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Introduction

After the neutrino oscillation phenomena were observed a renewed consid-
erable interest in Lepton Flavor Violation has arisen. This is due to the
fact that in many alternative theories to the Minimal Standard Model, in-
troduced in order to obtain a possible answer to its open questions, LFV
processes are predicted with sizable branching ratios. Thus, there are many
theoretical scenarios which accommodate branching ratios for LF'V processes
at a level accessible in future experiments. Therefore, LFV searches have
robust potential to discover new physics beyond the SM.

One of the most promising channel is the u™ — et decay which is also
appealing from an experimental point of view, due to the big progress and
in the technology producing high—intensity muon beams.

In this work, after a brief review of the Standard Model, of its possible
extensions which give origin to lepton flavor violation (chapter 1), the pre-
dictions for a typical LFV process, as the u™ — eT~ decay, are discussed
(chapter 2).

A new experiment, called MEG and described in chapter 3, is under
development at the Paul Scherrer Institute (PSI) of Zurich (CH). It aims
to achieve a sensitivity of 5 x 10~!* on the u* — et~y branching ratio,
improving the constrains on such process by two orders of magnitudes with
respect to the present limit, 1.2 x 10! with 90% C.L., in case of no signal
detection.

This performance depends on the detector intrinsic efficiency and reso-
lution, but also on the efficiencies of the event reconstruction algorithms.

The main subject of this work is the development of a strategy to perform
the reconstruction of the positron tracks in the MEG Spectrometer. In
particular, in chapter 4 a software framework, MegRoot, designed for the
whole data processing and analysis of the MEG experiment will be described.

Chapters 5 and 6 are devoted to the discussion of the algorithms for track
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2 Introduction

finding and track fitting in the Spectrometer. Results from the analysis of

samples of simulated events are also presented.



Chapter 1

Lepton Flavor Violation and
the physics beyond the
Standard Model

The search for Lepton Flavor Violating phenomena (LFV) represents an
important way to discover new physics beyond the Standard Model (SM).
As matter of fact, while in the minimal SM, with only one Higgs doublet and
vanishing neutrino masses, lepton flavor is conserved as direct consequence
of gauge invariance and of the renormalization of the SM Lagrangian, in
many scenarios of physics beyond the SM, LFV could occur from various
sources. In particular, Super-symmetric (SUSY) extensions of the SM and
Super-symmetric Grand Unified Theories (SUSY-GUT) often imply sizable
LFV effects.

Recently, the evidence for neutrino oscillations, based on the Solar neu-
trino deficit and the atmospheric neutrino anomaly[1], has driven a con-
siderable growth of interest for the theoretical aspects of LFV and their

phenomenological implications.

In the following, we will discuss how the detection and the investigations
of LFV processes would provide an opportunity to probe physics at a very
high energy scales, like either the GUT scale or the mass scale of a heavy

right-handed Majorana neutrino for the see-saw mechanism.

In this chapter, after a summary of the SM, we intend to illustrate the
theoretical models that foresee LFV effects and, hereafter, the possible mech-

anisms responsible for neutrino oscillations.

3
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1.1 The Standard Model

All known particle physics phenomena are extremely well described within
the Standard Model of elementary particles and their fundamental inter-
actions. The SM provides a very elegant theoretical framework and it has

successfully passed very precise experimental tests in the past decades.

1.1.1 The Standard Model Lagrangian

The SM[2] is a gauge theory|[3] based on the gauge symmetry group SU (3) ¢ x
SU(2)r x U(1)y, which encloses itself two different theories:

- the Quantum Cromo-Dynamics (QCD), describing the strong interac-

tions between quarks and gluons[4];

- the Glashow—Salam—Weinberg theory for the electroweak interactions
[5]-

The strong interactions are described by the Lagrangian:
_ . | PR
Lsu3)e = Z%oﬂ E%qf - ZFﬁuFZ v (1.1)
T

The first term describes the strong interactions among the quarks. Quarks
manifest, themselves, in three color species, as indicated by the a and g
indexes, and in three flavors (r is the family index). The gluons fields GZ
(1 = 1,....8) couple to quarks of different color but same family, according
to the structure of the covariant derivative
)\
D%:%ﬁ+%%§— (1.2)
where g, is the strong coupling constant and A’s are the Gell-Mann matrices
generators of the SU(3)¢ group. In (1.1) there are not mass terms for
the quarks, because they will be generated later by spontaneous symmetry
breaking.
The second term in (1.1) contains the strength tensor for gluons defined

as follows
Fl, = 8,6, — 0,6, — 9. finGiG (1.3)
where f;;;, are the structure constants of SU(3)c defining the commutation

relation of the A\ matrices

N M) = 2if A"
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The gauge structure of SU(3)¢ implies that three and four point self—
interactions among gluons are allowed as evident from (1.1). As already
mentioned, the color interactions among quarks are diagonal in the flavor
indexes but change the quark colors.

The electroweak theory is based on the SU(2)r, x U(1)y Lagrangian
‘CSU(Q)LXU(I)Y = ['gauge + ‘C¢ + ‘Cfermions + Lyukawa (14)
The gauge part is
1 7 iz 1 uv
Lgauge = _ZF“”F — ZB’“/B (1.5)
where

By = O,B,—08,B,
F., = 0.,W}—0,B), — ge;jsWiW}

are the field strength tensors for W[L (¢=1,2,3) and B, SU(2), and U(1)y
gauge fields, g is the gauge coupling constant of SU(2) and e, is the totally
antisymmetric tensor.

The third component of weak isospin (73) and hypercharge (V) are related
to the electric charge operator by the relation

Y
Q:T3+5

The scalar sector of the Lagrangian has the form

L, = (D"0) Dy — V() (1.6)

+
where ¢ = ( 4 0 ) is a complex scalar field, which is a doublet under SU(2)
p

with hypercharge Y, = +1, and V() is the Higgs potential.
The covariant derivative is defined, for SU(2);, doublets like

CTii o Y
D, = ((9“ + zg%Wﬁ + zg'iBu)

where 7; are the Pauli matrices and ¢’ is the gauge coupling constant of the
U(1) group related to g by the weak angle (6 = tan!(g'/g)), while for
SU(2)y, singlets it is given by

Y
D“ = <6H + ngEBN>
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The combination of SU(2)r, x U(1)y invariance and renormalization re-
stricts V to the form

V(p) = p’elo+ A (90%)2 (1.7)

in particular the vacuum stability requires A > 0, while a px? < 0 is needed
for spontaneous symmetry breaking.

The fermion term is

3
‘Cfermion = Z (quz Damr + szi Dl + Umpgi Dumr +

m=1

EmRi pdmR + EmRZ. lpemR) (18)

where m is the family index and L(R) refer to the left(right) chiral projec-

tions of a Dirac spinor
LF7s
2

(2 (1.9)

YL,R =

Left-handed quarks and leptons

Um, Vm
qdmL = ( d ) lmL = ( B )
m /L €m /[,

transform as SU(2)r, doublets and have hypercharge % and —% respectively,
while the right-handed fields

UmR, dmR, €mR

are singlets under weak isospin and have hypercharge equal to their electric
charge.
The last term in (1.4) is

F
—Lyukawa = Z [QmL/\umn(ﬁunR + QmLXrinn(Pan + l_mL)\fanDenR] + h.c.

m,n=1

(1.10)
where the matrices A, describe the Yukawa couplings between the Higgs

doublet (' and the various flavors m and n of quarks and leptons.

1.1.2 Spontaneous Symmetry Breaking

Gauge invariance and renormalization do not allow mass terms in the La-

grangian for the gauge bosons or for chiral fermions. On the other hand,

1% is defined as ima¢p!
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massless gauge bosons are not acceptable for the weak interactions which
are known to be short-ranged. The only way to produce effective masses, for
bosons and matter particles, is to assume that the vacuum (i.e. the lowest
energy state) do not respect the Lagrangian symmetry.

If we rewrite the Higgs doublet in terms of four real fields

+ L (1 —i¢p9)
% P1 — 12
gp:( 0>:(x{5 . ) (1.11)
¢ 75 (03 —igp4)
the potential (1.7) becomes

4 4 2
1 1
Vip) = §M2 > e+ 2 (Z (Pz'2> (1.12)
i=1 i=1

which has its minimum at |¢| = \/T% .

This manifold of points that are minimizing V() are invariant under SU(2)
transformations. Any choice of a particular value of ¢ (¢g) breaks the
symmetry and generate a mass term in the Lagrangian for the corresponding
gauge boson. However, if the vacuum ¢q is still left invariant by some
subgroup of gauge transformations, then the gauge boson associated with
this subgroup will remain massless.

The appropriate choice to generate the observed boson masses is
<0lpil0 >=0 fori=1,2,4 and <O0|p3|0>=w

this vacuum value is not invariant under 77, T and T5 — %, but it is invariant
under T3 + % As a consequence by expanding the fourth field around this
vacuum value, the equation (1.6) gives masses (My and My) for the W=
and the Z fields defined as follows

W* = % (W' FiWw?)

Z = —sinOw B + cos Oy W3

MW:’l;_g Mz=\/92+9'2§

while the photon field
A = cosOyB +sinfyW?

remains massless.
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Analogously, the same mechanism gives masses to the leptons and quarks.

For example, to generate the electron mass, we can consider the expansion

+ 0
of the ¢ field around the vacuum ¢ = ’ = LQ . in
@0 v+ h(x)

(1.10), which becomes, at first order,

—L= ﬁ'l) (éL6R+éR€L) (1.13)

V2

We now choose A\, so that

>

eV

(1.14)

me =

S

and taking in account that
_ _|1 5 1 5 _ _
Me€e = Mee 5(1—7 ) +§(1+7 ) e = m, (eger + €rer) (1.15)
we obtain the required electron mass
—L = meee (1.16)

Note however that, since A, is arbitrary, the actual mass of the electron is
not predict.

The quark masses are generated in the same way.

1.1.3 Motivations for new physics

As we have discussed, the Standard Model is a mathematically consistent
renormalizable field theory, which predicts or is consistent with all experi-
mental facts. However, there are several reasons why it is widely believed
that it does not give the full picture of nature. The shortcomings of the SM

are, usually, summarized as a number of problems:

1. Gauge Problems

The SM is a complicated direct product of three subgroups with separate
gauge couplings; there is not explanation for why only the electroweak part
is chiral (parity violating); similarly, it does not explain the charge quanti-

zation, i.e., why all particles have charges which are multiples of e/3.

2. Fermion Problem
The SM gives no explanation for the existence for several families and no pre-

diction for their number. Furthermore, there is no explanation or prediction
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Ordinary particles SUSY particles
Particle Spin Particle Spin
quark (g) 1% squark (§) 0
lepton (I) 3 slepton (I) 0
gluon (G) 1 gluino (G) :
W+, 2%y 1 chargino ()Z;t i=1,2) %
Higgs boson (h, H, A, H¥) 0 | neutralino (¢? i=1,2,3,4) 3

Table 1.1: Particle Contents in the MSSM

of the fermions masses, which vary over at least five orders of magnitude, or
of the CKM mixing.

3. Higgs/hierarchy Problem

In the SM one introduces an elementary Higgs field into the theory to gen-
erate masses for the W, Z, and fermions. For the model to be consistent the
Higgs mass should not be too different from the W mass. If My is larger
than My, by many orders of magnitude there would be a hierarchy problem,

and the Higgs self-interactions would be excessively strong.

Possible answers for this problems are usually found in the alternative theo-
ries, like SuperSymmetric Models, Grand Unified Theory, Extra—Dimensions

and String Theories, which embed the SM as low—energy limit.

1.2 Supersymmetric Models

Phenomenological applications of SUSY theories have been considered since
the late 1970 in connection with the hierarchy problem in the SM. If the
SM is regarded as a low—energy approximation of a more complete theory,
which sets in at high energy scale (close to the Planck scale 10! GeV), the
cancellation of the divergent contributions of the radiative corrections to the
Higgs mass requires a fine tuning of the bare Higgs mass in order to keep the
electroweak scale well below the high energy scale. SuperSymmetry provides
a natural solution of such problem because the corresponding bosonic and
fermionic loops are exactly canceled.

The minimal super-symmetric extension of the SM is called the Mini-
mal SuperSymmetric Standard Model (MSSM). In it, each SM particle is
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associated to a SUSY partner, with a spin different by %/2. For quarks and
leptons, complex scalar fields, squarks (§) and sleptons (I), are introduced.
The superpartuners of the gauge bosons are spin-1/2 gauge fermions gener-
ically indicated with the term “gauginos”. In more detail, they are gluinos
(G) associated to the SM gluons, wino and a bino (W=, B) corresponding
to the SU(2)e.. gauge fields. As for the Higgs sector, the SUSY models
contain at least two Higgs doublet fields. They are required separately to
generate the mass terms for up—type quarks, and for down—type quarks and
charged leptons. The superpartners of the Higgs field are spin-1/2 fermions
and, after electroweak symmetry breaking, they mix with the wino and the
bino to form two charged Dirac fermions, called charginos ()2;IE i=1,2),

and four Majorana fermions, called neutralinos (¥0 i=1,2,3,4).

1.2.1 The SuperSymmetric Lagrangian

In a renormalizable supersymmetric theory, the interactions and masses of
all the particles are determined just by their gauge transformation properties
and by the superpotential (W). The latter is an analytic function of the
supermultiplets, which contains as components all of the bosonic, fermionic
and auxiliary fields e.g. ®; = (¢;, 14, F;) (this is analogous to the way
in which one often describes a weak isospin doublet or color triplet by a

multicomponent field), and can be written, in a generic form, as:

W = %M“@ii’j + %yijkq’i‘i’jq’k (1.17)
where M*% is a symmetric mass matrix for the fermion fields, and 3%* is a
Yukawa coupling of scalar ¢ and two fermions ;9); which must be totally
symmetric under interchange of %, 7, k.

Moreover, a realistic phenomenological model must contain supersym-
metric breaking terms. In this way, supersymmetry is hidden at low energies
in a manner exactly analogous to the electroweak symmetry in the ordinary
SM.

Therefore, the MSSM Lagrangian can be thought as a sum of two rel-
evant terms: the SUSY invariant Lagrangian term and the soft SUSY-
breaking term

Lsvsy = Lsusyinw. + LSUSYbreak. (1.18)

in which the Lsysyiny describes both the gauge interactions and the inter-

actions implied by the superpotential. In particular, these latter are well
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: J 1 \\&\ /«/ k
k j///f k\\l
(a) (b)

Figure 1.1: The dimensionless non—gauge interaction vertezes in a super-
symmetric theory: a)scalar—fermion—fermion Yukawa interaction; b)quartic

scalar interaction.

77(7*<\ l—»—)(—47‘] i——(—x——«——j
* N \k
(2) (b) ()
Figure 1.2:  Supersymmetric couplings:  a)scalar interaction vertex;

b)fermion mass term; c)scalar—mass term.

el

(e) ® (& (h)

Figure 1.3: Supersymmetric interaction vertexes. The gaugino line in the
Feynman diagrams is drawn as a solid fermion line superimposed on a gauge

boson squiggly line

represented by diagrams in fig.1.1 and fig.1.2. For example, the Yukawa

interaction in fig.1.1a) corresponds to terms like
Sy by
2y 1 YiVk

in the Lagrangian density.
In a similar way, the gauge interactions in a supersymmetric theory are
shown in fig.1.3. Figures 1.3a) and 1.3b) are the interactions of gauge bosons

and correspond to the term like

1 4
_ZF’“’F“
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(a) (b) © (@

Figure 1.4: Soft supersymmetric-breaking terms: a) is the Gaugino mass

insertion M.

in the density Lagrangian; figure 1.3c) shows the coupling of a gaugino
(the gaugino line in the Feynman diagrams is drawn as a solid fermion line
superimposed on a gauge boson squiggly line) to a gauge boson; in fig.1.3g)
the gaugino is coupled to a chiral fermion and a complex scalar corresponding

to the term

—V2g(¢* T )X

where T'® are the gauge group representation matrices, and A\* the two-—
components Weyl fermion gaugino. One can think of this as the “supersym-
metrization” of figures 1.3e) and 1.3f); any of these three vertexes may be
obtained from any other by replacing two of the particles by their super-
symmetric partners.

Lsusybreak. introduces interactions described by the diagrams in fig.1.4.
The most relevant term is the one corresponding to the gaugino mass (fig.1.4a)

and is represented in the Lagrangian density by

—%(MAX’)\“ +c.c.)

1.2.2 Origin of LFV

[,fgcf Y introduces many new parameters which were not present in the or-

dinary SM. A careful count [8] reveals that there are 105 masses, phases and
mixing angles in the Minimal SuperSymmetric Standard Model Lagrangian
which cannot be rotated away by redefining the phases and flavor basis for
the quark and lepton supermultiplets, and which have no counterpart in
the ordinary SM. Most of these new parameters involve flavor mixing or CP
violation processes that are forbidden in the SM. For example, if we suppose
that m2, the mass matrix of the sleptons, is not diagonal in a basis (€g,fir,
7gr) of sleptons whose super-partners are the right-handed pieces of the SM
mass eigenstates e, u, 7, slepton mixing occurs and the individual lepton

numbers will not be conserved (Lepton Flavor Violation).
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Similar considerations in the squark sector lead to Flavor Changing Neu-
tral Current (FCNC) processes.

