 is done. The second frequency
was first observed in 1998 by Kamiokande experiment by observing muonic neu-
trinos produced in the atmoshpere: the number of upward-moving νµ neutrinos,
which travel a long distance through the entire Earth, was smaller than number
of downward-moving, which travel a short distance from the upper atmosphere.
With SuperKamiokande and K2K experimental results, this is now explained as a
νµ � ντ oscillation enhanced by the presence of the matter.

The CHORUS (CERN Hybrid Oscillation Research ApparatUS) experiment
was designed to search for νµ � ντ oscillations aiming at high sensitivity for
small mixing angle in the region of large value of ∆m2: up to sin22θµτ � 2 � 10 � 4

for ∆m2 � 50 � 100 eV 2 according to the proposal. The choice to explore with

1



high sensitivity that region of parameter space was suggested by the hypotesis that
the neutrino mass could contribute to the solution of the dark matter puzzle.

CHORUS is an appearance experiment, it searches for ντ neutrinos in the al-
most pure νµ SPS-CERN neutrino beam through the direct observation of τ decays
in ντ CC interactions. The short τ lifetime suggested to the use of nuclear emul-
sions to detect its decay. The detector is composed of a nuclear emulsion target
and electronic detectors.

The CHORUS experiment performed already a first analysis of data. No signal
was found, then a region of parameters space was excluded [23]. Thanks to several
improvements in data taking, the CHORUS Collaboration has made a re-analysis
if the data, aiming at the design goal.

This work is actually the re-analysis of the data focused on the νµ � ντ search.
All the analysis chain is simulated and the efficiencies for all the τ decay channels
are obtained. Then a detailed analysis of all the background sources is performed.
It mainly consists of two components. One comes from the decay of short lived
particles as charm or strange hadrons, the other comes from the hadrons inter-
action without wisible signs of the nucleus recoil or break-up in emulsion. To
enhance the sensitivity to the τ detection, more background reduction criteria are
studied and precise measurements in emulsions are performed. Combining the
efficiencies and the background evaluation, the CHORUS sensitivity to the neu-
trino oscillations is calculated. Finally, using observed data, a limit of νµ � ντ
oscillation is presented.

In the chapter 1 it is shown a general introduction to the neutrino oscillations
phenomenology and the most updated results about neutrino masses and mixing
matrix. In the chapter 2 a brief description of the CHORUS experimental lay-
out is done. In the chapter 3 it is described the location procedure of neutrino
interaction. It is also described the simulation chain used to evaluate the detection
efficiencies. Chapter 4 is devoted to the analysis.
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Chapter 1

Neutrino oscillations

There is by now convincing evidence, from the experimental study of atmospheric
and solar neutrinos, for the existence of at least two distinct frequencies of neu-
trino oscillations. This in turn implies non-vanishing neutrino masses and a mix-
ing matrix, in analogy with the quark sector and the CKM matrix. The absolute
neutrino mass scale can be probed by non-oscillatory neutrino experiments, like
the study of tritium beta decay or the search of neutrinoless beta decay. These
experiments currently provide upper limits on neutrino masses. Recently, also as-
trophysical and cosmological observations have started to provide indirect upper
limits. The most recent results put limits around few eV or less.

The smallness of neutrino masses is probably related to the fact that neutrinos
are completely neutral (i.e. they carry no charge which is exactly conserved) and
are Majorana particles with masses inversely proportional to the large scale where
lepton number conservation is violated. Majorana masses can arise from the see-
saw mechanism, in which case they are related to the Dirac masses. The relation
with the non-conservation of leptonic number L could be connected with Grand
Unified Theories (GUT’s). So neutrino masses and mixings can represent a probe
into the physics at GUT energy scales and offers a different perspective on the
flavour problem and the origin of fermion masses.

There are also direct connections with important issues in astrophysics and
cosmology as for example baryogenesis through leptogenesis [1] and the possibly
non-negligible contribution of neutrinos to hot dark matter in the Universe [2].

In this chapter, a theoretical introduction to neutrino oscillations is presented,
using the three-flavour mixing framework. Then, the most recent experimental re-
sults are shown, showing how they measured or constrained some of the neutrino
oscillation parameters.
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1.1 The neutrino mixing

The three-flavour mixing framework is widely used since two distinct neutrino
oscillation frequencies have already been confirmed by several experiments. This
scenario is welcome, since the measurement of the Z0 decay amplitude performed
at LEP [3] demonstrates that only three weakly interacting lepton families exist.
However, it’s also possible to introduce the presence of sterile neutrinos, which
don’t interact with ordinary matter, but their presence increases the number of
oscillation parameters.

Neutrino oscillations can occur if the flavour basis ν �
	�� νe 
 νµ 
 ντ � , where νe

(or νµ 
 ντ) is the partner of the mass and flavour eigenstate e � (or µ � 
 τ � ) in a
lefthanded weak isospin SU(2) doublet, and the mass eigenstates ν 	�� ν1 
 ν2 
 ν3 �
are different:

ν ��� Uν 

where U is a unitary 3 by 3 mixing matrix. Given the definition of U and the

transformation properties of the effective light neutrino mass matrix mν:

ν � T mνν ��� νTUT mνUν

UT mνU � Diag � m1 
 m2 
 m3 � 	 mdiag 

we obtain the general form of mν (i.e. of the light ν mass matrix in the basis

where the charged lepton mass is a diagonal matrix):

mν � U � mdiagU† �
The matrix U can be parametrized in terms of three mixing angles θ12, θ23

and θ13 (0 � θi j � π � 2) and one phase φ (0 � φ � 2π) [4], exactly as for the quark
mixing VCKM. The following definition of mixing angles can be adopted:

U � ��
1 0 0
0 c23 s23

0 � s23 c23

�����
c13 0 s13eiφ

0 1 0� s13e � iφ 0 c13

�����
c12 s12 0� s12 c12 0
0 0 1

��
where si j 	 sinθi j, ci j 	 cosθi j. In addition, if ν are Majorana particles, we

have the relative phases among the Majorana masses m1, m2 and m3. If we choose
m3 real and positive, these phases are carried by m1 � 2 	��m1 � 2 � eiφ1  2 [5]. Thus,
in general, 9 parameters are added to the Standard Model when non-vanishing
neutrino masses are included: 3 eigenvalues, 3 mixing angles and 3 CP violating
phases.
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The neutrino oscillation experiments are not sensitive to all these parame-
ters. To show what are the parameters that could be measured, let’s derive the
oscillation probability when neutrino propagates in the vacuum. Consider a neu-
trino beam of flavour α created at time t � 0 in a charged current interaction.
Let’s assume that it is described by a plane wave with well defined momentum!
p 	"� p 
 0 
 0 � in the x direction. The να is the sum of the three different compo-
nents of mass eigenstates:

να � 3

∑
i # 1

Uαiνi 

each of them evolves in space-time with different phases, so that, at t $ 0:

ν � x 
 t � � 3

∑
i # 1

Uαiνi � ei % px � Eit &'�
Neutrinos are assumed relativistic, i.e. � p �)( mi. In this case:

Ei ��* p2 + m2
i � p + m2

i

2p � p

Using such approssimation, the neutrino wave function at time t is:

ν � x 
 t �,� eip % x � t & 3

∑
i # 1

Uαiνi � e � i
m2

i
2E t �

The probability to detect the initial neutrino να as a neutrino with flavour β at
time t and space x � t can be calculated by substituting the mass eigenstates νi

with ∑3
α -.# 1 U �α - iνα - and extracting the square of α � � β component:

P � να � νβ � �0/// 3

∑
i # 1

Uαi � e � i
m2

i
2E x � U �βi /// 2 �� ∑

i
�Uαi � 2 �Uβi � 2 + Re ∑

i 1# j

UαiU �α jU �βiUβ je � i
∆m2

i j
2E x

where ∆m2
i j 	"�mi � 2 �2�m j � 2. Thus, neutrino oscillation experiments can mea-

sure 6 parameters:

θ12 θ23 θ13 φ ∆m2
sun ∆m2

atm

where:

∆m2
sun � �∆m2

12 � 
 ∆m2
atm � �∆m2

23 �
5



The numbering 1,2,3 for ∆m2 may not coincide with the ordering from the
lightest to the heaviest state. The naming sun and atm is for phenomenological
and historical reasons: solar oscillations are controlled by (∆m2

sun,θ12,θ13) and
have been first discovered by observing a solar νe flux smaller than predicted by
the Standard Solar Model (the so-called solar neutrino problem); atmospheric
neutrino oscillations mainly depend on (∆m2

atm,θ23,θ13) and have been first dis-
covered by observing flux anomalies on neutrinos produced by cosmic rays in the
atmosphere. Nowadays, neutrino oscillation studies are performed also using neu-
trinos produced by reactors or accelerators, in order to have a more direct proof
on neutrino phenomenology and to perform precision measurements on oscilla-
tion parameters.

The sensitivity to a particular parameter region depends on many ingredients:3 The average energy E of neutrino beam and the distance L between the neu-
trino source and the detector can be tuned in order to be sensitive at a par-
ticular value of ∆m2; distances are usually splitted in short baseline (SBL)
and long baseline (LBL); in the following table the order of magnitude of
∆m2 which can be probed by different kinds of experiments is shown;

Experiment L � m � E � MeV � ∆m2 � eV 2 �
Reactor SBL 102 1 10 � 2

Reactor LBL 103 1 10 � 3

Accelerators SBL 103 103 1
Accelerators LBL 106 103 10 � 3

Atmospheric 107 103 10 � 4

Solar 1011 1 10 � 113 The intensity and the composition of the neutrino source affects the sensi-
tivity to different mixing angles.3 The detector can look for a reduction of the starting neutrino flavour (disap-
pearance experiment) or look for a particular different flavour (appearance
experiment). The latter can be more effective to study a single oscillation
process.

So far, we have discussed the neutrino oscillation in the vacuum. However, in
order to understand the solar and the atmospheric neutrino experimental results,
few words should be said about the neutrino oscillation in matter. For a complete
treatment, see Ref. [6].

If neutrino propagates in the matter, as it happens when it passes through the
sun or the earth, the oscillation may significantly differ from oscillation in vac-
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uum. Matter can enhance neutrino mixing, and the oscillation probability in mat-
ter can be large even if the mixing angle in the vacuum is very small: this effect is
known as the Mikheyev-Smirnov-Wolfenstein (MSW) effect.

This effect is due to the different interactions of the three neutrino flavours
in matter. All flavours interact with the electrons, protons and neutrons through
neutral current interactions while νe shows in addition charged current interactions
with the electrons of the medium.

1.2 “Solar” neutrinos

The first experiment that obtained evidence in favor of neutrino oscillation was a
solar neutrino search carried out in the Homestake mine in the early ’70 [7]. A
large fraction of the sun energy is produced in the reaction of the thermonuclear pp
cycles, which also produces νe neutrinos. The flux of solar νe has been calculated
in different ways in the framework of standard solar models. All these calculations
agree reasonably well and their predictions are also confirmed by helioseismolog-
ical measurements. After Homestake experiments, many other experiments have
measured the solar neutrino flux using different techniques with different energy
theresholds.

The results of such experiments report strong deficits from the predicted flux,
ranging from 30% to 60%. This is the essence of the solar neutrino problem.

The Chlorine [7], Gallium [8], Super-Kamiokande (SK) [9] and Sudbury Neu-
trino Observatory (SNO) [10] solar neutrino experiments have convincingly estab-
lished that the deficit of the observed solar νe flux implies new neutrino physics.

Barring sterile neutrinos and nonstandard interactions, such transitions can be
naturally explained by the hypothesis of flavor oscillations in the νe � νa channel
( νa being a linear combination of νµ and ντ) driven by the parameters � ∆m2

sun,θ12 � .
In particular, the charged and neutral current (CC [11] and NC [12]) data from

SNO confirmed that the solar neutrino deficit is due to neutrino oscillations and
not to a flaw in our modeling of the sun: the total neutrino flux is in agreement
with the solar model but only about one third arrives at the Earth as νe while the
remaining part consists of other kinds of active neutrinos, presumably νµ and ντ.

