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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
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Introduction

Nowadays neutrino physics is one of the most important rekdeelds in particle
physics: almost 100 years of studies and discoveries hadeiped a huge amount
of information, but, at the same time, have left a lot of gioes unanswered.
Although neutrino is probably the most abundant partickaeuniverse, its study
is complicated by its nature: its mass, the mixing and cs@ih processes, the
lepton CP violation are just an example of the open issuaseetto this particle.
Dealing with neutrinos requires to solve two different gewbs: the necessity of a
neutrino beam (that can be controlled in terms of geometry,dhd energy) and,
given its weak nature, the development of large and heawctigs.

In recent years a new source has been proposed: a Neutrittoy=do such a
factory these particles are generated by the decay of maanbéam that can be
tuned in terms of energy and intensity, allowing the optatian of the detector.
However, the Neutrino Factory idea has a limitation: in otdehave a large flux,
muons must be stored, thus cooling is required. Becauss lifietime, standard
cooling techniques (electron, stochastic, laser, etcplieghto a muon beam are
not effective. The Muon lonization Cooling Experiment (MA0s being commis-
sioned at the Rutherford Appleton Laboratory (RAL, UK) anténds to study the
feasibility of a Neutrino Factory based on a muon storagg using for the muon
cooling an innovative technique callezhization cooling The ionization cooling
has been proposed in the early '80s and consists of two diftggthases: a muon
beam crosses a light absorber and loses transversal antuttingl momentum
via the interactions with atomic electrons; the longitadi@nergy loss is then re-
stored by accelerating cavities. The net result is a rednaf the phase-space
volume, mathematically described by the emittance.

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

hydrogen in a focusing cavity) and two radiofrequency ¢asijtthe emittances are
measured by two 4 T spectrometers based on scintillating tiiaekers; the par-
ticle identification is covered in the first part of the line Biyne-Of-Flight (TOF)
and Cherenkov detectors to distinguish muons from piowes(fivhich the muons
are produced) and by a TOF and an electromagnetic calonirfietdcal) system
at the end of the line to discriminate the electrons (the madecay products).
This last system consists of a pre-shower (a KLOE-Lightroadeter) and a fully
active tracker-calorimeter detector, the Electron Muondgea (EMR).

The large sensitive area combined with the good energyutsoland low
cost led to the choice of scintillator for the EMR detectoMIE, in fact, consists
of 48 planes of extruded scintillating plastic bars arrahigea x-y geometry; each
plane is made of 59 1.1 m long bars with a triangular shape abastillator light
is brought out by a 1.2 mm wavelength shifter (WLS) fiber. Theskare readout
on both sides: on one side by a single photomultiplier to meathe energy loss
in the whole plane, while on the other the fibers are connettted64 channel
multi-anode PMT (MAPMT), readout by a dedicated fronterecabnics based
on a 64 channel ASIC.

The final design of the detector has required the assemblgweiral proto-
types, evaluating their performance by means of radioacources, beams or
cosmic rays: in particular, tests on the shape of the plastis and the frontend
electronics have been performed. Moreover, the performah&MR has been
simulated with the help of dedicated Monte Carlo codes: ¢salts have supplied
a feedback to the detector design and to the operationaéphas

This thesis deals with the EMR detector, from the constoucto the results
obtained with the prototypes and during the first commiss@phase. Chaptéf 1
is devoted to the physical motivation beyond the detectfter a brief introduc-
tion on the neutrino field, from a historical review to thefeliént sources (in
particular the Neutrino Factory), the ionization coolingldhe MICE experiment
are approached. The Electron Muon Ranger is described jptet@, focusing
on the MAPMT frontend and readout electronics, under thpaesibility of the
Insubria group. Two prototypes have been developed in aodesst the mechan-
ical solutions and the electronics: the first (a small scad¢gbype) has been used
like a tracker, while the second (Large EMR Prototype - LE®paalorimeter.
The results obtained with cosmic rays and in a beamtest aNCERpresented in
chaptef B. The experimental data obtained with LEP with a ¥/Gbeam have
been used to tune a GEANT4 simulation that has then been yregito include
the whole EMR detector. The first part of chapter 4 describesriuon/electron
discrimination based on the algorithms applied by the MIGEaboration, while
in the second part a new possible method is presented. Ttrehkgster deals with
the commissioning phase of 4 EMR complete modules that haeee first tested
with cosmic rays at the University of Geneva (UNIGE) and thwith a 200 MeV/c



Introduction 3

mixed beam at RAL.

Finally a brief outlook on the future applications is givewhile MICE is
the first step towards the neutrino factory, EMR can be camedithe first step
towards the totally active scintillator detectors (TASDjwhuge dimensions for
the future neutrino beam experiments.






Chapter 1

Neutrino physics and MICE

This chapter deals with the physical motivation behind tiMREdetector, from
neutrino physics to the MICE experiment. Neutrinos are rdaya one of the
keys of the physics of (and beyond) the Standard Model (SM) angeneral,
they represent the frontier of particle physics. Althougistplated in 1930, neu-
trinos are still the least understood of the fundamentdlges given their elusive
nature: from their mass to the oscillation phenomenon etlage a lot of open
guestions. To solve the neutrino puzzle, two importantedgnts are necessary:
a neutrino source and a dedicated detector. Among the syuaecénnovative hy-
pothesis is represented by the Neutrino Factory based oroa starage ring: in
such a factory neutrinos are produced by the decays of mandshis guarantees
the control of the beam in terms of energy, flux and geometdyaagood predic-
tion of the neutrino energy spectrum. However, in order tuawlate muons in a
storage ring, these charged leptons must be cooled: siacdhdard techniques
are not effective, the only possibility is represented yitimization cooling. The
aim of the Muon lonization Cooling Experiment (MICE) is tovestigate this
technique and to develop muon beams for a future NeutrintoRac

1.1 Neutrino physics

After almost 100 years of studies, neutrino is known a@gzaspin electrically
neutral lepton which interacts weakly with matter. Its fitay dates in 1930,
when W. Pauli postulated its existence to explain the comtim spectrum ofs-

decays; however, only in 1956 the first experimental obsenvavas performed.
Although neutrinos are probably among the most abundanicles in the uni-
verse, their nature is still not completely known: the mgand oscillation phe-
nomena and the leptonic CP (charge-parity) violation asé am example of the
open questions. In this section an overview on neutrinovsrgi after a brief
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6 Neutrino physics and MICE

introduction on the history and the phenomenology of thidiga, the present
neutrino sources are described focusing the attentioneoN&utrino Factory.

1.1.1 Neutrino history and phenomenology

Differently from the great majority of the elementary pelgs, the neutrino was
first theoretically postulated to solve the problem of thergg spectrum in thg-
decays and then experimentally found [1]. In their studreghe;-decay, O. Hahn
and L. Meitner in 1911 and J. Chadwick in 1914 discovered aiicoous energy
spectrum of the emitted electron: this result was utterlgzting given thea
and v decays of the atomic nuclei showed discrete lines. Two pnétations
were given|[2]: C. D. Ellis foresaw that the spectrum was #ilt of a primary
process in which an electron was ejected from the outerssbéla radioactive
atom, while Meitner (according ta, v and some3 processes) suggested that
a primary electron had a discrete energy spectrum and, ic@dary process,
could emit more electrons from outer shells with smallergies.

The solution was found thanks to a calorimetric measuremiiie 2:°Bi /3-
decay, that, nowadays, can be written as follows:

M(A,Z) = D(A, Z+1)+e +7, (1.1)

where M A, Z) and DA, Z + 1) are the mother and daughter nuclei, wilend
7 are the mass and the atomic number; in the process, no gamenasdted.
It was known from counting experiments that one electron evagted from the
nucleus per decay: according to Ellis’ explanation, thergneneasured in the
calorimeter per decay had to be the mean value of the eneagyram; follow-
ing Meitner’s one, the spectrum upper limit value had to besoeed. Ellis and
W. A. Wooster in 1922 and Meitner herself in 1924 (with an ioy@d calorime-
ter) measured a value corresponding to the mean energy dfetiaespectrum,
confirming Ellis’ explanation [2].

The continuous energy spectrum was explained by two impbptaysicists:
N. Bohr supposed that the energy conservation la@-ghecays was only statis-
tically valid, while W. Pauli suggested (“as a desperateedyt) the presence of
a new (not detectable) particle that carried away the amiditienergy and spin
and allowed to reach the angular momentum conservatioreimléicay process.
In Pauli’'s famous letter of 1930 [3], the neutrino was ddsexdi as a 1/2-sd}h
particle produced together with the electron but not deticin fact Pauli’s idea
was that of a particle (called neutron) without mass, or w&ithass smaller than
the electron one. After the discovery of the neutron by Chekiwn 1932 [4],
E. Fermi calledheutrinothe particle involved in thg-decay [5]. The possibility

1In the thesigi = ¢ = 1, if not otherwise indicated.



1.1 Neutrino physics 7

to detect neutrinos was suggested by B. Pontecorvo in 1948 iy means of the
inverses process:
7o+p—et+n (1.2)

His idea was to us& Cl atoms which transform int§ Ar and can be detected by
means of their radioactive decay. Following a similar ided,956 C. L. Cowan
and F. Reines demonstrated experimentally for the first timeneutrino exis-
tence at the Savannah River reactor [8]. The detectorsdipired in figuré 1.1(%))
consisted in a water tank with dissolved Cg&urrounded by two liquid scintil-
lators (for a total of 4200 ). The scintillators detectedtbthe 511 keV photons
due to the positron annihilation and the one produced by #utran capture in
cadmiurfi: the two slightly separated (in time) signals on the photitiplters
represent the signature of the inverselecay process (figufe 1.1(b)); the cer-
tainty of the measurement was given by the absence of evémdn the reactor
was shut down [9]. For the first time they measured an intenaciross section
of 6 x 10~ cn?.
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Figure 1.1: a) The schematic illustration of the setup of @mvan & Reines’
experiment: the 511 keV annihilation photons and the onedymed by the neu-
tron capture in Cd are detected by liquid scintillator [1). Tthe signature of the
inverseS-decay process is given by the positron annihilation gamays and the
Cd neutron capture (followed by a delayed gamma emissiohg tivo slightly
separated signals on the photomultipliers are presenti iscope shots [10].

After the experimental observation, a series of importastilts was achieved:
in 1958 the neutrino chiraliﬁwas measured by M. Goldhaber|[11] finding that, as
predicted by the V-A electroweak theory, the antineutrg"ight-handed”, while

2The neutron capture reaction'i$Cd(nyy)!14Cd.
3The chiral projectors are operators defined as:

177
2

Ppr= [ 1.3)



8 Neutrino physics and MICE

the neutrino is “left-handed”. This fundamental result iiag that neutrinos are
massless. In fact if one supposes that the neutrino has a@ssding to the spe-
cial relativity it cannot travel at the speed of light; so arserver that travels at
the speed of light could see the neutrino (which is supposdzktleft-handed)
moving in the opposite direction, resulting right-hand8thce right-handed neu-
trinos had never been detected, the neutrino had to be reagsty. Moreover
the zero-mass is in general supposed by the Standard Mb@eQuantum Field
Theory (QFT) and Lorentz invariance foresee that when a ireparticle inter-
acts with a Higgs boson to acquire mass, its handedness ehadAgain, since
such a state has never been seen for a neutrino, left-haedéthos cannot inter-
act with the Higgs boson and acquire mass [12]. However, esepied later on,
the oscillation phenomenon is due to the presence of nan+eutrino masses,
and this complicates the SM predictions on the neutrino exgamts: the solution
is given by the assumption that free neutrinos propagateidsinas of left- and
right-handed helicity states, but this does not signifigaaifect the experiments
since neutrinos are nearly always ultrarelativistic.

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

L= ( " ) (1.4)

wherel = e, u, 7. The muonic neutrinoy,) was predicted by K. Inoué and
S. Sakata in 1943 [13] and observed at the Brookhaven Aliegqh&radient Syn-
chrotron (AGS) by means of a muon beam produced by pion ddtdys The
third flavor () was discovered at Fermilab in 1991 by the DONUT collaborati
[15] after a series of indirect measurements in 1974 and 29BL.AC (USA).

In the neutrino history the most crucial result is represérity the discov-
ery of the oscillation phenomenon. In 1968 the Homestakemxgnt (see sec-
tion [1.1.2.1 for further details) was the first to show a défece between the
expected electron neutrino flux from the Sun and the meadinedduring its
journey the neutrino changes its flavor with a probabiligttintrinsically requires
the particle to have mass.

There are two possible ways to include the mass term in theetivler the
neutrino is aDirac particle (that is the particle does not correspond to its anti-
particle) or aviajorana particle(that is the particle coincides with its anti-particle)
[16,[17]. The puzzle has not been solved yet. According t&tigand in partic-
ular the Higgs mechanism that generates the mass for chiggfeds and quarks)
and allowing right-handed neutrinos in the model, the Divaass term.p) in

where the chiral operatef is the productygy;y2y; of Dirac matrices.



1.1 Neutrino physics 9

the particle interaction Lagrangian is (see Reflin [18)19]
LD = —mD(l/_Ll/R + hC) (15)

whereh.c. is the hermitian conjugate and the left-handegl) @nd right-handed
(vgr) neutrino components are defined as:

Ver VeR
v = VML VR = VMR (16)
Vrr VrR

If only the Dirac mass term were considered and supposinguine mass of
the order of 0.05 eV (suggested by experiments [18]) anddkhawm expectation
value of the Higgs field¢), of 250 GeV, the coupling constayit should be of
the order ofl0~'?, given the relationnp = f, (¢),. This value is very small and
it is possible just considering a new physics at energideV.

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

U =0 =00 (1.7)

whereV is the two independent component spinor which describefetheon,C

is the charge conjugation matrix afiddentifies the transposition. Since massive
fermions can be described by the sum of two spinérs; V; + ¥z, the Majorana
condition makes the two neutrino components dependent:

U=V, + 0§ =g+ 0§ (1.8)

Therefore the left/.;) and right (nz) Majorana mass terms can be included in
the interaction Lagrangian:

Ly, = _%V_LCI/L + h.c. (1.9)
Ly, = —%W%R the. (1.10)

The Majorana condition is clearly valid only for neutralf@ons, since in the
charged case the electric charge conservation would batethl

Since the Majorana mass term fgr is not allowed because it is not invariant
under the SU(2)xU(1)y gauge symmetry [21] and supposing that the neutrino
mass is due both to the Dirac (equation 1.5) and Majoranaa(emil.10) terms,
the interaction Lagrangian becomes:

CUr + h.c.

- _%[V—Lc,ﬁ] { 0 mp } { VL } + h.c.

mp MQpgR Vp

_ mpr__
Lmy = —MplVRVL — —2 VR

(1.11)
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where the second line is due to the Majorana two-componemide theory and

M, = { 0 mp ] (1.12)
mp Mg
is the neutrino mass matrid/, can be diagonalized using the following transfor-
mation:
Z'M,Z = D, (1.13)

whereZ is a unitary matrix and),, is a diagonal matrix:

mi 0
D, = { 0 m } (1.14)

my o are the positive-definite eigenvaluesidf .
Since in the SMn i can assume any value, one can chaase>> mp; thus
the parametes = mp/mpg is very small. At the first order ip, Z is:

) 1 0
[ ][] w19
while at the ordep?, D, is equivalent to:
2
| mp/mr O
DV_[ 0 mR] (1.16)

Therefore, expressing,,, in terms of mass eigenfields, the following eigenvalues
appear:

Ay R mp (1.17)
A~ -TD
mpg

Considering\_, the larger theny value, the smaller the neutrino mass; this
fact is known as th&ee-Saw Mechanisti the neutrino mass is explained under
the Grand Unified Theory (GUT), one can assuimg of the order of the higher
mass scalex 10'5 GeV) andm p of the order of the top quark mass174 GeV),
thus the neutrino mass is approximataly ~ 3 x 10~2 eV. As far as the other
eigenvalue is concerned, the existence of a heavy neuptalievith a massn
could explain the baryon-antibaryon asymmetry of the Unsig¢18].



1.1 Neutrino physics 11

In order to explain the oscillation phenomenon, the neatnixing had to be
introduced considering the three weakly-interacting neas ( = e, u,7) as a
linear combination of the mass eigenstates (

) = D Uilw) (1.18)

whereU;; is a unitary matrix called Pontecorvo-Maki-Nakagawa-S$akaatrix
[22,123], analogous to the CKM matrix in the quark sector. $terile neutrind

is considered, this does not interact weakly but anotheismagenstate can be
introduced, so can be more than three. However the case 3 is considered
here. The matrix can be parametrized with the introductiothiee mixing an-
gles @12, 623 andé,3), ad phase (called Dirac phase), responsible of the leptonic
charge-parity (CP) violation, and two Majorana phasesdandas), that appear
only if the neutrino is a Majorana particle:

crac13€"1/? s12c13€"2/2 s13e%0
5\ icr /2 5\ ics /2
U= | (—s12c23 — c12593513€0)e’ /2 (c19¢93 — 512503513¢%)e¥2/ 523€13
5N o /2 5\ ics /2
(512523 — C12C23513€70)e /2 (—c1a803 — s12¢23513€0)e™ /2 cozci3
(1.19)
where
Cij = cos 0, (1.20)
Sij = sin b, (1.22)

The oscillation phenomenon is explained considering a gawdution in the
Hamiltonian:
Vi) = E Uf;eﬂEit

where E; is the energy of the mass-eigenstat&keconsidering the flavor eigen-
state basis, the previous equation becomes:

e =Y ) Upe iU |13) (1.23)

Vi) (1.22)

For relativistic neutrinos the momentuyms > m;, so the energy can be defined

as.
2

ms
E ~ ‘ 1.24
=Pt o (1.24)
In the two flavor case:
cosf® sinf
U= [ —sinf cos@ } (1.25)

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

2 2

2 ) o MMy — MYy
P, ., = [(uy)” =1—sin” 20 sin® ———t (1.26)
4F
IndicatingAm7; = m? —m3, in the two flavor { # ) case the previous equation
becomes:
P, = sin? 20 sin? Am?jélEt (1.27)

A schematic view of the oscillation probability for a muonieutrino as a function
of time is presented in figute1.2.

Pure V,u Pure V,u Pure V_u
P VU B
5 [\ AN N 2PN
R e N S e
v
: | .
0 Time, t

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

Equation1.2l7 can be rewritten including in the time-demgridHamiltonian
(equatiori_1.22) the space term given by the so-called lesklidefined as the
distance between the production and the detection poiritishws equivalent to
the time for relativistic neutrinos:

, 1.267Am? L
E

WhereAmfj is expressed in €Y/ £ in GeV andL in km. Starting from equa-
tion[1.28, the following remarks hold [25]:

P, = sin? 26 sin

(1.28)

A7 E
Am?

ij

e the transition probability is a function of the oscillati@mgthZ.°*¢ =

while the amplitude is proportional to the mixing matrix mlents;

¢ the experiments which measure the neutrino oscillatiorsansitive to the
squared-mass difference of two eigenstates, so no dirext maasurement
can be performed,;
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e a neutrino oscillation experiment is characterized by theebinel. and the
energy £. Since a neutrino beam is not monochromatic, the oscitlatio
probability is a function of thé” average value;

e in order to study the oscillation phenomenon with a sengitof the order

of Am7;, an experiment has to be developed WithL ~ Am;.

When neutrinos cross matter, they can interact coherenilycoherently. In
the second case, the probability of an inelagtie p scattering is very small, with
a cross section of the order of 16 cm? (E/[MeV])? [25]. On the other hand,
coherent scattering can modify the oscillation pattere: dffect is known as the
Mikheyev-Smirnov-Wolfenstein (MSW) effeat [26,127]. A spiified version of
the MSW theory is presented considering only two flavors.[18ils possible to
describe a neutrino as the column vector in the flavor space:

[ ae(t) } (1.29)

wherea,(t) corresponds to the amplitude of the neutrino of a certairoflav a
timet. The matter effect theory can be developed starting fronvételum case
whose mixing matrix for two flavors is:

(1.30)

Uy = [ cos by sin by }

—sinfy  cosfBy

where the subscript’ indicates vacuum. As before, the time evolution is de-
scribed by the Schrodinger equation in which the Hamilary, in vacuum is:

AmZ, [ —cos26y sin 26y
Hy = AF [ sin 20y,  cos 20y (1.31)
and the corresponding probability is:
P = sin”® 20sin? | Am? L (1.32)
Ve—Vy, V4E .

The neutrino can interact with matter via charged or newuadents (figuré 113):
the charged current is allowed only for electron neutrimgsle the neutral current
is flavor-independent. Assuming matter as electricallytraéLthe contribution of
the electrons and protons to the coherent forward scafteianthe Z° exchange
can be neglected. Considering tHé -exchange due to the, charged current,
the interaction energy; is equal to:

E; = V2GgN., (1.33)
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€ Ve 11 l/i
jz jz
Ve e V. 11
1
Figure 1.3: The Feynman diagrams of charged (left) and ak(right) currents
neutrino interactions with matter.

where G is the Fermi constant anf¥, is the number of electrons per unit of
volume. Thus th@ x 2 Hamiltonian in matter becomes:

Hy = (1.34)

Am? [ —cos26y sin 26y E; 0
4AF sin 20y cos 26y 0 O

In order to compare the matter and vacuum cashg,has to be expressed like
equation 1.31 adding the produdt & —FE; /2" (where1 denotes the unitary ma-
trix), and obtaining:

Am3, [ —cos20y sin20y,
Hy = AF [ sin 20y,  cos 20,y ] (1.35)
where the effective mass splitting in matter is:
Am3, = Am?, \/sin2 20y + (cos 20y — x)? (1.36)
and the effective mixing angle in matter is:
in? 26
in? 20, = e 1.37
SN i 20y + (cos 20y — x)? (1.37)
andz is defined as: .
I
= 1.38
v = Tt (1.38)

The matter effect can be very strong: if, for example, theingpangle in vacuum
(Ay) is very small,x assumes the value= cos 26y, so the mixing angle in matter
becomes very largai@?® 20,, =2 1).
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1.1.2 The neutrino sources

As already stated, neutrino is probably among the most amninghrticle in the
universe. The reason lies in the large number of sourcesengexeral processes
involved in the neutrino production take place. Just to makexample, the hu-
man body produces up tox 10? neutrinos per second in the followintyeaction:
WK = PCa+e +72 (1.39)

The sources used for neutrino studies can be divided inaladad artificial.
The first group consists of the Sun, the atmosphere, cosmealogbjects and
natural radioactivity; the artificial sources are nuclesators and particle accel-
erators.

A neutrino experiment is usually designed to study paréicumeutrino fea-
tures: oscillation experiments are devoted to the study@fixing of the par-
ticle, while mass measurements are performed by dedicafestimments such as
the neutrinoless double beta decay. The design of an damillaxperiment is
constrained by the expected oscillation parameters. ThAHAlesummarizes the
parameters of the different oscillation experiments imteiof baseline length,
energy and sensitivity over the squared-mass differéneg.

Experiment L (m) E (MeV) | Am? (eV?)
Solar 100 1 10°10
Atmospheric|  10*-10° 10°-10° | 10°!-10°*

Reactor | SBL 1¢%-10° 1 1072-107°
LBL 10%-10° 104-10°°

Accelerator| SBL 1¢° 10°-10* > 0.1
LBL 10°-10° 10 102-10°3

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

The Neutrino Factory has been proposed as a particulareséaréuture os-
cillation experiments. In fact, even in presence of a varadtavailable sources,
the uncertainty on the parameters of the neutrino mixingaauillation (the mix-
ing angle, the CP phase, the matter effect) is still largeis $hction describes
the main features of the present sources for oscillatioex@nts and the most
recent results. Moreover, given the fundamental impodari¢he neutrino mass,
the Neutrinoless Double Beta Decay (and the related r@ssilsiefly presented.
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1.1.2.1 Solar neutrinos

The Sun produces energy via thermonuclear reactions winete/tirogen burning
happens through two main chains: thechain (figuré 1.4(&)), responsible of the
Be neutrino production (see later on), consists of 5 reastiahile theC' NO one

of three |[_i DS]. In both cases, the netresultis :

4p — ‘He 4+ 2et + 2u, + v (1.40)

The expected solar neutrino flux of the eight reactions candmeputed taking
into account some solar observables: the surface lumyndké age, the radius
and the mass. The fluxes predictions are summarized in ticallsnt Standard
Solar Model(SSM): figur presents the expected solar neutrinofiitum
the different production chains [29]. The first experimentichh measured the

SuperK

) i e e
| Gallivi IChlorme
107
10 ;,//—pﬂ
101
>
= 10°
+ P
ptp—> dtet+yv, 108
o "Be
£ 10
3 =~
d+p—>3He+y - i
[3)
84.7 % 13.8 % Z  10°
3He +He —» a+2p 3He +He —> Be+y wep
s b
13.78 % 0.02%
"Bete—> Li+y+v, "Be+p >8B+y 0%
1071 03
Litp—> at+a $B» 2a+ettv,

Neutrino Energy (MeV)
(@) (b)

Figure 1.4: Solar neutrinos: a) the proton-proton chainns of the major re-
sponsible of the heavy elements production from therm@audusion. These
processes produce a huge quantityfﬁo[@]. b) Expected energy spectrum of the
5ppand 3CNO reactions|i_2|9]: in the early life of the solar experiment g k&le
was played by théB neutrinos.

solar neutrino flux was proposed by R. Davis Jr. and performdte Homes-

take Gold Mine in South Dakota (USAlﬂ30]. Like all the neatriexperiments,
it was installed deeply underground (in a mine) to reducectismic ray back-

ground contribution. It was based on a radiochemical measent performed
using 615 tons of perchloroethylene,(@,), in which the neutrino flux was com-
puted by the number of radioactive Argon atoms in the reactio

ve+ CPT — Ar¥ 4 e” (1.412)
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The neutrino energy threshold of this proces&js> 0.814 MeV, so in practice
only the®B (and only electron) neutrinos were measured. The Homestgberi-
ment was the first to compute the solar neutrino flux obtaiainglue which was
only one-third of the expected one [25]:

R
=2.56+0.16£0.16 SNU = ——— =0.30+£0. 1.42
R 56 £0.16 = 0.16 SNU S5 0.30 £0.03 ( )

with 1 SNU=1073¢ captures/atom/sec. This difference was defined aprbie-
lem of the solar neutringsvhich in fact is the first experimental evidence of the
neutrino oscillation.

The Homestake experiment was followed by other two radiodb& exper-
iments based on a gallium detector: GALLEX/GNO at LNGS tdB1] and
SAGE (Russia) [32]. Gallium was chosen because it is morgithento the lower
energy rangeff, = 0.23 MeV). Both the experiments confirmed the deficit in the
solar neutrino flux. Later on the Kamiokande experimentgddap33] obtained
the same result with a water Cherenkov detector, where thggthreshold was
E, Z 7 MeV.

Together with the results of Kamiokande, the puzzle wasesbhy the Sud-
bury Neutrino Observatory (SNO) experiment (Canada), aoh kieavy water
Cherenkov detector sensitive to all the three neutrino flavdeutrinos can inter-
act with matter in three ways:

Charged Current (CC): v.+d —>p+p+e”
Neutral Current (NC): v, +d - p+n+v, (1.43)
Electron Scattering (ES) : v, +e~ — v, +e~
wherex = e, u, 7. Thus, thanks to the heavy water,@), SNO was able to

measure the three flavors. The experiment consisted in pivases focusing on
the different interactions; the final results were [34]:

Poe =1.68 £0.0670 08 x 10%cm s~
Pye =4.94 £ 0211553 x 10%m s~ (1.44)
Ppe =2.35+0.22 4 0.15 x 10%cm s !

