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Clover, whose eyes are failing in her old age,
asks Benjamin to read the writing on the barn wall

where the Seven Commandments were originally inscribed.
Only the last commandment remains: “all animals are equal.”

However, it now carries an addition:
“but some animals are more equal than others.”

Animal Farm - George Orwell

a Laura
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Introduction

Nowadays neutrino physics is one of the most important research fields in particle
physics: almost 100 years of studies and discoveries have produced a huge amount
of information, but, at the same time, have left a lot of questions unanswered.
Although neutrino is probably the most abundant particle inthe universe, its study
is complicated by its nature: its mass, the mixing and oscillation processes, the
lepton CP violation are just an example of the open issues related to this particle.
Dealing with neutrinos requires to solve two different problems: the necessity of a
neutrino beam (that can be controlled in terms of geometry, flux and energy) and,
given its weak nature, the development of large and heavy detectors.

In recent years a new source has been proposed: a Neutrino Factory. In such a
factory these particles are generated by the decay of muons in a beam that can be
tuned in terms of energy and intensity, allowing the optimization of the detector.
However, the Neutrino Factory idea has a limitation: in order to have a large flux,
muons must be stored, thus cooling is required. Because of its lifetime, standard
cooling techniques (electron, stochastic, laser, etc.) applied to a muon beam are
not effective. The Muon Ionization Cooling Experiment (MICE) is being commis-
sioned at the Rutherford Appleton Laboratory (RAL, UK) and intends to study the
feasibility of a Neutrino Factory based on a muon storage ring using for the muon
cooling an innovative technique calledionization cooling. The ionization cooling
has been proposed in the early ’80s and consists of two different phases: a muon
beam crosses a light absorber and loses transversal and longitudinal momentum
via the interactions with atomic electrons; the longitudinal energy loss is then re-
stored by accelerating cavities. The net result is a reduction of the phase-space
volume, mathematically described by the emittance.

In MICE the cooling is evaluated measuring (with a precisionof the order of
0.1%) the emittance before and after the cooling section, requiring a precision
on the emittance reduction measurement of the order of 1%. Inorder to achieve
this result, a performing particle identification system isforeseen to discriminate
muons (with a momentum in the range 140-240 MeV/c) from the background
(mainly pions, electrons and gammas). The experiment consists of three parts:
the muon cooling is performed in a dedicated section with three absorbers (liquid
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2 Introduction

hydrogen in a focusing cavity) and two radiofrequency cavities; the emittances are
measured by two 4 T spectrometers based on scintillating fiber trackers; the par-
ticle identification is covered in the first part of the line byTime-Of-Flight (TOF)
and Cherenkov detectors to distinguish muons from pions (from which the muons
are produced) and by a TOF and an electromagnetic calorimeter (EMcal) system
at the end of the line to discriminate the electrons (the muondecay products).
This last system consists of a pre-shower (a KLOE-Light calorimeter) and a fully
active tracker-calorimeter detector, the Electron Muon Ranger (EMR).

The large sensitive area combined with the good energy resolution and low
cost led to the choice of scintillator for the EMR detector. EMR, in fact, consists
of 48 planes of extruded scintillating plastic bars arranged in a x-y geometry; each
plane is made of 59 1.1 m long bars with a triangular shape whose scintillator light
is brought out by a 1.2 mm wavelength shifter (WLS) fiber. The bars are readout
on both sides: on one side by a single photomultiplier to measure the energy loss
in the whole plane, while on the other the fibers are connectedto a 64 channel
multi-anode PMT (MAPMT), readout by a dedicated frontend electronics based
on a 64 channel ASIC.

The final design of the detector has required the assembly of several proto-
types, evaluating their performance by means of radioactive sources, beams or
cosmic rays: in particular, tests on the shape of the plasticbars and the frontend
electronics have been performed. Moreover, the performance of EMR has been
simulated with the help of dedicated Monte Carlo codes: the results have supplied
a feedback to the detector design and to the operational phase.

This thesis deals with the EMR detector, from the construction to the results
obtained with the prototypes and during the first commissioning phase. Chapter 1
is devoted to the physical motivation beyond the detector: after a brief introduc-
tion on the neutrino field, from a historical review to the different sources (in
particular the Neutrino Factory), the ionization cooling and the MICE experiment
are approached. The Electron Muon Ranger is described in chapter 2, focusing
on the MAPMT frontend and readout electronics, under the responsibility of the
Insubria group. Two prototypes have been developed in orderto test the mechan-
ical solutions and the electronics: the first (a small scale prototype) has been used
like a tracker, while the second (Large EMR Prototype - LEP) as a calorimeter.
The results obtained with cosmic rays and in a beamtest at CERN are presented in
chapter 3. The experimental data obtained with LEP with a 1 GeV/c beam have
been used to tune a GEANT4 simulation that has then been improved to include
the whole EMR detector. The first part of chapter 4 describes the muon/electron
discrimination based on the algorithms applied by the MICE collaboration, while
in the second part a new possible method is presented. The last chapter deals with
the commissioning phase of 4 EMR complete modules that have been first tested
with cosmic rays at the University of Geneva (UNIGE) and thenwith a 200 MeV/c
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mixed beam at RAL.
Finally a brief outlook on the future applications is given:while MICE is

the first step towards the neutrino factory, EMR can be considered the first step
towards the totally active scintillator detectors (TASD) with huge dimensions for
the future neutrino beam experiments.





Chapter 1

Neutrino physics and MICE

This chapter deals with the physical motivation behind the EMR detector, from
neutrino physics to the MICE experiment. Neutrinos are nowadays one of the
keys of the physics of (and beyond) the Standard Model (SM) and, in general,
they represent the frontier of particle physics. Although postulated in 1930, neu-
trinos are still the least understood of the fundamental particles given their elusive
nature: from their mass to the oscillation phenomenon, there are a lot of open
questions. To solve the neutrino puzzle, two important ingredients are necessary:
a neutrino source and a dedicated detector. Among the sources, an innovative hy-
pothesis is represented by the Neutrino Factory based on a muon storage ring: in
such a factory neutrinos are produced by the decays of muons,and this guarantees
the control of the beam in terms of energy, flux and geometry and a good predic-
tion of the neutrino energy spectrum. However, in order to accumulate muons in a
storage ring, these charged leptons must be cooled: since the standard techniques
are not effective, the only possibility is represented by the ionization cooling. The
aim of the Muon Ionization Cooling Experiment (MICE) is to investigate this
technique and to develop muon beams for a future Neutrino Factory.

1.1 Neutrino physics

After almost 100 years of studies, neutrino is known as a~/2-spin electrically
neutral lepton which interacts weakly with matter. Its birthday dates in 1930,
when W. Pauli postulated its existence to explain the continuum spectrum ofβ-
decays; however, only in 1956 the first experimental observation was performed.
Although neutrinos are probably among the most abundant particles in the uni-
verse, their nature is still not completely known: the mixing and oscillation phe-
nomena and the leptonic CP (charge-parity) violation are just an example of the
open questions. In this section an overview on neutrino is given: after a brief
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6 Neutrino physics and MICE

introduction on the history and the phenomenology of this particle, the present
neutrino sources are described focusing the attention on the Neutrino Factory.

1.1.1 Neutrino history and phenomenology

Differently from the great majority of the elementary particles, the neutrino was
first theoretically postulated to solve the problem of the energy spectrum in theβ-
decays and then experimentally found [1]. In their studies on theβ-decay, O. Hahn
and L. Meitner in 1911 and J. Chadwick in 1914 discovered a continuous energy
spectrum of the emitted electron: this result was utterly puzzling given theα
and γ decays of the atomic nuclei showed discrete lines. Two interpretations
were given [2]: C. D. Ellis foresaw that the spectrum was the result of a primary
process in which an electron was ejected from the outer shells of a radioactive
atom, while Meitner (according toα, γ and someβ processes) suggested that
a primary electron had a discrete energy spectrum and, in a secondary process,
could emit more electrons from outer shells with smaller energies.

The solution was found thanks to a calorimetric measurementof the210Bi β-
decay, that, nowadays, can be written as follows:

M(A,Z) → D(A,Z + 1) + e− + νe (1.1)

where M(A,Z) and D(A,Z+1) are the mother and daughter nuclei, whileA and
Z are the mass and the atomic number; in the process, no gammas are emitted.
It was known from counting experiments that one electron wasemitted from the
nucleus per decay: according to Ellis’ explanation, the energy measured in the
calorimeter per decay had to be the mean value of the energy spectrum; follow-
ing Meitner’s one, the spectrum upper limit value had to be measured. Ellis and
W. A. Wooster in 1922 and Meitner herself in 1924 (with an improved calorime-
ter) measured a value corresponding to the mean energy of thebeta spectrum,
confirming Ellis’ explanation [2].

The continuous energy spectrum was explained by two important physicists:
N. Bohr supposed that the energy conservation law inβ-decays was only statis-
tically valid, while W. Pauli suggested (“as a desperate remedy”) the presence of
a new (not detectable) particle that carried away the additional energy and spin
and allowed to reach the angular momentum conservation in the decay process.
In Pauli’s famous letter of 1930 [3], the neutrino was described as a 1/2-spin1

particle produced together with the electron but not detected. In fact Pauli’s idea
was that of a particle (called neutron) without mass, or witha mass smaller than
the electron one. After the discovery of the neutron by Chadwick in 1932 [4],
E. Fermi calledneutrinothe particle involved in theβ-decay [5]. The possibility

1In the thesis~ = c = 1, if not otherwise indicated.



1.1 Neutrino physics 7

to detect neutrinos was suggested by B. Pontecorvo in 1946 [6, 7] by means of the
inverseβ process:

νe + p → e+ + n (1.2)

His idea was to use37Cl atoms which transform into37Ar and can be detected by
means of their radioactive decay. Following a similar idea,in 1956 C. L. Cowan
and F. Reines demonstrated experimentally for the first timethe neutrino exis-
tence at the Savannah River reactor [8]. The detectors (presented in figure 1.1(a))
consisted in a water tank with dissolved CdCl2 surrounded by two liquid scintil-
lators (for a total of 4200 l). The scintillators detected both the 511 keV photons
due to the positron annihilation and the one produced by the neutron capture in
cadmium2: the two slightly separated (in time) signals on the photomultipliers
represent the signature of the inverseβ-decay process (figure 1.1(b)); the cer-
tainty of the measurement was given by the absence of events when the reactor
was shut down [9]. For the first time they measured an interaction cross section
of 6× 10−44 cm2.

(a) (b)

Figure 1.1: a) The schematic illustration of the setup of theCowan & Reines’
experiment: the 511 keV annihilation photons and the ones produced by the neu-
tron capture in Cd are detected by liquid scintillator [1]. b) The signature of the
inverseβ-decay process is given by the positron annihilation gamma rays and the
Cd neutron capture (followed by a delayed gamma emission). The two slightly
separated signals on the photomultipliers are presented inthe scope shots [10].

After the experimental observation, a series of important results was achieved:
in 1958 the neutrino chirality3 was measured by M. Goldhaber [11] finding that, as
predicted by the V-A electroweak theory, the antineutrino is “right-handed”, while

2The neutron capture reaction is113Cd(n,γ)114Cd.
3The chiral projectors are operators defined as:

PL,R =

[

1∓ γ5

2

]

(1.3)



8 Neutrino physics and MICE

the neutrino is “left-handed”. This fundamental result implied that neutrinos are
massless. In fact if one supposes that the neutrino has mass,according to the spe-
cial relativity it cannot travel at the speed of light; so an observer that travels at
the speed of light could see the neutrino (which is supposed to be left-handed)
moving in the opposite direction, resulting right-handed.Since right-handed neu-
trinos had never been detected, the neutrino had to be massless [11]. Moreover
the zero-mass is in general supposed by the Standard Model: the Quantum Field
Theory (QFT) and Lorentz invariance foresee that when a massive particle inter-
acts with a Higgs boson to acquire mass, its handedness changes. Again, since
such a state has never been seen for a neutrino, left-handed neutrinos cannot inter-
act with the Higgs boson and acquire mass [12]. However, as presented later on,
the oscillation phenomenon is due to the presence of non-zero neutrino masses,
and this complicates the SM predictions on the neutrino experiments: the solution
is given by the assumption that free neutrinos propagate as mixtures of left- and
right-handed helicity states, but this does not significantly affect the experiments
since neutrinos are nearly always ultrarelativistic.

As far as flavors are concerned, similarly to the quark case under the SU(2)L
gauge symmetry, the SM foresees that the left-handed neutrino and the corre-
sponding charged part are doublets:

Ll ≡
(

νlL
lL

)

(1.4)

where l = e, µ, τ . The muonic neutrino (νµ) was predicted by K. Inouë and
S. Sakata in 1943 [13] and observed at the Brookhaven Alternating Gradient Syn-
chrotron (AGS) by means of a muon beam produced by pion decays[14]. The
third flavor (ντ ) was discovered at Fermilab in 1991 by the DONUT collaboration
[15] after a series of indirect measurements in 1974 and 1977at SLAC (USA).

In the neutrino history the most crucial result is represented by the discov-
ery of the oscillation phenomenon. In 1968 the Homestake experiment (see sec-
tion 1.1.2.1 for further details) was the first to show a difference between the
expected electron neutrino flux from the Sun and the measuredflux: during its
journey the neutrino changes its flavor with a probability that intrinsically requires
the particle to have mass.

There are two possible ways to include the mass term in the SM:either the
neutrino is aDirac particle (that is the particle does not correspond to its anti-
particle) or aMajorana particle(that is the particle coincides with its anti-particle)
[16, 17]. The puzzle has not been solved yet. According to theSM (and in partic-
ular the Higgs mechanism that generates the mass for chargedleptons and quarks)
and allowing right-handed neutrinos in the model, the Diracmass term (mD) in

where the chiral operatorγ5 is the productiγ0γ1γ2γ3 of Dirac matrices.
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the particle interaction Lagrangian is (see Ref. in [18, 19]):

LD = −mD(νLνR + h.c.) (1.5)

whereh.c. is the hermitian conjugate and the left-handed (νL) and right-handed
(νR) neutrino components are defined as:

νL =





νeL
νµL
ντL



 νR =





νeR
νµR
ντR



 (1.6)

If only the Dirac mass term were considered and supposing a neutrino mass of
the order of 0.05 eV (suggested by experiments [18]) and the vacuum expectation
value of the Higgs field〈φ〉

0
of 250 GeV, the coupling constantfν should be of

the order of10−13, given the relationmD = fν 〈φ〉0. This value is very small and
it is possible just considering a new physics at energies≫TeV.

In 1937 E. Majorana [20] postulated that a massive neutral fermion can obey
to the so-called Majorana condition:

Ψ = ΨC = CΨ
T

(1.7)

whereΨ is the two independent component spinor which describes thefermion,C
is the charge conjugation matrix andT identifies the transposition. Since massive
fermions can be described by the sum of two spinors,Ψ = ΨL+ΨR, the Majorana
condition makes the two neutrino components dependent:

Ψ = ΨL +ΨC
L = ΨR +ΨC

R (1.8)

Therefore the left (mL) and right (mR) Majorana mass terms can be included in
the interaction Lagrangian:

LML
= −mL

2
νL

CνL + h.c. (1.9)

LMR
= −mR

2
νR

CνR + h.c. (1.10)

The Majorana condition is clearly valid only for neutral fermions, since in the
charged case the electric charge conservation would be violated.

Since the Majorana mass term forνL is not allowed because it is not invariant
under the SU(2)L×U(1)Y gauge symmetry [21] and supposing that the neutrino
mass is due both to the Dirac (equation 1.5) and Majorana (equation 1.10) terms,
the interaction Lagrangian becomes:

Lmν
= −mDνRνL − mR

2
νR

CνR + h.c.

= −1

2
[νL

C , νR]

[

0 mD

mD mR

] [

νL
νC
R

]

+ h.c.
(1.11)
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where the second line is due to the Majorana two-component fermion theory and

Mν =

[

0 mD

mD mR

]

(1.12)

is the neutrino mass matrix.Mν can be diagonalized using the following transfor-
mation:

ZTMνZ = Dν (1.13)

whereZ is a unitary matrix andDν is a diagonal matrix:

Dν =

[

m1 0
0 m2

]

(1.14)

m1,2 are the positive-definite eigenvalues ofMν .
Since in the SMmR can assume any value, one can choosemR ≫ mD; thus

the parameterρ ≡ mD/mR is very small. At the first order inρ, Z is:

Z =

[

1 ρ
−ρ 1

] [

i 0
0 1

]

(1.15)

while at the orderρ2, Dν is equivalent to:

Dν =

[

m2
D/mR 0
0 mR

]

(1.16)

Therefore, expressingLmν
in terms of mass eigenfields, the following eigenvalues

appear:

λ± =
mR

2
±

√

m2
R + 4m2

D

λ+ ≈ mR

λ− ≈ −m2
D

m2
R

(1.17)

Consideringλ−, the larger themR value, the smaller the neutrino mass; this
fact is known as theSee-Saw Mechanism. If the neutrino mass is explained under
the Grand Unified Theory (GUT), one can assumemR of the order of the higher
mass scale (≈ 1015 GeV) andmD of the order of the top quark mass (≈174 GeV),
thus the neutrino mass is approximatelyλ− ≈ 3 × 10−2 eV. As far as the other
eigenvalue is concerned, the existence of a heavy neutral lepton with a massmR

could explain the baryon-antibaryon asymmetry of the Universe [18].
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In order to explain the oscillation phenomenon, the neutrino mixing had to be
introduced considering the three weakly-interacting neutrinos (l = e, µ, τ ) as a
linear combination of the mass eigenstates (νi):

|νl〉 =
n

∑

i=1

U∗
li|νi〉 (1.18)

whereU∗
li is a unitary matrix called Pontecorvo-Maki-Nakagawa-Sakata matrix

[22, 23], analogous to the CKM matrix in the quark sector. If asterile neutrino4

is considered, this does not interact weakly but another mass eigenstate can be
introduced, son can be more than three. However the casen = 3 is considered
here. The matrix can be parametrized with the introduction of three mixing an-
gles (θ12, θ23 andθ13), a δ phase (called Dirac phase), responsible of the leptonic
charge-parity (CP) violation, and two Majorana phases (α1 andα2), that appear
only if the neutrino is a Majorana particle:

U =





c12c13e
iα1/2 s12c13e

iα2/2 s13e
−iδ

(−s12c23 − c12s23s13e
iδ)eiα1/2 (c12c23 − s12s23s13e

iδ)eiα2/2 s23c13
(s12s23 − c12c23s13e

iδ)eiα1/2 (−c12s23 − s12c23s13e
iδ)eiα2/2 c23c13





(1.19)
where

cij ≡ cos θij (1.20)

sij ≡ sin θij (1.21)

The oscillation phenomenon is explained considering a timeevolution in the
Hamiltonian:

|νi〉t =
∑

i

U∗
lie

−iEit|νi〉 (1.22)

whereEi is the energy of the mass-eigenstatei. Reconsidering the flavor eigen-
state basis, the previous equation becomes:

|νi〉t =
∑

m

∑

i

U∗
lie

−iEitUim|νi〉 (1.23)

For relativistic neutrinos the momentump is ≫ mi, so the energy can be defined
as:

Ei ≃ p+
m2

i

2E
(1.24)

In the two flavor case:

U =

[

cos θ sin θ
− sin θ cos θ

]

(1.25)

4A sterile neutrino is a hypothetical neutrino that can interact only via gravity.
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and the oscillation probability can be described as:

Pνl→νl = |〈νl|νl〉t|2 = 1− sin2 2θ sin2
m2

i −m2
j

4E
t (1.26)

Indicating∆m2
ij = m2

i −m2
j , in the two flavor (l 6= m) case the previous equation

becomes:
Pνl→νm = sin2 2θ sin2 ∆m2

ij4Et (1.27)

A schematic view of the oscillation probability for a muonicneutrino as a function
of time is presented in figure 1.2.

Figure 1.2: The time-evolution of the mixing probability ofa muonic neutrino
[24].

Equation 1.27 can be rewritten including in the time-dependent Hamiltonian
(equation 1.22) the space term given by the so-called baselineL, defined as the
distance between the production and the detection points, which is equivalent to
the time for relativistic neutrinos:

Pνl→νm = sin2 2θ sin2
1.267∆m2

ijL

E
(1.28)

where∆m2
ij is expressed in eV2, E in GeV andL in km. Starting from equa-

tion 1.28, the following remarks hold [25]:

• the transition probability is a function of the oscillationlengthLosc =
4πE

∆m2
ij

while the amplitude is proportional to the mixing matrix elements;

• the experiments which measure the neutrino oscillation aresensitive to the
squared-mass difference of two eigenstates, so no direct mass measurement
can be performed;
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• a neutrino oscillation experiment is characterized by the baselineL and the
energyE. Since a neutrino beam is not monochromatic, the oscillation
probability is a function of theE average value;

• in order to study the oscillation phenomenon with a sensitivity of the order
of ∆m2

ij , an experiment has to be developed withE/L ≈ ∆m2
ij .

When neutrinos cross matter, they can interact coherently or incoherently. In
the second case, the probability of an inelasticν − p scattering is very small, with
a cross section of the order of 10−43 cm2 (E/[MeV])2 [25]. On the other hand,
coherent scattering can modify the oscillation pattern: the effect is known as the
Mikheyev-Smirnov-Wolfenstein (MSW) effect [26, 27]. A simplified version of
the MSW theory is presented considering only two flavors [18]. It is possible to
describe a neutrino as the column vector in the flavor space:

[

ae(t)
aµ(t)

]

(1.29)

whereax(t) corresponds to the amplitude of the neutrino of a certain flavor at a
time t. The matter effect theory can be developed starting from thevacuum case
whose mixing matrix for two flavors is:

UV =

[

cos θV sin θV
− sin θV cos θV

]

(1.30)

where the subscriptV indicates vacuum. As before, the time evolution is de-
scribed by the Schrödinger equation in which the HamiltonianHV in vacuum is:

HV =
∆m2

V

4E

[

− cos 2θV sin 2θV
sin 2θV cos 2θV

]

(1.31)

and the corresponding probability is:

Pνe→νµ = sin2 2θ sin2

(

∆m2

V

L

4E

)

(1.32)

The neutrino can interact with matter via charged or neutralcurrents (figure 1.3):
the charged current is allowed only for electron neutrinos,while the neutral current
is flavor-independent. Assuming matter as electrically neutral, the contribution of
the electrons and protons to the coherent forward scattering via theZ0 exchange
can be neglected. Considering theW−-exchange due to theνe charged current,
the interaction energyEI is equal to:

EI =
√
2GFNe (1.33)
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Figure 1.3: The Feynman diagrams of charged (left) and neutral (right) currents
neutrino interactions with matter.

whereGF is the Fermi constant andNe is the number of electrons per unit of
volume. Thus the2× 2 Hamiltonian in matter becomes:

HM =
∆m2

V

4E

[

− cos 2θV sin 2θV
sin 2θV cos 2θV

]

+

[

EI 0
0 0

]

(1.34)

In order to compare the matter and vacuum cases,HM has to be expressed like
equation 1.31 adding the product “1×−EI/2” (where1 denotes the unitary ma-
trix), and obtaining:

HM =
∆m2

M

4E

[

− cos 2θM sin 2θM
sin 2θM cos 2θM

]

(1.35)

where the effective mass splitting in matter is:

∆m2

M = ∆m2

V

√

sin2 2θV + (cos 2θV − x)2 (1.36)

and the effective mixing angle in matter is:

sin2 2θM =
sin2 2θV

sin2 2θV + (cos 2θV − x)2
(1.37)

andx is defined as:

x ≡ 2EEI

∆m2
V

(1.38)

The matter effect can be very strong: if, for example, the mixing angle in vacuum
(θV ) is very small,x assumes the valuex ≈ cos 2θV , so the mixing angle in matter
becomes very large (sin2 2θM ∼= 1).
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1.1.2 The neutrino sources

As already stated, neutrino is probably among the most abundant particle in the
universe. The reason lies in the large number of sources where several processes
involved in the neutrino production take place. Just to makean example, the hu-
man body produces up to4×103 neutrinos per second in the followingβ reaction:

40K → 40Ca + e− + νe (1.39)

The sources used for neutrino studies can be divided in natural and artificial.
The first group consists of the Sun, the atmosphere, cosmological objects and
natural radioactivity; the artificial sources are nuclear reactors and particle accel-
erators.

A neutrino experiment is usually designed to study particular neutrino fea-
tures: oscillation experiments are devoted to the study of the mixing of the par-
ticle, while mass measurements are performed by dedicated experiments such as
the neutrinoless double beta decay. The design of an oscillation experiment is
constrained by the expected oscillation parameters. Table1.1 summarizes the
parameters of the different oscillation experiments in terms of baseline length,
energy and sensitivity over the squared-mass difference∆m2.

Experiment L (m) E (MeV) ∆m2 (eV2)
Solar 1010 1 10−10

Atmospheric 104-107 102-105 10−1-10−4

Reactor SBL 102-103 1 10−2-10−3

LBL 104-105 10−4-10−5

Accelerator SBL 102 103-104 > 0.1
LBL 105-106 104 10−2-10−3

Table 1.1: The oscillation parameters for solar, atmospheric, reactor and acceler-
ator neutrino experiments. LBL defines the Long BaseLine experiments, while
SBL the Short BaseLine ones [25].

The Neutrino Factory has been proposed as a particular source for future os-
cillation experiments. In fact, even in presence of a variety of available sources,
the uncertainty on the parameters of the neutrino mixing andoscillation (the mix-
ing angle, the CP phase, the matter effect) is still large. This section describes
the main features of the present sources for oscillation experiments and the most
recent results. Moreover, given the fundamental importance of the neutrino mass,
the Neutrinoless Double Beta Decay (and the related results) is briefly presented.
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1.1.2.1 Solar neutrinos

The Sun produces energy via thermonuclear reactions where the hydrogen burning
happens through two main chains: thepp chain (figure 1.4(a)), responsible of the
Be neutrino production (see later on), consists of 5 reactions, while theCNO one
of three [1, 25, 28]. In both cases, the net result is :

4p → 4He + 2e+ + 2νe + γ (1.40)

The expected solar neutrino flux of the eight reactions can becomputed taking
into account some solar observables: the surface luminosity, the age, the radius
and the mass. The fluxes predictions are summarized in the so-calledStandard
Solar Model(SSM): figure 1.4(b) presents the expected solar neutrino flux from
the different production chains [29]. The first experiment which measured the

(a) (b)

Figure 1.4: Solar neutrinos: a) the proton-proton chain is one of the major re-
sponsible of the heavy elements production from thermonuclear fusion. These
processes produce a huge quantity ofνe [28]. b) Expected energy spectrum of the
5 pp and 3CNO reactions [29]: in the early life of the solar experiment a key role
was played by the8B neutrinos.

solar neutrino flux was proposed by R. Davis Jr. and performedin the Homes-
take Gold Mine in South Dakota (USA) [30]. Like all the neutrino experiments,
it was installed deeply underground (in a mine) to reduce thecosmic ray back-
ground contribution. It was based on a radiochemical measurement performed
using 615 tons of perchloroethylene (C2Cl4), in which the neutrino flux was com-
puted by the number of radioactive Argon atoms in the reaction:

νe + Cl37 → Ar37 + e− (1.41)
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The neutrino energy threshold of this process isEν & 0.814 MeV, so in practice
only the8B (and only electron) neutrinos were measured. The Homestake experi-
ment was the first to compute the solar neutrino flux obtaininga value which was
only one-third of the expected one [25]:

R = 2.56± 0.16± 0.16 SNU =⇒ R

SSM
= 0.30± 0.03 (1.42)

with 1 SNU=10−36 captures/atom/sec. This difference was defined as theprob-
lem of the solar neutrinos, which in fact is the first experimental evidence of the
neutrino oscillation.

The Homestake experiment was followed by other two radiochemical exper-
iments based on a gallium detector: GALLEX/GNO at LNGS (Italy) [31] and
SAGE (Russia) [32]. Gallium was chosen because it is more sensitive to the lower
energy range (Eν & 0.23 MeV). Both the experiments confirmed the deficit in the
solar neutrino flux. Later on the Kamiokande experiment (Japan) [33] obtained
the same result with a water Cherenkov detector, where the energy threshold was
Eν & 7 MeV.

Together with the results of Kamiokande, the puzzle was solved by the Sud-
bury Neutrino Observatory (SNO) experiment (Canada), a 1 kton heavy water
Cherenkov detector sensitive to all the three neutrino flavors. Neutrinos can inter-
act with matter in three ways:

Charged Current (CC) : νe + d → p + p + e−

Neutral Current (NC) : νx + d → p + n + νx

Electron Scattering (ES) : νx + e− → νx + e−
(1.43)

wherex = e, µ, τ . Thus, thanks to the heavy water (D2O), SNO was able to
measure the three flavors. The experiment consisted in threephases focusing on
the different interactions; the final results were [34]:

ΦCC =1.68± 0.06+0.08
−0.09 × 106cm−2s−1

ΦNC =4.94± 0.21+0.38
−0.34 × 106cm−2s−1

ΦES =2.35± 0.22± 0.15× 106cm−2s−1

(1.44)

The experimental data were in perfect agreement with the ones predicted by the
SSM; a clear deficit in the electron neutrino flux was confirmedby the ratio:

ΦCC

ΦNC
= 0.340± 0.023+0.29

−0.31 (1.45)

The experimental fluxes combined with the energy spectrum allowed to measure
the so-called Large Mixing Angle (LMA), whose present best fit value (obtained
from several experiments) is [35]:

∆m2

12 = (7.58± 0.21)× 10−5eV2, tan2 θ12 = 0.484± 0.048 (1.46)
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1.1.2.2 Atmospheric neutrinos

Atmospheric neutrinos are produced in the hadronic showersgenerated by the
interaction of primary cosmic rays (mainly protons) with the nitrogen and oxygen
nuclei in the atmosphere. These processes produce pions andkaons that then
decay in the following way [28]:

π+ → µ+ + νµ

µ+ → e+ + νe + νµ
(1.47)

The most important results in this field have been achieved bythe Super-
Kamiokande (Super-K) experiment [36]. The detector (figure1.5) consists of a
50 kton water tank placed in the Kamioka mine (Japan), surrounded by 2700 MWE
(Meter Water Equivalent) of rock. The charged counter-partof the neutrino pro-
duces Cherenkov light that is readout by about 11500 50 cm diameter PhotoMul-
tiplier Tubes (PMTs). The neutrino flavor is identified by theCherenkov ring: the
µ-like events are identified by the presence of a sharp ring, while the e-like ones
by a broader one, since electrons generate a shower in water.