In September ’03 new results have been published by the SNO Collaboration
[10], obtained after adding salt to their heavy water detector in order to increase
the sensitivity to the neutral current channels. The previous results have been con-
firmed with increased accuracy: the occurrence of νe transitions into a different
active state νa have a statistical significance greater than 5σ.

The CHOOZ reactor experiment [13] looks for the ν̄e disappearance and its
results are combined with the solar neutrino experiments. It also constraints the
smallness of θ13 angle (s13 4 0 � 10 at 90% CL), so that it can be set to zero to a
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good approximation.
The recent results from the Kamioka Liquid scintillator AntiNeutrino Detector

(KamLAND) [14] have provided a crucial confirmation of the solar νe oscillation
picture through a search for long-baseline oscillations of reactor ν̄e’s. The obser-
vation of ν̄e disappearance in KamLAND has confirmed the previously favored
solution in the (∆m2

sun,θ12) parameter space, often referred to as the large mixing
angle (LMA) region in the literature [15]. Moreover, the KamLAND data have
basically split this region into two allowed subregions, which are referred to as
LMA-I and LMA-II, following Ref. [16]. In figure 1.1 a global analysis of so-
lar, CHOOZ and KamLAND neutrino data in the (∆m2

sun,θ12) parameter space is
shown [16].

Figure 1.1: Global analysis of solar, CHOOZ and KamLAND neutrino data in the
(∆m2

sun,θ12) parameter space [16].

The LMA-I solution is clearly preferred by the data, being closer to the best
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fit points of both solar+CHOOZ and KamLAND data. With just 54 initial events,
the KamLAND experiment was not only able to select the LMA region as the
solution to the solar neutrino problem, but could also significantly restrict the
corresponding oscillation parameter space. With several hundred events expected
in the forthcoming years, there are thus very good prospects to refine the parameter
estimate.

Solar neutrino experiments show evidence for νe � να transitions. On the
other hand, reactor experiments are used to study ν̄e � ν̄α oscillations. If CPT is
not conserved, these two processes should not have the same behaviour. Thus, the
coincidence of the frequency found for neutrinos from the sun and for antineutri-
nos from reactors is consistent with the validity of CPT invariance.

As conclusion, by a combined analysis of solar+reactor neutrino experiments,
the following parameters are evaluated:

∆m2
sun � 6 � 9 � 10 � 5 eV 2 sin2θ12 � 0 � 30

In the simplest picture, solar neutrino oscillations depend on the kinematical
parameters (∆m2

sun,θ12) and on standard dynamical MSW effects in matter.

1.3 “Atmospheric” neutrinos

Electron and muon neutrinos and antineutrinos are produced in the hadronic shower
induced by cosmic rays in the atmosphere: they are called atmospheric neutrinos.
They are produced mainly by the following processes:

p � α 
 �5�5� � + Air � π 67� K 6 � + X
π 67� K 6 �8� µ 6 + νµ � ν̄µ �

µ 6 � e 6 + νe � ν̄e � + ν̄µ � νµ �
From the reaction chain we expect that the ratio of the two flavours N � νµ

+
ν̄µ � � N � νe

+ ν̄e � is equal to 2. The first generation of detectors, NUSEX, Soudan,
IMB, Frejus and Kamiokande reported the ratio between the measured value and
its predicted value based on Montecarlo simulation:

R �:9N � νµ
+ ν̄µ � � N � νe

+ ν̄e �<; Data9N � νµ
+ ν̄µ � � N � νe

+ ν̄e �=; MC

Some of them measured for R a value smaller than expected. The discrep-
ancy between the observed and predicted neutrinos flavour ratio is referred to as
the atmospheric anomaly. A second generation of experiments, Superkamiokande
(SK) [17], Soudan-2 [18] and MACRO [19], was used to carefully study the at-
mospheric neutrinos. All these experiments used charged current interactions to

9



tag the neutrino flavour. MACRO and Soudan-2 use tracking calorimeter detec-
tors: distinguishing between shower or tracks permits to separate events with µ or
e lepton final state. SK is a water Cerenkov detector. It identifies the lepton flavor
by using the Cerenkov ring which is sharp for µ and diffuse for e. All these detec-
tors, except MACRO, are sensitive to the track direction, thus they can distinguish
between upgoing and downgoing neutrinos. All these experiments confirmed the
atmospheric anomaly.

Such anomaly was interpreted in terms of neutrino oscillations. To test this
hypotesis, more studies were done from the SK collaboration. They ended up
with signal which has been interpreted as strong evidence for neutrino oscillation.

SK results have also been independently checked by the first long-baseline
KEK-to-Kamioka (K2K) [20] accelerator experiment, using SK as a target for
νµ’s produced 250 km away with > Eν ?A@ 1 � 3 GeV . Neutrino flavour oscillations,
interpreted in terms of nonzero mass-mixing parameters � ∆m2

atm,θ23 � in the νµ �
ντ channel, provide by far the best and most natural explanation for the observed
νµ disappearance.

Fig. 1.2 shows the joint bounds on the � ∆m2
atm 
 θ23 � parameters from an anal-

ysis of SK, K2K, and SK+K2K data [16].

Figure 1.2: Standard oscillations in the νµ � ντ channel: bounds on the parame-
ters � ∆m2

atm 
 θ23 � from SK atmospheric data (left panel), K2K spectral data (mid-
dle panel), and their combination (right panel).

By comparing the left and right panels, the main effect of K2K appears to
be the strengthening of the upper bound on ∆m2. Fig. 1.3 shows on the left
the SK and SK+K2K bounds on ∆m2, when the sin22θ23 parameter is projected
(minimized) away (sin22θ23 � 1). Up to @ 3σ, the global (SK+K2K) ∆χ2 	
χ2 � χ2

min function is approximately parabolic in the variable ∆m2, so that one can
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define a n-standard-deviation error for this parameter by imposing the condition
∆χ2 � n2.

Figure 1.3: Standard oscillations in the νµ � ντ channel. On the left: bounds
on ∆m2 for unconstrained sin22θ23 from SK (dashed curve) and SK+K2K (solid
curve). On the right: bounds on sin22θ23 for unconstrained ∆m2 from SK data.

The bounds on sin22θ23 are instead entirely dominated by SK. This is shown
on the right of Fig. 1.3, where the @ 3σ function in terms of sin22θ23 is reported,
for ∆m2 projected (minimized) away in the SK fit (∆m2 � 2 � 6 B 10 � 3 eV 2). Here
the addition of K2K data would insignificantly change the bounds (not shown),
which thus hold for both the SK and the SK+K2K fit. Also in this case, the nearly
parabolic behavior of ∆χ2 allows to properly define a 1σ range.

Performing a parabolic fit in the 1σ range, we obtain [16]:

∆m2
atm � � 2 � 6 C 0 � 4 � B 10 � 3 eV 2 sin22θ23 � 1 � 00 D 0 E 00� 0 E 05

1.4 Present knowledge on oscillation parameters

In the following table, the most updated values of neutrino oscillation parameters
are shown (see Ref. [21] and [13]):
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Lower limit � 3σ � Best value Upper limit � 3σ �� ∆m2
sun � LMA � I � 10 � 5eV 2 � 5 � 4 6 � 9 9 � 5
∆m2

atm � 10 � 3eV 2 � 1 � 4 2 � 6 3 � 7
sin2θ12 0 � 23 0 � 30 0 � 39
sin2θ23 0 � 31 0 � 52 0 � 72
sin2θ13 0 0 � 026 � 90% CL �

According to CHOOZ, we know that θ13 is small. Therefore, in the ideal
limit of exactly vanishing θ13, the solar and atmospheric oscillations decouple
and depend on two separate sets of two-flavour parameters.

For atmospheric neutrinos we have s23 @ c23 @ 1 �GF 2 corresponding to nearly
maximal mixing. Oscillations of muon neutrinos into tau neutrinos are favoured
over oscillations into sterile neutrinos (νs). The conversion probability and the
zenith angular distribution of high-energy muon neutrinos are sensitive to matter
effects, which distinguish ντ from νs. Moreover, for conversion of νµ into pure
νs, neutral current events would become up/down asymmetric. In both cases data
strongly disfavour the pure sterile case. The OPERA experiment [22], which will
start taking data on 2006, will be able to exclude the νs hypotesis by a direct
observation of charged current interactions of ντ.

The only surviving solution to the solar neutrino problem after KamLAND
and SNO-salt results is the LMA-I solution (however the LMA-II is the second
best-fit point). Before KamLAND, the interpretation of solar neutrino data in
terms of oscillations required the knowledge of the Boron neutrino flux, fB. For
instance, charged and neutral current data from SNO are sensitive, respectively,
to fB > Pee ? and to fB > ∑a Pea ? � a � e 
 µ 
 τ � , where > Pea ? denotes the averaged con-
version probability from νe to νa. KamLAND provides a direct measurement of> Pea ? . Beyond the impact on the oscillation parameters and a check that the solar
standard model works well, the comparison among these experiments shows that
the conversion of Boron solar neutrinos into sterile neutrinos is compatible with
zero.

The LSND indication for a third oscillation frequency associated to one or
more sterile neutrinos is not supported by any other experiment, at the moment.
Moreover, LSND has not been confirmed by KARMEN. The MiniBoone experi-
ment will soon clarify this matter. If LSND is right, we probably need one more
light neutrino.

Within the three-neutrino framework, if we take maximal s23 and keep only
linear terms in u � s13eiφ, we find the following structure of the mixing matrix:
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U � ��
c12 s12 u�H� s12

+ c12u � � � F 2 � c12 � s12u � � � F 2 1 � F 2� s12 � c12u � � � F 2 �I� c12
+ s12u � � � F 2 1 � F 2

��
where θ12 is close to π � 6.
Given the observed frequencies, there are three possible patterns of mass eigen-

values:

Degenerate : �m1 � @ �m2 � @ �m3 �)( �mi � m j �
Inverted hierarchy : �m1 � @ �m2 �)( �m3 �
Normal hierarchy : �m3 �)( �m2 � 1 �

Models based on all these patterns have been proposed and studied and all are
in fact viable at present [21].

1.5 The CHORUS role

The CHORUS (CERN Hybrid Oscillation Research ApparatUS) experiment was
designed to search for νµ � ντ oscillations aiming at high sensitivity for small
mixing angle in the region of large value of ∆m2: up to sin22θµτ � 2 � 10 � 4 for
∆m2 � 50 � 100 eV 2 according to the proposal. The choice to explore with high
sensitivity that region of parameter space was suggested by the hypotesis that the
neutrino mass could contribute to the solution of the dark matter puzzle [27]. In
that case the sum of the mass of neutrino species should be of @ 15 � 65 eV .

In the late 80’s, from the solar neutrino data, ∆m2
e � µ @ 5 � 10 � 6 eV 2. If the

see-saw mechanism is correct, the largest neutrino mass is at least two order of
magnitude greater than the two others. It means that only one neutrino species
contributes significantly to the dark matter: the ν3 with a mass of @ 15 � 65 eV .
The ν3 state is mainly composed by ντ, thus mντ @ mν3 . Under these assumptions
the squared mass splitting between ντ and νµ is @ m2

τ
� 100 eV 2: therefore the

idea to explore that ∆m2 region with the highest possible sensitivity in sin22θµτ.
CHORUS is an appearance experiment, it searches for ντ neutrinos in the al-

most pure νµ SPS-CERN neutrino beam. The ντ presence is searched through the
charged current reaction ντN � τ � X . Thus the ντ detection essentially consists
in the τ detection. The τ short lifetime has suggested to use nuclear emulsions to
distinguish its decay from the much more frequent νµ CC or NC interactions. The
detector is composed by an emulsion target for neutrino interactions combined
with an electronic detector. It is described in more detail in the next chapter.