However, if the soft SUSY—-breaking mass terms have a universal struc-
ture at a very high energy scale, such as the Planck scale (~ 10'% GeV),
the mass matrices should be diagonal with the same diagonal elements and
neither FCNC nor LFV at that energy scale can be present. In the other
hand, if there is some interaction which breaks lepton flavor conservation at
an energy scale between the Planck and the electroweak scales, LF'V could

be induced in the slepton mass matrices through radiative corrections[7].

1.3 GUT Theory and LFV

Grand Unified Theory (GUT)[9][10] provides an elegant unification of the
strong and electroweak forces in a larger gauge group at some high energy
scale. A possible way to search signals for grand unification is to study the
lepton flavor violating processes. As a matter of fact, if the GUT, charac-
terized by a large mass scale Mg, has the pure SM as its low energy approx-
imation, the rates for the corresponding LFV processes are unobservable;
on the contrary, in a supersymmetric unified theory with supersymmetry
effectively broken at the Fermi scale, m = O(G;l/ %), the rates for the LFV
low energy processes are only suppressed by powers of 1/m][7].

The most promising GUT model are those based on the SU(5) and
SO(10) gauge groups. In both models quarks and leptons are classified in
the group supermultiplets by a spinorial representation.

The messengers of flavor violation in the lepton sector are again the soft
super-symmetry breaking terms. For example, in the case of SU(5), after

the symmetry breaking and the scaling at low energies, the slepton mass
2

matrices mZ can be written as

2 2 _ .2
m —mil, m; =m;.1—1Ig,

N

where L and ég refer to at SU(2) doublet and singlet sleptons respectively,
and Ig represent the lepton flavor breaking parameter depending on the
model used. This determines a new not diagonal structure for the gauge
couplings. If we try to diagonalize them, we must introduce two matrices V
and V¢: the first is the Cabibbo—Kobayashi-Maskawa matrix for the quark
sector, while the second describes the mixing in the lepton sector. Under

rather general assumption V¢ elements are related to those of V by the



Lepton Flavor Violation and the physics beyond the Standard
14 Model

relations[12]

Vi = yVij for i#j and (i or j)=3, (1.19)
Vi; = Vi otherwise (1.20)

where y are the top-quark Yukawa coupling.

1.4 Neutrino Oscillations

Studies of the neutrino properties have played an essential role in the process
of building our current understanding of elementary particle physics. In the
SM the neutrinos have been assumed to have no electric charge, zero mass
and to interact with other particles only via weak interactions. In many
super symmetric extension of the SM the neutrino masses are suggested to
be non—zero.

Neutrino flavor oscillation is a direct hint of small neutrino masses and
it is considered today one of the most interesting phenomena in high energy
physics as well as one of the most promising field to investigate in the search

for new physics beyond the SM.

1.4.1 Neutrino masses

It is possible to accommodate Dirac mass terms for the neutrinos, if SU(2)
singlet fields describing right-handed neutrinos (vg) are included in the
minimal SM field content. Then, mass terms of the usual form can be

added to the Lagrangian, for each neutrino flavor:

VYukawa = _ZmL)‘fnn‘PTVnR + h.c. (1.21)

v

v
where A\ mn

Yo is very small, the

is the Yukawa coupling for neutrinos. If A
small masses of neutrinos can be explained.

A more natural explanation for the small neutrino masses is provided
by the “see-saw mechanism”[13]. If the neutrino is a Dirac particle, it is
different from its anti—particle, in analogy with the charged fermions, while
if it is a Majorana particle, neutrino and anti—neutrino are just opposite
chirality states of the same particle. In this case, specific mass terms can
be written for R—handed neutrinos along with the Dirac mass terms; if we
consider only one generation, the overall mass term in the Lagrangian is:
rv

Tass mpvVLVgr + Mlele/R + h.c. (122)
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:<;7L ch‘%)(w?D ZZ)(Z;) (1.23)

where 9C is the charge conjugate field (¢¢ = —¢TC™1).

The two possible values for the neutrino physical masses are

2
m
my ~ Mg and mQNM—Z

Therefore, if R-handed neutrino (not yet observed at the experimentally
accessible energy scale) are super—heavy (Mp very large) the other gets
a tiny mass. For example if My is 10® GeV and the Dirac mass is of
the order of 100 GeV (the electroweak scale), then light neutrino masses
becomes naturally O(10~2) eV.

1.4.2 Neutrino oscillations

If neutrinos are massless, the flavor eigenstates ve, vy, v which enter in
the weak interaction Lagrangian are also the mass eigenstates. However, if
anyone of them has a mass, then it can happen that the mass eigenstates
which we denote by v; (1 = 1,2,3) are different from the flavor eigenstates
Vo (o = €, p, 7). In this case the flavor changing phenomena, called neutrino
oscillations, can occur.

Neutrino oscillations were first discussed by Z. Maki,M. Nagakawa, S. Sakata
[14] and by B. Pontecorvo [15].

The flavor states can be expressed by the superposition of the mass

eigenstates as follows:

Va) = ZUM-M) (1.24)

where U is a unitary mixing matrix UUT = UtU = I. The mass eigenstates
|v;) with a finite mass m;, momentum p and energy E; = y/p? + m? satisfies

the following energy eigenvalue equation:
Ho|vi) = Ei|vi) (1.25)

where Hj is the free neutrino Hamiltonian.
The time evolution of the flavor states is expressed by the Schrodinger equa-
tion
.d
i lvalt)) = Holva(t) (1.26)
= > UaiEilui(t)) (1.27)
i
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= Y UaiBie "F'UL|v5(0)) (1.28)
i

The |v4(t)) can be obtained by solving this equation analytically:

va(t)) = ZUaie_iEitUEiWﬁ(O)) (1.29)
i!ﬁ
m2
e PN Unie™ % UL, |15(0)) (1.30)
1,

= ) Auslv(0)) (1.31)
5

where A, express the transition probability from vg to v,. The oscillation

probability is calculated as
P(vs — va) = |Aagl? (1.32)

In the two flavor mixing case the calculation is rather simple and the

mixing matrix has the form

U ( cosf sinf ) (1.33)

—sinf cos@

As a consequence the oscillation probability is given by the relation

Am?(eV?)L(m) )

P(ve — v,) = sin? 20 sin? (1.27 (1.34)

E(MeV)

where @ is the mixing angle, Am? is the square mass difference of the two
neutrino species, E is their energy and L is the distance traveled before a

transition vg — v, with probability P(vg — v4).

1.4.3 Neutrino oscillations results

Neutrino masses and mixing constitute one of the outstanding problems of
modern elementary particles physics.

In many laboratories around the world experiments designed to search
for effects due to Majorana or Dirac masses and mixing of neutrinos are
being performed.

The important parameters which define, in first approximation, the Am?
sensitivity of an experiment searching for neutrino oscillations, are L, the
distance between neutrino production site and the detector, and p, the neu-
trino beam momentum. Typical values of such parameters for broad classes

of neutrino experiments are given in table 1.2
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Neutrino source p (MeV) | L (m) | Am? (eV?)
Reactor 1 10? 1072
Meson factory 10 102 1071
High energy accelerator 103 103 1
Atmospheric neutrinos 10* 107 10-3
Sun 1 10H 10711

Table 1.2: Am? sensitivity for oscillation experiments with different neutrino

sSources.

We shall brief summarize the results of v—oscillation experiments in the

following.

Atmospheric neutrino experiments

Atmospheric neutrinos are produced by the decay of pions and kaons
generated when primary cosmic rays strike the upper atmosphere. The
energy spectrum of these neutrinos peak at ~ 1 GeV and extends to
several 100’s of GeV'. The neutrino flight distances vary from 15 km,
for neutrinos produced at the zenith with respect to the detector, to
13000 km for neutrinos produced on the opposite side of the Earth,
making measurements of atmospheric neutrinos sensitive to the neu-
trino oscillation parameter, Am?, at the level of 10~* eV2. Basically,
atmospheric neutrino experiments measure the flux of v, and v, in a
large sensitive volume and compare the observations to expectations

based on detailed Monte Carlo simulations.

The “double ratio”, defined as

~ (N#/Ne)da a
B~ ® Ve
has been measured to be significantly lower than one in all high—

statistic experiments observing atmospheric vs

This experimental observation along with other measurements (first
of all the match between v, flux measured and expected), indicates v,

disappearance.

Solar neutrino experiments
Electron neutrinos are produced by nuclear reactions inside the Sun.

Since the neutrino energy range extends from hundreds of keV to
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15 MeV depending on the specific reaction producing the neutrino,
and taking into account the distance between the Sun and the Earth
is 1.5 x 10® km, the search for v, disappearance via solar neutrino de-
tection is sensitive to oscillations for Am? < 107! eV2. The detection
methods are based on the counting of radioactive isotopes produced
by the neutrino reactions, or on the measurement of v, + e — v, + €
elastic scattering. All of the solar experiments have observed signif-
icant deficit in the solar neutrino flux compared with the Standard
Solar Model.

Reactor experiments

At nuclear power reactors, electron anti-—neutrinos are produced in the
nuclear fissions of 23°U, 238U, 239Py and ?*'Pu with a mean energy
of ~ 3 MeV. Anti-neutrinos are detected via the reaction 7, + p —
et + n. Detectors are typically placed at a distance from the reactor
core varying from 10’s of meters to 1 km.

The most sensitive reactor neutrino oscillation experiment, so far, has
been the CHOOZ experiment. It has shown no evidence for spectral
distortion, thus excluding a region in the oscillation parameter space
down to 0.7 x 1073 eV? at sin? 20 = 1 and sin® 20 > 0.10 at large Am?

regions.

Accelerator experiments

Neutrinos are produced at accelerators from the decay of pions pro-
duced by collisions of protons with a target. For proton beam energies
in the range 1 + 10 GeV producing neutrinos of typical energies of
100 MeV and assuming distances from a neutrino source to a detector
of the order of 1 km, the typical accelerator-based experiments sensi-
tive is to Am? ~ 0.1 eV2.

The Liquid Scintillator Neutrino Detector (LSND) at the Los Alamos
Meson Physics Facility has reported evidence for appearance of v, and
U, from pure beams of v, and 7, with Am? ~ 1 eV? and sin?20 ~
1072, The evidence for neutrino oscillations reported by LSND has
not been confirmed. The KARMEN experiment also uses liquid scin-
tillator to search for v, appearance from a v, beam produced by muon
decays at rest in a detector located at a distance of 17.7 m from the
neutrino source. KARMEN has found no evidence for v, appearance

above the expected background and excludes a region of oscillation
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parameter space at the edge of the LSND allowed region.

Recently, support for the evidence of v, disappearance in atmospheric
neutrino experiments has been provided by the K2K experiment using
a v, beam produced at the KEK accelerator facility. This experi-
ment compares fluxes of v, in a near and a far detector (the latter
being SuperKamiokande detector) located at a distance of 250 km. A
sensitivity to the Am? region indicated by atmospheric neutrinos is

achieved given the neutrino beam energy available.

1.4.4 MSSM with right-handed neutrino

The see—saw mechanism[13] is the simplest model to generate the tiny neu-
trino masses. In this mechanism the Yukawa interactions are lepton flavor
violating due to introduction of the right-handed neutrinos, similar to the
quark sector, in full agreement with the solar and atmospheric neutrino os-
cillation observations. However, if the see-saw mechanism is added to the
SM the effects of LFV in the charged lepton sector, induced by radiative
corrections, are extremely small. On the other hand, large LFV effects can
be expected if the supermultiplets of the right—-handed Majorana neutrino
are included in the SUSY model. In this way, the see—saw mechanism is

conserved if the superpotential of lepton sector in the MSSM is given as
1
W = (ye)ij H1 ETLj + (y)ijHa2NiLj + 5 (MR)ij NiN; (1.35)

where Nj; is the right-handed neutrino supermultiplets, (Mg);; is the Majo-
rana mass matrix and (y,);; is a new Yukawa coupling constant matrix.
Since there are two Yukawa coupling matrices (y. and y,) in the lepton
sector, flavor mixing would arise and lepton flavor would be not conserved.
The LFV effects are induced by the flavor mixing in left-handed slepton
sector, through the renormalization effects from the Planck to the Majorana

mass scale.
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Chapter 2
1 — ey decay

The detection of Lepton—Flavor Violating processes would represent an im-
portant signal of new physics beyond the SM.

Among the various channels which might reveal LFV, those involving
muon decays are the most appealing, due to the relatively easy production
of high fluxes of low energy muon beams (about 10'* — 10'®muons/year).

While, in the previous chapter the theoretical frameworks allowing for
LFV have been presented, here we want to discuss in some detail, the phe-
nomenology and the predictions for the ;4 — ey process. Moreover, in the

last section, an overview of other muon LFV processes is presented.

2.1 pu— ey in the SM

As it is well known the lepton flavor changing processes are strictly forbidden
in the Standard Model theory with m, = 0. However, it is important to
consider that radiative corrections can induce a rate different from zero for
LFV processes.

Here, we want to illustrate the event rate calculation for the process
u — ey in the framework of the SM, with only one Higgs doublet, modified
by the presence of neutrino mass terms and consequently v mixing and
oscillations. This calculation will show that, as expected, the LFV effects
are very small due to the fact that they arise from radiation corrections
which are further suppressed by factors (m, /MW)Q.

The lowest order diagrams contributing to the y — ey amplitude in this

renormalized gauge theory are displayed in fig.2.1. The exact calculation

21
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Figure 2.1: One—loop diagrams for the u — ey decay in the Standard Model

[16] gives a transition rate

My o 2
D(u = ey) = o= (AP +|BP) (2.1)
where )
ege my
A=B= —0 2.2
8M2, 32w (22)

represent all contributions to I' by radiative one loop diagrams. ¢, is a sort
of GIM suppression factor, coming from the unitary matrices describing the
electron and muon neutrino flavor eigenstates in terms of mass eigenstates.
Normalizing to the amplitude for the y — evv process, I'(y — evv) =
mZG%/1927T3, the branching ratio for the y — ey process is

I(p — ey) 3a o
B.R.(u — =——— "~ =-—90 2.3
(= ev) D(p —evp) 3217 (23)
A rough evaluation of the transition rate for this process can be calculated
using the results of solar neutrino oscillation experiments[17]. In this case,
observing that the oscillation v, — v, should take place on a distance L ~
1/My, that the energy flowing in the loop is of order My, the event rate

can be factorized as

Gym), o 1.27Am?
T(p — ey) = ——2 — gin” 20 sin? (7) (2.4)
19273 27 M3,

The normalization to the Michel muon decay, gives a B.R.(u — ey) = 10755,
that differs from the correct evaluation by a factor of 3/64.
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2.2 pu— ey decay: SUSY-GUT prediction

As illustrated in §1.2 the SUSY extension of the SM has, in general, a large
number of degrees of freedom which naturally lead to large LF'V phenomena.
The experimental evidence of very rare and small LF'V processes is actually
a strong constraint on the parameter space of the SUSY model. On the
other hand, the assumption of the universality of masses and couplings at
the SUSY breaking energy scale (usually refered as mSUGRA model) implies
a drastic suppression of all LFV effects.

One way to account for small LF'V effects in a minimal theoretical frame-
work is to add to the mSUGRA extension of the SM a group of Grand
Unification which describes a symmetry between leptonic and hadronic de-
grees of freedom at a energy scale, Mgyr (usually assumed of the order
of 1016 @eV), smaller than the scale of supersymmetry breaking. In this
way, a minimal set of new degrees of freedom of the theory can account for
LFV via a simple mechanism, even without invoking v masses: the flavor
mixing of the SM quarks (described by the Vo py matrix) is transmitted to
the squark sector (via the SUSY symmetry) and, from there, to the slep-
ton sector (via the grand unification symmetry group) in the energy region
Maur < E < Msysyireak.- Finally, SUSY allows this flavor mixing to be
transmitted to the SM lepton sector.

The predicted phenomenology depends on the details of the model, in
particular on the gauge grand unification group. In the following, we briefly
describe the predictions for the y — ey decay in the SU(5) and SO(10)

grand unification models.

2.2.1 Prediction in SU(5)

If an effective theory is super—symmetric at scale M ~ 100 GeV, the LFV
processes are suppressed by powers of Mp.
In the SU(5) model, after the symmetry breaking, the decay amplitude for
p — ey can be written as[18]

AF = —i%ﬂe (qQFl"y“PR + muFQiJ’“’unL) Uy (2.5)

my

where g, is the 4-momentum of -y, m, the muon mass and Py, r the chirality
projection operators.
The form factors receive contribution at one-loop from Feynman dia-

grams of the type shown in fig.2.2. In the limit of vanishing gaugino mass,
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Figure 2.2: Feynman diagrams in SU(5) SUSY-GUT for the i — ey decay.
The closed blobs represent the flavor transition due to the off-diagonal terms

of the slepton mass matrices.