Figure 1.5: A sketch of the Super-K experiment.

At low energy (thesub-GeVrange,Eµ ≤ 1.33 GeV) all muons decay in at-
mosphere: considering the pion and muon decays, the detector should measure
a muon/electron event ratio (Rµ/e) equal to 2. Formulti-GeV muons (Eµ >
1.33 GeV), the ratio should be larger.Rµ/e is typically expressed as a function
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of the same quantity evaluated by a Monte Carlo simulation inthe hypothesis of
no oscillation [37]:

Rsub−GeV =
Rmeas

µ/e

RMC
µ/e

= 0.638± 0.016± 0.050 (1.48)

Rmulti−GeV =
Rmeas

µ/e

RMC
µ/e

= 0.658± 0.030± 0.078 (1.49)

The ratios should be of the order of 1: given thatRmeas
µ/e is model independent, this

value is a clear indication of theνµ oscillation. Moreover the Super-K collabo-
ration measured the zenith angle distribution (θz, the angle between the vertical
direction and the neutrino momentum) for high energy muon events: the results
(figure 1.6) show a clear deficit in the muon events, but not in the electron ones.
The larger thecos θ value, the stronger the suppression of theµ-like events: this ef-

Figure 1.6: The Super-K zenith angle distribution:cos θ=1(-1) identifies the so-
called down (up) events, that are muonic neutrinos going downwards (upwards).
The points are the experimental data, while the dashed histograms the Monte
Carlo simulations without oscillation.

fect is more evident in multi-GeV events where the charged lepton is more aligned
with the neutrino momentum and can be quantitatively described by the up-down
asymmetry [25]:

Aµ =
U −D

U +D
= −0.29± 0.03 (1.50)
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Since no difference occurs between experimental and expected data in electron
events (first top plot in figure 1.6), the deficit in the flux can be only explained by
the νµ → ντ oscillation. Given the fluxes measured in several experiments, the
θ23 mixing angle value is assumed to be [35]:

∆m2

23 = (2.40± 0.15)× 10−3eV2, tan2 θ23 = 1.02± 0.04 (1.51)

1.1.2.3 Neutrinos from nuclear reactors

Reactors produce a huge amount of low energy electron antineutrinos from nu-
clear reactions: the neutrino energy is low, so only the electron flavor is gener-
ated. KamLAND (Kamioka Liquid scintillator AntiNeutrino Detector) was the
first LBL experiment devoted to such a neutrino study [28, 38]. Similarly to the
solar experiments, an estimation of the LMA due to theνe disappearance in re-
actors neutrino beams can be performed thanks to the long baseline (∼ 200 km)
and to the energies in the MeV region [18]. The detector consists of 1000 tons of
liquid scintillator placed 1000 m underground in the Kamioka mine (Japan). The
antineutrinos are detected via the inverseβ decay:

νe + p → e+ + n (1.52)

The energy threshold isEνe = 1.8 MeV. The KamLAND collaboration measured
an absolute event rate of:

Nobs −Nbg

Nexpected

= 0.611± 0.085± 0.041 (1.53)

The deficit is shown in figure 1.7, where the neutrino disappearance as a function
of the energy (as requested by the oscillation theory) is clearly visible.

The LMA estimation obtained from the KamLAND data is [28]:

∆m2

12 = 7.1× 10−5eV2, tan2 θ12 ∼ 0.41 (1.54)

in agreement with the best fit value (within 1σ) presented in equation 1.46. Given
the short baseline with respect to the solar experiments, this result is important
because it is independent from the matter effect: a comparison between solar
neutrinos and KamLAND allows a verification of the MSW theory.

Another fundamental reactor neutrino experiment is CHOOZ [40], a 5 ton liq-
uid scintillator detector placed 300 MWE under the two Choozreactors (France);
the measurement was based on the inverseβ decay. The experiment had a baseline
of 1 km and an energy of a few MeV, providing a sensitivity better than 103 eV2.
CHOOZ measured no electronic antineutrino disappearance,fixing the ratio be-
tween the measured and the expected fluxes to be:

Nobs

Nexpected
= 1.01± 0.04 (1.55)
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Figure 1.7: The KamLAND results present a clear deficit in theexperimental data
(dots) with respect to the predicted ones without oscillation [39].

As shown in section 1.1.2.2, the atmospheric neutrino anomaly (the measured
flux ratio νµ/νe is roughly half of the expected one) can be explained by the pos-
sibleνµ ↔ ντ andνµ ↔ νe oscillations. Super-K showed thatνµ ↔ ντ caused the
anomaly, but the experiment was not able to set a limit on theνµ ↔ νe oscillations
such as those produced by solar neutrino oscillations or by asmall mixing angle
θ13 at the atmospheric frequency∆m2

atm. In principle both atmospheric and solar
neutrino oscillations are sensitive toθ13. But in CHOOZ the solar oscillations and
matter effect can be neglected, so in conclusion the experiment removed the pos-
sibility to explain the atmospheric anomaly with theνµ ↔ νe case, allowing to fix
theθ13 value [25, 35, 40]. Considering the mass hierarchy (see later on for further
details), in CHOOZ the oscillation probability can be approximated as [25]:

PCHOOZ
ee

∼= 1− sin2 2θ13 sin
2

(

∆m2
31L

4E

)

(1.56)

Thus a fundamental CHOOZ result is a limit on theθ13 mixing angle and
∆m13 [25, 40]:

∆m13 & 2× 10−3eV, sin2 θ13 = 0.07± 0.04 (1.57)

1.1.2.4 Neutrinos from accelerators

The θ23 mixing angle (associated to atmospheric neutrinos) can also be studied
with LBL accelerator experiments where the neutrino production is associated to
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the following processes [25]:

p+ target →π± +X

π± → µ± + νµ(νµ)

µ± → e± + νe(νe) + νµ(νµ)

(1.58)

The first LBL accelerator experiment was K2K, developed in Japan in 1999
[28, 41]: aνµ beam is generated by the decays of the muons produced at the
KEK laboratory with a mean energy of 1.3 GeV and is detected 250 km away in
the Kamioka mine. The beam properties are measured at KEK by aNear Detec-
tor (ND) placed 300 m after the target. The main detector is a 1kiloton water
Cherenkov detector, a scaled version of the Super-Kamiokande one.

Another important experiment was NuMI/MINOS [42], that exploited the 3-
18 GeV muon neutrino beam produced at Fermilab and detected 730 km far away
in the Soudan mine (USA). The measurement is similar to the K2K one: a near de-
tector is placed in Fermilab to identify the beam characteristics, while the far one
is placed in the mine. Both detectors are steel-scintillator sampling calorimeters
made of alternating planes of magnetized steel and plastic scintillators.

Both the experiments confirmed the atmospheric anomaly and the results are in
good agreement with the oscillation theory. The best fit MINOS value (figure 1.8)
is:

∆m2

23 = 2.74+0.44
−0.26 × 10−3eV2, sin2 2θ23 > 0.87 (1.59)

Figure 1.8:θ23 allowed region at the 68% and 90% confidence level. The MINOS
best fit point is∆m2

23 = 2.74+0.44
−0.26 × 10−3eV2; sin2 2θ23 > 0.87 [28].
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On the other hand, the OPERA experiment (placed at LNGS, 732 km far from
CERN where neutrinos are produced) uses a higher energyνµ beam in order
to generateτ particles in the detector and directly confirm the oscillation phe-
nomenon. The events are observed in 150000 “bricks” of photographic emulsion
films interleaved with lead plates complemented by electronic detectors (trackers
and spectrometers). On May 31st 2010, the OPERA Collaboration announced the
observation of the first tau neutrino candidate event in a muon neutrino beam [43].

1.1.2.5 Cosmological neutrinos

Cosmological neutrinos can be divided in two categories: the relic neutrinos pro-
duced in the early life of the universe and the ones produced by cosmological
objects (supernovae, Active Galactic Nuclei, Gamma Ray Bursts, micro-quasars,
etc.) [18, 25].

As far as the first type is concerned, when the universe temperatureT was
greater than 1 MeV, weak interactions occurred thanks to thelarge density [18].
When the temperature decreased (T < 1 MeV), neutrinos decoupled from plasma
and gammas; only after 100000 years the radiation decoupledfrom matter, gen-
erating the so-called Cosmic Microwave Background (CMB), afundamental in-
strument to evaluate the matter distribution of that period. The CMB and the
present matter distribution are a function of the presence of massive neutrinos in
the early universe. From the comparison of the CMB power spectrum and density
fluctuation, the Wilkinson Microwave Anisotropy Probe (WMAP) experiment has
estimated the mass of the heaviest neutrino to be lower than 0.6 eV [44].

An important example of the neutrinos produced in a supernova explosion is
the one provided by the SN1987A case (which earned to M. Koshiba the Nobel
prize). A star produces energy if its core elements are lighter than iron:56Fe is
the element with the maximum nuclear binding energy, so no more fusion pro-
cesses can occur. A star exists thanks to the balance of two forces: gravity and
the pressure of degenerated electrons. When a star has an iron core of 1.4 solar
masses, gravity wins and the star collapses. The collapsingstops when the iron
core reaches the nuclear density: a pressure discontinuityin the core generates a
sonic point which creates an outgoing shock wave. This last phase of the stellar
evolution is called supernova. The neutrino production is the result of the electron
capture and the pair production processes [1]:

e− + p → νe + n

γ → e− + e+ → νx + νx
(1.60)

wherex = e, µ, τ .
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In 1987 the neutrinos of a blue super-giant star exploded in the Large Magel-
lanic Cloud at a distance of about 55 kpc5 were detected. The resulting neutrino
flux was measured by 4 experiments, among which Kamiokande [45]. Figure 1.9
presents the scatter plot of the number of events as a function of time: a burst of
neutrinos is clearly visible in plot (e).

Figure 1.9: Scatter plots of the number of hits as a function of time. A clear burst
is visible in plot (e) [45].

Although the number of neutrino events is very small (12), the following re-
marks hold [45]:

• taking into account the supernova distance (55 kpc), theνµ andνµ lifetime
lower limit has been estimated to be 1.7×1015 [m/E];

• the neutrino mass upper limit has been evaluated to be 24 eV.

51 kpc=3.09× 1019 m
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1.1.2.6 Natural radioactivity: the 0νββ decay

In the experiments described in the previous sections, the source and the detector
are separated: whenever possible, the distance between thetwo components has
been chosen taking into account the neutrino oscillation phenomenon, which de-
pends on the squared-mass differences. The neutrino mass isdirectly measured
evaluating the endpoint of the kinematic spectrum of theβ decay. An other pos-
sibility, that also allow to identify the neutrino as a Diracor a Majorana particle,
exploiting a particularβ process (the neutrinoless double beta decay - 0νββ de-
cay) where the source and the detector are in practice the same. The basic process
is described by the following reaction [25]:

(A,Z) → (A,Z + 2) + 2e− (1.61)

schematically represented by the Feynman diagram shown in figure 1.10.

Figure 1.10: The neutrinoless double beta decay Feynman diagram [25].

This process amplitude is proportional to the product of thetwo leptonic cur-
rents:

Mαβ ∝ [eγα(1− γ5)νe][eγβ(1− γ5)νe] (1.62)

(whereγx are the Dirac matrices) which can only lead to a neutrino propagator
based on the contraction〈0|νe(x)νT

e (y)|0〉. This contraction is fundamental to
understand the ultimate nature of the neutrino: ifνe annihilates and creates a
different antineutrino state, it is a Dirac particle, thus〈0|νe(x)νT

e (y)|0〉=0 and
Mαβ=0; otherwise if the neutrino is a Majorana particle, neutrino and antineutrino
are the same state and〈0|νe(x)νT

e (y)|0〉 6=0.
If the neutrino mass is caused only by the Majorana mass terms, the rate of the
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0νββ decay is proportional to theeffective neutrino Majorana massdefined as:

mee =

∣

∣

∣

∣

∣

∑

i

miU
2

ei

∣

∣

∣

∣

∣

(1.63)

The process signature is given by the energy measured in the detector: if the
value corresponds to the Q-value, a 0νββ decay has occurred; otherwise a broader
spectrum is measured, identifying the 2νββ decay process. The mass is measured
starting from the decay half-life defined as:

(T 0ν
1/2)

−1 = G0ν |M0ν |2
(

mee

me

)2

(1.64)

whereG0ν is the phase space integral and|M0ν |2 is the nuclear matrix element
of the transition. The half-life is expected to be of the order of 1020 years, so the
experiments must be very sensitive. The Heidelberg Moscow experiment has used
11 kg of enriched Ge obtaining a limit on the half-life of [25]:

T 0ν
1/2 > 1.9× 1025 yr (90% C.L.) (1.65)

Therefore, the effective Majorana mass is assumed to be:

mee ≤ 0.26 (0.34) eV at 68% (90%) C.L. (1.66)

1.1.3 Results, open issues and the Neutrino Factory

In the previous sections the most important neutrino sources and experiments have
been described. The results of these last 50 years of activity are summarized in
table 1.2 [46]. A schematic representation of the neutrino mixing matrix with the

parameter best fit 2σ 3σ 4σ
∆m2

21[10
−5] eV2 7.9 7.3-8.5 7.1-8.9 6.8-9.3

∆m2
31[10

−5] eV2 2.6 2.2-3.0 2.0-3.2 1.8-3.5
sin2 θ12 0.30 0.26-0.36 0.24-0.40 0.22-0.44
sin2 θ23 0.50 0.38-0.63 0.34-0.68 0.31-0.71
sin2 θ13 0.000 ≤0.025 ≤0.040 ≤0.058

Table 1.2: The best fit values at 2, 3 and 4σ for the three flavor oscillation param-
eters [46].

experimental results is presented in figure 1.11.
However a large number of problems have to be solved, among which one can

list [9, 19, 28]:
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Figure 1.11: A schematic representation of the mixing matrix results obtained in
oscillation experiments:θ23 ∼=45◦, θ12 ∼=30◦, θ13 .13◦ [1].

• the absolute mass value: the oscillation experiments have discovered that
the neutrino has a mass; however they are sensitive to the squared-mass dif-
ference, so no absolute mass value can be measured. The only way to obtain
a direct mass value is to evaluate the endpoint of the kinematic spectrum in
the β decay or to measure the flux of the (very) rare neutrinoless double
beta decay;

• Dirac-Majorana particle : the mechanism which generates the small neu-
trino mass has not been confirmed. Dirac’s explanation (and the Higgs
mechanism) seems not to be the only responsible of such a small mass; on
the other hand in the See-Saw mechanism (derived from Majorana’s theory)
the leptonic number would be no longer conserved. The Dirac-Majorana
nature can be only confirmed in the0νββ decay evaluating if neutrino and
antineutrino are the same particle or not;

• mass hierarchy: the neutrino mass eigenstates hierarchy is still not con-
firmed. At present two possible cases are suggested: in thenormalhierar-
chy the two lightest eigenvalues are separated by a small difference while
the third is heavier than the other two; in theinvertedone the third eigenstate
is lighter than the other two. A schematic view is presented in figure 1.12:
the small difference is measured by solar experiments (thatalso ensure that
m2 > m1), while the large difference is computed in the atmosphericones;

• θ13: theθ13 mixing angle has been measured in the CHOOZ experiment but
a better precision is requested;
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Figure 1.12: The normal (left) and inverted (right) mass hierarchies: the small
difference (ν1−ν2) is evaluated in solar neutrino experiments, while the large one
(ν3-others) in the atmospheric ones [19].

• CP violation: if θ13 6= 0, a complex phase factor (δ in the PMNS matrix,
equation 1.19) would cause the CP violation. It can be evaluated by mea-
suring the following asymmetry:

ACP =
P (να → νβ)− P (να → νβ)

P (να → νβ) + P (να → νβ)
(1.67)

• leptogenesis: the matter-antimatter asymmetry in the Universe was previ-
ously associated to the GUT baryogenesis where heavy gauge baryons de-
coupled from equilibrium in the early time. However the massof the gauge
bosons resulted too small to be the ultimate responsible of the problem. A
possible solution could come from the broken lepton number conservation
that causes an asymmetry in the baryon-antibaryon number.

Even if neutrinos are available in such large numbers, theirweak nature results
in the need of large and heavy detectors and in the fact that neutrino beams with
well defined features do not exist at the moment. A possible solution to simplify
these studies is represented by the Neutrino Factory based on a muon storage ring:
such a factory would provide a well known neutrino beam to (atleast) three inde-
pendent experiments with different baselines. The intrinsic features of the beam
in terms of energy and geometry would allow to develop optimized detectors.
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1.1.3.1 The conceptual layout of a Neutrino Factory

In a Neutrino Factory, neutrinos are produced by the decay ofa high intensity
muon beam [47]; a possible schematic view is presented in figure 1.13. There are

Figure 1.13: A possible conceptual layout of a Neutrino Factory [47].

several designs for such a source with a common goal: the generation of up to
1021 muons per year from a proton beam.

In a Neutrino Factory an accelerator provides the required energy to a very
high power proton beam (4 MW); in order to minimize the longitudinal phase
space volume, the proton bunches must be at least of the orderof a few nanosec-
onds. The proton beam impinges on a target of 2-3 nuclear interaction lengths to
create pions: given the beam high intensity, the target mustbe extremely robust
and resistant. Two solutions have been suggested: a liquid-jet and a rotating target
[48, 49]. The pions can be captured in three different ways: superconducting and
warm magnets, magnetic horns or wide-aperture bending magnets. In figure 1.14
the pion production and capture is presented: a proton with an energy in the range
16-30 GeV impinges on a liquid (e.g. Hg) target producing pions; the target is
placed inside a solenoid field which guides pions to the decayand phase rotation
line.

Pions decay in muons in a 30-40 m dedicated line. Since a high intensity
muon beam is needed, the beamline must have a large acceptance for pions; there-
fore wide apertures and strong magnetic fields (granted by solenoid magnets) are
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Figure 1.14: A possible schematic view of the pion production in a Neutrino
Factory: 16-30 GeV protons impinge on a liquid-jet target inside a high-field
solenoid magnet followed by a decay and phase rotation channel [49].

necessary. In order to store them, muons must be cooled via aninnovative tech-
nique calledionization cooling(described in detail in section 1.2.1): muons lose
transversal and longitudinal momenta in a light element absorber (e.g. liquid hy-
drogen), then radiofrequency cavities restore the longitudinal momentum, with
the net result of a phase space volume reduction. Muons are accelerated to 20-
50 GeV and then stored in a triangular muon decay storage ring. Here muons
can decay in the three straight lines, generating three neutrino beams that can be
sent to different baseline experiments. Such an accelerator guarantees a very high
neutrino flux given the large apertures and very soft focusing magnets.

A storage muon ring is also the first step towards a muon collider, a complex
that combines the advantages of ae± collider (point-like structure of the probes)
with the ones of a hadronic accelerator (less energy loss given the suppression of
the radiative processes) [48].

1.1.3.2 Physics at the Neutrino Factory

In a Neutrino Factory for each muon decay two flavor neutrinosare produced [46]:

µ± → e± + νe(νe) + νµ(νµ) (1.68)

The physics at a Neutrino Factory is based on the oscillationphenomenon,
although also a non-oscillation physics program has been proposed. The basic



1.1 Neutrino physics 31

goal is the precise measurement of the elements of the mixingmatrix, a result that
could be achieved exploiting the natural advantages of sucha source [47]:

• the neutrino beam energy spectrum can be precisely evaluated starting from
the muon one;

• the flavor composition is well known: two different flavors with opposite
leptonic number are generated for each muon decay;

• it is possible to change the polarity of the stored muons to obtain a charge-
conjugate neutrino beam;

• it delivers the same beam to different baseline experiments.

The oscillation physics is granted by the availability of different oscillation
channels that can be summarized in the following way:

• golden channel: it is based onνe → νµ and it can be tagged via the so-
called “wrong-sign muons”, in which muons in the detector have an oppo-
site charge with respect to the ones in the accelerator complex;

• silver channel: the oscillationνe → ντ occurs and, given the high energy,
a τ particle appears in the detector. The tagging is performed requiring a
“wrong-sign” event and identifying theτ decay vertex;

• platinum channel: theνµ(νµ) → νe(νe) oscillation is studied. This process
is the T and CP-conjugate of the golden one, even if with different matter
effects. The channel signature depends on the identification of the electron
charge.

According to the previous considerations, the following measurements have
been proposed [47]:

• determination of ∆m2

23
, its sign, theθ23 mixing angle and the leptonic

CP violation: the oscillationνe → νµ allows a precise measurement of
∆m2

23 andθ23. Moreover an evaluation of the CP violation and the mass
hierarchy can be made considering the effect of matter in theoscillation
probability. The CP violation can be measured considering the ratio:

R =
N(νe → νµ)

N(νe → νµ)
(1.69)

that is represented as a function of the baseline in figure 1.15. If L =
0 and no effects of CP violation occur, the ratio is 0.5, given the neu-
trino/antineutrino cross sections. IfL increases, the ratio becomes larger
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Figure 1.15: The predicted ratio of the wrong sign muon events as a function of
the baseline considering both the∆m2

23 signs. The band in the figure represents
the CP violation [50].

(smaller) if the∆m2
23 sign is positive (negative). Sufficiently large base-

line experiments (even better if the baselines are different) allow a precise
measurement of theR ratio, determining the∆m2

23 sign and theδ phase.

• determination of the θ13 mixing angle: figure 1.16 presents the sensitiv-
ity of the Neutrino Factory (NuFact) compared with other present and future
experiments. An entry-level (1019 muon decays per year without cooling)
and high-performance (2.4 × 1020 muon decays per year) Neutrino Fac-
tory (NuFact I & II, respectively) have been compared with the J-PARC-SK
experiment, a higher-energy off-axis project (NuMi) and a future J-PARK
experiment in which the detector is a megaton water Cherenkov system (Hy-
perKamiokande). The statistical sensitivity limit can be reduced taking into
account other oscillation parameters and degeneracy errors. The sensitivity
of NuFact II is almost two orders of magnitude better than theother experi-
ments.

Neutrino Factory non-oscillation physics studies like Deep Inelastic Scattering
(DIS) and non-neutrino science can be also performed. As faras the first type
is concerned, present neutrino DIS experiments require large and dense nuclear
targets to generate neutrinos from pion decays and the energy spectrum is not well
defined. In a Neutrino Factory this problem does not exist given the well-defined
original muon beam: the expected event rates would be an order of magnitude
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Figure 1.16: The sensitivity of an entry-level (I) and high-performance (II) Neu-
trino Factory on the mixing anglesin2 θ13 compared with present and future ex-
periments. JHF is the former name of J-PARK [51].

better than the present available experiments. Precise measurements of the CKM
matrix elements and the electroweak fundamental parameters (like sin2 θW ) are
also possible [47, 50].

Moreover non-neutrino physics researches can be also performed: the physics
of slow muons and the muon lifetime are just a couple of examples.

1.2 MICE: Muon Ionization Cooling Experiment

The Muon Ionization Cooling Experiment has been proposed in2003 to study the
feasibility of a Neutrino Factory based on a muon storage ring, a tool that repre-
sents the frontier for neutrino oscillation and CP violation studies and forµ+µ−

colliders [47]. More precisely, MICE intends to evaluate the most crucial task in
a Neutrino Factory: the muon cooling. Since standard techniques like electron,
stochastic or laser cooling are not effective enough because of the muon lifetime, a
possible solution is represented by the ionization cooling. This technique consists
of two parts: in a first phase muons lose transversal and longitudinal momenta by
means of scattering in a low density absorber, while in a second one the longitudi-
nal component is restored by radiofrequency cavities. The net result is a reduction
of the phase space volume, mathematically described by the emittance. MICE is
being commissioned at RAL in order to test the ionization cooling measuring the
emittance before and after a cooling section with a large precision which requires
a performing particle ID.
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In this section the ionization cooling is described together with its implemen-
tation in the MICE experiment.

1.2.1 The ionization cooling

In high energy physics, electrons and protons have been always considered as the
basic tools to study the SM and go beyond it. However, with higher energies, both
have some limits [52]: electrons are perfect probes becauseof their “point-like”
nature but lose a large amount of energy because of synchrotron radiation; on the
other hand, protons are complex objects. A possible alternative is provided by
muons: they are leptons with a massmµ of 105.66 MeV [53] (about 200 times
larger than the electron mass,me), so they can be accelerated and stored in a ring
and their energy loss due to radiation emission and beamstrahlung6 is negligible.
Focusing on neutrino physics, a muon storage ring is the basic component of a
Neutrino Factory.

However a muon storage ring requires that muons are first cooled which is a
hard task since, given the muon mean life (τµ = 2.2 × 10−6 s [53]), the standard
techniques are not effective [47] and, given the fact that muons are generated by
pions produced in a target, the initial phase-space volume is very large. The only
solution is represented by theionization cooling.

1.2.1.1 The emittance

In order to better understand this technique, it is important to describe it in terms
of emittance. The emittance (ǫ) defines the beam volume in the phase-space and it
is expressed asǫ6,n =

√
V /(mµc)

6, whereV is the determinant of the covariance
matrix of the muons in the 6D coordinate system(x, y, z, px, py, pz) and c the
speed of light;z is set along the particle motion,x andy define the orthogonal
transversal directions. If there are no correlations amongthe 6D coordinates,
it is possible to express the 6D volume by(σxσpxσyσpyσzσpz), whereσi is the
RMS width of theith variable distribution [48]. Under the hypothesis that the
off-diagonal (correlation) terms ofV are negligible, it is possible to express the
emittance as:

ǫ6,n ≈ ǫx,nǫy,nǫz,n (1.70)

whereǫi,n = σiσpi/mµc. Then subscript identifies the normalized emittance, to
distinguish it with respect to the non-normalized one, defined as:

ǫi = ǫi,n/γβ (1.71)

6In a storage ring, the beamstrahlung of a charged particle beam is the radiation emitted because
of the interaction with the electric field of the other beam.
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wherei = (x, y, z), whileγ andβ are the Lorentz factor and the velocity in terms
of speed of light.

In a cylindrical coordinate system, the emittance can be defined as:

ǫ6,n ≈ ǫ2⊥nǫ‖n (1.72)

whereǫ⊥n (ǫ‖n) is the normalized transverse (longitudinal) emittance.
The ionization cooling has been proposed in the early ’80s [52] and consists

in two different phases, as shown in figure 1.17 [54, 55]: firsta muon beam with
a large emittance crosses an absorber and loses transversaland longitudinal mo-
mentum via the interactions with atomic electrons (thedE/dx described by the
Bethe-Bloch theory [53]); then accelerating cavities restore the longitudinal en-
ergy loss.

Figure 1.17: A schematic overview of the ionization coolingtechnique [54].

The interaction with an absorber causes multiple scattering7 which in turn

7The multiple scattering effect describes the deflection (over small angles) of a charged particle
due to Coulomb scattering with nuclei [53]. For small deflection angles, it is described by a
Gaussian distribution: the RMS in a plane is defined as:

θRMS
plane = θ0 =

13.6 MeV
βcp

z
√

x/X0[1 + 0.038 ln(x/X0)] (1.73)

wherep, βc andz are the momentum, velocity and charge number of the incomingparticle, while
x/X0 is the thickness of the material (absorber in this case) in radiation lengths. At larger scat-
tering angles the phenomenon is the same of a Rutherford scattering, with tails larger than the
ones given by a Gaussian distribution. The radiation lengthis defined as the mean distance over
which an electron loses 1/e of its energy via bremsstrahlung. Empirically it can be expressed in
the following way:

X0 =
716.41 ·A

Z(Z + 1) ln 287
√

Z

g · cm−2 (1.74)

whereA andZ are the mass and atomic numbers.
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results in the increase of the emittance (a kind of heat source); according to equa-
tion 1.73, the cooling effect dominates for low Z materials like liquid hydrogen,
helium, lithium and beryllium since the multiple scattering contribution is smaller.

1.2.1.2 The transverse emittance cooling

According to figure 1.18(a), the transverse emittance cooling in the momentum
space can be schematically described in the following way [55]:

1. t1 to t2: muons cross an absorber reducing the transversal and longitudi-
nal emittance; looking at the Bethe-Bloch curve (an exampleis presented
in figure 1.18(b) for the lithium and beryllium cases), the minimum (Min-
imum Ionizing Particle, MIP) is located at∼ 300 MeV/c, so both the re-
gions before and after this value can be used, even if the lower momenta are
favourite. Because of the multiple scattering, the emittance is quite large
with respect to the theoretical one;

2. t2 to t3: the accelerator cavities restore the longitudinal momentum.

(a) (b)

Figure 1.18: a) The ionization cooling technique in the momentum space [55] and
b) the Bethe-Bloch curve for muons in Li and Be [55].