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

)
—¢ — 0.340 £ 0.023102 (1.45)
Pne

The experimental fluxes combined with the energy spectrimwadt to measure
the so-called Large Mixing Angle (LMA), whose present bestdilue (obtained
from several experiments) is [|35]:

Am3, = (7.58 £ 0.21) x 107°eV?, tan® 615 = 0.484 £ 0.048 (1.46)
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1.1.2.2 Atmospheric neutrinos

Atmospheric neutrinos are produced in the hadronic shogengrated by the
interaction of primary cosmic rays (mainly protons) witke thitrogen and oxygen
nuclei in the atmosphere. These processes produce pionkaang that then
decay in the following wam8]:

™ = ut +u,

1.47
,u+—>e++ue-|—1/_u ( )

The most important results in this field have been achievethbySuper-
Kamiokande (Super-K) experimeﬂ%]. The detector (figli#®) consists of a
50 kton water tank placed in the Kamioka mine (Japan), saded by 2700 MWE
(Meter Water Equivalent) of rock. The charged counter-pathe neutrino pro-
duces Cherenkov light that is readout by about 11500 50 cmeter PhotoMul-
tiplier Tubes (PMTs). The neutrino flavor is identified by ieerenkov ring: the
u-like events are identified by the presence of a sharp ringewthe 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,E, < 1.33 GeV) all muons decay in at-
mosphere: considering the pion and muon decays, the det#wald measure
a muon/electron event ratidz(,.) equal to 2. Fomulti-GeV muons ¢, >

1.33 GeV), the ratio should be largerz,, . is typically expressed as a function
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of the same quantity evaluated by a Monte Carlo simulatiahénhypothesis of
no oscillation |[37]:

meas

Rewy_Gev = R“AQ"’C — 0.638 + 0.016 + 0.050 (1.48)

/e
meas

Roiti—cev = R’ﬁ\%ec = 0.658 + 0.030 £ 0.078 (1.49)
wn/e
The ratios should be of the order of 1: given thgt’** is model independent, this
value is a clear indication of the, oscillation. Moreover the Super-K collabo-
ration measured the zenith angle distributién the angle between the vertical
direction and the neutrino momentum) for high energy muane the results
(figure[1.6) show a clear deficit in the muon events, but noh@edlectron ones.
The larger theos 6 value, the stronger the suppression ofjtHée events: this ef-
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Figure 1.6: The Super-K zenith angle distributians 6=1(-1) identifies the so-
called down (up) events, that are muonic neutrinos goingnsaavds (upwards).
The points are the experimental data, while the dasheddnastts the Monte
Carlo simulations without oscillation.

fect is more evident in multi-GeV events where the chargptbleis more aligned
with the neutrino momentum and can be quantitatively dbedrby the up-down

asymmetry|[25]:
- D
= v-b = —0.291+0.03 (1.50)

Ay U+D
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Since no difference occurs between experimental and eagbeleta in electron
events (first top plot in figure_11.6), the deficit in the flux candmly explained by
therv, — v, oscillation. Given the fluxes measured in several experisjehe
0,3 mixing angle value is assumed to be![35]:

AmZ, = (2.40 £ 0.15) x 107%eV?, tan® 3 = 1.02 4 0.04 (1.51)

1.1.2.3 Neutrinos from nuclear reactors

Reactors produce a huge amount of low energy electron amtines from nu-
clear reactions: the neutrino energy is low, so only thetedecflavor is gener-
ated. KamLAND (Kamioka Liquid scintillator AntiNeutrino &ector) was the
first LBL experiment devoted to such a neutrino study [28, Emilarly to the
solar experiments, an estimation of the LMA due to #halisappearance in re-
actors neutrino beams can be performed thanks to the lor@jag~ 200 km)
and to the energies in the MeV region/[18]. The detector assif 1000 tons of
liquid scintillator placed 1000 m underground in the Kanaakine (Japan). The
antineutrinos are detected via the invefsgecay:

To+p—e+n (1.52)

The energy threshold i&;- = 1.8 MeV. The KamLAND collaboration measured
an absolute event rate of:
Nops — Nig
Nezpected
The deficit is shown in figure 1.7, where the neutrino disapgreze as a function

of the energy (as requested by the oscillation theory) srblevisible.
The LMA estimation obtained from the KamLAND datalis/[28]:

Ami, = 7.1 x 107%eV?, tan® 05 ~ 0.41 (1.54)

= 0.611 £ 0.085 £ 0.041 (1.53)

in agreement with the best fit value (withiaYlpresented in equation 1]46. Given
the short baseline with respect to the solar experimenis rélsult is important
because it is independent from the matter effect: a conpatetween solar
neutrinos and KamLAND allows a verification of the MSW theory

Another fundamental reactor neutrino experiment is CHC@H,[a 5 ton lig-
uid scintillator detector placed 300 MWE under the two Chaoeactors (France);
the measurement was based on the invgidecay. The experiment had a baseline
of 1 km and an energy of a few MeV, providing a sensitivity bethan 16 eV?.
CHOOZ measured no electronic antineutrino disappeardixaeg the ratio be-
tween the measured and the expected fluxes to be:

N, obs

=1.01 £0.04 1.55
Nempected ( )
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Figure 1.7: The KamLAND results present a clear deficit ingkgerimental data
(dots) with respect to the predicted ones without oscdlajB9].

As shown in section 1.1.2.2, the atmospheric neutrino ahottee measured
flux ratio v, /v, is roughly half of the expected one) can be explained by tise po
siblev,, «+ v; andy,, <+ v, oscillations. Super-K showed thaf «» v, caused the
anomaly, but the experiment was not able to set a limit omthe> v, oscillations
such as those produced by solar neutrino oscillations orsmall mixing angle
6,5 at the atmospheric frequendym?, . In principle both atmospheric and solar
neutrino oscillations are sensitivedg. But in CHOOZ the solar oscillations and
matter effect can be neglected, so in conclusion the exeatinemoved the pos-
sibility to explain the atmospheric anomaly with the<> v, case, allowing to fix
thef;; value [25/ 35| 40]. Considering the mass hierarchy (see d¢atéor further
details), in CHOOZ the oscillation probability can be appnoated as|[25]:

Am32,L
PCOHOOZ =1 _ 4in? 20,4 sin® <%) (1.56)

Thus a fundamental CHOOZ result is a limit on thg mixing angle and
Amlg [25, 4()]

Amysz 22 x 107%eV, sin® 615 = 0.07 & 0.04 (1.57)

1.1.2.4 Neutrinos from accelerators

The A3 mixing angle (associated to atmospheric neutrinos) cam lasstudied
with LBL accelerator experiments where the neutrino proidnds associated to
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the following processes [25]:

p+ target -t + X
™ = uF + (7)) (1.58)
pE = e+ ve(T) + Ta(vy)

The first LBL accelerator experiment was K2K, developed ipadain 1999
[28,141]: av, beam is generated by the decays of the muons produced at the
KEK laboratory with a mean energy of 1.3 GeV and is detectédlkZb away in
the Kamioka mine. The beam properties are measured at KEKNsaa Detec-
tor (ND) placed 300 m after the target. The main detector iskdaton water
Cherenkov detector, a scaled version of the Super-Kamakane.

Another important experiment was NuMI/MINOS [42], that &ifed the 3-
18 GeV muon neutrino beam produced at Fermilab and dete8teHI far away
in the Soudan mine (USA). The measurement is similar to thé &ti: a near de-
tector is placed in Fermilab to identify the beam charastes, while the far one
is placed in the mine. Both detectors are steel-scintillsgéanpling calorimeters
made of alternating planes of magnetized steel and plagtitigtors.

Both the experiments confirmed the atmospheric anomalyreneesults are in
good agreement with the oscillation theory. The best fit MBN\lue (figuré 118)
is:

Ami, = 2.741538 x 107%eV?, sin® 2053 > 0.87 (1.59)

A 2 —] =
o_oggs 2Indf= 20513.0= 1.6

_ ¥ MINOS Best Fit
0.005

- == MINOS 68% C.L.
0.004— — MINOS 90% C.L.

0.003 -
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Figure 1.8:0,3 allowed region at the 68% and 90% confidence level. The MINOS
best fit point isAm32, = 2.747056 x 1073eV?; sin® 20,3 > 0.87 [28].
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On the other hand, the OPERA experiment (placed at LNGS, #8fakfrom
CERN where neutrinos are produced) uses a higher enegrdyeam in order
to generater particles in the detector and directly confirm the oscitlatphe-
nomenon. The events are observed in 150000 “bricks” of grafmhic emulsion
films interleaved with lead plates complemented by eleatrdatectors (trackers
and spectrometers). On May 31st 2010, the OPERA Collalmoratinounced the
observation of the first tau neutrino candidate event in ammauitrino beam [43].

1.1.2.5 Cosmological neutrinos

Cosmological neutrinos can be divided in two categories:rétic neutrinos pro-
duced in the early life of the universe and the ones produgedosmological
objects (supernovae, Active Galactic Nuclei, Gamma RaygBumicro-quasars,
etc.) [18, 25].

As far as the first type is concerned, when the universe teatyner]” was
greater than 1 MeV, weak interactions occurred thanks tdattge density [18].
When the temperature decreaséd< 1 MeV), neutrinos decoupled from plasma
and gammas; only after 100000 years the radiation decodedmatter, gen-
erating the so-called Cosmic Microwave Background (CMBfyradamental in-
strument to evaluate the matter distribution of that peridthe CMB and the
present matter distribution are a function of the presemeeassive neutrinos in
the early universe. From the comparison of the CMB powertspecand density
fluctuation, the Wilkinson Microwave Anisotropy Probe (WNRAexperiment has
estimated the mass of the heaviest neutrino to be lower tita@\0[44].

An important example of the neutrinos produced in a supexmxyplosion is
the one provided by the SN1987A case (which earned to M. Kastiie Nobel
prize). A star produces energy if its core elements aredigthtan iron:**Fe is
the element with the maximum nuclear binding energy, so ncerfigsion pro-
cesses can occur. A star exists thanks to the balance of twesfogravity and
the pressure of degenerated electrons. When a star hasnacom® of 1.4 solar
masses, gravity wins and the star collapses. The collagsops when the iron
core reaches the nuclear density: a pressure discontinuitye core generates a
sonic point which creates an outgoing shock wave. This laase of the stellar
evolution is called supernova. The neutrino productiohésresult of the electron
capture and the pair production processes [1]:

e +p—v.+n

1.60
y—e +et =, 47y ( )

wherex = e, pu, 7.
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In 1987 the neutrinos of a blue super-giant star explodederLarge Magel-
lanic Cloud at a distance of about 55 Emere detected. The resulting neutrino
flux was measured by 4 experiments, among which Kamiokarfle [Mgure[ 1.9
presents the scatter plot of the number of events as a funatiome: a burst of
neutrinos is clearly visible in plot (e).
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Figure 1.9: Scatter plots of the number of hits as a functidimee. A clear burst
is visible in plot (e) [45].

Although the number of neutrino events is very small (128, fibllowing re-
marks hold|[45]:

e taking into account the supernova distance (55 kpc)ythendz, lifetime
lower limit has been estimated to be .10 [m/E];

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

51 kpc=3.09 x 10" m
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1.1.2.6 Natural radioactivity: the Ov33 decay

In the experiments described in the previous sections,ahrce and the detector
are separated: whenever possible, the distance betweéndlmmponents has
been chosen taking into account the neutrino oscillatie@npmenon, which de-
pends on the squared-mass differences. The neutrino mdsedly measured
evaluating the endpoint of the kinematic spectrum ofgtagecay. An other pos-
sibility, that also allow to identify the neutrino as a Diraca Majorana patrticle,
exploiting a particulas process (the neutrinoless double beta decays/0de-
cay) where the source and the detector are in practice the. SEm basic process
is described by the following reaction [25]:

(A,Z) = (A, Z+2)+ 2 (1.61)

schematically represented by the Feynman diagram showgurefi . 10.

p
A
v
T Y
" o
D

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

This process amplitude is proportional to the product oftie leptonic cur-
rents:
Mop o [e7a(1 — v5)ve][E75(1 — v5)ve] (1.62)

(where~, are the Dirac matrices) which can only lead to a neutrino agapor
based on the contractiofd|v.(z)v! (y)|0). This contraction is fundamental to
understand the ultimate nature of the neutrinov. ifannihilates and creates a
different antineutrino state, it is a Dirac particle, thi@v,.(z)v!(y)|0)=0 and
M, 3=0; otherwise if the neutrino is a Majorana particle, newtrand antineutrino
are the same state af@|v.(z)v! (y)|0) #O0.

If the neutrino mass is caused only by the Majorana mass jénesate of the
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Ov3 decay is proportional to theffective neutrino Majorana masefined as:

E 2
miUei
7

The process signature is given by the energy measured ireteetdr: if the
value corresponds to the Q-value,:&5% decay has occurred; otherwise a broader
spectrum is measured, identifying the®s decay process. The mass is measured
starting from the decay half-life defined as:

(1.63)

Mee =

2
— v v Mee
R (1.64)

e

whereG" is the phase space integral ajdd®”|? is the nuclear matrix element
of the transition. The half-life is expected to be of the orde10® years, so the

experiments must be very sensitive. The Heidelberg Mose@sréanent has used
11 kg of enriched Ge obtaining a limit on the half-life of [25]

TYfy > 1.9 x 10% 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, openissues and the Neutrino Factory

In the previous sections the most important neutrino s@aiod experiments have
been described. The results of these last 50 years of gciket summarized in
table[1.2|[46]. A schematic representation of the neutriarmg matrix with the

parameter | best fit 20 3o 4o
Am2,[107°]eV? | 7.9 7.3-85 | 7.1-89 | 6.8-9.3
AmZ[109]eV?| 2.6 | 2230 | 2.0-32 | 1.8-35

sin? 0, 0.30 | 0.26-0.36| 0.24-0.40| 0.22-0.44
sin? fy3 0.50 | 0.38-0.63| 0.34-0.68| 0.31-0.71
sin? 03 0.000 | <0.025 | <0.040 | <0.058

Table 1.2: The best fit values at 2, 3 andfdr the three flavor oscillation param-
eters|[46].

experimental results is presented in figure 11.11.
However a large number of problems have to be solved, amorghwhe can
list[9,19,/28]:



1.1 Neutrino physics 27

Figure 1.11: A schematic representation of the mixing matsults obtained in
oscillation experimentsiy; =245°, 615 =30°, 615 <13 [1].

¢ the absolute mass valuethe oscillation experiments have discovered that
the neutrino has a mass; however they are sensitive to tlaeedtyimass dif-
ference, so no absolute mass value can be measured. Theayniy abtain
a direct mass value is to evaluate the endpoint of the kinersp&ctrum in
the $ decay or to measure the flux of the (very) rare neutrinolestblgo
beta decay;

e Dirac-Majorana particle : the mechanism which generates the small neu-
trino mass has not been confirmed. Dirac’s explanation (AedHiggs
mechanism) seems not to be the only responsible of such &s@sd; on
the other hand in the See-Saw mechanism (derived from Mas eheory)
the leptonic number would be no longer conserved. The DMaprana
nature can be only confirmed in the/3 decay evaluating if neutrino and
antineutrino are the same patrticle or not;

e mass hierarchy. the neutrino mass eigenstates hierarchy is still not con-
firmed. At present two possible cases are suggested: indireal hierar-
chy the two lightest eigenvalues are separated by a smédteliice while
the third is heavier than the other two; in ithgertedone the third eigenstate
is lighter than the other two. A schematic view is presentefigure[1.1D:
the small difference is measured by solar experiments élsatensure that
mo > my), While the large difference is computed in the atmosphmanes;

e 0,3: thed;3 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) masgdmehies: the small
difference {; — 1») is evaluated in solar neutrino experiments, while thedamge
(v3-others) in the atmospheric ones|[19].

e CP violation: if #,3 # 0, a complex phase factod (n the PMNS matrix,
equatior_1.79) would cause the CP violation. It can be etatlby mea-
suring the following asymmetry:

P(va = vs) — P = 75)
P(va = v5) + P(7a — 75)

Aop = (1.67)

¢ leptogenesis the matter-antimatter asymmetry in the Universe was previ
ously associated to the GUT baryogenesis where heavy gaugerts de-
coupled from equilibrium in the early time. However the maste gauge
bosons resulted too small to be the ultimate responsiblesoptoblem. A
possible solution could come from the broken lepton numbaservation
that causes an asymmetry in the baryon-antibaryon number.

Even if neutrinos are available in such large numbers, theak nature results
in the need of large and heavy detectors and in the fact thatine beams with
well defined features do not exist at the moment. A possillgiso to simplify
these studies is represented by the Neutrino Factory baisgdwion storage ring:
such a factory would provide a well known neutrino beam tdgast) three inde-
pendent experiments with different baselines. The intrifesatures of the beam
in terms of energy and geometry would allow to develop oédidetectors.
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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 lfjh intensity
muon beam [47]; a possible schematic view is presented ingfiid3. There are

Bunch 2.2 GeV Superconducting
" compressor " H Linac
i ring > Accumulator ring

44/88 MHz capture, .
cooling, acceleration  _.--~" g

"7 10-50 GeV
recirculator

Neutrino Factory
schematic
(isometric view)

- )

- Muon decay ring ~
- Triangle on an
inclined plane

Figure 1.13: A possible conceptual layout of a Neutrino &acf47].

several designs for such a source with a common goal: thergereof up to
10*! muons per year from a proton beam.

In a Neutrino Factory an accelerator provides the requiresdgy to a very
high power proton beam (4 MW); in order to minimize the longdinal phase
space volume, the proton bunches must be at least of the @rddew nanosec-
onds. The proton beam impinges on a target of 2-3 nucleamaictien lengths to
create pions: given the beam high intensity, the target meisixtremely robust
and resistant. Two solutions have been suggested: a ljguéhd a rotating target
[48,49]. The pions can be captured in three different waypesconducting and
warm magnets, magnetic horns or wide-aperture bending etagim figure_1.14
the pion production and capture is presented: a proton widgnargy in the range
16-30 GeV impinges on a liquid (e.g. Hg) target producingnpicathe target is
placed inside a solenoid field which guides pions to the decalyphase rotation
line.

Pions decay in muons in a 30-40 m dedicated line. Since a Inigimsity
muon beam is needed, the beamline must have a large acoeftapons; there-
fore wide apertures and strong magnetic fields (granted lensm magnets) are
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Figure 1.14: A possible schematic view of the pion productio a Neutrino
Factory: 16-30 GeV protons impinge on a liquid-jet targedide a high-field
solenoid magnet followed by a decay and phase rotation ehd@.

necessary. In order to store them, muons must be cooled vimawative tech-
nique calledonization cooling(described in detail in sectidn 1.2.1): muons lose
transversal and longitudinal momenta in a light elemenodies (e.g. liquid hy-
drogen), then radiofrequency cavities restore the lodgial momentum, with
the net result of a phase space volume reduction. Muons aedeaated to 20-
50 GeV and then stored in a triangular muon decay storage ttege muons
can decay in the three straight lines, generating thregineuiteams that can be
sent to different baseline experiments. Such an accetegatyantees a very high
neutrino flux given the large apertures and very soft foquaiagnets.

A storage muon ring is also the first step towards a muon &oll@ complex
that combines the advantages af*acollider (point-like structure of the probes)
with the ones of a hadronic accelerator (less energy lognghe 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 neutrareproduced [46]:
P = e 4 v () + 7u(v) (1.68)

The physics at a Neutrino Factory is based on the oscillgtlenomenon,
although also a non-oscillation physics program has beepgsed. The basic
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goal is the precise measurement of the elements of the mmatgx, a result that
could be achieved exploiting the natural advantages of awsdurcel[47]:

¢ the neutrino beam energy spectrum can be precisely evelsgiging from
the muon one;

¢ the flavor composition is well known: two different flavorstiviopposite
leptonic number are generated for each muon decay;

e it is possible to change the polarity of the stored muons tainka charge-
conjugate neutrino beam;

e it delivers the same beam to different baseline experiments

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

e golden channelit is based onv. — 1, and it can be tagged via the so-
called “wrong-sign muons”, in which muons in the detectorénan oppo-
site charge with respect to the ones in the accelerator ampl

¢ silver channel the oscillationv, — v, occurs and, given the high energy,
a7 particle appears in the detector. The tagging is perforregdiring a
“wrong-sign” event and identifying the decay vertex;

e platinum channelthev, (7,) — v.(7.) oscillation is studied. This process
is the T and CP-conjugate of the golden one, even if with giffe matter
effects. The channel signature depends on the identificafithe electron
charge.

According to the previous considerations, the followingasi@wements have
been proposed [47]:

e determination of AmZ,, its sign, the,3 mixing angle and the leptonic
CP violation: the oscillationv, — v, allows a precise measurement of
Am3, andf,3. Moreover an evaluation of the CP violation and the mass
hierarchy can be made considering the effect of matter inos8wdlation
probability. The CP violation can be measured considetiegatio:

N(7e — 7,)

= N(ve = vy,)

(1.69)
that is represented as a function of the baseline in figurB. 111 L =
0 and no effects of CP violation occur, the ratio is 0.5, givea heu-
trino/antineutrino cross sections. If increases, the ratio becomes larger
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Figure 1.15: The predicted ratio of the wrong sign muon evasta function of
the baseline considering both thenZ, signs. The band in the figure represents
the CP violation/[50].

(smaller) if theAms3, sign is positive (negative). Sufficiently large base-
line experiments (even better if the baselines are dift¢r@iow a precise
measurement of th8 ratio, determining the\m3, sign and the) phase.

e determination of the 8,3 mixing angle: figure[1.16 presents the sensitiv-
ity of the Neutrino Factory (NuFact) compared with otherger and future
experiments. An entry-levell (' muon decays per year without cooling)
and high-performance2@ x 10?*° muon decays per year) Neutrino Fac-
tory (NuFact | & 11, respectively) have been compared with JlPARC-SK
experiment, a higher-energy off-axis project (NuMi) andutufe J-PARK
experiment in which the detector is a megaton water Cheresjstem (Hy-
perKamiokande). The statistical sensitivity limit can bduced taking into
account other oscillation parameters and degeneracyseifbe sensitivity
of NuFact Il is almost two orders of magnitude better thanatmer experi-
ments.

Neutrino Factory non-oscillation physics studies like paeelastic Scattering
(DIS) and non-neutrino science can be also performed. Aadahe first type
is concerned, present neutrino DIS experiments requige land dense nuclear
targets to generate neutrinos from pion decays and theyespegtrum is not well
defined. In a Neutrino Factory this problem does not exigmgihe well-defined
original muon beam: the expected event rates would be am ofdeagnitude
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Figure 1.16: The sensitivity of an entry-level (1) and higérHformance (II) Neu-
trino Factory on the mixing anglén?® 6,5 compared with present and future ex-
periments. JHF is the former name of J-PARK [51].

better than the present available experiments. Precissurezaents of the CKM
matrix elements and the electroweak fundamental paramétke sin® 6y;/) are
also possible [47, 50].

Moreover non-neutrino physics researches can be alsorpextb the physics
of slow muons and the muon lifetime are just a couple of exaspl

1.2 MICE: Muon lonization Cooling Experiment

The Muon lonization Cooling Experiment has been propos@®08 to study the
feasibility of a Neutrino Factory based on a muon storagg, r@ntool that repre-
sents the frontier for neutrino oscillation and CP violatgiudies and fop ™~
colliders [47]. More precisely, MICE intends to evaluate thost crucial task in
a Neutrino Factory: the muon cooling. Since standard tegles like electron,
stochastic or laser cooling are not effective enough becaithe muon lifetime, a
possible solution is represented by the ionization coolirgs technique consists
of two parts: in a first phase muons lose transversal andtladigel momenta by
means of scattering in a low density absorber, while in arsgone the longitudi-
nal component is restored by radiofrequency cavities. Bhieasult is a reduction
of the phase space volume, mathematically described byntitéaace. MICE is
being commissioned at RAL in order to test the ionizationliogomeasuring the
emittance before and after a cooling section with a largeigien which requires
a performing particle ID.
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In this section the ionization cooling is described togethi¢h its implemen-
tation in the MICE experiment.

1.2.1 The ionization cooling

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

However a muon storage ring requires that muons are firsedoshich is a
hard task since, given the muon mean lifg & 2.2 x 107¢ s [53]), the standard
techniques are not effective [47] and, given the fact thabmsuare generated by
pions produced in a target, the initial phase-space volsmery large. The only
solution is represented by ti@nization cooling

1.2.1.1 The emittance

In order to better understand this technique, it is impdrtamlescribe it in terms
of emittance The emittancec) defines the beam volume in the phase-space and it
is expressed as,, = V'V /(m,c)¢, whereV is the determinant of the covariance
matrix of the muons in the 6D coordinate systémy, z, p,, p,, p.) andc the
speed of light;z is set along the particle motion,andy define the orthogonal
transversal directions. If there are no correlations amihieg6D coordinates,
it is possible to express the 6D volume by,o,, 0,0, 0.0,.), Whereo; is the
RMS width of theith variable distribution' [48]. Under the hypothesis that th
off-diagonal (correlation) terms df are negligible, it is possible to express the
emittance as:

€60 N €z n€ynan (2.70)

wheree; , = o0,0p,/m,c. Then subscript identifies the normalized emittance, to
distinguish it with respect to the non-normalized one, d=fias:

€ = Ez',n/”Yﬁ (1.71)

61n a storage ring, the beamstrahlung of a charged partielmligthe radiation emitted because
of the interaction with the electric field of the other beam.
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wherei = (z,y, z), whiley and are the Lorentz factor and the velocity in terms
of speed of light.
In a cylindrical coordinate system, the emittance can banddfas:

€6,n ~ Einqm (172)

wheree ,, (¢,,) is the normalized transverse (longitudinal) emittance.

The ionization cooling has been proposed in the early '8A8$% §&d consists
in two different phases, as shown in figlre 1.17 [54, 55]: &retuon beam with
a large emittance crosses an absorber and loses transsedsiangitudinal mo-
mentum via the interactions with atomic electrons (ie/dx described by the
Bethe-Bloch theory [53]); then accelerating cavitiesaestthe longitudinal en-
ergy loss.
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Figure 1.17: A schematic overview of the ionization cooliaghnique![54].

The interaction with an absorber causes multiple scad}nivhich in turn

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

grats _ g _ 13.6MeV

plane = Bep zv/x/Xo[1l 4+ 0.038In(z/Xy)] (2.73)

wherep, Sc andz are the momentum, velocity and charge number of the incopénticle, while
x/ Xy is the thickness of the material (absorber in this case)dmatin lengths. At larger scat-
tering angles the phenomenon is the same of a Rutherforte8ogt with tails larger than the
ones given by a Gaussian distribution. The radiation leigytiefined as the mean distance over
which an electron loses d bf its energy via bremsstrahlung. Empirically it can be eggsed in
the following way:

716.41- A o

387 9-€M

whereA andZ are the mass and atomic numbers.

0= (1.74)
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results in the increase of the emittance (a kind of heat gjuaccording to equa-
tion[1.73, the cooling effect dominates for low Z materige liquid hydrogen,
helium, lithium and beryllium since the multiple scattgricontribution is smaller.