The CHORUS experiment performed already a first analysis of data. No sig-
nal was found, then a region of parameters space was excluded [23]. Thanks to
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several improvements in data taking, the CHORUS Collaboration intend to ex-
clude a larger parameter region, aiming at the design goal. The CHORUS results,
combined with the NOMAD [24] ones, will permit to explore a region not yet
explored. In this thesis, we report the latest oscillation analysis of the CHORUS
experiment.
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Chapter 2

The CHORUS experiment

The CHORUS experiment was designed [25, 26] to search for νµ � ντ oscilla-
tions through the appearance of ντ in an almost pure νµ beam, aiming to explore
the domain of small mixing angles down to sin2 2θµτ @ 2 B 10 � 4 for mass param-
eters ∆m2 @ 1eV 2, i.e. in the region of cosmological interest [27] for the Dark
Matter. This experiment represented an order of magnitude improvement over the
previous generation of experiments [28]. The requirement for a pure νµ beam was
meant to provide as many neutrinos as possible, at an average energy well above
the threshold for ντ charged current interactions. For such purpose, the CERN
Wide Band Neutrino Beam was used. It contained mainly νµ’s ( @ 94%) with a
negligible contamination of prompt ντ, estimated as low as 3 � 3 B 10 � 6 B νµ CC
interaction [29]. The average νµ beam energy was 27 GeV and the average dis-
tance between the neutrino beam source and the CHORUS apparatus was about
600 m.

The CHORUS detector is schematically shown in Fig. 2.1. It consisted of an
active target of nuclear emulsion, a scintillating fibre tracker, a hadron spectrome-
ter, a high resolution calorimeter and a muon spectrometer. The major novelty was
the large-scale deployment of nuclear emulsion (770 kg), described afterwards in
more detail. It serves both as neutrino target and as detector: the ντ is detected
through its charged current interaction ντN � τ � X and the direct observation of
τ decays in emulsion. At these energies the τ travels, on average, about 1 mm be-
fore decaying. The emulsion target offered a sub-micron resolution for the track
and vertex reconstruction in the vertex region, enough to reveal not only the de-
cay products of the tau lepton, but also the parent track itself. After the beam
exposure, the emulsions were removed and analysed with automatic microscopes.
The ντ candidates would be confirmed by direct inspection. The only drawback
of the emulsions is the absence of time information: any charged particle travers-
ing the emulsion during the exposure leaves a track. However, the connection
with electronic detectors solved this problem and also provided extra kinematic
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Figure 2.1: CHORUS detector layout.

informations. The use of nuclear emulsions connected with electronic detectors
(called hybrid approach) in neutrino interaction analysis is very promising, espe-
cially with the increasing of speed and accuracy of automatic microscopes. The
use of nuclear emulsions is a powerful technique for discovery experiments, in
which a small number of signal events are expected.

CHORUS is well suited to directly observe the production and decay of short-
lived particles. At these energies, about 6% of neutrino interactions presents
charmed particle production. The charmed hadrons have a flight length compara-
ble to the τ, so that CHORUS is suitable to study charm physics as well. Many
studies and cross-sections measurements of charmed particles have been carried
out so far [30]. For oscillations search, charged charmed particles constitute back-
ground. However, as we will see in chapter 4, charm plays a key role to reduce
the systematic uncertainty in this analysis.

In the first part of this chapter, a short description of the neutrino beam and
detector components is provided. A detailed description can be found in Ref. [31].
Then, a more detailed description of emulsion handling is presented.
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2.1 The neutrino beam

The West Area Neutrino facility (WANF) of the CERN Super Proton Synchrotron
(SPS) [32] provides an almost pure νµ beam with energy mostly above threshold
for ντ CC interactions, thus suitable for νµ � ντ oscillation search in appearance
mode. Protons are accelerated by the SPS up to an energy of 450 GeV . The
proton-beryllium interaction produces mainly pions and kaons. Positive (negative)
mesons are focused (defocused) by two magnetic lenses, the horn and the reflector.
The mesons decay in flight in a 290 m long evacuated tunnel and produce neutrinos
mainly via the decay channels:

π D � µ D νµ 

K D � µ D νµ 

K D � π0µ D νµ

�
The charged leptons from the decay as well as the remaining non-decayed hadrons
are absorbed in a shielding of 225 m iron and 144 m earth. Finally, a toroidal
magnet defocuses not stopping muons.

The neutrino beam has an upward slope of 42 mrad. The detector was centred
along this slope, vertically along the beam. The energy spectra of the different
components of the neutrino beam intercepted by the CHORUS emulsions, as pre-
dicted by a full Montecarlo simulation of the beam line, is shown in Fig.2.2.

The neutrino exposure started in 1994 and ended in 1997. In these four years
of data taking, emulsions have been exposed to the neutrino beam with an inten-
sity corresponding to 5 � 06 B 1019 protons on target. CHORUS ran also in 1998,
without emulsions, with a neutrino and anti-neutrino beam, using the calorimeter
as target for compared analysis of cross-section νN and ν̄N [33].

2.2 Detector overview

In the CHORUS experiment, nuclear emulsions are used as target for neutrino
interactions. Downstream of the target region, an air core magnet provides the
measurement of the hadron charge and momentum. A calorimeter measures the
energy and the direction of electromagnetic and hadronic showers. The calorime-
ter is followed by a muon spectrometer to get the charge and the momentum of
muons produced in the interactions.

The electronic detector information is used to predict the particles trajectories
in the emulsions. By using automated microscopes to inspect the emulsion layers,
these trajectories are followed through the emulsions until the primary neutrino
interaction is found.
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BG

Figure 2.2: The energy spectra of the different ν components by Montecarlo sim-
ulation.

2.2.1 The trigger system

The scintillator trigger-hodoscopes E (emulsion), T (timing), H (hodoscope), V
(veto) and A (anti-counter), shown in Fig. 2.3, are used to select neutrino inter-
actions in the emulsion target and to reject background from cosmic rays, beam
muons and neutrino interactions outside the target [34].

The E and T planes are installed between the emulsion target and the hadron
spectrometer, whereas H is located downstream of the hadron spectrometer. The
A and V planes are installed upstream of the emulsion target.

A neutrino trigger in the target region is defined by a hit coincidence in E,T
and H consistent with a particle trajectory with tanθ 4 0 � 25 with respect to the
neutrino beam direction.

A veto is defined by any combination of a counter hit in the veto hodoscopes
(V and A) and a hit in T, with precise timing to avoid vetoes due to backscattering
of particles coming from neutrino interactions in the target.

2.2.2 Emulsion target and the tracker system

Target area consists of nuclear emulsions and electronic trackers. It is composed
by two identical and contiguous part. One of these is shown in Fig. 2.4a.

Nuclear emulsions record the passage of charged particles. Along their path,
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Figure 2.3: The trigger system. The neutrino trigger is defined by a hit coincidence
in E,T and H planes in anti-coincidence with the A and V veto.

charged particles produce ionisation which makes the silver crystals developable.
After development, a three-dimensional image can be reconstructed by the pro-
duced silver grains. The emulsion target is divided into four stacks, transversally
consisting of eight modules, having a surface area of 1 � 42 B 1 � 44 m2 and a thick-
ness of about 28 mm. Each stack module is composed by 36 emulsion sheets
(plates) (Fig. 2.4b), piled up in close contact with each other and vacuum packed.
In each plate, emulsion gel with a thickness of 350 µm is poured onto both faces
of a 90 µm thick tri-acetate cellulose foil. Along the beam direction, the emulsions
amount to about 4 radiation lengths and 0.3 interaction lengths.

Special interface emulsion sheets, Changeable Sheet (CS) close to the elec-
tronic detector and Special Sheet (SS) close to the emulsion stack, reconstruct the
trajectories of the charged particles with very high precision for the location of
the vertex position. The interface sheets are composed by a 800 µm thick plas-
tic base and two emulsion layers of 100 µm. The different emulsion and base
thicknesses of the CS/SS sheets with respect to the bulk plates are due to the ne-
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cessity to maximise the angular resolution to match the electronic detector track
with the emulsion track. In fact, the interface sheets have a larger level arm and
less distortion due to the smaller thickness. In order to provide favourable back-
ground conditions for the recognition of the predicted tracks in the emulsions, in
the 1994-95 data taking the changeable sheets were replaced every three to six
weeks during the data taking. Owing to the good accuracy achieved, in 1996-97
exposure only one change per year was found necessary.
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Figure 2.4: Sketch of emulsion target. The neutrino goes through the x direction.
The longitudinal size is not proportional to the transversal one. a) It is shown one
of two contiguous half targets, composed of two emulsion bulks, two SS, four CS,
and eight scintillating fibre trackers; b) bulk target (36 emulsion sheets) and the
attached SS; c) CS and SS have different proportions emulsion/base respect to the
bulk sheets; d) All emulsions are transversally divided in eight modules. Each
module is conceptually divided in two semi-modules, top and bottom.

The purpose of the electronic trackers is to reconstruct the event and to pre-
dict the impact point and slope of tracks in these interface sheets, with an accu-
racy good enough for the scanning to uniquely identify this track among those
integrated [35]. CHORUS used planes of scintillating fibres. Each tracker mod-
ule consists of four projection planes (Y,Z, and Y 6 , Z 6 rotated by 8o relative to
Y,Z). The prediction accuracy in CS was measured as σ @ 150 µm in position and
σ @ 2 � 5 mrad in angle [36].
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2.2.3 The hadron spectrometer

For the τ search in the hadronic decay channel, the rejection of background from
charm production relies critically on the ability to determine the charge of hadrons.
A second source of background are the so-called white kinks: elastic or inelastic
hadron interactions which show no visible recoil nor delta rays or Auger electrons
and which in the emulsion cannot be distinguished from a decay. To reduce this
kind of background, the measurement of hadron momenta must be precise enough
to reject decay topologies with a low-momentum secondary or corresponding to
small transverse momentum. The hexagonal spectrometer, consisting of an air-
core magnet and scintillating fibre trackers, was deputed to the hadron momentum
measurement [37].

The magnet produced a toroidal field of 0 � 12 T and it was pulsed synchronously
with the neutrino beam. The field strength had no radial dependence and it was
parallel to the outer side of the triangle. Three fibre trackers, called Diamond
Tracker modules (DT), one upstream and two downstream from the air-core mag-
net measured the trajectory curvature. The momentum resolution ∆P � P of the
magnet tracker results from the quadratic combination of two terms: a constant
term from multiple scattering and a term proportional to particle momentum which
reflects the measurement accuracy. The measured resolution, showed also in Fig.
2.5 was:

∆P
P
� 22% + 3 � 5%

P
GeV � c (2.1)

The hexagonal spectrometer resolution was sufficient for the CHORUS anal-
ysis, but unfortunately the momentum could not be measured for a large number
of tracks, especially for the events where an electromagnetic or hadronic shower
develops already in the target region. To increase the momentum reconstruction
efficiency, an additional set of tracker planes (Honeycomb trackers) was inserted
during the last two years of data taking [38]. The hadron spectrometer, using the
hits from both diamond tracker planes and honeycomb chambers, can reliably de-
termine the charge for hadrons with momenta up to 10 GeV/c. To extend this
range up to 30 GeV � c an emulsion tracker (ET) was installed, consisting of the
three modules indicated in figure 2.1. With this upgrade, the momentum resolu-
tion is:

∆P
P
� 22% + 1%

P
GeV � c (2.2)
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Figure 2.5: Left panel: drawing of the hexagonal air-core magnet. Right panel:
resolution on the momentum measured by the magnet trackers for particles
traversing the hexagonal magnet: the momentum measurement uses only dia-
mond tracker information and the resolution was determined by comparing, in
neutrino events, the momenta measured for muons which are also reconstructed
in the muon spectrometer.

2.2.4 The calorimeter

The calorimeter had to measure the hadronic shower with sufficient energy and
direction resolution. To facilitate the matching between trajectories reconstructed
in the target tracker and in the muon spectrometer, the calorimeter should also
have the capability to track through-going muons.