Since only the longitudinal momentum is restored, the beam divergence is smaller.
Mathematically the transversal ionization cooling is described starting from

equation 1.71: the normalized emittance in a given direction (e.g.x) is:

ǫx,n = γβǫx (1.75)
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whereǫx can be statistically expressed as:

ǫ2x =
〈

x2
〉 〈

θ2
〉

− 〈xθ〉2 (1.76)

whereθ is the divergence angle of the particle trajectory projected in the x-z plane.
The emittance variation along the travel motionz is:

dǫx,n
dz

= ǫx
d(γβ)

dz
+ γβ

dǫx
dz

(1.77)

The first term describes the cooling, while the second the heating:

dǫx,n
dz

(cool) = − 1

β2

ǫx,n
E

〈

dE

dz

〉

(1.78)

dǫx,n
dz

(heat) =
βγ

2ǫx

[

〈

x2
〉 d

dz

〈

θ2
〉

+
〈

θ2
〉 d

dz

〈

x2
〉

− 2 〈xθ〉 d

dz
〈xθ〉

]

(1.79)

whereE is the muon energy and the angle brackets indicate a mean value.
Assuming that the cooling occurs near the beam core and the focusing is strong

enough, the effects of the correlation among the beam parameters and the growth
in the transverse size of the beam are negligible, thus the heat term becomes:

dǫx,n
dz

(heat) ≈ βγ

2ǫx

〈

x2
〉 d

dz

〈

θ2
〉

(1.80)

According to the betatron8 focusing theory in the cylindrical symmetric coordinate
system (whereβx = βy ≡ β⊥):

〈

x2
〉

= β⊥ǫx (1.81)

thus:
dǫx,n
dz

(heat) ≈ βγ
β⊥

2

d

dz

〈

θ2
〉

(1.82)

Considering the multiple scattering theory and an approximation of equation 1.73
(without the term in the squared brackets), the heat term becomes:

dǫx,n
dz

(heat) ≈ β⊥

2

E2
S

β3Emc2
1

X0

(1.83)

whereES = 13.6 MeV.

8Theβ-function is the envelope around all the trajectories of theparticles circulating in the
focusing-defocusing (FODO) lattice [56].
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From equations 1.78 and 1.83 it is possible to note that the cooling decreases
as a function of the absorber length, while the heating term increases; equaling
the two terms, the minimum achievable emittance value is:

min ǫx,n ≈ β⊥E
2
S

2βmc2X0

〈

dE
dz

〉 (1.84)

where the dependence on the focusing is described byβ⊥, while the one on the

absorbing material byX0

〈

dE

dz

〉

.

Table 1.3 presents the most important parameters of some materials that can
be used in the ionization cooling [55]: thedE/dx is expressed for relativistic
particles (β ≈ 1) and it is possible to note that the best cooler is liquid hydrogen.

Material ρ dE/dx X0 β⊥

[g/cm3] [MeV/cm] [cm] [mm mr/cm]
liq. H2 0.071 0.286 890. 42
liq. He 0.125 0.242 756. 59
LiH 0.82 1.34 102. 78
Li 0.534 0.875 155. 79
Be 1.848 2.95 35.3 103
CH2 0.93 1.93 47.9 116
C 2.265 3.95 18.8 144
liq. N2 0.807 1.47 47. 155
Al 2.70 4.36 8.9 275

Table 1.3: Parameters of materials for the ionization cooling [55].

1.2.1.3 The longitudinal emittance cooling

The beam longitudinal component is also cooled during the absorption. The nor-
malized longitudinal emittance can be defined as [55]:

ǫz,n = βzγδσz (1.85)

whereσz is the beam bunch length and

δ =
σpz

pz
(1.86)

As before, the emittance variation in a stepdz in an absorber is given by:

dǫz,n
dz

= βγδ
dσz

dz
+ βγσz

dδ

dz
+ δσz

d(βγ)

dz
(1.87)
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In this equation it is assumed that the motion is predominantalong thez direction.
In the hypothesis of relativistic beams, the changes in the bunch length (σz) are
very small, so the first term can be neglected; therefore the previous equation
becomes:

dǫz,n
dz

≈ βγσz

pz

dσpz

dz
(1.88)

The energy spread term

(

dσpz

dz

)

can be generated by three factors:

• dE/dx: because of the curvature of thedE/dx (figure 1.18(b)), particles
with different momenta lose a different amount of energy. The energy loss
term is given by:

dσpz

dz
=

σE

βc

d

dE

(

dE

dz

)

(1.89)

The term increases (decreases) for a momentum smaller (larger) than the
minimum ionization value. However the rate of cooling is very small since
thedE/dx is very small (in the relativistic region): as an example, inthe
range 600-800 MeV thedE/dx term varies from0.4× 10−4/cm for hydro-
gen to4.5× 10−4/cm for aluminum;

• straggling: the statistical fluctuation in the energy loss in a given distance is
definedstraggling. Straggling adds another term to the energy spread:

dσpz

dz
=

Ks

2βcσE
γ2

(

1− 1

2
β2

)

(1.90)

where the constantKs is defined as:

Ks = 4π(remec
2)2

NAZρ

A
(1.91)

wherere is the classic radius of the electron andNA the Avogadro number.
Given theγ2 factor, the cooling at lower energy has to be preferred;

• the absorber density: the longitudinal cooling is a function of the density or
thickness of the absorber in a region of non-zero dispersion. Considering a
wedge absorber (figure 1.19), the energy dispersion term becomes:

dσpz

dz
≈ 1

βc

dE

dz

ηδ

αL0

(1.92)

where the dispersion is defined byη = dx/dδ, the wedge angleα = dx/dz
andL0 is the wedge absorber thickness.

The longitudinal cooling is typically associated to the heating in the transverse
component due to the multiple scattering effects, and viceversa: this effect is
calledemittance exchange[55].
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Figure 1.19: The longitudinal cooling using a wedge absorber [55].

1.2.2 MICE: goals and setup

The Muon Ionization Cooling Experiment is being built to study the ionization
cooling technique for future Neutrino Factory and Muon Collider applications
[47]. More in detail, the MICE goals are:

1. to design and build a cooling section for a Neutrino Factory;

2. to tune and characterize the muon beam produced in the section.

Figure 1.20 presents a 3D model of the MICE line: the basic elements are the
cooling section, two spectrometers (to measure the emittance reduction) and the
particle ID system. MICE intends to reduce by a factor of 10% the transverse
emittance of a muon beam with a momentum in the range 140-240 MeV/c and
an emittance from 1π to 10π mm rad. Just for a comparison, a transverse RMS
emittance of 1500 mm mrad and a longitudinal RMS emittance of30 mm are
needed for a Neutrino factory [58].

As in the case of a Neutrino Factory, in MICE muons are produced by the
decay of pions generated by protons impinging on a target. The protons are accel-
erated by the ISIS synchrotron at the Rutherford Appleton Laboratory (RAL, Did-
cot, UK, figure 1.21(a)) to an energy of 800 MeV. A part of the primary beam halo
interacts with a titanium target and produces pions (figure 1.21(b)). Since MICE
must not disturb the normal ISIS operation, the target is inserted into the proton
beam only once per ISIS cycle. The ISIS cycle is divided in micro-structures
(bunches) of 100 ns (separated by 224 ns) for 1 ms per second: for the MICE
purpose, only one good muon per bunch is requested. It has been estimated that
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Figure 1.20: A 3D model of the MICE line: the muon beam comes from the left
[57].

in order to have 500 good muons per spill in the cooling channel, up to1.4× 1012

must impinge on the target [9].
Pions are then captured by a triplet of quadrupole magnets (figure 1.22(a)),

while bending magnets send them to the MICE hall (figure 1.22(b)), selecting
the particles with the highest momenta. In the MICE hall pions can decay in a
5 m long superconducting 5 T solenoid that was contributed bythe Paul Scherrer
Institute (PSI, Switzerland). After the decay solenoid, a polyethylene absorber
is placed to capture the remaining protons. Finally, a second dipole and two
quadrupole magnets are used to select muons from pions, to address them towards
the MICE line and to focus the beam itself.

A representation of the MICE line layout is given in figure 1.23: a muon beam
is cooled by three liquid hydrogen absorbers while the longitudinal momentum
is restored by two radiofrequency cavities; the emittance is measured by two 4 T
spectrometers before and after the cooling channel; a particle identification system
(made of TOF and Cherenkov detectors and a calorimetric system) is used to
discriminate muons from the background (mainly pions and electrons).

1.2.2.1 Cooling section

A cooling section is based on three fundamental parts: low-Zabsorbers, high-
gradient radiofrequency (RF) cavities and focusing systems to squeeze the beam.
A possible schematic view is presented in figure 1.24. The design of a cooling
channel depends on several factors [47]:

1. cooling factor: the largest reduction factor in the transversal emittanceis
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MICE hall

(a)

(b)

Figure 1.21: MICE at RAL: a) a photo of the Rutherford Appleton Laboratory
and b) a drawing of the pion extraction line [9].

given by:
∆ǫ

ǫ
=

∆E

E
(1.93)

For a muon beam of 200 MeV/c, a 10% reduction request corresponds to
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(a)

(b)

Figure 1.22: Muon production at RAL: a) the ISIS proton beam halo impinges
on a titanium target (bottom right); pions are generated andcaptured by three
quadrupoles (in green). High momentum pions are selected bya bending mag-
net which transports them to the b) MICE hall where they decayin a 5 m long
solenoid.

20 MeV of energy loss and a similar value of momentum restoring in the
RF cavities;

2. absorbing material: the best absorber material is selected considering the
pros and cons of each of the elements presented in table 1.3;

3. RF cavity frequency: the RF cavities are characterized by their frequency:
some studies have suggested to use 88 MHz, while some others 201 MHz.
Since the first ones occupy more space, need more power and provide less
gradient, the second ones have been chosen by the MICE collaboration;

4. beam: a typical incoming muon beam could have the following features:
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Figure 1.23: The MICE experiment layout [47]: a muon beam is cooled by three
liquid-H2 absorbers and the momentum is restored by two radiofrequency cavi-
ties. 4 T spectrometers before and after the cooling channelmeasure the emittance
reduction, while a particle identification system (based onTOF, Cherenkov detec-
tors and a calorimetric system) is used to discriminate muons from background.
Thez direction is defined along the beam, while thex andy coordinates are the
transversal ones.

Figure 1.24: A schematic view of a possible cooling channel:three low-Z ab-
sorbers are enclosed in focusing coils (to squeeze the beam); two RF cavities
restore the longitudinal momentum [47].

• momentum: 200 MeV/c;



1.2 MICE: Muon Ionization Cooling Experiment 45

• momentum spread: 10%

• beam size RMS: 5 cm in both the transversal directions;

• beam divergence RMS: 150 mrad in both the transversal directions.

5. focusing: in order to reduce the emittance growth due to the increase of the
beam size, different focusing methods have been proposed [55]:

• a solenoid, that produces a central longitudinal magnetic field, causing
the particle to follow a helicoidal trajectory;

• a solenoid FOFO cell, made of short solenoids separated by a certain
distance that can focus in both the transversal directions at the same
time.

According to the previous constraints, the MICE section is made of three Ab-
sorber Focusing Coils (AFCs) and two RF cavity and Coupling Coils (RFCCs).
An AFC module consists of two parts: the liquid hydrogen absorber (but other
materials, like helium, can be also used) and solenoid magnets [59, 60]; a 3D
model is presented in figure 1.25(a).

(a) (b)

Figure 1.25: A 3D [61] and a cross sectional view [62] of an Absorber Focusing
Coil.

The absorber consists in a 21 l vessel that contains 1.5 kg of liquid hydro-
gen (or 2.63 kg of liquid helium); in order to reduce the multiple scattering, a
pair of 300 mm diameter 0.18 mm thick windows are used in the beam aperture
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(figure 1.25(b)). The hydrogen, supplied by a 1.5 W cryocooler at 4.5 K, is explo-
sive when mixed with air, thus some safety precautions like the double window
(the vacuum is pumped between the windows) and the coverage of all the vac-
uum chambers with argon gas (to avoid the air condensation) have been taken into
account.

The absorber is placed in the center of a superconducting focusing solenoid
(with a magnetic field of 4-6 T [47]) which has a bore diameter of 470 mm; the
total length along the beam motion is 844 mm.

A RFCC module (figure 1.26(a)) consists of 4 201 MHz normal conducting RF
cavities and one superconducting coupling coil magnet [63]. The cavity resonant

(a) (b)

Figure 1.26: a) A representation of a RFCC module and b) a photo of a 201 MHz
cavity [63].

frequency is set shaping the cavities by means of six stainless steel flexure tuners
(figure 1.26(b)); a very thin Be window or an Al grid (both transparent to muons)
are installed on the beam aperture [47]. The coupling coil magnet is made of Al
and Cu and is cooled with liquid helium at 4 K.

1.2.2.2 Spectrometers

The muon cooling is evaluated through the measurement of theemittance reduc-
tion of each single particle; the emittance before and afterthe cooling channel is
computed using six coordinates(x, y, t, px/pz, py/pz, E/pz). These coordinates
are measured by spectrometers consisting of a scintillating fiber tracker [64] and
a 4 T solenoid magnet [65]: the muon trajectories are circular in the transver-
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sal plane, providing the transversal momentum from the radius andpz from the
number of the orbit and the TOF measurements [47].

The 10% emittance reduction in MICE has to be measured with anaccuracy
of 1%, so a precision of 0.1% on the single particle emittanceis required. There-
fore the amount of the tracker material must be small not to increase the multiple
scattering effect. A scintillating fiber tracker (SciFi, figure 1.27(a)) has been de-
veloped for this goal: it consists of 5 stations with a 40 cm diameter carbon-fiber
frame and three scintillating fiber doublets glued at a 120◦ angular spacing. A fiber

(a) (b)

Figure 1.27: The spectrometer: a) the SciFi tracker [66] andb) its solenoid [67].

doublet is made of two layers of 350µm of diameter scintillating fibers. The scin-
tillating light is readout by Visible Light Photon Counters(VLPCs) maintained at
a temperature of 9 K. The overall number of channels of the twospectrometers
is 6400 [64]. The spatial resolution has been measured to be (682±1) µm with
cosmic rays at RAL with a detection efficiency of 99.7%.

The fiber detectors are placed in two 2.9 m long solenoid magnets (presented
in figure 1.27(b)): since the ranges of momentum andβ⊥ are very large, the
solenoid must be tuned over a very large range of currents. A tracker solenoid
is made of two matching coils and three spectrometer ones. The spectrometer
coils guarantee a uniform magnetic field over a length of 1 m and a diameter of
30 cm, while the two matching ones are used to match theβ of the adjacent AFC
with the one in the spectrometer. The overall magnetic field is 4 T.

1.2.2.3 Particle ID: TOF, CKOV and EMCal

In MICE a performing particle identification is necessary toidentify muons from
the background which consists mainly in pions and electrons. Upstream of the
cooling channel, two Time-Of-Flight (TOF) stations and twoCherenkov (CKOV)
detectors are used to distinguish muons from the remaining pions; downstream,
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another TOF station and an electromagnetic calorimeter (EMcal) are devoted to
the muon electron separation [47].

The upstream TOF detectors are not only used for particle identification, but
also to generate the experiment trigger and a precise timingreference with respect
to the accelerating RF cavities [68]. Each TOF station consists of two layers of
1 inch scintillator counters arranged in a x-y geometry (to increase the redundancy,
figure 1.28(a)) readout on both sides by two fast R4998 Hamamatsu photomulti-
pliers; TOF0 has a sensitive area of 40×40 cm2, TOF1 of 42×42 cm2, while
TOF2 of 60×60 cm2 [68, 69]. TOF0 is placed at the beginning of the channel,

(a) (b)

Figure 1.28: a) A TOF schematic view: the scintillator slabsare arranged in a
x-y geometry and are readout on both sides by fast PMTs [70]. b) TOF2 in its
shielding cage [69].

about 10 m upstream of the first AFC, while TOF1 and TOF2 are placed at the
beginning and at the end of the cooling channel respectively.

To determine the timing with respect to the RF phase with a precision bet-
ter than 5◦, a time resolution of 50 ps for TOF0 is required, while for a 99%
pion rejection a resolution of 100 ps is enough. These performances must be pro-
vided in critical conditions: TOF0 must support an incomingbeam rate of about
1.5 MHz (0.5 MHz per PMT), while the other two must work with a residual
magnetic field that can reach 1300 G. The PMTs of the first station are shielded
with conventional mu-metal shielding, while the other two TOFs are enclosed in
100 mm iron shielding cages (figure 1.28(b)). As far as the readout electronics
is concerned, the time measurement is based on the CAEN V1290time-to-digital
converters (TDCs), while flash analog-to-digital converters (FADC) are used for
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the time-walk corrections.
For higher momenta, the particle identification with only the TOF system be-

comes critical: from 220 to 340 MeV/c the muon/pion time difference goes from
2.4 to 1 ns [71]. Therefore two aerogel threshold Cherenkov detectors (named
CKOVa and CKOVb) have been assembled: the first has an aerogelreflection in-
dex equal to n1=1.07 (which corresponds to a momentum threshold for muons of
Pµ,1=278 MeV/c and for pions of Pπ,1=367 MeV/c), while the second has n2=1.12
(Pµ,2=210 MeV/c, Pπ,2=277 MeV/c) [9, 72]. Experimentally, for a 140 MeV/c
beam both CKOVs do not provide a signal; 200 MeV/c muons are above thresh-
old in CKOVb, while pions are below threshold in both; at 280 MeV/c, pions are
above the CKOVb threshold, while muons are above both thresholds.

A CKOV station (figure 1.29) is based on two 2.3 cm thick layersof aerogel
that cover a sensitive area of46× 46 cm2: the light is readout by 4 8-inch PMTs.
Since the expected rate is very high, the PMT signals are digitized by a high

(a) (b)

Figure 1.29: a) An exploded view of a CKOV detector. From leftto right a
muon/pion crosses: the entrance window, the mirror, the aerogel mosaic, the ac-
etate window, the GORE-TEX reflector panel, the exit window.The gray cylin-
ders are the 8-inch PMTs in the iron shield. b) A photo of an Aerogel Cherenkov
station [73].

frequency sampling waveform digitizer (CAEN V1731).
The last particle identification device is the Electron Muoncalorimeter (EM-

cal): this electromagnetic system is based on a pre-shower (KLOE-Light front
layer) and the Electron Muon Ranger (EMR) and has been developed to discrim-
inate muons from electrons9. Since EMR is the heart of this thesis work, it is
extensively described in chapter 2.

9MICE can work with both negative and positive particles; in this thesis, if not otherwise
indicated, electron is used both for electron and positron.
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The KLOE-Light (KL) pre-shower is a sampling calorimeter based on the
KLOE one [74]: it is made of extruded 80×80 cm2 Pb foils transversally seg-
mented with 1 mm scintillating fibers that are inserted and glued in the lead holes.
The energy is lower with respect to the KLOE one, so the lead foils are thinner.

(a) (b)

Figure 1.30: The KLOE-Light layer: a) the “spaghetti” structure requires that
the scintillating fibers are glued in grooved lead foils [9].b) The KL is placed
downstream of TOF2.

The overall detector (placed downstream of the TOF2 station(figure 1.30(b))
consists of 7 modules for a total of 2.5 X0. The scintillator light is readout on both
sides by Hamamatsu R1335 PMTs. The energy resolution has been measured to
beσE/E=7%/

√

E(GeV), while the time resolution isσt=70 ps/
√

E(GeV) [71].

1.2.2.4 MICE time schedule

The MICE experiment is planned to be commissioned in six mainstages [47]:
figure 1.31 presents the schedule updated in 2010 [75].

The six steps can be described as follows:

1. characterization of the beamline, calibration of the detectors and evaluation
of the beam composition; for this step the first two TOFs, the CKOVs and
the KL are installed;

2. installation of the first spectrometer and TOF2;

3. installation of the second spectrometer: since no material is present between
the two spectrometers, they must provide the same results, allowing a good
calibration of the system. Installation of EMR;
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Figure 1.31: The MICE time schedule is divided in 6 stages. The present schedule
has been fixed in March 2010 [75].

4. installation of the first AFC to measure the energy loss andthe multiple
scattering in different focusing conditions;

5. installation of the first cooling cell (two AFCs and one RFCC); the noise
due to the RFCC is evaluated for the first time;

6. installation of the second cooling cell (one AFC and one RFCC) and final
measurements.

At the time of this work, Step I has been completed, TOF2 has been installed
and part of EMR has been commissioned (see chapter 5).
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Chapter 2

The Electron Muon Ranger: how &
why

The Electron Muon Ranger (EMR) is a fully active scintillator detector that is
being assembled to discriminate (together with KL) muons from electrons. The
necessity to use two devices is explained in the first part of this chapter, while
the second one deals with a full description of this tracker-calorimeter based on
2832 scintillating bars. EMR, in fact, is made of 48 layers arranged in a x-y
geometry; each layer consists in 59 1.1 m long extruded scintillating bars with a
triangular shape whose light is carried out by one wavelength shifter (WLS) fiber
and readout on both sides by single or multi-anode PMTs. A particular attention
is devoted to the readout electronics of the whole system: the single PMT signals
are readout by multi-channel waveform digitizers (WFDs), while the multi-anode
ones are managed by a dedicated ASIC system.

Last but not least, the description of two EMR prototypes is given: the first (the
small scale prototype) is devoted to the study of the trackercapability of the EMR
detector while the second one (Large EMR Prototype) has beenused to investigate
its potential as a calorimeter. The muon/electron identification in MICE in fact is
based on kinematic cuts (TOF system) and on a couple of variables depending on
the energy measured by each EMR plane and the number of particle tracks in the
detector itself.

2.1 Theµ/e discrimination in MICE

As stated in section 1.2.2.3, in MICE muons are separated from the background
by a performing particle identification (particle-ID) system: pions are identified
upstream of the cooling channel by means of two TOF stations and two aero-
gel Cherenkov detectors, while electrons are discriminated by a third TOF and

53
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EMcal. As far as the upstream particle-ID is concerned, figure 2.1(a) presents
the time-of-flight spectrum (obtained with the TOF0 and TOF2detectors during
the commissioning phase of the TOF2) of a low emittance 300 MeV/c beam [75].
This beam is used for detector studies and it is composed of positrons (represented
by the first small peak), muons (second peak) and pions (thirdpeak).

(a) (b)

Figure 2.1: a) The TOF system spectrum of a 300 MeV/c pion beam[69]: the
small peak (at 34 ns) is the one corresponding to positrons, the peak in the range
[36-38] ns to muons while the last one to pions. b) The number of survived muons
(blue) and electrons (red) as a function of momentum downstream of the second
spectrometer [47].

The downstream particle-ID is necessary since 1% of the muons are expected
to decay in the cooling channel: this small fraction of electrons has a significant
difference in momentum and it can introduce a bias in the emittance measure-
ment. As presented in figure 2.1(b), the lower the momentum value, the larger the
number of electrons after the second solenoid.

In order to achieve a 0.1% precision on the emittance measurement, a muon
identification purity of 99.993% is required [9]: with kinematic cuts (based on the
TOF system, in a way similar to the one presented in figure 2.1(a)) a rejection
of 80% of the events is granted; the rest was originally achieved using KL and a
second CKOV detector [47]. However the system costs were considerable and,
more in general, the calorimeter was not optimized for MICE.So a fully active
scintillator detector was proposed: SandWich (SW, figure 2.2(a)) consisted in 12
layers with different thickness which had to be placed just after KL, replacing
the CKOV [9]. The layer thickness was chosen in order to optimize the energy
resolution by means of G4MICE [76], a simulation toolkit based on GEANT4
[77]: the simulation results (presented in figure 2.2(b)) clearly indicated that such
a device was optimal to reach the required purity.

Later on, the SW design evolved in EMR: because of the simplification in
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(a) (b)

Figure 2.2: a) The SandWich detector (in gray and yellow) hasbeen designed by
means of a G4MICE simulation. b) The background rejections for a 140 MeV/c
beam: the black solid line is related to the use of SW and TOF, while the dash-
dotted red line indicates KL+TOF. KL and SW without TOF are given by the red
and black dashed lines, while the purple line is the one corresponding to TOF only
[9].

the manufacturing and the good performances over a large range of momenta
and of the experience in the MINERνA detector1, a multi-layer system based on
long scintillating bars was proposed. Moreover, after someprototype studies, the
original rectangular bar shape was substituted with the final triangular one.

2.2 EMR: design and manufacturing

The Electron Muon Ranger is a fully active scintillator detector placed at the end
of the MICE line, just behind the KL calorimeter (figure 2.3(a)). EMR consists
in 48 planes of extruded scintillating bars arranged in a x-ygeometry. The bars
are provided by the Fermi National Accelerator Laboratory (FNAL) and are made
of blue-emitting DOW Styron 663 polystyrene with 1% PPO and 0.03% POPOP
dopants [79]; the emission peak corresponds to 420 nm. The bar shape has been
chosen after some prototype studies [80]: originally the bars had a rectangu-
lar shape (1.5×1.9 cm2), but this caused an inefficiency due to the non perfect
planarity of the contiguous edges. Therefore the triangular shape (base=3.3 cm,
height=1.7 cm, figure 2.3(b)) has been adopted.

1MINERνA (Main INjector ExpeRiment forν-A) is a neutrino scattering experiment placed
on the NuMI beamline at Fermilab [78]. The tracking system isbased on long plastic scintillating
bars.
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Figure 2.3: a) The Electron Muon Ranger is a fully active detector placed at the
end of the MICE line, just behind KL. Thez direction is defined along the beam,
while thex andy coordinates are the transversal ones. b) The scintillatingbars
have a triangular cross section in order to reduce the inefficiency in the dead region
among the bars themselves [Courtesy of the UNIGE group].

The scintillator light is brought out by one 1.2 mm diameter Saint-Gobain2

BCF-92 wavelength shifter (WLS) fiber; the main features of the WLS fibers are
presented in table 2.1. The original design foresaw that a unique 3.5 m WLS fiber
(glued in the bar) carried out the light on both sides to two PMTs; however some
prototype tests [81] demonstrated that the mechanical stress could cause micro-

2Saint-Gobain Crystals: www.detectors.saint-gobain.com
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Manufacture reference BFC-92
Physical property Fast blue to green shifter
Diameter 1.2 mm
Core material Polystyrene
Core refractive index 1.6
Density 1/05
1st cladding material PMMA (PolyMethylMethAcrylate)
1st cladding refractive index 1.49
1st cladding thickness 3% of fiber diameter
2nd cladding material Fluor-Acrylie
2nd cladding refractive index 1.42
2nd cladding thickness 1% of fiber diameter
Numerical aperture 0.74
Trapping efficiency 5.6% minimum
Decay time 2.7 ns
Peak emission 492 nm (green)

Table 2.1: The main features of the BFC-92 WLS fiber.

fractures that reduce the light transmission. For this reason, a new fiber system
has been suggested: one WLS fiber is glued in the scintillatorbar and fixed at the
edge of the bar itself with two connectors; two separate clear fibers (one per side)
carry out the light from the connectors to the PMT coupling masks. In this way all
the bars are assembled with their own fiber and independentlytested; in presence
of a failure in the transmission of the light in the bar+external fibers chain, only
these last ones have to be changed.

The Département de Physique Nucléaire et Corpuscolaire (DPNC) of the Uni-
versity of Geneva (UNIGE) is responsible of the EMR design and mechanics. The
bar assembly procedure is schematically presented in figure2.4 and it is the result
of the steps studied in the prototype phase that can be summarized as follows:

• the original bars (from FNAL) have a length of 3-4 m, so they are cut at
1.1 m grouping 4 bars together to simplify the procedure (figure 2.4(a));

• the bar edges are polished and fine milled (figure 2.4(b));

• a WLS fiber is inserted in the bar (figure 2.4(c)), fixed on one side to a con-
nector and glued in the bar with transparent glue. Then the second connector
is placed on the other edge, before polishing both the fiber edges;

• 60 clear fibers (per PMT) are prepared: 59 fibers are used to readout the
bars, while one for the calibration with a LED system. On one side they are
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polished and fixed to a connector, while the other side is free. They are then
covered with a dark plastic to avoid the fiber cross-talk effect and to protect
the fibers themselves (figure 2.4(d));

• the fibers are interfaced to the PMT coupling masks and then glued, cut and
polished.

a b

c d

Figure 2.4: The bar assembly procedure: a) the original bars(3-4 m long) are cut
to the right length and b) milled. c) A WLS fiber is inserted andglued in the bar
and a connector is placed at the edge. d) The clear fibers that connect the edge of
the bars and the PMTs are covered by a dark plastic foil [Courtesy of the UNIGE
group].

Figure 2.5(a) shows the drawing of an EMR plane made of 59 1.1 mlong scin-
tillating bars: an EMR module (1x+1y layers) covers a sensitive area of nearly
1 m2. Each layer is supported by an aluminum frame, while an aluminum box is
used to guarantee the light tightness of the WLS fibers (figure2.5(b)); the elec-
tronics supports are directly connected to the frame.

The EMR planes are placed one after the other (figure 2.6(a)) in an outer box
that is integrated with the KL frame (figure 2.6(b)). The box also hosts 4 patch
panels for the high voltage, the configuration and the data transmission signals.
In total EMR consists in 2832 bars: since a single layer weights about 30 kg, the
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(a) (b)

Figure 2.5: a) An EMR plane: the scintillator light of each ofthe 59 1.1 m long
bars is carried out by a fiber system made of one 1.2 mm WLS fiber and a clear
one. On one side the light is readout by a single PMT to measurethe whole plane
charge, while on the other side by a 64 channel PMT (MAPMT) forthe tracking.
b) A module consists in 1x and 1y layers: each layer is supported by an aluminum
frame, while the fiber light tightness is ensured by metallicboxes. The electronics
supports are directly connected to the aluminum frame [Courtesy of the UNIGE
group].

x

y
z

(a) (b)

Figure 2.6: a) The EMR layers are positioned one after the other and are enclosed
in a metallic external frame which also hosts the patch panels. b) The EMR outer
box is integrated in the KL frame [Courtesy of the UNIGE group].

whole detector weight is about 1.5 tons.
The scintillator light is readout on both sides by two different photomultiplier

tubes (PMTs): on one side the 59 bars are interfaced to a single anode PMT to
measure the overall energy loss in the whole plane; on the other side each bar is
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coupled to one of the 64 channels of a multi-anode PMT (MAPMT).
As far as the PMTs are concerned, the major problem is represented by the

residual magnetic field due to the last spectrometer: in the worst case (close to
KL) the residual field is expected to reach 1200 G and to decrease to 300 G in the
last EMR plane. The shielding has been designed consideringa 5 cm soft iron
reflector in front of EMR and a 1 mm thick Armco tube around the PMTs [75]:
figure 2.7(a) presents the single PMT and its cylindrical frame that is fixed to the
aluminum frame of each plane.