1.2.1.2 The transverse emittance cooling

According to figuré 1.18(h), the transverse emittance ongah the momentum
space can be schematically described in the following w&y: [5

1. t1 to t2 muons cross an absorber reducing the transversal andudnrgi
nal emittance; looking at the Bethe-Bloch curve (an exangl@esented
in figure[1.18(D) for the lithium and beryllium cases), thenimum (Min-
imum lonizing Particle, MIP) is located at 300 MeV/c, so both the re-
gions before and after this value can be used, even if therlomwenenta are
favourite. Because of the multiple scattering, the ematais quite large
with respect to the theoretical one;

2. t2to t3 the accelerator cavities restore the longitudinal monorant

[onization Cooling in Momentum Space

Py

multiple [nitial
scattering

Tonization

D —
Px /)
Acceleration

(@)

[MeV / eml

-dE / dx

\

[onization enerqy loss

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

Since only the longitudinal momentum is restored, the beiaerglence is smaller.
Mathematically the transversal ionization cooling is dised starting from
equatior1.711: the normalized emittance in a given diredf@g.x) is:

€xn = ’YBEJ:

(1.75)
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wheree, can be statistically expressed as:
= (2%) (6*) — (20)” (1.76)

whered is the divergence angle of the particle trajectory projgatehe x-z plane.
The emittance variation along the travel motiois:

dz dz

The first term describes the cooling, while the second thargea

oy — L on (4

P (cool) = “EE <dz> (1.78)
dezn d d d

Eriheat) = 5% 42 )+ () 5 () = 200) I (a0)| 079

whereF is the muon energy and the angle brackets indicate a mea@. valu

Assuming that the cooling occurs near the beam core and¢hsifay is strong
enough, the effects of the correlation among the beam paeasnend the growth
in the transverse size of the beam are negligible, thus thetéen becomes:

des

dz

(heat) ~ 2% (%) < (%) (1.80)

According to the betatr&focusing theory in the cylindrical symmetric coordinate
system (wherg, = 3, = (.):

(2*) = BLe, (1.81)

thus:
degn

dzj (heat) ~ fy—— 6°) (1.82)

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

B, E: 1
2 B3Emc? X,

deg n

dz

(heat) =~

(1.83)

whereEs = 13.6 MeV.

8The p-function is the envelope around all the trajectories of pheticles circulating in the
focusing-defocusing (FODO) lattice [56].
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From equations 1.78 afd 1183 it is possible to note that tber@pdecreases
as a function of the absorber length, while the heating terereases; equaling
the two terms, the minimum achievable emittance value is:

B E?%
26mec? Xy <%>

(1.84)

min €, p, ~

where the dependence on the focusing is described, byvhile the one on the
dFE

absorbing material by, <d_>
z

Table[1.B presents the most important parameters of soneriaiatthat can

be used in the ionization cooling [55]: th&/dx is expressed for relativistic
particles (0 =~ 1) and it is possible to note that the best cooler is liquid bgen.

Material P dE/dx Xo B
[g/cm?] | [MeViecm] | [cm] | [mm mr/cm]
lig. H, 0.071 0.286 890. 42
lig. 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
CH, 0.93 1.93 47.9 116
C 2.265 3.95 18.8 144
lig. N, 0.807 1.47 47. 155
Al 2.70 4.36 8.9 275

Table 1.3: Parameters of materials for the ionization cap|b5].

1.2.1.3 The longitudinal emittance cooling

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

€xn = B700, (1.85)

whereo, is the beam bunch length and

5= 2= (1.86)
Y2

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

de.n do, do d(8v)
dz pro dz + 6702@ + 00 dz

(1.87)
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In this equation it is assumed that the motion is predomiakomtg thez direction.
In the hypothesis of relativistic beams, the changes in theelh length §.) are
very small, so the first term can be neglected; therefore theigus equation

becomes:
dez,n ~ B”YO'Z dapz (1 88)

dz p., dz

d
The energy spread terr(w%) can be generated by three factors:
z

e dE/dx: because of the curvature of thé’ /dx (figure[1.18(B)), particles
with different momenta lose a different amount of energye €hergy loss

term is given by:
do,, op d (dE

dz  BcdE (dz) (1.89)
The term increases (decreases) for a momentum smalleerjargan the
minimum ionization value. However the rate of cooling isywemall since
the dF/dz is very small (in the relativistic region): as an exampletha
range 600-800 MeV théE /dx term varies fron.4 x 10~*/cm for hydro-
gen to4.5 x 10~4/cm for aluminum;

e straggling: the statistical fluctuation in the energy losa given distance is
definedstraggling Straggling adds another term to the energy spread:

do, K, 1,
: = 1—-= 1.90
dz QBCUE7 ( 25 ) ( )
where the constant’; is defined as:
NuZ
K, = 47T(rem602)2ATp (1.91)

wherer. is the classic radius of the electron aNd the Avogadro number.
Given they? factor, the cooling at lower energy has to be preferred,;

¢ the absorber density: the longitudinal cooling is a functéthe density or
thickness of the absorber in a region of non-zero dispersiamsidering a
wedge absorber (figure 1119), the energy dispersion teronhes:
dop, 1 dE no

where the dispersion is defined hy= dz/do, the wedge angle = dx/dz
andL, is the wedge absorber thickness.

The longitudinal cooling is typically associated to the i@ in the transverse
component due to the multiple scattering effects, and e this effect is
calledemittance exchandB5].



40 Neutrino physics and MICE
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Figure 1.19: The longitudinal cooling using a wedge absojibis.

1.2.2 MICE: goals and setup

The Muon lonization Cooling Experiment is being built to dguhe ionization
cooling technique for future Neutrino Factory and Muon @&t applications
[47]. More in detail, the MICE goals are:

1. to design and build a cooling section for a Neutrino Fagtor
2. to tune and characterize the muon beam produced in thersect

Figure[1.20 presents a 3D model of the MICE line: the basimefds are the
cooling section, two spectrometers (to measure the eméteeduction) and the
particle ID system. MICE intends to reduce by a factor of 10 transverse
emittance of a muon beam with a momentum in the range 140-2&\/&and
an emittance from to 10r mm rad. Just for a comparison, a transverse RMS
emittance of 1500 mm mrad and a longitudinal RMS emittanc8fnm are
needed for a Neutrino factory [58].

As in the case of a Neutrino Factory, in MICE muons are produnethe
decay of pions generated by protons impinging on a targed.protons are accel-
erated by the ISIS synchrotron at the Rutherford Appletdooratory (RAL, Did-
cot, UK, figurg 1.21(@)) to an energy of 800 MeV. A part of ther@ary beam halo
interacts with a titanium target and produces pions (figufd(b)). Since MICE
must not disturb the normal ISIS operation, the target isriesl into the proton
beam only once per ISIS cycle. The ISIS cycle is divided inroigtructures
(bunches) of 100 ns (separated by 224 ns) for 1 ms per secondhd MICE
purpose, only one good muon per bunch is requested. It hasdstienated that
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Figure 1.20: A 3D model of the MICE line: the muon beam comemfthe left

1.

in order to have 500 good muons per spill in the cooling champeto 1.4 x 10'2
must impinge on the targé] [9].

Pions are then captured by a triplet of quadrupole magnepsréfil.22(3)),
while bending magnets send them to the MICE hall (fiqure Dp26electing
the particles with the highest momenta. In the MICE hall piocan decay in a
5 m long superconducting 5 T solenoid that was contributethbyPaul Scherrer
Institute (PSI, Switzerland). After the decay solenoid,adypthylene absorber
is placed to capture the remaining protons. Finally, a seatipole and two
guadrupole magnets are used to select muons from pionsjtessthem towards
the MICE line and to focus the beam itself.

A representation of the MICE line layout is given in figlire3.2 muon beam
is cooled by three liquid hydrogen absorbers while the huagnal momentum
is restored by two radiofrequency cavities; the emittasaaéasured by two 4 T
spectrometers before and after the cooling channel; acfeidientification system
(made of TOF and Cherenkov detectors and a calorimetriesysis used to
discriminate muons from the background (mainly pions aedtebns).

1.2.2.1 Cooling section

A cooling section is based on three fundamental parts: loab&orbers, high-
gradient radiofrequency (RF) cavities and focusing systensqueeze the beam.
A possible schematic view is presented in figure 11.24. Thegdesf a cooling
channel depends on several factors [47]:

1. cooling factor: the largest reduction factor in the transversal emittaace
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—
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Figure 1.21: MICE at RAL: a) a photo of the Rutherford Appletcaboratory
and b) a drawing of the pion extraction liné [9].

given by:

Ae AF
=t =22 1.
- Z (1.93)

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

Figure 1.22: Muon production at RAL: a) the ISIS proton beasohmpinges
on a titanium target (bottom right); pions are generated @aptured by three
guadrupoles (in green). High momentum pions are selectes isnding mag-
net which transports them to the b) MICE hall where they denagy 5 m long
solenoid.

20 MeV of energy loss and a similar value of momentum resgpinthe
RF cavities;

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

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

4. beam a typical incoming muon beam could have the following feasu
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Figure 1.23: The MICE experiment layout [47]: a muon beanoisled by three
liquid-H, absorbers and the momentum is restored by two radiofreguzaa-
ties. 4 T spectrometers before and after the cooling chaneasure the emittance
reduction, while a particle identification system (based @#, Cherenkov detec-
tors and a calorimetric system) is used to discriminate radmym background.
The z direction is defined along the beam, while thandy coordinates are the
transversal ones.
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Figure 1.24: A schematic view of a possible cooling chantietee low-Z ab-
sorbers are enclosed in focusing coils (to squeeze the bdam)RF cavities
restore the longitudinal momentum [47].

e momentum: 200 MeV/c;
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e momentum spread: 10%
e beam size RMS: 5 cm in both the transversal directions;
e beam divergence RMS: 150 mrad in both the transversal drect

5. focusing in order to reduce the emittance growth due to the increbgeo
beam size, different focusing methods have been prop@q‘ﬁd [5

e asolenoid, that produces a central longitudinal magnetid,fcausing
the particle to follow a helicoidal trajectory;

e a solenoid FOFO cell, made of short solenoids separated byt@rc
distance that can focus in both the transversal directibtiseasame

time.

According to the previous constraints, the MICE section @élmof three Ab-
sorber Focusing Coils (AFCs) and two RF cavity and Coupling<JRFCCs).
An AFC module consists of two parts: the liquid hydrogen abep (but other
materials, like helium, can be also used) and solenoid mad@, ]; a 3D

model is presented in figure 1.25(a).

Tube to Condense

Magnet Coi

Magnet Mandrel-
Absorber Top Tube
Safety Window
Absorber Body

H, Thin Window

Heat Exchanger
Absorber Bottom Tube

Absorber Vacuum Doo

Heat Exchanger Tube

Magnet He Feed Tube

(a) (b)

Figure 1.25: A 3D@1] and a cross sectional view [62] of an éiber Focusing
Cail.

The absorber consists in a 21 | vessel that contains 1.5 kigjafilhydro-
gen (or 2.63 kg of liquid helium); in order to reduce the npl#iscattering, a
pair of 300 mm diameter 0.18 mm thick windows are used in trearbaperture
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(figure[1.25(0)). The hydrogen, supplied by a 1.5 W cryocoaid.5 K, is explo-
sive when mixed with air, thus some safety precautions lieedouble window
(the vacuum is pumped between the windows) and the coveffagiétbe vac-
uum chambers with argon gas (to avoid the air condensataw® bheen taken into
account.

The absorber is placed in the center of a superconductingsiiog solenoid
(with a magnetic field of 4-6 TIE?]) which has a bore diametied @0 mm; the
total length along the beam motion is 844 mm.

A RFCC module (figurg 1.26(a)) consists of 4 201 MHz normattamting RF
cavities and one superconducting coupling coil madﬂt [6B¢ cavity resonant

Superconducting
Coupling Coil
Magnet

Figure 1.26: a) A representation of a RFCC module and b) aopbfcd 201 MHz
cavity [_6_3].

frequency is set shaping the cavities by means of six stsrdeeel flexure tuners
(figure[1.26(0)); a very thin Be window or an Al grid (both tegrarent to muons)
are installed on the beam apertda [47]. The coupling codmeéais 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 dadrtfiggance reduc-
tion of each single particle; the emittance before and dftercooling channel is
computed using six coordinatés, y, t, p./p., py/p-, E/p.). These coordinates
are measured by spectrometers consisting of a scintilditoer tracker@h] and
a 4 T solenoid magneﬂbS]: the muon trajectories are circumdhe transver-
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sal plane, providing the transversal momentum from theusadndp. from the
number of the orbit and the TOF measurements [47].

The 10% emittance reduction in MICE has to be measured withcaaoracy
of 1%, so a precision of 0.1% on the single particle emittascequired. There-
fore the amount of the tracker material must be small notd¢ceimse the multiple
scattering effect. A scintillating fiber tracker (SciFi, dig[1.27(d)) has been de-
veloped for this goal: it consists of 5 stations with a 40 cemaieter carbon-fiber
frame and three scintillating fiber doublets glued at & E@ular spacing. A fiber

Figure 1.27: The spectrometer: a) the SciFi tracker [66]@nts solenoid@ﬂ.

doublet is made of two layers of 320n of diameter scintillating fibers. The scin-
tillating light is readout by Visible Light Photon CountgiLPCs) maintained at
a temperature of 9 K. The overall number of channels of thedpectrometers
is 6400 @u. The spatial resolution has been measured t6&f-Q) xm with
cosmic rays at RAL with a detection efficiency of 99.7%.

The fiber detectors are placed in two 2.9 m long solenoid nmagpessented
in figure[1.27(0)): since the ranges of momentum a@hdare very large, the
solenoid must be tuned over a very large range of currentgacker solenoid
is made of two matching coils and three spectrometer oneg spbectrometer
coils guarantee a uniform magnetic field over a length of 1 chadiameter of
30 cm, while the two matching ones are used to matchvtbethe adjacent AFC
with the one in the spectrometer. The overall magnetic felT.

1.2.2.3 Particle ID: TOF, CKOV and EMCal

In MICE a performing particle identification is necessarydentify muons from
the background which consists mainly in pions and electrasigstream of the
cooling channel, two Time-Of-Flight (TOF) stations and t@eerenkov (CKOV)
detectors are used to distinguish muons from the remainmgspdownstream,
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another TOF station and an electromagnetic calorimeterc@t)Vare devoted to
the muon electron separati&E[M].

The upstream TOF detectors are not only used for particlaifttion, but
also to generate the experiment trigger and a precise tirefiegence with respect
to the accelerating RF cavitieE[GB]. Each TOF station ciasif two layers of
1 inch scintillator counters arranged in a x-y geometryrftyease the redundancy,
figure[1.28(d)) readout on both sides by two fast R4998 Hartmanphotomulti-
pliers; TOFO has a sensitive area of>dD cn?, TOF1 of 42<42 cn?, while
TOF2 of 60x60 cnt [68,/69]. TOFO is placed at the beginning of the channel,

e

(a) (b)

Figure 1.28: a) A TOF schematic view: the scintillator slaos arranged in a
X-y geometry and are readout on both sides by fast PMTs [70TTQF2 in its
shielding cagé [69].

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

To determine the timing with respect to the RF phase with aipien bet-
ter than 5, a time resolution of 50 ps for TOFO is required, while for &©9
pion rejection a resolution of 100 ps is enough. These padoces must be pro-
vided in critical conditions: TOFO must support an incombeam rate of about
1.5 MHz (0.5 MHz per PMT), while the other two must work with esidual
magnetic field that can reach 1300 G. The PMTs of the firstostatie shielded
with conventional mu-metal shielding, while the other twOHS are enclosed in
100 mm iron shielding cages (figure 1.28(b)). As far as theaatelectronics
is concerned, the time measurement is based on the CAEN \fitR86o-digital
converters (TDCs), while flash analog-to-digital convext@ADC) are used for
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the time-walk corrections.

For higher momenta, the particle identification with onlg ffOF system be-
comes critical: from 220 to 340 MeV/c the muon/pion time eliéince goes from
241to0lns Ell]. Therefore two aerogel threshold Cherenleteators (named
CKOVa and CKOVb) have been assembled: the first has an aeefgation in-
dex equal to p=1.07 (which corresponds to a momentum threshold for mubns o
P.1=278 MeV/c and for pions of P,=367 MeV/c), while the second has+1.12
(P, =210 MeV/c, R ,=277 MeVi/c) [9,.72]. Experimentally, for a 140 MeV/c
beam both CKOVs do not provide a signal; 200 MeV/c muons aoe@khresh-
old in CKOVb, while pions are below threshold in both; at 28@WAc, pions are
above the CKOVb threshold, while muons are above both tbtdsh

A CKOV station (figurd_1.29) is based on two 2.3 cm thick layefraerogel
that cover a sensitive area4ff x 46 cm?: the light is readout by 4 8-inch PMTs.
Since the expected rate is very high, the PMT signals ardizbgi by a high

@) (b)

Figure 1.29: a) An exploded view of a CKOV detector. From leftright a
muon/pion crosses: the entrance window, the mirror, thegegmmosaic, the ac-
etate window, the GORE-TEX reflector panel, the exit winddle gray cylin-
ders are the 8-inch PMTs in the iron shield. b) A photo of ano§et Cherenkov
station Eﬁ].

frequency sampling waveform digitizer (CAEN V1731).

The last particle identification device is the Electron Mwatorimeter (EM-
cal): this electromagnetic system is based on a pre-shdeDE-Light front
layer) and the Electron Muon Ranger (EMR) and has been deeeéltw discrim-
inate muons from electrofis Since EMR s the heart of this thesis work, it is
extensively described in chapiér 2.

SMICE can work with both negative and positive particles; histthesis, 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 calorimetersbd on the
KLOE one ]: it is made of extruded 8@0 cn? Pb foils transversally seg-
mented with 1 mm scintillating fibers that are inserted angdlin the lead holes.
The energy is lower with respect to the KLOE one, so the leds &me thinner.

Beam axis
perpendicular
to lead layers
s

o

P

Single sheet 0,3 mm thick
( not on scale )

(a) (b)

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

The overall detector (placed downstream of the TOF2 stdfigare[1.30())
consists of 7 modules for a total of 2.5 XThe scintillator light is readout on both
sides by Hamamatsu R1335 PMTs. The energy resolution hasmbeasured to

beor/E=7T%l\/E(GeV), while the time resolution ig;=70 psh/E(GeV) [71).

1.2.2.4 MICE time schedule

The MICE experiment is planned to be commissioned in six mﬂges@?]:
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 thedttrs and evaluation
of the beam composition; for this step the first two TOFs, tK&®¥s and
the KL are installed;

2. installation of the first spectrometer and TOF2;

3. installation of the second spectrometer: since no naisnpresent between
the two spectrometers, they must provide the same reslidtwjrzg a good
calibration of the system. Installation of EMR;
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% MICE Schedule as of March 2010 B
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Figure 1.31: The MICE time schedule is divided in 6 stage® diesent schedule
has been fixed in March 20@75].

4. installation of the first AFC to measure the energy loss t@edmultiple
scattering in different focusing conditions;

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

6. installation of the second cooling cell (one AFC and on€R}-and final
measurements.

At the time of this work, Step | has been completed, TOF2 has lrestalled
and part of EMR has been commissioned (see chiapter 5).
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Chapter 2

The Electron Muon Ranger: how &
why

The Electron Muon Ranger (EMR) is a fully active scintillattetector that is
being assembled to discriminate (together with KL) muoonsifielectrons. The
necessity to use two devices is explained in the first parhisf ¢hapter, while
the second one deals with a full description of this tracadorimeter based on
2832 scintillating bars. EMR, in fact, is made of 48 layersaaged in a x-y

geometry; each layer consists in 59 1.1 m long extrudediBatiitg bars with a

triangular shape whose light is carried out by one wavelesgifter (WLS) fiber

and readout on both sides by single or multi-anode PMTs. Aqudar attention

is devoted to the readout electronics of the whole systemsitigle PMT signals
are readout by multi-channel waveform digitizers (WFD4d)jlerthe multi-anode
ones are managed by a dedicated ASIC system.

Last but not least, the description of two EMR prototypesvsig: the first (the
small scale prototype) is devoted to the study of the tracapability of the EMR
detector while the second one (Large EMR Prototype) has lssuhto investigate
its potential as a calorimeter. The muon/electron ideatifor in MICE in fact is
based on kinematic cuts (TOF system) and on a couple of Vesialepending on
the energy measured by each EMR plane and the number oflearéicks in the
detector itself.

2.1 Thep/e discrimination in MICE

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

53



54 The Electron Muon Ranger: how & why

EMcal. As far as the upstream particle-ID is concerned, &{ud (a) presents
the time-of-flight spectrum (obtained with the TOFO and TQie2ectors during
the commissioning phase of the TOF2) of a low emittance 300/&lbeam [75].
This beam is used for detector studies and it is composedsitfpos (represented
by the first small peak), muons (second peak) and pions (bleiadt).

TOF0 — TOF2
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events
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= [ *

: b bl
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time of flight [ns] Momentum (MeVic)

(a) (b)

Figure 2.1: a) The TOF system spectrum of a 300 MeV/c pion bfg2h the
small peak (at 34 ns) is the one corresponding to positrbegeak in the range
[36-38] ns to muons while the last one to pions. b) The numbsukvived muons
(blue) and electrons (red) as a function of momentum dowastrof the second
spectrometer [47].

The downstream particle-ID is necessary since 1% of the siaomexpected
to decay in the cooling channel: this small fraction of elea$ has a significant
difference in momentum and it can introduce a bias in the tanmie measure-
ment. As presented in figure 2.3)(b), the lower the momentuoeyéhe larger the
number of electrons after the second solenoid.

In order to achieve a 0.1% precision on the emittance meamne a muon
identification purity of 99.993% is required [9]: with kinextic cuts (based on the
TOF system, in a way similar to the one presented in figurea}). H rejection
of 80% of the events is granted; the rest was originally agdeusing KL and a
second CKOV detector [47]. However the system costs wersiderable and,
more in general, the calorimeter was not optimized for MISE.a fully active
scintillator detector was proposed: SandWich (SW, figuPéad) consisted in 12
layers with different thickness which had to be placed justre&KL, replacing
the CKOV [9]. The layer thickness was chosen in order to opgnthe energy
resolution by means of GAMICE _[76], a simulation toolkit bdson GEANT4
[77]: the simulation results (presented in figure 2.R(b3pdly indicated that such
a device was optimal to reach the required purity.

Later on, the SW design evolved in EMR: because of the siroatibn in



2.2 EMR: design and manufacturing 55

Stage 6, 140 MeV/c, [black=SW, red=KL, dashed=no TOF, purple=no cal]
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Figure 2.2: a) The SandWich detector (in gray and yellow)ldeen designed by
means of a G4MICE simulation. b) The background rejection&f140 MeV/c
beam: the black solid line is related to the use of SW and TOiewhe dash-
dotted red line indicates KL+TOF. KL and SW without TOF areayi by the red
and black dashed lines, while the purple line is the one spaeding to TOF only

9.

the manufacturing and the good performances over a larggerahmomenta
and of the experience in the MINER detectdf, a multi-layer system based on
long scintillating bars was proposed. Moreover, after spna¢otype studies, the
original rectangular bar shape was substituted with thétiil@gular one.

2.2 EMR: design and manufacturing

The Electron Muon Ranger is a fully active scintillator dxte placed at the end
of the MICE line, just behind the KL calorimeter (figyre 2.§(aEMR consists

in 48 planes of extruded scintillating bars arranged in agegmetry. The bars
are provided by the Fermi National Accelerator Laborat&iyAL) and are made

of blue-emitting DOW Styron 663 polystyrene with 1% PPO ar@B@ POPOP
dopants|[79]; the emission peak corresponds to 420 nm. Tihehlage has been
chosen after some prototype studies [80]: originally thesldead a rectangu-
lar shape (1.51.9 cn¥), but this caused an inefficiency due to the non perfect
planarity of the contiguous edges. Therefore the triarrgghape (base=3.3 cm,
height=1.7 cm, figurg 2.3(b)) has been adopted.

IMINERvA (Main INjector ExpeRiment for-A) is a neutrino scattering experiment placed
on the NuMI beamline at Fermilab [[78]. The tracking systemdsed on long plastic scintillating
bars.
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Plane Cross section

30mm

—
16.5mm

(b)

Figure 2.3: a) The Electron Muon Ranger is a fully active deteplaced at the
end of the MICE line, just behind KL. Thedirection is defined along the beam,
while thez andy coordinates are the transversal ones. b) The scintilldtarg
have a triangular cross section in order to reduce the imnggiity in the dead region
among the bars themselves [Courtesy of the UNIGE group].

The scintillator light is brought out by one 1.2 mm diametair®Gobaif
BCF-92 wavelength shifter (WLS) fiber; the main featureshefYWLS fibers are
presented in table2.1. The original design foresaw thaiquer8.5 m WLS fiber
(glued in the bar) carried out the light on both sides to twolRlvhowever some
prototype tests [81] demonstrated that the mechanicasstreuld 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 1.2mm

Core material Polystyrene

Core refractive index 1.6

Density 1/05

15* cladding material PMMA (PolyMethylMethAcrylate)
1°¢ cladding refractive index  1.49

1¢¢ cladding thickness 3% of fiber diameter

2"d cladding material Fluor-Acrylie

274 cladding refractive index 1.42

274 cladding thickness 1% of fiber diameter
Numerical aperture 0.74

Trapping efficiency 5.6% minimum

Decay time 2.7ns

Peak emission 492 nm (green)

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

fractures that reduce the light transmission. For thisaeaa new fiber system
has been suggested: one WLS fiber is glued in the scintiltetoand fixed at the
edge of the bar itself with two connectors; two separater dibars (one per side)
carry out the light from the connectors to the PMT couplingksa In this way all
the bars are assembled with their own fiber and independastigd; in presence
of a failure in the transmission of the light in the bar+ertdrfibers chain, only
these last ones have to be changed.

The Département de Physique Nucléaire et Corpuscol2P&IC) of the Uni-
versity of Geneva (UNIGE) is responsible of the EMR desigthaechanics. The
bar assembly procedure is schematically presented in figdrand it is the result
of the steps studied in the prototype phase that can be suratas follows:

¢ the original bars (from FNAL) have a length of 3-4 m, so they aut at
1.1 m grouping 4 bars together to simplify the procedure (6gL4(a));

e the bar edges are polished and fine milled (fiquré 2.4(b));

e a WLS fiber is inserted in the bar (figure 2.4(c)), fixed on oule $o a con-
nector and glued in the bar with transparent glue. Then t@&bconnector
is placed on the other edge, before polishing both the fibgesd

e 60 clear fibers (per PMT) are prepared: 59 fibers are used touedhe
bars, while one for the calibration with a LED system. On ade ¢hey are



58 The Electron Muon Ranger: how & why

polished and fixed to a connector, while the other side is fféey are then
covered with a dark plastic to avoid the fiber cross-talkaféand to protect
the fibers themselves (figure 2.4(d));

e the fibers are interfaced to the PMT coupling masks and thesdglcut and
polished.

Figure 2.4: The bar assembly procedure: a) the original (8a#sm long) are cut
to the right length and b) milled. c) A WLS fiber is inserted ajided in the bar
and a connector is placed at the edge. d) The clear fibersdhaect the edge of
the bars and the PMTs are covered by a dark plastic foil [@syrdf the UNIGE

group].

Figurg 2.5(d) shows the drawing of an EMR plane made of 59 1dhmscin-
tillating bars: an EMR module (1x+1y layers) covers a séresiarea of nearly
1 n?. Each layer is supported by an aluminum frame, while an alumibox is
used to guarantee the light tightness of the WLS fibers (figuséb)); the elec-
tronics supports are directly connected to the frame.