H-ey H-ey
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Figure 2.3: Predicted B.R. for i — ey decay in the SU(5) SUSY model as a
function of the right-handed slepton mass for four different sets of the SUSY

input parameters of My (universal gaugino mass) and tan 3.
partial width of yu — ey is
o zmi
L(p = ev) = < |F|"—¢ (2.6)
4 my

The corresponding branching ratios is

1o [ Vis| [Via| \? /100 GeV' \*
BR =24x10-2 ([ 2.
. x40 (0.04 0.01 mg 27

with V;; the measured value of the Kobayashi-Maskawa mixing matrix.
The prediction of the branching ratios of u — ey decay, for a large

parameter space region is presented in fig.2.3.

We notice that LFV in SU(5) appears only in the right-handed slepton

sector for a small or moderate values of tan 8, which is defined by the ratio of

two Higgs vacuum expectation values. This is because the renormalization

effects contribute only to €r, and not to .. As a result, the helicity of
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Figure 2.4: Feynman diagrams in SO(10) SUSY-GUT which give dominant

contributions to the p — ey. (m2)gr and (m2)Lr are proportional to m..

an electron (positron) in LFV processes becomes only right-handed (left—
handed). For instance, only pu* — ez'y decay occurs, not put — eE’y. These
two processes can be distinguished when the angular distribution of the
ut — ety signal is measured by using polarized muons. Moreover, the
plots have been obtained with the followed CKM matrix values: |V = 0.04
and |Vi4| = 0.01 and assuming valid the relation (1.19). This is based on
the assumption that all of the Yukawa couplings are generated from the
superpotential. However, it is known that this assumption does not yield a
realistic mass relation for the down type quarks and charged leptons in the
first a second generations. If higher dimensional terms or different SU(5)
representations of the Higgs fields are included to solve this problem, the
simple relationship (1.19) would be lost. As a consequence, the predicted

branching ratios could be different from those in fig.2.3.

2.2.2 Prediction in SO(10)

The Feynman diagrams contributing to 4 — ey process in SO(10) are shown
in fig.2.4 In this model LFV processes are mediated by both the left and
the right handed sleptons and a unique loop integral F', with dimensions of
the inverse of a squared mass, gives the dominant contribution to all these
processes.

The correct event rates calculation gives[19]

(6]
D — e7) = Smd|FP? (28)

with F' depending on the following low energy parameters:
- lepton—slepton mixing angle;

- the p parameter and neutralino masses;
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U-ey H-ey
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Figure 2.5: Predicted B.R. for yu — ey decay in the SO(10) model.

- the slepton masses.

Prediction for the branching ratio of y — ey decay are shown in fig.2.5,
while in fig.2.6 is plotted the B.R. as function of A\g, a fundamental SO(10)
theory parameter, for mg, = 1 TeV. The main result is that, in the large
tan 3 region, the present experimental limits on LFV already constrain in a
significant way the parameter space. Probably, the experiments in progress
will be to able to probe the theory up to é and i masses of about 1 TeV

and, eventually, to further constrain the parameters space.

2.2.3 Prediction in MSSM with RH neutrino

An alternative approach, as discussed in the previous chapter, is to generate
slepton mixing from neutrino mixing, if R—handed Majorana neutrinos are
added to the particle content of the MSSM.

The branching ratios for ;4 — ey can be evaluated by using the neutrino
mixing parameter[20].
The model prediction are shown in fig.2.7, where the branching ratios is plot-
ted as a function of the solar neutrino mixing: the predicted rate approaches
the experimental bound for a Majorana mass larger than 10'* GeV, if the

large angle MSW solution for the solar neutrino problem is chosen.

2.3 u — ey search

In this section we want to illustrate the advantages and the difficulties that

arise in the LFV search in the muon decay to electron and photon.
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Figure 2.6: B.R. (. — e7y) as function of Ag for ms, = 1 TeV and acceptable
values of the other free parameters. The line of <7 denotes the experimental

upper bound.
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Figure 2.7: Predicted branching ratios of u — ey decay as a function of the
Majorana mass of the second gemeration right-handed neutrino (M,,) in
the MSSM model with right-handed neutrino. They are given for the MSW
large angle (left) and the MSW small angle (right) solution. The three curves
correspond to tan 8 = 30,10 and 3 from top to bottom for both figures.
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2.3.1 Event signature

The main advantage of the u — ey process is its clear signature: a positron
and a photon in time coincidence, that are collinearly moving back-to-back,
with energies equal to half of the muon mass (m,/2 = 52.8 MeV/c?).

Of course there are two major background that contaminate the signal
signature: one is a physics background (prompt), from the radiative muon
decay (ut — e'reiy), the other is an accidental coincidence of an e
from a normal muon decay (Michel decay), with a high energy photon. The
source the latter might be either a radiative muon decay, or a positron from
normal muon decay which annihilate in flight, or an external bremsstrahlung

photon.

2.3.2 Physics background

The differential decay width for the muon radiative decay (u™ — eTvei,y),
was calculated, many years ago, as a function of the positron energy (F,.) and
photon energy (E.,,) normalized to their maximum value (Ey,q5 = m,/2)[21][22].
The branching ratio in this channel, as reported in the PDG[23], is 1.4% for
E, > 10 MeV.

In the limit of F, = E,4; and E, & Ep,,, with an angle between the
positron and photon (f.,) of about 180°, the muon radiative decay becomes
an important background source to the y — ey decay. In this case the

differential decay width is given by|[24]

G2mia
dl'(p — evelryy) 3;?72;;4 [(1 —2)*(1 — P,cos ) +
1
(4(1 —z)(1 —y) — §z2) (1+ P, cos 9)] dzdyzdzd(cos 0)
(2.9)

where Gy is the Fermi coupling constant, « is the fine structure constant,

P, is the muon-spin polarization and

2F,
€T =
my
2F
y = —
my
Z = T =0

are the relevant kinematic parameters describing the process.
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Figure 2.8: Sensitivity limitation on the branching ratio of u — ey imposed
by u — evvy decay for the case of unpolarized muons as a function of éx

and d§y.

The decay width (2.9) plays an important role in the evaluation at the
sensitivity for a y — ey search. For £ = 1 and y = 1 exactly (which
correspond to the y — ey signature), the differential decay width would
vanish; however, as a result of the finite detector resolutions, configurations
with z and y smaller than 1 mimic the signal kinematics and become a
background source.

Therefore, given the detector resolutions, the sensitivity limitation from
pt — etvei,y background decay can be evaluated by integrating the dif-
ferential decay width in (2.9) over a kinematic region determined by the
detector resolutions! for signal events.

Fig.2.8 shows the sensitivity limit imposed by the u — evvy decay of
unpolarized muons as a function of the detector resolutions. In this calcu-
lation dz, §y and 0z define the kinematic range of the signal region for e™
energy (1 —dz < z < 1), that for photon energy (1 — dy < y < 1), and that
for the angle of z = m — 6, (0 < z < dz), respectively. It can be seen that,
to achieve a sensitivity limit of a level of 1071, both dz and dy of the order
of 0.01 are needed.

!The size of the signal region is generally assigned by a few times the rms of the detector

resolutions in order to keep a high acceptance for the signal.
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2.3.3 Accidental background

Another serious background to y — ey is an accidental coincidence of a high
energy e, from the normal muon decay, with a high energy photon.
The event rate of the accidental background normalized to the total

decay rate (Bgec) can be estimated by

AQ
Bacc = Ru : fe . f'y ) (Atefy) ) ( 47:7> (2'10)
where:

R, is the instantaneous muon intensity;

fe and f, are the integrated fractions of the spectrum of e* in the

normal muon decay and that of photon within the signal region

At., and AS,, are the full widths of the signal regions for timing
coincidence and angular constraint of the back-to—back kinematics,

respectively.

Given the sizes of the signal region defined by dz, dy and §z, it is possible
to estimate f. by integrating the Michel spectrum of the normal muon decay
on the z range, and f, taking in account the contributions of all sources of
high energy photons. Taking some reference numbers, such as the e energy
resolution of 1%, the photon energy resolution of 6%, AQ., = 3 x 10~* str,
Atey, = 1 ns and R, = 3 x 10® p/s, the accidental background rate is
equivalent to 3 x 10713,

This accidental background can be reduced by an improved timing res-
olution of the experimental apparatus. However, at high event rate, it is
desirable to reduce this background by some additional method as, for ex-
ample, using the polarized mouns beam where the angular properties of

signal and background particles can be distinguished.

2.3.4 Muon polarization

The angular distribution of the positrons, from the y — ey decay, with

respect to the direction of muon polarization is very important because it

would provide a way to discriminate among some theoretical models.
Moreover, the muon polarization is important in the background esti-

mation too. We note as in the differential decay width, for muon radiative
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Figure 2.9: Angular distribution of ets in uy+t — etviry decay (solid line).
pt — e} (dotted line) and p* — e} (dashed line) decays are shown.

decay (2.9), it is possible distinguish the term related to the positrons emit-
ted opposite to the muon muon—spin direction (the first term), and the term
for the positrons emitted along the muon-spin direction (the second term).

Again, the positrons from the normal muon decay, to the high energy
(x = 1) are emitted along the muon-spin direction, following an angular
distribution of 1 + P, cos 6[25][26].

Thus, the detection of positrons emitted opposite to the muon-spin di-
rection would reduce the background contribution to the y — ey decay. Of
course, in this way, only the acceptance to y — egry decay is kept high,
since it follows a 1 — P, cos § angular distribution. The use of polarized or
unpolarized muons will not make a difference in the detection of yu — evy.

The angular distribution as calculated by[24] are illustrated in fig.2.9.

2.3.5 Experimental results

Experimental searches for y — ey have a long history of more than 50 years.
The principal experimental efforts have been devoted to improving the de-
tection resolutions of the four variables, namely the positron and photon
energies, the timing coincidence and the angle between the positron and the
photon, through the use source and more refined experimental techniques.
In table 2.1, several experimental results of 90% C.L. upper limit of
4 — ey decay obtained in the past experiments are listed along with the

resolutions driving these results. The current upper limit, as quoted in the
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Place Year AE, AE, Atg(ns) A, (mrad) Upper limit
TRIUMF 1977 10% 8.7% 6.7 - <3.6x107°
SIN 1980 8.7% 9.3% 1.4 - <1.0x107?
LANL 1982 88% 8% 1.9 37 <1.7x 10710
LANL 1988 8% 8% 1.8 87 <49x107H
LANL 1999 1.2% 4.5% 1.6 15 <12x1071

Table 2.1: Historical progress of search for p — ey with 90% C.L. upper
limit. The resolutions quoted are given as a full width at half mazimum
(FWHM).

PDG, is
B.R.(u — ey) <49 x 107! (2.11)

which was obtained by an experiment at Los Alamos National Laboratory
(LANL), while a new experiment at PSI, that will be to discuss in the next

chapter, aims to achieve a sensitivity of 10~!# in the s — ey branching ratio.

2.4 Other LFV processes
2.4.1 put —etete

In parallel to p — ey decay, another very important muon LFV process is
ut —etete.

Phenomenologically, the relevant terms in the LFV Lagrangian are the
general four fermion couplings, while experimentally the event signature
is a three particles final state. Kinetically, if the muon decays at rest,
the particles detected must satisfy the momentum (|> p;| = 0) and en-
ergy (D E; = m,) conservation with the timing coincidence between two
positrons and an electron.

The main difficulty in this channel is the copious pair production by
photon conversion that is a very important background source and causes
a loss of the signal sensitivity, in particular for theoretical models in which
the u* — eteTe™ decay occurs mostly through photonic diagrams.

Among the past experiments on the search for u™ — etete™, an im-
portant result has been achieved by an experiment carried out at JINR

laboratory of Dubna (Russia)[27]. Using a magnetic 47 spectrometer with
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cylindrical proportional chambers, it obtained an upper limit of 90% C.L.
of
B.R.(u" —etete™) < 3.6 x 107! (2.12)

2.4.2 y —e conversion

Another prominent process concerning lepton flavor violation is y~—e~ con-
version in a muonic atom. When a negative muon is stopped in some ma-
terial, it is trapped by an atom and forms a muonic atom. In the context
of physics beyond the SM, the exotic process of neutrinoless muon capture,
such as

p+(AZ) = e +(A4,2) (2.13)

is also expected. This process, called u~—e~ conversion, violates the con-
servation of the lepton flavor numbers (L, and L), but conserves the total
lepton number.

From an experimental point of view, y~—e™~ conversion is very attractive.

In fact, it has a mono-energetic single electron emitted with energy
Eue =~ m, — B, (2.14)

where m, is the muon mass and B, is the binding energy of the 1s muonic
atom, and no coincidence measurement is required. Moreover, since B, is
different for various nuclei, the peak energy for the event signature changes
with the material. For example, it varies from E,, = 104.3 MeV for Ti
to E,e = 94.9 MeV for Pb, that is far above the end-point energy of the
electrons for Michel decay of the muon spectrum (~ 52.8 MeV).

This process, as well as the charge — changing reaction, such as
po (A Z) 5 et +(A,Z - 2)* (2.15)

which violates the conservation the family lepton number too, was studied
in the SINDRUM IT experiment at PSI laboratory[28], using various nuclei;

the main results are reported in table 2.2.

2.4.3 Muonium to anti — muonium conversion

A muonium atom (Mu) is a hydrogen-like bound state of 4+ and e™, that
was observed for the first time at the Nevis cyclotron of the Columbia Uni-

versity in the 1960[29]. The spontaneous Mwu — Mwu conversion is another
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Process 90% C.L. upper limit year
p~ +Ti— e Ti < 4.3 x10712 1993
p~ +Ti— et Calgs) < 4.3 x10712 1993
p~ +Ti— et Calex) < 89x107H1 1993
p~ + Pb— e Pb < 46x10°H 1996
p~ +Ti— e Ti < 6.1x10°13 1998
p~ +Ti— et Ca(gs) < 1.7x 10712 1998
p~ +Ti— et Ca(er) < 3.6x107H 1998

Table 2.2: Results from SINDRUM II Collaboration at PSI on a search for

* conversion in muonic atoms.

B~ — e~ coherent conversion and for u= —e
For the charge — changing process the transition to the ground state (gs) and

excited states (ex) also are reported.

class of muon LFV processes with AL = +2. Tts phenomenology was studied
by Feinberg and Weinberg[30].

In the experiments for this process, is searched an Mw from a muonium
initially produced. The signature of an anti-muonium decay is the emission
of an energetic e~ from p~ — e~ 7,1, decay with a dissociated e* left behind
with an average kinetic energy of 13.5 eV.

The sensitivity to Mu— Mu conversion is suppressed when the muonium
atom is embedded in matter, since a negative muon in the anti-muonium is
easily captured by the surrounding atoms.

An experiment carried out at PSI laboratory in the 1999[31] has given a
90% C.L. upper limit on the conversion probability at zero magnetic field less
than 8.3 x 10 11 /Sp, where Sp describes the suppression of the Mu — Mu

conversion in an external magnetic field.



Chapter 3

The MEG experiment

When the muon was discovered, it was tough as a heavy electron that would
also decay into an electron and a neutral particles as a y-ray.

The first search for u* — e™vy was made by Hincks and Pontecorvo in
1947 [32] using cosmic ray muons. This was also the first try to search for
lepton flavor violation. Its negative result set an upper limit of less than
10% for this processes.

After many years, the artificial production of the muon beams at the
accelerators allowed to improve this upper limit by almost four orders of
magnitude leading to B.R.(u" — eTv) < 2 x 107° [33]

The unobserved p™ — eT decay, led directly to the hypothesis of two
neutrino [34], in which the neutrino coupled to the muon is different from
that coupled electron.

The experimental verification of the two neutrino hypothesis, at the
Brookhaven National Laboratory [35], introduced in the SM the concept of
the separate conservation of lepton flavor, thus the processes like u™ — e™ry
should be forbidden.

As discussed in the previous chapters, recently considerable interest in
LFV processes has arisen based on supersymmetric extension to the SM, in
particular supersymmetric grand unified theories, that predict a measurable
B.R. for LFV processes, and on the evidence for neutrino oscillations.

The experimental upper limits on LFV in the u—decay, have been con-
tinuously improved at a rate of about two orders of magnitude per decade
for about 50 years since the first LFV experimental search. The current
limit in PDG (1.2 x 107! with 90% C.L.), has been obtenued in the MEGA
experiment at LAMPF laboratory in 1999[36].