(a) (b)

Figure 2.7: a) The single anode PMT consists mainly of the glass (bottom right)
and the voltage divider (bottom left) that are inserted in a 1mm thick cylindrical
shielding tube (top) fixed to the plane frame. b) The 59 fibers and the PMT are
connected through a dedicated plastic mask [Courtesy of theUNIGE group].

The single channel PMT is a Photonics XP29723 whose main features are
presented in table 2.2. The coupling between the 59 fibers andthe PMT is obtained

Diameter 29 mm
Material lime glass
Photo-cathode bi-alkali
Spectral range 290-650 nm
Maximum sensitivity at 420 nm
HV -1300 V
Gain 9.3×105

Table 2.2: The main features of the Photonics XP2972 single anode PMT.

thanks to the plastic mask presented in figure 2.7(b): after the gluing into the mask,
the fibers are polished with a dedicated machine.

3Laurin Publishing Co., Inc.:www.photonics.com
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A 64 channel multi-anode PMT (MAPMT) is used to measure the energy de-
posited in each bar: it is the green enhanced version of the Hamamatsu H7546B4

(figure 2.8(a)) integrated in the device R7600-00-M64, whose main features are
summarized in table 2.3. The MAPMT is coupled to the WLS fibersby means of

Number of anodes 8×8
Anode effective area 1.81×1.81 mm2

Dynode stages 12
Photo-cathode material bi-alkali
Window material borosilicate glass
Spectral range 185-650 nm
Peak wavelength 420 nm
Cross-talk among channels 2%
Maximum HV -1000 V
Gain 3×105

Table 2.3: The main features of the 64 channel Hamamatsu R7600-00-M64
MAPMT.

(a) (b)

Figure 2.8: a) The Hamamatsu R7600-00-M64 64 channel MAPMT and b) the
fiber-PMT coupling mask [Courtesy of the UNIGE group].

the plastic mask shown in figure 2.8(b). As in the single PMT case, the fibers are
glued in the mask and then polished; the system is inserted ina 1 mm thick iron
shielding tube. In order to reduce the cross-talk effect, for each plane the odd bars
are readout by the first half of the MAPMT, while the even ones by the second
half.

4Hamamatsu Photonics K.K.:www.hamamatsu.com
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In the prototype phase several tests have been performed to arrive to the final
design of the mechanics and the assembly fixtures of the PMTs [80, 82]:

• PMT model. Two PMTs have been used: the R7600-03-M64 is more sen-
sitive to the UV wavelengths, while the R7600-00-M64 to the green region.
In the EMR case, the difference in the quantum efficiency should be of the
order of 20%. Laboratory tests have confirmed that the EMR plane effi-
ciency with the second device is better;

• optical grease. In order to reduce the light dispersion in the contact between
the fibers and the PMT glass, an optical grease has been adopted. Although
the detection efficiency increases, the same happens to the cross-talk effect
given the high density of channels. In the final setup the optical grease is
not used;

• flex cable. For mechanical constraints the MAPMT signals areaddressed
to the frontend board by means of a flexible kapton cable (see section 2.3.1
for further details). Laboratory tests have demonstrated that such a device
is not a source of electromagnetic noise, although further studies need to be
performed at RAL with the RF cavities in place.

2.3 Electronics

The EMR electronics scheme is shown in figure 2.9; it is based on a Versa Module
Eurocard (VME) system which hosts six 8 channel WaveForm Digitizers (CAEN
WFD 17315) to digitize the single PMTs signal, three configuration boards and
eight readout ones for the MAPMTs. The MAPMT signals are processed by the
FrontEnd Boards (FEBs) and are sampled, buffered in memory,and sent via a
gigabit link by the Digitizer and Buffer Boards (DBBs) to a readout board; a
configuration board (VCB) is foreseen to configure and send the trigger signal to
a group of 16 FEBs in parallel (3 VCBs in total).

More in detail, and referring to the block diagram presentedin figure 2.10, the
overall EMR electronics can be divided as follows:

1. the MAPMT data acquisition (DAQ) software is developed ona PC which
communicates with the VME bus via a PCI card (CAEN V2818). Thesoft-
ware is developed within the MICE DAQ framework (DATE, designed for
the ALICE6 experiment [83]);

5CAEN Spa;www.caen.it
6ALICE (A Large Ion Collider Experiment) is one of the four experiments of the Large Hadron

Collider (LHC, CERN).
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Figure 2.9: The EMR electronics scheme: the single-anode PMT signals are read-
out by 8 channel WFDs, while the MAPMT ones are processed by the FEBs and
are sampled and sent to the VME system via a gigabit link by theDBBs. A con-
figuration board is foreseen to configure and send the triggersignal to a group of
16 FEBs in parallel.

2. 3 VME Configuration Boards (VCBs) are inserted in a VME crate equipped
with a VME/PCI interface (CAEN V2718) and they are used to configure
three groups of 16 FEBs in parallel at the beginning of the run;

3. a VME Readout Board (VRB) is responsible of the data transmission with
the DBB: since 6 DBBs are daisy-chained, 8 VRBs are used;

4. a Trigger Receiver board addresses the MICE triggers to the system: the
“DAQ trigger”, which arrives about 100 ms after the end of thespill and
is responsible of the readout of all the MICE systems, and the“Particle
trigger”, which identifies the passage of a particle throughthe detectors in
MICE. According to the MICE specifications (section 1.2.2),a maximum
number of 500 particle triggers per spill are expected; typically muons gen-
erate 2 hits per layer, while electrons can generate more.

The other two fundamental elements of the EMR electronics are the FEB and the
DBB, which will be extensively discussed in the next sections.
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Figure 2.10: The block diagram of the overall EMR electronics [Courtesy of the
UNIGE group].

The PC PCI card and the VME interface are connected through anoptical link.
The connection between the VRB and the first DBB of the chain isperformed by
4 coaxial cables that have SMA (SubMiniature version A) connectors on the DBB
side and LEMO7 connectors on the VRB one. One pair of cables is used for the
input (DATA IN) and one pair for the output (CMD OUT), since each pair forms
a differential transmission line.

2.3.1 The FrontEnd Board

The FrontEnd Board (FEB) is being developed to process the MAPMT signals:
the core is represented by the MAROC (Multi Anode ReadOut Chip) ASIC (Ap-
plication Specific Integrated Circuit) [84], that is able toprocess 64 channels in

7LEMO S.A.;www.lemo.com.
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parallel, and the control FPGA (Field Programmable Gate Array). The final FEB
version has been developed starting from a prototype one used for all the pre-
liminary tests (chapter 3); the block diagram of both versions is presented in fig-
ure 2.11.
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Figure 2.11: The FrontEnd Board schematic view: the MAPMT signals are man-
aged by the MAROC ASIC; the analog output is digitized by an external ADC,
while the digital ones are addressed to the DBB via the FPGA that is responsible
of the configuration and readout. The brown region identifiesthe components of
the final FEB.

The MAPMT is connected to the FEB through a socket: in the prototypes
the PMTs are directly plugged in the boards, while in the finaldetector a 4 layer
flexible kapton cable (figure 2.12(a)) is used because of geometrical constraints;
in this case the high voltage is provided by an external cable.

The PMT outputs are processed in parallel by the MAROC ASIC, achip de-
signed in the AMS SiGe 0.35µm technology. The choice of this ASIC was given
by the first electronics requests of a pure digital provided by this commercial ASIC
which had large advantages in terms of costs and knowhow.

Each MAROC channel (figure 2.12(b)) consists in a pre-amplifier with a vari-
able gain, a tunable slow shaper and a sample & hold circuit for the analog readout,
a tunable fast shaper and a discriminator for the digital one. The analog shaper
provides a signal with a tunable peak value between 50 and 150ns, while the
digital ones of the order of a few tens of ns.
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Figure 2.12: a) The flex cable connecting the MAPMT to the FEB.b) A schematic
view of the MAROC ASIC channel: each MAPMT channel output is pre-
amplified, shaped, sampled or discriminated, depending on the readout mode. The
ASIC provides one multiplexed analog output and 64 paralleldigital ones.

The ASIC (inserted in a plastic package) provides one multiplexed analog out-
put which is digitized by an external analog-to-digital converter (ADC AD9220,
Analog Devices8) and 64 parallel digital ones that are sent to the DBB. At the
beginning of each run the ASIC has to be configured through theVCB: this op-
eration consists in sending a string of bits to the MAROC in order to set all the
parameters like the gain, the threshold, the shaper feedback capacitors. Further
details are presented in appendix A, together with the performances of the ASIC
with the prototype FEB. Among the tests, a special attentionis devoted to the
ones related to the Time over Threshold (ToT) architecture implemented in the
ASIC, that ensures a correlation between the digital and theanalog outputs since
the digital output width is a function of the input amplitude.

A Field Programmable Gate Array (FPGA, Altera Cyclone II9) is used to con-

8Analog Devices Inc.;www.analog.com
9Altera Corporation;www.altera.com
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figure the MAROC ASIC and to perform the readout sequence; theanalog con-
nectors are used for the configuration and the analog readout, while the MAROC
digital outputs are addressed by the FPGA and the digital connectors to the DBB.
Since the experimental duty cycle foresees one particle every 5 µs during a spill
of 1 ms per second, the analog readout can be used in MICE only in the com-
missioning phase and for tests: in fact, the readout requires 12.8µs (64 channels
with a multiplexing clock of 5 MHz), which does not comply with the duty cycle.
Thus the final readout will be based on the digital mode. The possibility to store
some analog data in the FPGA and transmit them during the interspill period to
the VCB is being studied.

The major changes in the FEB final version (figure 2.13(a)) with respect to the
prototype one (figure 2.13(b)) are the following:

(a) (b)

Figure 2.13: A photo of the a) final and b) prototype versions of the FrontEnd
Board.

• it supports just the version 3 of the MAROC ASIC. Version 3 hasminor
improvements with respect to version 2: the most important one is the pres-
ence of an embedded 12 bit ADC to digitize the analog output, that anyway
is not used in EMR. The prototype FEB can host both versions 2 and 3;

• it has a single FPGA (in light red in figure 2.11), that is the Ball Grid Array
(BGA) version of the Altera Cyclone II, while the prototype board hosts two
Plastic Quad Flat Pack (PQFP) FPGAs. One PQFP FPGA has not enough
connections to perform all the FEB tasks; thus in the prototype FEB an-
other FPGA is housed (in dark red in figure 2.11) to address part of the 64
channels to the digital connectors and the analog data from the ADC to the
control FPGA;
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• the analog and power connectors are high-density and TE CONNECTIV-
ITY / AMP connectors respectively to optimize the componentarea;

• a lot of connectors and test points have been removed.

2.3.2 The Digitizer and Buffer Board

The main tasks of the Digitizer and Buffer Board (DBB) are to sample the 64
channels coming from the FrontEnd Board and to transmit the event data upon
receiving the DAQ trigger. The DBB is presented in figure 2.14(a): it is organized
around a single FPGA (Altera Stratix II) that performs the data sampling, buffer-
ing and data-flow control functions of the board. The sampling rate is 400 MHz
(2.5 ns of resolution); the data are stored in the internal memory (First In First Out
- FIFO) together with the timestamp of the leading and trailing edges of the FEB
digital signals and other information and sent to the VRB by means of two giga-
bit trans-receivers (TLK 1501, Texas Instruments10). Considering the maximum
duration of the experimental spill (that is 1 ms but it can extended up to 10 ms)
and the clock rate (400 MHz), the timestamp corresponding toa hit can always be
stored in a 22 bit word.

Each DBB is configured by a dual-in package (DIP) switch to have a unique
board ID in the system. In the final configuration, six DBBs aregrouped together
and daisy-chained with Cat 5 (Category 5) cables equipped with RJ 45 connectors:
a DBB in the middle of the chain receives the DATA IN signal from the upstream
DBB and transmits the DATA OUT signal to the downstream one; at the same
time it receives CMD IN signals from the downstream DBB and transmits CMD
OUT signals to the upstream DBB.

The DBB works like a TDC in the following way:

• a DBB continuously receives the 64 discriminated outputs from the FEB
and the particle and spill gate signals from the MICE DAQ system;

• it counts the clock edges between the beginning of the spill gate and the
leading edge of the hit signal from the FEB; in the same way, the trailing
edge is considered;

• the data are stored in a local memory together with other information (e.g.
timestamp and number of particle triggers) until the end of the spill, when
they are sent to the VRB. The number of particle triggers in a spill gate is
compared with the one sent by the general DAQ system in order to verify
the DBB (EMR) readout.

10Texas Instruments Inc.;www.ti.com
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(a)

(b)

Figure 2.14: a) A photo of the DBB. b) The MAPMT electronics: the FEB and the
DBB are plugged together; the flex cable is connected to the FEB via the socket
[Courtesy of the UNIGE group].

Figure 2.14(b) presents the final MAPMT electronics: the DBBis plugged on
the FEB with a couple of 68 pin Erni connectors; the MAPMT signals are sent to
the FEB through the flexible kapton cable.

2.4 The prototypes

In 2007 the SandWich detector (section 2.1) based on scintillating layers of differ-
ent thickness was proposed, studied and optimized (with a GEANT4 simulation).
The design optimization in the desired momentum range, the cost reduction and
the manufacturing procedure made the project evolve to EMR,a detector able to
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combine the advantages of a calorimeter with the capabilities of a tracker.
Both the tracking and calorimetric features are required toapply the algorithm

developed by MICE to distinguish muons from electrons. Focusing only on EMR
and not considering the kinematic cuts provided by the TOF system, the algorithm
is based on two observables:

1. the ratio between the energy of the layer with the largest value and the
energy of the first layer. Muons lose energy with a Bragg-peak behavior
generating a ratio characterized by the presence of a peak with a mean value
larger than the one generated by the electrons which releasetheir energy
continuously in the detector;

2. tracking : the KL pre-shower generates a shower in presence of an electron,
while a single track is visible in EMR in the case of a muon.

EMR has been optimized with the studies performed with two prototypes: the
small scale prototype has been assembled to measure the tracking performance;
the Large EMR Prototype (LEP) is devoted to the muon/electron discrimination
exploiting the calorimeter capabilities. Both the prototypes consist in planes of
bars with a rectangular shape whose scintillating light is carried out on both sides
by WLS fibers and readout by MAPMTs.

The small prototype performance with a particle beam at CERNhas led to the
design of the final EMR: a triangular shape has been chosen forthe bars in order
to reduce the dead region between two contiguous bars; the light is carried out
by a single 1.2 mm diameter WLS fiber (instead of 4 0.8 mm ones) inserted and
glued in the bar, that guarantees to reduce the cross-talk effect maintaining the
light yield; the MAROC readout ASIC has been preferred to a couple of ASICs
(VA64TAP2.1 + LS64, Gamma Medica - IDEAS11) because of its being more
performing, of its having both the analog and digital features in a single chip and,
last but not least, of its being less expensive [80].

In the next sections, a description of the main features of both the prototypes is
given. The results obtained in the final prototype phase are presented in chapter 3.

2.4.1 The small scale prototype

The small scale prototype has been assembled at the end of 2006 to become the
test bench of different electronics chains. In practice it is responsible of the ma-
jor changes between the original and the final EMR design (barshape, number
and diameter of the WLS fibers) [9, 80]. The prototype has beenassembled to
study the tracking performance of the detector. It consistsin 8 planes of plastic

11Gamma Medica - IDEAS;http://www.gm-ideas.com/
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scintillator bars arranged in two blocks and in a x-y geometry (figure 2.15); each
plane has ten 19.1 cm long extruded scintillating bars with arectangular shape
(1.9×1.5 cm2). The scintillator light is carried out by 4 0.8 mm WLS fibers to two

19 cm

1.5 cm

1.9 cm

3 cm
z

x

y

MAPMT

MAPMT

(a)

(b)

Figure 2.15: a) A drawing and b) a photo of the EMR prototype. Thez direction
is along the particle motion, whilex andy are the transversal ones.

MAPMTs: the 4 Y planes are readout by MAPMT 1, while the X direction by
MAPMT 2. Figure 2.16 shows the MAPMT pads and the corresponding readout
bars: given this map, the light of one channel can be readout by another because
of the cross-talk effect among the pads themselves.
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Figure 2.16: The MAPMT pads: each MAPMT reads 40 bars arranged in 4 planes.

The presence of cross-talk could cause a non correct identification of the hit
position: the phenomenon is one of the main problems in tracking systems read-
out by MAPMTs because of the misalignment of the fiber-PMT coupling mask.
The cross-talk has been studied with the prototype (see section 3.2.5) where no
optimization of the mechanics was possible; starting from these studies a new
fiber-PMT coupling system has been implemented in EMR. In fact, in the final
design the alignment is mechanically tuned moving the PMT; moreover the odd
bars are readout by the first half of the MAPMT, while the even ones by the second
half. This should allow to identify and reduce the cross-talk in the commissioning
phase.

2.4.2 The Large EMR Prototype detector

The calorimeter capability of EMR has been studied with a second prototype
called Large EMR Prototype. To be more precise, the aim of LEPis twofold:

• to exploit its calorimeter capability to discriminate muons and electrons in
a high momentum (1 GeV/c) negative mixed beam and to compare the ex-
perimental data with the ones produced by a Monte Carlo simulation;

• to study the same quantities with a Silicon PhotoMultiplier(SiPM) readout
system.
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LEP (figure 2.17) consists in 48 planes of scintillating bars; each plane is made
of 4 rectangular bars (the ones used for the small scale prototype). The whole
detector measures about 2 X0, which roughly corresponds to the EMR extension.
The scintillator light is brought out by two 0.8 mm WLS fibers (glued in the bar)
and readout on both sides: on one side by three 64 channel MAPMTs (one every
16 layers), while on the other by 192 2.8 mm diameter SiPMs. The test with the

Figure 2.17: A sketch of LEP: the detector consists in 48 layers of scintillating
bars; each layer is made of 4 19.1 cm long bars. The light is brought out by
two WLS fibers to a channel of a MAPMT on one side and to one SiPM on the
other. In the prototype the FEBs are placed in the vertical direction instead of the
horizontal one, as presented in this sketch.

SiPMs is the first step towards the Totally Active Scintillator Detector (TASD, an
example can be found in [85]), a new detector proposed for neutrino studies and
based on very long scintillating bars (up to 15 m).

A few photos of LEP are presented in figure 2.18: the WLS fibers are coupled
to a plastic mask connected to a holder which hosts the MAPMT.For mechanical
constraints the detector is divided in three blocks of 16 layers each; among the
blocks a 1 cm air gap is present.
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(a)

(b)

Figure 2.18: A few photos of LEP: in a) the MAPMT glasses are clearly visible
in the MAPMT holders; b) the FEBs are placed vertically instead of the original
horizontal position foreseen in figure 2.17. On the oppositeside the SiPM readout
boards are placed.



Chapter 3

The prototype phase

The EMR prototype phase started in 2006 and it has required the assembly of two
devices: the first, the small scale prototype, to study the EMR tracking capability;
the second, LEP, with the same number of radiation lengths ofEMR, to be used
as a calorimeter.

The small scale prototype is based on the first EMR design, fora total of 8
planes of rectangular bars whose scintillating light is carried out by 4 0.8 mm
diameter WLS fibers; its frontend electronics is based on a couple of ASICs
(VA64TAP2+LS64) [9]. Since the prototype was assembled to evaluate the track-
ing capability of EMR, the spatial resolution and the efficiency have been mea-
sured in a test with an external beam at CERN. The results led to the final EMR
design, in which the bar shape and the number and diameter of the WLS fibers
changed [80]. This thesis work considers the last part of theprototype phase that
is the tests of the prototype with the final EMR electronics both in the analog and
digital readout modes. The final electronics is based on the MAROC ASIC which
combines in a single chip both the functionalities of the VA64TAP+LS64 pair
(that is the analog and digital working modes), is less expensive and has shown a
great stability.

The second part of the chapter is devoted to the second prototype, LEP (Large
EMR Prototype), developed to study the calorimeter features with an external
beam at CERN. The main goal was to study the discrimination ofmuons and
electrons in a high momentum (1 GeV/c) negative mixed beam; the experimental
data have been compared with the ones generated by a Monte Carlo simulation
and some predictions at lower momenta are also presented.

In the first part of the chapter the general setup of the small scale prototype
and LEP tests is presented: the tests have been performed either with cosmic rays
or particle beams and the driving idea was to track (with highspatial resolution
silicon detectors) each single particle and measure the prototype response.

75
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3.1 Test setup: design and detectors

The two prototypes tests have been performed either with cosmic rays or with a
particle beam at CERN. Although the test main goals are different, the basic ele-
ments of the setup are the same (figure 3.1): each particle is tracked by a couple of
high resolution silicon detectors and the trigger is provided by plastic scintillators.
The silicon detectors and plastic scintillators are described in the following, while

Figure 3.1: The basic elements of the prototypes test setup:each particle (either
a cosmic ray or a particle beam) is tracked by a couple of high resolution silicon
detectors; the trigger is generated by plastic scintillators.

the DAQ features and the setup modifications in each of the prototype sections.

3.1.1 The Silicon Beam Chambers

The tracking system is based on a pair of large area silicon detectors: the AGILE
beam chambers (BC) have been built for the test phase of the AGILE1 satellite
[86, 87]. Each chamber is made of two single side silicon tiles of9.5×9.5 cm2 and
410µm thickness arranged in a x-y scheme. The physical pitch is 121 µm, while
the readout one is 242µm: thus a one floating strip readout scheme is adopted to
obtain a spatial resolution better than 30µm [88]. Each tile is readout by three

1The Astro-rivelatore Gamma a Immagini LEggero (AGILE) satellite is an ASI (Italian Space
Agency) project.
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128 channel self-triggering ASICs (TA1, Gamma Medica-IDEAS, figure 3.2(a));
the readout is a multiplexed one with a maximum clock frequency of 10 MHz.

(a) (b)

Figure 3.2: The AGILE silicon beam chamber: a) each silicon tile is readout by
three self-triggering TA1 ASICs; b) one of the chambers (which consists of two
modules arranged in a x-y geometry) in its aluminum box.

An aluminum box (figure 3.2(b)) hosts two modules and part of the frontend
electronics consisting of a printed-circuit board (PCB) for the ASICs and a re-
peater board to distribute the ASIC bias voltage and the silicon one (typically
54 V), to transform the digital inputs from standard RS422 tosingle ended and to
amplify the multiplexed analog output with a NE592.

The readout electronics and DAQ systems for the BCs are different in the two
tests, so they are described in detail in the dedicated sections.

3.1.2 The plastic scintillators

The DAQ trigger is provided by a pair of plastic scintillators. Different types have
been used:

1. a 10×10 cm2 1 cm thick polystyrene tile (figure 3.3(a)) whose light is read-
out by a photomultiplier tube directly connected to the scintillator;

2. a tile of 20×30×1 cm3 NE120 (Nuclear Enterprises) scintillator readout by
a P30CW5 photomultiplier (Electron Tubes2) directly coupled to the scin-
tillator. The module (figure 3.3(b)) is hosted in a PVC box;

3. a 10×20×1 cm3 tile made of polystyrene (figure 3.3(c)) readout by a 931B
photomultiplier tube (by Hamamatsu).

2Now Sens-Tech Ltd.;www.senstech.com
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(a) (b)

(c)

Figure 3.3: The trigger scintillators with a dimension of a)10×10×1 cm3, b)
20×30×1 cm3 and c) 10×20×1 cm3.

3.2 The small scale prototype

The EMR tracking capability has been studied with the small scale prototype,
assembled on the basis of the original EMR design. The device, presented in
section 2.4.1, consists of 8 planes of rectangular bars arranged in a x-y geometry.
The scintillator light is readout by two MAPMTs whose frontend electronics is
based on the MAROC ASIC.

This section deals with the tests of this electronics focusing on the tracking
purpose: the spatial resolution and the efficiency have beenevaluated with cosmic
rays using both the analog and digital readout modes [89]. InMICE only the
digital readout can be used because of the experimental dutycycle. The results
obtained with the digital mode are compared with the analog ones considered as
a benchmark. Moreover the problem of the cross-talk effect is also approached.
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3.2.1 Setup and DAQ

The spatial resolution and the efficiency of the small scale prototype planes have
been measured by means of cosmic rays. The setup (figure 3.4) consists of a
couple of20 × 30 cm2 plastic scintillators used in coincidence for the trigger
generation, a couple of silicon beam chambers for the particle tracking and the
EMR prototype.

EMR

prototype

Scintillators

Tracking 

system

z

x

y

45 cm

5 cm

Figure 3.4: The setup for the cosmic ray tests.

The scheme of the readout electronics is presented in figure 3.5 and it is based
on a VME system consisting of the following items:

• a SBS3 Bit3 620 board optically connected to a PC;

• a MAROC control board (a VME I/O custom board and a piggy-backone
called daughter) to configure and readout the analog signalsof the FEBs
and of the so-called ADC boards (one per BC);

• two shift register boards to readout the MAROC digital outputs.

The ADC board is based on an Altera Cyclone II FPGA: it receives the trigger
signal from the MAROC control board and starts the readout sending dedicated

3SBS Technologies, Inc.,http://www.sbs.com
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Figure 3.5: The scheme of the readout electronics: the VME system is optically
connected to a PC through a SBS Bit3 620 system. A MAROC control board is
used to configure and readout the analog outputs of the MAPMTsand BCs. The
shift register boards are needed for the digital readout.

signals to the BC repeaters (one per module); the corresponding analog output
is digitized by an external ADC (AD9220), stored in the FPGA internal memory
and then sent back to the VME system. As far as the shift register boards are
concerned, a full description is given in section 3.2.3.

The DAQ software is written in C with Tcl/Tk4 for the user graphical interface;
it allows to configure the ASIC and perform the readout. The output data are
written as PAW5 ntuples which are processed to obtain an ASCII file with all the
relevant information.

The test procedure is organized in three different phases:

1. configuration: a string of bits is loaded in the MAROC ASIC to set all the
parameters (see appendix A for further details);

2. pedestal run: a run with 200 events generated by a random trigger is ac-
quired to measure the electronics baseline and noise;

3. cosmic run: in this case the trigger is provided by the scintillators.

The analysis of the prototype performances with the prototype FEBs hosting
the MAROC2 ASIC in the analog and digital working modes is presented in the

4Tcl (Tool command language) is a dynamic programming language and Tk is its graphical
user interface toolkit;http://www.tcl.tk/

5Physics Analysis Workstation,http://paw.web.cern.ch/paw/
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following sections. To simplify the analysis, only single particle events have been
considered, that is only the events with a single hit in all the BC planes have been
taken into account. As far as the ASIC is concerned, there areno differences
between the two MAROC versions in terms of performance, but only from the
operational point of view6.

3.2.2 The analog readout

The analog readout provides typically more information with respect to the digital
readout mode but there are cases in which it cannot be used. InMICE, for exam-
ple, it can be exploited only in the commissioning phase because it requires a
readout time of 12.8µs (64 channels with a multiplexing clock of 5 MHz), which
is incompatible with the experimental duty cycle foreseeing an event every 5µs
within a spill of 1 ms per second. However in the prototype tests the analog re-
sults have been used as a benchmark for the digital ones: the spatial resolution and
the efficiency of the prototype planes have been computed with both the readout
modes and the comparison is presented in section 3.2.4.

In order to study the analog readout mode, the pulse height distribution of the
bar with the maximum signal for each event has been considered to evaluate the
signal to noise ratio of the system. Given that the bars of the4 Y planes are readout
by MAPMT 1 and the X ones by MAPMT 2, the bar with the maximum hasbeen
considered for each plane type. The distributions for one Y and one X planes are
shown in figure 3.6: if not otherwise indicated, from now on just a single plane per
MAPMT is considered given the performances of all the planesare equivalent.

An event has been considered good (that is corresponding to aparticle) if the
pulse height is larger than 110 ADC counts (blue lines). In a similar way it is
possible to compute directly the signal to noise ratio (pull): the pull distributions
are shown in figure 3.7. The pull has been computed considering the noise as the
pedestal RMS.

3.2.2.1 Spatial resolution

The particle hit position on each plane has been reconstructed considering the bar
cluster that consists of a group of contiguous bars which have a signal larger than
the analog threshold (110 ADC units). The hit position is obtained with the charge
centroid method. The distribution of the number of clustersper plane (considering
one X and one Y plane) is shown in figure 3.8.

6MAROC2 has been used for the small scale prototype, while theversion 3 for LEP and for the
final modules (chapter 5): the performances are very similar. The differences consist in the ASIC
settings (in MAROC2, for example, the pre-buffer capacitance cannot be set).
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Figure 3.6: The analog pulse height of one Y (MAPMT 1, top) andone X
(MAPMT 2, bottom) plane. The blue lines indicate the so called analog threshold
(110 ADC).
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Figure 3.7: The pull distribution of one Y (top) and one X (bottom) plane.

Since in the analysis just the single particle events have been taken into ac-
count, a number of clusters larger than one per plane can be explained in two
ways:
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Figure 3.8: The number of clusters per plane for the Y (top) and X (bottom)
directions.

1. a different particle which hits the prototype (but not thetrigger and the track-
ing system) at the same time of the trigger one (lower probability, given the
Poissonian arrival time distribution7);

2. cross-talk: the scintillator light is spread on several MAPMT pads and can
cause a wrong position reconstruction (the evidence of the cross-talk effect
will be shown later in detail).