The EMR planes are placed one after the other (figure 2.6{(a&y) outer box
that is integrated with the KL frame (figure 2.6(b)). The bdsoahosts 4 patch
panels for the high voltage, the configuration and the daastmission signals.
In total EMR consists in 2832 bars: since a single layer wisigbout 30 kg, the
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single PMT

@) (b)

Figure 2.5: a) An EMR plane: the scintillator light of eachtibé 59 1.1 m long
bars is carried out by a fiber system made of one 1.2 mm WLS filetaeaclear
one. On one side the light is readout by a single PMT to medbker@hole plane
charge, while on the other side by a 64 channel PMT (MAPMT }Hertracking.
b) A module consists in 1x and 1y layers: each layer is supddyy an aluminum
frame, while the fiber light tightness is ensured by metéldges. The electronics
supports are directly connected to the aluminum frame [t@syrof the UNIGE

group].

1plane- 59 bars Fiber boxes

64-channel PMTs Single-channel PMTs

N y
z
(a)

Figure 2.6: a) The EMR layers are positioned one after ther@thd are enclosed
in a metallic external frame which also hosts the patch ainglThe EMR outer
box is integrated in the KL frame [Courtesy of the UNIGE grpup

(b)

whole detector weight is about 1.5 tons.

The scintillator light is readout on both sides by two diéfiet photomultiplier
tubes (PMTs): on one side the 59 bars are interfaced to aesamgide PMT to
measure the overall energy loss in the whole plane; on ther sttle 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 repesdy the
residual magnetic field due to the last spectrometer: in tbesticase (close to
KL) the residual field is expected to reach 1200 G and to deer&a300 G in the
last EMR plane. The shielding has been designed considariigm soft iron
reflector in front of EMR and a 1 mm thick Armco tube around théTR ﬂﬂ]:
figure[2.7(d) presents the single PMT and its cylindricahieahat is fixed to the
aluminum frame of each plane.

Fr

@) (b)

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

The single channel PMT is a Photonics XPZTehose main features are
presented in table 2.2. The coupling between the 59 fiberthafMT 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 10

Table 2.2: The main features of the Photonics XP2972 singid@PMT.

thanks to the plastic mask presented in figure 2| 7(b): dftegluing into the mask,
the fibers are polished with a dedicated machine.

SLaurin Publishing Co., Incxwww.photonics.com
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A 64 channel multi-anode PMT (MAPMT) is used to measure trexgynde-
posited in each bar: it is the green enhanced version of tineafeatsu H75468
(figure[2.8(d)) integrated in the device R7600-00-M64, vehorin features are
summarized in table 2.3. The MAPMT is coupled to the WLS filigrsneans of

Number of anodes 88

Anode effective area 1.841.81 mn#
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 Xx10°

Table 2.3: The main features of the 64 channel Hamamatsu (RIGM64
MAPMT.

[ ]

(@) (b)

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

the plastic mask shown in figure 2.8(b). As in the single PM3ec#he fibers are
glued in the mask and then polished; the system is insertadlimm thick iron
shielding tube. In order to reduce the cross-talk effectetch plane the odd bars
are readout by the first half of the MAPMT, while the even ongshe second
half.

4Hamamatsu Photonics K.Kwww.hamamatsu.com
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In the prototype phase several tests have been performedve @ the final
design of the mechanics and the assembly fixtures of the PBOTSP]:

e PMT model. Two PMTs have been used: the R7600-03-M64 is nmene s
sitive to the UV wavelengths, while the R7600-00-M64 to theam region.
In the EMR case, the difference in the quantum efficiency khbe of the
order of 20%. Laboratory tests have confirmed that the EMRepkfi-
ciency with the second device is better;

e optical grease. In order to reduce the light dispersionactimtact between
the fibers and the PMT glass, an optical grease has been ddéjitteough
the detection efficiency increases, the same happens toabe-@lk effect
given the high density of channels. In the final setup thecaptirease is
not used,;

e flex cable. For mechanical constraints the MAPMT signalsaaidressed
to the frontend board by means of a flexible kapton cable (settos2.3.1
for further details). Laboratory tests have demonstratatl guch a device
is not a source of electromagnetic noise, although furttugliss 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 basesi\dersa Module
Eurocard (VME) system which hosts six 8 channel WaveFormti2egs (CAEN
WFD 1738%) to digitize the single PMTs signal, three configuration rogaand
eight readout ones for the MAPMTs. The MAPMT signals are pssed by the
FrontEnd Boards (FEBs) and are sampled, buffered in menamy,sent via a
gigabit link by the Digitizer and Buffer Boards (DBBs) to aad®ut board; a
configuration board (VCB) is foreseen to configure and seadrtbger signal to
a group of 16 FEBs in parallel (3 VCBs in total).

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

1. the MAPMT data acquisition (DAQ) software is developedadAC which
communicates with the VME bus via a PCI card (CAEN Vv2818). Sof-
ware is developed within the MICE DAQ framework (DATE, desegl for
the ALICES experiment/[83]);

SCAEN Spawww.caen.it
SALICE (A Large lon Collider Experiment) is one of the four esqiments of the Large Hadron

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

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

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

4. a Trigger Receiver board addresses the MICE triggersesystem: the
“DAQ trigger”, which arrives about 100 ms after the end of #pll and
is responsible of the readout of all the MICE systems, and‘Baeticle
trigger”, which identifies the passage of a particle throtlghdetectors in
MICE. According to the MICE specifications (sectiion_112.2)naximum
number of 500 particle triggers per spill are expected;dgily muons gen-
erate 2 hits per layer, while electrons can generate more.

The other two fundamental elements of the EMR electroniestse FEB and the
DBB, which will be extensively discussed in the next sedion



64 The Electron Muon Ranger: how & why

High Voltage .
LeCroy 1440 EMR Electronics Layout MICE DAG
Spill gate
1800 V. Particle trigger
800 v Custom A
T ] —/
Configuration
VME Board:
FEB DBB L Custom
64 channels | el TLK <] __
ex ) MAROC3—| FPGA Digital Outpt FPGA
I ] o
o TLK S fendo 7
— ead-Out
et VME Board
FEB DBB =
— = TiK i —
ex ) MAROC3 | FPGA Oigital Output FPGA "
» —
o TLK e B
fieE— g
>
FEB
MAROC 3| FPGA Oigital Output
I ] oo H oo
Pl
x4 x4 <8
All FEBs
i
1 channel ﬁ ECERREAT
) -
Flash ADC
VME Board
x 6 ~r

Figure 2.10: The block diagram of the overall EMR electrarjiCourtesy of the
UNIGE group].

The PC PCI card and the VME interface are connected througptal link.
The connection between the VRB and the first DBB of the chaperformed by
4 coaxial cables that have SMA (SubMiniature version A) @mtars on the DBB
side and LEM@ connectors on the VRB one. One pair of cables is used for the
input (DATA IN) and one pair for the output (CMD OUT), sincechgpair forms
a differential transmission line.

2.3.1 The FrontEnd Board

The FrontEnd Board (FEB) is being developed to process th&MA signals:
the core is represented by the MAROC (Multi Anode ReadOupCASIC (Ap-
plication Specific Integrated Circuit) [84], that is ablegwcess 64 channels in

LEMO S.A.;www.lemo.com
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parallel, and the control FPGA (Field Programmable GataytrThe final FEB
version has been developed starting from a prototype ong faseall the pre-
liminary tests (chaptér 3); the block diagram of both versi@ presented in fig-

ure[2.11.

final FEB Config. and readout
(analog) connectors
Analog (4
output o
MAROC ©
MAROC configuration [
MAPMT — E
socket [64] Digital ., © ——>
o output _ © | [64] DBB
——————————————— c —T—>
=y
(=)
Multiplexed
analog output
External N\ _
ADC
prototype FEB

Figure 2.11: The FrontEnd Board schematic view: the MAPMjhals are man-
aged by the MAROC ASIC; the analog output is digitized by atemal ADC,
while the digital ones are addressed to the DBB via the FP@Aisiresponsible
of the configuration and readout. The brown region identifiescomponents of
the final FEB.

The MAPMT is connected to the FEB through a socket: in theqiypes
the PMTs are directly plugged in the boards, while in the faetkbctor a 4 layer
flexible kapton cable (figurle 2.12[a)) is used because of gé&wral constraints;
in this case the high voltage is provided by an external cable

The PMT outputs are processed in parallel by the MAROC ASI€hip de-
signed in the AMS SiGe 0.3bm technology. The choice of this ASIC was given
by the first electronics requests of a pure digital providethis commercial ASIC
which had large advantages in terms of costs and knowhow.

Each MAROC channel (figufe 2.12[b)) consists in a pre-anephfiith a vari-
able gain, a tunable slow shaper and a sample & hold cirauihéanalog readout,
a tunable fast shaper and a discriminator for the digital orfee analog shaper
provides a signal with a tunable peak value between 50 andh&5While 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 ABB schematic
view of the MAROC ASIC channel: each MAPMT channel output i®-p
amplified, shaped, sampled or discriminated, dependingereadout mode. The
ASIC provides one multiplexed analog output and 64 parditgtal ones.

The ASIC (inserted in a plastic package) provides one niakexd analog out-
put which is digitized by an external analog-to-digital eerter (ADC AD9220,
Analog DeviceS) and 64 parallel digital ones that are sent to the DBB. At the
beginning of each run the ASIC has to be configured througlV@B: this op-
eration consists in sending a string of bits to the MAROC ideorto set all the
parameters like the gain, the threshold, the shaper fekdizguacitors. Further
details are presented in appendix A, together with the padaces of the ASIC
with the prototype FEB. Among the tests, a special attensotlevoted to the
ones related to the Time over Threshold (ToT) architectomglemented in the
ASIC, that ensures a correlation between the digital an@tiaog outputs since
the digital output width is a function of the input amplitude

A Field Programmable Gate Array (FPGA, Altera Cyclo& i$ used to con-

8Analog Devices Inc.www.analog.com
9Altera Corporationwww.altera.com
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figure the MAROC ASIC and to perform the readout sequenceatiaog con-
nectors are used for the configuration and the analog reagbile the MAROC
digital outputs are addressed by the FPGA and the digitalectors to the DBB.
Since the experimental duty cycle foresees one particleyévgs during a spill
of 1 ms per second, the analog readout can be used in MICE orihei com-
missioning phase and for tests: in fact, the readout regdi?e8us (64 channels
with a multiplexing clock of 5 MHz), which does not comply Wwithe duty cycle.
Thus the final readout will be based on the digital mode. Tlesibdity to store
some analog data in the FPGA and transmit them during thespitieperiod to
the VCB is being studied.

The major changes in the FEB final version (figure 2.13(a)) vaspect to the

prototype one (figure 2.13(b)) are the following:

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

e it supports just the version 3 of the MAROC ASIC. Version 3 haisor
improvements with respect to version 2: the most importaetie the pres-
ence of an embedded 12 bit ADC to digitize the analog outpat,anyway
is not used in EMR. The prototype FEB can host both versiongiZ3a

e it has a single FPGA (in light red in figure 2111), that is thél Baid Array
(BGA) version of the Altera Cyclone Il, while the prototypedrd hosts two
Plastic Quad Flat Pack (PQFP) FPGAs. One PQFP FPGA has nagleno
connections to perform all the FEB tasks; thus in the pra®tifEB an-
other FPGA is housed (in dark red in figlire 2.11) to addressgbdhne 64
channels to the digital connectors and the analog data fnerADC to the
control FPGA,;
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¢ the analog and power connectors are high-density and TE CEINNW-
ITY / AMP connectors respectively to optimize the comporexei;

e alot 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 &anple the 64
channels coming from the FrontEnd Board and to transmit Yeaitedata upon
receiving the DAQ trigger. The DBB is presented in figure 2a}4it is organized
around a single FPGA (Altera Stratix Il) that performs théadsampling, buffer-
ing and data-flow control functions of the board. The sangpiate is 400 MHz
(2.5 ns of resolution); the data are stored in the internahorg (First In First Out
- FIFO) together with the timestamp of the leading and tngikkdges of the FEB
digital signals and other information and sent to the VRB kans of two giga-
bit trans-receivers (TLK 1501, Texas Instrum@)tsConsidering the maximum
duration of the experimental spill (that is 1 ms but it caneexted up to 10 ms)
and the clock rate (400 MHz), the timestamp correspondiraghiv can always be
stored in a 22 bit word.

Each DBB is configured by a dual-in package (DIP) switch toeh@awinique
board ID in the system. In the final configuration, six DBBs gmeuped together
and daisy-chained with Cat 5 (Category 5) cables equipptdrRd 45 connectors:
a DBB in the middle of the chain receives the DATA IN signalnfrthe upstream
DBB and transmits the DATA OUT signal to the downstream oriegha same
time it receives CMD IN signals from the downstream DBB arahsmits CMD
OUT signals to the upstream DBB.

The DBB works like a TDC in the following way:

e a DBB continuously receives the 64 discriminated outpuisnfthe FEB
and the particle and spill gate signals from the MICE DAQ syst

e it counts the clock edges between the beginning of the sailk gnd the
leading edge of the hit signal from the FEB; in the same wagy,tthiling
edge is considered,;

¢ the data are stored in a local memory together with otherimndétion (e.g.
timestamp and number of particle triggers) until the enchefgpill, when
they are sent to the VRB. The number of particle triggers ipith gate is
compared with the one sent by the general DAQ system in ocdeerify
the DBB (EMR) readout.

10Texas Instruments Inoyww.ti.com
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Voltage Divider Flex Cable Digitizer-Buffer Board (DBB)

High Voltage Cable 64-ch. PMT Front-End Board (FEB)
(b)

Figure 2.14: a) A photo of the DBB. b) The MAPMT electronidse FEB and the
DBB are plugged together; the flex cable is connected to tH2 W& the socket
[Courtesy of the UNIGE group].

Figure[2.14(B) presents the final MAPMT electronics: the DBBlugged on
the FEB with a couple of 68 pin Erni connectors; the MAPMT silgrare sent to
the FEB through the flexible kapton cable.

2.4 The prototypes

In 2007 the SandWich detector (section 2.1) based on datimd) layers of differ-
ent thickness was proposed, studied and optimized (withANGE simulation).
The design optimization in the desired momentum range, disereduction and
the manufacturing procedure made the project evolve to EAMidRetector able to
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combine the advantages of a calorimeter with the capadslaf a tracker.

Both the tracking and calorimetric features are requireapialy the algorithm
developed by MICE to distinguish muons from electrons. Boayonly on EMR
and not considering the kinematic cuts provided by the TGHesy, the algorithm
is based on two observables:

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

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

EMR has been optimized with the studies performed with tvaiqiypes: the
small scale prototype has been assembled to measure thimgragerformance;
the Large EMR Prototype (LEP) is devoted to the muon/electtiscrimination
exploiting the calorimeter capabilities. Both the profmg consist in planes of
bars with a rectangular shape whose scintillating lightisied out on both sides
by WLS fibers and readout by MAPMTSs.

The small prototype performance with a particle beam at CER§led to the
design of the final EMR: a triangular shape has been chosehddrars in order
to reduce the dead region between two contiguous bars; ghei$ carried out
by a single 1.2 mm diameter WLS fiber (instead of 4 0.8 mm omes®rted and
glued in the bar, that guarantees to reduce the cross-t@&t ehaintaining the
light yield; the MAROC readout ASIC has been preferred to apte of ASICs
(VABATAP2.1 + LS64, Gamma Medica - IDE@ because of its being more
performing, of its having both the analog and digital featuin a single chip and,
last but not least, of its being less expensive [80].

In the next sections, a description of the main features tf the prototypes is
given. The results obtained in the final prototype phase m®epted in chaptér 3.

2.4.1 The small scale prototype

The small scale prototype has been assembled at the end ®t@@@come the
test bench of different electronics chains. In practics iteisponsible of the ma-
jor changes between the original and the final EMR design ghape, number
and diameter of the WLS fibers) [9,/80]. The prototype has lzssmembled to
study the tracking performance of the detector. It conss& planes of plastic

1Gamma Medica - IDEAShttp://www.gm-ideas.com/
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scintillator bars arranged in two blocks and in a x-y geognétgure[2.15); each
plane has ten 19.1 cm long extruded scintillating bars witeaangular shape
(1.9x1.5 cn?). The scintillator light is carried out by 4 0.8 mm WLS fibeostwvo

(b)

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

MAPMTSs: the 4 Y planes are readout by MAPMT 1, while the X direc by
MAPMT 2. Figure[2.16 shows the MAPMT pads and the correspundéadout
bars: given this map, the light of one channel can be readpanhbther 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 arrimgé planes.

The presence of cross-talk could cause a non correct idenitn of the hit
position: the phenomenon is one of the main problems in tngckystems read-
out by MAPMTSs because of the misalignment of the fiber-PMTpdimg mask.
The cross-talk has been studied with the prototype (se@sé&gi2.%) where no
optimization of the mechanics was possible; starting frbesé studies a new
fiber-PMT coupling system has been implemented in EMR. I, fiacthe final
design the alignment is mechanically tuned moving the PMdraover the odd
bars are readout by the first half of the MAPMT, while the eveesiby the second
half. This should allow to identify and reduce the crosg-talthe commissioning
phase.

2.4.2 The Large EMR Prototype detector

The calorimeter capability of EMR has been studied with aosdcprototype
called Large EMR Prototype. To be more precise, the aim of isE®Rofold:

e to exploit its calorimeter capability to discriminate msaand electrons in
a high momentum (1 GeV/c) negative mixed beam and to comparex-
perimental data with the ones produced by a Monte Carlo sitiou;

e to study the same quantities with a Silicon PhotoMultip{tiPM) readout
system.
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LEP (figurd2.1]7) consists in 48 planes of scintillating baech plane is made
of 4 rectangular bars (the ones used for the small scaletgpsp The whole
detector measures about 2,Xvhich roughly corresponds to the EMR extension.
The scintillator light is brought out by two 0.8 mm WLS fibegdued in the bar)
and readout on both sides: on one side by three 64 channel M/ARbhe every
16 layers), while on the other by 192 2.8 mm diameter SiPM {élst with the

912,0mm

48 layers

) v
eo,og'"/

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

SiPMs is the first step towards the Totally Active ScintdlaDetector (TASD, an
example can be found iE[BS]), a new detector proposed fatrimeustudies and
based on very long scintillating bars (up to 15 m).

A few photos of LEP are presented in figure 2.18: the WLS fibexsaupled
to a plastic mask connected to a holder which hosts the MARRITmechanical
constraints the detector is divided in three blocks of 1@iayeach; among the
blocks a 1 cm air gap is present.
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(b)

Figure 2.18: A few photos of LEP: in a) the MAPMT glasses aeady visible
in the MAPMT holders; b) the FEBs are placed vertically iast®f the original
horizontal position foreseen in figure 2/17. On the oppasie the SiPM readout
boards are placed.



Chapter 3

The prototype phase

The EMR prototype phase started in 2006 and it has requieedgbembly of two
devices: the first, the small scale prototype, to study thé&kEMcking capability;
the second, LEP, with the same number of radiation lengti&vR, to be used
as a calorimeter.

The small scale prototype is based on the first EMR designa fotal of 8
planes of rectangular bars whose scintillating light isriedr out by 4 0.8 mm
diameter WLS fibers; its frontend electronics is based on wpleoof ASICs
(VAGATAP2+LS64) [9]. Since the prototype was assembled/aduate the track-
ing capability of EMR, the spatial resolution and the efing have been mea-
sured in a test with an external beam at CERN. The resultol#uketfinal EMR
design, in which the bar shape and the number and diametbedLS fibers
changed/[80]. This thesis work considers the last part optbhétype phase that
is the tests of the prototype with the final EMR electronicthbo the analog and
digital readout modes. The final electronics is based on tARGIC ASIC which
combines in a single chip both the functionalities of the YABP+LS64 pair
(that is the analog and digital working modes), is less egperand has shown a
great stability.

The second part of the chapter is devoted to the second ypetdtEP (Large
EMR Prototype), developed to study the calorimeter featuvgh an external
beam at CERN. The main goal was to study the discriminatiomoebns and
electrons in a high momentum (1 GeV/c) negative mixed behenekperimental
data have been compared with the ones generated by a MorieesGaulation
and some predictions at lower momenta are also presented.

In the first part of the chapter the general setup of the snesalbesprototype
and LEP tests is presented: the tests have been perforrhedwith cosmic rays
or particle beams and the driving idea was to track (with tsgatial resolution
silicon detectors) each single particle and measure thefype response.

75
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3.1 Test setup: design and detectors

The two prototypes tests have been performed either witmioosays or with a
particle beam at CERN. Although the test main goals areréiffe the basic ele-
ments of the setup are the same (figuré 3.1): each partickeieetd by a couple of
high resolution silicon detectors and the trigger is preditdy plastic scintillators.
The silicon detectors and plastic scintillators are désctin the following, while

EMR
prototype Tracking
system

VAN

Scintillator

AN
TSI

-

—
[/
Vo

/)

Figure 3.1: The basic elements of the prototypes test seiagh particle (either
a cosmic ray or a particle beam) is tracked by a couple of regblution silicon
detectors; the trigger is generated by plastic scintitiato

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

3.1.1 The Silicon Beam Chambers

The tracking system is based on a pair of large area silictectigs: the AGILE
beam chambers (BC) have been built for the test phase of tHeRlzatellite
[86,/87]. Each chamber is made of two single side silicos t).5 x 9.5 cm? and
410um thickness arranged in a x-y scheme. The physical pitchis:&2 while

the readout one is 242m: thus a one floating strip readout scheme is adopted to
obtain a spatial resolution better than 3@ [88]. Each tile is readout by three

1The Astro-rivelatore Gamma a Immagini LEggero (AGILE) $ateis an ASI (Italian Space
Agency) project.
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128 channel self-triggering ASICs (TA1, Gamma Medica-IDEAigurd 3.2(8));
the readout is a multiplexed one with a maximum clock fregyesf 10 MHz.

(b)

Figure 3.2: The AGILE silicon beam chamber: a) each siligeni$ readout by
three self-triggering TA1 ASICs; b) one of the chambers @liltonsists of two
modules arranged in a X-y geometry) in its aluminum box.

An aluminum box (figur¢ 3.2(b)) hosts two modules and parhefftontend
electronics consisting of a printed-circuit board (PCB) tiee ASICs and a re-
peater board to distribute the ASIC bias voltage and theasilione (typically
54 V), to transform the digital inputs from standard RS428ingle ended and to
amplify the multiplexed analog output with a NE592.

The readout electronics and DAQ systems for the BCs arerdiffen the two
tests, so they are described in detail in the dedicatedosecti

3.1.2 The plastic scintillators

The DAQ trigger is provided by a pair of plastic scintillasoDifferent types have
been used:

1. a10<10 cn¥ 1 cm thick polystyrene tile (figufe 3.3{a)) whose light isdea
out by a photomultiplier tube directly connected to the sliator;

2. atile of 20«30x1 cn? NE120 (Nuclear Enterprises) scintillator readout by
a P30CWS5 photomultiplier (Electron Tulﬁ&siirectly coupled to the scin-
tillator. The module (figurg 3.3(p)) is hosted in a PVC box;

3. a 10x20x1 cm tile made of polystyrene (figufe 3:3|c)) readout by a 931B
photomultiplier tube (by Hamamatsu).

2Now Sens-Tech Ltdwww.senstech.com
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Figure 3.3: The trigger scintillators with a dimension ofl@x10x1 cn?, b)
20x30x1 cn? and c) 10<20x 1 cn?.

3.2 The small scale prototype

The EMR tracking capability has been studied with the smadles prototype,
assembled on the basis of the original EMR design. The depiasented in
sectiof 2.4.11, consists of 8 planes of rectangular barsgedhin a x-y geometry.
The scintillator light is readout by two MAPMTs whose fronteelectronics is
based on the MAROC ASIC.

This section deals with the tests of this electronics faagyigin the tracking
purpose: the spatial resolution and the efficiency have bealnated with cosmic
rays using both the analog and digital readout mobles [B9]MIGE only the
digital readout can be used because of the experimentalogaty. The results
obtained with the digital mode are compared with the analwsaonsidered as
a benchmark. Moreover the problem of the cross-talk efeeatso approached.
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3.2.1 Setup and DAQ

The spatial resolution and the efficiency of the small scat¢gbype planes have
been measured by means of cosmic rays. The setup (figure @h4dists of a
couple of20 x 30 cn? plastic scintillators used in coincidence for the trigger
generation, a couple of silicon beam chambers for the partiacking and the
EMR prototype.

Scintillators

Tracking
system

45 cm

EMR
prototype

Figure 3.4: The setup for the cosmic ray tests.

The scheme of the readout electronics is presented in fighn@ it is based
on a VME system consisting of the following items:

o a SBE Bit3 620 board optically connected to a PC;

e a MAROC control board (a VME I/0O custom board and a piggy-baick
called daughter) to configure and readout the analog sigridlse FEBs
and of the so-called ADC boards (one per BC);

¢ two shift register boards to readout the MAROC digital otspu

The ADC board is based on an Altera Cyclone Il FPGA: it receibe trigger
signal from the MAROC control board and starts the readondtlisg dedicated

3SBS Technologies, Indattp://www.sbs.com
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/\
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o FEB
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Figure 3.5: The scheme of the readout electronics: the VMitesy is optically
connected to a PC through a SBS Bit3 620 system. A MAROC cbbtard is
used to configure and readout the analog outputs of the MAPMESBCs. The
shift register boards are needed for the digital readout.

signals to the BC repeaters (one per module); the correspgrhalog output
is digitized by an external ADC (AD9220), stored in the FPG#ernal memory
and then sent back to the VME system. As far as the shift mgisiards are
concerned, a full description is given in section 3.2.3.

The DAQ software is written in C with Tclrtidor the user graphical interface;
it allows to configure the ASIC and perform the readout. Thioudata are
written as PAVi ntuples which are processed to obtain an ASCII file with &l th
relevant information.

The test procedure is organized in three different phases:

1. configuration: a string of bits is loaded in the MAROC ASICset all the
parameters (see appen(ix A for further details);

2. pedestal run: a run with 200 events generated by a randggetris ac-
guired to measure the electronics baseline and noise;

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

The analysis of the prototype performances with the prg@fyEBs hosting
the MAROC2 ASIC in the analog and digital working modes isseraed in the

4Tcl (Tool command language) is a dynamic programming lagguand Tk is its graphical
user interface toolkithttp://www.tcl.tk/
SPhysics Analysis Workstatiohitp://paw.web.cern.ch/paw/
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following sections. To simplify the analysis, only singlaricle events have been
considered, that is only the events with a single hit in &lBC planes have been
taken into account. As far as the ASIC is concerned, therenardifferences
between the two MAROC versions in terms of performance, loly &6om the
operational point of vielf

3.2.2 The analog readout

The analog readout provides typically more informatiortwéspect to the digital
readout mode but there are cases in which it cannot be usétidR, for exam-
ple, it can be exploited only in the commissioning phase bgseat requires a
readout time of 12.8s (64 channels with a multiplexing clock of 5 MHz), which
is incompatible with the experimental duty cycle foresgeam event every ns
within a spill of 1 ms per second. However in the prototypestéise analog re-
sults have been used as a benchmark for the digital onespdkialsesolution and
the efficiency of the prototype planes have been computdubwaith the readout
modes and the comparison is presented in section 3.2.4.

In order to study the analog readout mode, the pulse heigtrtlaition of the
bar with the maximum signal for each event has been considerevaluate the
signal to noise ratio of the system. Given that the bars od tfigplanes are readout
by MAPMT 1 and the X ones by MAPMT 2, the bar with the maximum haen
considered for each plane type. The distributions for on@® @ne X planes are
shown in figuré 3J6: if not otherwise indicated, from now ostja single plane per
MAPMT is considered given the performances of all the plaresquivalent.