35
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Figure 3.1: Schematic 3D view of the MEG detector

In the next years this result will be improved by the MEG experiment
at the Paul Scherrer Institute of Zurich (CH), which will search the lepton
flavor violating decay put — ety with a sensitivity of ~ 5 x 10714,

3.1 The experiment at PSI Laboratory

The concept of the MEG experiment at the PSI laboratory is very simple:
the detector is designed to identify pairs of positrons and photons in time
coincidence, emitted back—to—back from the spot of a continuous muons
beam stopped in a thin target. Figure 3.1 shows a schematic view of the
MEG detector. The photon energy is measured in a Liquid-Xe scintillating
calorimeter, while the positron track is reconstructed in a spectrometer, with
inhomogeneous magnetic field. This later consists of a set of drift chambers
to measure the positrons momentum, and a timing counter, to measure their
time of flight. The solid angle covered by this configuration is about 10%.
Of course, the experimental challenge is the high efficiency and reso-
lutions of the subdetectors needed to reach a sensitivity of 107'* on the
branching ratio (BR), as declared in the experiment proposal [37].

For a given value of the BR, the number of observed events can be
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Figure 3.2: a)Single event sensitivity at e, = 0.65 as a function of the muon
rate and of the running time. b)Number of expected background events as

Junction of the muon stopping rate R, and measuring time T.

written as follows

Q
N, = RNT4—eee7ecutBR (3.1)
T

with R, the muon stopping rate, T the total running time, € the solid
angle covered by the detector and €, and €, the detection efficiency for the
positron and photon respectively. The e is the efficiency of the event
selection, and it is depending on the detector resolution, since it takes into
account the cuts applied on the reconstructed positron energy (E.), photon
energy (E.,), opening angle (0.,) and relative timing (t-).

Assuming 90% efficient cuts on the four parameters, the resulting se-
lection efficiency, €.,; = 0.66, together a e, ~ 0.60, a ¢, ~ 0.90 and
R, = 0.3 x 108/s imply that the minimum value of the BR allowing the
detection of a single event in a total running time of 1 year (2.6 x 107 s), is
about 4 x 10714,

The choice of the values of R, and T is a compromise between the
need to perform the experiment in a reasonable time and to have a good
single event sensitivity. The single event sensitivity is shown in fig.3.2.a as a
function of the muon rate and of the running time. A comparison of this plot
with that in fig.3.2.b shows that a reasonable choice, R, = 1.2 x 107 /s,
T = 3.5 x 107 s, yields a SES of 6 x 10714, It is clear that, due to the Ri
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dependence of the accidental background, for a given number of accepted
background events it is more convenient to run for a longer time at a lower

beam intensity, because the SES increases.

3.2 Beam and Target

3.2.1 The beam

The most stringent requirement to be met in order to improve the experi-
mental limit for rare muon decays is the high intensity of the muon beam.

There are two types of the muon beams: pulsed and continuous beams.
While in a pulsed beam the muons are grouped in bunches of definite time
width, separated by a delay time in which the beam intensity is zero, so
that the ratio between the bunch width and the total period defines the
duty cycle of the beam, in a continuous muon beam the intensity is almost
constant and the duty cycle is approximately equivalent to one. Therefore,
for a given muon flux, the peak rate is higher in a pulsed beam with respect
to a continuous beam.

For a u™ — ey search experiment, taking into account that the dom-
inant background source, consisting of accidental coincidences, increases
quadratically with the instantaneous muon rate, because the detected daugh-
ter particles comes from different muons, while the y™ — e™~y signal and
the prompt background grows only linearly with the overall muon rate, the
best choice is a continuous beam. In particular, the MEG collaboration has
chosen the accelerator facility at the PSI laboratory, that is able to provide
a beam intensity of 107 + 10® u*/s.

The PSI accelerator machine [38] generates a primary beam of protons
that are accelerated by a ring cyclotron up to the energy of 590 MeV and
then transported to two consecutive meson production carbon targets: M-
target and E-target. The channel, labeled 7E5, extracts low energy pion
and muon beams from the tick production target at an angle of 175° with
respect to the primary protons beam. The main characteristics of the beam
are listed in table 3.1.

For the MEG experiment the beam channel will be tuned to ~ 29 MeV/c
to collect muons with momentum well defined. Measurements, performed
before starting the experiment, indicate that it is possible to have a beam

intensity about of 1.3 x 108 u*/s from a primary proton current of 1.8 mA



3.2.1 The beam 39

solid angle acceptance 150 msr
momentum range 20 + 120 MeV/c
length 104 m
momentum band(FWHM) 10%
momentum resolution(FWHM) 2%
horizontal emittance 15.3 ¢cm - rad
vertical emittance 3.6 cm - rad
spot size 4 x 4 em?

Table 3.1: Main properties of the mE5 beam line.
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Figure 3.3: Schematic view of the MEG beam line layout up to the injection
into the COBRA spectrometer.

[39].

Before to reach the MEG target, the beam must be manipulated in order
to minimize the spot size and the momentum spread so that the muons can
be efficiently stopped in a thin target, and in order to reduce the contami-

nant particles, mainly positrons in the beam.

The beam transport system, shown in fig.3.3, has been carefully designed
[40] in order to reach the desired features of the beam at the entrance of the

MEG experiment and it consist of four main components:

- the extraction element: it is a quadrupole triplet which couples the

the mE5 channel to the experimental area;
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Material Density Radiation Mean Range Target Degrader
Length 28 MeV/c
Mylar 1.39 g/em®  28.7 cm ~ 870 ym 100 pym 600 pm
(CsH402)
Polyethylene  0.95 g/cm®  47.9em  ~ 1100 ym 150 ym 700 pm
(CHy)

Kapton 1.42 g/cm3 28.6 cm ~ 1100 gm 150 pm 700 pum
(C22H19N205)

Table 3.2: Comparison of material for the target.

- the Wien Filter: an F x B crossed field, necessary for a good positrons

suppression in the beam;

- Triplet II: a second quadrupole triplet which allows to have a good
optical focusing at the collimator system placed behind this triplet;

- BTS (Beam Transport System) which is used as a coupling element to

the spectrometer.

At the exit of the beam transport system we have, as lower limit, a beam
intensity close to 1.x 108 uT /s [39] that is focused in a ellipsoidal spot whose

axes measure o, = 5.5 mm and o, = 6.5 mm.

3.2.2 The target

The muon beam is stopped in a thin target which will be placed at the
center of the spectrometer at a slant angle of 22° with respect to the beam

direction.

Various materials have been scrutinized from the point of view of multi-
ple scattering. The results are summarized in table 3.2. Assuming a central
beam of 28 Mev/c the mean range is calculated to be ~ 1100 p/m for
Polyethylene and Kapton, while ~ 870 p/m for other material. Supposing
that it uses a 100 ym Mylar or equivalent thickness Polyethylene/Kapton,
necessary thickness for degrader will be as shown in table 3.2. Note that
the target will be places a slant angle, resulting in total thickness of the

target and degrader smaller than mean range. Thus, overall, it seems that
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Figure 3.4: Schematic view of the MEG spectrometer

the Polyethylene is the best material for both as background suppression

and beam quality (multiple scattering, or material amount) [41].

3.3 The Spectrometer

The COBRA (COnstant Bending RAdius) spectrometer is a positron detec-
tor consisting of a magnet specially designed to provide a gradient magnetic
field, a drift chamber system to measure the positron momentum and a scin-
tillation counter to measure their time of flight. Its schematic view is shown
in fig.3.4

Before to discuss in detail each spectrometer component we introduce the
reference frame. The coordinate system used is such that the z—axis lies
along the incoming beam direction and the plane perpendicular to this di-
rection is called 7—¢ plane. The origin of the reference system is the center

of the target, which is placed at the center of the setup.

3.3.1 The superconducting magnet

The COBRA magnet consists of five superconducting coils of three different
radii (a central coil, two gradient coils and two end coils), and a pair of
compensation coils which are used to reduce the stray magnetic field around
the photon detector (fig.3.5).

The cable winding of the superconducting coils is made of a Ni-Ti multi—
filament wire embedded in a copper matrix, extruded in a rectangular alu-

minum box support of 1.2 x 0.9 mm? of dimension.
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Figure 3.5: A cross section view of the COBRA magnet.

The superconducting coils are connected in series and the current density
is controlled by changing the density of the cable winding and operating
current.

The compensation coils, which have radii of 120 ¢m and are placed at
both extremities of the COBRA magnet (see fig.3.1), are made of a resis-
tive material. They allow to reduce the intensity of the magnetic field in
the calorimeter region, thus avoiding to degrade the performances of the
photodetection devices.

The special design for the magnet, moreover, allows to obtain a longitu-
dinal magnetic field with intensity slowly decreasing with |z|. This configu-
ration has the advantage of minimizing the occupancy of the drift chamber
system which is particularly important given the high rate of events ex-
pected in MEG. While in a simple uniform solenoidal field, positrons emit-
ted at a polar angle close to 90° make many turns in the tracking chambers
(fig.3.6.a), causing problems in pattern recognition or even disturbing a sta-
ble operation of the chambers, in the solenoidal gradient field of COBRA
those positrons are swept away much more quickly (fig.3.6.b). Moreover, in
a uniform solenoidal field the bending radius of positrons of a given absolute
momentum depends on the polar production angle (fig.3.6.c). On the other

hand, the gradient field can be arranged, in such way, that monochromatic
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Figure 3.6: (a)Trajectory of a particle that is emitted at 88°: it make
many turns inside the detector in a uniform solenoidal magnetic field.
(b) Tragectory of the same particle emitted at 88° inside of the COBRA
spectrometer. (c)Trajectories of monochromatic particles emitted at various
angles in a uniform solenoidal magnetic field: the bending radius depends
on the emission angle. (d)Trajectories of monochromatic particles emitted
at different angles inside the COBRA spectrometer: the bending radius is

independent of the emission angle.
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Figure 3.7: a)Contour plot of the magnetic field produced by the COBRA

magnet; b)magnetic field intensity along the magnetic axis.

positrons from the target follow trajectories with a constant projected bend-
ing radius independent of the emission angle (fig.3.6.d). As a consequence,
it is possible to define the absolute momentum acceptance of positrons to
be detected by the drift chamber system.

The contour plot and the profile of the magnetic field along the axis
of the magnet is shown in fig.3.7. The maximum value of the field, in the
central region is 1.25 T'esla, while at the ending of the drift chamber system

the intensity is reduced by more than 30%.

3.3.2 The drift chambers system

The positron detector is a set of planar drift chambers arranged radially at
10° intervals in azimuthal angle and placed at a distance of 20 ¢m from the
origin of the reference frame.
Each chamber consist of a pair of staggered drift cells arrays, and has a
trapezoidal shape with length, along the longitudinal axis of 100 ¢m at the
innermost radius and 44 c¢m at the outermost radius, and a width, in the
radial direction, of about 9.5 ¢m. The chamber thickness is 1.5 cm!.

The drift chamber geometry allows to detect the tracks associated to

positrons with a momentum of 52.8 MeV/c that are emitted from the target

!The geometry described is those used by the Pisa simulation code and it is different

from the geometry described in the proposal of the experiment [37].
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Figure 3.8: (a)A longitudinal view of the drift chamber. (b)Cross—section
view of a chamber sector. Showing the relative position of sense and field

wires.
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Figure 3.9: Shape of the aluminum coating of the cathode foils (Vernier
pads).

with angles in the range:
|cosf| < 0.35 and —60° < ¢ < 60°.

The chamber envelop is made of a thin plastic foil (12 ym of Kapton). The
lateral walls are covered by a thin aluminum deposit, which is shaped with a
Vernier pattern, in order to obtain the cathodic strips, whose relative width
is a function of z (periodic). Several configurations have been considered over
the years; the final design, which foresees two pads for drift cell, as shown in
fig.3.9, should allow to determine the longitudinal position (z—coordinate of
the hit) with an accuracy of about 300 pm [42] from the ratio of the signals
induced on the two pads, thus improving the measurement obtained with

the charge division method on the sense wire by a factor ~ 30.
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Figure 3.10: The timing counter configuration.

The chamber volume is filled with a 50%He — 50%CyHg gas mixture at
the pressure of 1 atm. Such mixture has been chosen because it guarantees
a sufficient ionization production in small thickness of gas (~ 55 e~ /em for
minimum ionizing particles) as well as a low multiple coulomb scattering
for low momentum tracks (the radiation length is about 650 m) [43][44].
Moreover, the drift velocity saturates at roughly 3 e¢m/us for a relatively
low electric field (~ 1.5kV/em) [45].

The estimate accuracy, as coming out by preliminary test on the drift
chamber prototype [46], is 100+150 pm for the radial position, and 5+12 ns.
They, should be sufficient to achieve a momentum resolution ranges from
0.7% to 0.9% FWHM on positrons of 52.8 MeV/c.

3.3.3 The Timing Counter

The main purpose of the timing counter detector (TC) is to provide the time
o flight for positrons at the end of their path through the drift chambers.
However, the MEG TC has been designed in such a way to provide a good
spatial resolution so that it can be used for a rough estimation of the positron
direction to be used for triggering purposes.

The TC is a hodoscope consisting of two arrays of plastic scintillators
placed on both sides of the positron spectrometer, at a radius of ~ 30 c¢m
and extending from ¢ = 198° to ¢ = 342° and 25 < |z| < 95 cm.

The pt — ety positrons emitted in the angle range 0.08 < |cosf| <
0.35 will impinge on the detector after completing about 1.5 turns in the
spectrometer volume.

Fig.3.11 shows the configuration of the timing counter which consists of
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two layers of plastic scintillator bars. The outer layer, made of longitudinal
bars, is used for timing measurements, while the inner layer, made of 5 x

2 scintillating fibers arranged in azimuthal bunches, is intended mainly

5 mm
for triggering purpose. The scintillator bars which compose the outer layer
have a slant shape so that a positron incident on the hodoscope crosses
two or three adjacent bars. The pulse-height ratio among these adjacent
bars allows to refines the measurement of the impact point, with a limited
granularity.

Moreover, the scintillation light is read—out on each side of the bars by
PMTs, which measure the pulse-height as well as the arrival times of the
signal (¢;, and tg) at both ends. The charge and time difference, (¢, — qr)
and(tr, — tr), provide independent measurements of the impact point, while
the mean time, (¢z, + tg)/2, provide an estimation of the absolute timing.

Test performed with cosmic rays and electron beams give a timing res-
olution of 100 ps FWHM [47][48] dominated by detector resolution, which
exceed by a factor larger than two the time spread due to multiple coulomb

scattering.

3.4 The Photon Detector

The success of the MEG experiment relies on the possibility to measure the
photon four-momentum with very high precision.

The concept of photon detector adopted is similar to that of the “kamiokande”
experiment: a sensitive volume whose outer surface is fully instrumented
with 800 photo-multipliers. In particular, the MEG photon detector is a
C-shaped homogeneous liquid-Xe scintillating calorimeter with a volume of
~ 0.8 m3, placed outside the COBRA magnet as shown in fig.3.3. The in-
nermost detector surface is at 65 ¢m from the target center, just behind the
superconducting coils of the COBRA spectrometer. Its thickness is 47 cm;
the solid angle coverage is %—fg = 12%, for an extension of 120° in ¢ and
for |cos@| < 0.35. The light structure of the coil in front of the calorime-
ter assures that photons of 52.8 MeV reaches the calorimeter with a 95%
probability.

The L—Xe choice is due to either its high light yield (comparable to Nal),
which entails high efficiency and good energy resolution that its fast signal
response. In particular, a fast signal formation is essential in order to have a

precise timing of the measurement and, as a consequence, a minimal impact
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Figure 3.11: Schematic view of the Liquid-Xe photon detector.
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Density 2.95 g/cm?
Boiling and melting points 165 K, 161 K
Energy deposition per scintillation photon 24 eV
Radiation length 2.77 ¢cm
Decay time (recombination) 45 ns
Decay time (fast component) 4.2 ns
Decay time (slow component) 22 ns
Emission peak 178 nm
Spectral width 14 nm
Refractive index 1.56
Absorption length > 100 cm

Scattering length 29 c¢m to 50 cm

Table 3.3: Properties of Liquid Xenon

of the pile—up of accidental y-rays under high rate background. Moreover,
L—Xe is not effected by non—uniformity problems, which usually limit the
energy resolution of scintillating crystals. The main properties of the LXe
are summarized in table 3.3.

The detector is operated as a pure scintillation device (no ionization col-
lection is performed) based on the collection of the ultraviolet light emitted
by radiative transition of excited Xe atoms produced by ionizing radiations
in the electromagnetic showers [49]. The formation of a “excimer-like” state,
before the radiative decay, produces an emission peak (at 178 nm in L-Xe),
separated enough from the absorption peak of the material which it makes
them transparent to its scintillation light. Of course, the quality of the en-
ergy measurement and of the determination of the conversion point depend
on the transmission of the emitted photon through the detector itself. If, one
introduces the quantity Ay, that takes in account both the real absorption
and the photon elastic scattering one, the light attenuation in L-Xe can be
parametrized as:

I(z) = Iye=®/Aatt (3.2)

Some studies of L—Xe properties have shown that Ay is drastically affected
by impurities of the medium [50]: the presence of a few parts for millions of
substances, like HoO or Og, can change the optical parameters of L-Xe.

Therefore, the operation of the calorimeter requires of a purification and
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a monitoring system of the L-Xe running continuously.