The number of bars per cluster is presented in figure 3.9: as before, the data
are collected considering the direction. Given the rectangular shape, the expected
number of bars per cluster is 1: a larger number can be due to the particles which
hit the prototype with a large impact angle and (most probably) to the cross-talk
effect.

The prototype spatial resolution has been computed using the residual method
and the silicon tracking system. The residual method consists in measuring the
difference between the position detected by EMR and the one reconstructed by the
silicon chambers. The distributions for all the planes are presented in figure 3.10
and have been fitted with a Gaussian function: the “Sigma” parameters indicate
the spatial resolutions, which are of the order of 7-8 mm. Since the silicon spatial

7Considering a muon flux of about 100 m−2 s−1 sr−1 [53], the probability of two events is of
the order of 10−10. A larger probability occurs considering a shower caused bythe enviromental
material.
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Figure 3.9: The number of bars per cluster for one Y (top) and one X (bottom)
plane.

resolution is of the order of 30µm, and taking into account the distances presented
in figure 3.4, the expected error on the extrapolated position on the last plane
should be of the order of a few hundreds ofµm: thus its contribution to the spatial
resolution is negligible.

A residual uncertainty is also given by the distance betweenthe BCs and the
prototype planes. A precise value can be extrapolated via the residual minimiza-
tion method which consists in the following procedure:

• the residual of each plane is evaluated varying the BC-prototype distance;

• the sigma value obtained from the Gaussian fit of the residualis plotted as
a function of the distance as presented in figure 3.11(a);

• in order to identify the distance where the residual value isminimum, a

power-of-2 law is used to fit the new distribution:− p1

2 · p2 provides the

required distance.

To make an example, the distance between the second BC and thefirst prototype
plane (Y4) has been measured to be 30.4 cm, while the one with the last plane
44.7 cm. The residual distributions presented in figure 3.10are the ones obtained
with the distances computed with this method.

A proof of the cross-talk effect is given by the residual distributions consider-
ing all the clusters: these plots (an example is presented infigure 3.11(b)) show
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Figure 3.10: The residual distribution for all the planes, from top to bottom as
they are positioned in the prototype (Y4 is the first module, X1 the last one): the
spatial resolutions (Sigma parameter) are of the order of 7-8 mm.

small peaks due to the light spreading among the MAPMT pads. The lateral peaks
with respect to the one on 0 are due to “false” clusters generated by the cross-talk;
the smaller the peaks, the better the MAPMT-fiber alignment.The last plot can be
understood taking into account the MAPMT-pad mask presented in figure 3.12.

If one assumes for geometrical considerations that a particle hits perpendicu-
larly the last bar of each plane (for plane 4 the pad in column 2, raw 6; for plane
3: column 5, raw 5), because of the cross-talk effect, a fake signal could be regis-
tered in the pad in column 5 and raw 6, three pads (∼5 cm) far from the original
position: this corresponds to the “negative” peak in figure 3.11(b). Viceversa, if a
particle hits the bar in column 2, raw 5, this can cause a fake signal in the pad in
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Figure 3.11: a) The residual RMS for the first (Y4) and last (X1) prototype planes
varying the distance between the second BC and the planes themselves in the
analysis. b) The residual distribution for one plane considering all the clusters:
the small lateral peaks are due to the cross-talk effect.
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Figure 3.12: The MAPMT-pad mask (already presented in figure2.16.

column 2, raw 6, seven pads (∼13 cm) far from the good position: in this case the
event is registered in the positive peak. This explanation corresponds to a shift in
a given direction of the MAPMT with respect to the fiber mask: in this case the
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fibers are higher with respect to the MAPMT.
A quantitative study of the cross-talk effect is presented in section 3.2.5.

3.2.2.2 Detection efficiency

The detection efficiency (ǫ) has been defined as:

ǫ =
good events
target events

(3.1)

where the “target events” are the particles which have crossed the detector, while
the “good events” are the ones measured by each single plane.The error on the
efficiencies is evaluated as:

σǫ =

√

ǫ(1− ǫ)

N2

(3.2)

whereN2 = “target events”.
The target events have been identified in this way:

• the track reconstructed by the BCs has been projected on the EMR planes;

• if the first (Y4) and the last (X1) planes have at least one cluster within 3σ
from the projected position, the event is accepted.

In the same way, a good event is tagged as good in any other plane if at least one
of the clusters is within 3σ from the reconstructed position.

The target events have been defined in this way in order not to underestimate
the efficiency: given the BCs geometrical position with respect to EMR, if only
the chambers were used to define the target events, this number would include
also the particles which decay in the prototype, thus causing a biased value of the
efficiency.

Figure 3.13 shows the efficiency as a function of the hit position in each plane:
given the particular event selection, the first and last planes are fully efficient; the
other planes have an efficiency with an average value of (98.35±0.37)%.

3.2.3 The digital readout

The digital readout plays a key role in EMR. As already statedin section 2.3, it is
performed in two different phases:

1. the MAROC ASIC provides 64 parallel trigger outputs, thatare sent by the
FPGA and through the digital connectors to the DBB;
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Figure 3.13: The efficiency as a function of the hit position has been evaluated
considering all the events with a hit (=cluster) in the first (Y4) and the last (X1)
modules. The large errors correspond to the edges of the sensitive area where the
statistics is very small.

2. the DBB samples and stores the trigger outputs and sends the digital data to
the VRBs with a TLK 1501 gigabit link.

The DBB task is represented in a schematic way in figure 3.14(a): a control
FPGA on the board samples the trigger signals in a given time range (the spill
gate) with a sampling clock of 400 MHz and provides the leading and trailing edge
times with respect to the beginning of the spill gate. A simplified version of the
DBB has been implemented for the tests (figure 3.14(b)). It consists of 2 boards,
the shift registers. Each board consists of one I/O and one daughter board and
reads the digital data of a single FEB (in practice 16 channels per board). In this
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(a)

FEB

Digital 

readout

(b)

Figure 3.14: The digital readout: a) the working principle and b) the test setup.
The sampling clock has a frequency of 200 MHz.

simplified version the sampling clock has a frequency of 200 MHz. Differently
from the final DBB, the system does not store the leading and trailing edges, but
the information contained in a time gate of 600 ns is recordedfor each event.

More in detail, according to figure 3.14(a), the digital readout in these tests
can be described in this way:

• the MAROC ASIC provides 64 parallel trigger outputs: they are HSTL
(High Speed Transceiver Logic) signals with a width that is afunction of the
input (given the ToT). The trigger output signal is high if the input signal
is larger than the discriminator threshold: for these tests, a threshold of
1550 mV has been selected;

• the 64 trigger outputs are sent (through the digital connectors and custom
cables) to the 4 VME boards (16 channels for each board);

• the VME board FPGAs continuously sample the trigger outputswith a sam-
pling clock of 200 MHz (a sample every 5 ns) and provide a valuefor each
sample: “1” if the trigger output signal is high, “0” if it is low;

• this string of 0s and 1s is readout only in presence of an external trigger: in
this case, in fact, a string of 120 bits (600 ns) is readout by the system and
converted into a hexadecimal number;

• in the analysis the hexadecimal numbers are re-converted ina string of bits
and the signals (the 1s) are expressed in units of time: thus,given the ToT,
the digital pulse height can be expressed in ns.



90 The prototype phase

Figure 3.15 shows the digital pulse height distribution forthe bars with the
maximum digital signal: in this case it is not possible to seta digital threshold in
the analysis (as in the analog case) to distinguish the good signals from the noise.
These distributions are a function of the discriminator threshold (figure 3.16):
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Figure 3.15: The digital pulse height distribution for the bars with the maximum
digital signal for a Y plane (top) and for a X one (bottom).

if the threshold is high, the distribution moves to low values; viceversa, if the
threshold is low, the pulse height distribution mean value increases, but it can be
clearly influenced by noise. The chosen threshold (1550 mV, the top plot) is a
good compromise.

Both the analog and digital info are stored allowing to compare their perfor-
mance, especially for what concerns the tracking variables(spatial resolution and
efficiency). Figure 3.17 shows the analog pulse height (black line, already pre-
sented in figure 3.6) of the bar with the maximum signal in the event. The red
region is the one obtained with all the analog events that have also a digital in-
formation: the two distributions overlap from the analog threshold on (blue line,
110 ADC), which thus corresponds to a discriminator threshold of 1550 mV.

This comparison has been performed considering only if the digital output for
that bar is present or not. In the same way, it is important to evaluate the digi-
tal efficiency (that is different from the detector digital efficiency, computed later
on), that is the capability to detect a particle with the digital readout. Referring
to equation 3.1, the “target” events are all the events with the bar with the analog
maximum signal greater than the analog threshold; the “good” events are defined
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Figure 3.16: The digital pulse height distribution as a function of the discrimina-
tor threshold: if the discriminator threshold increases (from top to bottom), the
distribution moves to lower values, since the time over threshold is smaller. The
peak at lower values is due to the time walk. The chosen threshold for the test run
is 1550 mV (top plot).

by the presence (in the same bar) of the largest digital info.In this case, the ef-
ficiency is equal to 98.61%. However, if a “good” event is required in any of
the bars, the digital efficiency is 99.98%. This fact can be explained considering
this example: if two channels have a very similar analog pulse height, the cor-
responding digital outputs can have the same value, given the digital granularity
is smaller than the analog one; thus a possible wrong identification of the digital
maximum bar may occur. This is strictly linked to the cross-talk effect: the larger
the cross-talk effect (the asymmetries in the residual distributions, as presented in
figure 3.10), the smaller the digital efficiency (table 3.1).

It is possible to compute the digital efficiency as a functionof the analog pulse
height ranges, as presented in figure 3.18: the ranges have been defined fixing the
upper limit to 2000 ADC counts and varying the lower value. The efficiency error
has been computed considering equation 3.2. As expected, the efficiency reaches
100% above the analog threshold (110 ADC counts).

The correlation between the analog and digital pulse heightis presented in
figure 3.19(a) and it is the result of the ToT architecture: infact the digital output
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Figure 3.17: The analog pulse height of the bars with the maximum signal con-
sidering all the events (black) and the events which have also a digital information
(red). The Y planes are collected in the top plot, while the X ones in the bottom
one.

Plane Efficiency(%)
Y4 98.57
X4 98.30
Y3 98.95
X3 97.98
Y2 98.89
X2 98.05
Y1 99.21
X1 99.21

Overall 98.61

Table 3.1: The digital efficiency of the EMR planes: the smaller values occur for
the planes with the larger cross-talk contribution (identified by the larger asym-
metries in the residual distributions shown in figure 3.10).

width is a function of the analog pulse height. As expected (section A.2.2.2),
this correlation can be described by a power-of-4 polynomial law (figure 3.19(b)).
This result is fundamental for EMR: even using only the digital information in the
final system, a quantity related to the analog pulse height isavailable and can be
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Figure 3.18: The digital efficiency as a function of the analog pulse height. The
larger the analog pulse height, the smaller the statistics.
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Figure 3.19: The analog-digital pulse height correlation (a): the correlation can
be described by a power-of-4 polynomial law (b). The top plots are related to one
Y plane, while the bottom ones to one X plane.

used improving the performance of the detector.
As in the analog case, the measured hit position has been computed by means

of a cluster: in this case a cluster consists of a group of contiguous bars which
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have a digital information. The number of clusters per planeand the number of
bars per cluster are shown in figures 3.20(a) and 3.20(b), respectively.
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Figure 3.20: The digital number of clusters per plane (a) andthe bars per cluster
(b).

The spatial resolution has been evaluated also with the digital data: first it
has been computed considering the readout as a pure digital one (in practice not
considering the digital pulse height provided by the ToT) and then in an analog
way using the ToT info. The pure digital resolution (ρ) is equal to:

ρ =
pitch√

12
(3.3)

In this case, given a pitch of 1.9 cm, the spatial resolution is expected to be
5.5 mm. Figure 3.21 shows the residuals of all the planes considering the sys-
tem as a pure digital one: the obtained values (“Sigma” parameters, of the order
of 7-8 mm) are larger than the theoretical one, and this is probably due to the
cross-talk and the multiple scattering.

On the other side, exploiting the ToT, the spatial resolution has been evaluated
as in the analog case with the charge centroid method (figure 3.22): the data are
in perfect agreement. This result is extremely important since it guarantees that in
the final detector the digital readout has the same performance of the analog one.

Figure 3.23 presents the digital detection efficiency: the agreement between
this case and the analog one (figure 3.13) is excellent.
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Figure 3.21: The residual distribution considering a pure digital readout.

3.2.4 Analog and digital comparison

The main goal of the tests with the small scale EMR prototype is to measure its
performance with the final electronics using both the analogand digital working
modes: the EMR tracking capability has been evaluated by means of the spatial
resolution and the detection efficiency. The spatial resolution (measured with the
residual method) is consistent among the 8 planes: figure 3.24(a) presents the
overall values using the analog (black) and digital (red) readout modes. In the first
case the average value is (7.46±0.39) mm, while in the second (7.59±0.40) mm,
in agreement within 1σ.

As far as the efficiency is concerned, the results obtained with the analog and
digital readout modes are summarized in figure 3.24(b): in the first case the aver-
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Figure 3.22: The residual distribution considering the ToT.

age value is equal to (98.34±0.43)%, while in the second one to (98.33±0.44)%.
Given the particular event selection, only the efficiency ofthe central layers has
been measured.

3.2.5 The cross-talk effect

As already stated, one of the most important problems with a MAPMT readout is
the cross-talk effect: the light carried by a fiber can spreadon more than one pad.
In the EMR prototype each photomultiplier is interfaced with 40 bars arranged in
4 planes (the bar-pad mapping is shown in figure 3.12) and the cross-talk effect
causes the peaks presented in figure 3.11(b). The same figure has been obtained
for the digital readout mode: thus the effect is independentfrom the readout mode.
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Figure 3.23: The digital efficiency is in perfect agreement with the one computed
with the analog readout mode (figure 3.13).

The effect has been studied using the analog readout and the tracking system
with the following procedure:

1. for each event the bar signals have been divided in “acceptable” or “not ac-
ceptable” (noise) depending on the analog threshold (110 ADC): figure 3.25
shows the pulse height of each bar (for each plane) and the threshold (blue
line) for a single event. The “not acceptable” bars have not been taken into
account in the analysis;

2. thanks to the tracking system, the “acceptable” bars havebeen divided in
“good” or “not good” bars: the “good” bars are the ones which compose
a cluster (one per plane at maximum) whose position is within3σ of the
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Figure 3.24: a) The spatial resolution and b) the efficiency for the analog (black)
and digital (red) data.

projected one, while the “not good” ones are all the others;

3. for each “good” bar, a 3×3 matrix of neighbouring pads has been taken
into account (figure 3.26): a “not good” bar within the matrixhas been
considered as a “cross-talk” one;

4. the distribution of all the matrices for all the events hasbeen computed
(figure 3.27). The central peak corresponds to the “good” bar;

5. the cross-talk contribution of each single pad in the matrix can be computed
as the ratio between the events in that pad with respect to thecentral one
(table 3.2).

PM1 PM2
3.32% 20.80% 6.20% 7.72% 35.33% 2.80%
0.94% 100% 0.11% 0.02% 100% 1.90%
1.01% 2.49% 1.50% 0.43% 2.14% 2.10%

Table 3.2: The cross-talk contribution of each pad of the matrix.

In this case the larger contributions have been measured on the first matrix row in
both the PMTs, which corresponds to a downward shift of the photomultipliers,
as already presumed in section 3.2.2.
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Figure 3.25: The plane profile of an event: the 4 planes of MAPMT 1 are shown
on the left, the ones of MAPMT 2 on the right. The bars have beenconsidered
“acceptable” if they have a signal larger than the analog threshold (110 ADC, the
blue line).

The cross-talk effect can be reduced improving the fiber-MAPMT alignment,
but this was not possible in the prototype.

3.3 LEP - Large EMR Prototype

A second EMR prototype called LEP (Large EMR Prototype) has been developed
to test the EMR performance as a calorimeter. The detector (presented in sec-
tion 2.4.2) consists of 48 planes of rectangular bars whose scintillating light is
readout with MAPMTs and silicon photomultipliers (SiPMs) on the bars opposite
sides. The detector has been tested on the CERN T9 beamline.

This section describes the performance with the MAPMTs. Thetest goal was
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Figure 3.26: An event at the MAPMT pad level (MAPMT 1 on the left, MAPMT
2 on the right): for each “good” bar (yellow), a 3×3 matrix of neighbouring pads
(green) has been considered; the “cross-talk” bars (orange) are the ones with a
signal larger than the analog threshold but not part of a goodcluster.
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Figure 3.27: The distributions of all the matrices for all the events.

the study of the possibility of discriminating muons and electrons in a 1 GeV/c
mixed (muons, pions and electrons) negative beam with a prototype with the same
number of radiation lengths of EMR, applying the same algorithms used in the
official MICE analysis. Two GEANT4 simulations have been developed: the first
one at 1 GeV/c to tune the simulation itself (in particular the detector geometry)
as a function of the experimental results; the other one witha 150 MeV/c beam.
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3.3.1 Setup and beam

LEP has been tested on the T9 beamline at the CERN East Area with a mixed
negative beam with a momentum of 1 GeV/c. The beamtest setup (figure 3.28)
consists of a couple of scintillators for the trigger, two large area silicon detectors
to track the particles, an electromagnetic calorimeter (DEVA) to evaluate the beam
composition and LEP. To identify electrons a threshold Cherenkov detector has
been used.

Sci trigger

DEVA

z

y

x

LEP

Si BC

Beam

CKOV

Figure 3.28: The beamtest setup consists of a couple of trigger scintillators, two
BCs to track particles, an electromagnetic calorimeter (DEVA) to evaluate the
beam composition and LEP; one of the trigger scintillators and the Cherenkov
detector are upstream and not shown in the photo.

The trigger is generated by the coincidence of two scintillators with an effec-
tive volume of 10×10×1 cm3 (type 1) and 20×10×1 cm3 (type 3) (section 3.1.2).
The tracking system is based on the beam chambers presented in section 3.1.1.

3.3.1.1 Particle-ID and DAQ

The particle-ID has been performed by two systems: an electromagnetic calorime-
ter (DEVA) and a Cherenkov detector.

DEVA (figure 3.29(a)) has been used to evaluate the beam composition and
to measure the Cherenkov particle-ID capability. DEVA is a 15×15×31 cm3
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sampling calorimeter made of 12 tiles of 2 cm thick scintillator interleaved with
11 lead tiles (eight tiles 0.5 cm thick and three 1 cm thick), for a total of∼ 13 X0;
the overall weight is about 25 kg.

(a) (b)

Figure 3.29: The DEVA electromagnetic calorimeter: a) the overall detector and
b) the WLS fiber+MAPMT system to readout the scintillator light.

The scintillator light is collected by 4 2 mm WLS fibers (figure3.29(b)) and
readout by a 16 channel Hamamatsu MAPMT (R5600-M16). The signals are
digitized by a CAEN V792 charge-to-digital converter (QDC)and the energy res-

olution is of the order of
9%√
E

, as measured at the Beam Test Facility (BTF) of the

INFN National Laboratory of Frascati (LNF) for energies lower than 500 MeV.
A 2.5 m long Cherenkov threshold detector placed just beforethe setup has

been used to identify the electrons during the runs with LEP:for 1 GeV/c particles,
it has been filled with 0.95 bar of CO2 [90]; the Cherenkov light is readout by a
photomultiplier and its signal is digitized by a channel of the V792 QDC.

The beamtest readout electronics is presented in figure 3.30: as for the small
scale prototype case (figure 3.5), it consists of a VME systembased on a Bit3
620 board optically connected to a PC, a MAROC control board to configure and
readout the analog signals of the FEBs, a V792 QDC for DEVA andthe Cherenkov
signals and a couple of flash ADCs (CAEN V550).

The BC readout sequence is started by dedicated signals fromthe MAROC
control board and the corresponding analog signals are converted in digital ones
by flash ADCs. The V550 ADCs work in zero suppression mode thatis only
the channels above a given threshold are readout. During thereadout, data are
transferred from the TA1 ASICs to the ADCs with a 5 MHz clock; in the ADCs,
pedestals are subtracted and the result compared with a threshold that depends on
the channel noise. In general, less than 5 strips (out of 384)are above threshold,
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Figure 3.30: The scheme of the readout electronics: the VME system is optically
connected to a PC through a SBS Bit3 620. A MAROC control boardis used
to configure and readout the analog outputs of the MAPMTs and BCs. The BC
analog output is digitized by a channel of a CAEN V550 ADC. TheDEVA and
Cherenkov detector signals are integrated with a V792 QDC.

reducing the readout time dramatically.

3.3.1.2 The beam

The beamtest has been performed at the PS T9 beamline at CERN,one of the lines
located in the East Hall (building 157, figure 3.31) [91].

The T9 line provides secondary beams either of negative or positive charged
particles (typicallyµ, π ande) in a momentum range from 0.5 to 15 GeV/c. Parti-
cles are produced in the interaction of a primary 24 GeV/c proton beam (acceler-
ated by the Proto Synchrotron - PS) with a target: the beam composition depends
on the target material. For the beamtest a target producing both muons and elec-
trons at 1 GeV/c has been required.

The beam features typical intensities of the order of 104-105 particles per
bunch (called spill) for a bunch duration of∼400 ms with a repetition period
of 45 s. The secondary beams are selected by a horizontal collimator at the begin-
ning of the line while the focusing and tuning of the beam can be performed with
a set of dipole and quadrupole magnets and both vertical and horizontal collima-
tors. The energy of the particle is selected with a bending magnet at the beginning
of the line.

The beamtest goal was to measure the particle identificationcapability of the
EMR prototype. The test should have been performed with a beam with a momen-
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Figure 3.31: The East Hall complex consists of five beamlines: T8 provides a
beam for the DIRAC experiment; T7, T9, T10 and T11 are devotedto detector
studies and to irradiation tests (T7) [90].

tum of 200 MeV/c and with the same quantity of muons and electrons. However
these requests could not be satisfied by the CERN beamlines: the smallest reach-
able momentum value on T9 is 500 MeV/c, but at this energy the quantity of
muons with respect to electrons decreases dramatically. Soa 1 GeV/c beam has
been chosen as a good compromise.

3.3.1.3 The beam features

The beam features have been evaluated by means of the tracking system and the
electromagnetic calorimeter in dedicated runs (in which LEP was not placed on
the beam, as shown in figure 3.28). The Gaussian fit of the beam size is presented
in figure 3.32: in the horizontal direction (X) the beam RMS is2.3 cm, while in
the vertical one (Y) 3.7 cm.

The beam angular distribution is shown in figure 3.33: the horizontal diver-
gence is 9 mrad, while the vertical one is 5.7 mrad.

The electron identification is performed with the help of theCherenkov de-
tector whose signal pulse height is presented in figure 3.34(a). The blue dotted
line identifies the threshold used in the analysis to discriminate the signal from
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Figure 3.32: The beam size in the horizontal (on the left) andvertical (on the
right) directions.
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Figure 3.33: The beam angular distribution for the X direction (on the left) and
for the Y one (on the right).

the noise or, in this case, the electrons from the other particles.
The overall DEVA energy spectrum is presented in figure 3.34(b) (with the

black line) and it is computed summing the 12 tiles information. It presents three
regions: the MIP peak (which consists mainly of muons), the electron peak and
the pion region (between the two peaks). The same histogram has been evaluated
requiring a Cherenkov signal larger than the selected threshold, obtaining in this
way the electron peak (the blue line in the plot). The histograms have been ob-
tained considering a central region of7×7 cm2 on the DEVA calorimeter in order
to exclude the events on the edge of the calorimeter itself since they are character-
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Figure 3.34: a) The Cherenkov pulse height: the blue dotted line identifies the
threshold used to discriminate the electrons (signals above threshold) with respect
to the other particles. b) The DEVA energy spectrum (in black) shows three dis-
tinct areas: the MIP peak (mainly due to muons), the electronpeak (confirmed by
the Cherenkov information in blue) and the pion region.

ized by leakage. Considering these results, the particle identification criteria are
the following:

• a particle is anelectron if the Cherenkov signal is larger than the threshold;

• a particle is amuon if the Cherenkov signal is smaller than the threshold
and its energy in DEVA is the one corresponding to the muon peak, that is
in the range [M − 3σ, M + 3σ], whereM andσ are the muon peak mean
value and sigma.

According to these definitions, in the 1 GeV/c beam 33% of the events have been
identified as muons and 66% as electrons; as far as the pions are concerned, if they
have a signal in the Cherenkov detector smaller than the threshold and an energy
which falls in the muon peak, they are considered MIPs, otherwise they are not
taken into account in the analysis (the probability that they are misidentified as
electrons is too small).

Since muons are MIPs, their energy deposit in DEVA is the samewith or
without the presence of the EMR prototype; in other words DEVA can be used
in the tagging. On the other hand, the energy deposit of the electrons in DEVA
is different if LEP is placed in the beam: the presence of LEP in fact causes a
broader peak in the spectrum. Therefore the Cherenkov detector which is placed
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upstream of LEP is the only device that can be used for the electron identification.
Its performance has been measured in the test preliminary phase by means of the
Cherenkov efficiency defined as:

ǫCKOV =
Ne

Ntot
(3.4)

whereNtot is the total number of particles whileNe is the number of electrons
defined as the events which have a signal above the Cherenkov threshold.Ne and
Ntot have been computed in several DEVA pulse height ranges: the ranges have
been chosen keeping the upper bound fixed at 3000 ADC counts and increasing
the lower edge from 1900 ADC counts on. The Cherenkov efficiency as a func-
tion of the energy measured by DEVA in the electron peak region is presented in
figure 3.35. The results clearly show that the Cherenkov detector has an efficiency
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Figure 3.35: The Cherenkov efficiency as a function of the beam energy measured
by DEVA. The X axis presents the lower edge of the ranges takeninto account.
The large error bars are due to the small statistics.

of the order of 98% as far as the electron discrimination is concerned.

3.3.2 Beamtest results

To study the muon/electron discrimination with LEP, the first step of the analysis
is the bars signal equalization. Considering the same MIP event, in fact, the analog
signal of two bars can be different for several reasons:
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• bars: the scintillator light does not reach the MAPMT channel because the
WLS fibers are not properly glued inside the bar or a fiber is completely or
partially broken;

• fiber-MAPMT interface mask: the WLS fibers are not perfectly glued and
polished at the level of the MAPMT mask or the MAPMT is not perfectly
aligned with the fibers (inducing the cross-talk effect);

• MAPMT: the MAPMT channels response is intrinsically non uniform (a
difference of a factor 2 in the gain is possible).

The channel equalization has been performed computing the pulse height of
each of the 192 bars considering only muon events. Given thata momentum
of 1 GeV/c is larger than the minimum ionization momentum value, the energy
deposited by a muon in each bar is the same [53]. Figure 3.36(a) presents the pulse
height of the first layer bars for muon events: the mean value has been computed
by means of a fit with a Gaussian law. The pulse height of each channel has been
recomputed using a scale factor which is the pulse height of the first LEP bar (the
top left plot in figure 3.36(a)). The rescaled pulse height distributions of the same
bars are presented in figure 3.36(b). The pulse height distributions for the bar with
the maximum signal in the event for the 3 PMTs are presented infigure 3.37; the
blue line is the threshold set to distinguish signal from noise.

As for the small scale prototype, the particle hit position on each layer has been
reconstructed considering the bar cluster and using the charge centroid method.
The number of clusters per layer (computed independently for each layer but rep-
resented in a single plot for each PMT) is presented in figure 3.38(a), while the
number of bars per cluster in figure 3.38(b). It is possible tonote that the number
of hit bars is larger for the second PMT: this is expected since the electrons release
the larger part of their energy in the middle of LEP, as shown later.

The spatial resolution has been measured using the residualmethod and the
silicon tracking system: the distribution for the first layer (figure 3.39(a)) has
been fitted with a Gaussian function and the spatial resolution is 4.6 mm.

The distance between the tracking system and the LEP first layer has been
computed by means of the residuals minimization method: thesigma value ob-
tained from the Gaussian fit of the residual is plotted as a function of the distance
as presented in figure 3.39(b); a power-of-2 law fitting the distribution has allowed
to compute the distance to be 24.26 cm.

The value of the residual RMS as a function of the number of thelayer is
shown in figure 3.40(a). As expected, the farther the layer, the larger the residual
RMS, mainly because of the multiple scattering and the energy loss during the
path.
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Figure 3.36: The pulse height for muon events of the 4 bars of the first LEP layer
a) before and b) after the channel equalization with respectto the first LEP bar
(the top left plot).

To perform the analysis a target region in the center of the first LEP layer has
to be identified, in order to exclude the events at the edge of the detector that
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Figure 3.37: The pulse height distributions for the bar withthe maximum signal
in the event for each PMT. The blue line identifies the analog threshold.

are characterized by an energy leakage. Figure 3.40(b) presents the reconstructed
position on the first LEP layer. In the analysis the central beam region is defined
by an area of [3,7] cm in the horizontal direction and [4,7] cmin the vertical one.

3.3.2.1 Electron/muon identification with LEP

As described in section 2.4, the algorithm used by the official MICE analysis is
based on two variables: the ratio between the energy measured by the layer with
the largest energy loss and the one of the first layer, and the number of particles
that hit EMR. At 1 GeV/c the first observable is not effective since muons do not
release energy following a Bragg-peak distribution, whilethe particular geometry
of LEP does not allow to compute the second observable.

Thus at this momentum value different variables have been studied for thee/µ
discrimination purpose: since the tracking capabilities cannot be considered, only
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Figure 3.38: a) The number of clusters per layer and b) the number of bars per
cluster. These distributions are computed for each layer and collected in a single
plot for each PMT.

the variables related to the energy deposited in the scintillating bars have been
taken into account. Among them, the total energy measured byLEP is the most
powerful; however, as it will be shown in chapter 4, the energy measured by each
layer (and a related quantity) can be used.