An event has been considered good (that is correspondingadiale) if the
pulse height is larger than 110 ADC counts (blue lines). Innalar way it is
possible to compute directly the signal to noise ratio (pule pull distributions
are shown in figure_3l7. The pull has been computed consglgdrénoise as the
pedestal RMS.

3.2.2.1 Spatial resolution

The particle hit position on each plane has been reconsttucinsidering the bar
cluster that consists of a group of contiguous bars whicle laesignal larger than
the analog threshold (110 ADC units). The hit position isaniéd with the charge
centroid method. The distribution of the number of cluspansplane (considering
one X and one Y plane) is shown in figlire|3.8.

SMAROC?2 has been used for the small scale prototype, whilgehsion 3 for LEP and for the
final modules (chaptédl 5): the performances are very siniilag differences consist in the ASIC
settings (in MAROC2, for example, the pre-buffer capadtacannot be set).
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Figure 3.6: The analog pulse height of one Y (MAPMT 1, top) amsk X
(MAPMT 2, bottom) plane. The blue lines indicate the so chdealog threshold
(110 ADC).
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Figure 3.7: The pull distribution of one Y (top) and one X (fooh) plane.

Since in the analysis just the single particle events haea b@ken into ac-
count, a number of clusters larger than one per plane can flaie&d in two
ways:
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Figure 3.8: The number of clusters per plane for the Y (top) Xn(bottom)
directions.

1. adifferent particle which hits the prototype (but nottitigger and the track-
ing system) at the same time of the trigger one (lower prdibglgiven the
Poissonian arrival time distributiB)]

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

The number of bars per cluster is presented in figure 3.9: fasdyeghe data
are collected considering the direction. Given the reatéarghape, the expected
number of bars per cluster is 1: a larger number can be due tpatticles which
hit the prototype with a large impact angle and (most projaibl the cross-talk
effect.

The prototype spatial resolution has been computed usengegidual method
and the silicon tracking system. The residual method ctsgismeasuring the
difference between the position detected by EMR and theecanstructed by the
silicon chambers. The distributions for all the planes aesented in figure 3.10
and have been fitted with a Gaussian function: the “Sigma&mpeters indicate
the spatial resolutions, which are of the order of 7-8 mmcé&ihe silicon spatial

"Considering a muon flux of about 100ths~! sr-! [53], the probability of two events is of
the order of 1610, A larger probability occurs considering a shower causethbyenviromental
material.



84 The prototype phase

25000 =

es

20000 —

# Entri

15000

10000

5000

(I L L 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
# Bars/Cluster

ies

25000

Entri

# 20000
15000~
10000

5000 - *‘
£ 1 Il + L 1

1 2 3 4 5 6

1 1 1
8 9 10
# Bars/Cluster

~F

Figure 3.9: The number of bars per cluster for one Y (top) amel X (bottom)
plane.

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

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

¢ the residual of each plane is evaluated varying the BC-prpe&odistance;

¢ the sigma value obtained from the Gaussian fit of the residyabtted as
a function of the distance as presented in figure 3.111(a);

e in order to identify the distance where the residual valumisimum, a
: : o 1 .
power-of-2 law is used to fit the new dlStI’IbutIOH—Z% provides the
Y
required distance.

To make an example, the distance between the second BC aficstipeototype
plane (Y4) has been measured to be 30.4 cm, while the one hétkast plane
44.7 cm. The residual distributions presented in figure|aréthe ones obtained
with the distances computed with this method.

A proof of the cross-talk effect is given by the residual dlttions consider-
ing all the clusters: these plots (an example is presentéidune[3.11(H)) show
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Figure 3.10: The residual distribution for all the planesni top to bottom as
they are positioned in the prototype (Y4 is the first modulg,tiXe last one): the
spatial resolutions (Sigma parameter) are of the order®mn.

small peaks due to the light spreading among the MAPMT paks |3teral peaks
with respect to the one on 0 are due to “false” clusters géeetay the cross-talk;
the smaller the peaks, the better the MAPMT-fiber alignmé&he last plot can be
understood taking into account the MAPMT-pad mask presentégure[3.12.

If one assumes for geometrical considerations that a pahits perpendicu-
larly the last bar of each plane (for plane 4 the pad in colupma® 6; for plane
3: column 5, raw 5), because of the cross-talk effect, a fak®scould be regis-
tered in the pad in column 5 and raw 6, three pads ¢m) far from the original
position: this corresponds to the “negative” peak in figueL®). Viceversa, if a
particle hits the bar in column 2, raw 5, this can cause a fak®asin the pad in
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Figure 3.11: a) The residual RMS for the first (Y4) and last)ibtotype planes
varying the distance between the second BC and the planeséhees in the
analysis. b) The residual distribution for one plane cosgidy 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 figuté.

column 2, raw 6, seven pads {3 cm) far from the good position: in this case the
event is registered in the positive peak. This explanat@responds to a shift in
a given direction of the MAPMT with respect to the fiber magkthis case the
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fibers are higher with respect to the MAPMT.
A quantitative study of the cross-talk effect is presentesection 3.2)5.

3.2.2.2 Detection efficiency

The detection efficiency) has been defined as:

__good events

= o (3.1)
targ et events

where the “target events” are the particles which have e#se detector, while
the “good events” are the ones measured by each single pldmeeerror on the
efficiencies is evaluated as:

(3.2)

where N, = “target events”.
The target events have been identified in this way:

¢ the track reconstructed by the BCs has been projected onMifieianes;

e if the first (Y4) and the last (X1) planes have at least onetetusithin 3»
from the projected position, the event is accepted.

In the same way, a good event is tagged as good in any other planleast one
of the clusters is within @ from the reconstructed position.

The target events have been defined in this way in order natderestimate
the efficiency: given the BCs geometrical position with egtpgo EMR, if only
the chambers were used to define the target events, this mwnoloéd include
also the particles which decay in the prototype, thus causibiased value of the
efficiency.

Figure[3.1B8 shows the efficiency as a function of the hit parsin each plane:
given the particular event selection, the first and lastgdaare fully efficient; the
other planes have an efficiency with an average value of $38387)%.

3.2.3 The digital readout

The digital readout plays a key role in EMR. As already stateskectior 2.8, it is
performed in two different phases:

1. the MAROC ASIC provides 64 parallel trigger outputs, theg 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 positi@s lbeen evaluated
considering all the events with a hit (=cluster) in the firéd) and the last (X1)
modules. The large errors correspond to the edges of théigersea where the
statistics is very small.

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

The DBB task is represented in a schematic way in figure 3)14(aontrol
FPGA on the board samples the trigger signals in a given tange (the spill
gate) with a sampling clock of 400 MHz and provides the legdind trailing edge
times with respect to the beginning of the spill gate. A sifigad version of the
DBB has been implemented for the tests (fidure 3.14(b)). nsits of 2 boards,
the shift registers. Each board consists of one I/O and ongldar board and
reads the digital data of a single FEB (in practice 16 chanpet board). In this
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Figure 3.14: The digital readout: a) the working principfeld) the test setup.
The sampling clock has a frequency of 200 MHz.

simplified version the sampling clock has a frequency of 2a8zM Differently
from the final DBB, the system does not store the leading aaibinly edges, but
the information contained in a time gate of 600 ns is recofdedach event.

More in detail, according to figuie 3.14fa), the digital readin these tests
can be described in this way:

the MAROC ASIC provides 64 parallel trigger outputs: theg &STL
(High Speed Transceiver Logic) signals with a width thatfisrection of the
input (given the ToT). The trigger output signal is high iethnput signal
is larger than the discriminator threshold: for these testthreshold of
1550 mV has been selected,

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

the VME board FPGAs continuously sample the trigger outpitts a sam-
pling clock of 200 MHz (a sample every 5 ns) and provide a vébueach
sample: “1” if the trigger output signal is high, “0” if it i®lv;

this string of Os and 1s is readout only in presence of an eakérgger: in
this case, in fact, a string of 120 bits (600 ns) is readouhleystystem and
converted into a hexadecimal number;

in the analysis the hexadecimal numbers are re-convertedtinng of bits
and the signals (the 1s) are expressed in units of time: gy the ToT,
the digital pulse height can be expressed in ns.
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Figure[3.15 shows the digital pulse height distribution thee bars with the
maximum digital signal: in this case it is not possible toaeigital threshold in
the analysis (as in the analog case) to distinguish the ggodls from the noise.
These distributions are a function of the discriminatoesimold (figurd_3.16):
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Figure 3.15: The digital pulse height distribution for trer$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 vaueiceversa, if the
threshold is low, the pulse height distribution mean vahaeases, but it can be
clearly influenced by noise. The chosen threshold (1550 m&/top plot) is a
good compromise.

Both the analog and digital info are stored allowing to corepgaeir perfor-
mance, especially for what concerns the tracking variglsigatial resolution and
efficiency). Figuré_3.17 shows the analog pulse height kblme, already pre-
sented in figuré_316) of the bar with the maximum signal in thené The red
region is the one obtained with all the analog events tha¢ ladso a digital in-
formation: the two distributions overlap from the analogeghold on (blue line,
110 ADC), which thus corresponds to a discriminator thr&sb61550 mV.

This comparison has been performed considering only if itpigadl output for
that bar is present or not. In the same way, it is importanveduate the digi-
tal efficiency (that is different from the detector digitffi@ency, computed later
on), that is the capability to detect a particle with the @ibreadout. Referring
to equation 31, the “target” events are all the events wighitar with the analog
maximum signal greater than the analog threshold; the “gewents are defined
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Figure 3.16: The digital pulse height distribution as a tiorcof the discrimina-
tor threshold: if the discriminator threshold increasesr(f top to bottom), the
distribution moves to lower values, since the time overshadd is smaller. The
peak at lower values is due to the time walk. The chosen thrés$br the test run
is 1550 mV (top plot).

by the presence (in the same bar) of the largest digital infdhis case, the ef-
ficiency is equal to 98.61%. However, if a “good” event is negd in any of
the bars, the digital efficiency is 99.98%. This fact can bgla@ared considering
this example: if two channels have a very similar analog euisight, the cor-
responding digital outputs can have the same value, giveditfital granularity
is smaller than the analog one; thus a possible wrong idesttidin of the digital
maximum bar may occur. This is strictly linked to the croask-effect: the larger
the cross-talk effect (the asymmetries in the residuatitigions, as presented in
figure[3.10), the smaller the digital efficiency (tablel 3.1).

Itis possible to compute the digital efficiency as a functibthe analog pulse
height ranges, as presented in figure B.18: the ranges haxalkéned fixing the
upper limit to 2000 ADC counts and varying the lower valuee Eifficiency error
has been computed considering equdiioh 3.2. As expectedfftbiency reaches
100% above the analog threshold (110 ADC counts).

The correlation between the analog and digital pulse hegyptesented in
figure[3.19(4) and it is the result of the ToT architecturefait the digital output
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Figure 3.17: The analog pulse height of the bars with the mari signal con-
sidering all the events (black) and the events which haweaatigital information
(red). The Y planes are collected in the top plot, while then¢®in the bottom
one.

Plane | Efficiency(%)
Y4 98.57
X4 98.30
Y3 98.95
X3 97.98
Y2 98.89
X2 98.05
Y1l 99.21
X1 99.21
| Overall | 98.61 |

Table 3.1: The digital efficiency of the EMR planes: the serallalues occur for
the planes with the larger cross-talk contribution (idieedi by the larger asym-
metries in the residual distributions shown in figre 8.10).

width is a function of the analog pulse height. As expectettisn[A.2.2.2),
this correlation can be described by a power-of-4 polynotave (figure[3.19(h)).
This result is fundamental for EMR: even using only the diginfformation in the
final system, a quantity related to the analog pulse heigintadable and can be
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Figure 3.18: The digital efficiency as a function of the aggbolse height. The
larger the analog pulse height, the smaller the statistics.
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Figure 3.19: The analog-digital pulse height correlatiap the correlation can
be described by a power-of-4 polynomial law (b). The topp&oe 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 beenutechpy means
of a cluster: in this case a cluster consists of a group ofigoaus bars which
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have a digital information. The number of clusters per plané the number of
bars per cluster are shown in figufes 3.20(a)[and 3.20(lpectsely.
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Figure 3.20: The digital number of clusters per plane (a)taedoars per cluster

(b).

The spatial resolution has been evaluated also with théatligata: first it
has been computed considering the readout as a pure digégimpractice not
considering the digital pulse height provided by the ToTd #men in an analog
way using the ToT info. The pure digital resolutigs) (s equal to:

_ pitch

=5 (3.3)

In this case, given a pitch of 1.9 cm, the spatial resolut®m®ipected to be
5.5 mm. Figuré_3.21 shows the residuals of all the planesiderisg the sys-
tem as a pure digital one: the obtained values (“Sigma” patars, of the order
of 7-8 mm) are larger than the theoretical one, and this ibaisty due to the
cross-talk and the multiple scattering.

On the other side, exploiting the ToT, the spatial resotutias been evaluated
as in the analog case with the charge centroid method (fig@&):3the data are
in perfect agreement. This result is extremely importamtesit guarantees that in
the final detector the digital readout has the same perfacenahthe analog one.

Figure[3.28 presents the digital detection efficiency: tpeement between
this case and the analog one (figure 8.13) is excellent.
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Figure 3.21: The residual distribution considering a pugial readout.

3.2.4 Analog and digital comparison

The main goal of the tests with the small scale EMR prototgp® imeasure its
performance with the final electronics using both the analadj digital working
modes: the EMR tracking capability has been evaluated byhsehthe spatial
resolution and the detection efficiency. The spatial resmiymeasured with the
residual method) is consistent among the 8 planes: figud(&.2resents the
overall values using the analog (black) and digital (redpicit modes. In the first
case the average value is (7#4®39) mm, while in the second (7.£9.40) mm,
in agreement within &.

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

age value is equal to (98.340.43)%, while in the second one to (98:33.44)%.
Given the particular event selection, only the efficiencyhaf central layers has
been measured.

3.2.5 The cross-talk effect

As already stated, one of the most important problems witl/A®MT readout is
the cross-talk effect: the light carried by a fiber can sp@adore than one pad.
In the EMR prototype each photomultiplier is interfacedhv0 bars arranged in
4 planes (the bar-pad mapping is shown in figure13.12) andribss¢alk effect
causes the peaks presented in figure 3.11(b). The same figsiteekn obtained
for the digital readout mode: thus the effect is indepenttent the readout mode.
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Figure 3.23: The digital efficiency is in perfect agreemeithwthe one computed
with the analog readout mode (figlire 3.13).

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

1. for each event the bar signals have been divided in “aabégtor “not ac-
ceptable” (noise) depending on the analog threshold (11Q)Afigure3.25
shows the pulse height of each bar (for each plane) and teshbid (blue
line) for a single event. The “not acceptable” bars have eehttaken into
account in the analysis;

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

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

. for each “good” bar, a 83 matrix of neighbouring pads has been taken
into account (figuré_3.26): a “not good” bar within the mathias been
considered as a “cross-talk” one;

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

the cross-talk contribution of each single pad in the maan be computed
as the ratio between the events in that pad with respect toethial one

(table[3D).

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 theimat

In this case the larger contributions have been measurdukedirst matrix row in
both the PMTs, which corresponds to a downward shift of thetqunultipliers,
as already presumed in section 312.2.
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Figure 3.25: The plane profile of an event: the 4 planes of MAPIVare shown
on the left, the ones of MAPMT 2 on the right. The bars have hmmsidered
“acceptable” if they have a signal larger than the analogstwld (110 ADC, the
blue line).

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

3.3 LEP - Large EMR Prototype

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

This section describes the performance with the MAPMTSs. tésegoal was
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Figure 3.27: The distributions of all the matrices for a# gwvents.

the study of the possibility of discriminating muons andcélens in a 1 GeV/c
mixed (muons, pions and electrons) negative beam with atymé with the same
number of radiation lengths of EMR, applying the same atgors used in the
official MICE analysis. Two GEANT4 simulations have beene&leped: the first
one at 1 GeV/c to tune the simulation itself (in particulag thetector geometry)
as a function of the experimental results; the other one avtBO 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 Arbaawitixed
negative beam with a momentum of 1 GeV/c. The beamtest sétupe[3.28)
consists of a couple of scintillators for the trigger, twakarea silicon detectors
to track the particles, an electromagnetic calorimetenN(®Eo evaluate the beam
composition and LEP. To identify electrons a threshold €hkov detector has
been used.

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

The trigger is generated by the coincidence of two scimtitiawith an effec-
tive volume of 10<10x 1 cn? (type 1) and 2& 10x 1 cn? (type 3) (section 3.112).
The tracking system is based on the beam chambers presemstection 3.1]1.

3.3.1.1 Particle-ID and DAQ

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

DEVA (figure[3.29(d)) has been used to evaluate the beam csitiggoand
to measure the Cherenkov particle-ID capability. DEVA is5x15x31 cn?
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sampling calorimeter made of 12 tiles of 2 cm thick scintdfanterleaved with
11 lead tiles (eight tiles 0.5 cm thick and three 1 cm thicti) & total of~ 13 X;
the overall weight is about 25 kg.

Figure 3.29: The DEVA electromagnetic calorimeter: a) tiaerall detector and
b) the WLS fiber+MAPMT system to readout the scintillatohlig

The scintillator light is collected by 4 2 mm WLS fibers (figl8&9(b)) and
readout by a 16 channel Hamamatsu MAPMT (R5600-M16). Theatsgare
digitized by a CAEN V792 charge-to-digital converter (QDaE)d the energy res-

olution is of the order of%, as measured at the Beam Test Facility (BTF) of the

INFN National Laboratory of Frascati (LNF) for energies kEwthan 500 MeV.

A 2.5 m long Cherenkov threshold detector placed just befoeesetup has
been used to identify the electrons during the runs with L{&Pt GeV/c particles,
it has been filled with 0.95 bar of C;Cﬂ@]; the Cherenkov light is readout by a
photomultiplier and its signal is digitized by a channellod V792 QDC.

The beamtest readout electronics is presented in figuré a8s3for the small
scale prototype case (figure B.5), it consists of a VME sydiased on a Bit3
620 board optically connected to a PC, a MAROC control boaiwbhfigure and
readout the analog signals of the FEBs, a V792 QDC for DEVAthadCherenkov
signals and a couple of flash ADCs (CAEN V550).

The BC readout sequence is started by dedicated signalstheriAROC
control board and the corresponding analog signals areectwa/in digital ones
by flash ADCs. The V550 ADCs work in zero suppression mode ihahly
the channels above a given threshold are readout. Duringetiout, data are
transferred from the TA1 ASICs to the ADCs with a 5 MHz cloakithe ADCs,
pedestals are subtracted and the result compared withshtiidegthat depends on
the channel noise. In general, less than 5 strips (out of 8&tabove threshold,
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VME bus

Bit3 V550 V792
PC clock + T DEVA
CKoV

FEB BC repeater

trigger

Figure 3.30: The scheme of the readout electronics: the Ve is optically
connected to a PC through a SBS Bit3 620. A MAROC control basnased
to configure and readout the analog outputs of the MAPMTs &Bs. Blhe BC
analog output is digitized by a channel of a CAEN V550 ADC. DieVA 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 @BRN{ the lines
located in the East Hall (building 157, figure 3.31)/[91].

The T9 line provides secondary beams either of negative sitip® charged
particles (typicallyu, = ande) in a momentum range from 0.5 to 15 GeV/c. Parti-
cles are produced in the interaction of a primary 24 GeV/tqordbeam (acceler-
ated by the Proto Synchrotron - PS) with a target: the beanposition depends
on the target material. For the beamtest a target produdtigrbuons and elec-
trons at 1 GeV/c has been required.

The beam features typical intensities of the order of-10° particles per
bunch (called spill) for a bunch duration 6f400 ms with a repetition period
of 45 s. The secondary beams are selected by a horizontahatdkr at the begin-
ning of the line while the focusing and tuning of the beam capérformed with
a set of dipole and quadrupole magnets and both vertical anzidmtal collima-
tors. The energy of the patrticle is selected with a bendingmatat the beginning
of the line.

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

tum of 200 MeV/c and with the same quantity of muons and edestr However
these requests could not be satisfied by the CERN beamlimesmallest reach-
able momentum value on T9 is 500 MeV/c, but at this energy trentity of
muons with respect to electrons decreases dramaticallg S56eV/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 gaglstem and the
electromagnetic calorimeter in dedicated runs (in whicliPlMizas not placed on
the beam, as shown in figure 3.28). The Gaussian fit of the beanspresented
in figure[3.32: in the horizontal direction (X) the beam RM2i8 cm, while in
the vertical one (Y) 3.7 cm.

The beam angular distribution is shown in figlre 8.33: thezootal diver-
gence is 9 mrad, while the vertical one is 5.7 mrad.

The electron identification is performed with the help of Mleerenkov de-
tector whose signal pulse height is presented in figure 8)34(he blue dotted
line identifies the threshold used in the analysis to disicrate the signal from
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Figure 3.33: The beam angular distribution for the X dir@ct{on the left) and
for the Y one (on the right).

the noise or, in this case, the electrons from the othergbasti
The overall DEVA energy spectrum is presented in figure 3B4gith the

black line) and it is computed summing the 12 tiles informiatilt presents three
regions: the MIP peak (which consists mainly of muons), tleeteon peak and
the pion region (between the two peaks). The same histogaarbden evaluated
requiring a Cherenkov signal larger than the selected libtdsobtaining in this
way the electron peak (the blue line in the plot). The histogs have been ob-
tained considering a central regionfof 7 cm? on the DEVA calorimeter in order
to exclude the events on the edge of the calorimeter itsatbdihey are character-



106 The prototype phase

2

o

o

=}
I

1055 | muons | Constant 6795 28.2

# Entries

o)

=1

S

S
I

# Entries

Mean 589.3+0.4

{ 50001 )
1045 C Sigma 62.87 +0.35

40001
r | EED electrons

. DEVA + CKOV

1wl 30001

2000~ )
. pions

102 10001

Ll e Eed L N I I
0 100 200 300 400 500 600 700 800 0 500 1000 1500 2000 2500 3000
Pulse Height [ADC counts] Pulse Height [ADC counts]

(a) (b)

Figure 3.34: a) The Cherenkov pulse height: the blue dotteditlentifies the

threshold used to discriminate the electrons (signalsaboeshold) with respect
to the other particles. b) The DEVA energy spectrum (in bjatiows three dis-
tinct areas: the MIP peak (mainly due to muons), the eleqieak (confirmed by
the Cherenkov information in blue) and the pion region.

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

e aparticle is arelectronif the Cherenkov signal is larger than the threshold;

e a particle is amuon if the Cherenkov signal is smaller than the threshold
and its energy in DEVA is the one corresponding to the muoik,pbat is
in the range {1 — 30, M + 30], where M ando are the muon peak mean
value and sigma.

According to these definitions, in the 1 GeV/c beam 33% of trents have been
identified as muons and 66% as electrons; as far as the p@ns@cerned, if they
have a signal in the Cherenkov detector smaller than thelbté and an energy
which falls in the muon peak, they are considered MIPs, otlserthey are not
taken into account in the analysis (the probability thaytaee misidentified as
electrons is too small).

Since muons are MIPs, their energy deposit in DEVA is the suaiitie or
without the presence of the EMR prototype; in other words BE¥n be used
in the tagging. On the other hand, the energy deposit of thereihs in DEVA
is different if LEP is placed in the beam: the presence of LERaCt causes a
broader peak in the spectrum. Therefore the Cherenkovtdetsbich is placed
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upstream of LEP is the only device that can be used for thérelementification.
Its performance has been measured in the test preliminagepby means of the
Cherenkov efficiency defined as:

Ne
Ntot

€ECKOV = (3.4)
where V,,; is the total number of particles whil®, is the number of electrons
defined as the events which have a signal above the Cherdmieshold./V, and
N;,; have been computed in several DEVA pulse height ranges:atiges have
been chosen keeping the upper bound fixed at 3000 ADC coudtmareasing
the lower edge from 1900 ADC counts on. The Cherenkov effayiexs a func-
tion of the energy measured by DEVA in the electron peak regigresented in
figure[3.35. The results clearly show that the Cherenkowctiatéas an efficiency
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Figure 3.35: The Cherenkov efficiency as a function of therbeaergy measured
by DEVA. The X axis presents the lower edge of the ranges takenaccount.
The large error bars are due to the small statistics.

of the order of 98% as far as the electron discrimination ieceoned.

3.3.2 Beamtestresults

To study the muon/electron discrimination with LEP, thetfatep of the analysis
is the bars signal equalization. Considering the same M¢Rtein fact, the analog
signal of two bars can be different for several reasons:
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e bars: the scintillator light does not reach the MAPMT chdrreeause the
WLS fibers are not properly glued inside the bar or a fiber isgletely or
partially broken;

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

¢ MAPMT: the MAPMT channels response is intrinsically nonfonin (a
difference of a factor 2 in the gain is possible).

The channel equalization has been performed computingulse peight of
each of the 192 bars considering only muon events. Givenahlmbmentum
of 1 GeV/c is larger than the minimum ionization momentunuealthe energy
deposited by a muon in each bar is the seme [53]. F[gure 3|B6{sents the pulse
height of the first layer bars for muon events: the mean vahisddeen computed
by means of a fit with a Gaussian law. The pulse height of eaahral has been
recomputed using a scale factor which is the pulse heigliteofitst LEP bar (the
top left plot in figurd 3.36(&)). The rescaled pulse heightributions of the same
bars are presented in figure 3.36(b). The pulse heighthligioins for the bar with
the maximum signal in the event for the 3 PMTs are presentéidune[3.37; the
blue line is the threshold set to distinguish signal fronmseoi

As for the small scale prototype, the particle hit positioreach layer has been
reconstructed considering the bar cluster and using theyel@entroid method.
The number of clusters per layer (computed independentlgdoh layer but rep-
resented in a single plot for each PMT) is presented in figu38(a), while the
number of bars per cluster in figyre 3.38(b). It is possibledte that the number
of hit bars is larger for the second PMT: this is expectedesthe electrons release
the larger part of their energy in the middle of LEP, as shaaterl

The spatial resolution has been measured using the resitetabd and the
silicon tracking system: the distribution for the first lay@gure[3.39(3)) has
been fitted with a Gaussian function and the spatial reswoiusi 4.6 mm.

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

The value of the residual RMS as a function of the number ofldlger is
shown in figuré 3.40(). As expected, the farther the laper]drger the residual
RMS, mainly because of the multiple scattering and the gnkrgs during the
path.
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Figure 3.36: The pulse height for muon events of the 4 barseofitst LEP layer
a) before and b) after the channel equalization with resjeetite first LEP bar
(the top left plot).

To perform the analysis a target region in the center of tiselfiEP layer has
to be identified, in order to exclude the events at the edgéefdetector that
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Figure 3.37: The pulse height distributions for the bar wita maximum signal
in the event for each PMT. The blue line identifies the anahogshold.

are characterized by an energy leakage. Figure 3J40(bymtethe reconstructed
position on the first LEP layer. In the analysis the centralhbeegion is defined
by an area of [3,7] cm in the horizontal direction and [4,7]ionthe vertical one.