The detector is housed in a light stainless steel cryostat consisting of
a Xe vessel and a vacuum vessel for thermal insulations of the liquid gas
requiring a temperature of —100°C.

The scintillation light in the photon detector is collect by ~ 800 photo-
multipliers (PMTs) located on the whole surface of the calorimeter envelop,
which are read with a high precision and fast waveform digitizer (2.5 GHz).

From a weighed average of the light collection on the PMTSs, the v impact
point is generally reconstructed within ~ 5 mm in the transverse plane
leading to a an angular resolutions for the flight directions of the  of about
6.4 mrad. In the extreme case where the photon converts very close to
the entrance of the calorimeter (at a depth < 1 ¢m) a resolution of about
10 mrad is achieved in spite of the signal loss through the calorimeter front
surface.

The absolute timing is estimated with a FWHM resolutions of about
100ps.

The energy release for photon of 52.8 MeV/c is measured, from the sum
of the signal from all PMTs, with a resolution (FWHM) of 1.4%. Lower
energy measurements, leading to a long but tiny tail, are due to interactions
of the photons with materials in front of the L—Xe, magnet, PMTs and their
supports, calorimeter cryostat, which overall are 90% transparent to -y from
ut — ety decay. Early v interactions result in a loss of efficiency, rather
than a worsening in resolution, since only photons with energy measurements
within a given cut will be accepted; as an example, a 2% cut in energy leads
to an efficiency of 73%.

Photon pile—up will be rejected thanks to both the good energy capability
of the MEG calorimeter, and the fine time sampling of the PMTs signals.
From Monte Carlo studies, two photons with E > 2.5 MeV/c can be resolved
in time if At > 10 ns and in space if their impact points are separated by
more than 15 e¢m for E > 5 MeV/c.

To study the calorimeter performances, the collaboration has built a
calorimeter prototype, with a sensitive volume of 40 x 40 x 50 cm? equipped
with 264 PMTs. The tests performed, using different sources, as cosmic rays,
electron beams and a—particles, give a resolution on the y-ray conversion
point of o5, ~ 5 mm. The absolute time resolution is (105 < 130) ps
FWHM, that is comparable with the timing counter resolution. To concern

the energy measurement, it is related to the distribution of the total PMT
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charge, and it is depending on the cuts adopted in the reconstruction step.
Any way, it is not great than 5% FWHM for positrons of 52.8 MeV/c. For

more details on the prototype tests see [17].

3.5 'Trigger and Data Acquisition

The trigger system of the MEG experiment is based on a fast digitization
(the clock frequency is 100 MHz) of the LXe and timing counter PMT sig-
nals, and on the subsequent treatment of the digitized signals by means Field
Programmable Gate Arrays (FPGA) that allow to perform an on-line indi-
vidual correction of the PMT signal, as pedestal subtraction and common
noise rejection. The Levell trigger does not use the drift chamber which
gives a slow response compared to L-Xe and TC.

The photon energy is determined by the sum of the light collect by all
PMTs, while its direction is determined by the position of the PMT with
the largest signal. Assuming a y stopping rate of R, = 10% pt /s the rate of
energy deposition above 45 MeV/c is about 2 kHz (this value is comprensive
of the background photon rate).

The requirement of a positron tracks in time coincidence is tested by
the timing counter. The back-to-back topology of the v from put — eTvy
events reflects into a well defined mapping of the photon impact point onto
a specific region of the positron timing counter.

The overall rate in the timing counter due to Michel positron is estimated
to be Rr¢ ~ 2 MHz. However the segmentation of the detector allows to im-
plement in the trigger logic the back—to-back requirement which introduces
a rejection factor fy ~ 5.

Thus, if we use a time coincidence window of At = £10 ns between L—Xe
and TC, the trigger rate due to uncorrelated background is

R= 2AtR7Rf—ZC (%@) ~ 20 Hz (3.3)
The estimated trigger rate is quite low compared to the present day DAQ and
storage capabilities. This gives some margin in case of possible contributions
not taken in account and/or of inclusion of calibration triggers during the
normal runs.

For the data acquisition and storage, the experiment will use the MIDAS
DAQ system [51], which has been successfully used in the past experiment at
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PSI. The data rate depends on the trigger rate and the waveform compres-
sion in the front end electronics. Assuming an overall trigger rate of 100 Hz,
which takes into account, along with the physics irreducible rate, either trig-
ger streams for calibration and trigger streams for background analysis, and
assuming that the data volume is dominated by the calorimeter output, i.e.
1.2 MByte/event data acquisition rate is 100 MByte/s.



Chapter 4

A Software Framework for
the MEG Offline: MegRoot

The Software Offline System of an experiment consists of a set of software
tools which are performing the different task necessary for the overall data
processing required. In this chapter, a prototype for an offline software sys-
tem, especially designed for the MEG experiment, will be described. This
software, called MEGROOT and based on the ROOT [52] package, has been
developed during year 2005 by the Lecce component of the collaboration. It
is an Object Oriented system with all the needed user functionality, from
data taking to final plot, in the ROOT framework. The choice of the ROOT
environment is due mainly to the possibility of having a flexible data struc-
ture based on the TTree ROOT objects, which allow an easy access either to
the full set of correlated data (i.e. a set of event data), or to only one or more
sub—sample of the data structure, like, for example, data corresponding to

a single sub—detector.

MegRoot is inspired to the offline software of the ALICE experiment
(AliRoot) [53], from whom it inherits the architecture. The framework is
flexible enough to allow the development of code for various purposes, from
simulation to final data analysis, including the management of the detec-
tor geometry, the sub—detector response, the digitization and reconstruction
steps, etc. The software suite consists of a set of C++ classes that are com-
piled against the ROOT utility library and loaded in the ROOT framework

for any further data processing or analysis job.
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Figure 4.1: General Architecture of MegRoot framework.

4.1 The MegRoot Architecture

The Offline System must be able to manage the whole data processing of the
experiment. Before the real run takes place, extensive simulations must be
performed in order to test and commission the offline software. In particular,
data simulated in the several steps of event generation, particle transport
and modeling of the detector response, must be manipulated and trans-
formed into a data format compatible with the real data read out in each
subdetector; in this way, they can be used as input to check the reconstruc-
tion procedures and to measure the efficiency for signal selection. Fig.4.1
shows a simple schema of the general architecture of MegRoot framework,
with the main components: Simulation, Reconstruction and Analysis.

Although the framework is subdivided in only three big block, its high
modularity level is guaranteed by an independent implementation of the
simulation and reconstruction steps for each subdetector. In this way, we
define the detector base class (Detector Class) which is responsible to build
the geometry of the detectors, to support both the hit and digit trees pro-
duced by the simulation step, but also the objects coming out from the
reconstruction procedure.

The modularity of the algorithms reflects itself into a structured data
model implemented as hierarchical folders. In particular, the ROOT envi-
ronment, offers the tool of the ROOT folders, which can contain any kind
of objects, can include other folders, etc., and allow easy access either by
program or by the ROOT browser.

The main advantage, of ROOT folders is that they are organized in two

main categories:

- data folders;
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Data Folder Structure

Figure 4.2: The data folder structure.

- task folders.

The data folders, whose the structure is shown in fig.4.2, contain constant
data and event data. We can see as these contain the run sub—folder, that,
itself, contains an event sub—folder for each event collected in the run. The

event folder contains itself the following kind of data:
- raw data folder;
- reconstructed data folder;

- an extra folder with kinematics and other track references, in case of
Monte Carlo data.

This data structure is shared by all subdetectors, i.e. all data folder is
organized as sub—folders corresponding to the different subdetectors.
The task folders contain the actions, or the methods, that can be per-

formed on the data by the detector modules. The main tasks are:

- Reconstruction: it performs the reconstruction of the subevent in the

specific subdetector.

- Data Quality Monitor: it checks the quality of the subevent by a fast
reconstruction and it fills the histograms that are part of the event and

can be accessed at any stage of the data dataflow for quality assurance.

- Calibration: processes the subdetectors data to extract calibration con-

stants to be used in subsequent reconstructions or monitoring tasks
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Figure 4.3: Architecture of the simulation step in MegRoot.

- Alignment: computes the alignment constant for the particular sub-

detector.

- Trigger: it allows the simulation of the signals produced in each sub-

detectors for the trigger system.

The coordination of the various tasks and the management of the data

is performed by the RunManager object.

4.2 Simulation in MegRoot

The simulation in MegRoot consists of the event (physics) generation, par-
ticle transport and detailed detector response simulation. Its main com-
ponents are the Virtual Monte Carlo, the detector classes, containing code
specialized for experiment and a set of collaborating classes for particle sim-
ulation. A schematic view of the MegRoot simulation step is shown in fig.4.3

The main module, STEER, provides the interface classes for the detector
description and data structures. It also provides the run steering functional-
ity and it gives access to the collection generated particles when required by
the Virtual MC. The run steering communicates with the event generator
module via the interface class MegGenerator, with the specific detector mod-
ules via the MegDetector class, and with the transport MC via the Virtual
MC main interface class, TVirtualMC.

The user code is structured according to the different sub—detector, tak-
ing into account that any dependence between sub—detector modules is for-
bidden.
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Figure 4.4: The Virtual Monte Carlo design.

4.2.1 The Virtual MC

The concept of Virtual Monte Carlo (VMC) has been developed by the
ALICE Software project [55] to allow different Monte Carlo simulation pro-
grams to run without changing the user code, such as geometry definition,
the detector response emulation or input and output formats. In this way
it is possible to completely decouple the user code from the concrete Mon-
teCarlo. A great advantage is that the geometry can be described indepen-
dently from the transport MC and used also for reconstruction and visual-
ization purposes.

The VMC structure, shown in fig.4.4, is based on the TVirtualMC, TVir-
tualMCApplication and TVirtualMCStack classes defined as a generalization
of Geant3 functions and integrated in the ROOT framework.

The TVirtualMC class contains

methods for building and accessing geometry;
- methods for accessing materials;

- methods for setting physics processes;

- methods for accessing transported particle;

- methods for run control.

The TVirtuaMCApplication class contains the actions (implemented by

the user) that can be performed during the simulation run
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build geometry;

init geometry;

begin event;

stepping;

finish event.

The TVirtualMCStack class defines the interface to a user defined particle
stack.
The class methods are already developed and a user can access them by

initializing a TVirtualMC object.

4.2.2 Event generator

The Fvent Generator is a builder of physics events that will be simulated in
the MC programs, in other words it generates all particles involved in the
physics process that afterwords will be transported by MC program in the
detector.

The generators in a VMC are external packages, like Pythia, Fluka, or
user defined generators, and the user can choose among them at runtime.

Since in the MEG experiment both signal and background events come
from simple physics and have a clear kinematics, the choice of a user defined
generator has been done in MegRoot.

The interface between VMC and event generator is provided by MegGen-
erator class, that provides the user also with a set of tools for testing and
for performing background studies. Moreover, it allows to simulate a single
process or a mixture of physics channels. In the latter case the interface
uses the MegCocktail class, that collects a list of MegGenerator type objects.

Actually, in MegRoot three different user generators have been imple-

mented:

- MegGenSignal: is the base class to define the signal event (a positron

and gamma particle emitted back—to—back with energy of 52.8 MeV/c);

- MegGenPositron: is the base class to define positrons from Michel de-

cays;

- MegRadDecay: is the base class to define the radiative decay.
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4.2.3 The geometry

The detector geometry is based on the Geant3.21 [54] package. In particu-
lar, MegRoot uses TGeant3 class, that is a C++ interface to Geant3'. In
order to use these class methods is needs the TVirtualMC object must be
initialized.

For each subdetector a specific class has been developed which contains
the methods to define the materials, the mediums and the volumes. The

main methods are:
- CreateMaterials : generates the materials used to build the detector;
- CreateGeometry : builds the detector volumes;

- BuildGeometry : builds the ROOT TNode geometry for the event dis-
play;

The detector description, implemented in the detector.czz class, has been
quite parametrized in terms of a minimum set of primary members, as a
consequence, it is possible to update the geometry by modifying of the same
external parameters held in a specific class called MegXXXParam class (the
string XXX is the detector name, for MEG experiment it can be equal to
LXE, TOF, and DCH), which is loaded in the geometry initialization phase.

4.2.4 Simulation output

Without discussing in details the simulation step, illustrating the particle
transport and the detector response, we give a brief overview on the output
of the simulation step that will be used as input to start the reconstruction.

The MegRoot simulation framework generates data at different stages
of the simulation process. First, there are the so—called hits that represent
the precise information about a particle passing a detector obtained from
the transport MC, i.e., in most cases, energy deposition and local position.
These hits are then transformed into the signal produced by the detector,
summable digits that correspond to the raw data before addition of noise and
threshold subtraction. The introduction of summable digits is necessary in
order to merge an underlying signal free event with a signal event. The
digitization step, them produces digits, which have exactly the raw data

format, starting from a sample of summable digits, possibly coming from

leach Geant3 subroutine is a method for TGeant3 class
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the simulation of several events piled—up in the detector integration time
window.

In order to run a simulation job the user must initialize a MegSimulation
object and apply the method Run(), with argument equal the number of the
events to be processed.

The MegRoot modularity allows to run independently the three simula-

tion steps and to produce output corresponding to hits, sdigits and digits.

4.3 Data simulation in DCH System

The main component of the MEG spectrometer is the Drift CHamber system
(DCH). It consists of a set of drift chambers which measure the position of
a charged particle along its trajectory.

In the MEG drift chambers it is possible to determine the coordinates

of the point of closest approach of the track to the anodic wire from
1. Measurements of the drift time.

2. Measurements of the pulse-height ratios on pick—up electrodes (pads

or strips).

The first measurement, known the drift velocity of the ionization electrons
along their drift trajectory, provides the distance between the sense wire and
the projection of the point of closest approach in the plane perpendicular to
the wires. The second one allows to determine the coordinate of the track
along the sense wire direction [59].

A brief description of the procedure used to simulate these measurements
in MegRoot is done here.

An electric signal is generated for each read—out channel sensing the
ionizing particle track with amplitude and shape defined according to the
characteristic of the MEG front—end electronic chip.

Afterwords this is digitized and stored in the raw data block with a
format defined by the MEG read—out system and described in §4.3.4.

4.3.1 Simulation of the timing measurement

When a charged particle crosses a sensitive gas volume, it ionizes the gas,
thus producing free electrons and positive ions. The electrons, under the

effect of the electric field, drift toward the anodic sense wire. At short
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distance from the anode the strong electric field allows the development
of a charge avalanche from an exponential multiplication process due to
the collisions of the electrons with the gas atoms. In proportional regime
the electric signal of amplitude correlated to the amounts of charge in the
avalanche is produced. The timing of such signal is, instead, related to the
time necessary for the ionization charge to reach the sense wire (drift time).

However, the time measurement associated to each hit in the MEG drift
chambers system is not directly equal to the drift time, but it can be well

described by the relation

tmeasured = tdrift + tp'ropagation + tflight + o + At (4-1)

where the t,,cqsureq i the real data stored in the spectrometer buffer and
represent the time delay between the trigger signal (starting time) and when
the signal, generated on the sense wire, is read out from the front—end elec-

tronics. The terms that are contributing to the t,eqsureq in (4.1) are:

- larift
the drift time, that is the time elapsed between the primary ionization

and when the charge is collected on the sense wire;

tpropagation :
the time necessary for the propagation of the electric signal along the
wire from the location of the energy deposition originating the signal

to the front—end electronics;

- tflight -
the time of flight of the charged particle from the muon decay vertex

in the target to the entrance of the drift cell;

- 1o

a common offset due to details of the instrumental apparatus?

- At
the relative delay (which can be positive or negative) of the event
generating the current track with respect to the event generating the

trigger which activated the data acquisition.

2The to can be determined, for example, by special runs at low beam intensity, recording
radiative Michel decay. In MegRoot an arbitrary value of 20 ns has been assumed for this

variable.
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Figure 4.5: a)Time distribution in the spectrometer; b)drift time distribu-

tion.

Two of these terms, the ?p,opagation and tg, can be evaluated and subtracted
by a suitable data calibration procedure, during the data analysis; % gnt
can be neglected, its value being of the order of one ns for the first turn of
the track in the MEG spectrometer, while At is characterizing the timing
measurement. As it is shown in fig.4.5 the t,,cqsured SPectrum extends over
the whole dynamic range allowed for the time measurement (in the simu-
lation the acquisition time window is set 1 ps), and it consists of a typical
drift time spectrum due the tracks related to the trigger, those which have
At = 0, superimposed to a continuous drift time spectrum coming from the

uncorrelated tracks.

4.3.2 The simulation of the drift time

The free charge generated in the ionization process, drifting under the in-
fluence of the electric field, reduces the electric energy in the gas volume by
the amount proportional to the potential difference between the sense wire
and the point where there was the ionization process. This change in energy
is the source of the signal on the sense wire.

The energy difference (Ae), as a function of time, can be obtained using
the Wilkinson procedure [56]:

Ae = qVF(t) (4.2)

where the ¢ is a elementary charge, V' is the potential and F'(¢) is a function

that rises from 0 and 1 depending on the cell dimensions and on the ion
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drift velocity.