The CHORUS calorimeter [40] is longitudinally composed of three sectors of
decreasing granularity, the electromagnetic sector (EM), the first hadronic sector
(HAD1) and the second hadronic sector (HAD2). The first two sectors (EM and
HAD1) are made of lead and scintillating fibres. It is the first large scale applica-
tion of the calorimetric technique of embedding scintillating fibres into a lead ma-
trix (the “spaghetti” technique). Scintillating fibres of 1 mm diameter and lead as
passive material were chosen to assume both compensation1 and good sampling,
and consequently good hadronic energy resolution. The third sector (HAD2) is

1Compensation refers to the ratio between the response to electromagnetic and hadronic show-
ers at the same energy; for a perfect compensation, this ratio would be one. In CHORUS calorime-
ter, the deviation from one is about 20%.
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made of lead and scintillating strips (sandwich technique).
The total thickness of the calorimeter corresponded to about 150 radiation

lengths or 5.6 hadronic interaction lengths. Therefore, most hadrons from neutrino
interactions originating in the emulsion target were fully contained. The energy
resolution for electrons amounted to:

∆E
E
� � 13 � 8 C 0 � 9 � %j

E � GeV � + �'� 0 � 2 C 0 � 4 � % (2.3)

while for pions it is:

∆E
E
� � 32 � 3 C 2 � 4 � %j

E � GeV � + � 1 � 4 C 0 � 7 � % (2.4)

The constant term in the resolution function is related to instrumental ef-
fects, including electronic noise and broken modules, but dominated by inter-
calibration.

2.2.5 The muon spectrometer

The calorimeter absorbed most of the particles produced in neutrino interactions,
except muons with momentum higher than 1 � 5 GeV � c. This provided their iden-
tification as muons, and the role of the muon spectrometer was to measure their
trajectory, momentum and charge.

The main source of background for non-muonic tau decay is the neutrino in-
duced charm production with the primary µ � not reconstructed in the spectrome-
ter. Thus, the CHORUS spectrometer performances affected in a very crucial way
the sensitivity of the experiment.

The muon spectrometer consisted of six toroidal magnetised iron modules
(shown in Fig. 2.6), instrumented with scintillating strips, drift chambers and
streamer tubes. In addition, scintillating planes interleaved with the magnetised
iron provided a measurement of the leakage of hadronic shower from the back of
the calorimeter.

The particle position could be measured with a resolution of about 2 � 4 mm.
The absolute calibration was performed by using negative 75 GeV � c test beam
muons, corresponding to 71 GeV � c at the entrance of the spectrometer. The mea-
sured momentum resolution of the muon spectrometer was about 19%. The charge
of stopping muons was determined by the curvature of the trajectory, whereas the
momentum was determined by their range, resulting in a momentum resolution of
6% (Fig.2.6). The efficiency of the trigger signals provided by the spectrometer
scintillators was close to 100%. The spectrometer energy resolution for shower
tails above 1 GeV was � 110 k 150 � % � j E � GeV � .
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Figure 2.6: Left panel: Schematic view of the muon spectrometer. Right panel:
momentum resolution as a function of muon momentum as evaluated from Mon-
tecarlo (full dots) and for 75 GeV � c test beam muons (open dot). The momentum
of low energy muons stopping in the spectrometer was determined by range.

2.3 Nuclear emulsions

A nuclear photographic emulsion [41] consists of myriads of small crystals of
silver halide with submicrometer linear dimensions embedded in gelatin. When
ionising particles pass through it, some of the halide “grains” are modified in such
a way that on immersing the plate in a reducing bath, called the “developer”,
they are turned into grains of silver which appear black. The final size of the
grain and the distance between the initial ionisation point and the grain position
mainly depend on the temperature, which is correlated to the diffusion of electrons
and positive holes produced after ionisation, and on the development time, which
affects the aggregation of silver atoms around the latent image.

The specific ionisation of a minimum ionising particle of charge � e � is such
that about 30 grains per 100 µm will be produced along its path. This number
is sufficient to be distinguished under the microscope, and has to be taken into
account by the automatic acquisition.

2.3.1 The analysis of nuclear emulsions

The excellent position resolution of nuclear emulsions allows detailed studies of
the interaction and of the decay vertices, yielding measurements more accurate
than any other detection system. Actually, nuclear emulsions integrate all charged
tracks traversing them without time information, therefore a full reconstruction
of the events cannot be performed by using only emulsions. For several decades,
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emulsion analysis was fully visual, restricting their use to experiments with very
low statistics due to highly time-consuming analysis.

The lack of time information was overcome by the design of hybrid experi-
ments where nuclear emulsions and electronic detectors are used together. Hybrid
experiments allow both triggering and kinematic reconstruction, as well as track
and vertex reconstruction with very high degree of precision. The first hybrid
experiment was E531 [28] at Fermilab in the 80’s which analysed about 3000
νµ interactions by using a fully visual analysis: the statistics was limited by the
analysis procedure.

A real revival of the emulsion technique occurred with the CHORUS experi-
ment, thanks to the development of fully automatic scanning microscopes capable
of analysing one event in 11 minutes. The hybrid technique with automatic scan-
ning microscopes was also used by the DONUT experiment which provided the
first direct observation of the tau neutrinos [43].

The CHORUS scanning procedure benefits of the impressive progress in au-
tomatic readout systems and the availability of fast data processing.

The emulsion scanning is performed by fully automatic microscopes optically
connected with CCD cameras (with 512 B 512 pixels resolution and 120 Hz fre-
quency) and a fast acquisition system, called Track Selector, developed at the
Nagoya University [42], based on FPGAs and Pentium processors. The observed
area is 90 B 120 µm2 large. The last generation of automatic microscope is the
UTS (Ultra Track Selector). Fig. 2.7 shows the UTS installed at Napoli laborato-
ries.

Figure 2.7: Picture of the UTS installed at Napoli.

Tracks inside the emulsions are identified and their parameters measured on
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line. In order to recognise track segments in an emulsion plate, tomographic im-
ages are taken by focusing at different depths in the emulsion thickness. For each
emulsion side, 16 layers at regular intervals of 3 µm are read, corresponding to the
focal depth. The Track Selector video image processor digitises the CCD signals
and sends the pixel of data into a dynamic frame memory. The 3D movement of
the microscope is controlled by pulse motors with a linear encoder to an accuracy
of less than 1 µm. A binarised image is formed by using the CCD pixel data,
which in turns are clustered to grains. The tomographic image of in-focus grains
at each depth is stored into each frame memory. After reading the images of all
the layers, the digital signals are summed up as analogical signals, obtaining only
one image with 16 grey levels. The grey intensity is called pulse height. In order
to detect sloping tracks, the digitised images are regularly shifted one with respect
to the other before the sum, either to record all tracks in the analysed emulsion
area (general angle scanning) or according to the predicted track angle (predicted
angle scanning). The most clear evidence of a track occurs when it forms hits
(grains) at the same (shifted) position in each layer; the overlapped image presents
a black cluster and the measured pulse height is 16. A cut on pulse height is done
to reject background from random grains. The track detection efficiency is 98%
for tracks with spatial angle up to 400 mrad. Fig. 2.8 shows a neutrino vertex as it
appears in emulsions: black tracks are due to the nuclear fragmentation, the track
search procedure used by the Track Selector is also schematically sketched.

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure 2.8: Track search procedure used by the Track Selector for a predicted
track angle
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Chapter 3

Event reconstruction in emulsions

The analysis strategy consists of four phases. In the first one the track reconstruc-
tion of electronic detectors is used to predict the event location in the emulsion
target. The second step is the event location in emulsion: reconstructed tracks
are scanned back through the emulsion target region until the vertex is located. In
the third step, a fiducial volume around the vertex is analyzed by automatic micro-
scopes and a tridimensional reconstruction of the neutrino interaction is produced;
the events with a decay topology are selected. The last step is a computer assisted
eye-scanning by well trained operators, in which the candidate events are care-
fully analyzed and validated. In this chapter these steps are described togheter
with their Montecarlo simulation.

3.1 The reconstruction of neutrino interaction ver-
tex by electronic detectors

All the events triggered and recorded in the electronic detectors are analyzed.
These events are processed by the CHORUS reconstruction program to define the
position of the primary neutrino interaction vertex and the parameters of the tracks
exiting from it.

In the first phase of the CHORUS analysis (Phase 1) a reconstruction program
named CHORAL was used to select the events for the emulsion analysis. In the
second phase of the analysis (Phase 2), the CHORAL reconstruction program was
replaced by the CHANT package, with more accurate track finding and fitting
algorithms. We will describe shortly the most relevant selection criteria of the two
phases, since the CHANT package did not replace CHORAL for the full event
sample. The selection of candidate tracks to be used for the event reconstruction
was based on a χ2 matching probability in the angular and position variables. For
all the events with a primary vertex reconstructed inside the emulsion stacks, the
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track information is used to search for the interaction point in the emulsion target.
Different criteria were applied to select the reconstructed tracks to be followed in
the emulsions.

The following criteria were adopted during the Phase 1 analysis:3 for events with a muon reconstructed by the electronic detectors, the muon
track parameters provide the initial prediction for the vertex location proce-
dure. In the first data analysis, only muons (negative and positive) with mo-
mentum less than 30 GeV � c were selected as scan-back track. To increase
potentiality for charm search, in a subsample of events this momentum cut
was removed;3 if more than one muon is reconstructed, no cut is applied and all recon-
structed muons are followed up in emulsion;3 if no muon is recognized, all the negative hadrons with momentum in the 1
to 20 GeV � c range are kept as possible scan-back tracks.

The emulsion scanning of the event starts from the most downstream inter-
face emulsion sheet, on the basis of the slope and position reconstructed by the
Target Tracker (TT). All selected tracks (scan-back tracks) are searched for in the
first interface sheet (the so-called Changeable Sheet, CS) closer to the electronic
trackers. A rectangular area of 810 B 1080 µm2 centered around the TT prediction
is scanned. Each segment with an angular agreement better than 15 mrad in both
projections is considered as a candidate and followed up in emulsions. If no track
candidate is found, the event is rejected.

The track is then searched for in the Special Sheet (SS), which is closer to
the emulsion stack, by observing the position and the direction measured in the
corresponding Changeable Sheet. Due to the CS extrapolation accuracy, the rect-
angular area analyzed in the SS is smaller (630 B 840 µm2). The track segments
found in these sheets are then used to predict with high precision the position and
the angle of the track in the emulsion stack.

A track found in both interface emulsion sheets is then followed upstream in
the target emulsion stack from one plate to the next. In each plate only the most
upstream 100 µm are scanned. The angular resolution is obtained by comparing
the slope measured in each plate with the slope measured in the SS (see Fig. 3.1):
σy � 6 � 1 mrad, σz � 5 � 6 mrad. The scanning area analyzed is 90 B 120 µm2.
The angular acceptance depends on the slope of the followed track: ∆θ 4 � 25 +
0 � 05 � θSS � mrad. The tracking efficiency of the scanning system is 98%, therefore
the probability to miss two consecutive plates is 0 � 04%. The scan-back track is
stopped if the track is missing in two consecutive plates, the most downstream of
which is defined as vertex plate (see Fig. 3.2).
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∆θ y (rad) ∆θ z (rad)

Figure 3.1: Slope difference between track measured in SS and track measured in
bulk. The angular resolution is σθy

� 6 � 1 mrad and σθz
� 5 � 6 mrad for the two

projections respectively.

The three most downstream plates of each stack are used to validate the match-
ing between the TT prediction and the interface emulsion sheets. Therefore,
events with the vertex in one of these plates are rejected.

For each event it is possible to find background tracks with slope and position
similar to the scan-back track. They mainly originate from:3 halo muons associated with the neutrino beam and having its direction;3 muons from beams not related to the experiment (X7 and X9). The direc-

tions of these beams are clearly separate from the neutrino beam.

A fiducial volume cut is applied, rejecting all the vertices located within 1 cm
from the border of each emulsion plate where the scanning would be very hard.

3.1.1 The event simulation

The CHORUS event analysis was simulated by Montecarlo techniques. The neu-
trino energy spectra was simulated, togheter with the neutrino interaction in the
emulsion target. The outgoing particles were followed through the detector. A
very detailed simulation of the vertex reconstruction in emulsion was performed.

The neutrino beam simulation

In order to optimize and predict the neutrino flux, the energy spectra and the beam
contamination, a detailed simulation of the neutrino beam-line was performed

29



800

100 100

90

350350

Track found
Track not found

Figure 3.2: Vertex location procedure: the predicted track is followed up in the
target emulsion stack by end. The vertex plate is defined as explained in the text.

[44, 45]. This simulation, called GBEAM2001, is GEANT based. It simulates the
interaction of 450 GeV protons in the beryllium target and the hadronic shower
all along the complete beam line.

Interactions of SPS protons with beryllium target and the production of sec-
ondary particles have been simulated by the NOMAD experiment [46] with a
program based on the hadronic interaction generator FLUKA98 [47].