3.3.2.1 Electron/muon identification with LEP

As described in sectidn 2.4, the algorithm used by the offMILE analysis is
based on two variables: the ratio between the energy mehbyrthe layer with
the largest energy loss and the one of the first layer, anduhwar of particles
that hit EMR. At 1 GeV/c the first observable is not effectivece muons do not
release energy following a Bragg-peak distribution, whike particular geometry
of LEP does not allow to compute the second observable.
Thus at this momentum value different variables have beetied for thee /14

discrimination purpose: since the tracking capabilitiésrot be considered, only
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Figure 3.38: a) The number of clusters per layer and b) thebeurof bars per
cluster. These distributions are computed for each layeércafiected in a single
plot for each PMT.

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

Total energy

The total energy measured by LEP is computed as the sum ofutke peights
(without any cut) of all the 192 equalized bars signals. Feghi41(d) presents the
total energy for all the particles hitting the first layerethblack plot is due to both
muons and electrons, while the electron contribution iskilue one. The total
energy considering only the central beam region is predentigure/ 3.41(0): as
before, the black plot is due to all the particles while thesbne just to electrons.
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Figure 3.39: a) The residual distribution for the first layibe spatial resolution is
of the order of 5 mm. b) Residual scan: the residual distidmsthave been eval-
uated varying the distance between the tracking system Bfdilh the analysis:
the minimum corresponds to about 24 cm.
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Figure 3.40: a) The residual distribution as a function eflttyer number. b) The
reconstructed beam profile on the first layer of LEP: the 4 barsbe perfectly
identified.

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

€e

N (3.5)

Po=
Ne +Nother
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Figure 3.41: The total energy measured by LEP consideringnsiand electrons
which hit a) the first layer and b) the central beam region. Oloe plots are the
distributions given by electrons only.

Nother = Ny, is the number of muons (or, to be more precise, MIPs), whijlgis
the total number of electrons requiring a Cherenkov sigargidr than the thresh-
old. The energy ranges used to compute the variables havechesen keeping
the upper bound fixed at 35000 ADC counts and increasing therlbound from
10000 ADC counts on; the electron purity as a function of tiieiency is pre-
sented in figure 3.42. To give some numbers: the number dfetec(considering
all the signals above the Cherenkov threshold) is 144968)er{10100-35000]
ADC counts energy range the number of electrons (blue pléigire[3.41(h))
is 124047, while the muons (the difference between the bédackthe blue his-
tograms) are 2882. Therefore the electron efficiency anitypane:

€. = 0.855 + 0.003 (3.6)
P, = 0.977 £ 0.003 (3.7)

Energy per layer

Another quantity that can be used to discriminate electesmtsmuons is related
to the energy released in each LEP layer. As in the previoses, ¢he sum of the
pulse heights of the 4 bars of each layer (without any cuts)deen computed
and only the particles which hit the target area on the figgddave been taken
into account. The energy per layer is presented in figurg&)48e muon events
are presented in black, while the electron ones in red. lardalcompare the two
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Figure 3.42: The electron purity as a function of the efficiensing LEP.

distributions (since the number of electrons is about 3sifagger 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 naadalo the bin
with the largest value and b) the layer with the maximum depdsenergy. In
both the plots, the black histograms are the ones due to mwhiile the red ones
to electrons.

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

¢ the electron energy presents a kind of maximum in the sec&l thlock
(from layer 15 to 31). Releasing its energy an electron predia lot of
gammas, and this explains the larger number of clusters anrsdoer cluster
in the second PMT (figurle 3.38);

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

e starting from the energy per layer it is possible to consm®other dis-
crimination variable that is the number of the layer whicls hegistered
the largest energy loss: figure 3.43(b) presents this bigtan that has
been normalized (for the comparison) to the bin with thedatyalue. At
1 GeV this variable is not useful as a discriminator diffélefrom lower
momenta, where muons are represented by a narrow peakpmmcisg to
the Bragg one (further details are given in secfion 3.8.3.1)

3.3.2.2 e/p identification with LEP: the MICE method

In MICE the muon/electron discrimination is based on botHTadd EMcal, the
electromagnetic calorimetric system consisting of EMR anpre-shower, the
KLOE-Light (KL) layer. Focusing only on EMR, as already sdie two ob-
servables used in the analysis are the ratio between thgyeokthe layer with
the largest value and the energy of the first one and the nuailparticles that
hit the detector itself (sectidn 2.4). Given the particilaamtest momentum and
the prototype geometry, these observables are not eféectigiscriminate muons
and electrons: muons do not release their energy follovhegBragg-peak dis-
tribution, while the prototype sensitive area and the faat bnly one direction
is measured represent a limit for the second observable.el#awn this section
they have been studied all the same in order to present th&Mh@lysis method
with real data.

The ratio between the energy of the layer with the largestevahd the energy
of the first layer is presented in figure 3.44 considering d¢héy particles in the
central beam area and normalizing the distributions to thewth the largest
value. At 1 GeV/c, muons lose their energy continuously endbtector and their
distribution (in black) is close to 1; on the other hand elmts generate a shower
in LEP (causing the peak in figure 3.43(a)). A similar elestdistribution occurs
at lower momenta, but in that case the muon energy ratio idhifauger given the
Bragg-peak behavior.
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Figure 3.44: The ratio between the energy of the layer wighrttaximum value

and the first one: muons produce the black plot, while elesttbhe red one. The
two distributions are normalized to the bin with the largesdtie.

As far as the second observable is concerned, LEP is not ¢la¢ pdototype
for its study:

e the first layer sensitive area is very smalk(8.1 cn?);

e it measures only one direction (according to the geometgqnted in fig-
ure[Z.17, the vertical one - Y), so no tracking algorithm carmbveloped;

e the bars have a rectangular shape, so the inefficiency betweeadjacent
bars is larger than the one in the triangular shape case [80].

However, in order to study the second observable, a dedicatewith LEP in a
different position has been performed: the prototype has b&ned with two 99
rotations (one anticlockwise in the XZ plane and one closkewn the YZ plane);
the new position is presented in figlre 3.45. A<li%x1 cm?® lead block acting
as a pre-shower has been placed in front of LEP: it corresptmabout 2.65 ¥
close to the 2.5 Xof the KL layer.

Two typical muon and electron events are presented in figufé(®) and
[3.46(b), respectively: as expected, a single track is ptefee 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 slwonsidering
the number of clusters in the first layer (which is now compldsg 48 bars), as
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(b)

Figure 3.45: a) A sketch and b) a photo of LEP once turned tystioe second
MICE official variable. A 1 cm thick 1515 cn? lead block has been placed in
front of LEP.

presented in figure_ 3.47: for muons only one cluster per ggguesent, while a

larger number of clusters occurs in the electron case. Taelster events in the
electron distribution can be due to the fact that two paticdan 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 teades 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 theeergental re-
sults at 1 GeV/c and to study the behavior of LEP at a lower nmiome (the
150 MeV/c momentum value has been chosen as an examplehd=frst goal,
the simulation has been tuned on the T9 beam features:

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

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

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

e particle type: two beams have been generated: 1 milliontev@&muons
and 1 million of electrons; according to the beam featurbsua56% of
each beam hits the first layer of LEP. The percentage of theclesr that
compose the beam is 33.1% of muons and 65.9% of electrons, thg i
experimental case.

A typical muon and electron event at 1 GeV/c are shown in fiud&. As
expected, a muon crosses the whole detector and releasasiitgyy behaving like
a MIP; on the other hand, an electron has an energy deposdathezed by a
large number of gammas.

Figure[3.49(8) shows a lateral view of LEP: for mechanicalst@ints it has
been assembled in three blocks (16 layers each) and a sphoeobetween two
contiguous blocks. Moreover, in order to identify the egantthe central beam
region, a very thin scintillator layer (100m thick) has been simulated in front
of the first LEP layer (in red in figufe 3.49(b)). The thicknéss been chosen in
order not to disturb the measurement causing a large enesgyl increasing the
muon decay probability.

To give some numbers:
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Figure 3.48: Typical a) muon and b) electron simulated essanl GeV/c: muons
are drawn in red, electrons in green and gammas in blue.
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Figure 3.49: a) LEP is made of three blocks of 64 bars (16 Hywith a space
of 1 cm between contiguous blocks and one of 1.5 mm betweeadyjecent bars
(in both directions). b) A very thin scintillator plate (irue) is placed in front of
the first layer to identify the target area used in the expenital analysis.

e about 560000 particles (over 1 million generated) of eaple tyit the first
LEP layer;
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e t0 maintain the experimental beam type percentage, ab&@@@Bmuons
and 560000 electrons have been analyzed;

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

¢ 0.3% of the remaining muons decays in electrons beforegittie detector.

Total energy

The total energy measured by LEP is presented in figure 3]|5®¢ should be
compared with the experimental data shown in figure 3.41Tbg distributions
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Figure 3.50: The total energy measured by LEP consideritygtba events which
hit the target area with a) no space or b) a 1.5 mm region betteebars (with
more statistics). The blue histograms are the ones due &ld¢b&ons.

are very similar, but it is important to note that the simetBMIP peak is narrower
than the experimental one. This is independent from the maumespread if it is

smaller than 10% (in any case the momentum spread on the@ & lsmaller than
1% [90]). The main reason of the experimental larger peakasietector leakage
due to the bars inefficiency (e.g. the events on the edge osphee between
two bars). For this reason, the simulation has been tunedting a dead region
among the bars, computed taking into account the spreadeafetll peak (the
RMS is 10.38% of the mean value, figure 3.4](b)): with no sgzeteveen the

bars, the RMS/mean ratio is 6.23%, while a value of about 1fagare[3.50(D))

is reached considering a space of 1.5 mm. A detailed vieweohdw simulated

LEP geometry is presented in figlre 3.49(a).
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The purity as a function of the efficiency has been computet thiese ad-
justments (figuré 3.51(a)). The very small difference betwthe muon/electron
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Figure 3.51: a) The electron purity as a function of the afficiy for experimental
(red) data, a muon/electron simulated beam (black) and edi{muons, electrons
and pions) one (blue). b) The energy measured by each lagenétized to the

bin with the largest value).

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

¢ the Cherenkov efficiency is not 100% (figlire 3.35);

e the bar inefficiency: an empirical method has been used tluateathe
distance between two bars, but the intrinsic chain (bar + fibRMIAPMT
pad) inefficiency has not been taken into account.

Energy per layer

The energy measured by each layer is presented in figuredd ®lfferently from
the experimental data (figure 3.43(a)), both the muon 10%maoous energy loss
and the peak due to the electrons (with a maximum around layetber 32)
are visible. The layer with the largest energy deposit foonsuand electrons is
presented in figuife 3.52(a): muons have a uniform distdoutivhile the electrons
generate an electromagnetic shower. The energy loss ponésg to layer 15
(first plane of the second block) is due to the gap among therhB&iR blocks.
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Figure 3.52: a) The layer with the largest energy depositgrille ratio between
the energy of this layer and the one of the first layer in sitnuta The data have
been normalized to the bin with the largest value.

The ratio of the energy of the layer with the maximum and th&t fane is
shown in figuré 3.52(b) and it is perfectly comparable with &xperimental one
(figure[3.44).

3.3.3.1 Predictions at lower momenta

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

The total energy is presented in figlire 3.53(a): it has to mepewed with
the experimental (figufe 3.41{b)) and simulation (figureD8%) data obtained at
larger momentum. At lower energy LEP is not able to discra@nmuons from
electrons using this quantity.

However a big difference occurs in the energy per layer itistion (fig-
ure[3.53(0)): as expected, muons deposit energy with a Bragy law, so the
layer with the maximum deposit can be used to discriminagettbo particles
(figure[354(3)).

As already stated, the energy ratio distribution al lowemmeata becomes
one of the most powerful discrimination variables: if at amemtum value of
1 GeV/c the muon ratios were lower than the electron onesgive continuous
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Figure 3.53: a) The total energy and b) the energy per layea fb50 MeV/c
beam. In the second plot, data have been normalized to theithirthe largest
value.
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Figure 3.54: a) The layer with the largest value and b) the katween the energy
of this layer and the one of the first layer with a 150 MeV/c beBrata have been
normalized to the bin with the largest value.

energy loss, in this case (figure 3.54(b)) the opposite sagiven the Bragg-peak
distribution. The MICE collaboration intends to use thisi@ale in the analysis

and the expected results obtained with a simple simulatierpeesented in the
next chapter.



Chapter 4

The EMR simulation

MICE intends to measure the muon emittance reduction witleeigion of 0.1%.

For this reason a particle identification system is foregeatiscriminate muons
from the background, consisting mainly of pions and elewror positrons, de-
pending on the muon sign. In particular the muon-electrsoranination is per-
formed by a TOF system, the KLOE-Light calorimeter and theckEbn Muon

Ranger. The performance of the complete MICE line (and itiqdar of the

particle-ID system[]9]) is being studied with the help of G [76], a dedi-

cated version of the GEANT4 [77] simulation software.

On the other hand the results presented in this chapter lod\eean obtained
in GAMICE (under the responsibility of a dedicated MICE grjytbut with a very
simple GEANT4 simulation: the goal is not to present the granfance of the
particle-ID system, but only the behavior of EMR as far as ringon-electron
discrimination is concerned. This task has been studiedianviays: one (from
now on identified as “EMCal”) foresees the presence of EMRapdssive pre-
shower to apply the algorithms used by the MICE collaboratilbe other (‘EMR-
only”) is based on kinematic cuts using only EMR (that is withthe pre-shower)
in order to identify other possible variables that can belusethe collaboration
and to describe the behavior of EMR for future applications.

Both the studies have considered beams of different mom&tan the study
of the KL+EMR system is one of the activities of the MICE cbltaation, only the
second method has been deeply investigated varying thgeclohithe incoming
particles and the beam geometrical features.

4.1 EMR and the beam

As already described in chapiér 2, the EMR detector consist8 planes of ex-
truded 1.1 m long scintillating bars arranged in a x-y geoyetach plane is made

125
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of 59 triangular bars which have been simulated as being roagelystyrene
only. Figure[4.1(q) presents the schematic view of the EM@#alip, while the
EMR-only one is shown in figuie 4.1(b). KL is placed about 50m@fore EMR.
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Figure 4.1: A schematic view of a) the EMCal (with KL in red)dsn) the EMR-
only simulated systems.

In MICE 80% of the muon-electron discrimination is based orekiatic cuts
applied on the information collected by the TOF system; #raaining 20% is
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covered by the KLOE-Light detector and EMR. EMR should bedbldiscrimi-
nate muons from electrons in the range 140-240 MeV/c; thennicg muon beam
is expected to have a momentum spread of the order of 10%, a(®MSth di-
rections) of the order of 5 cm and a divergence RMS of the ayti£b0 mradi[47].
Electrons (or positrons) are produced from the muon decaygheir features are
not so easy to describe analytically.

Figures 4.2(a) arld 4.2(b) present the beam size and divaggéian incoming
muon beam as measured by the first modules of EMR for the lang@®:ientum
value (240 MeV/c); both the directions are presented in tbésp The figures
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Figure 4.2: a) The geometrical and b) the divergence digidhs of the incoming
muon beam in both the directions. The beam size has been radagith the first
module (first two planes), while the divergence with the fwgt 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 géngrine beam about
10 cm before the first plane in order to study the EMR detegqienfiormance. In
the final simulations (for both systems) the beams are geteiam upstream of
EMR.

Four beams have been generated in the simulations: two mesms/,
w~) and two electron oneg{, ¢7). As in MICE, the electron beams have been
produced in-flight starting from an incoming muon beam: toéase the statistics,
for CPU time reasons, the muon mean lifetime has been chaoge@® ns. As
already stated, the term “electrons” identifies both etetgtrand positrons, if not
otherwise indicated.

As far as the momentum is concerned, four momentum valueskea into
account: 140, 170, 200, 240 MeV/c. For each value two diffesgmulations
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are performed: one with a momentum spread of 10% for both ithelation
systems and the other without any momentum spread for the-BMyRsetup (for
a comparison with V. Verguilov [92]). The incoming momentdistribution for
the 140 MeV/c case is presented in figured 4.3.
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Figure 4.3: The incoming muon beam momentum distributich @&il0% spread.

For each value the Lorentz amtfactors have been computed. The Lorentz
factor (y) is defined as:

E? = y*mPct = p*c® + m*c? (4.1)

whereFE, p, m are the muon energy, momentum and mass respectively,; ted
speed of light; the muon mass is 105.56 MeM&3]. The factor is defined as:

B= =1 (4.2)

wherev is the muon speed. Talile 4.1 summarizes the values ofadheg factors
for each momentum value.

p[Mevic] |+ |8
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 theand factors for each momentum value.
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EMR is a fully active detector that is able to measure the whawlergy loss
plane by plane with the single PMT and the energy of each birtive MAPMT.
The simulation does not take into account the light genamati the bar and its
transport to the PMT, but uses directly the energy depositvia the bar itself.
In the MICE official simulation some important experimergéects that are not
taken into account in the studies presented in this chapter to be included; the
most important ones are:

e the light dispersion and the cross-talk effects;
¢ the effect of the electromagnetic noise;

e the cuts on the MAPMT pulse heights to distinguish noise feagmal.

These effects have to be taken into account and the final atronlhas to
be tuned on the experimental data. For these reasons, ttiergffes presented in
the following sections are probably overestimated witpeesto the experimental
ones.

4.2 The EMCal system

The algorithm used by the MICE collaboration to discrimenatuons from elec-
trons with the EMCal system is based on two observables: onelated to the
energy measured by each EMR layer, while the second deperttie particular
pattern of the particle trajectory in the system. This sdc@ask is summarized
in figure[4.4 which presents a typical muon event in the EM@siesn: a muon
crosses the KL layer and part of EMR before decaying. Muopssietheir en-
ergy with a Bragg-peak behaviour: the longitudinal positid the peak depends
on the incoming momentum.

As far as the electrons are concerned, they are generatad fbght muon
decays and a typical event is presented in fiqure 4.5. Thér@tegenerates an
electromagnetic shower in KL whose photons are detectagtfter with elec-
trons and positrons) by the first EMR layer.

The simulation numbers can be summarized as follows:

e muon beam: a 1 million event beam of muons is generated 1 nmeapst
of the first EMR layer. For each momentum value more than 9%Bthe
muons hit KL (the rest decays before it);

e electron beam: 1 million muons with a lifetime of 0.5 ns araerated.
The electrons at KL are more than 65%, and the percentagadepa the
momentum value: the larger the momentum value, the largentimber of
electrons given the larger probability to survive after pine-shower;
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8

Figure 4.4: A typical 240 MeV/c muon event in the EMCal systeanmuon
(in red) crosses the KL layer (in gray) and part of EMR and tlecays in one
electron (in green) and two neutrinos (violet and cyan). Adbgammas are
produced (mainly by the electron) via bremsstrahlung anation.

e the same number (650000) of muons and electrons is takeadotmunt in
the analysis.

In the following, the results obtained applying the metheddiby the MICE
collaboration are presented. Differently from the methedeloped with the
EMR-only system (sectidn 4.3), not all the possible casésaafming emittance
and particle charge have been studied since it is part of tr& of a dedicated
group of the MICE collaboration. Only negative particle tmsawith an incom-
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Figure 4.5: A typical electron event in the EMCal system: kcteon (in green),
produced by the muon decay (red), generates a shower in trdetdctor that is
detected by EMR.

ing emittance of 2.38 mmrad (divergence = 150 mrad, beam size = 5 cm) and
a momentum spread of 10% have been considered. Moreovet dtherwise
indicated, the 240 MeV/c case is used to describe the rasilte analysis.

The energy measured by each EMR layer is presented in figGfa)4.As
expected, muons (black) release their energy followingBtagg-peak distribu-
tion, while the electrons (red) have a continuous energy. ldfie plot considers
the average distribution of all the events. Thus the numbénelayer with the
largest energy loss can be considered. In the muon case appeérs (the mean
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Figure 4.6: a) The average energy per layer and b) the layetina largest energy
value for muons (black) and electrons (red) for all the event

position depends on the incoming momentum), while in theteda 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 enerdyedayer with the
largest energy loss and the one of the first layer; for muonms iresented in
figure[4.7(d). To be more rigorous, in the plots the energy @) has been
computed with the following definition:

RE _ Emax layer — Efirst layer (43)

Efirst layer

The muon distribution presents two peaks: a larger one @r8amd a smaller one
at about 0.5. The detector leakage is responsible of thd peeM: if, for example,
only the events that hit the first EMR module in a central re@ib40x 40 cn¥ are
taken into account, the small peak disappears (the redhdiston in figurg 4.7(3)).
The same conclusion can be reached considering the endigylisribution as
a function of the number of the layer with the largest eneagg I(figuré 4.7(b)):
the smaller peak corresponds to the first layers, the ondsylparticles before
escaping the detector.

The comparison between the muon and electron distribuisopsesented in
figure[4.8(d): as expected, this quantity is excellent ferdiscrimination. As pre-
sented in chaptér 3, the discrimination capability can engjtatively expressed
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Figure 4.7: The energy ratio distributions for muons coesity all the events
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Figure 4.8: a) The energy ratio distributions for muonsgk)and electrons (red).
b) The muon purity as a function of the efficiency considendy the first ob-
servable of the algorithm used by the MICE collaboration.

by the muon purity £,) as a function of the efficiency () defined as:

(4.4)
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where N, is the number of generated muons that have been analyggd=€
650000), while N, and N, are the number of muons and electrons in different
energy ratio ranges. The errors on the two quantities haga bemputed ac-
cording to equatioh 3l2. The ranges have been chosen kedggingper bound
fixed at R.=40 and increasing the lower edge from O on. The muon purity as
function of the efficiency is presented in figure 4.8(b): thegést purity value
(Pmaz = 0.815£0.002) is reached with an efficiency ef, ., = 0.807£0.001.

4.2.2 Tracking

The second observable used by the MICE collaboration isdbasehe pattern
recognition. Before decaying, a muon is expected to haveglestrack in the
detector, while electrons generate a shower, so more legrhave to be detected.
In this thesis work the algorithm to identify all the parédiracks has not been
developed: the method, in fact, requires also the informmaftiom KL which is
not provided by this thesis simulation.

Some preliminary results can be obtained considering th& Efgcking ca-
pability, in particular the number of clusters and the numtifebars per cluster.
As already stated in chapiéer 3, a cluster is a group of coatigbars which have
measured a particle energy loss. In this particular caseltsoon the pulse height
have been applied since no MAPMT noise has been simulates i signal is
present in the bars that have not been hit by particles.

The number of clusters for the first two EMR planes (the onessmeng the
horizontal and vertical directions, respectively) for ma@nd electrons are pre-
sented in figurg 4.9(a). As expected, muons are identifiedsinyge cluster in the
first layers, while electrons have a larger number of clssper plane given the
photons produced in the pre-shower. As far as the bars psteclare concerned
(figure[4.9(D)), given the particular bar shape, the expleeéue for a single clus-
ter eventis 2.

The muon purity as a function of the efficiency has been coetpiar the
energy ratio variable including also the constraints thatueon event features a
single cluster and two bars per cluster in the first two lay#rs results for each
momentum value are presented in figure ¥.10. The followingar&s hold:

e even without considering the kinematic cuts (provided by TTOF sys-
tem) and the KL information, for higher momenta the puritgalees large
numbers (close to the required value of 99.93%) maintaithegfficiency
larger than 50%;

e at smaller momenta the presence of KL reduces the muon@teditscrim-
ination capabilities of EMCal since part of the energy ist liosthe pre-
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values considering the algorithm used by the MICE collationa

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

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

e to study the performance of a fully active scintillator aete for future
applications;

¢ toinvestigate another possible algorithm that can be usBUCE in a wide
range of momenta.

As already stated, the analysis on the EMCal simulatiors@oried in the previous
section) is performed by a dedicated group of the MICE ceoltabon, so not all
the possible beam cases have been considered in this thekis Viceversa, all
possible beam cases have to be considered to illustratésitrentination capabil-
ities with the newer algorithm presented in this sectioe, dhe developed with
the new detector system (the EMR-only one). Thus positiverayative parti-
cles, four momentum values without or with a 10% of momentpread and two
different emittance values t3and 6r-mm-rad) have been simulated. The beams
without a momentum spread have been used to show the disation in a limit
case and to compare the data with some preliminary onesrjeeisia [92].

Since the major problems in the EMCal system occur at smalkenenta, the
1 140 MeV/c case has been chosen as an example to present iygsana

As already stated, for the Bethe-Bloch theory a muon with eneretum in the
range 140-240 MeV/c loses its energy with a distributiorspreing the character-
istic Bragg peak. Figure 4.111 summarizes the depositedygrier the different
momenta as a function of the layer number (and thus of the atmafucrossed
material). Figur¢ 4.11(g) shows the results obtained vaith €ifferent momenta
with no spread, while figuije 4.11{b) presents the same datsidering a momen-
tum spread of 10%. Both the distributions have been comptaedidering all
the events. From the figures it is possible to assert thatuheber of scintillating
layers in EMR is large enough to stop the particle also withdu

The corresponding results for the electron case are shovigure[4.12: as
expected, muons and electrons have different behavioreidétector. It is im-
portant to note that the distributions in figlre 4.12 areeggimilar: the original
muon momentum spread is a negligible contribution to the erdtom distribu-
tion of the final electron beam. The comparison of the enevgyg per layer for
muons and electrons is presented in fiqure|4.13.

The new discrimination algorithm developed in this workuiegs the defi-
nition of a series of kinematic variables depending eithrethe calorimeter ca-
pability or on the particle tracking; no pattern recogmtioas been taken into
consideration.
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Figure 4.11: The energy loss distributions as a functiorheflayer number for
muons with five different momenta without (a) and with (b) am@mtum spread
considering all the events (that is the energy on the veidiaa 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 ef ldyer number for
electrons generated in the muons decay for five different emtan The original
muon beams are generated without (a) and with (b) a momergread.

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 nurfdyet40 MeV/c
muon and electron beams, without (a) and with (b) the monmesfuread.

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

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

thehit barsto identify the number of bars hit by each patrticle;

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

The first three variables are pure calorimetric ones (base¢delongitudinal seg-
mentation), while the last two require a fine transversaisagation (the tracking
geometry).

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

1. aparticular variable range in which the muon distributgoclearly different
from the electron one is selected and three efficienciescamgpuated;

2. the variable range is varied and the purify, as a function of the muon
efficiency €,) is evaluated.

Focusing on the first issue, the three efficiencies are defindt following
way:
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¢ the discrimination inefficiencyep) is the ratio between the electrons.
and muonsf,) presentin a given variable range (identified in the plots by
the blue lines):

e the electron rejection inefficiency.] is defined as the ratio between the
electrons in a variable range and the total number of gezrb@tes:
Ntot

€e

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

N,

_ ©
w =
Ntot

€

The error on the efficiency is evaluated with equakion 3.2.

In the following sections, the efficiencies and the purityasfeed with each
kinematic variable are presented: the cuts have been dppliependently for
each variable starting from the original data sample. Thalte obtained with all
the variables used at the same time are described in theezgirs

4.3.1 The total energy

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

Table[4.2 summarizes the electron inefficiency and muonefity for they ™
case. This kinematic variable is efficient for higher mornemvalues and similar
results are obtained for an emittanc&sefmm-rad and for the,~ case.

The purity as a function of the muon efficiency for the totatigy variable is
presented in figurie 4.15.