Since, the ionization process is stochastic in nature, depending on the gas
mixture parameters and the gas volume width, the signal generated on the
wire (waveform), is the sum of more signals (everyone due a single ionization
process) distributed along the acquisition time window.

In principle, one should be able to distinguish each ionization process
that has contributed to generate the waveform, but this would pose some
constrains on the electronics front—end as well as on the software develop-
ment for the reconstruction and analysis of the data.

In MegRoot the hits simulation is based on the mean free path of the
charged particle, by the TVirtualMC classes, while the waveform generation
is developed in the classes for the Summable Digits and Digits management.

However, a good approximation independently on the gas mixture and
cell configuration, also implemented in MegRoot, is to suppose that only
a hit (a single ionization process) is generated in each gas volume, and to
consider the closest approach distance to define the hit position. In this
way, the entering and the exiting points for each drift cell are temporary
recorded, and a linear approximation of the local particle trajectory with a
straight line is made. The distance between this straight line and the sense
wire defines the distance of drift, that, is converted in a time measurement
using the space—time relation.

Generally, this is not a simple relation linear dependence of the time
from the distance. Nevertheless, well consolidated calibration procedures
allow to obtain it with a good level of accuracy.

At the moment in MegRoot a linear space time relation, corresponding
to a constant drift velocity of 4 ¢cm/us, is assumed. Any possible anisotropy
deriving from the track incidence angle or from magnetic field effects is
neglected (see fig.4.5).

The procedure described above, has been developed by the offline group
in the MegDCHv1 detector class, where a re—definition of the Stepping method,

used by the particle transport system, is made.

4.3.3 Measurement of the pulse-height ratios

The measurement of the coordinate of the track position along the wire
direction is made by using the pulse-height recorded on adjacent cathode

strips.
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Figure 4.6: Example of the Raw Data format as inherited from AliRoot.

The pulse—height ratios is calculated starting from the pad response func-
tion [59], obtained by integrating the charge density, induced in the cathodic
plane, over the area of the strip.

The pad response function depends on the width of the strip (it is im-
portant to choose the strip width in relation to the cathode—anode distance,
so that the signal ratio on neighboring strips does not make excessive con-
strains on the dynamic range of the electronics), but also on the gas mixture
parameters and on the incidence angle of the track, that implies a spread of
the avalanche along the longitudinal coordinate.

At the moment, the pad response function simulation has not been devel-
oped in MegRoot, thus the z—coordinate of the cluster position is set equal
to the true value, as it comes out from Monte Carlo simulation, smeared
with a Gaussian resolution function with o equal to the expected resolution

of the experimental measured (300 pm).

4.3.4 Raw Data Format

The raw data format for the DCH module supported by MegRoot is directly
inherited from the AliRoot framework, in particular we are using the raw
data general structure developed for the ALICE-TPC subdetector [60].

The basic pulse detection scheme is a fixed threshold scheme: signal
of amplitude smaller than a constant level are considered as noise and are
rejected. This allows to apply a sample zero suppression algorithm by keep-
ing all the relevant information in the signal sampled over the whole time
window.

If one calls bunch a group of consecutive bins with signal over threshold

coming from one DCH channel, the whole waveform can be represented by
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Figure 4.7: Interaction of the reconstruction code with the other parts of
MegRoot.

a sequence of bunched by recording, for each bunch, n 10-bits words each
representing the amplitude of the bin (S;), the time of the last bin (7B) and
the number of bins (BL) respectively, as shown in fig.4.6.

The raw data is composed of a sequence of variable size blocks, each
corresponding to a single read—out channel. The block is completed adding
a trailer block containing the information about the channel identification
(sector, cell or strip number) and the block size, i.e. the number of words
in the block.

A dedicated class to menage the decoding and encoding of the raw data

has been implemented in MegRoot.

4.4 Reconstruction in MegRoot

The MegRoot reconstruction code is part of the framework. Its modular
design, inherited from the AliRoot offline system, allows to compile into sep-
arate shared libraries and executed independently any reconstruction task.
The reconstruction can use as input both digits in a special ROOT format,
more convenient for development and debugging purposes, and digits in the
form of raw data, as they are output from the real detector or can be gen-
erated from the simulation. The reconstruction outline is shown in fig.4.7:
the output of the reconstruction is the Event Summary Data (ESD) con-
taining the reconstructed charged particle tracks, together with the particle
identification information, and the particle reconstructed in the calorimeter.

The main steering reconstruction class is MegReconstruction that pro-
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vides a simple user interface to the reconstruction. It allows users to config-
ure the reconstruction procedure, include or exclude from the run a detector,
and define a suitable sequence of reconstruction steps by enforcing the nat-
ural order of the procedures. The full reconstruction can be subdivided

into

- local reconstruction: perform the reconstruction for each detector sep-

arately;
- vertex reconstruction;
- track reconstruction and particle identification (PID).

The MegReconstruction class is also responsible for the interaction with the
MegRoot I/O sub-system and it handles the main loop over the events.

The interface from the steering class MegReconstruction to the detector
specific reconstruction code, for the local reconstruction step, is defined
by the base class MegReconstructor. For each detector there is a derived
reconstructor class that is responsible for creating the corresponding specific
clusters, tracks and vertex finder objects and for passing the corresponding
pointers to the MegReconstruction. This allows one to configure the actual
reconstruction process using different versions of the reconstruction classes
at the detector level.

The local reconstruction step is completed with the RecPoints file pro-
duction, while the whole procedure is completed matching the data from all
detectors and generating the ESD file which contains the information on the

reconstructed event.

4.4.1 The Reconstruction in the DCH System

The offline track reconstruction strategy adopted for the DCH is based on
the Kalman filter approach [57]. Before applying the fit a specific pattern
recognition procedure is run in order to define track candidates, solve the
left-right ambiguity, and provide a first estimate of the track parameters for
the fit. The cluster—finding and the Kalman filter steps are described with
more details in the next chapters.

After the reconstruction in DCH the track is extrapolated to the TOF
and propagated back to the target in order to find the vertex position, and

to calculate the track parameters and their covariance matrix at this point.
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The local reconstruction data are stored in the Track file, which can be
used from user for a partial reconstruction analysis.

The main class is the MegDCHRecoPattern, that through the method
MakeClusters() starts the cluster finding loop, while the main class for the
Kalman filter is MegDCHtracker.

4.4.2 The Reconstruction in the LXe

In MegRoot, the module describing the Liquid—Xe calorimeter is the LXE
module.

As discussed in §3.4, the photons, hitting the calorimeter medium, pro-
duce UV scintillation light, that is collect by the photomultipiers (PMT)
placed on the calorimeter walls. The measurements of energy, time and di-
rection of the incident particle are provided by the PMT waveform analysis.
The reconstruction task is own to give these information starting from the
detector data.

Also in the LXE module the main reconstruction steps are the Clus-
terization and the Track Reconstruction. The first step allow to group the
cells (PMT) where signals were recorded into clusters, while the second step
extracts the photon energy and direction.

The whole reconstruction is implemented in the MeglL XEClusterizer class
[58].

4.4.3 The Reconstruction in the TOF

At the moment the strategy for the local reconstruction in the timing counter
(TOF module in MegRoot) has not been completely developed in the col-
laboration. However, whatever the reconstruction strategy that the collab-
oration would use, it will be implemented with a logical structure similar to
that of the other subdetectors, to guarantee the good functionality of the

framework system.

4.5 A MegRoot Section

To start a MegRoot session, after the compilation ad installation of MegRoot
code, it is sufficient to launch the command megroot. This allows to enter in
the MegRoot software and initialize automatically the MegRun object, called
gMeg, used to handle all user defined action. At this point it is possible to
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run a macro, that is a C++ file containing the commands that must be

executed, by the command line:
x macro.C
or inserting step by step the commands as follows

gMeg -> Init() to initialize the setup for simulation step

gMeg -> Run() to run a set of events.

Each user action performed in MegRoot requires a setup initialization
defined in the file Config.C. This file is a macro that is automatically executed

when the Init() method is called and contains information on:
- the number of events to be processed;
- the geometry configuration to be used;
- the field map.
Moreover, if we use the MegRoot to simulate the events it contains:
- the generation random seeds;
- the event generator used;

- the list of physics processes to be simulated while propagating the

particles through the detector.
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The Track Finding Strategy

In the experiments where the detector occupancy is very high the probability
that tracks from uncorrelated background events are superimposed to the
signal tracks, within the integration time window, is very high. Therefore,
in each event recorded, the hits correlated to the trigger signal are merged
with hits with a different and random absolute delay with respect to the
trigger.

The task of distinguishing the hits belonging to a given track, rejecting
noise and uncorrelated hits, is the track finding procedure that makes a
track reconstruction in the hit space, also providing a rough estimate of the
kinetic parameters of the charged particle, that will be used as the starting
point for the track fitting procedure.

In this chapter the strategy for the track finding procedure in the DCH
System for MEG experiment as implemented in the MegRoot framework is
described. In particular, the basic concept together with the main features
of the tracks observed in the MEG spectrometer are discussed. Again, some
results on the algorithm performances are shown, when a sample of events
data simulated by an external MonteCarlo code (the Pisa MC code) is used.
Moreover, the procedure to obtain a first determination of the track kinetic

parameters is discussed.

5.1 Data Preparation

In order to allow to run the reconstruction using different input data files,
depending on the development level of the code, the class (MegDCHClusterer)

has been implemented to manage the different possible input format for the
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track finding procedure.

Independently on the data format in input, it can use hits from tracking,
or digits from simulation, or raw data, or external data, a MegDCHClusterer
object is created for each record in the input file.

By calling to the class constructor it is possible define the cluster object

as follows:
cluster = new MegDCHClusterer(idx,sect,cell,time,zlon);
where:

idx is a flag specifying the found of input data relative to the number

record (hit, digit or raw data block);
sect is the number of the sector;
cell is the number of the cell;
time is the time measured as defined in §4.3.1 after the calibration step;

zlon is the track position along the wire direction; it comes directly from
the pulse-height ratios on the cathodic pads (see §4.3.3).

Afterwords, the cluster is stored in a TObjArray object, named fBankData,
that is used by the track finding step. In this way a correspondence between
the records for a given event and the entries in the fBankData is created.

The procedure is run by calling the Read Tree method of the MegDCHRe-
coPattern class, which loops on the event records creating the cluster object
and loading them in the fBankData.

5.2 The Track Finder Structure

The task of the track finding procedure is to group hits into disjoint sets
representing track segment candidates, taking into account that some hits
may be noise or may belong to uncorrelated tracks and, therefore, they must
be rejected. Moreover, for each set, the procedure must able to make both
a conversion from hit objects into a space points, and to evaluate the initial
kinetic parameters of the charged particle associated to the track candidates.

The key concept used to group the hits is a definition of closeness in the
hit object space. Therefore some parameters, that allow to define a distance

between two hits are introduced.
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The base class for track finding procedure is MegDCHRecoPattern whose
the main methods are MakeClusters, CreateSequence and TrackParameter.
The procedure is completed by storing the reconstructed track candidates
in the DCH. RecPoints.root file, by calling the FillTree class method.

To start the track finding the MegDCHRecoPattern object (finder) needs
to be initialized by calling the class constructor, when the local reconstruc-
tion in the DCH module in MegRoot is called.

5.2.1 The method ReadTree

By calling the ReadTree method the finder loads the event data in the format
of MegDCHClusterer objects, as produced in the data preparation step. By
default the reconstruction would be performed on the simulation output
(digits), however other different type input data can be used specifying the
TTree object type this flexibility of the framework allows to use a generic
input format, thus avoiding dependencies of the algorithms on the specific
input data.

After the data load, the Read Tree perform a redefinition of the fBankData

object requiring that the entries are ordered according to |zlon)|.

5.2.2 The method MakeClusters

This method performs a selection between the object stored in the fBank-
Data, by creating a sequence of MegDCHClusterer objects (clusters) that
represents a possible track segment. The method is able to group all objects
in the input array into one or more sequence, and to reject the hits that are
not associated to any track candidate.

As anticipated, the central concept is the hit closeness: two MegDCH-
Clusterer objects are close in the cluster space if they are topologically close,
that is they belong to adjacent cells, and if the time measurements satisfy
some requirements. In particular three variables, Tg;rt Toverage and Zgify
are introduced, which have discrimination power between hits belonging to
the signal track and noise or uncorrelated hits. Their use will be discussed
in next section.

The operative function that generates the cluster sequence is the method
AreNeighbours. This is a method returning a boolean value which is true, if
the cluster are close, false otherwise. When the true value is returned, the

cluster is removed from the bank data and inserted in the cluster sequence,
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which is being built.

Using such closeness criterion, the MakeClusters method performs the
data clusterization and stores one or more sets of clusters associated to the
track segment in the output banks.

The hits that are not clusterized are considered noise or uncorrelated

hits and, thus, they are rejected.

5.2.3 The method CreateSequence

This method analyzes each hit sequence created by the MakeClusters. The

method performs two actions on the input sequence:
- makes the conversion from the hit space to the point space;

- ensures the quality of the sequence by checking that all hits belonging

to the sequence are compatible with a track segment.

The first step is equivalent to solve the left-right ambiguity problem for drift
chambers, namely it determines the space point where the track has crossed
the chamber in the plane perpendicular to the drift direction. Using the
drift time measurement it is possible to determine a drift circumference in
the z—y plane centered in the sense wire position and tangent to the track,
within the resolution of the drift distance measurement. In a locally linear
approximation of the track, given two consecutive measurements of the drift
time, the track can match one of the four tangent straight lines (everyone
represent a solution of the so—called tangent problem and defines a pairs
of hits) that can be drawn out of the two drift circles. The coordinates
of the tangency point are calculated by the method HitPosition that solves
analytically the tangent problem in z—y plane. The z of the hit is assigned
according to the direct z measurement of the correspondent cluster.

At this level the hit object is created, using the MegDCHHits class con-
structor; it corresponds to the input cluster object with the difference that
time measurement along the radial direction is replaced with the space co-
ordinates.

For a simple hit pair there are not criteria to distinguish the best tangent
that matches the particle trajectory. Therefore, for a track that crosses n
sectors with paired hits in each sector, there will be 4" independent combi-

nations of local segments.
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The task of the second step, thus is to define a criterion to choose among
all the allowed combinations the one which is best suited to represent a
sequence of hits along a particle trajectory.

The criterion is based on the simple observation that, for a good hit
sequence, any three consecutive tangency points must be compatible with a
parabola with the convexity oriented toward the target region.

This method is a powerful handle to reject the noise and uncorrelated
hits, because, for each hit it compares the position with respect to the posi-
tions of both the previous and the following hits, thus deciding whether to
take or reject it.

The criterion is applied on the hits sequence calling the method Conves-

sity.

5.2.4 The method TrackParameters

The last method called before to store the reconstructed data in the output
file, is the TrackParameters method, that performs both, the calculation of
purely geometrical parameters of the track, like bending radius and curva-
ture center, and the estimate of the kinetic parameters associated to the
track segment, like flight direction and momentum that are used by the
track fitting step, as illustrated in the next chapter.

The geometrical parameters are used to label the hit sequences satisfying
the convexity requirement, by their root mean square, while the kinetic
parameters characterize the track segments associated to each hit sequences.

In particular, to calculate the bending radius, the particle trajectory in
the spectrometer is approximated, in the transverse plane, with a circle.
Therefore, it is possible to define the circumference center by the crossing
point of two straight lines, each perpendicular to a tangent line defined by
two hits. As a matter of fact, if the drift distance were not affected by
measurement errors, two tangent straight lines would be sufficient to define
exactly the circumference center. However, in real life the center is defined
using the mean of the distribution of the crossing points defined for each
pair of hits. In the same way, the circumference radius is defined as the
average on the distances between the center and hit points. In summary
each of the 2" combinations of tangents is associated to a distribution of
Teenter, Teenter ad R. The best combination is assumed to be the one with

the minimal spread (RMS) of such distributions.
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Figure 5.1: a) Ty;ry as defined in §5.3.1 for all pairs of hits in adjacent drift
cells; b) Tyipp for hits belonging to the same track

For the best combination, the kinetic parameters are estimated using a
approximate linear correlation observed between geometric parameters and
track parameters, that will be described in §5.4.

By calling the internal functions Momentum and Angle the momentum
and flight direction are returned, while calling the methods SetMomentum

and SetAngle the parameter values are saved in the output file.

5.3 Signal Sensitive Parameters

As discussed in §5.2.2, in order to establish the cluster object closeness, three
variables, Tgirf, Taverage and Zg;ry are introduced.

Their discriminating power against noise and uncorrelated hits is widely
discussed in [61], where a study performed on the Michel positron tracks,
that represent the main uncorrelated track source, has been presented.

In the following the main results of this study are shown.