The propagation of secondary particles through the beam-line and their decays
are simulated using GEANT [48]. The geometry and composition of all relevant
elements in the beam-line are taken into account, as well as the magnetic fields in
the horn and the reflector. For hadronic re-interactions downstream of the produc-
tion target, the FLUKA98 interface was not available in GEANT. The GHEISHA
package was used for the hadronic transport [48].

The neutrino beam mainly consists of muon neutrinos with a mean energy> Eνµ ?l� 27 GeV . A muon anti-neutrino contamination mainly results from K0

decays and from the remaining π � component in the beam. The contamination
of muon anti-neutrino is @ 5% and the mean energy is > Eν̄µ ?m� 18 GeV . Electron
(anti)neutrinos come mainly from semileptonic K 6 decays. An almost negligible
prompt ντ component [29] is due to decays of Ds mesons produced in the produc-
tion target and in the beam-dump. Fig.2.2 shows the simulated neutrino energy
spectra.
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The neutrino interaction with emulsion target

A specific event generator for neutrino interactions has been developed. Deep
inelastic neutrino interactions, including charm production, are simulated by us-
ing the JETTA [49] event generator derived from JETSET [50], combined with
LEPTO 6.1 [51] and TAUOLA [52]. The polarisation effects of the outgoing lep-
ton are taken into account.

Quasi-elastic neutrino events and resonances are generated with RESQUE
program. Nuclear effects such as Fermi motion and Pauli suppression are taken
into account [53]. Nuclear re-interactions were not simulated.

The features of the beam simulation were studied by analysing the neutrino
interactions in the calorimeter. An agreement at the 10% level on the relative
ν̄µ � νµ ratio has been found [54].

White kinks were simulated by the WHINTER [55] program, based on a de-
tailed study of hadron interactions and the emulsion response. Several parameter-
isations obtained by FLUKA were introduced in this simulation program.

The detector response

The detailed simulation of the detector response was done by the EFICASS (Emul-
sion FIbers CAlorimeter and Spectrometer Simulation) program, based on the
GEANT 3.21 package [48]. All primary tracks from the neutrino interactions in
the detector were traced through the entire apparatus, taking into account all the
relevant physics processes. A response was simulated for every particle crossing
the sensitive volume of the detector. The simulated information is the same as for
data, so that they can be processed with the same reconstruction programs.

The vertex location

The emulsion scanning of the scan-back tracks was simulated by using track seg-
ments produced by EFICASS. Position and slope acceptances used in CS, SS and
bulk are the same as for data. Background tracks were simulated by using param-
eters extrapolated from emulsion data (see Ref. [56]). Since all tracks found in
emulsion participate to the vertex location, background tracks increase the fraction
of fake located events. This effect was evaluated to be less than 1% and it will be
neglected. The angular resolution in the bulk was been introduced by producing
angular smearing on the simulated track segments. The tracking efficiency of the
scanning system was simulated by randomly rejecting 2% of the track segments
found.

The reliability of the vertex location simulation was studied in the 1µ channel
(see also Ref. [57]) by comparing located data with a Montecarlo sample includ-
ing νµ and ν̄µ simulated interactions, mixed according to the beam spectra. The
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comparison with data was done by checking dependency on the most relevant
parameters: the number of tracks reconstructed by the Target Tracker, the muon
slope, the muon momentum and the calorimeter energy. The simulation (see Fig.
3.3) is in good agreement with data.

3.2 The Netscan procedure

Once the vertex plate has been identified, additional scanning is performed to an-
alyze the event and identify short-lived particles. The very fast scanning system
UTS makes a detailed analysis of the vertex point. For each event, all track seg-
ments within a given angular acceptance in a volume around the vertex position
were recorded. We refer to this type of scanning, originally developed for the
DONUT experiment [43], as Netscan data taking [58].

A sketch of Netscan volume is reported in Fig. 3.4. It is 1 � 5 mm wide in
each transverse direction and 6 � 3 mm along the beam direction, corresponding to
eight emlusion plates. It contains the vertex plate in the second upstream plate.
The most upstream plate acts as a veto for passing through tracks. The six plates
downstream of the vertex plate are meant for the particle tracking.

The scanning area is centered around the predicted position of the interaction
vertex. The angular acceptance of the scanning is 400 mrad with respect to the
beam direction. All located events are netscanned and all track segments recorded
to perform the decay search. If at any stage during the vertex location there are
multiple candidates, all of them will be followed up and vertex analysis will be
performed independently, unless the fiducial volumes are closer than 100 µm.

3.2.1 Track and vertex reconstruction

The average number of straight tracks in one Netscan volume is about one hun-
dred. Almost all of them are muons from X7 and X9 beams, particles produced
in neutrino interactions further upstream not related to the event, and tracks due
to low-energy particles. Most of them are passing-through tracks and are used
to perform a precise alignment from one emulsion plate to the next. Due to the
high spatial resolution of the emulsions, a plate-to-plate alignment has to be per-
formed by comparing the pattern of segments in a plate with the corresponding
pattern in the next upstream plate: all track segments found in the plate n are then
extrapolated to the plate n + 1 and compared with the measured segments in that
plate. The comparison is performed also with the segments in the plate n + 2.
The matching is based on a χ2 criterion. The passing-through tracks provide a
sufficiently large sample of straight tracks to give a very precise alignment. The
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Figure 3.3: Located events distributions. Comparison between νµ CC data (empty
circles) and simulated events (black points). Dependencies shown are the number
of tracks reconstructed by the Target Tracker, the muon slope, the muon momen-
tum and the calorimeter energy. Momentum was measured in GeV � c.
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Figure 3.4: The scanning volume is 1 � 5 mm wide in each transverse direction and
6 � 3 mm along the beam direction.

number of connected tracks N (see Fig. 3.5) provides a good measurement of the
alignment quality. If N 4 40 the event is rejected.

In Fig. 3.6 the average position and slope residuals between the fitted tracks
and the track segments are shown in three different angular ranges. If the position
residual is

j � ∆y � 2 + � ∆z � 2 $ 1 µm in the range θ 4 100 mrad, then the data-set
is rejected.

After the alignment, passing-through tracks are rejected, as they are not cor-
related with the event. The background tracks due to low-energy particles are
discarded on the basis of the goodness-of-fit for a straight line hypothesis and re-
quiring at least two segments connected to define a track. After this preliminary
track finding, about 40 tracks remain in the scanning volume. A more detailed
description of the alignment and track finding algorithms can be found in Ref.
[59].

After the tracking, reconstructed tracks are clusterized to make vertices, by
means of the impact parameter for all combinations of tracks.

As the emulsions have no time information, to validate the reconstructed ver-
tices a correspondence between emulsion tracks and tracks in the electronic de-
tector is required. After the alignment of the coordinate system, the direction of
emulsion tracks is compared with that of tracks from the electronic detector re-
construction by using a χ2 criterion. A vertex is defined if at least one associated
track is matched to a track given by electronic detector. Actually, two emulsion
tracks can be matched to the same track in the electronic detectors or a single track
can be attached to two different vertices. Such ambiguities are resolved again by
means of χ2 criteria.

At the end of the event reconstruction, we have a set of isolated tracks or tracks
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Figure 3.5: Number of connected tracks between the plate n and the plate n + 1.
If N � 40 the data-set is aligned.

attached to a vertex and one or more of these tracks are matched to the electronic
detectors, all in an unique way. If the scanback track is recognized in the Netscan
volume, the event is considered as located.

Table 3.1 shows the number of located events without any reconstructed muon
(0µ channel), divided in different categories according to the year and to the re-
construction program used.

Reconstruction program Year Located 0µ events
CHORAL � 96 13530
CHORAL � 97 10163
CHANT � 96 2804
CHANT � 97 4062

ALL 30559

Table 3.1: List of 0µ events located in emulsion.
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Figure 3.6: Average position and slope residuals between fitted tracks and track
segments.
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3.2.2 The Netscan procedure simulation

During the vertex location procedure, more than one track may be selected as
scan-back track, or multi-candidates found in the interface sheets may be followed
in the bulk emulsion. If these tracks stop in different emulsion plates, each of them
is assumed to possibly contain a vertex and Netscan data taking is performed
separately. If the scan-back track is fake, the scanned fiducial volume does not
contain the neutrino interaction. Such data set is stored in the database and it is
defined as an empty data set.

In the Netscan procedure, all track segments around the located vertex are
recognized and there are a few thousand tracks in one Netscan acquisition for
each event. These tracks originate from neutrino interactions, cosmic rays and
other background tracks due to other beams during the exposure of CHORUS
emulsions. In the real case, emulsion plates are misaligned one with respect to the
other. Several hardware effects during the scanning procedure have to be taken
into account. To evaluate the Netscan efficiency, all these aspects need to be
reproduced. This was achieved by superimposing Montecarlo events with empty
data sets. This is a very realistic way to simulate the background conditions in the
Netscan procedure.

Starting from the Montecarlo true track parameters of all charged particles in
a simulated neutrino interaction, each track is propagated from production point
through the Netscan fiducial volume, taking into account the multiple scattering
as well as the measurement error and the emulsion distortions, to get the posi-
tion and direction of each track segment at the upstream surface of each plate.
The number of frames (up to sixteen) where a grain is found, the so-called pulse-
height, depends on the hardware efficiency. Using a large number of background
tracks, the pulse-height distribution was parameterized as a function of the ra-
dial and transverse angle of the track, independently for each emulsion module.
This parameterization was used to simulate pulse-height and took into account
the hardware efficiency and the developing process that may result in different
fog density and distortion [60]. Finally, to take into account the misalignment of
the plates, the parameters of the inverse alignment transformation for the tracks
in the empty data set are applied on the simulated segments to obtain segments
in the same coordinate system as the raw data in the data set. In other words,
misalignments are introduced for Montecarlo tracks using alignment parameters
associated to scanned emulsion plates.

In doing so, the Montecarlo data set includes an event with known physi-
cal characteristics that can be treated in exactly the same way as real data. The
combined data are passed through the same Netscan reconstruction and selection
programs used for real data.

The ratio between the number of located events and the events interacting in
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emulsion is called location efficiency. The table 3.2 shows the location efficiencies
for the ντ signal and for backgrounds, composed of νµ CC with D D 
 D Ds 
 Λ Dc and
D0 charm production, and by νµ NC with white kink production. Also νµ CC
events are shown. Tau and charm events are divided in different decay topologies.
Events are also labeled as 1µ or 0µ. An event is 1µ if a muon is either found in the
spectrometer or in the calorimeter. The simulated decay topologies are separated
into three categories, also shown in Fig. 3.7: C1 and C3 are the one-prong and
three-prong decays of a charged particle (also called kink and trident respectively),
V2 is a two-prong decay of a neutral particle. White kinks simulate a C1 topology.

Vee (V2) Trident (C3)Kink (C1)

Figure 3.7: Decays topologies used in the analysis.

Event Topology Location efficiency (%)
ντ τ � e ετ n e

loc 0µ � 11 � 45 C 0 � 43

ντ τ � h ετ n h
loc 0µ � 11 � 74 C 0 � 26

ντ τ � 3h ετ n 3h
loc 0µ � 16 � 12 C 0 � 54

ντ τ � µ ετ n µ
loc 0µ � 3 � 27 C 0 � 24

νµ CC � Charm C1 εD n C1
loc 0µ � 0 � 98 C 0 � 12

νµ CC � Charm V2 εD n V2
loc 0µ � 1 � 717 C 0 � 088

νµ CC � Charm C3 εD n C3
loc 0µ � 1 � 57 C 0 � 13

νµ NC White kink εW K
loc 0µ � 13 � 01 C 0 � 23

νµ NC εNC
loc 0µ � 14 � 2 C 0 � 5

νµ CC εCC
loc 1µ � 34 � 7 C 1 � 0

Table 3.2: Vertex location efficiencies for signal and background. Charm labels
stand for any charmed hadron: D D 
 D Ds 
 Λ Dc and D0. C1,V2 and C3 are the decay
topologies.
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3.2.3 Selection of decay topologies

In Fig. 3.8 a sketch of a ντ Montecarlo event inside the Netscan volume is shown:
a ντ (not visible) interacts producing a tau and other particles. After three plates,
the tau decays into three hadrons.