Total energy

The total energy measured by LEP is computed as the sum of the pulse heights
(without any cut) of all the 192 equalized bars signals. Figure 3.41(a) presents the
total energy for all the particles hitting the first layer: the black plot is due to both
muons and electrons, while the electron contribution is theblue one. The total
energy considering only the central beam region is presented in figure 3.41(b): as
before, the black plot is due to all the particles while the blue one just to electrons.
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Figure 3.39: a) The residual distribution for the first layer: the spatial resolution is
of the order of 5 mm. b) Residual scan: the residual distributions have been eval-
uated varying the distance between the tracking system and LEP in the analysis:
the minimum corresponds to about 24 cm.
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Figure 3.40: a) The residual distribution as a function of the layer number. b) The
reconstructed beam profile on the first layer of LEP: the 4 barscan be perfectly
identified.

These distributions allow to compute the electron purity and efficiency defined as:

ǫe =
Ne

Ntot

Pe =
Ne

Ne +Nother

(3.5)
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Figure 3.41: The total energy measured by LEP considering muons and electrons
which hit a) the first layer and b) the central beam region. Theblue plots are the
distributions given by electrons only.

Nother = Nµ is the number of muons (or, to be more precise, MIPs), whileNtot is
the total number of electrons requiring a Cherenkov signal larger than the thresh-
old. The energy ranges used to compute the variables have been chosen keeping
the upper bound fixed at 35000 ADC counts and increasing the lower bound from
10000 ADC counts on; the electron purity as a function of the efficiency is pre-
sented in figure 3.42. To give some numbers: the number of electrons (considering
all the signals above the Cherenkov threshold) is 144963; inthe [10100-35000]
ADC counts energy range the number of electrons (blue plot infigure 3.41(b))
is 124047, while the muons (the difference between the blackand the blue his-
tograms) are 2882. Therefore the electron efficiency and purity are:

ǫe = 0.855± 0.003 (3.6)

Pe = 0.977± 0.003 (3.7)

Energy per layer

Another quantity that can be used to discriminate electronsand muons is related
to the energy released in each LEP layer. As in the previous case, the sum of the
pulse heights of the 4 bars of each layer (without any cuts) has been computed
and only the particles which hit the target area on the first layer have been taken
into account. The energy per layer is presented in figure 3.43(a): the muon events
are presented in black, while the electron ones in red. In order to compare the two
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Figure 3.42: The electron purity as a function of the efficiency using LEP.

distributions (since the number of electrons is about 3 times larger than the muons
one), they are normalized to the bin with the largest value.
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Figure 3.43: a) The energy measured by each LEP layer normalized to the bin
with the largest value and b) the layer with the maximum deposited energy. In
both the plots, the black histograms are the ones due to muons, while the red ones
to electrons.

The following remarks hold:
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• aµ/e− discrimination with this quantity is hard to perform;

• the electron energy presents a kind of maximum in the second LEP block
(from layer 15 to 31). Releasing its energy an electron produces a lot of
gammas, and this explains the larger number of clusters and bars per cluster
in the second PMT (figure 3.38);

• muons lose about 10% of their energy in LEP, which corresponds to about
100 MeV: since for the Bethe-Bloch formula a particle at the minimum
of ionization (e.g. muons at 1 GeV/c) loses about 1.9 MeV/cm in plastic
(polystyrene) [53], an energy loss of 170 MeV is expected;

• starting from the energy per layer it is possible to consideranother dis-
crimination variable that is the number of the layer which has registered
the largest energy loss: figure 3.43(b) presents this distribution that has
been normalized (for the comparison) to the bin with the largest value. At
1 GeV this variable is not useful as a discriminator differently from lower
momenta, where muons are represented by a narrow peak corresponding to
the Bragg one (further details are given in section 3.3.3.1).

3.3.2.2 e/µ identification with LEP: the MICE method

In MICE the muon/electron discrimination is based on both TOF and EMcal, the
electromagnetic calorimetric system consisting of EMR anda pre-shower, the
KLOE-Light (KL) layer. Focusing only on EMR, as already saidthe two ob-
servables used in the analysis are the ratio between the energy of the layer with
the largest value and the energy of the first one and the numberof particles that
hit the detector itself (section 2.4). Given the particularbeamtest momentum and
the prototype geometry, these observables are not effective to discriminate muons
and electrons: muons do not release their energy following the Bragg-peak dis-
tribution, while the prototype sensitive area and the fact that only one direction
is measured represent a limit for the second observable. However in this section
they have been studied all the same in order to present the MICE analysis method
with real data.

The ratio between the energy of the layer with the largest value and the energy
of the first layer is presented in figure 3.44 considering onlythe particles in the
central beam area and normalizing the distributions to the bin with the largest
value. At 1 GeV/c, muons lose their energy continuously in the detector and their
distribution (in black) is close to 1; on the other hand electrons generate a shower
in LEP (causing the peak in figure 3.43(a)). A similar electron distribution occurs
at lower momenta, but in that case the muon energy ratio is much larger given the
Bragg-peak behavior.
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Figure 3.44: The ratio between the energy of the layer with the maximum value
and the first one: muons produce the black plot, while electrons the red one. The
two distributions are normalized to the bin with the largestvalue.

As far as the second observable is concerned, LEP is not the ideal prototype
for its study:

• the first layer sensitive area is very small (6×19.1 cm2);

• it measures only one direction (according to the geometry presented in fig-
ure 2.17, the vertical one - Y), so no tracking algorithm can be developed;

• the bars have a rectangular shape, so the inefficiency between two adjacent
bars is larger than the one in the triangular shape case [80].

However, in order to study the second observable, a dedicated run with LEP in a
different position has been performed: the prototype has been turned with two 90◦

rotations (one anticlockwise in the XZ plane and one clockwise in the YZ plane);
the new position is presented in figure 3.45. A 15×15×1 cm3 lead block acting
as a pre-shower has been placed in front of LEP: it corresponds to about 2.65 X0,
close to the 2.5 X0 of the KL layer.

Two typical muon and electron events are presented in figure 3.46(a) and
3.46(b), respectively: as expected, a single track is present for the muon case,
while more than one bar per layer are hit in case of an electron.

The difference in the muon and electron behavior can be shownconsidering
the number of clusters in the first layer (which is now composed by 48 bars), as
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(a)

(b)

Figure 3.45: a) A sketch and b) a photo of LEP once turned to study the second
MICE official variable. A 1 cm thick 15×15 cm2 lead block has been placed in
front of LEP.

presented in figure 3.47: for muons only one cluster per eventis present, while a
larger number of clusters occurs in the electron case. The one cluster events in the
electron distribution can be due to the fact that two particles can hit the same bar
or to an inefficiency of the bar.
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Figure 3.46: Typical a) muon and b) electron events: the leadcauses a shower in
the electron case. The beam comes from the left.

3.3.3 LEP simulation

A GEANT4 simulation has been developed both to confirm the experimental re-
sults at 1 GeV/c and to study the behavior of LEP at a lower momentum (the
150 MeV/c momentum value has been chosen as an example). For the first goal,
the simulation has been tuned on the T9 beam features:

• beam size (RMS): 2.3 cm in the X direction, 3.8 cm in the Y one; the beam
is generated 1.5 m before LEP, according to the fact that the Cherenkov
detector is placed at this distance;

• divergence (RMS): 9 mrad in the horizontal direction, 5.7 mrad in the ver-
tical one;
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Figure 3.47: The number of clusters in the first layer for muons (black) and elec-
trons (red).

• momentum: 1 GeV/c with a spread of 1%. The nominal spread should
be 0.3% [90]; the selected value is conservative and takes into account the
presence of the material due to the beam instrumentation;

• particle type: two beams have been generated: 1 million events of muons
and 1 million of electrons; according to the beam features, about 56% of
each beam hits the first layer of LEP. The percentage of the particles that
compose the beam is 33.1% of muons and 65.9% of electrons, as in the
experimental case.

A typical muon and electron event at 1 GeV/c are shown in figure3.48. As
expected, a muon crosses the whole detector and releases itsenergy behaving like
a MIP; on the other hand, an electron has an energy deposit characterized by a
large number of gammas.

Figure 3.49(a) shows a lateral view of LEP: for mechanical constraints it has
been assembled in three blocks (16 layers each) and a space of1 cm between two
contiguous blocks. Moreover, in order to identify the events in the central beam
region, a very thin scintillator layer (100µm thick) has been simulated in front
of the first LEP layer (in red in figure 3.49(b)). The thicknesshas been chosen in
order not to disturb the measurement causing a large energy loss or increasing the
muon decay probability.

To give some numbers:
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(a) (b)

Figure 3.48: Typical a) muon and b) electron simulated events at 1 GeV/c: muons
are drawn in red, electrons in green and gammas in blue.

1 cm

2nd block1st block

1.5 mm

(a) (b)

Figure 3.49: a) LEP is made of three blocks of 64 bars (16 layers) with a space
of 1 cm between contiguous blocks and one of 1.5 mm between twoadjacent bars
(in both directions). b) A very thin scintillator plate (in blue) is placed in front of
the first layer to identify the target area used in the experimental analysis.

• about 560000 particles (over 1 million generated) of each type hit the first
LEP layer;
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• to maintain the experimental beam type percentage, about 285000 muons
and 560000 electrons have been analyzed;

• for each particle type, 30% hits the target area;

• 0.3% of the remaining muons decays in electrons before hitting the detector.

Total energy

The total energy measured by LEP is presented in figure 3.50(a) and should be
compared with the experimental data shown in figure 3.41(b).The distributions
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Figure 3.50: The total energy measured by LEP considering only the events which
hit the target area with a) no space or b) a 1.5 mm region between the bars (with
more statistics). The blue histograms are the ones due to theelectrons.

are very similar, but it is important to note that the simulated MIP peak is narrower
than the experimental one. This is independent from the momentum spread if it is
smaller than 10% (in any case the momentum spread on the T9 line is smaller than
1% [90]). The main reason of the experimental larger peak is the detector leakage
due to the bars inefficiency (e.g. the events on the edge or thespace between
two bars). For this reason, the simulation has been tuned inserting a dead region
among the bars, computed taking into account the spread of the real peak (the
RMS is 10.38% of the mean value, figure 3.41(b)): with no spacebetween the
bars, the RMS/mean ratio is 6.23%, while a value of about 10% (figure 3.50(b))
is reached considering a space of 1.5 mm. A detailed view of the new simulated
LEP geometry is presented in figure 3.49(a).
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The purity as a function of the efficiency has been computed with these ad-
justments (figure 3.51(a)). The very small difference between the muon/electron
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Figure 3.51: a) The electron purity as a function of the efficiency for experimental
(red) data, a muon/electron simulated beam (black) and a mixed (muons, electrons
and pions) one (blue). b) The energy measured by each layer (normalized to the
bin with the largest value).

beam (in black) and the experimental data (red) can be explained by several fac-
tors:

• the Cherenkov efficiency is not 100% (figure 3.35);

• the bar inefficiency: an empirical method has been used to evaluate the
distance between two bars, but the intrinsic chain (bar + fiber + MAPMT
pad) inefficiency has not been taken into account.

Energy per layer

The energy measured by each layer is presented in figure 3.51(b): differently from
the experimental data (figure 3.43(a)), both the muon 10% continuous energy loss
and the peak due to the electrons (with a maximum around layernumber 32)
are visible. The layer with the largest energy deposit for muons and electrons is
presented in figure 3.52(a): muons have a uniform distribution, while the electrons
generate an electromagnetic shower. The energy loss corresponding to layer 15
(first plane of the second block) is due to the gap among the LEPmain blocks.



3.3 LEP - Large EMR Prototype 123

# Layer
0 5 10 15 20 25 30 35 40 45

# 
E

nt
rie

s 
[A

.U
.]

0

0.2

0.4

0.6

0.8

1

Muons

Electrons

(a)

Energy Ratio
2 4 6 8 10 12 14

# 
E

nt
rie

s 
[A

.U
]

0

0.2

0.4

0.6

0.8

1

Muons

Electrons

(b)

Figure 3.52: a) The layer with the largest energy deposit andb) the ratio between
the energy of this layer and the one of the first layer in simulation. The data have
been normalized to the bin with the largest value.

The ratio of the energy of the layer with the maximum and the first one is
shown in figure 3.52(b) and it is perfectly comparable with the experimental one
(figure 3.44).

3.3.3.1 Predictions at lower momenta

Starting from the simulation developed at 1 GeV/c, a new simulation with the
same beam parameters and detector geometry has been performed using a mo-
mentum value of 150 MeV/c. This section is not devoted to developing a new
method to distinguish muons and electrons at lower momenta,but just to showing
the major differences with respect to the previous results.

The total energy is presented in figure 3.53(a): it has to be compared with
the experimental (figure 3.41(b)) and simulation (figure 3.50(b)) data obtained at
larger momentum. At lower energy LEP is not able to discriminate muons from
electrons using this quantity.

However a big difference occurs in the energy per layer distribution (fig-
ure 3.53(b)): as expected, muons deposit energy with a Bragg-peak law, so the
layer with the maximum deposit can be used to discriminate the two particles
(figure 3.54(a)).

As already stated, the energy ratio distribution al lower momenta becomes
one of the most powerful discrimination variables: if at a momentum value of
1 GeV/c the muon ratios were lower than the electron ones given the continuous
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Figure 3.53: a) The total energy and b) the energy per layer for a 150 MeV/c
beam. In the second plot, data have been normalized to the binwith the largest
value.
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Figure 3.54: a) The layer with the largest value and b) the ratio between the energy
of this layer and the one of the first layer with a 150 MeV/c beam. Data have been
normalized to the bin with the largest value.

energy loss, in this case (figure 3.54(b)) the opposite occurs given the Bragg-peak
distribution. The MICE collaboration intends to use this variable in the analysis
and the expected results obtained with a simple simulation are presented in the
next chapter.



Chapter 4

The EMR simulation

MICE intends to measure the muon emittance reduction with a precision of 0.1%.
For this reason a particle identification system is foreseento discriminate muons
from the background, consisting mainly of pions and electrons or positrons, de-
pending on the muon sign. In particular the muon-electron discrimination is per-
formed by a TOF system, the KLOE-Light calorimeter and the Electron Muon
Ranger. The performance of the complete MICE line (and in particular of the
particle-ID system [9]) is being studied with the help of G4MICE [76], a dedi-
cated version of the GEANT4 [77] simulation software.

On the other hand the results presented in this chapter have not been obtained
in G4MICE (under the responsibility of a dedicated MICE group), but with a very
simple GEANT4 simulation: the goal is not to present the performance of the
particle-ID system, but only the behavior of EMR as far as themuon-electron
discrimination is concerned. This task has been studied in two ways: one (from
now on identified as “EMCal”) foresees the presence of EMR anda passive pre-
shower to apply the algorithms used by the MICE collaboration; the other (“EMR-
only”) is based on kinematic cuts using only EMR (that is without the pre-shower)
in order to identify other possible variables that can be used by the collaboration
and to describe the behavior of EMR for future applications.

Both the studies have considered beams of different momenta. Given the study
of the KL+EMR system is one of the activities of the MICE collaboration, only the
second method has been deeply investigated varying the charge of the incoming
particles and the beam geometrical features.

4.1 EMR and the beam

As already described in chapter 2, the EMR detector consistsof 48 planes of ex-
truded 1.1 m long scintillating bars arranged in a x-y geometry; each plane is made
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of 59 triangular bars which have been simulated as being madeof polystyrene
only. Figure 4.1(a) presents the schematic view of the EMCalsetup, while the
EMR-only one is shown in figure 4.1(b). KL is placed about 50 cmbefore EMR.

Bea
m

z

x

y

(a)

Beam

z
x

y

(b)

Figure 4.1: A schematic view of a) the EMCal (with KL in red) and b) the EMR-
only simulated systems.

In MICE 80% of the muon-electron discrimination is based on kinematic cuts
applied on the information collected by the TOF system; the remaining 20% is
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covered by the KLOE-Light detector and EMR. EMR should be able to discrimi-
nate muons from electrons in the range 140-240 MeV/c; the incoming muon beam
is expected to have a momentum spread of the order of 10%, a RMS(in both di-
rections) of the order of 5 cm and a divergence RMS of the orderof 150 mrad [47].
Electrons (or positrons) are produced from the muon decays,so their features are
not so easy to describe analytically.

Figures 4.2(a) and 4.2(b) present the beam size and divergence of an incoming
muon beam as measured by the first modules of EMR for the largest momentum
value (240 MeV/c); both the directions are presented in the plots. The figures
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Figure 4.2: a) The geometrical and b) the divergence distributions of the incoming
muon beam in both the directions. The beam size has been measured with the first
module (first two planes), while the divergence with the firsttwo modules (using
planes 1 and 3 for the X direction and planes 2 and 4 for the Y one).

have been obtained in a preliminary simulation phase generating the beam about
10 cm before the first plane in order to study the EMR detectionperformance. In
the final simulations (for both systems) the beams are generated 1 m upstream of
EMR.

Four beams have been generated in the simulations: two muon beams (µ+,
µ−) and two electron ones (e+, e−). As in MICE, the electron beams have been
produced in-flight starting from an incoming muon beam: to increase the statistics,
for CPU time reasons, the muon mean lifetime has been changedto 0.5 ns. As
already stated, the term “electrons” identifies both electrons and positrons, if not
otherwise indicated.

As far as the momentum is concerned, four momentum values aretaken into
account: 140, 170, 200, 240 MeV/c. For each value two different simulations
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are performed: one with a momentum spread of 10% for both the simulation
systems and the other without any momentum spread for the EMR-only setup (for
a comparison with V. Verguilov [92]). The incoming momentumdistribution for
the 140 MeV/c case is presented in figure 4.3.
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Figure 4.3: The incoming muon beam momentum distribution with a 10% spread.

For each value the Lorentz andβ factors have been computed. The Lorentz
factor (γ) is defined as:

E2 = γ2m2c4 = p2c2 +m2c4 (4.1)

whereE, p,m are the muon energy, momentum and mass respectively, andc the
speed of light; the muon mass is 105.56 MeV/c2 [53]. Theβ factor is defined as:

β2 =
v2

c2
= 1− 1

γ2
(4.2)

wherev is the muon speed. Table 4.1 summarizes the values of theγ andβ factors
for each momentum value.

p [MeV/c] γ β
140 1.66 0.80
170 1.90 0.85
200 2.14 0.88
240 2.48 0.92

Table 4.1: The values of theγ andβ factors for each momentum value.
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EMR is a fully active detector that is able to measure the whole energy loss
plane by plane with the single PMT and the energy of each bar with the MAPMT.
The simulation does not take into account the light generation in the bar and its
transport to the PMT, but uses directly the energy deposit value in the bar itself.
In the MICE official simulation some important experimentaleffects that are not
taken into account in the studies presented in this chapter have to be included; the
most important ones are:

• the light dispersion and the cross-talk effects;

• the effect of the electromagnetic noise;

• the cuts on the MAPMT pulse heights to distinguish noise fromsignal.

These effects have to be taken into account and the final simulation has to
be tuned on the experimental data. For these reasons, the efficiencies presented in
the following sections are probably overestimated with respect to the experimental
ones.

4.2 The EMCal system

The algorithm used by the MICE collaboration to discriminate muons from elec-
trons with the EMCal system is based on two observables: one is related to the
energy measured by each EMR layer, while the second depends on the particular
pattern of the particle trajectory in the system. This second task is summarized
in figure 4.4 which presents a typical muon event in the EMCal system: a muon
crosses the KL layer and part of EMR before decaying. Muons deposit their en-
ergy with a Bragg-peak behaviour: the longitudinal position of the peak depends
on the incoming momentum.

As far as the electrons are concerned, they are generated by in flight muon
decays and a typical event is presented in figure 4.5. The electron generates an
electromagnetic shower in KL whose photons are detected (together with elec-
trons and positrons) by the first EMR layer.

The simulation numbers can be summarized as follows:

• muon beam: a 1 million event beam of muons is generated 1 m upstream
of the first EMR layer. For each momentum value more than 99.9%of the
muons hit KL (the rest decays before it);

• electron beam: 1 million muons with a lifetime of 0.5 ns are generated.
The electrons at KL are more than 65%, and the percentage depends on the
momentum value: the larger the momentum value, the larger the number of
electrons given the larger probability to survive after thepre-shower;
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Figure 4.4: A typical 240 MeV/c muon event in the EMCal system: a muon
(in red) crosses the KL layer (in gray) and part of EMR and thendecays in one
electron (in green) and two neutrinos (violet and cyan). A lot of gammas are
produced (mainly by the electron) via bremsstrahlung and ionization.

• the same number (650000) of muons and electrons is taken intoaccount in
the analysis.

In the following, the results obtained applying the method used by the MICE
collaboration are presented. Differently from the method developed with the
EMR-only system (section 4.3), not all the possible cases ofincoming emittance
and particle charge have been studied since it is part of the work of a dedicated
group of the MICE collaboration. Only negative particle beams with an incom-
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Figure 4.5: A typical electron event in the EMCal system: an electron (in green),
produced by the muon decay (red), generates a shower in the KLdetector that is
detected by EMR.

ing emittance of 2.38π·mm·rad (divergence = 150 mrad, beam size = 5 cm) and
a momentum spread of 10% have been considered. Moreover, if not otherwise
indicated, the 240 MeV/c case is used to describe the resultsof the analysis.

The energy measured by each EMR layer is presented in figure 4.6(a). As
expected, muons (black) release their energy following theBragg-peak distribu-
tion, while the electrons (red) have a continuous energy loss. The plot considers
the average distribution of all the events. Thus the number of the layer with the
largest energy loss can be considered. In the muon case a peakappears (the mean
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Figure 4.6: a) The average energy per layer and b) the layer with the largest energy
value for muons (black) and electrons (red) for all the events.

position depends on the incoming momentum), while in the electron one the first
layer is the one with the largest energy deposit.

4.2.1 Energy ratio

The energy ratio is defined as the ratio between the energy of the layer with the
largest energy loss and the one of the first layer; for muons itis presented in
figure 4.7(a). To be more rigorous, in the plots the energy ratio (RE) has been
computed with the following definition:

RE =
Emax layer− Efirst layer

Efirst layer
(4.3)

The muon distribution presents two peaks: a larger one around 3 and a smaller one
at about 0.5. The detector leakage is responsible of the small peak: if, for example,
only the events that hit the first EMR module in a central region of 40×40 cm2 are
taken into account, the small peak disappears (the red distribution in figure 4.7(a)).
The same conclusion can be reached considering the energy ratio distribution as
a function of the number of the layer with the largest energy loss (figure 4.7(b)):
the smaller peak corresponds to the first layers, the ones hitby particles before
escaping the detector.

The comparison between the muon and electron distributionsis presented in
figure 4.8(a): as expected, this quantity is excellent for the discrimination. As pre-
sented in chapter 3, the discrimination capability can be quantitatively expressed
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Figure 4.7: The energy ratio distributions for muons considering all the events
(black) and the events in a central EMR region (red). b) The energy ratio as a
function of the layer with the largest energy loss.
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Figure 4.8: a) The energy ratio distributions for muons (black) and electrons (red).
b) The muon purity as a function of the efficiency consideringonly the first ob-
servable of the algorithm used by the MICE collaboration.

by the muon purity (Pµ) as a function of the efficiency (ǫµ) defined as:

Pµ =
Nµ

Nµ +Ne

ǫµ =
Nµ

Ntot

(4.4)
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whereNtot is the number of generated muons that have been analyzed (Ntot =
650000), while Nµ andNe are the number of muons and electrons in different
energy ratio ranges. The errors on the two quantities have been computed ac-
cording to equation 3.2. The ranges have been chosen keepingthe upper bound
fixed atRe=40 and increasing the lower edge from 0 on. The muon purity asa
function of the efficiency is presented in figure 4.8(b): the largest purity value
(Pµ,max = 0.815±0.002) is reached with an efficiency ofǫµ,max = 0.807±0.001.

4.2.2 Tracking

The second observable used by the MICE collaboration is based on the pattern
recognition. Before decaying, a muon is expected to have a single track in the
detector, while electrons generate a shower, so more particles have to be detected.
In this thesis work the algorithm to identify all the particle tracks has not been
developed: the method, in fact, requires also the information from KL which is
not provided by this thesis simulation.

Some preliminary results can be obtained considering the EMR tracking ca-
pability, in particular the number of clusters and the number of bars per cluster.
As already stated in chapter 3, a cluster is a group of contiguous bars which have
measured a particle energy loss. In this particular case no cuts on the pulse height
have been applied since no MAPMT noise has been simulated, thus no signal is
present in the bars that have not been hit by particles.

The number of clusters for the first two EMR planes (the ones measuring the
horizontal and vertical directions, respectively) for muons and electrons are pre-
sented in figure 4.9(a). As expected, muons are identified by asingle cluster in the
first layers, while electrons have a larger number of clusters per plane given the
photons produced in the pre-shower. As far as the bars per cluster are concerned
(figure 4.9(b)), given the particular bar shape, the expected value for a single clus-
ter event is 2.

The muon purity as a function of the efficiency has been computed for the
energy ratio variable including also the constraints that amuon event features a
single cluster and two bars per cluster in the first two layers: the results for each
momentum value are presented in figure 4.10. The following remarks hold:

• even without considering the kinematic cuts (provided by the TOF sys-
tem) and the KL information, for higher momenta the purity reaches large
numbers (close to the required value of 99.93%) maintainingthe efficiency
larger than 50%;

• at smaller momenta the presence of KL reduces the muon-electron discrim-
ination capabilities of EMCal since part of the energy is lost in the pre-
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Figure 4.9: a) The number of clusters and b) the number of barsper cluster for
muons (black) and electrons (red) computed in the first EMR module: the top
plots refer to the X direction (first plane), while the bottomplots to the Y one
(second plane).
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Figure 4.10: The muon purity as a function of the efficiency for four momentum
values considering the algorithm used by the MICE collaboration.

shower itself. A possible solution could be to use only EMR aspresented in
the next section.
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4.3 The EMR-only system

This section deals with a preliminary study of a possible method to distinguish
muons from electrons using only EMR. The goal is twofold:

• to study the performance of a fully active scintillator detector for future
applications;

• to investigate another possible algorithm that can be used in MICE in a wide
range of momenta.

As already stated, the analysis on the EMCal simulation (presented in the previous
section) is performed by a dedicated group of the MICE collaboration, so not all
the possible beam cases have been considered in this thesis work. Viceversa, all
possible beam cases have to be considered to illustrate the discrimination capabil-
ities with the newer algorithm presented in this section, the one developed with
the new detector system (the EMR-only one). Thus positive and negative parti-
cles, four momentum values without or with a 10% of momentum spread and two
different emittance values (3π and 6π·mm·rad) have been simulated. The beams
without a momentum spread have been used to show the discrimination in a limit
case and to compare the data with some preliminary ones presented in [92].

Since the major problems in the EMCal system occur at smallermomenta, the
µ+ 140 MeV/c case has been chosen as an example to present the analysis.

As already stated, for the Bethe-Bloch theory a muon with a momentum in the
range 140-240 MeV/c loses its energy with a distribution presenting the character-
istic Bragg peak. Figure 4.11 summarizes the deposited energy for the different
momenta as a function of the layer number (and thus of the amount of crossed
material). Figure 4.11(a) shows the results obtained with four different momenta
with no spread, while figure 4.11(b) presents the same data considering a momen-
tum spread of 10%. Both the distributions have been computedconsidering all
the events. From the figures it is possible to assert that the number of scintillating
layers in EMR is large enough to stop the particle also without KL.

The corresponding results for the electron case are shown infigure 4.12: as
expected, muons and electrons have different behaviors in the detector. It is im-
portant to note that the distributions in figure 4.12 are quite similar: the original
muon momentum spread is a negligible contribution to the momentum distribu-
tion of the final electron beam. The comparison of the energy loss per layer for
muons and electrons is presented in figure 4.13.

The new discrimination algorithm developed in this work requires the defi-
nition of a series of kinematic variables depending either on the calorimeter ca-
pability or on the particle tracking; no pattern recognition has been taken into
consideration.
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Figure 4.11: The energy loss distributions as a function of the layer number for
muons with five different momenta without (a) and with (b) a momentum spread
considering all the events (that is the energy on the vertical axis is the sum of the
energy of all the simulated events).
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Figure 4.12: The energy loss distribution as a function of the layer number for
electrons generated in the muons decay for five different momenta. The original
muon beams are generated without (a) and with (b) a momentum spread.

Such kinematic variables are the following:

• thetotal energyto measure the energy deposited in the whole EMR;
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Figure 4.13: The energy loss as a function of the layer numberfor 140 MeV/c
muon and electron beams, without (a) and with (b) the momentum spread.

• thesix-plane energyto measure the energy loss in a block of six layers;

• the maximum layerto identify the number of the layer which detects the
largest energy loss;

• thehit barsto identify the number of bars hit by each particle;

• theangular distributionto measure the divergence of the beam in the front
layers.

The first three variables are pure calorimetric ones (based on the longitudinal seg-
mentation), while the last two require a fine transversal segmentation (the tracking
geometry).

For each variable the muon and the electron distributions are shown; the anal-
ysis is divided in two phases:

1. a particular variable range in which the muon distribution is clearly different
from the electron one is selected and three efficiencies are computed;

2. the variable range is varied and the purity (Pµ) as a function of the muon
efficiency (ǫµ) is evaluated.