5.3.1 Time Difference

The time difference parameter (Ty; f f) is defined as t1 —t9, where t1 and 9 are
the measured times associated to hits in adjacent drift cells. Figure 5.1 shows
the Ty; ;s distributions in the general case where hits belonging to different
tracks can be paired (left) and for hit pairs belonging to a single track. This
parameter cannot distinguish the signal track from background tracks; on

the other hand, it is helpful in reducing the combinatorial eventually arising
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from the confusion of hits belonging to different tracks topologically close in
the spectrometer.

Thanks to the sense wire staggering, Ty; ;s is related to the position of
the track with respect to the closest sense wires in the two cells. Therefore,
it can range from 0, if the track is equally distant from the two sense wires,
to approximately 150 ps, the maximum drift time, if the track hits ones
sense wire and, therefore, is located at the maximum possible drift distance
from the sense wire on the other cell. If the hits in the pair do not belong

to the same track, Ty;ry can be as large as 1 ps.

5.3.2 Time Average

The Tyyerage pParameter is defined as the average between the time mea-
surements associated to a pair of hits in adjacent chamber units, after the
calibration step. From purely geometrical arguments, for the track related
to the trigger Tyyerqge must be equal to one half of the maximum drift dis-
tance in the cell, when the track is following approximately the tangential
direction. For tracks out of time, one has in addition the total time offset of
the track with respect to the trigger. In fig.5.2 the top-left plot shows the
distribution of Tyyerqge for all possible pairs built out of hits belonging to
the same sector. In the right-top plot pairs where both hits belong to the
same track are selected. If the requirement that both hits in the pair belong
to the trigger related track is added, the long tail of the distribution is cut
away. This variable, therefore, is sensitive to tracks in time with the trig-
ger or coming from accidental background. The peak associated to trigger
tracks is located at about 65 ns, which correspond to one half of the average
drift path:

d/2 =10.065 us x 4 cm/pus = 2.6mm (5.1)

The plot shows that Tyyerage keeps the same shape when calculated for hit
pairs belonging to adjacent modules, even if located in adjacent sectors.
In spite of the various simplifying assumptions adopted in the simulation,
the width of the distribution of Tyyerqge, o ~ 27 ns, appears much worse
than the limiting figure of 5 ns claimed in the proposal of the experiment.
Therefore, a better resolution is obtained when concentrating on the pair
in the central sector in the track first turn, if the number of sector is odd,

where the trajectory is almost orthogonal to the chamber axis.
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Figure 5.2: left-top: Tuyerage for all pairs of hits in adjacent modules of
the same drift chamber. right-top: Toyerage for all pairs of hits in adjacent
modules of the same drift chamber belonging to the same track. left-bottom:
Toverage for all pairs of hits in adjacent modules of the same drift chamber
belonging to the track in time with the trigger. right-bottom: T,yerage for
pair of hits in any adjacent modules belonging to the track in time with the

trigger.
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Figure 5.3: a) Zg;iss all hits in the spectrometer; b) Zg;rs event trigger hits.

5.3.3 The distance along the z—axis

The position of the hits along the longitudinal axis, measured by the ca-
thodic strips on the walls of the chambers, allows to introduce another pa-
rameter Zg;rs, that can be used to define a continuity criteria of the track
along this direction. The Zg;;; parameter is defined as the difference be-
tween the z—coordinates for a pair of hits in adjacent chamber modules.
Also for this parameter, in fig.5.3 we compare the distribution for all the
pairs in the spectrometer and that for pairs belonging to the trigger track
and, therefore, to a single track. In the single track case, we notice that the
narrow peak at low Zg; sy values, which has a sigma of about 1.2 ¢m, is fol-
lowed by a broad secondary peak, clearly related to pairs consisting of hits
belonging to different windings of the positron tracks and, as a consequence,
well separated in z, with respect to the consecutive hits in the track path
whose distance in z is smaller than a few centimeters. In the general case
of pairs from signal and background together the situation is confused by
a continuous and not uniform background superimposed to the distribution
for single tracks. However, also in this case, a large fraction of the pairs with

Zgiff < 5 cm comes from hits belonging to the first turn of a single track.

5.4 The Kinetic Parameters Estimation

As anticipated in the previous sections the estimate of kinetic parameters
of the charged particle is performed by the TrackParameters method of the

MegDCHRecoPattern class, which uses the approximation of a linear cor-
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Figure 5.4: a)The bending radius distribution for positron tracks from p —
ey; b)profile plot of the momentum as a function of the bending radius for

Michel positron tracks.

relation between kinematic parameters and geometrical properties of the
reconstructed track segment.

The track parameters, which are essential to the track fitting procedure,
are the particle momentum (p), and the particle flight direction defined by
the two angles (¢ and @) that the particle trajectory forms with the z and
z axis respectively.

In this section we discuss the observed linear correlation existing between
the kinematic and geometrical track parameters for both Michel and signal

positrons tracks, quoting also the precision of the approximation.

5.4.1 Momentum correlation

As shown in §3.3.1, the main advantage in using the COBRA spectrome-
ter is that the gradient magnetic field is arranged such that monochromatic
positrons from the target follow trajectories with a constant projected bend-
ing radius independent of the emission angle.

In the approximation where the particle trajectory is a circumference in
the transverse plane, we need three points to define it analytically. However,
if we suppose to fix the particle starting point (vertex), that is equivalent to
suppose that events are generated point like in the reference frame origin,
only two points are sufficient to define analytically the particle trajectory.

Fig.5.4.a shows the bending radius distribution for a sample of positron

tracks from p — ey decay when the coordinates of the first and last hit, in
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Figure 5.5: Residual distribution for positrons momentum.

the track segment, are used to define the circumference. The mean value of:
r=(12.5+0.2) cm (5.2)

allows to identify the signal tracks in the spectrometer.

Completely different is the case in which the positron tracks from Michel
decays are analyzed, since the particle momentum may assume a value in
a wide range. However, if we choose to plot the particle momentum as a
function of the bending radius of the track, we notice as these parameters
are linearly correlated (fig.5.4.b). Comparing the two plots, we note as the
value of the bending radius for positron signal tracks is perfectly located at
the end point of the bending radius spectra for the Michel positron tracks.
In this way, we can define a linear function to calculate the momentum of
the particle from the bending radius. A simply relation based on the plot
in fig.5.4 is:

p=a+bxr (5.3)

where p is the positron momentum and r is the trajectory bending radius.

The best estimate for the free parameters a and b is

a=—-8.04+£0.18 MeV/c
b=4.89£0.02 MeV/c-em

The fig.5.5 shows the distribution after residuals of between the true
positron momentum and the reconstructed one where this parametrization
is used. The Gaussian fit tells us that the procedure described above is able

to provide the charged particle momentum with an error Ap/p = 2%.
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Figure 5.6: a)Scatter plot of the cos@ as a function of the z—coordinate for
positrons from 52.8 MeV. b)Residuals for cos@ when the parametrization
in (5.4) is used.

5.4.2 cosf correlation

One of the parameters that characterizes the flight direction is the 6—angle,
that is the angle that the vector tangent to the particle trajectory in the
vertex point forms with the longitudinal axis (z). However, since the de-
tector design imposes that only positron emitted with 0.08 < |cos#| < 0.35
are observed, we prefer to use the cosine of the # angle for an easy compari-
son with the generated values. Moreover, the flight direction is independent
from the momentum, therefore samples of positrons from the y — ey or
from Michel decays can alternatively be used to study the correlation of

cos f from directly measured quantities.

The scatter plot of the cos 8 as a function of the z—coordinate of the first
hit along the particle trajectory (see fig.5.6) shows as these parameters are

tied by a linear correlation: the fit gives the following parameter values:

of fset =0. and slop = 0.03 cm™ .
ff 0.03 and sl 0.03 ! 5.4

Using this parametrization on both positron tracks from signal (Michel)
decay we obtain a standard deviation for the residuals of gco59 = 0.045 (
Ocosg = 0.039); for a mean value of cos @ ({cos @) = 0.26) the error propaga-

tion entails an uncertainty on the € angle of about 47 mrad (40 mrad).
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Figure 5.7: Residual distribution for phi angle.

5.4.3 (p—angle

The ¢—angle, defined as the angle between the z axis and the projection
of the flight direction at the vertex on the transverse plane, is the other
parameter that defines the track direction along with 6.

In the same approximation used to define the bending radius, i.e. the
positron trajectory is a circle in the z—y plane crossing the reference frame
origin, the p—angle is defined by the tangent to the circumference in the ver-
tex point. Since the tangent direction is perpendicular to the circumference
radii at each point, we can use the coordinate of the circumference center
to define the angle. In particular, we call z, and y. the coordinates of the

center of the circle the p—angle is given by:
¢ = arctan (—ﬁ) (5.5)
Ye

The residual distribution for this parameter (see fig.5.7) shows as the
method used to estimate it introduce a bias: in particular since the residual

is defined as
Res, = ¢ —

the method overestimate the p—angle of a quantity equivalent to the mean
value of the residual distribution. However, we’ll see in the next chapter that

offset of 70 mrad in average does not affect the track fitting performances.

5.5 Results

In this section some results obtained with the track finding procedure out-

lined above are discussed. In particular the discriminating power of the
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sensitive parameters discussed in §5.3 is tested. The cluster finding proce-
dure has been tested using a sample of Michel and signal positron tracks,
simulated by an external Monte Carlo code (so—called the Pisa version) and

using the applying the cuts listed below:
e difference in z: Zgsp < 3.5 cm
e time difference: Ty;ry < 0.2 ps
e time average: Tyyerage < 0.2 ps

moreover we have imposed that the calibrated time for each hit is less than
0.3 pus and the sum of the calibrated drift distance for adjacent hit must be
less than the distance between the sense wire position within the chamber
resolution (within 3¢).

The track segments reconstructed are finally labeled by the kinematic
parameters of a positron track they are supposed to represent. Eventually,
if in a trigger the track finding procedure will reconstruct one or more pile—
up track segments the final fitting step will have rough precision to reject a

large fraction of them.

5.5.1 Results with Michel positrons

The first test has been performed on a sample of events where the signal
track (in time with the trigger) was superimposed to a number of tracks
out of time. The background track multiplicity was defined with a Poisson
distribution with mean value equal to five. Both the track correlated to the
signal trigger and the uncorrelated tracks are generated with the kinematics
of Michel positrons.

Using the value shown above for the signal discriminating parameters,
the cluster finding procedure allows to achieve a 94.4% of efficiency on the
reconstructed events.

In more detail in 64.9% of the reconstructed events, the procedure has
been able to select only the clusters associated, via Monte Carlo identifier, to
the track correlated to the signal trigger, rejecting quite the hits belonging
to the uncorrelated track.

Moreover, in 12.02% of reconstructed events the procedure also has been
able to select a second hit cluster associated to the second turn of the signal

track in the spectrometer. In a low fraction of the reconstructed events
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(0.27%) more than two segments associated to the signal track have been
built.

The full summary on the cluster finding performances is shown in table5.1,
where the reconstructed events are grouped by the number of track segment
associated to the signal and by their purity. As an example, out of 3995
events where only one sequence associated to the trigger has been found, in
3862 events such track candidate did not include any background hit, 101
track candidates contain 1 background hit and so forth.

The total inefficiency, for reconstructing at least one sequence related to
the trigger track, is about 5.6%. However this is overestimated, since, in
several cases of failure of the step, the simulated signal track has only four
hits, or less, in the first turn and therefore it cannot be really reconstructed.

The last comment concerns the purity level of the reconstructed track

Nr. of events fractions
Nr. of ev.s with 1 trigger seq. 3995 (2703) | 77.72%  (52.59%)
100% purity 3862 (2632) | 75.14% (51.21%)
1 hit from bkg. 101 (55) 1.96%  (1.07%)
2 hits from bkg. 22 (12) 0.43%  (0.23%)
>2 hits from bkg. 10 (4) 0.19%  (0.08%)
Nr. of ev.s with 2 trigger seq.s 842  (618) | 16.38% (12.02%)
100% purity 792 (588) | 15.41% (11.44%)
1 hit from bkeg. 35 (21) | 0.68%  (0.41%)
2 hits from bkg. 8 (6) 0.16%  (0.12%)
>2 hits from bkg. 7 (3) 0.14%  (0.06%)
NI. of ev.s with >2 trigger seq.s | 16 (14) | 0.31%  (0.27%) |
Nr. of ev.s without trigger seq.s | 287 5.58%
> 1 pile—up sequence 124 2.41%
no sequences 163 3.17%

Table 5.1: Result of the Cluster Finding. The signal track is a positron from
a Michel decay in time with the trigger. The second and third columns list
the number of events for each category. In column fourth and fifth the nor-
malization is performed against the number of events in which the simulated
track in time with the trigger has at least five hits (5140 events). The val-
ues in brackets refer to events where only sequences associated to the trigger

track have been built.
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Nr. of events fractions
Nr. of ev.s with 1 trigger seq. 5884 (4071) | 95.04% (65.76%)
100% purity 5747 (3993) | 92.83% (64.50%)
1 hit from bkg. 101 (58) 1.63% (0.94%)
2 hits from bkg. 22 (10) 0.36%  (0.16%)
>2 hits from bkg. 14 (10) 0.23%  (0.16%)
Nr. of ev.s with 2 trigger seq.s 257 (173) | 4.15%  (2.79%)
100% purity 224 (150) | 3.62%  (2.42%)
1 hit from bkg. 21 (16) 0.34%  (0.26%)
2 hits from bkg. 6 (3) 0.10%  (0.05%)
>2 hits from bkg. 6 (4) 0.10% (0.06%)
Nr. of ev.s with >2 trigger seq.s ‘ - - ‘ - - ‘
Nr. of ev.s without trigger seq.s | 50 0.81%
> 1 pile-up sequence 25 0.40%
no sequences 25 0.40%

Table 5.2: Cluster Finding statistic over a sample of y — ey events with
pile-up. The normalization is performed against the number of events in
which the track in time with the trigger has at least five hits. The values in
brackets refer to events where only sequences associated to the trigger track

have been built.

segment. From table5.1 about the 97% of the hit clusters associated to the
trigger signal do not contain any background hit. Moreover, the remaining
sample of impure hit sequences has an average content of background hits

equal to 15%.

5.5.2 Results with signal positron

The same procedure has been applied to a sample of simulated y — ey
decays; the timing of the corresponding positron tracks is defined assuming
that these events are triggering the DAQ. An average number of tracks from
simulated Michel decays, corresponding to the expected rate of 5 MHz, is
superimposed to the signal event with uniform random time offset with
respect to the trigger.

For this sample of signal events the cluster finding performances, as

shown in table5.2, are slightly better due to the higher momentum of the
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signal tracks (52.8 MeV/c) compared to a wide momentum spectrum of the
Michel superimposed tracks (30 + 50 MeV/c), which correspond to longer
track paths into the MEG spectrometer.

The inefficiency is less than 1% and the percentage of pure hit clusters
is about 98%. On the other hand, the contamination from hit clusters
associated to pile-up tracks is basically unchanged: in the 68% of the events

only the clusters associated to the trigger track are selected.
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Chapter 6

The Track Fitting

After the Track Finding procedure, where the hits recorded in the track-
ing detector are collected into subsets each of them associated to a track
segment, the determination of the track parameters requires a precise track
model for the trajectory of the charged particle in a magnetic field, and the
knowledge both of the detector resolutions and of the amount of material
traversed by the particle in order to have a correct and efficient description
of the multiple scattering and energy loss effects.

The accurate reconstruction of the track parameters from a set of space
points and the back—propagation to the vertex, with the complete use of the
information available from the tracking device, is defined Track Fitting step.

In this way, the track fit can be viewed as the last step in the data recon-
struction, which has in input the position of the hits provided by the track
finder, whereas its output is a list of particles represented by an estimate of
the track parameters.

In this chapter, a track fitting strategy, based on the Kalman filter [57],
and implemented in MegRoot for the data reconstruction in the DCH de-
tector is described. In particular, the basic idea, the analytic formulation,
the implementation and the performances of the Track Fitting procedure

are discussed.

6.1 The Kalman Filter Technique

The Kalman filter technique was developed to determine the evolution of a
dynamical system from a set of measurements taken at different times [62].

Essentially, it consists of a set of mathematical equations that provide,

87
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by recursive steps, the description of the system state by minimizing the
sum of squared residuals normalized to the errors. Therefore it proceeds by
a succession of alternating prediction and decision steps, from one measure-
ment to the next, thus improving the knowledge on the system parameters
by following the evolution of the so—called “state vector”: a list of features
describing the system.

In the prediction step, the current state vector extrapolated to the next
measurement conditions is preformed, taking into account all possible effects
that affect the system (for example, if the system is a charged particle these
effects could be the multiple scattering and energy loss), while in the filter
step the state vector is updated taking into account, with the appropriate
weight, the present measurement.

After each prediction step, the filter has to decide whether the measure-
ment is compatible with the present vector state extrapolation and, then, if
it should be used in the subsequent update of the state vector or if it should
be rejected. Conventionally, the measurement which is closest to the predic-
tion is selected for inclusion in the updated state. The distance is expressed

by a suitable test variable, for example a x2.