Figure 3.8: Montecarlo event inside the Netscan volume.

A selection criterion must recognize such process, even if some tracks are not
detected. If a track is connected by angular matching to a Target Tracker track, it
is called a TT track. If a track is connected to Target Tracker raw hits, it is called
a TThit track. In both cases, this is a strong validation of the track. Two sets of
selection criteria are used. The first set (let’s call it selection A) was developed for
charm search, but it was also used for tau search. It is composed of five selections:3 Golden. Two vertices are detected: the primary vertex and a secondary

vertex with at least 2 TT tracks;3 Silver. Like the golden selection, but in this case only one TT track is
reconstructed;3 Par. No TT track is found at the secondary vertex, but the decay parent
track is detected;3 Iso. Only one vertex is found, but the scanback track (which is always a TT
track) is a separate track;3 SSt. Only one vertex and one separate TT track are found.

The second set (selection B) is specifically optimized for tau search in the 0µ
and one-prong decay channel. It is composed by four selections:3 Short. One vertex containing at least a TThit track and a isolate TThit track

with an impact parameter (IP) in the range: 9 7 � 2 
 100 ; µm. This selection is
very sensitive to short decays;
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3 Long 1. A kink is observed: one vertex containing at least a TThit track,
one isolate TThit track and a short track connected with them (the parent
track). The parent track has IP 4 6µm with the daughter one and IP 4 3µm
with the vertex;3 Long 2. A multiprong decay is observed: two vertices each containing at
least a TThit track are observed;3 Long 3. No vertex is present, but a kink topology is observed. The daugher
is a TThit track.

3.2.4 The visual inspection of selected events

The events selected by at least one of these categories are then checked by visual
inspection.

Emulsions allow the direct identification of short-lived particles through the
visual observation of their decay. By changing the focal depth it’s possible to
follow track grains in emulsions and observe directly the interaction vertex and
the decay point. All selected events are visually checked to confirm the presence
of a secondary vertex and to measure accurately the position of the primary and
secondary vertices, as well as all the tracks exiting from them.

In the majority of events, a neutrino interaction appears in emulsion as a star
with outgoing shower tracks (from minimum ionizing particles) and some black
tracks due to the nuclear fragmentation.

If the µ � goes to the neutrino vertex interaction, the reconstructed most down-
stream vertex is checked to confirm the charm decay. Actually, secondary inter-
actions or reconstruction artifacts can fake decay topologies.

Due to tracking inefficiencies, passing through tracks can be reconstructed
as stopping. If the slope is compatible with a track in the electronic detectors,
the event is selected. The visual inspection provides the possibility to follow the
track in emulsion and to check if it goes to a genuine secondary vertices or if it
is passing. δ rays, gamma conversions and low momentum tracks which, due to
multiple scattering, are reconstructed as tracks with large impact parameter, can
also be separate from genuine decay topologies by observing the tracks in emul-
sions. The distinction between hadronic interactions and decays can be performed
by analyzing the secondary vertex point and the tracks exiting from it. Actually,
an interaction is usually characterized by the nuclear fragmentation with the pro-
duction of heavily ionizing particles and by the nuclear recoil visible as a blob at
the interaction point. Moreover, since for hadronic interactions a visible charge
conservation can be violated at a macroscopic level because of nuclear processes,
it is possible to reject these events by checking the consinstency of the number of
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prongs with the charge conservation. Nevertheless, hadronic interaction with no
visible activity at the interaction vertex (white kink) may occur. This represents a
not negligible background source and this is the reason for white kink interaction
to be carefully simulated. The final data sample consists of 1210 tau candidates
visually confirmed. Table 3.3 summarizes the results of visual scanning on the
selected 0µ events and their topologies. In this table, also two-prong decays of
neutral particles events (V2) are shown. Since such a decay topology cannot in-
clude tau decays, it was used to reduce systematics and to estimate the background
for C1 and C3 samples.

Selection A Selection B A o B
C1 37 48 60
V2 90 26 99
C3 37 31 50

Table 3.3: List of 0µ events selected by selection A and B and visually confirmed.
The third column contains the bulk of events selected by at least one criterion.

3.2.5 Selection efficiencies

Netscanned simulated events are selected using the same selection algorithms
used for data. The event is selected if tracks involved in the selection are true
Montecarlo tracks belonging to the neutrino interacion. The selection efficiency is
defined as the ratio between selected events and located events. Table 3.4 gives the
selection efficiencies for signal and background. It also gives the overall efficiency
(including the location efficiency) which will be used in the next chapter.
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Event Topology Selection efficiency (%) Overall efficiency (%)
ντ τ � e ετ n e

sel 0µ � 18 � 8 C 1 � 5 ετ n e
0µ � 2 � 16 C 0 � 20

ντ τ � h ετ n h
sel 0µ � 21 � 73 C 0 � 97 ετ n h

0µ � 2 � 55 C 0 � 13

ντ τ � 3h ετ n 3h
sel 0µ � 42 � 7 C 1 � 8 ετ n 3h

0µ � 6 � 89 C 0 � 37
ντ τ � µ ετ n µ

sel 0µ � 5 � 7 C 1 � 7 ετ n µ
0µ � 0 � 188 C 0 � 059

νµ CC � Charm C1 εD n C1
sel 0µ � 18 � 6 C 4 � 6 εD n C1

0µ � 0 � 182 C 0 � 050
νµ CC � Charm V2 εD n V2

sel 0µ � 33 � 4 C 2 � 4 εD n V2
0µ � 0 � 575 C 0 � 052

νµ CC � Charm C3 εD n C3
sel 0µ � 47 � 2 C 4 � 1 εD n C3

0µ � 0 � 749 C 0 � 090
νµ NC White kink εW K

sel 0µ � 5 � 71 C 0 � 43 εW K
0µ � 0 � 748 C 0 � 058

Table 3.4: Selection efficiencies and overall efficiencies for signal and back-
ground.
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Chapter 4

The event analysis

In this chapter we report the study of signal and background events for the τ search
in the 0µ decay channel. Charm data are used to control the reliability of the
Montecarlo simulation. The analysis was applied to the 0µ data sample taken
in the last two years of data taking. In order to increase the neutrino oscillation
sensitivity, the signal to background ratio was improved. The analysis results of
0µ sample have been combined with data analyzed in the Phase I, to estimate the
CHORUS oscillation limit in the νµ � ντ channel. The analysis proceeds in the
following way:3 all background sources were examined and their yield estimated; a compar-

ison with the data sample was done;3 dedicated post-scanning cuts were studied and applied to the MC signal and
background; simulated events were divided into subsamples;3 the data was divided in the same samples and compared with the expected
background. Each channel was statistically combined and the sensitivity
and oscillation limit were derived.

4.1 Background evaluation in the 0µ channel

The hadronic and electronic τ decay channels are characterized by one or three
prong decays in the 0µ sample. We report below the list of all physical processes,
except τ decays, which show up as a kink (C1) or a trident (C3) decay topology
after the visual inspection:3 C1: charm (D D 
 D Ds 
 Λ Dc ) decays, Σ 6 decay, “white” hadron interactions;3 C3: charm (D D 
 D Ds 
 Λ Dc ) decays, “white” hadron interactions;
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We have to evaluate the yeld in each channel. In order to reduce the usage of
MC simulation as much as possible, two-prong (V2) decays in the 0µ sample have
been used. These events originate mainly from D0 production in νµ CC events
where the muon is misidentified. They are not background for the τ search since
the parent track is neutral, but can be used to test the reliability of Montecarlo
efficiency evaluation. Events which shows a V2 topology are mainly charm (D0)
with a small contribution of strange (K0

s and Λ0) decays.
Another source of background is the ντ prompt component of the beam. The

number of ντ CC interactions per νµ interactions is estimated to be Nντ � Nνµ
�

3 � 3 B 10 � 6 [29]. Since the total number of located νµ CC interactions in CHORUS
is NCC

loc � 93890, using the location efficiencies reported in the tables 3.2 and 3.4
and the following formula:

Nprompt
ντ � Nντ

Nνµ

� NCC
loc

εCC
loc 1µ

� 4

∑
i # 1

BR � τ � i � � ετ n i
sel 0µ i �qp e 
 h 
 3h 
 µ r

we expect Nprompt
ντ s 0 � 03 events in the 0µ channel. These events are further

reduced after additional post-scanning cuts showed in next sections. Their contri-
bution is therefore negligible.

4.1.1 Strange particle decays

Neutrino interactions with Σ 6 production and subsequent decay mimic ντ interac-
tions. Since the Σ 6 lifetimes are higher than for the τ, the probability to find a Σ 6
decay in the fiducial volume analyzed is small. However, it is not negligible. The
events were simulated by using the full simulation chain in 1µ sample only [61],
consisting of 93890 located events. The simulated decay topologies are:3 1-prong

Σ D � pπ0 
 nπ D
Σ � � nπ �

Since we use two-prong topology to estimate charm background in the C1 and
C3 channels, also interactions with neutral strange particles production (K0

s and
Λ0) were simulated. They are:3 2-prong

K0
S � π D π �

Λ0 � pπ �
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By assuming that the 0µ to 1µ channels ratio depends mainly by the number of
decay prongs (shown in the table 4.1), we can derive this background component
also in the 0µ sample. Table 4.2 shows the number of expected events.

1µ 0µ All 0µ � 1µ ratio
C1 470 37 507 0 � 081 C 0 � 013
V2 883 90 973 0 � 103 C 0 � 010
C3 536 37 573 0 � 071 C 0 � 011

Table 4.1: List of candidate events for selection A divided in 0µ and 1µ subsam-
ples.

1µ channel 0µ channel
C1 8 � 6 C 1 � 4 0 � 70 C 0 � 16
V2 36 � 6 C 3 � 5 3 � 77 C 0 � 51

Table 4.2: Background contribution of Σ 6 , K0
s , Λ0 in 0µ and 1µ subsamples.

4.1.2 Charmed particle decays

The charm component (D D 
 D Ds 
 Λ Dc and D0) is one of the main components of
background in the ντ search, since the flight length of charmed hadrons is similar
to the τ, so selection criteria have similar efficiencies to detect the decay topology.
Charm production in 1µ sample shows a muon originating from primary vertex
and therefore does not mimic ντ interactions with τ � µ decay. On the contrary,
when the muon is misidentified, charm production shows the same topology as ντ
interactions.

νµ ineractions with charm production were simulated with the full Montecarlo
simulation chain in the 0µ sample. The table 3.4 shows the overall efficiencies.
In order to reduce systematic effects in the 0µ definition from MC simulation,
the charm contribution in the 0µ sample was determined by using the V2 sample,
consisting by 90 events (see table 4.1). Subtracting the number of non-charmed
events shown in the table 4.2, we have NV2 � 90 � 3 � 77 � 86 C 10 D0 events.
Starting from NV2, we estimate the number NC1 of expected charm events with
kink or trident.

The following cross sections and branching ratios are used [62]:
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3 Cross sections
σC t � � 3 � 06 C 0 � 39 � %
σD0 � � 2 � 97 C 0 � 24 � %

σD t � σC t � 0 � 347 C 0 � 054

σDIS
D ts � σC t � 0 � 130 C 0 � 022

σDIFF
D ts � σC t � 0 � 088 C 0 � 028

σDIS
Λ tc � σC t � 0 � 370 C 0 � 069

σQE
Λ tc � σC t � 0 � 065 C 0 � 0253 Branching ratios

BR � D0 � V 2 � � 0 � 578 C 0 � 052

BR � D D � C1 � � 0 � 673 C 0 � 067

BR � D Ds � C1 � � 0 � 643 C 0 � 064

BR � Λ Dc � C1 � � 0 � 667 C 0 � 067

Using the following formula we estimate the number NC1:

NC1 � NV 2

εV 2
� 1
BR � D0 � V 2 � � σC t

σD0
� εC1

εC1 � ∑
i

σDi

σC t � BR � Di � C1 � � εC t
C1 � � 1 � 20 C 0 � 24 � B 10 � 3

NC1 � 86
0 � 00575

� 1
0 � 578

� 3 � 06
2 � 97

� 0 � 00120 � 32 � 0 C 8 � 7
In the same way, the number NC3 of charm events with a trident topology is:

NC3 � NV 2

εV 2
� 1
BR � D0 � V 2 � � σC t

σD0
� εC3

εC3 � ∑
i

σDi

σC t � BR � Di � C3 � � εC t
C3 � � 2 � 19 C 0 � 31 � B 10 � 3

NC3 � 86
0 � 00575

� 1
0 � 578

� 3 � 06
2 � 97

� 0 � 00219 � 58 C 14
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4.1.3 “White” hadronic interactions

“White” hadron interactions are elastic or inelastic hadron interactions which
show no visible recoil nor delta rays or Auger electrons.