4.3.2 The six-plane energy

The second kinematic variable is the total energy measuaracdiock of six lay-
ers: since EMR consists of 48 planes, 8 distributions haveetoonsidered. The
number of layers (6) per block has been chosen consideradjsitribution in fig-
ure[4.11(D): a smaller number would result in the non-iriclusf the muon Bragg
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Figure 4.14: The distributions of the total energy depalditg muons (black) and
electrons (red) a) without and b) with a momentum spread .blieelines identify
the kinematic cuts.

p | Emittance| Momentum €e €
Imm-rad | [MeVIc] (%) (%)
+ 3 140 (NS) | 21.36+ 0.25| 94.56+ 0.68
+ 3 170 (NS) | 15.134+0.21| 97.28+ 0.69
+ 3 200 (NS) | 10.43+0.17| 98.28+ 0.70
+ 3 240 (NS) | 6.63+0.13 | 99.27+ 0.70
+ 3 140 (S) | 24.984+0.28| 90.46+ 0.66
+ 3 170(S) | 18.86+0.24| 93.31+ 0.67
+ 3 200 (S) | 15.04+0.21| 95.20+ 0.68
+ 3 240 (S) | 11.36+0.18| 96.68+ 0.69

Table 4.2: The electron inefficiency and muon efficiencyréfie total energy cut

for an incomingu™ beam. These data have been collected for each momentum
value and considering the distributions without (NS) anthy$) a 10% momen-

tum spread for an emittance &t-mm-rad.

peak, while a larger one would take into account the everttefiine peak. The
position of the six-plane block varies as a function of themeatum: for example
for the 140 MeV/c case the second block (the layers from 7 jasl@onsidered,
for the 240 MeV/c the fifth block (planes 37-42) and so on. Tis¢rithutions for
the first case are shown in figure 4.16.

This variable is more efficient with respect to the total ggasne since it is
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Figure 4.16: The distributions of the six-plane energy mess for 140 MeV/c
muons (black) and electrons (red) a) without and b) with a e spread.
The blue lines identify the kinematic cuts.

chosen depending on the momentum value, as presented @id@bfor they*
case; no differences are found for the case or for beams with an emittance of
6m-mmrad.

This cut is particularly effective, as shown by the purityaafinction of the
muon efficiency presented in figure 4.17.
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p | Emittance| Momentum €e €
Imm-rad | [MeVIc] (%) (%)
+ 3 140 (NS) | 1.88+0.07 | 99.42+ 0.70
+ 3 170 (NS) | 2.01£0.07 | 99.08+ 0.70
+ 3 200 (NS) | 1.67+0.07 | 99.10+ 0.70
+ 3 240 (NS) | 5.91+0.13 | 99.53+ 0.70
+ 3 140(S) | 9.74+0.16 | 90.17+ 0.65
+ 3 170(S) | 9.76+0.16 | 82.55+ 0.61
+ 3 200(S) | 10.29+0.17| 81.98+ 0.61
+ 3 240(S) | 12.79+0.19| 91.61+ 0.66

Table 4.3: The electron inefficiency and muon efficiencyrdfte six-plane energy

cut for an incoming:™ beam.
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Figure 4.17: The purity as a function of the muon efficiency tfte six-plane
energy variable for the beams a) without and b) with a monmardpread.

4.3.3 The maximum layer

According to the analysis presented in chapter 3 and s€dirthe distribution
of the layer measuring the largest energy loss can be usaddandinate muons
and electrons as presented in figure #.18.

Table[4.4 summarizes the results obtained forithecase; no differences are
present in the,~ case or for beams with an emittancesatmm-rad.

The purity as a function of the muon efficiency for the maximayer variable
is presented in figuie 4.119.
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Figure 4.18: The distributions of the layer number with thegést energy loss
for muons (black) and electrons (red) a) without and b) withaamentum spread.
The blue lines identify the kinematic cuts.

p | Emittance| Momentum €e €
Imm-rad | [MeV/c] (%) (%)
+ 3 140 (NS) | 11.64+ 0.18| 91.84+ 0.66
+ 3 170 (NS) | 8.644+0.15 | 93.12+ 0.67
+ 3 200 (NS) | 8.02+0.15 | 96.28+ 0.69
+ 3 240 (NS) | 5.23+0.12 | 96.57+ 0.69
+ 3 140 (S) | 33.10+ 0.33| 90.60+ 0.66
+ 3 170 (S) | 28.33+0.30| 93.09+ 0.67
+ 3 200 (S) | 22.52+ 0.26| 93.42+ 0.67
+ 3 240 (S) | 17.73£0.23| 94.11+ 0.68

Table 4.4: The electron inefficiency and muon efficiencyrdfie maximum layer
cut for an incoming:™ beam.

4.3.4 The hit bars

The fourth observable is the number of bars which have dedesmt energy loss
in the 48 layers: the distributions for positive muons andifpons are shown in
figure[4.20.

The contribution of each particle type can be evaluated tiéhhelp of the
simulation: the black plot in figure 4.20[a) (also presentefigure[4.21(a)) is
the sum of the bars hit by positive muons, positrons and pisofplots b, ¢ and
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Figure 4.19: The purity as a function of the muon efficiencytfie maximum
layer variable for the beams a) without and b) with a momergpread.
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Figure 4.20: The number of bars which have detected an etesgyor positive
muons (black) and positrons (red) a) without and b) with a mimm spread.

d respectively in figuré_4.21). A positive muon hits a certainmber of bars

(in this case~ 21, figure[4.21(b)) before decaying inside EMR; the generated
positron loses energy in different bars depending on iirmai momentum and
the ionization probability (figure_4.21(c)). The positroistdbution presented in
figure[4.20(d) (in red) is the result of the sum of the positod 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 lejtfa the ™ is the sum
of the muons (top right, b), positrons (bottom left, ¢) anadfoms (bottom right,
d) distributions.

The physical process that generates the hit bar distribigidifferent depend-
ing on the incoming particle charge sign. The differencelzaexplained by the
annihilation: a positron annihilation occurs in EMR anddwoes two gammas
(the large photon distribution in figute 4]21), while an élec loses its energy
along its travel in matter, thus explaining the larger dstiion for electrons with
respect to the photon one in figlire 4.22.

However the particle discrimination performance is indefsnt from the muon
sign: in other words the results obtained for the positiveé aegative cases are
equivalent. Table 415 presents the efficiencies obtaindtein™ case, varying the
incoming beam emittance, momentum value and spread. Itpsrt@ant to note
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Figure 4.22: The number of hit bars distribution (a) for fheis the sum of the
muon (b), electron (c) and photons (d) distributions.

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

The purity as a function of the muon efficiency for the numbiehio bars
variable for the37-mm-rad 140 MeV/cu™ case is presented in figure 4.23.
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© | Emittance| Momentum €e €
Imm-rad | [MeVIc] (%) (%)
+ 3 140 (NS) | 45.00+ 0.40| 85.42+ 0.63
+ 3 170 (NS) | 38.45+ 0.36| 85.27+ 0.63
+ 3 200 (NS) | 37.51+0.36 | 89.06+ 0.65
+ 3 240 (NS) | 33.244+0.33| 89.73+ 0.65
+ 3 140 (S) | 48.224+0.42| 83.94+ 0.62
+ 3 170 (S) | 42.084+0.39| 84.37+ 0.62
+ 3 200 (S) | 39.10+ 0.37| 86.86+ 0.64
+ 3 240 (S) | 35.99+0.35| 89.75+ 0.65

Table 4.5: The electron inefficiency and muon efficiencyrafte hit bars cut for

an incomingu™ beam.
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Figure 4.23: The purity as a function of the muon efficienaythe 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 distributionfoth directions) mea-
sured with the first two modules (first 4 planes). The angukridution is com-
puted considering the hit position given by the clustergctvin fact can be more
than one per plane because of the decay products and thenphdtoorder to
consider just the clusters which correspond to the incorainagged particles, the
pulse height of each cluster in one EMR plane has been conhprigurd 4.24(a)
presents the distribution for the first layer in case of amming muon beam,
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while the electron case is shown in figlire 4.24(b). From therdig it is possible
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Figure 4.24: The energy of each cluster in the first EMR lageah incoming a)
muon and b) electron beam without momentum spread.

to note that selecting the clusters with the larger pulsghtethe probability to
identify the cluster as the one due to the incoming chargddtfeis very high. As
an example, considering the 140 MeV/c positive muons c&9, & the clusters
with the largest pulse height are correctly identified as msuo

The angular distributions for both directions are presg¢imtdigure 4.25: since
the electrons are generated in a decay, their divergenegegesrlwith respect to
the muons one. Table 4.6 summarizes the efficiencies foBthgt case; no
differences are present in the other cases.

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

4.3.6 Results with cuts

Applying the cuts on all the kinematic variables at the samme t the resulting
efficiencies are the ones summarized in tablels 4.7 ahd 4tBdar” and,— cases
respectively considering all the beam types.

Summarizing:

¢ the discrimination efficiency (&p) is very high in any condition: the worst
value is 99.60%;

¢ the larger the momentum value, the larger the fraction ofiged muons

(€4)-



4.3 The EMR-only system 149

£ 4000 o 4000
2 E — Muon 2 E — Muon
[} E — Electron i E — Electron
1 3000 E 3 3000 E
2500 2500
2000 2000
1500 = 1500
E | E ]
1000~ 1000
o :““‘i;j Eﬁ;w‘ - ;“’::if; Li&w’*
E L L L L L E L Il Il Il I L
»&OO -800 -600 -400 -200 O 200 400 600 800 1000 -R)OO -800 -600 -400 -200 O 200 400 600 800 1000
Incoming angle [mrad] Incoming angle [mrad]
@ E @ E
E oo
z E g E
W 3000F — Electron 0 3000F — Electron
I+ E H* E
2500 = 2500
2000 2000
1500 1500
E [ E Lo— 1 ]
1000 1000
0 ;‘—:jj 0 %j LL
E L 1 L L L L L = L L Il Il Il I L
»POOO -800 -600 -400 -200 O 200 400 600 800 1000 -R)OO -800 -600 -400 -200 O 200 400 600 800 1000
Incoming angle [mrad] Incoming angle [mrad]
(@) (b)

Figure 4.25: The angular distributions for the verticap{tand horizontal (bot-
tom) directions for muons (black) and electrons (red) ahait and b) with a
momentum spread. The blue lines identify the kinematic.cuts

p | Emittance| Momentum €e €
[mm-rad | [MeV/c] (%) (%)
+ 37 140 (NS) | 19.68+ 0.24 | 79.84+ 0.60
+ 37 170 (NS) | 23.32+0.27 | 85.17+ 0.63
+ 3 200 (NS) | 27.62+0.30| 85.76+ 0.63
+ 3 240 (NS) | 32.054+ 0.33| 85.67+ 0.63
+ 3 140 (S) | 19.83+0.24| 78.07+ 0.59
+ 3 170 (S) | 23.494+0.27| 83.97+ 0.62
+ 37 200 (S) | 27.53+£0.30| 85.35+0.63
+ 37 240 (S) | 32.02+0.33| 85.71+0.63

Table 4.6: The electron inefficiency and muon efficiencyratte divergence cut
for an incomingu™ beam.

Focusing on the particle discrimination, the purity as ecfiom of the muon
efficiency applying all the cuts at the same time for faemm-rad ;" case is
presented in figure 4.27. The results obtained with the ugMiR-only are con-
sistent with the EMCal system ones. The largest efficientyevia of the order of
70-80% and it is smaller with respect to the value obtainati each single vari-
able (e.g. almost 100% for the six-plane variable, fiqur&y.tut with a purity
which is close to 100%.
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Figure 4.26: The purity as a function of the muon efficienaytfee divergence
variable for the beams a) without and b) with a momentum shrea
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i | Emittance| Momentum €D €e €
[mm - rad [MeV/c] (%) (%) (%)
+ 37 140 (NS) | 0.05+0.01| 0.03+ 0.01 | 58.84+ 0.48
+ 3 170 (NS) | 0.01£0.01| 0.01+ 0.01 | 66.88+ 0.53
+ 37 200 (NS) | 0.00£0.00| 0.00+ 0.00| 73.03+ 0.56
+ 37 240 (NS) | 0.01+0.00| 0.01+0.00| 74.38+ 0.57
+ 37 140(S) | 0.17+£0.03| 0.10+ 0.02 | 56.41+ 0.47
+ 3 170(S) | 0.19£0.03| 0.11+ 0.02 | 59.95+ 0.49
+ 37 200(S) | 0.18+0.03| 0.11+0.02| 62.25+ 0.50
+ 37 240(S) | 0.07+0.02| 0.05+ 0.01| 70.64+ 0.55
+ 67 140 (NS) | 0.02+0.01| 0.01+ 0.01 | 58.58+ 0.48
+ 67 170 (NS) | 0.02+0.01| 0.01+ 0.01 | 68.08+ 0.53
+ 67 200 (NS) | 0.02+0.01| 0.01+0.01| 73.16+ 0.56
+ 67 240 (NS) | 0.01+0.00| 0.01+0.00| 74.03+ 0.57
+ 67 140(S) | 0.18+0.03| 0.10+ 0.02 | 57.42+ 0.48
+ 67 170(S) | 0.23+£0.03| 0.14+0.02 | 60.41+ 0.49
+ 67 200(S) | 0.25+0.03| 0.16+ 0.02| 62.91+ 0.51
+ 67 240(S) | 0.13+0.02| 0.09+ 0.02 | 68.64+ 0.54

Table 4.7: The discrimination, rejection and muon efficieador an incoming:™

beam for each momentum value and considering the distisitivithout (NS)
and with (S) a 10% momentum spread; the incoming beam eroéthas been
varied from3r to 67-mm-rad.
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Emittance

W Momentum €D €e €u
[mm - rad [MeV/c] (%) (%) (%)
- 3 140 (NS) | 0.06+ 0.02 | 0.03+ 0.01 | 58.06+ 0.48
- 3 170 (NS) | 0.05+ 0.01 | 0.03+ 0.01 | 69.26+ 0.54
- 3 200 (NS) | 0.01+0.01| 0.01+0.00| 72.49+ 0.56
- 3T 240 (NS) | 0.024+0.01| 0.01+0.01 | 76.77+ 0.58
- 3T 140(S) | 0.24+0.03| 0.13+ 0.02 | 55.27+ 0.46
- 3T 170(S) | 0.40+0.04| 0.25+ 0.02 | 61.72+ 0.50
- 3 200 (S) | 0.25+0.03| 0.15+ 0.02 | 62.56+ 0.50
- 3T 240 (S) | 0.104+0.02| 0.07+0.01 | 70.29+ 0.55
- 6m 140 (NS) | 0.06+ 0.02 | 0.04+ 0.01 | 56.88+ 0.47
- 6m 170 (NS) | 0.05+0.01 | 0.03+ 0.01 | 66.64+ 0.53
- 6m 200 (NS) | 0.04+0.01| 0.03+0.01| 75.14+ 0.57
- 6m 240 (NS) | 0.03+0.01| 0.02+ 0.01| 76.92+ 0.58
- 6 140 (S) | 0.26+0.03| 0.15+ 0.02 | 57.73+ 0.48
- 6 170(S) | 0.40+0.04| 0.25+ 0.02 | 61.45+ 0.50
- 6 200(S) | 0.2840.03| 0.17+0.02 | 62.72+ 0.51
- 6 240 (S) | 0.13+0.02| 0.09+ 0.02 | 70.66+ 0.55

Table 4.8: The discrimination, rejection and muon efficieador incomingu~

beams.




Chapter 5

The commissioning phase

The first Electron Muon Ranger data taking is foreseen in Niaye 2012 [93]
after a commissioning phase that is divided in two parts: tés¢ of the layers
with cosmic rays at the University of Geneva (UNIGE) durihg tmanufacturing
of the detector and the tests after the installation of fatedetector at RAL. At
the time of this thesis work, part of the commissioning hasnbgerformed and
the results are presented in this chapter.

The first EMR planes have been tested with cosmic rays at UNiG&se
tests have demonstrated to be fundamental to identify thedeof the bars or
of the fibers before their installation in the EMR box and taleate the tracking
performance of the detector. Moreover the layers have bsed o develop the
final mechanics (electronics boards holders, aluminumdsarmatch panels). The
tests, started in 2010, used a setup similar to the one pessansection _3]2 for
the small scale prototype, in order to track the particlé Hits a EMR module.
The results obtained with these studies and with opticﬂeﬁowed to fix the
final bar assembly procedure in which the scintillating bghtl is brought out
to the PMTs through clear fibers attached to the bars with ectons [81]. The
results of the UNIGE tests of a few planes is presented inse6tl. Similar tests
are scheduled for the beginning of 2012: the 48 planes wiitbdied using the
final frontend and readout electronics (thus without the BCtiie tracking) just
before their shipment to RAL.

The second part of the commissioning is related to the ilasi@h of the detec-
tor at RAL. This task is twofold: the assembly of the deteatdhe KL frame (and
the corresponding installation of the cables for signatsower) and the imple-
mentation of the EMR control and readout in the MICE DAQ (DATEhese is-
sues have been partially performed in July 2011 when sixeslaiave been placed
on the MICE line identifying the mechanical constraintsttue final installation;

lIn the optical tests the fibers have been illuminated on ae with a light source while on
the other side the light yield is measured with a CCD cameth [8

153
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moreover a preliminary version of the DAQ has been developgsing DATE
and the DAQ system of the UNIGE tests, the detector has bsgedtboth with
cosmic rays and a mixed beam; the results are presentediiorsB@.

5.1 Tests at UNIGE

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

¢ the test of a few modules (1 or 2) in terms of efficiency, spagisolution
and cross-talk with a setup based on high resolution sildegiactors. This
test allowed the definition of the assembly procedure. Thdules were
also used to develop the mechanics (supports, electroo@sl tholders,
patch panels) and to test the readout electronics;

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

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

An example of the first tests is presented in this sectiom fitoe description
of the setup to the results.

5.1.1 The setup

A schematic drawing of the UNIGE setup is presented in figulie ifconsists of
a 10x10 cn¥ plastic scintillator used for the trigger and a couple of<0% cn?
silicon detectors for the particle tracking placed below BMR modules.

Atypical test foresees the presence of two modules: thddgers (figuré 5.2)
are hosted in a black wooden box that guarantees the ligithegs. The planes
under test had the bars with the final shape but not with thérfieéhod to bring
out the scintillating light to the PMTs. Thanks to some aogititests on these
planes, in fact, the originally used “single WLS fiber” systhas been substituted
with the “connectors+clear fibers” one (figlrel2.4(c)) [8Bgcause of a problem
during the assembly, only the fibers of three planes had Haed gn the MAPMT
masks and polished, so in the analysis one of the layers tdmantaken into
account.

The MAPMT signals are readout by the final FrontEnd boardigarésec-
tion[2.3.1). The analog and digital readout modes are peddrwith the small
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Silicon beam chambe

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

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

formed directly at RAL (see sectign 5.2 for further detaisjen if all the FEBs
functionalities had been previously verified on bench (appdA).

The test procedure is similar to the one performed with thallsssale proto-
type: a typical data taking consists in the acquisition df 2@ents 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 imp@ated for the
small scale prototype since the tracking capabilities laeeonly features that can
be evaluated with these tests. The first important quardigngalyze is the pulse
height distribution of the bar with the largest signal in &vent for each MAPMT.
The distributions (presented in figure 15.3) are used to ifjeatthreshold (the
blue lines in the plots) to distinguish the good signals fribia noise ones. As
already stated, the fibers of the third layer (the bottomHistiogram in figuré 513)
are not connected to the plastic mask, thus the distribidaoresponds to the
noise contribution of the electronics (which typically itloe order of a few ADC
counts). From now on, if not otherwise indicated, the resalitained with one
module will be used as an example of the analysis since nerdiftes are present
among the layers themselves.
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Figure 5.3: The analog pulse height of the bar with the largemal of the four

modules under test at the University of Geneva. The bluedditte identifies the
threshold used in the analysis to discriminate the sigioahfthe noise. The third
layer is not connected to the MAPMT. The fourth module is eddoth in the

analog and digital way: the red line corresponds to the svarwhich the bar has
also a digital information.

The fourth plane (the bottom right plot in figure 5.3) has besadout both in
the analog and digital way: the red line in the plot identifies events in which
the bars with the largest signal have also a digital inforomatThe discriminator
threshold roughly corresponds to an analog pulse heighttanftal 00 ADC counts.
The digital efficiency (see section 3.2.3 for further defglilas been evaluated as
a function of the analog pulse height (figlire]5.4): as expedaa efficiency of
100% is reached around a pulse height value of 100 ADC counts.

Exploiting the Time-over-Threshold architecture implenesl in the MAROC
ASIC, the digital pulse height can be measured: the digiobu presented in
figure[5.5(d), has to be compared with the small scale prmo¢otye (figuré 3.15).
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It is clear that the two distributions have a Gaussian-likep®, but the mean
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Figure 5.5: a) The digital pulse height distribution. b) Tdwrelation between
the analog and digital pulse height.

value is smaller in the UNIGE case. This is due to the MAROC@&¢rsion: in
MAROC2 (the one used for the prototype) the digital pulsgheiange was larger
with respect to the MAROCS3 one. A wider range means a larganwdarity;
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the smaller ranger can represent a limit: in fact, in the MARCase, two bars
have a different digital information if the difference okihanalog pulse height is
larger than in the MAROC2 one. However the correlation betwie analog and
digital pulse height is still valid (as presented in figurg(b)) and this guarantees
an improvement of the detection capability with respect paige digital system.
The particle hit position is computed by means of the clsstar the analog
case a cluster consists of the contiguous bars with an asaogl larger than
the analog threshold (the blue lines in figlrel 5.3) while ia digital case all the
bars which have a digital information are taken into acconnbe cluster com-
putation. The number of clusters per plane has been compotédor the ana-

log (figure[5.6(d)) and digital (figufe 5.6{b)) readout modke two distributions
show no significant difference. As already stated for thellssnale prototype, the
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Figure 5.6: The number of clusters per plane computed witheaanalog and b)
the digital readout mode.

larger number of clusters per plane is probably due to thesetalk effect, even
if in this case the probability of a multi event in the plandaiger given the layer
larger sensitive area. The number of bars per cluster iepted in figuré 5.7(a)
for the analog readout mode and in figure 5.J7(b) for the digita. Given the par-
ticular geometry, the expected number of bars per clusterasas in the analog
case. The two distributions are different because of thegoukight threshold: in
the analog case the threshold corresponds to about 50 AD@s;ouhile in the

digital one it is about 100 ADC counts. This means that pathefevents con-
sidered in the analog case that release a small amount @ye(es en example
all the events that impinge on the edge of a bar) are not takeraccount in the
digital one. Varying the analog threshold from 50 to 100 ADglits (the red
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Figure 5.7: The number of bars per cluster per plane computéd) the analog
and b) the digital readout mode. The red histogram in figuyadéntifies the
number of bars per cluster computed in the analog mode \@ath@ threshold
from 50 to 100 ADC counts.

histogram in figur¢ 5.7(b)), the two distributions are eglént. However, in the
rest of the analysis the analog threshold will be set to 50 ADants.

The cosmic profiles detected with both modules are presentédure[5.8:
the hit position on each plane has been computed with thgeltantroid method
for the single cluster events. The distributions preseargelr number of events
in the center of the plane (as expected by the cosmic raysbdigon) and some
holes (the mostimportant around 10 cm) due to a low efficiemadye as presented
later on.

The EMR tracking capabilities are based on two quantitibs: Spatial res-
olution and the efficiency. The first one is evaluated by me#rite residual
using the BC tracking system, following the method devetbioe the small scale
prototype presented in sectibnl3.2. The residual disiohstfor the single clus-
ter events are presented in figlire 5.9(a) for the analog caséndigure] 5.9(0)
for the digital one: the distributions can be fitted with a &sian law, allowing
to evaluate a spatial resolution (the “Sigma” parametetheforder of 6.5 mm.
As already described, the distances between the BCs anaybes|have been
evaluated minimizing the residual RMS value.

The two readout modes provide two different values: thedigesidual RMS
is larger with respect to the analog one because the chargeicemethod is
less effective given that not all bars above the analog flmidscontribute to the
digital cluster (as presented in figurel5.7). However bothdpatial resolution
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readout modes.
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Figure 5.9: The residual distribution computed with a) thalag and b) the digital
readout modes.

overall plots demonstrate that the MAPMT-mask alignmers been improved
with respect to the prototypes: figure 5.10 presents thelwakidistribution (in
logarithmic scale) considering all the clusters in the plahhe same distribution
for the small scale prototype case (fighre 3.11(b)) presesegeral lateral peaks
due to the cross-talk effect that in this case are absent.

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

for the prototype: referring to equatién B.1, the “targetreg” are all the events
that have a single cluster in the BCs and a single cluster mEMR planes,
requiring also that the positions reconstructed by the ENéRgs are at less than
3o from the reconstructed hit position on the planes themsethe “good events”
are the events with a single cluster in the third plane wigsgdual within 3 from
the expected value. The efficiency as a function of the hiitjposis presented in
figure[5.11: the average value is around 97%. As in the spaBalution case, the
digital value is smaller than the analog one because of ffereint pulse height
threshold. It is important also to note the smaller efficieregion at about 10 cm
that explains the cosmic ray profile distribution presemefijure[5.8.

The goal of the UNIGE tests is to verify the bar assembly piace and not
to compare the readout modes performances (already peesesith the small
scale prototype, sectign 3.2.3). For this reason, twordiffethresholds have been
used for the analog and digital cases. In the tests perfoahBA\L presented in
the next section, the discriminator threshold has beenriedv® be equal to the
analog one.

5.2 Commissioning tests at RAL

The second part of the EMR commissioning phase has beenrpedoon the
MICE line. The commissioning of EMR at RAL requires EMR to bestalled
in the KL frame, the readout to be included in the MICE DAQ (IEATand the
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Figure 5.11: The efficiency as a function of the hit positiomputed with a) the
analog and b) the digital readout modes.

detector performances to be evaluated with dedicated bebn@der to speed
up the final installation foreseen for May 2012, a few of thesks have been
performed in July 2011: six EMR planes have been placed irintla¢ box and
installed on the line, the readout has been included in DATES®mMe preliminary
results have been obtained with cosmic rays and a mixed/(pigon/electron)
beam. The readout has been performed independently by tstersy: DATE
and a “UNIGE-like” system, a simplified version of the VME DA@ed for the
cosmic rays tests. Because of the low beam patrticle ratd; Mg performances
have been evaluated both using beams and cosmic rays.

In this section, after a brief introduction on the setup, ghaliminary 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 tivae the MICE
collaboration had completed the tasks foreseen for Stegurfil.31) and was in
an intermediate status between Step Il and IlI: in fact, tB&2 stations, KL and
part of EMR had been installed, but the first spectrometemegavailable. Given
the particular situation, EMR has been installed at therbegg of the beamline
(figure[5.12(d)), almost in the same position where the fpstgsometer will be
placed. As presented in figyre 5.12(b), the EMR box has bematdd in the KL
aluminum frame just downstream of the last TOF station ahthalcables have
been pulled.
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385225 nans

(b)

Figure 5.12: EMR at RAL: a) for the 2011 commissioning testgp$anes have
been installed at the beginning of the MICE line; b) EMR ifisthin the KL
frame, just downstream of the TOF2 station.

The data have been acquired with two independent DAQ systeATE and a
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“UNIGE-like” one, the same system used for the UNIGE testbaut the readout
of the silicon beam chambers. In these tests only the foernat planes have
been readout: the coincidence of the first and last planeutsitpas been used
as a trigger signal for the second DAQ system (more detaiegsented later
on), while the trigger for DATE was given by a dedicated comaition of the TOF
system and KL, chosen depending on the beam type (cosmioraipe MICE
beam).

As far as the beam is concerned, the original idea was to atgbatest the
detector with cosmic rays and a mixed muon/pion 200 MeV/arbeblowever
some problems with the line target forced the use of both #intgte types in the
same run: in fact the typical event rate for the cosmic rays efahe order of
10 Hz, while the beam one of 1 Hz. In conclusion, there was rssipdity to
collect enough statistics exploiting just the beam events.