Focusing on the first issue, the three efficiencies are definedin the following
way:
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• the discrimination inefficiency (ǫD) is the ratio between the electrons (Ne)
and muons (Nµ) present in a given variable range (identified in the plots by
the blue lines):

ǫD =
Ne

Nµ

• the electron rejection inefficiency (ǫe) is defined as the ratio between the
electrons in a variable range and the total number of generated ones:

ǫe =
Ne

Ntot

• the muon efficiency (ǫµ) is defined as the ratio between the muons in a
variable range and the total number of generated ones:

ǫµ =
Nµ

Ntot

The error on the efficiency is evaluated with equation 3.2.
In the following sections, the efficiencies and the purity obtained with each

kinematic variable are presented: the cuts have been applied independently for
each variable starting from the original data sample. The results obtained with all
the variables used at the same time are described in the last section.

4.3.1 The total energy

The total energy distributions for muons and electrons are presented in figure 4.14
and are computed as the sum of the energy deposited in each EMRbar. In EMR
the total energy can be measured in two ways: using the information of the single
PMTs or using the data collected by each single bar.

Table 4.2 summarizes the electron inefficiency and muon efficiency for theµ+

case. This kinematic variable is efficient for higher momentum values and similar
results are obtained for an emittance of6π·mm·rad and for theµ− case.

The purity as a function of the muon efficiency for the total energy variable is
presented in figure 4.15.

4.3.2 The six-plane energy

The second kinematic variable is the total energy measured in a block of six lay-
ers: since EMR consists of 48 planes, 8 distributions have tobe considered. The
number of layers (6) per block has been chosen considering the distribution in fig-
ure 4.11(b): a smaller number would result in the non-inclusion of the muon Bragg
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Figure 4.14: The distributions of the total energy deposited by muons (black) and
electrons (red) a) without and b) with a momentum spread. Theblue lines identify
the kinematic cuts.

µ Emittance Momentum ǫe ǫµ
[mm · rad] [MeV/c] (%) (%)

+ 3π 140 (NS) 21.36± 0.25 94.56± 0.68
+ 3π 170 (NS) 15.13± 0.21 97.28± 0.69
+ 3π 200 (NS) 10.43± 0.17 98.28± 0.70
+ 3π 240 (NS) 6.63± 0.13 99.27± 0.70
+ 3π 140 (S) 24.98± 0.28 90.46± 0.66
+ 3π 170 (S) 18.86± 0.24 93.31± 0.67
+ 3π 200 (S) 15.04± 0.21 95.20± 0.68
+ 3π 240 (S) 11.36± 0.18 96.68± 0.69

Table 4.2: The electron inefficiency and muon efficiency after the total energy cut
for an incomingµ+ beam. These data have been collected for each momentum
value and considering the distributions without (NS) and with (S) a 10% momen-
tum spread for an emittance of3π·mm·rad.

peak, while a larger one would take into account the events out of the peak. The
position of the six-plane block varies as a function of the momentum: for example
for the 140 MeV/c case the second block (the layers from 7 to 12) is considered,
for the 240 MeV/c the fifth block (planes 37-42) and so on. The distributions for
the first case are shown in figure 4.16.

This variable is more efficient with respect to the total energy one since it is
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Figure 4.15: The purity as a function of the muon efficiency for the total energy
variable for the beams a) without and b) with a momentum spread.
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Figure 4.16: The distributions of the six-plane energy measured for 140 MeV/c
muons (black) and electrons (red) a) without and b) with a momentum spread.
The blue lines identify the kinematic cuts.

chosen depending on the momentum value, as presented in table 4.3 for theµ+

case; no differences are found for theµ− case or for beams with an emittance of
6π·mm·rad.

This cut is particularly effective, as shown by the purity asa function of the
muon efficiency presented in figure 4.17.
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µ Emittance Momentum ǫe ǫµ
[mm · rad] [MeV/c] (%) (%)

+ 3π 140 (NS) 1.88± 0.07 99.42± 0.70
+ 3π 170 (NS) 2.01± 0.07 99.08± 0.70
+ 3π 200 (NS) 1.67± 0.07 99.10± 0.70
+ 3π 240 (NS) 5.91± 0.13 99.53± 0.70
+ 3π 140 (S) 9.74± 0.16 90.17± 0.65
+ 3π 170 (S) 9.76± 0.16 82.55± 0.61
+ 3π 200 (S) 10.29± 0.17 81.98± 0.61
+ 3π 240 (S) 12.79± 0.19 91.61± 0.66

Table 4.3: The electron inefficiency and muon efficiency after the six-plane energy
cut for an incomingµ+ beam.
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Figure 4.17: The purity as a function of the muon efficiency for the six-plane
energy variable for the beams a) without and b) with a momentum spread.

4.3.3 The maximum layer

According to the analysis presented in chapter 3 and section4.2, the distribution
of the layer measuring the largest energy loss can be used to discriminate muons
and electrons as presented in figure 4.18.

Table 4.4 summarizes the results obtained for theµ+ case; no differences are
present in theµ− case or for beams with an emittance of6π·mm·rad.

The purity as a function of the muon efficiency for the maximumlayer variable
is presented in figure 4.19.
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Figure 4.18: The distributions of the layer number with the largest energy loss
for muons (black) and electrons (red) a) without and b) with amomentum spread.
The blue lines identify the kinematic cuts.

µ Emittance Momentum ǫe ǫµ
[mm · rad] [MeV/c] (%) (%)

+ 3π 140 (NS) 11.64± 0.18 91.84± 0.66
+ 3π 170 (NS) 8.64± 0.15 93.12± 0.67
+ 3π 200 (NS) 8.02± 0.15 96.28± 0.69
+ 3π 240 (NS) 5.23± 0.12 96.57± 0.69
+ 3π 140 (S) 33.10± 0.33 90.60± 0.66
+ 3π 170 (S) 28.33± 0.30 93.09± 0.67
+ 3π 200 (S) 22.52± 0.26 93.42± 0.67
+ 3π 240 (S) 17.73± 0.23 94.11± 0.68

Table 4.4: The electron inefficiency and muon efficiency after the maximum layer
cut for an incomingµ+ beam.

4.3.4 The hit bars

The fourth observable is the number of bars which have detected an energy loss
in the 48 layers: the distributions for positive muons and positrons are shown in
figure 4.20.

The contribution of each particle type can be evaluated withthe help of the
simulation: the black plot in figure 4.20(a) (also presentedin figure 4.21(a)) is
the sum of the bars hit by positive muons, positrons and photons (plots b, c and
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Figure 4.19: The purity as a function of the muon efficiency for the maximum
layer variable for the beams a) without and b) with a momentumspread.
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Figure 4.20: The number of bars which have detected an energyloss for positive
muons (black) and positrons (red) a) without and b) with a momentum spread.

d respectively in figure 4.21). A positive muon hits a certainnumber of bars
(in this case∼ 21, figure 4.21(b)) before decaying inside EMR; the generated
positron loses energy in different bars depending on its original momentum and
the ionization probability (figure 4.21(c)). The positron distribution presented in
figure 4.20(a) (in red) is the result of the sum of the positronand photon plots
presented in figures 4.21(c) and 4.21(d).
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Figure 4.21: The number of hit bars distribution (top left, a) for theµ+ is the sum
of the muons (top right, b), positrons (bottom left, c) and photons (bottom right,
d) distributions.

The physical process that generates the hit bar distribution is different depend-
ing on the incoming particle charge sign. The difference canbe explained by the
annihilation: a positron annihilation occurs in EMR and produces two gammas
(the large photon distribution in figure 4.21), while an electron loses its energy
along its travel in matter, thus explaining the larger distribution for electrons with
respect to the photon one in figure 4.22.

However the particle discrimination performance is independent from the muon
sign: in other words the results obtained for the positive and negative cases are
equivalent. Table 4.5 presents the efficiencies obtained intheµ+ case, varying the
incoming beam emittance, momentum value and spread. It is important to note
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Figure 4.22: The number of hit bars distribution (a) for theµ− is the sum of the
muon (b), electron (c) and photons (d) distributions.

that this variable does not have a great discriminating power, but, from a certain
point of view, this is good news since in EMR the number of hit bars is com-
puted measuring the MAPMT signals: the larger the noise, thelarger the error
on this variable. To use this variable in MICE, a deep investigation on the noise
contribution must be performed.

The purity as a function of the muon efficiency for the number of hit bars
variable for the3π·mm·rad 140 MeV/cµ+ case is presented in figure 4.23.
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µ Emittance Momentum ǫe ǫµ
[mm · rad] [MeV/c] (%) (%)

+ 3π 140 (NS) 45.00± 0.40 85.42± 0.63
+ 3π 170 (NS) 38.45± 0.36 85.27± 0.63
+ 3π 200 (NS) 37.51± 0.36 89.06± 0.65
+ 3π 240 (NS) 33.24± 0.33 89.73± 0.65
+ 3π 140 (S) 48.22± 0.42 83.94± 0.62
+ 3π 170 (S) 42.08± 0.39 84.37± 0.62
+ 3π 200 (S) 39.10± 0.37 86.86± 0.64
+ 3π 240 (S) 35.99± 0.35 89.75± 0.65

Table 4.5: The electron inefficiency and muon efficiency after the hit bars cut for
an incomingµ+ beam.
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Figure 4.23: The purity as a function of the muon efficiency for the hit bars vari-
able for the beams a) without and b) with a momentum spread.

4.3.5 The angular distribution

The last kinematic variable is the angular distribution (inboth directions) mea-
sured with the first two modules (first 4 planes). The angular distribution is com-
puted considering the hit position given by the clusters, which in fact can be more
than one per plane because of the decay products and the photons. In order to
consider just the clusters which correspond to the incomingcharged particles, the
pulse height of each cluster in one EMR plane has been computed. Figure 4.24(a)
presents the distribution for the first layer in case of an incoming muon beam,
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while the electron case is shown in figure 4.24(b). From the figures it is possible

Energy [MeV]
0 1 2 3 4 5 6 7 8

# 
E

nt
rie

s

10

210

310

410 All

Muon

Other

(a)

Energy [MeV]
0 1 2 3 4 5 6 7 8

# 
E

nt
rie

s
10

210

310

410
All

Electron

Other

(b)

Figure 4.24: The energy of each cluster in the first EMR layer for an incoming a)
muon and b) electron beam without momentum spread.

to note that selecting the clusters with the larger pulse height, the probability to
identify the cluster as the one due to the incoming charged particle is very high. As
an example, considering the 140 MeV/c positive muons case, 92% of the clusters
with the largest pulse height are correctly identified as muons.

The angular distributions for both directions are presented in figure 4.25: since
the electrons are generated in a decay, their divergence is larger with respect to
the muons one. Table 4.6 summarizes the efficiencies for the3π µ+ case; no
differences are present in the other cases.

The purity as a function of the muon efficiency for the divergence variable is
presented in figure 4.26.

4.3.6 Results with cuts

Applying the cuts on all the kinematic variables at the same time, the resulting
efficiencies are the ones summarized in tables 4.7 and 4.8 fortheµ+ andµ− cases
respectively considering all the beam types.

Summarizing:

• the discrimination efficiency (1-ǫD) is very high in any condition: the worst
value is 99.60%;

• the larger the momentum value, the larger the fraction of survived muons
(ǫµ).
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Figure 4.25: The angular distributions for the vertical (top) and horizontal (bot-
tom) directions for muons (black) and electrons (red) a) without and b) with a
momentum spread. The blue lines identify the kinematic cuts.

µ Emittance Momentum ǫe ǫµ
[mm · rad] [MeV/c] (%) (%)

+ 3π 140 (NS) 19.68± 0.24 79.84± 0.60
+ 3π 170 (NS) 23.32± 0.27 85.17± 0.63
+ 3π 200 (NS) 27.62± 0.30 85.76± 0.63
+ 3π 240 (NS) 32.05± 0.33 85.67± 0.63
+ 3π 140 (S) 19.83± 0.24 78.07± 0.59
+ 3π 170 (S) 23.49± 0.27 83.97± 0.62
+ 3π 200 (S) 27.53± 0.30 85.35± 0.63
+ 3π 240 (S) 32.02± 0.33 85.71± 0.63

Table 4.6: The electron inefficiency and muon efficiency after the divergence cut
for an incomingµ+ beam.

Focusing on the particle discrimination, the purity as a function of the muon
efficiency applying all the cuts at the same time for the3π·mm·rad µ+ case is
presented in figure 4.27. The results obtained with the use ofEMR-only are con-
sistent with the EMCal system ones. The largest efficiency value is of the order of
70-80% and it is smaller with respect to the value obtained with each single vari-
able (e.g. almost 100% for the six-plane variable, figure 4.15), but with a purity
which is close to 100%.
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Figure 4.26: The purity as a function of the muon efficiency for the divergence
variable for the beams a) without and b) with a momentum spread.
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Figure 4.27: The purity as a function of the muon efficiency applying all the cuts
at the same time for beams a) without and b) with a momentum spread.
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µ Emittance Momentum ǫD ǫe ǫµ
[mm · rad] [MeV/c] (%) (%) (%)

+ 3π 140 (NS) 0.05± 0.01 0.03± 0.01 58.84± 0.48
+ 3π 170 (NS) 0.01± 0.01 0.01± 0.01 66.88± 0.53
+ 3π 200 (NS) 0.00± 0.00 0.00± 0.00 73.03± 0.56
+ 3π 240 (NS) 0.01± 0.00 0.01± 0.00 74.38± 0.57
+ 3π 140 (S) 0.17± 0.03 0.10± 0.02 56.41± 0.47
+ 3π 170 (S) 0.19± 0.03 0.11± 0.02 59.95± 0.49
+ 3π 200 (S) 0.18± 0.03 0.11± 0.02 62.25± 0.50
+ 3π 240 (S) 0.07± 0.02 0.05± 0.01 70.64± 0.55
+ 6π 140 (NS) 0.02± 0.01 0.01± 0.01 58.58± 0.48
+ 6π 170 (NS) 0.02± 0.01 0.01± 0.01 68.08± 0.53
+ 6π 200 (NS) 0.02± 0.01 0.01± 0.01 73.16± 0.56
+ 6π 240 (NS) 0.01± 0.00 0.01± 0.00 74.03± 0.57
+ 6π 140 (S) 0.18± 0.03 0.10± 0.02 57.42± 0.48
+ 6π 170 (S) 0.23± 0.03 0.14± 0.02 60.41± 0.49
+ 6π 200 (S) 0.25± 0.03 0.16± 0.02 62.91± 0.51
+ 6π 240 (S) 0.13± 0.02 0.09± 0.02 68.64± 0.54

Table 4.7: The discrimination, rejection and muon efficiencies for an incomingµ+

beam for each momentum value and considering the distributions without (NS)
and with (S) a 10% momentum spread; the incoming beam emittance has been
varied from3π to 6π·mm·rad.
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µ Emittance Momentum ǫD ǫe ǫµ
[mm · rad] [MeV/c] (%) (%) (%)

- 3π 140 (NS) 0.06± 0.02 0.03± 0.01 58.06± 0.48
- 3π 170 (NS) 0.05± 0.01 0.03± 0.01 69.26± 0.54
- 3π 200 (NS) 0.01± 0.01 0.01± 0.00 72.49± 0.56
- 3π 240 (NS) 0.02± 0.01 0.01± 0.01 76.77± 0.58
- 3π 140 (S) 0.24± 0.03 0.13± 0.02 55.27± 0.46
- 3π 170 (S) 0.40± 0.04 0.25± 0.02 61.72± 0.50
- 3π 200 (S) 0.25± 0.03 0.15± 0.02 62.56± 0.50
- 3π 240 (S) 0.10± 0.02 0.07± 0.01 70.29± 0.55
- 6π 140 (NS) 0.06± 0.02 0.04± 0.01 56.88± 0.47
- 6π 170 (NS) 0.05± 0.01 0.03± 0.01 66.64± 0.53
- 6π 200 (NS) 0.04± 0.01 0.03± 0.01 75.14± 0.57
- 6π 240 (NS) 0.03± 0.01 0.02± 0.01 76.92± 0.58
- 6π 140 (S) 0.26± 0.03 0.15± 0.02 57.73± 0.48
- 6π 170 (S) 0.40± 0.04 0.25± 0.02 61.45± 0.50
- 6π 200 (S) 0.28± 0.03 0.17± 0.02 62.72± 0.51
- 6π 240 (S) 0.13± 0.02 0.09± 0.02 70.66± 0.55

Table 4.8: The discrimination, rejection and muon efficiencies for incomingµ−

beams.



Chapter 5

The commissioning phase

The first Electron Muon Ranger data taking is foreseen in May-June 2012 [93]
after a commissioning phase that is divided in two parts: thetest of the layers
with cosmic rays at the University of Geneva (UNIGE) during the manufacturing
of the detector and the tests after the installation of part of the detector at RAL. At
the time of this thesis work, part of the commissioning has been performed and
the results are presented in this chapter.

The first EMR planes have been tested with cosmic rays at UNIGE: these
tests have demonstrated to be fundamental to identify the failure of the bars or
of the fibers before their installation in the EMR box and to evaluate the tracking
performance of the detector. Moreover the layers have been used to develop the
final mechanics (electronics boards holders, aluminum frames, patch panels). The
tests, started in 2010, used a setup similar to the one presented in section 3.2 for
the small scale prototype, in order to track the particle that hits a EMR module.
The results obtained with these studies and with optical tests1 allowed to fix the
final bar assembly procedure in which the scintillating bar light is brought out
to the PMTs through clear fibers attached to the bars with connectors [81]. The
results of the UNIGE tests of a few planes is presented in section 5.1. Similar tests
are scheduled for the beginning of 2012: the 48 planes will bestudied using the
final frontend and readout electronics (thus without the BC for the tracking) just
before their shipment to RAL.

The second part of the commissioning is related to the installation of the detec-
tor at RAL. This task is twofold: the assembly of the detectorin the KL frame (and
the corresponding installation of the cables for signals and power) and the imple-
mentation of the EMR control and readout in the MICE DAQ (DATE). These is-
sues have been partially performed in July 2011 when six planes have been placed
on the MICE line identifying the mechanical constraints forthe final installation;

1In the optical tests the fibers have been illuminated on one side with a light source while on
the other side the light yield is measured with a CCD camera [81].

153
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moreover a preliminary version of the DAQ has been developed. Using DATE
and the DAQ system of the UNIGE tests, the detector has been tested both with
cosmic rays and a mixed beam; the results are presented in section 5.2.

5.1 Tests at UNIGE

All the EMR planes have to be tested with cosmic rays at the University of Geneva
before the final data taking. Two different phases have been foreseen:

• the test of a few modules (1 or 2) in terms of efficiency, spatial resolution
and cross-talk with a setup based on high resolution silicondetectors. This
test allowed the definition of the assembly procedure. The modules were
also used to develop the mechanics (supports, electronics board holders,
patch panels) and to test the readout electronics;

• the test of the 48 planes installed in the EMR box readout by the final elec-
tronics (without using the silicon tracking system).

The first tests started in 2010 and will be finished for the beginning of 2012.
When all the modules will be completed and tested, the whole detector will be
assembled, tested with the final electronics and with cosmicrays and sent to RAL
for its installation on the MICE line.

An example of the first tests is presented in this section, from the description
of the setup to the results.

5.1.1 The setup

A schematic drawing of the UNIGE setup is presented in figure 5.1: it consists of
a 10×10 cm2 plastic scintillator used for the trigger and a couple of 9.5×9.5 cm2

silicon detectors for the particle tracking placed below the EMR modules.
A typical test foresees the presence of two modules: the fourlayers (figure 5.2)

are hosted in a black wooden box that guarantees the light tightness. The planes
under test had the bars with the final shape but not with the final method to bring
out the scintillating light to the PMTs. Thanks to some optical tests on these
planes, in fact, the originally used “single WLS fiber” system has been substituted
with the “connectors+clear fibers” one (figure 2.4(c)) [81].Because of a problem
during the assembly, only the fibers of three planes had been glued on the MAPMT
masks and polished, so in the analysis one of the layers cannot be taken into
account.

The MAPMT signals are readout by the final FrontEnd board version (sec-
tion 2.3.1). The analog and digital readout modes are performed with the small



5.1 Tests at UNIGE 155

Figure 5.1: A sketch of the UNIGE setup: on its journey a cosmic ray hits the
EMR modules, a plastic scintillator for the trigger (in yellow) and a couple of
silicon detectors (in blue).

scale prototype DAQ architecture (figure 3.5), that is basedon a VME system
which hosts a SBS Bit3 card for the data transmission, one I/Oboard (the MAROC
control, consisting of one VME card and a piggy-back one) to configure and read-
out the four scintillating planes and the BCs and two I/O boards (the shift register
cards) to record the digital information of a single FEB. Four EMR planes are
readout by a single VME card (the main part of the MAROC control board, while
the piggy-back one is devoted to the BCs readout). As far as the EMR digital
readout is concerned, the DAQ allows only one FEB to be readout in this way,
thus in the UNIGE tests only one plane has been readout with both the analog
and digital modes. The tests of the digital parts of the otherFEBs have been per-
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Figure 5.2: Four EMR planes under test at UNIGE.

formed directly at RAL (see section 5.2 for further details), even if all the FEBs
functionalities had been previously verified on bench (appendix A).

The test procedure is similar to the one performed with the small scale proto-
type: a typical data taking consists in the acquisition of 200 events of pedestal and
a high statistics run of real events.

5.1.2 The results of the UNIGE test

The analysis of the UNIGE data is very similar to the one implemented for the
small scale prototype since the tracking capabilities are the only features that can
be evaluated with these tests. The first important quantity to analyze is the pulse
height distribution of the bar with the largest signal in theevent for each MAPMT.
The distributions (presented in figure 5.3) are used to identify a threshold (the
blue lines in the plots) to distinguish the good signals fromthe noise ones. As
already stated, the fibers of the third layer (the bottom lefthistogram in figure 5.3)
are not connected to the plastic mask, thus the distributioncorresponds to the
noise contribution of the electronics (which typically is of the order of a few ADC
counts). From now on, if not otherwise indicated, the results obtained with one
module will be used as an example of the analysis since no differences are present
among the layers themselves.
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Figure 5.3: The analog pulse height of the bar with the largest signal of the four
modules under test at the University of Geneva. The blue dotted line identifies the
threshold used in the analysis to discriminate the signal from the noise. The third
layer is not connected to the MAPMT. The fourth module is readout both in the
analog and digital way: the red line corresponds to the events in which the bar has
also a digital information.

The fourth plane (the bottom right plot in figure 5.3) has beenreadout both in
the analog and digital way: the red line in the plot identifiesthe events in which
the bars with the largest signal have also a digital information. The discriminator
threshold roughly corresponds to an analog pulse height of about 100 ADC counts.
The digital efficiency (see section 3.2.3 for further details) has been evaluated as
a function of the analog pulse height (figure 5.4): as expected, an efficiency of
100% is reached around a pulse height value of 100 ADC counts.

Exploiting the Time-over-Threshold architecture implemented in the MAROC
ASIC, the digital pulse height can be measured: the distribution, presented in
figure 5.5(a), has to be compared with the small scale prototype one (figure 3.15).
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Figure 5.4: The digital efficiency as a function of the analogpulse height. The
large errors at the larger pulse height values are due to the small statistics.

It is clear that the two distributions have a Gaussian-like shape, but the mean
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Figure 5.5: a) The digital pulse height distribution. b) Thecorrelation between
the analog and digital pulse height.

value is smaller in the UNIGE case. This is due to the MAROC ASIC version: in
MAROC2 (the one used for the prototype) the digital pulse height range was larger
with respect to the MAROC3 one. A wider range means a larger granularity;
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the smaller ranger can represent a limit: in fact, in the MAROC3 case, two bars
have a different digital information if the difference of their analog pulse height is
larger than in the MAROC2 one. However the correlation between the analog and
digital pulse height is still valid (as presented in figure 5.5(b)) and this guarantees
an improvement of the detection capability with respect to apure digital system.

The particle hit position is computed by means of the clusters: in the analog
case a cluster consists of the contiguous bars with an analogsignal larger than
the analog threshold (the blue lines in figure 5.3) while in the digital case all the
bars which have a digital information are taken into accountin the cluster com-
putation. The number of clusters per plane has been computedboth for the ana-
log (figure 5.6(a)) and digital (figure 5.6(b)) readout modes: the two distributions
show no significant difference. As already stated for the small scale prototype, the

# Clusters
1 2 3 4 5 6 7 8 9 10

# 
E

nt
rie

s

1

10

210

310

410

(a)

# Clusters
1 2 3 4 5 6 7 8 9 10

# 
E

nt
rie

s

10

210

310

410

(b)

Figure 5.6: The number of clusters per plane computed with a)the analog and b)
the digital readout mode.

larger number of clusters per plane is probably due to the cross-talk effect, even
if in this case the probability of a multi event in the plane islarger given the layer
larger sensitive area. The number of bars per cluster is presented in figure 5.7(a)
for the analog readout mode and in figure 5.7(b) for the digital one. Given the par-
ticular geometry, the expected number of bars per cluster istwo, as in the analog
case. The two distributions are different because of the pulse height threshold: in
the analog case the threshold corresponds to about 50 ADC counts, while in the
digital one it is about 100 ADC counts. This means that part ofthe events con-
sidered in the analog case that release a small amount of energy (as en example
all the events that impinge on the edge of a bar) are not taken into account in the
digital one. Varying the analog threshold from 50 to 100 ADC counts (the red
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Figure 5.7: The number of bars per cluster per plane computedwith a) the analog
and b) the digital readout mode. The red histogram in figure (b) identifies the
number of bars per cluster computed in the analog mode varying the threshold
from 50 to 100 ADC counts.

histogram in figure 5.7(b)), the two distributions are equivalent. However, in the
rest of the analysis the analog threshold will be set to 50 ADCcounts.

The cosmic profiles detected with both modules are presentedin figure 5.8:
the hit position on each plane has been computed with the charge centroid method
for the single cluster events. The distributions present a larger number of events
in the center of the plane (as expected by the cosmic rays distribution) and some
holes (the most important around 10 cm) due to a low efficiencyvalue as presented
later on.

The EMR tracking capabilities are based on two quantities: the spatial res-
olution and the efficiency. The first one is evaluated by meansof the residual
using the BC tracking system, following the method developed for the small scale
prototype presented in section 3.2. The residual distributions for the single clus-
ter events are presented in figure 5.9(a) for the analog case and in figure 5.9(b)
for the digital one: the distributions can be fitted with a Gaussian law, allowing
to evaluate a spatial resolution (the “Sigma” parameter) ofthe order of 6.5 mm.
As already described, the distances between the BCs and the layers have been
evaluated minimizing the residual RMS value.

The two readout modes provide two different values: the digital residual RMS
is larger with respect to the analog one because the charge centroid method is
less effective given that not all bars above the analog threshold contribute to the
digital cluster (as presented in figure 5.7). However both the spatial resolution
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Figure 5.8: The cosmic profile computed with a) the analog andb) the digital
readout modes.
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Figure 5.9: The residual distribution computed with a) the analog and b) the digital
readout modes.

overall plots demonstrate that the MAPMT-mask alignment has been improved
with respect to the prototypes: figure 5.10 presents the residual distribution (in
logarithmic scale) considering all the clusters in the plane. The same distribution
for the small scale prototype case (figure 3.11(b)) presented several lateral peaks
due to the cross-talk effect that in this case are absent.

The detection efficiency has been computed following the method developed
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Figure 5.10: The residual distribution in logarithmic scale for all the clusters com-
puted with a) the analog and b) the digital readout mode.

for the prototype: referring to equation 3.1, the “target events” are all the events
that have a single cluster in the BCs and a single cluster in two EMR planes,
requiring also that the positions reconstructed by the EMR planes are at less than
3σ from the reconstructed hit position on the planes themselves; the “good events”
are the events with a single cluster in the third plane with a residual within 3σ from
the expected value. The efficiency as a function of the hit position is presented in
figure 5.11: the average value is around 97%. As in the spatialresolution case, the
digital value is smaller than the analog one because of the different pulse height
threshold. It is important also to note the smaller efficiency region at about 10 cm
that explains the cosmic ray profile distribution presentedin figure 5.8.

The goal of the UNIGE tests is to verify the bar assembly procedure and not
to compare the readout modes performances (already presented with the small
scale prototype, section 3.2.3). For this reason, two different thresholds have been
used for the analog and digital cases. In the tests performedat RAL presented in
the next section, the discriminator threshold has been lowered to be equal to the
analog one.

5.2 Commissioning tests at RAL

The second part of the EMR commissioning phase has been performed on the
MICE line. The commissioning of EMR at RAL requires EMR to be installed
in the KL frame, the readout to be included in the MICE DAQ (DATE) and the
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Figure 5.11: The efficiency as a function of the hit position computed with a) the
analog and b) the digital readout modes.

detector performances to be evaluated with dedicated beams. In order to speed
up the final installation foreseen for May 2012, a few of thesetasks have been
performed in July 2011: six EMR planes have been placed in thefinal box and
installed on the line, the readout has been included in DATE and some preliminary
results have been obtained with cosmic rays and a mixed (pion/muon/electron)
beam. The readout has been performed independently by two systems: DATE
and a “UNIGE-like” system, a simplified version of the VME DAQused for the
cosmic rays tests. Because of the low beam particle rate, theEMR performances
have been evaluated both using beams and cosmic rays.

In this section, after a brief introduction on the setup, thepreliminary results
obtained with both the DAQ systems are presented.

5.2.1 EMR at RAL: the setup

Six EMR layers have been installed in July 2011 at RAL. At thattime the MICE
collaboration had completed the tasks foreseen for Step I (figure 1.31) and was in
an intermediate status between Step II and III: in fact, the TOF2 stations, KL and
part of EMR had been installed, but the first spectrometer wasnot available. Given
the particular situation, EMR has been installed at the beginning of the beamline
(figure 5.12(a)), almost in the same position where the first spectrometer will be
placed. As presented in figure 5.12(b), the EMR box has been located in the KL
aluminum frame just downstream of the last TOF station and all the cables have
been pulled.
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(a)

(b)

Figure 5.12: EMR at RAL: a) for the 2011 commissioning tests six planes have
been installed at the beginning of the MICE line; b) EMR installed in the KL
frame, just downstream of the TOF2 station.