In the emulsion they cannot be topologically distinguished from a decay. The
WHINTER simulation program simulates “white” hadronic interactions showing
one prong topology (“white kinks”). At CHORUS energies, the interaction length
in emulsion is estimated to be ΛW SK � 2 � 5 C 0 � 5 m, by using FLUKA simulation
program (see Ref. [63]). In the 1µ sample the white kink background is almost
negligible because the probability that the hadron is identified as muon is very
low. In the 0µ sample white kinks produced after νµ NC interactions can mimic
the τ decay and we need to evaluate it with Montecarlo simulation. White kinks
were generated (see Ref. [55]) and processed through the full simulation chain.

Selection criteria reduce the white kink background since kinks with an angle
smaller than 30 mrad are difficult to be recognized in emulsion. In order to reduce
white kink background, the cut on kink angle θkink $ 50 mrad was applied. The
number of selected events normalized to the number of νµ NC generated interact-
ing in emulsions is AW K � � 4 � 42 C 0 � 35 � � 10 � 5. The number of expected white
kinks is:

NC1
W K � Nloc 0µ

εNC
loc 0µ

� AWK � 9 � 5 C 0 � 8
where Nloc 0µ � 30559 is the number of located events in the 0µ sample (see

Table 3.1). From 1µ sample studies, hadronic interactions in three-prong topology
are estimated to be 11% respect to one-prong topology [61]. So, we have:

NC3
WK � 1 � 05 C 0 � 12

Table 4.3 summarizes the expected background and the observed candidate
events in the 0µ channel for the C1 and C3 samples. Also candidate events are
shown.

channel Charm Interactions Other decays Total BG Data

0µ C1 32 � 0 C 8 � 7 9 � 5 C 0 � 8 0 � 70 C 0 � 16 42 � 2 C 8 � 7 37
0µ C3 58 C 14 1 � 05 C 0 � 12 � 59 C 14 37

Table 4.3: Expected background and observed data for the C1 and C3 samples in
the 0µ channel.
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4.2 Post-scanning analysis

The largest background source for the τ source in the 0µ sample comes from charm
and white kink events. In this section we report the kinematical analysis used to
further reduce the background.

4.2.1 DT momentum of kink daughter track

In one-prong decay the τ daughter has always negative charge. Charged charmed
particles have a positive charge, so their one-prong decay products have positive
charge as well. White kinks are produced by π 6 , K 6 and protons, so their charge
is not unique. The Diamond Tracker (DT) was used to measure the charge of
the kink daughter by fitting the hyperplane hits and by measuring the curvature
of the track through a magnetic field. The kink daughter emulsion track was
connected with the TT track by angular matching, by applying a cut on residuals
∆θ 4 25 mrad (Fig. 4.1 shows the residual distribution in data). The connected
TT track was used as prediction in the DT.

Figure 4.1: Angular residuals between emulsion tracks and TT track.
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Charge and momentum are assigned to the track if a sufficient number of hits
is found (a rank r is defined ranging from 0 to 6; the accepted rank is r � 5) and if
the fit χ2 probability is higher than 5%. A cut on momentum 1 4 �P � 4 20 GeV � c
was applied. In the Fig. 4.2 the rank, the fit probability and the momentum times
charge distribution are shown.

The kink sample was divided into three subsamples:3 No DT: DT cannot measure the charge;3 Yes DT, Charge -: DT measure a negative charge;3 Yes DT, Charge +: DT measure a positive charge;

Table 4.4 shows the Montecarlo results for τ, charm and white kink events
in the C1 channel. In the last column the results for data with V2 topology are
shown, by using only one daughter track. The probability to have DT information
is � 40 C 3 � %, � 44 C 2 � %, � 44 C 4 � % for charm, tau and WK Montecarlo samples,
respectively. Simulation was not consistent with V2 data, where an efficiency of� 27 C 5 � % was found. The background was estimated by correcting Montecarlo
results with data. The charge reconstruction efficiency is � 88 C 3 � % for the charm
sample and � 88 � 0 C 1 � 6 � % for the tau sample.

charm tau white kink V2 data
All 380 895 179 90

No DT 229 505 100 66
Yes DT 151 390 79 24

Sign - 17 344 46
Sign + 134 46 33

Table 4.4: Summary of DT analysis with Montecarlo: comparison between charm,
tau and white kink.

4.2.2 Transverse momentum of kink daughter track

The study of transverse momentum in one-prong topology allows the reduction
of the white kink background. White kinks show a small stransverse momentum
PT respect to the initial hadron direction. Fig. 4.3 shows the PT distribution for
Montecarlo selected events, obtained by the formula:

PT � PDT � sin � θkink �)
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Figure 4.2: Rank r, fit χ2 probability and momentum obtained by DT for τ, charm,
white kink simulated events. V2 data are also shown by using one daughter track.
χ2 probability is shown for events with r � 5. The momentum distribution is
shown for events with r � 5 and P � χ2 � $ 5%.
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where PDT is the momentum measured by the DT and θkink is the kink angle
measured in emulsion by visual inspection. The distributions are given with the
θkink $ 50 mrad cut.

In order to reduce the white kink background, a PT $ 250 MeV � c cut was
applied. Only 37% of the white kinks survived this cut. One prong τ decays, on
the other hand, shows a PT ranging up to 1 GeV � c. The PT cut reduces the τ
sample to 82%. One prong charm decays are reduced to 71%.

Figure 4.3: Transverse momentum computed in the charged charm, tau and white
kink events of the C1 sample.

4.2.3 φ angle at the interaction vertex

In a charged current (CC) neutrino interaction, the charged lepton is produced
back-to-back to the hadronic shower in the transverse plane. This is explained by
the q2 transferred from neutrino to the quarks inside the target nucleon via the W
boson. In a ντ CC interaction the transverse momentum PT of the τ lepton has
opposite direction with respect to the average PT of charged and neutral particles
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produced in the interaction. In the transverse plane xy, the momentum components
of a particle are:

Px � P � sin � θ � cos � φ �
Py � P � sin � θ � sin � φ �

where θ and φ are the polar and the azimuthal angle, respectively, respect to
the beam direction z. At high energies, the momentum P is correlated with θ:> P ?vu > 1 � sin � θ �w? . Then, the following approximation can be done:

> Px ?m@ > cos � φ �w?> Py ?v@ > sin � φ �w?
Therefore, the average PT vector has a weak dependency on the θ angle and

on the absolute momentum P. It mainly depends on � cos � φ �)
 sin � φ �w� vector, i.e.
on the particle direction in the transverse plane.

Unlike in the 1µ sample where charm production is always accompanied by a
primary muon, charm production events where the muon is misidentified mimic
τ events and therefore constitute a background source. However, the φ angle of
the muon is opposite to the shower and roughly also to the charmed hadron. Let
us define the ∆φ variable as the difference between the φ angle of the decayed
particle and the average φ angle of the shower tracks once we have removed from
the shower the most far track with respect to the decayed particle (a sketch is
shown in the Fig. 4.4). The ∆φ variable can be used to discriminate τ events with
respect to the charm background:3 In ντ interactions the decayed particle is the τ, then the most far track is a

random shower track. Shower tracks are opposite to τ and ∆φ is peaked at
π;3 In νµ interaction with charm production the decayed particle is the charmed
hadron. Since it carries the majority of the transverse momentum, its most
far track is the muon (with about 95% of probability). Shower tracks have
the same average direction of charmed hadrons and ∆φ is peaked at 0;3 White kink in a νµ interaction is a random shower hadron interacting with
the emulsion. In this case ∆φ shows a flat distribution.

In emulsion, only charged tracks are detected. Then such behaviours become
weaker. The location and selection criteria of neutrino events also modify the ∆φ
distributions. In Fig. 4.5 a comparison between ντ and charmed events in the C1
sample is shown.
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Figure 4.4: ∆φ computed in the charged charm, neutral charm and tau events.

In order to use the ∆φ variable, the selected candidate events were analyzed
and angle of the tracks at primary vertex were measured. The high precision of the
emulsion measurements makes the angular errors negligible. The reliability of the
∆φ measurement was verified by comparing data and charm Montecarlo events
for the V2 channel (see Fig. 4.6), which shows an agreement with χ̃2

0 � 0 � 72
(probability P � χ̃2 � χ̃2

0 � is 69%).
Finally data and background Montecarlo events were compared in the C1 and

C3 samples (see Fig. 4.7), where the τ is expected. Background is obtained by
combining charm and white kink events according to the predictions in Table 4.3.
The ∆φ distribution for neutral charm (V2) shows a peak at 0 higher than in the
∆φ distribution for charged charms (C1 and C3). This is due to presence in the
V2 sample of a relatively large fraction of D0 produced by the D D,� resonance
[64]. π D and D0 produced by D Dx� are emitted with a small angular difference,
contributing to a small ∆φ.

In the final analysis all samples are divided into three subsamples according
to the ∆φ values. Table 4.5 shows their ranges and the signal to background ratio.

4.2.4 Lifetime of decayed particles

The τ lepton and the charmed particles have similar lifetimes. However, some
discrimination can be performed on a statistical basis. In the table 4.6 the cτ is
reported for τ and charged charm hadrons.

53



Figure 4.5: ∆φ distributions: comparison between ντ (dashed line) and charmed
events (solid line) in C1 sample.

Figure 4.6: Comparison between data (solid line) and MC charm (dashed line)
in V2 sample. Left: ∆φ distribution. Right: spatial angle distribution of shower
tracks.
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Figure 4.7: ∆φ distribution: comparison between data (solid line) and MC charm
(dashed line) in C1 and C3 samples.
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∆φ range (rad) signal/background9 0;π � 2 ; 0 � 539 π � 2;3π � 4 ; 0 � 949 3π � 4;π ; 2 � 15

Table 4.5: Signal to background ratio into the three ranges of ∆φ values.

τ D D D Ds Λ Dc
cτ � µm � 87 � 11 311 � 8 147 � 0 59 � 9

Table 4.6: Lifetime of τ and charged charmed hadrons.

The average flight length (FL) of a short lived particle is related to its cτ
through the equation FL � βγcτ. The γ variable is related to the opening angle
of tracks produced after decay [65]. The faster the particle, the narrower the av-
erage opening angle > θ ? . Since β @ 1 and > θ ?y@ 1 � γ, the product FL �z> θ ? is a
good variable to discriminate different lifetimes. Since only charged tracks can be
detected in emulsion, this method is effective only when the number of prongs is
high. For this reason, this study is applied only for the C3 sample. In the Fig. 4.8
is shown a comparison of FL �{> θ ? between τ and charged charmed events in the
C3 sample.

The C3 sample was divided in “low cτ” and “high cτ”, by using a cut on
FL �|> θ ? � 75 µm, also reported in the figure.

4.3 Maximum detectable τ’s

The number of detectable ντ events if the oscillation probability is one (Nmax
τ ) is

needed for the computation of the upper limit to the oscillation sensitivity. Nmax
τ

in the 0µ channel is calculated by using the following formula:

Nmax
τ � N0µ

loc B σCC
τ

σNC
µ � εNC

loc 0µ
+ σCC

µ � εCC
loc 0µ

� 4

∑
i # 1

BR � τ � i � � ετ n i
0µ 


where i ��p e 
 h 
 3h 
 µ r . N0µ
loc � 30559 is the number of located events in the

1996-1997 run period. The relative cross sections σCC
τ � σCC

µ � 0 � 53 and σNC
µ � σCC

µ �
0 � 31 were calculated by simulating of neutrino interactions with the CHORUS
neutrino energy spectra. The location efficiencies for νµ CC and NC are shown in
the table 3.2. The overall efficiencies for τ events are shown in table 3.4. Table
4.7 shows the branching ratios (BR) of the τ decays.
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Figure 4.8: FL �z> θ ? distribution: comparison between τ (solid line) and charm
(dashed line) decays in the C3 sample. Vertical line shows the applied cut FL �> θ ? � 75 µm.
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τ � h � τ � e � τ � 3h τ � µ
BR � % � 49 � 5 17 � 8 15 � 2 17 � 4

Table 4.7: Branching ratios of τ decays.