The analysis presented in the following has been performmeith® data col-
lected with the UNIGE-like system; as fas as DATE is conceypast 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 UNHBE (sectioh 5]1),
apart from the evaluation of the spatial resolution andiefficy given the absence
of the silicon tracking system. The pulse height of two MAP34$ presented
in figure[5.13(8): the distributions have been obtained idensig the bar with
the largest energy deposit in each event. This distributias been computed
to discriminate the good signals from the noise ones seimgnalog threshold
(the blue dotted line) in the analysis. Differently from thher setups (e.g. the
UNIGE tests - figuré 513 - or the prototype ones), the moduleteu tests are
sandwiched between two planes which cover the overall Bemsirea, so the
interaction probability is very high and the number of n@sents is small.

A comparison between the analog and digital readout modedbéen per-
formed for the four internal planes under test. Only a sirig#8 per run has
been readout with both the systems; figure 5.13(a) preseatsesults obtained
with the second board (bottom plot). The analog pulse habtite bar with the
largest analog signal and with a digital information is esggnted by the red line.
The digital efficiency as a function of the analog pulse heiglpresented in fig-
ure[5.13(B). In this case, the discriminator threshold e/dias been set to be the
same of the analog one.

The digital pulse height is shown in figure 5.14(a). Thank#®ToT archi-
tecture, it is a function of the analog pulse height (figufiefth)).

The cluster computation has been used to reconstruct tmeic@snd beam
profile. The number of clusters is presented in figure 5.1f(ajwo planes: as
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Figure 5.13: a) The pulse height distribution for one veiti{top) and one hor-
izontal (bottom) planes. The analog threshold (blue ddites) in the analysis
has been set to 30 ADC counts. The analog pulse height innres# a digital
information in the bar is indicated by the red line in the bottplot. 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 corretabietween the analog
and digital pulse height.

expected, the majority of the events has a single clustéglba a larger number
of clusters is possible. In the small scale prototype a latgaber of clusters per
event has been explained by the presence of the cross-fatit.eOn the other
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Figure 5.15: a) The number of clusters and b) the number af fpar cluster for
one Y (top) and one X (bottom) plane.

hand, in this case the trigger area is large enough to all@nridependent events
to be recorded at the same time.

The number of bars per cluster is shown in figure 5.15(b). Tikeilutions
can be explained considering the particular trigger systdrose sketch is pre-
sented in figure 5.16. Given the cosmic rays angular digttcibe, the most prob-
able cosmic ray event is perpendicular to the Z directioa ¢the that defines the
motion along the beam). Thus, given the trigger architegttire most probable
events are the ones represented by the red lines in figurke thd lanes which
measure the vertical (Y) direction (as an example the tlayed from the left in
the figure) have a larger number of hit bars (at least 4), whilde horizontal
coordinate the most probable event is orthogonal to theeglan

As in the UNIGE tests case, the cosmic and beam profiles haredmmputed
considering all the events with a single cluster whose fwosis the barycenter of
the charge. The distributions for one plane per directian@esented in fig-
ure[5.17.

In order to select the particles more orthogonal to the EM&@$ (the ones
parallel to thez direction), another trigger system has been implementegk F
ure[5.18 presents the second trigger architecture: togefitie the first and last
EMR layers, the signal of a TOF2 scintillator (placed abdd#6® cm upstream
of the first EMR plane) has been used in coincidence. The ned identify the
most probable particle events.

2The muon angular distribution at the sea level is propoditmcos? 6, wheref is the Zenith
angle [53].
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X\

Figure 5.16: The most probable cosmic ray events (in red)ecivom the top of
the detector and cross the scintillating planes, hittirgrgd number of bars.
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Figure 5.17: The cosmic and beam profile for the vertical )(&mpd horizontal
(bottom) directions.

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

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

Also the cosmic profile has been measured and the resultsiamarized in
figure[5.20. As expected, the top plot is different with retge the one pre-

# Entries
[
©
o

H
N
o

A B R U B R

e I I I I I I I L L
0 10 20 30 40 50 60 70 80 90
Position [cm]

# Entries

i | 1
0 10 20 30 40 50 60 70 80 90
Position [cm]

Figure 5.20: The cosmic and beam profile for the vertical)(opd horizontal
(bottom) directions using the second trigger type.

sented in figur€5.17: given the most probable events (ifiedtby the red lines
in figure[5.18), the particles hit the vertical plane closthedges.

The four inner planes have been readout also with the DATEeBys This
was the very first time that the final electronics chain (FEBB3VRB+DATE)
has been used. The analysis of the data recorded with DATi#l isrgjoing, so
just a few preliminary results are availablel[94]. The firseas the distribution
of the leading edge time of the EMR events (see seéfion]2v@tR) respect to
the spill gate signal (figuife 5.21[a)). In practice the péptresents the time arrival
distribution of the particles recorded by EMR (typicallysooic rays, in blue) with
respect to the end of the spill gate represented by the red lin

The DBBs compute at the same time the number of triggers pledsfected
by EMR and provided by the MICE DAQ. In a spill gate, in fact tDBBs receive
the trigger signals from the general DAQ system (that is gerd by a dedicated
combination of TOF, CKOV and other detectors); but, at timesime, they check
if there is a digital information in the bars that are readdtnte comparison of the
two distributions is presented in figure 5.21(b). The twdridbstions should be
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Figure 5.21: a) The leading edge time for the EMR events (ie)and the spill
width (in red) and b) the number of particle triggers recardg EMR (in blue)
and by the MICE DAQ (in red) [94].

the same, but this is it not the case and the problem has toestigated.
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Chapter 6

Conclusions and outlooks

Neutrino physics is still one of the most fascinating reskdields in high energy
physics. Fundamental questions such as the neutrino massoxing can lead to
unexplored theoretical regions, even questioning thedat@hModel. The study
of the neutrino requires the development of both heavy arge ldetectors and
dedicated sources, able to produce neutrino beams witldestied features such
as a Neutrino Factory.

The necessity of a Neutrino Factory is analyzed in the firsiptér of this
thesis. Natural and artificial sources like the Sun, the aphere, nuclear reactors
and particle accelerators on one hand have led to fundahrestdts, but on the
other they are limited in terms of intensity, energy and fitasomposition. To
optimize the detector design and to face the unanswerediogsa pure neutrino
beam with high intensity and a well-defined energy shoulddssluln a Neutrino
Factory two of the listed limits are intrinsically solvettetneutrinos are produced
from the decay of a muon beam whose energy and shape can biéosethat
concerns the intensity, a huge amount of muons have to bedstoa ring but this
is complicated by this particle short lifetime. In other wsrthe muon cooling
represents a key element not only for the Neutrino factotyatao for a Muon
Collider. A possible solution is being investigated by thEO® collaboration and
it is based on an innovative technique called ionizatiorlingo

MICE is currently under commissioning at the Rutherford Agppn Labora-
tory. The aim of the experiment is to cool a pure muon beam (factor 10%)
exploiting the ionization cooling technique in which thetpdes lose transver-
sal momentum hitting a light absorber (liquid hydrogen)jle/the longitudinal
one is restored through radiofrequency cavities. The ngatapability is evalu-
ated with two 4 T spectrometers (based on fiber trackers) umiegsthe emittance
before and after the cooling section with a precision of Od®d, therefore, the
emittance reduction with a precision of 1%. This goal candieeved selecting
the muons, discriminating them from the background thatasig made of pi-
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ons and electrons. Thus in the experimental line a Patiiizlgystem is needed:
upstream of the cooling channel a TOF system and Cherenkevgtdes identify

the muons and the pions, while downstream the muon/eledisznimination is

ensured by a TOF system, a pre-shower (KLOE-Light) and tleetEin Muon

Ranger.

The heart of this thesis work is represented by EMR and ittuéen, from
the design to the prototype tests, from a Monte Carlo sirnauriab the prelimi-
nary results in the commissioning phase. EMR is a fully &ctietector based on
1.1 m long scintillating bars with a triangular shape whagbtlis carried out by
one WLS fiber and is readout by two PMT systems: on one sideQHiérs of
a plane are readout by a single anode PMT, while on the otledight of each
single bar is measured by an anode of a MAPMT. This dual readas been
implemented to distinguish the two detector main tasksc#herimetric capabil-
ity is ensured by the single PMTs measuring the whole eneegypsited in each
plane, while the track of each particle is reconstructedistafrom the signals
recorded by the MAPMT pads. The single PMTs signals are ngdso8 channel
WaveForm Digitizers, while a dedicated frontend electrerias been developed
for the MAPMTSs, based on the so-called FrontEnd Board andiBéy and Buffer
Board. Each FEB hosts a MAROC ASIC that processes the 64 Pihalks in
parallel and provides 64 digital outputs that are sampleed and sent to the
VME readout system through the DBBs.

The EMR tracking and calorimetric capabilities have beeaieated using two
different prototypes: the small scale prototype is roughlyube consisting of 8
planes of 10 scintillating bars each (with a rectangulapshend organized in a
x-y configuration), while LEP is made of 48 planes of 4 barsheakhe light of
both the prototypes bars is brought out by WLS fibers intedao the MAPMTs
and the FEBs. The first prototype has been tested with cosiysc the tracking
capabilities have been expressed by means of the spatidlities (of the order
of 7 mm) and of the efficiency (larger than 98%). Moreover thass-talk effect
(due to the misalignment between the MAPMT and the fiber glasask) has
been studied and the results have been used to finalize the dédign. The
muon/electron discrimination has been evaluated with tmgé EMR Prototype
with a 1 GeV/c beam on the PS T9 line at CERN. Although the beamemtum
is different (in MICE the momentum value is in the range 140 &1eV/c), the
experimental results have been used to tune a Monte Carildagion to study the
performance at lower momenta.

Two simplified Monte Carlo simulations of EMR are presentedhie fourth
chapter: the EMCal system (based on KL and EMR) has allowgutdsent the
discrimination algorithm proposed by the MICE collabarati while the EMR-
only system has been simulated to understand the EMR peafaenidentifying
a few kinematic variables that can help the background tiefecBoth the simu-
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lated systems are characterized by good results in termsafrdination, even if
the analysis is still in a preliminary phase.

The last chapter of the thesis is dedicated to the commisgj@mase of EMR:
in particular the first part deals with the tests with cosnaigsrperformed at the
University of Geneva to check the bar assembly procedurie wie second part
describes the installation of six planes on the MICE lineALRThe UNIGE tests
are based on the study of the tracking capability: as for halsscale prototype,
the spatial resolution (of the order of 6.5 mm) and the efficyg(about 97%) have
been computed. The results have shown that the bar triarghdae improves the
uniformity of the efficiency over the whole plane, while thgatal resolution is
enough good. Six planes have been installed on the MICE tif&A& in order
to plan the installation of the detector in its final frame aatveam of KL and to
implement the EMR configuration and readout in the final DAGtssn (DATE).
The performance of the detector with cosmic rays and a mixezairbhas been
evaluated with the DAQ used for the UNIGE tests and the result consistent
with the expected ones. On the other hand, the readout arfje@tion task
for the EMR electronics have been implemented in DATE andhtiedysis of the
results is still ongoing.

The oscillation study is fundamental to investigate thetmeo physics. For
this reason several detector systems and techniques hawepbeposed in the
last years, among which the so-calima@gnetized scintillation detectoase very
important. These far detectors (thus placed at the end ofealiba) are based
on scintillating material (to have a large energy resohjtiocated in a magnetic
field to separate and identify the charged particles pratlbgethe neutrinos: the
oscillation phenomenon is thus studied via the goldenes#wnd platinum chan-
nels. To make an example, if in a Neutrino Factony'adecays (thus producing
v, andr, neutrinos), the oscillation is demonstrated by the desacif a,.~ in the
detector. Two of the most important magnetized scintilaletectors are MIND
(Magnetized Iron Neutrino Detector) and TASD (Totally AetiScintillator De-
tector): the first one is made of scintillator interleaveddsd or iron, while the
second one is a fully active detector. Thus EMR may repre$entirst step to-
wards a TASD.

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

The first TASD design was proposed in 2006! [95] and foreseestectbr
made of long scintillating bars arranged in a x-y geometaitriangular shape
(figure[6.1(d)). Such a detector has been designed startingthe layout of the
the NQ/A one [85], with two important differences:
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e each bar is 15 m long, for a total detector thickness of abbQtrh and a
mass of 22.5 kton. A possible design has been simulated viEhiNT 4 as

presented in figure 6.1(b);

(b)

Figure 6.1: The TASD detector: a) the 15 m long scintillati@gs with a triangu-
lar shape [96] and b) the final detector in a GEANT4 simulaf8in

¢ the detector is positioned in a 0.5 T magnetic field perpendid¢o the beam
axis.

In a TASD, the energy and the tracks of the neutrino charges pae mea-
sured in the energy range between 100 MeV/c and 15 GeV/cksharthe scin-
tillator architecture, the energy resolution is bettentimaMIND and it is of the
order of AE/E < 10%/+/ E[GeV], while the low density of the material and fine
granularity increases the efficiency of the muon charge oreasent at lower mo-
menta[9]. Last but not least, the large number of hits pektedlows to separate
the neutral pions from the electrons.

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

e magnetic field: the large dimensions of the detector regh&elevelopment
of a non conventional system to generate the magnetic fieldory the
possible solutions one can list the high-Tc (high-Tempeeasuperconduc-
torsﬂ, even if the costs at the moment are too large, or the supgucting
transmission line (STL), in which a superconducting cablaserted in a
coaxial helium cryostat, eliminating the presence of addglky cryostat

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

¢ long bars: the detection uniformity, the light attenuation the mechanics
are just an example of the open questions related to thehefghe bars;

e readout system: in a magnetic field the scintillating ligah de readout
by dedicated (and expensive) MAPMTSs (the fine-mesh ones)tbrsalid
state systems, such as the Silicon PhotoMultipliers. Ratlg this idea,
LEP (sectioh 3.3) integrates both the MAPMT and SiPM readalldwing
a comparison of the devices.

The golden and platinum channels can be also investigatediguid argon
Time Projection Chamber (TPC), made of massive (up to 100)ktense material
that provides highly uniform and accurate imaging [9]. Hoerthe large dimen-
sion of the TPC requires a dedicated study concerning threvaljage of the long
drift lengths, the readout and the embedding in the magfieli; moreover a IAr
TPC is very expensive.
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Appendix A
Tests on the MAROC ASIC

The MAPMT electronics is based on the FrontEnd Board (FE®B):hteart of the
board is represented by the 64 channel MAROC ASIC, develbgdtle Omega
group (LALE, Orsay) for the ATLAE luminometer [84]. The ASIC has been
designed in the AMS SiGe 0.3bn technology and the active area measures about
16 mn?. Each ASIC channel consists of a pre-amplifier, slow andshapers, a
discriminator and a sample & hold circuit; the ASIC providgsparallel digital
outputs and one multiplexed analog one. The prototype wmesi the FEB (the
one used for the prototype tests described in chapter 3)dasdeveloped to host
both the version 2 and 3 of the ASIC: the third release has mimprovements
with respect to version 2, apart from an embedded 12 bit ARGI(gitize the
analog output) that in version 2 does not work, but that arpyles not been used
in the EMR electronics design.

After a brief introduction on the ASIC, this appendix debes the tests on a
prototype frontend board (figure 2.13(b)) to study the MAR@Zformance. 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 wittestests on
bench to compare the results with the ones described in thé A&asheet [97].
More in detail, the goal of the test has been the evaluatidhefinalog and the
digital readout mode considering all the MAROC settings.

The signal in a single MAROC channel (figure_A.1) follows tldldwing
steps: a MAPMT (or a calibration) signal is sent to the inpapacitor of the
channel; the signal is pre-amplified (with a 8-bit tunablmypand a current mirror

Laboratoire de I'accélérateur Linéaire, Orsay: htiyitp://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 sumggygarts. The analog
part consists of a tunable pre-buffer and a RC slow shapersample & hold
circuits and a 12-bit Wilkinson ADC. The digital part cortsi®f a fast shaper
(bipolar, unipolar or half-bipolar) and a discriminatortivia tunable threshold;
the sum output allows to measure the pre-amplifier signal.
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Figure A.1: The schematic view of a MAROC channel [97], whadmnsists of
three main parts: analog (red), digital (yellow) and sune¢agy).

All the channel settings can be selected sending a strin@9flfs to the
ASIC during the configuration phase. The bit list is sumnein tablé A.11/[97].

A.2 Tests on bench

The prototype FEB has been tested on bench evaluating theQ@A&halog and
digital readout modes as a function of a calibration sigihhk setup is presented
in figure[A.2. The calibration signal features have been eha®epending on the
test and have been generated with a pulse generator. A VME/@ptput (1/0O)
board (MAROC control) is used to configure and readout the BRd@er test; it
receives the generator Tﬁlsynchronized signal that is used as a trigger. Each

STTL is the acronym of TransistorTransistor Logic.
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Bit Name Description
1-2 dummy not used
3 slope DAC change DACO slope

4[...]13 DAC1 threshold
14]...]23 DACO threshold

24[...127 | 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 MAROCS3 configuration bits [97].

leading edge of the digital signals is counted in two possitdys: by means of
four 1/0 boards (16 channels per board, only the input cotunea@re used) or
directly in the control FPGA on the FEB (this last case is the presented in
figurelA.2).

A.2.1 The analog part

The hold scan, the shaper scan and the test on the lineaitg@so-called analog
tests. The test procedure consists of a pedestal run (a tarawandom trigger)
with no signal (to evaluate the electronics baseline) and oélibration run in
which a calibration signal is sent to the input capacitor aftechannel. The
global response (that is the average of all the 64 channats)éen computed. An
example of the obtained distribution is shown in figure| At3ias been fitted with
a Gaussian function to measure the mean position.

In the hold and shaper scans the pedestal value has beeactetitirom the
measured one; in the linearity test only the measured onbdesconsidered.

A.2.1.1 The hold scan

The hold scan allows to evaluate the analog output shapéngaitye “sample &
hold” time. This shape is a function of the pre-amplifier,-ptdfer and shaper
parameters, which have been set in the following way (fahkmrdetails see next
sections):
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Figure A.2: Test on bench setup: the calibration signal isegeted by a pulse
generator and directly sent to the ASIC through a FEB inpu¥ICEconnector.

The generator synchronized signal is used like a triggersantito the MAROC

control board.

e pre-amplifier gain = 64 (the so called unitary gain);
e the three shaper capacitors (C) have been setto 1;
e the four pre-buffer capacitors (£) have been set to 0.

A square pulse with a frequency of 1 kHz and an amplitude of =¥ lteen used
as a calibration signal.

FigurelA.4 presents the hold scan performed with threerdiffieboards (three
MAROC ASICs): the analog output signal has a peaking timehefdrder 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 figlire’ AB(a): CQ,add C2 are
switches associated to three different feedback capacB®0, 600 and 1200 fC,
respectively); the capacitors can be independently seit¢N (1) or OFF (0) by
dedicated bits (see sectibn A.1).
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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 tla¢isithe same
way as performed for the hold scan with all the possible faellzapacitors. For
these measurements, the unitary gain has been chosen g theffer capaci-
tors have been setto 1 (in order to use the slowest signalttee on). The plotin
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Figure A.5: a) The slow shaper circuit: CO, C1 and C2 are th&ches associated
to feedback capacitors of 300, 600 and 1200 fC [97]. b) Thel lsshn with
different shaper settings.

figure[A.5(b) shows the different cases: when all the feeklbapacitors are used
(or, in other words, when all the switches are on, that megs1C2={1,1,1})
the signal is the slowest; the larger the feedback capacitioe, the smaller the
peaking time. With §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 sg#tithe pre-buffer is
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a RC circuit (figureé A.6(a)) which feeds the slow shaper. hsists of a 50 R re-
sistor and a tunable capacitance. The value of the capeeitaiselected enabling
(1) or disabling (0) four switches which correspond to c#pas of (2, 1, 0.5,
0.25) pF. The hold scan has been performed with differenbpfter settings con-
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Figure A.6: a) The pre-buffer circuit: ,(;[0-3] are switches associated to capac-
itors of 2, 1, 0.5, 0.25 pC [97]. b) The hold scan with differpre-buffer settings.

sidering the unitary gain and shaper capacitors set to vésliocase). The scans
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are presented in figufe A.6(b): the larger the capacitaheelarger the peaking
time, but also the smaller the maximum value of the pulsetiel@uring the tests
presented in chaptdr$ 3 dnd 5, the slowest case is usedugttthiuis corresponds
to the smallest value for the pulse height, it ensures tinoaigh for the trigger
signal to be generated and distributed to the MAROC. In &fasinfiguration, in
fact, the sampling would be performed on the trailing edgiefanalog signal.

A.2.1.3 The linearity

The analog output has been measured as a function of diffewgut amplitudes
in a configuration with the slowest shaper settings and a bbld70 ns. Fig-
ure[A.7(a) shows the outputs with 4 different gains (16, 3Xunitary gain) and
128) for an input signal up to 6 V; the output values are in rdwCAcounts (with-
out the pedestal subtraction) to be sure that a saturatidneso the MAROC
and not to the ADC (in this case the raw number is equal to 4086 MAROC
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€ S e — Gain = 64 b= | PO 2072 £ 8.026 — Gain = 64
33600~ 33200—LL 1238 +12.93
8 F — Gain =32 8 [ [ x*/ndf 1459/8 — Gain =32
£ 34001 L a [|poO 2052 % 2.917 o
< ¥ — Gain =16 <3000 pL 645.6 + 4.702 — Gain =16
§32007 § [ [ x*/ndf 23.02/8
E F = F|po 2050 + 1.159
T [ L
>3000 $2800¢ pl 326.911.896’
F [ [ X 7ndf 23.85/8
2800~ 2600/ PO 2047 + 1.18
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2600: ' 2400}
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ol b b b b s 20007\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\

4 5 6 0 0.2 0.4 0.6 0.8 1 1.2
Input amplitude [V] Input amplitude [V]

(a) (b)

Figure A.7: a) The linearity tests with a gain of 128, 64, 3@, b) The ASIC is
linearupto 1 V.

outputs saturate when a gain of 128 or 64 is used but only withut 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 fjga$o(the P1 parameter)
reproduce correctly the gain ratio.

In EMR the MAPMT signal amplitudes depend on the high voltdgevever
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 figute_A.1) consists basicaflg fast shaper and a
discriminator. More in detail, the current mirror feedstfeg same time) a unipolar
(FSU), a bipolar (FSB1) and a half-bipolar (FSB2) fast shagel the wanted
output can be selected by the control bits (sedfiod A.1). rAthe slow shaper
case, several shaper configurations can be selected epalifierent feedback

capacitors and resistors. The mostimportant test of theatlgart is the threshold
scan, that is the study of the response of the digital outpwt tunction of the

discriminator threshold. In the ASIC a Time over Thresholthétecture has been
implemented: with such a system, the analog and digitabresgs are correlated
since the digital output width is a function of the analoggauheight.

A.2.2.1 The threshold scan

The most important test of the digital part is the threshalans which consists
in sending a train of calibration signals (that is a train @fi@ed pulses with a
frequency of 1 kHz) to all the channels, varying the discnator threshold and
measuring the corresponding counting rate. An example bfeshold scan for
a calibration signal of 350 mV using the bipolar fast shap&R1) is shown in

figure[A.8(a). Since the gate in which pulses are countednismgeed via software

5 A Calibration signal
¥or X’ Indf  7.031e-05/40
X .
& 4 po 0.5 +0.0002157 >
g C >
2 L p1l 632.9 + 0.05059
£ T — __
3 3 P2 0.9705 + 0.05669

r Input discriminator
p3 0.5 +0.0002157 A
2- A\

1 event
2 events / \ N\
1 noise |~ 1 - [\

0 \—— —= v —

el b b b Lol
350 400 450 500 550 600 650 700 750
Threshold [DAC counts]

(a) (b)

Figure A.8: a) The threshold scan of one channel with an isjgutal amplitude of
350 mV. b) The threshold scan principle with the problem efdlbuble-counting.

(and this is not precise), the counting rate (and not the murobpulses) has been
considered.
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The scan can be explained considering figure Al8(b). Theabigain is sent to
the input capacitors and the corresponding discriminajout consists of a large
positive signal followed by an undershoot; in the same wayralar signal is
obtained with the falling edge (a large negative signabfetd by an overshoot).
During the scan, the threshold increases in the positivgeratinus the undershoot
of the pulse rising edge is not considered, differently friv@ overshoot of the
falling one. In this case the counting rate is double, as shoviigure[A.8(@) in
the threshold range between 360 and 380 DAC counts.

From 390 DAC counts on the threshold scan is described bypdstetion:

rate = PO * erf(—(x — P1) x P2) 4+ P3

whereP0 (function range) =3 (offset)~ 0.5 kHz and erf() is the error function:

2 T 2
erf:—/ e Ut
VT Jo

P1 is the position of the inflection of the curve and it is a fuootof the cali-
bration amplitude. Performing a scan with different amyalés, the plot presented
in figure[A.9 has been obtained for each of the 64 channels.cdtrelation be-
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Figure A.9: The correlation between the calibration sigamaplitude and the dis-

criminator threshold for one of the 64 channels. The fit hanhkmnsidered up to
350 mV in order to avoid any saturation problem at the discrator level.

tween the calibration input amplitude and the correspandiscriminator thresh-
old has been fitted with a linear function to obtain the gde &lope, indicated
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by the P1 parameter) and the offset (the zero threshaétd) of each channel.
The overall distributions of these two quantities are showfigure[A.10(a): the
spread £ %) of the 64 channels for the gain is (8&3.1)%, while for the offset
is (4.4+0.6)%.
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Figure A.10: a) The gain and the offset distributions for ESBe gain spread is
8.3%, while the offset one 4.4%. b) The gain and offset foiedént fast shaper
parameters.

The results presented in figyre A.10(a) are the ones of thddifast shaper
(FSB1) with all the capacitors set to 1. The gain and the bfise a function
of the shaper parameters (feedback capacitors and raiatat the shaper: fig-
ure[A.10(b) presents the gain and offset values for the Usig&SU), bipolar
(FSB1) and half-bipolar (FSB2) fast shapers with diffeqgatameters.

A.2.2.2 The Time over Threshold measurement

Typically the digital output is represented by a pulse. la BMAROC ASIC the

pulse width is a function of the input because of the Time duaeshold (ToT)

architecture. The ToT principle is explained in figlre A.1ilie larger the input,
the longer the time in which the signal stays above threshbidother words,

the discriminator output is not a fixed width signal, but icsrrelated with the
analog shape. The correlation between the input amplitodetee digital width

is shown in figurd_A.1I2: different input amplitudes have bsetected and the
corresponding digital output width has been measured wmtbsgilloscope. The
correlation is described by a power-of-4 polynomial law:

y=Pda*+ P32®+ P22*+ Pla+ PO
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Figure A.11: The ToT principle: the digital output width iuaction of the input

amplitude.

[EnY
N
o
AR A A R

20

X° I ndf 14.57 /18
po -230.4 + 46.03
pl 27.36 + 4.529
p2 -1.042+ 0.1607
p3 0.01655 + 0.002454
p4 -8.315e-05 + 1.366e-05

o b b by b B b B Bl

20 25 30 35 40 45 50 55 60 65

Time Over Threshold [ns]

Figure A.12: The ToT measurement: the correlation betwiernnput amplitude
and the digital output width is described by a power-of-4/polmial law.

wherey is the input amplitude and the digital output width.
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