The data have been acquired with two independent DAQ systems: DATE and a
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“UNIGE-like” one, the same system used for the UNIGE tests without the readout
of the silicon beam chambers. In these tests only the four internal planes have
been readout: the coincidence of the first and last plane outputs has been used
as a trigger signal for the second DAQ system (more details are presented later
on), while the trigger for DATE was given by a dedicated combination of the TOF
system and KL, chosen depending on the beam type (cosmic raysor the MICE
beam).

As far as the beam is concerned, the original idea was to separately test the
detector with cosmic rays and a mixed muon/pion 200 MeV/c beam. However
some problems with the line target forced the use of both the particle types in the
same run: in fact the typical event rate for the cosmic rays was of the order of
10 Hz, while the beam one of 1 Hz. In conclusion, there was no possibility to
collect enough statistics exploiting just the beam events.

The analysis presented in the following has been performed on the data col-
lected with the UNIGE-like system; as fas as DATE is concerned, just a few raw
data plots will be shown.

5.2.2 Results with cosmic rays and the mixed beam

The analysis performed on the RAL data is similar to the UNIGEone (section 5.1),
apart from the evaluation of the spatial resolution and efficiency given the absence
of the silicon tracking system. The pulse height of two MAPMTs is presented
in figure 5.13(a): the distributions have been obtained considering the bar with
the largest energy deposit in each event. This distributionhas been computed
to discriminate the good signals from the noise ones settingan analog threshold
(the blue dotted line) in the analysis. Differently from theother setups (e.g. the
UNIGE tests - figure 5.3 - or the prototype ones), the modules under tests are
sandwiched between two planes which cover the overall sensitive area, so the
interaction probability is very high and the number of noiseevents is small.

A comparison between the analog and digital readout modes has been per-
formed for the four internal planes under test. Only a singleFEB per run has
been readout with both the systems; figure 5.13(a) presents the results obtained
with the second board (bottom plot). The analog pulse heightof the bar with the
largest analog signal and with a digital information is represented by the red line.
The digital efficiency as a function of the analog pulse height is presented in fig-
ure 5.13(b). In this case, the discriminator threshold value has been set to be the
same of the analog one.

The digital pulse height is shown in figure 5.14(a). Thanks tothe ToT archi-
tecture, it is a function of the analog pulse height (figure 5.14(b)).

The cluster computation has been used to reconstruct the cosmic and beam
profile. The number of clusters is presented in figure 5.15(a)for two planes: as
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Figure 5.13: a) The pulse height distribution for one vertical (top) and one hor-
izontal (bottom) planes. The analog threshold (blue dottedline) in the analysis
has been set to 30 ADC counts. The analog pulse height in presence of a digital
information in the bar is indicated by the red line in the bottom plot. b) The digital
efficiency as a function of the analog pulse height.
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Figure 5.14: a) The digital pulse height and b) the correlation between the analog
and digital pulse height.

expected, the majority of the events has a single cluster, but also a larger number
of clusters is possible. In the small scale prototype a largenumber of clusters per
event has been explained by the presence of the cross-talk effect. On the other
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Figure 5.15: a) The number of clusters and b) the number of bars per cluster for
one Y (top) and one X (bottom) plane.

hand, in this case the trigger area is large enough to allow two independent events
to be recorded at the same time.

The number of bars per cluster is shown in figure 5.15(b). The distributions
can be explained considering the particular trigger systemwhose sketch is pre-
sented in figure 5.16. Given the cosmic rays angular distributions2, the most prob-
able cosmic ray event is perpendicular to the Z direction (the one that defines the
motion along the beam). Thus, given the trigger architecture, the most probable
events are the ones represented by the red lines in figure 5.16: the planes which
measure the vertical (Y) direction (as an example the third layer from the left in
the figure) have a larger number of hit bars (at least 4), whilein the horizontal
coordinate the most probable event is orthogonal to the planes.

As in the UNIGE tests case, the cosmic and beam profiles have been computed
considering all the events with a single cluster whose position is the barycenter of
the charge. The distributions for one plane per direction are presented in fig-
ure 5.17.

In order to select the particles more orthogonal to the EMR planes (the ones
parallel to thez direction), another trigger system has been implemented. Fig-
ure 5.18 presents the second trigger architecture: together with the first and last
EMR layers, the signal of a TOF2 scintillator (placed about 50-60 cm upstream
of the first EMR plane) has been used in coincidence. The red lines identify the
most probable particle events.

2The muon angular distribution at the sea level is proportional to cos2 θ, whereθ is the Zenith
angle [53].
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Figure 5.16: The most probable cosmic ray events (in red) come from the top of
the detector and cross the scintillating planes, hitting a large number of bars.
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Figure 5.17: The cosmic and beam profile for the vertical (top) and horizontal
(bottom) directions.

The same analysis has been performed on this set of data. The number of
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Figure 5.18: The second trigger system is based on the coincidence of the first
and last EMR layers and a TOF2 scintillator (50 cm in the X direction, 10 cm in
the Y one).

clusters per plane is presented in figure 5.19(a): the distribution is very similar to
the one obtained with the first trigger since no large differences are expected. On
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Figure 5.19: a) The number of clusters and b) the number of bars per cluster for
one Y (top) and one X (bottom) planes using the second triggertype.
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the other hand, a smaller number of bars per cluster was expected in the vertical
direction with respect to the previous trigger configuration. This fact is confirmed
by the distribution presented in figure 5.19(b).

Also the cosmic profile has been measured and the results are summarized in
figure 5.20. As expected, the top plot is different with respect to the one pre-
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Figure 5.20: The cosmic and beam profile for the vertical (top) and horizontal
(bottom) directions using the second trigger type.

sented in figure 5.17: given the most probable events (identified by the red lines
in figure 5.18), the particles hit the vertical plane close tothe edges.

The four inner planes have been readout also with the DATE system. This
was the very first time that the final electronics chain (FEB+DBB+VRB+DATE)
has been used. The analysis of the data recorded with DATE is still ongoing, so
just a few preliminary results are available [94]. The first one is the distribution
of the leading edge time of the EMR events (see section 2.3.2)with respect to
the spill gate signal (figure 5.21(a)). In practice the plot represents the time arrival
distribution of the particles recorded by EMR (typically cosmic rays, in blue) with
respect to the end of the spill gate represented by the red line.

The DBBs compute at the same time the number of triggers per spill detected
by EMR and provided by the MICE DAQ. In a spill gate, in fact, the DBBs receive
the trigger signals from the general DAQ system (that is generated by a dedicated
combination of TOF, CKOV and other detectors); but, at the same time, they check
if there is a digital information in the bars that are readout. The comparison of the
two distributions is presented in figure 5.21(b). The two distributions should be
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(a) (b)

Figure 5.21: a) The leading edge time for the EMR events (in blue) and the spill
width (in red) and b) the number of particle triggers recorded by EMR (in blue)
and by the MICE DAQ (in red) [94].

the same, but this is it not the case and the problem has to be investigated.
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Chapter 6

Conclusions and outlooks

Neutrino physics is still one of the most fascinating research fields in high energy
physics. Fundamental questions such as the neutrino mass orits mixing can lead to
unexplored theoretical regions, even questioning the Standard Model. The study
of the neutrino requires the development of both heavy and large detectors and
dedicated sources, able to produce neutrino beams with welldefined features such
as a Neutrino Factory.

The necessity of a Neutrino Factory is analyzed in the first chapter of this
thesis. Natural and artificial sources like the Sun, the atmosphere, nuclear reactors
and particle accelerators on one hand have led to fundamental results, but on the
other they are limited in terms of intensity, energy and flavor composition. To
optimize the detector design and to face the unanswered questions, a pure neutrino
beam with high intensity and a well-defined energy should be used. In a Neutrino
Factory two of the listed limits are intrinsically solved: the neutrinos are produced
from the decay of a muon beam whose energy and shape can be set.For what
concerns the intensity, a huge amount of muons have to be stored in a ring but this
is complicated by this particle short lifetime. In other words the muon cooling
represents a key element not only for the Neutrino factory but also for a Muon
Collider. A possible solution is being investigated by the MICE collaboration and
it is based on an innovative technique called ionization cooling.

MICE is currently under commissioning at the Rutherford Appleton Labora-
tory. The aim of the experiment is to cool a pure muon beam (by afactor 10%)
exploiting the ionization cooling technique in which the particles lose transver-
sal momentum hitting a light absorber (liquid hydrogen), while the longitudinal
one is restored through radiofrequency cavities. The cooling capability is evalu-
ated with two 4 T spectrometers (based on fiber trackers) measuring the emittance
before and after the cooling section with a precision of 0.1%and, therefore, the
emittance reduction with a precision of 1%. This goal can be achieved selecting
the muons, discriminating them from the background that is mainly made of pi-
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ons and electrons. Thus in the experimental line a Particle-ID system is needed:
upstream of the cooling channel a TOF system and Cherenkov detectors identify
the muons and the pions, while downstream the muon/electrondiscrimination is
ensured by a TOF system, a pre-shower (KLOE-Light) and the Electron Muon
Ranger.

The heart of this thesis work is represented by EMR and its evolution, from
the design to the prototype tests, from a Monte Carlo simulation to the prelimi-
nary results in the commissioning phase. EMR is a fully active detector based on
1.1 m long scintillating bars with a triangular shape whose light is carried out by
one WLS fiber and is readout by two PMT systems: on one side the 59 fibers of
a plane are readout by a single anode PMT, while on the other the light of each
single bar is measured by an anode of a MAPMT. This dual readout has been
implemented to distinguish the two detector main tasks: thecalorimetric capabil-
ity is ensured by the single PMTs measuring the whole energy deposited in each
plane, while the track of each particle is reconstructed starting from the signals
recorded by the MAPMT pads. The single PMTs signals are readout by 8 channel
WaveForm Digitizers, while a dedicated frontend electronics has been developed
for the MAPMTs, based on the so-called FrontEnd Board and Digitizer and Buffer
Board. Each FEB hosts a MAROC ASIC that processes the 64 PMT signals in
parallel and provides 64 digital outputs that are sampled, stored and sent to the
VME readout system through the DBBs.

The EMR tracking and calorimetric capabilities have been evaluated using two
different prototypes: the small scale prototype is roughlya cube consisting of 8
planes of 10 scintillating bars each (with a rectangular shape and organized in a
x-y configuration), while LEP is made of 48 planes of 4 bars each. The light of
both the prototypes bars is brought out by WLS fibers interfaced to the MAPMTs
and the FEBs. The first prototype has been tested with cosmic rays: the tracking
capabilities have been expressed by means of the spatial resolution (of the order
of 7 mm) and of the efficiency (larger than 98%). Moreover the cross-talk effect
(due to the misalignment between the MAPMT and the fiber plastic mask) has
been studied and the results have been used to finalize the EMRdesign. The
muon/electron discrimination has been evaluated with the Large EMR Prototype
with a 1 GeV/c beam on the PS T9 line at CERN. Although the beam momentum
is different (in MICE the momentum value is in the range 140-240 MeV/c), the
experimental results have been used to tune a Monte Carlo simulation to study the
performance at lower momenta.

Two simplified Monte Carlo simulations of EMR are presented in the fourth
chapter: the EMCal system (based on KL and EMR) has allowed topresent the
discrimination algorithm proposed by the MICE collaboration, while the EMR-
only system has been simulated to understand the EMR performance identifying
a few kinematic variables that can help the background rejection. Both the simu-
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lated systems are characterized by good results in terms of discrimination, even if
the analysis is still in a preliminary phase.

The last chapter of the thesis is dedicated to the commissioning phase of EMR:
in particular the first part deals with the tests with cosmic rays performed at the
University of Geneva to check the bar assembly procedure, while the second part
describes the installation of six planes on the MICE line at RAL. The UNIGE tests
are based on the study of the tracking capability: as for the small scale prototype,
the spatial resolution (of the order of 6.5 mm) and the efficiency (about 97%) have
been computed. The results have shown that the bar triangular shape improves the
uniformity of the efficiency over the whole plane, while the spatial resolution is
enough good. Six planes have been installed on the MICE line at RAL in order
to plan the installation of the detector in its final frame downstream of KL and to
implement the EMR configuration and readout in the final DAQ system (DATE).
The performance of the detector with cosmic rays and a mixed beam has been
evaluated with the DAQ used for the UNIGE tests and the results are consistent
with the expected ones. On the other hand, the readout and configuration task
for the EMR electronics have been implemented in DATE and theanalysis of the
results is still ongoing.

The oscillation study is fundamental to investigate the neutrino physics. For
this reason several detector systems and techniques have been proposed in the
last years, among which the so-calledmagnetized scintillation detectorsare very
important. These far detectors (thus placed at the end of a baseline) are based
on scintillating material (to have a large energy resolution) located in a magnetic
field to separate and identify the charged particles produced by the neutrinos: the
oscillation phenomenon is thus studied via the golden, silver and platinum chan-
nels. To make an example, if in a Neutrino Factory aµ+ decays (thus producing
νe andνµ neutrinos), the oscillation is demonstrated by the detection of aµ− in the
detector. Two of the most important magnetized scintillator detectors are MIND
(Magnetized Iron Neutrino Detector) and TASD (Totally Active Scintillator De-
tector): the first one is made of scintillator interleaved bylead or iron, while the
second one is a fully active detector. Thus EMR may representthe first step to-
wards a TASD.

MIND has been proposed in 2000; it is a 20 m diameter 20 m long cylinder
made of 6 cm wide iron rods interleaved with 2 cm scintillating rods [9]. The scin-
tillator is readout on both ends to determine the hit position along the scintillator.
A superconducting coil generates a magnetic field of 1 T inside the iron.

The first TASD design was proposed in 2006 [95] and foresees a detector
made of long scintillating bars arranged in a x-y geometry with a triangular shape
(figure 6.1(a)). Such a detector has been designed starting from the layout of the
the NOνA one [85], with two important differences:



176 Conclusions and outlooks

• each bar is 15 m long, for a total detector thickness of about 150 m and a
mass of 22.5 kton. A possible design has been simulated with GEANT4 as
presented in figure 6.1(b);

(a) (b)

Figure 6.1: The TASD detector: a) the 15 m long scintillatingbars with a triangu-
lar shape [96] and b) the final detector in a GEANT4 simulation[9].

• the detector is positioned in a 0.5 T magnetic field perpendicular to the beam
axis.

In a TASD, the energy and the tracks of the neutrino charged parts are mea-
sured in the energy range between 100 MeV/c and 15 GeV/c: thanks to the scin-
tillator architecture, the energy resolution is better than in MIND and it is of the
order of∆E/E . 10%/

√

E[GeV], while the low density of the material and fine
granularity increases the efficiency of the muon charge measurement at lower mo-
menta [9]. Last but not least, the large number of hits per track allows to separate
the neutral pions from the electrons.

EMR could represent the first step towards a TASD since it can be considered
a prototype for future tests. In these tests the problemes related to the develop of
a TASD have to be studied:

• magnetic field: the large dimensions of the detector requirethe development
of a non conventional system to generate the magnetic field. Among the
possible solutions one can list the high-Tc (high-Temperature superconduc-
tors)1, even if the costs at the moment are too large, or the superconducting
transmission line (STL), in which a superconducting cable is inserted in a
coaxial helium cryostat, eliminating the presence of a large bulky cryostat

1The high-temperature superconductors are materials that have a superconducting transition
temperature above 30 K.
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[9]. EMR with a different readout system (e.g. the Silicon PhotoMultipliers,
see later on) can be used as a large prototype to test the two solutions;

• long bars: the detection uniformity, the light attenuationand the mechanics
are just an example of the open questions related to the length of the bars;

• readout system: in a magnetic field the scintillating light can be readout
by dedicated (and expensive) MAPMTs (the fine-mesh ones) or with solid
state systems, such as the Silicon PhotoMultipliers. Following this idea,
LEP (section 3.3) integrates both the MAPMT and SiPM readout, allowing
a comparison of the devices.

The golden and platinum channels can be also investigated with a liquid argon
Time Projection Chamber (TPC), made of massive (up to 100 kton) dense material
that provides highly uniform and accurate imaging [9]. However the large dimen-
sion of the TPC requires a dedicated study concerning the high voltage of the long
drift lengths, the readout and the embedding in the magneticfield; moreover a lAr
TPC is very expensive.
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Appendix A

Tests on the MAROC ASIC

The MAPMT electronics is based on the FrontEnd Board (FEB): the heart of the
board is represented by the 64 channel MAROC ASIC, developedby the Omega
group (LAL1, Orsay) for the ATLAS2 luminometer [84]. The ASIC has been
designed in the AMS SiGe 0.35µm technology and the active area measures about
16 mm2. Each ASIC channel consists of a pre-amplifier, slow and fastshapers, a
discriminator and a sample & hold circuit; the ASIC provides64 parallel digital
outputs and one multiplexed analog one. The prototype version of the FEB (the
one used for the prototype tests described in chapter 3) has been developed to host
both the version 2 and 3 of the ASIC: the third release has minor improvements
with respect to version 2, apart from an embedded 12 bit ADC (to digitize the
analog output) that in version 2 does not work, but that anyway has not been used
in the EMR electronics design.

After a brief introduction on the ASIC, this appendix describes the tests on a
prototype frontend board (figure 2.13(b)) to study the MAROCperformance. The
MAROC used in the tests is the version 3 one.

A.1 The MAROC ASIC

The performances of the MAROC ASIC have been evaluated with some tests on
bench to compare the results with the ones described in the ASIC datasheet [97].
More in detail, the goal of the test has been the evaluation ofthe analog and the
digital readout mode considering all the MAROC settings.

The signal in a single MAROC channel (figure A.1) follows the following
steps: a MAPMT (or a calibration) signal is sent to the input capacitor of the
channel; the signal is pre-amplified (with a 8-bit tunable gain) and a current mirror

1Laboratoire de l’accélérateur Linéaire, Orsay: http://http://omega.in2p3.fr/
2A Toroidal LHC ApparatuS is one of the LHC experiments.
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feeds the analog (red), the digital (yellow) and the sum (green) parts. The analog
part consists of a tunable pre-buffer and a RC slow shaper, two sample & hold
circuits and a 12-bit Wilkinson ADC. The digital part consists of a fast shaper
(bipolar, unipolar or half-bipolar) and a discriminator with a tunable threshold;
the sum output allows to measure the pre-amplifier signal.

Analog

Digital

Sum

Input

Capacitor

~ 5pF

Figure A.1: The schematic view of a MAROC channel [97], whichconsists of
three main parts: analog (red), digital (yellow) and sum (green).

All the channel settings can be selected sending a string of 829 bits to the
ASIC during the configuration phase. The bit list is summarized in table A.1 [97].

A.2 Tests on bench

The prototype FEB has been tested on bench evaluating the MAROC analog and
digital readout modes as a function of a calibration signal.The setup is presented
in figure A.2. The calibration signal features have been chosen depending on the
test and have been generated with a pulse generator. A VME Input/Output (I/O)
board (MAROC control) is used to configure and readout the FEBunder test; it
receives the generator TTL3 synchronized signal that is used as a trigger. Each

3TTL is the acronym of TransistorTransistor Logic.
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Bit Name Description
1-2 dummy not used
3 slope DAC change DAC0 slope
4[. . . ]13 DAC1 threshold
14[. . . ]23 DAC0 threshold
24[. . . ]27 ADC param. not used in EMR design
28[. . . ]155 Mask discriminator enable/disable digital

outputs outputs
156[. . . ]190 General parametersSelect shaper and sample & hold circuit

Select feedback capacitors/resistors
191[. . . ]198 Gain 64 select gain of channel n. 64
199 Sum 64 enable sum output channel n. 64
200[. . . ]765 Gain-sum select gain and sum of other 63 channels
766[. . . ]829 C-test all ch. enable calibration input

Table A.1: The list of the MAROC3 configuration bits [97].

leading edge of the digital signals is counted in two possible ways: by means of
four I/O boards (16 channels per board, only the input connectors are used) or
directly in the control FPGA on the FEB (this last case is the one presented in
figure A.2).

A.2.1 The analog part

The hold scan, the shaper scan and the test on the linearity are the so-called analog
tests. The test procedure consists of a pedestal run (a run with a random trigger)
with no signal (to evaluate the electronics baseline) and ofa calibration run in
which a calibration signal is sent to the input capacitor of each channel. The
global response (that is the average of all the 64 channels) has been computed. An
example of the obtained distribution is shown in figure A.3: it has been fitted with
a Gaussian function to measure the mean position.

In the hold and shaper scans the pedestal value has been subtracted from the
measured one; in the linearity test only the measured one hasbeen considered.

A.2.1.1 The hold scan

The hold scan allows to evaluate the analog output shape varying the “sample &
hold” time. This shape is a function of the pre-amplifier, pre-buffer and shaper
parameters, which have been set in the following way (for further details see next
sections):
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FEB

Power

supply

Pulser

VME 

Figure A.2: Test on bench setup: the calibration signal is generated by a pulse
generator and directly sent to the ASIC through a FEB input LEMO connector.
The generator synchronized signal is used like a trigger andsent to the MAROC
control board.

• pre-amplifier gain = 64 (the so called unitary gain);

• the three shaper capacitors (C) have been set to 1;

• the four pre-buffer capacitors (Cbuf ) have been set to 0.

A square pulse with a frequency of 1 kHz and an amplitude of 1 V has been used
as a calibration signal.

Figure A.4 presents the hold scan performed with three different boards (three
MAROC ASICs): the analog output signal has a peaking time of the order of
∼70 ns, and it is consistent in the different boards.

A.2.1.2 The shaper scan

The analog slow shaper circuit is shown in figure A.5(a): C0, C1 and C2 are
switches associated to three different feedback capacitors (300, 600 and 1200 fC,
respectively); the capacitors can be independently switched ON (1) or OFF (0) by
dedicated bits (see section A.1).
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Figure A.3: Example of the analog output: the Gaussian distribution is the global
response of the 64 channels to a calibration signal.
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Figure A.4: The hold scan of three different boards.

The shaper scan is used to evaluate the analog shape of the signal in the same
way as performed for the hold scan with all the possible feedback capacitors. For
these measurements, the unitary gain has been chosen and thepre-buffer capaci-
tors have been set to 1 (in order to use the slowest signals, see later on). The plot in
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Figure A.5: a) The slow shaper circuit: C0, C1 and C2 are the switches associated
to feedback capacitors of 300, 600 and 1200 fC [97]. b) The hold scan with
different shaper settings.

figure A.5(b) shows the different cases: when all the feedback capacitors are used
(or, in other words, when all the switches are on, that means C{0,1,2}={1,1,1})
the signal is the slowest; the larger the feedback capacitorvalue, the smaller the
peaking time. With C{0,1,2}={0,0,0} (all the switches off) the ASIC does not
work.

The analog output is also a function of the pre-buffer settings: the pre-buffer is
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a RC circuit (figure A.6(a)) which feeds the slow shaper. It consists of a 50 kΩ re-
sistor and a tunable capacitance. The value of the capacitance is selected enabling
(1) or disabling (0) four switches which correspond to capacitors of (2, 1, 0.5,
0.25) pF. The hold scan has been performed with different pre-buffer settings con-
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Figure A.6: a) The pre-buffer circuit: Cbuf [0-3] are switches associated to capac-
itors of 2, 1, 0.5, 0.25 pC [97]. b) The hold scan with different pre-buffer settings.

sidering the unitary gain and shaper capacitors set to 1 (slowest case). The scans
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are presented in figure A.6(b): the larger the capacitance, the larger the peaking
time, but also the smaller the maximum value of the pulse height. During the tests
presented in chapters 3 and 5, the slowest case is used: although this corresponds
to the smallest value for the pulse height, it ensures time enough for the trigger
signal to be generated and distributed to the MAROC. In a faster configuration, in
fact, the sampling would be performed on the trailing edge ofthe analog signal.

A.2.1.3 The linearity

The analog output has been measured as a function of different input amplitudes
in a configuration with the slowest shaper settings and a holdof ∼70 ns. Fig-
ure A.7(a) shows the outputs with 4 different gains (16, 32, 64 (=unitary gain) and
128) for an input signal up to 6 V; the output values are in raw ADC counts (with-
out the pedestal subtraction) to be sure that a saturation isdue to the MAROC
and not to the ADC (in this case the raw number is equal to 4096). The MAROC
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Figure A.7: a) The linearity tests with a gain of 128, 64, 32, 16. b) The ASIC is
linear up to 1 V.

outputs saturate when a gain of 128 or 64 is used but only with an input amplitude
larger than 1 V (∼5 pC). Up to this value, as shown in figure A.7(b), the outputs
have a linear trend. Moreover, the values of the linear fit slopes (the P1 parameter)
reproduce correctly the gain ratio.

In EMR the MAPMT signal amplitudes depend on the high voltage; however
the values are typically of the order of a few hundreds of mV.
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A.2.2 The digital part

The digital part (as shown in figure A.1) consists basically of a fast shaper and a
discriminator. More in detail, the current mirror feeds (atthe same time) a unipolar
(FSU), a bipolar (FSB1) and a half-bipolar (FSB2) fast shaper and the wanted
output can be selected by the control bits (section A.1). As in the slow shaper
case, several shaper configurations can be selected enabling different feedback
capacitors and resistors. The most important test of the digital part is the threshold
scan, that is the study of the response of the digital output as a function of the
discriminator threshold. In the ASIC a Time over Threshold architecture has been
implemented: with such a system, the analog and digital responses are correlated
since the digital output width is a function of the analog pulse height.

A.2.2.1 The threshold scan

The most important test of the digital part is the threshold scan, which consists
in sending a train of calibration signals (that is a train of squared pulses with a
frequency of 1 kHz) to all the channels, varying the discriminator threshold and
measuring the corresponding counting rate. An example of a threshold scan for
a calibration signal of 350 mV using the bipolar fast shaper (FSB1) is shown in
figure A.8(a). Since the gate in which pulses are counted is generated via software
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Figure A.8: a) The threshold scan of one channel with an inputsignal amplitude of
350 mV. b) The threshold scan principle with the problem of the double-counting.

(and this is not precise), the counting rate (and not the number of pulses) has been
considered.
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The scan can be explained considering figure A.8(b). The signal train is sent to
the input capacitors and the corresponding discriminator input consists of a large
positive signal followed by an undershoot; in the same way a similar signal is
obtained with the falling edge (a large negative signal followed by an overshoot).
During the scan, the threshold increases in the positive range: thus the undershoot
of the pulse rising edge is not considered, differently fromthe overshoot of the
falling one. In this case the counting rate is double, as shown in figure A.8(a) in
the threshold range between 360 and 380 DAC counts.

From 390 DAC counts on the threshold scan is described by a step function:

rate = P0 ∗ erf(−(x− P1) ∗ P2) + P3

whereP0 (function range) =P3 (offset)≈ 0.5 kHz and erf() is the error function:

erf =
2√
π

∫ π

0

e−t2dt

P1 is the position of the inflection of the curve and it is a function of the cali-
bration amplitude. Performing a scan with different amplitudes, the plot presented
in figure A.9 has been obtained for each of the 64 channels. Thecorrelation be-
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Figure A.9: The correlation between the calibration signalamplitude and the dis-
criminator threshold for one of the 64 channels. The fit has been considered up to
350 mV in order to avoid any saturation problem at the discriminator level.

tween the calibration input amplitude and the corresponding discriminator thresh-
old has been fitted with a linear function to obtain the gain (the slope, indicated



A.2 Tests on bench 189

by theP1 parameter) and the offset (the zero threshold,P0) of each channel.
The overall distributions of these two quantities are shownin figure A.10(a): the
spread (= sigma

mean
) of the 64 channels for the gain is (8.3±1.1)%, while for the offset

is (4.4±0.6)%.
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Figure A.10: a) The gain and the offset distributions for FSB1: the gain spread is
8.3%, while the offset one 4.4%. b) The gain and offset for different fast shaper
parameters.

The results presented in figure A.10(a) are the ones of the bipolar fast shaper
(FSB1) with all the capacitors set to 1. The gain and the offset are a function
of the shaper parameters (feedback capacitors and resistors) and the shaper: fig-
ure A.10(b) presents the gain and offset values for the unipolar (FSU), bipolar
(FSB1) and half-bipolar (FSB2) fast shapers with differentparameters.

A.2.2.2 The Time over Threshold measurement

Typically the digital output is represented by a pulse. In the MAROC ASIC the
pulse width is a function of the input because of the Time overThreshold (ToT)
architecture. The ToT principle is explained in figure A.11:the larger the input,
the longer the time in which the signal stays above threshold. In other words,
the discriminator output is not a fixed width signal, but it iscorrelated with the
analog shape. The correlation between the input amplitude and the digital width
is shown in figure A.12: different input amplitudes have beenselected and the
corresponding digital output width has been measured with an oscilloscope. The
correlation is described by a power-of-4 polynomial law:

y = P4 x4 + P3 x3 + P2 x2 + P1 x+ P0
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Figure A.11: The ToT principle: the digital output width is afunction of the input
amplitude.
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Figure A.12: The ToT measurement: the correlation between the input amplitude
and the digital output width is described by a power-of-4 polynomial law.

wherey is the input amplitude andx the digital output width.
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per le conferenze all’Elba! In realtà c’e‘ un grazie che raggruppa tutto: mi hai
insegnato un lavoro, e questo non lo scorderò mai.Grazie.

Grazie a te, Erik, per l’aiuto, per le tue conoscenze, per la pazienza e per mille
altri motivi. Grazie.

Grazie all’Insulab group per le ore ed ore ed ore ed ore passate insieme in
laboratorio. Grazie ai vecchi ed ai nuovi, ma grazie soprattutto a due di voi:
Said per le ore di parole spese in questi anni; e grazie a te, Alessandro “Mente”
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