Table 4.8 shows the number of expected ντ events for different decay topolo-
gies. The total number of ντ events is Nmax

τ � 10034.

τ � h � τ � e � τ � 3h τ � µ All decays
Nmax

τ 4645 1415 3854 120 10034

Table 4.8: Expected number of ντ events in the 0µ sample.

4.4 Phase I results

The new data obtained in this work are the 0µ events collected during the 1996-
1997 data taking, reanalyzed with the new techniques. In order to compute the
upper limit to oscillation probability, they are combined with the results of Phase
I analysis. The Phase I data have been divided into two samples:3 1µ channel. The background reduction was obtained by applying a cut on

the transverse momentum (PT $ 250 MeV � c) of the kink daughter. The
kink must also occur within five plates downstream of the neutrino inte-
action vertex plate. The estimated background was of 0 � 1 events and the
expected number of ντ events was Nmax

τ � 5014. No event was observed.
The background is much smaller than 0µ sample because the probability of
a wrong measurement of the charge in the muon spectrometer is low.3 0µ channel of the 1994-1995 data taking. The estimated background was
0 � 3 events and the expected number of ντ events was Nmax

τ � 526. No event
was observed.

4.5 Oscillation limit

The post-scanning analysis was used for background reduction in the data sample.
Data can be divided into subsamples having different signal to background ratio,
i.e. different sensitivity to neutrino oscillation. Table 4.9 shows the expected
signal (Nmax

τ ) and background for each subsample. Also the 0µ sample for the
1994-1995 data and the 1µ sample of CHORUS Phase I were included.
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DT infos ∆φ � rad � Background Nmax
τ

τ � 1µ 0 � 100 C 0 � 025 5014 }
τ � 0µ C1 9 1994 � 1995 data taking ; 0 � 300 C 0 � 075 526 }
τ � 0µ C1 9 1996 � 1997 data taking ; 42 � 2 C 8 � 7 61809 0;π � 2 ; 15 � 8 C 3 � 1 1086

No DT 9 π � 2;3π � 4 ; 5 � 1 C 1 � 1 771 }9 3π � 4;π ; 7 � 8 C 1 � 9 2086 }
PT 4 250 MeV � c 9 0;π ; 6 � 5 C 1 � 3 6899 0;π � 2 ; 0 � 67 C 0 � 17 375 }

Charge -, PT $ 250 MeV � c 9 π � 2;3π � 4 ; 0 � 31 C 0 � 07 266 }9 3π � 4;π ; 0 � 39 C 0 � 12 566 }9 0;π � 2 ; 2 � 8 C 1 � 0 109
Charge +, PT $ 250 MeV � c 9 π � 2;3π � 4 ; 0 � 86 C 0 � 32 759 3π � 4;π ; 1 � 98 C 0 � 78 157

τ � 0µ C3 9 1996 � 1997 data taking ; 59 C 14 38549 0;π � 2 ; 13 � 6 C 3 � 3 691
Low cτ � 4 75µm � 9 π � 2;3π � 4 ; 7 � 3 C 1 � 7 680 }9 3π � 4;π ; 4 � 5 C 1 � 1 1392 }9 0;π � 2 ; 18 � 2 C 4 � 4 301
High cτ �'$ 75µm � 9 π � 2;3π � 4 ; 9 � 1 C 2 � 2 2789 3π � 4;π ; 6 � 4 C 1 � 5 512

Table 4.9: 1µ and 0µ C1 and C3 samples divided in different subsamples. The star
indicates lower background channels.

The C1 sample for the 1996-1997 data is divided into the three categories ac-
cording to the DT information: “No DT”, ”Charge -” and ”Charge +”. A cut on
PT � PDT � sin � θkink � $ 0 � 250 GeV � c was applied where the momentum is mea-
sured (“Charge -” and “Charge +” in the table). Each channel is further divided
into three subsamples according to the ∆φ values. The most sensitive sample to τ
signal consists of events with high ∆φ and kink daughter with negative charge.

The C3 sample was divided in “low cτ” and “high cτ”, by using a cut on
FL �~> θ ? � 75µm. These two samples are also divided according to ∆φ values. The
most sensitive sample to τ signal corresponds to events with low cτ and high ∆φ.

The average sensitivity to the oscillation probability was obtained by using
the frequentist statistical approach (the so-called Feldman and Cousins unified ap-
proach [66]). All the most sensitive samples are combined togheter, with the same
prescriptions used by the NOMAD Collaboration [67]. The acceptance region of
Ref. [66] becomes multi-dimensional, to handle the separate measurements. The
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likelihood ratio used in Ref. [66] has been replaced in order to take into account
the uncertainties resulting from the limited statistics of the Montecarlo samples.

Figure 4.9 shows the upper limit distribution at 90% C � L � obtained, in absence
of signal events, for 308 simulated experiments with the same CHORUS expected
background [66]. The average value is Posc � 2 � 9 B 10 � 4 which corresponds to
the sensitivity to νµ � ντ oscillation probability.

Only the channels with lower background (shown in Table 4.9 with a star) will
partecipate into the sensitivity evaluation. The ramaining channels would not add
any additional information. Post-scanning cuts were applied to data and candidate
event distribution is shown in Table 4.10.

DT infos ∆φ � rad � Background Data

τ � 1µ 0 � 100 C 0 � 025 0

τ � 0µ C1 9 1994 � 1995 data taking ; 0 � 300 C 0 � 075 0

τ � 0µ C1 9 1996 � 1997 data taking ; 42 � 2 C 8 � 7 379 0;π � 2 ; 15 � 8 C 3 � 1 16
No DT 9 π � 2;3π � 4 ; 5 � 1 C 1 � 1 89 3π � 4;π ; 7 � 8 C 1 � 9 6

PT 4 250 MeV � c 9 0;π ; 6 � 5 C 1 � 3 39 0;π � 2 ; 0 � 67 C 0 � 17 1
Charge -, PT $ 250 MeV � c 9 π � 2;3π � 4 ; 0 � 31 C 0 � 07 19 3π � 4;π ; 0 � 39 C 0 � 12 09 0;π � 2 ; 2 � 8 C 1 � 0 2
Charge +, PT $ 250 MeV � c 9 π � 2;3π � 4 ; 0 � 86 C 0 � 32 09 3π � 4;π ; 1 � 98 C 0 � 78 0

τ � 0µ C3 9 1996 � 1997 data taking ; 59 C 14 379 0;π � 2 ; 13 � 6 C 3 � 3 12
Low cτ � 4 75µm � 9 π � 2;3π � 4 ; 7 � 3 C 1 � 7 59 3π � 4;π ; 4 � 5 C 1 � 1 39 0;π � 2 ; 18 � 2 C 4 � 4 6
High cτ �'$ 75µm � 9 π � 2;3π � 4 ; 9 � 1 C 2 � 2 69 3π � 4;π ; 6 � 4 C 1 � 5 5

Table 4.10: 0µ C1 and C3 data compared with expected background.

Table 4.11 shows the samples used for the statistical treatment, the expected
signal and background and the candidate events in each sample.

The resulting 90% C � L � upper limit on the two-generation oscillation proba-
bility is:
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Samples Background Data Nmax
τ

τ � 1µ 0 � 100 C 0 � 025 0 5014

τ � 0µ C1 9 1994 � 1995 data taking ; 0 � 300 C 0 � 075 0 526

τ � 0µ C1 9 1996 � 1997 data taking ;
No DT, ∆φ � 9 π � 2;3π � 4 ; 5 � 1 C 1 � 1 8 771
No DT, ∆φ � 9 3π � 4;π ; 7 � 8 C 1 � 9 6 2086

Charge -, PT $ 250 MeV � c 
 ∆φ � 9 0;π � 2 ; 0 � 67 C 0 � 17 1 375
Charge -, PT $ 250 MeV � c 
 ∆φ � 9 π � 2;3π � 4 ; 0 � 31 C 0 � 07 1 266
Charge -, PT $ 250 MeV � c 
 ∆φ � 9 3π � 4;π ; 0 � 39 C 0 � 12 0 566

τ � 0µ C3

Low cτ 
 ∆φ � 9 π � 2;3π � 4 ; 7 � 3 C 1 � 7 5 680
Low cτ 
 ∆φ � 9 3π � 4;π ; 4 � 5 C 1 � 1 3 1392

Table 4.11: Summary of background and data events in the lower background
bins.

Posc � νµ � ντ � 4 2 � 3 B 10 � 4 

which corresponds to sin22θµτ 4 4 � 6 B 10 � 4 for large ∆m2. This result im-

proves significantly the previously published limit (P 4 3 � 4 B 10 � 4 [23]). Vertical
line in figure 4.9 shows the upper limit obtained. This is lower than the sensitivity,
since the number of observed events is smaller than the estimated background. In
absence of signal events, the probability to obtain an upper limit of 2 � 3 B 10 � 4 or
lower is 31%.
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Figure 4.9: Upper limits obtained, in absence of signal events, for 308 simulated
experiments with the same CHORUS expected background [66]. The average
corresponds to the sensitivity to νµ � ντ oscillation probability. The vertical line
is the upper limit obtained from data.
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Conclusion

CHORUS searches for νµ � ντ oscillation in the appearance mode with the aim
to reach high sensitivity in the mixing angle for values of the neutrino mass dif-
ference of interest in relation to the Dark Matter in the universe. The detector
consisted by 800 kg active emulsion target, capable of observing the τ decay with
a space granularity better than 1µm. The downstream electronic detectors were re-
sponsible for the prediction of the track positions at the exit face of the emulsion
and for the reconstruction of kinematic quantities. CHORUS data taking finished
in 1998 and a first analysis was done. No signal event was observed and a limit
on neutrino oscillation probability was given: Posc � νµ � ντ � 4 3 � 4 B 10 � 4 at 90%
C.L.

The CHORUS experiment provided a boost to the development of automatic
scanning techniques and the speed has improved by an order of magnitude every
three years over the past decade. In 2002 a new analysis started. A total number of
150 
 000 interactions have been automatically located in emulsion. Furthermore,
thanks to the increasing scanning capacity, the algorithms have gradually become
more powerful and a wide range of physics can now be addressed, like charm
physics. This new phase of analysis (Phase II) permits to increase the sensitivity
to the neutrino oscillation probability; which was the aim of this work.

The features of the new analysis algorithms are presented. The analysis chain
has been completely simulated and the efficiencies for all the τ decay channels
obtained. A detailed analysis of all the background sources has been performed:
charm and strange hadron decays, as well as white hadron interactions. Back-
ground reduction criteria are studied, based on kinematical and topological prop-
erties: charge, angle and transverse momentum of the decay products, momentum
conservation at neutrino interaction vertex and average lifetime of the decayed
particle. To apply such criteria, visual inspection of selected events in emulsion
has been performed.

A further difference with respect to the Phase I analysis is the statistical ap-
proach used to estimate the sensitivity. The final result of the measurement is
expressed as a frequentist confidence interval, dividing the event data set into sub-
samples, having a different signal to background ratio. This computation takes
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into account the number of observed events, the expected background and its un-
certainty, and the maximal number of the expected signal events. Such frequentist
method is the so-called Feldman and Cousins unified approach using the same
likelihood ratio definition as done by NOMAD.

The resulting 90% C.L. upper limit on the νµ � ντ oscillation probability is:

Posc � νµ � ντ � 4 2 � 3 B 10 � 4

Under a two-neutrino family formalism this corresponds to sin22θµτ 4 4 � 6 B
10 � 4 for large ∆m2. This result is significantly more stringent than the previously
published limit and constitutes the basis for the publication of the CHORUS final
results.
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