6.2 The Track Fitting Strategy

The final purpose of the tack fit is to estimate a set of parameters (state
vector) that describes the charged particle using a set of measurements along
the track trajectory.

As previously anticipated, the fitting procedure in MegRoot is based on
the Kalman filter and, therefore, it inherits its logical structure. The basic
idea: every space point added to the track updates its state vector; a space
point is added to the track depending on its compatibility with the track
extrapolation on the relevant measurement plane.

Obviously, before starting it is necessary to initialize the state vector and

the covariance matrix.

6.2.1 The Analytical Formulation of the Track Fit

This section gives a more technical presentation of the idea that was de-
scribed above.

First of all, it is necessary to define the state vector that allows to de-
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scribe the system evolution. Since the system is a charged particle and the
time evolution is the particle trajectory, the state vector can be represented
by a collection of five parameters: two for the position, two for the direction
and one for the track curvature or particle momentum.

If we choose to work in a cylindrical reference frame with the z axis
oriented along the detector axis and the radius given by r = \/aﬁy2 , the

state vector may be represented by:

- r, the radius where the trajectory intersects the reference plane at

azimuthal angle ¢g;
- 2z, the z value where the trajectory intersects the reference plane;

- @g4ir — o, the phase angle of the helix at the intersection with the
reference plane (pg4;- is the angle of the tangent to the trajectory at

this point);
- tan A, where A = arctanp,/p, is the dip angle of the helix.
- 1/p, the inverse particle momentum;

In the notation used here, the particle state vector at the time k is
denoted by Zp and the its covariance matrix by Ck. In our case, Ty is
parametrized in terms of the track parameters which are actually defined as
Ig, i.e. the state vector at the decay vertex. The matrix Fj describes the
propagation of the track parameters from the hit (k¥ — 1) to the hit k'. The
space point measured at the kth measurement plane is denoted by my ( in
general, my is a vector with the dimension of that specific measurement,
i.e. for a tracking device my is a space point). The measurement error is
described by the matrix Vj; while the relation between the track parameters
Zj, and the predicted measurement is described by the projection matrix Hy,.

In each filter step, the state vector and its covariance matrix are propa-

gated to the location of the next measurement with the prediction equations:

it = Fpgga (6.1)

CF 1 = FCy_1FL +Qy (6.2)

'We assume at this stage a linear system, so that Fy and Hj, defined later on, are

matrices in the proper sense.
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and the estimated residual T,lz_l with its errors (Rz_l) become

il = my— Hyah ! (6.3)
RY = Vi + HyCF'HY (6.4)

Here, Qi denotes the additional error introduced by any noise source present
in the system, i.e. random perturbation of the particle trajectory, for exam-
ple, multiple scattering.

The update of the system state vector with the kth measurement is

performed with the filter equations:

Ky = CF 'H'(Viy + HyCf ' HY)™
i = a8+ Ki(my — Hiit ) (6.5)
Cr = (1—KxHy)Ci™t

where the K} matrix is called the gain matrix.

The x? contribution of the filtered point is then given by
Xﬁ = r,{R,;lrk (6.6)

The system state vector at the last filtered point always incorporates the

full information from all previously accepted measurements.

6.2.2 The Multiple Scattering

Multiple Scattering occurs through the elastic scattering of charged particles
in the Coulomb field of the nuclei in the detector materials. Since the
nuclei are usually much heavier than the traversing particles, the absolute
momentum of the latter remains unaffected, while the direction is changed.

The stochastic nature of multiple scattering is well described by the
Moliére theory [63]. However, for many applications it is sufficient to use
the so—called “average scattering angle, defined by the projected angular

distribution of scattering angles as [64]

13.6 MeV [ x T

where p, Bc and z are the momentum, velocity and the charge (unsigned
and normalized to the e~ charge) of the incident particle, while the z/X is

the thickness of the scattering medium in terms of radiation lengths.
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Figure 6.1: Geometry for the Multiple Scattering.

In general, multiple scattering could be treated in the track fit by ex-
pressing the angular uncertainty introduced by each thin scatterer as an
additional contribution to the error on the track extrapolation at the rel-
evant measurement plane. Since a track deflection by Coulomb scattering
will influence all measurement errors along the particle trajectory in a cor-
related way, this would imply that the matrix V in §6.2.1, that describes the
measurement errors, would become not diagonal.

In order to avoid this complication, in the Kalman Filter procedure,
multiple scattering effects are taken into account by a suitable matrix (Qy)

in the transport equations (6.1). This matrix is defined as

Qr =00 Ay (6.8)

where the 6, is the average scattering angle at the location of the kth hit,
while A, is a symmetric 5 x 5 matrix that expresses the artificial correlation
between the state vector parameters due to the multiple scattering effects.

Fig.6.1 shows the geometry involved to describe the Multiple Scattering
effects on the track parameters: V is the vector tangent to the particle
trajectory, 7 is the vector perpendicular to the track and pointing toward the
center of curvature, the two angles w4, and A define the particle direction.
The multiple scattering is described by two uncorrelated scatterings in two
perpendicular planes that contains the vector V', as described in [65]: the
first plane is the plane spanned by the vector V and 2, while the second
one is the plane perpendicular to the vector r. Each scattering angle is an
average described by the parametrization in (6.7)

Using the parametrization in §6.2.1 for the state vector the matrix A
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can be written like
L2 1 L2 1

~

i T Teosal tan o tan 6 5 |C‘£a‘ 0 0
%m tan o tan 6 %2 (n+tan?atan?6) L /mtanatand Zn./m 0
%% g\/ﬁtanatanﬁ n 0 0

0 3V 0 w0

0 0 0 0 0

(6.9)

where

- L is the track length at the kth plane measurement
- « is defined as T — (p4ir — ©0)

- 7 is the derivative of the tan A with respect to A

The diagonal elements represent the correction to the state vector param-
eters due to the multiple scattering effects; in particular we note as the
last term in (6.9) is null because the multiple scattering does not affect the

positron momentum.

6.2.3 The Energy Loss

At low energies positrons lose their energy mainly by ionization, although
other processes, like Bhabba scattering, e™ annihilation or bremsstrahlung
can occur. Therefore, energy loss effects as an function of the mass width

can be described using the Bethe-Block formula:

B a7 11 e T
dz ApB2 |2 12

5
2
-8 -3 (6.10)

where K = 0.307075 MeV g~ lem?, and Ty is the maximum kinetic energy
which can be transfered to a free electron in a single collision.

The value of the other parameters in (6.10) for the medium traversed by
the particle along its trajectory are reported in table 6.2.3

The energy loss by bremsstrahlung is also taken in to account in the
current implementation of the Kalman filter procedure although it does not

contribute in a relevant way of the positron energies involved.

6.3 The Track Fitter Structure

The procedure described above is implemented in two classes in MegRoot,
MegDCHtracker and MegDCHtrack.
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material Z/A density Mean excitation energy | Radiation length
(9g~'mol) | (gem™?) (eV) (cm)
helium 0.49968 | 0.1786E-03 41.8 756
ethane 0.59861 | 1.356E-03 45.4 34035
kapton 0.51264 1.42 79.6 28.6
nitrogen | 0.49976 1.25E-03 82.0 47.1

Table 6.1: Atomic and physics properties of some materials used in the MEG

spectrometer. The value are the same reported in the PDG.

The first class is the base class for the Track Fitter in the DCH module
and it drives the full fitting procedure, starting from data loading to the

production of the final result. The second class handles the mathematical

aspects of the track fit: the Runge-Kutta method for the particle trans-

port, the calculation of the multiple scattering effect and the energy loss,

determination of the covariance matrix.

Essentially, the track fitting procedure follows the steps implemented in
the main methods of the MegDCHtracker class:

LoadClusters

it load the data in input and prepare them for the fit (i.e. sequences

of hits collected as track candidates by the pattern recognition).

MakeSeeds

it initializes the state vector and covariance matrix used by the track
fitter. The state vector is initialized using the coordinates of the first
point in the subset and the track parameters (momentum and flight
direction) as estimated in the track finding step, while the covariance

matrix is initialized with arbitrary values.

Clusters2Tracks
it performs the conversion from the subset (cluster) of space points to
the track segment by the track propagation from the first point to the

last point in the subset.

RefitTrack

it represents the track fitter core: the method performs the calls to
the MegDCHtrack class methods which allow to perform the fitting

procedure as described in the previous section.
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6.4 The Track Fitter Results

As discussed in §5.4 the parameters that allows to parametrize a particle
track in the MEG Spectrometer are its momentum and its flight direction,
defined by the ¢ and @ angles, in the vertex point, together with the space
coordinate of the vertex.

Since the state vector of the track is defined as shown in §6.2.1, the fit
don’t provide directly the required track parameters but it is necessary to
derive they from the state vector definition. In particular, by calling state[]
(with 4 = 1,...5) the ith component of the state vector propagated to the

origin, from its definition it follows:

1 ‘ 1 C
= - o, =|-—-
P state[5] P (state[5])? o0
1
0 = arctan(stateld op=|———|/C
(statel4]) ’ ‘ 1+ (state[])?| vV
© = state[3] + g o, =+/C33 (6.11)

ro = state[l] oro =/ Ci1,1
20 = state[2] 0 = /022

where p, 6 and ¢ are the initial kinematic parameters of the particle while
ro and zg are the radial and longitudinal coordinates of the vertex in the
reference plane (z = 0).

The results presented here concern a preliminary test performed on a
sample of 7000 positron tracks from y — ey decay. We have used a track
sample generated from point like vertex, in order to easily check the fit per-
formances for vertex reconstruction; moreover the track generation follows
the usual angle distributions (—60° < ¢ < 60° and 0.08 < |cosf| < 0.35)

according to the detector geometrical acceptance.

6.4.1 The kinematic parameters

As discussed in §5.4 the track finding procedure provides a first estimate
of the positron momentum with a precision of about 2%. This value is not
sufficient to achieve the experiment sensitivity for the y — ey search, as
declared in the experiment proposal where positron momentum resolution
of 0.7%-0.9% in FWHM is required.

The momentum distribution for positron track reconstructed after the

fitting procedure is shown in fig.6.2. This plot refers to a sample of simulated
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Figure 6.2: The momentum distribution (a) and residuals (b) for positron

tracks after the fitting procedure.

positrons from the y — ey decay. The mean value of the distribution is

52.8 MeV in perfect agreement with the generation value.

However, if we consider the residual plot fig.6.2(right) where the

is plotted, we note as the fit gives an overestimate on the momentum of
about 8 keV, while the relative error is Ap/p = 0.4% corresponding to 0.9%
FWHM.

Note as the fitting procedure allows to bring down of a factor 5 the mo-
mentum resolution, with respect to the corresponding resolution provided by
the pattern recognition; however, new refinements of the fitting procedure
are necessary in order to eliminate the not Gaussian tails in the momen-
tum distribution in fig.6.2 (about 7% of events are out of the 30 range),
thus improving the overall resolution and also to correct for the bias on the

average.

Concerning the flight direction the fit allows to improve the parameter
resolutions with respect to the first estimate given by the pattern recogni-
tion. In particular, considering the parameter residuals show in fig.6.3 we
obtain a o, ~ 3 mrad and a o ~ 0.003 that correspond to oy ~ 3 mrad
representing an improvement of a factor 10 with respect to the resolutions

quoted in the track finding.



96 The Track Fitting

Residual @

800

70

S}

60

S

50!

[S)

40

S

30

)

20

)

100

N
o
=)

I T
0.02 0.04 0.06 008 0.1
rad

&0

IS
S
S
P T A

PSS ST IS AN | Ll SRR IS IR PN IR T W
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 008 0.1 -%.l -0.08 -0.06 -0.04 -0.02

(a) (b)

Figure 6.3: The residuals on cos8 (a) and ¢ (b) parameters from the fitting
step.

6.4.2 The vertex calculation

In the parametrization described in §6.2.1 of the state vector it is possible to
estimate the track vertex using the first and second coordinate: in particular
the first give the radial distance from the origin of the vertex in the trans-
verse reference plane (z—y plane), the second one the vertex position along
the longitudinal direction (z-axis). Fig.6.7 shows the distribution of the
vertex position parameters. In particular, ry is assigned a sign depending
on the sign of the y coordinate of the vertex. The resolutions on the ver-
tex coordinate are lower than 1 mm: this represents an improvements with
respect to the resolutions foreseen for the track reconstruction in the MEG
Spectrometer (2.1 + 2.5 mm). However, we remind that this a preliminary
result coming out from a study performed on a track sample generated from
a point like vertex, whereas in the experiment the mean decay vertexes will

be spread out on the extended target.

6.4.3 The Parameter Resolution

The quality of the reconstructed particle parameters and the estimate of
their errors from the reconstruction in a subdetector is essential for matching
and propagation into another subsystem.

As seen in the previous section, the quality of a determination of a track

parameter X; is reflected into the parameter residual defined as

R(Xz) — Xlrec _ Xitrue
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Figure 6.4: Vertex position after the fitting step both in the transverse (a)
and in the longitudinal (b) planes.

From its distribution, one can obtain the bias (R(X;)) on the parameter
estimate, and the resolution from the width (o(R(Xj;)))-

However, having calculated the parameter covariance matrix it is also
possible to define the normalized residual
Xree _ Xtrue

P(X;) on

(6.12)

which is often called the pull of the parameter. Ideally, the pull should
statistically follow a Gaussian distribution with a mean value of zero and a
standard deviation of one.

Using (6.12) and the relations in (6.11) it is possible to define the nor-
malized residual for the track parameters and their distributions are shown
in fig.6.5. Although the distribution of the pulls for the angular variables
are Gaussian, their width is larger than unity (1.2 and 1.7 for cos  and ¢ re-
spectively). Moreover, even if the pull on the momentum has a distribution
standard Gaussian-like (the mean = —0.04 and the o = 1.04) it shows some
non Gaussian tails. An explanation of these problems is an underestimate

of the error matrix that seems to depend on
- wrong coordinates for some input hits (contributing to the tails);

- problem with Multiple Scattering and energy loss corrections to the

covariance matrix (contributing to the ¢ and @ resolutions).

The first problem might arise from wrong left—right assignment in the calcu-

lation of the hit coordinates. As a matter of fact, a check on the hit position
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reported.
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Figure 6.7: Pulls for the vertex position after the fitting step: (a) pull for
0, (b) pull for z.

after simulation and after the pattern recognition shows (see fig.6.6) as of
about 3% of the reconstructed hits have a wrong assignment of the left—
right side. The second could be due to a mismatch in the treatment of the
Multiple Scattering and energy loss in simulation and in the fit.

Obviously, these problems affect the resolution on all parameters, includ-
ing the track vertex coordinates. With reference to fig.6.7, where the pulls
for rg and 2y are shown, we notice again same non Gaussian tails.

From this preliminary study of the Kalman track fit performance in
MEG, it is clear that the target accuracy can be achieved with the detector
design chosen by the collaboration. Further refinements in the evaluation of
the errors, which seems to be necessary in order to tune the pattern recogni-
tion and track fit algorithms performance, can be achieved with the standard
procedures and in any case would be required again on real where, for ex-
ample, misalignments and miscalibration of the detectors will introduce new

uncertainties in the measurements.
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Conclusions

In this work a review of the theoretical and experimental motivations for
searching for LFV has been given. In particular the detection of the pt —
ety decay would be a very good opportunity for priming scenario down
the physics beyond the SM, since many SUSY models predict a measurable
(> 107!) branching ratio.

The MEG experiment at PSI Laboratory of Zurich (CH) is designed to
search for LFV decay ut — ety with a sensitivity of ~ 5 x 10714 on B.R.,
representing an improvement of about two order of magnitudes with respect
to the present limit quoted in the PDG.

To have a successful results, the experiment must be ables to measure
the photon and positron four momentum and the vertex decay with very
high efficiency and precision.

My contribution to the experiment as a member of the Lecce group has
been to develop a track finding algorithm for positron tracks in the spec-
trometer, which has been widely described in the Chapter 5, and perfectly
integrated in the Offline System (MegRoot) developed by the Lecce group.

Starting from the raw data format, defined by the collaboration, the al-
gorithm is able to cluster the hits belonging to the track in the time with the
trigger (track segments) rejecting both hits from noise and those belonging
to pile—up tracks. Moreover, the algorithm gives an estimate of the initial
kinematic parameters of the track (momentum and flight direction) which
are shown to be useful for the final fitting step.

The track finding performances are within the specifications. A study
performed with two different samples of positron events (the first one with
only the positron from Michel decay has been used, while in the second one
also the positron from p — ey decay are used) gives an algorithm efficiency
to collect the hits belonging to the track correlated to the signal trigger
greater of 94%; in particular it achieves (99.2 £ 0.1)% when the track in
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time with the trigger is due to the positron from the y — ey decay. Again,
for about 2/3 of the events, the track finding is able to reject the pile-up
tracks clustering only the hit belonging to the trigger track. For each cluster
of hits the kinematic track parameters are evaluated by a linear correlation
from these and the geometric properties of the track (i.e. the bending radius
and the track depth along the longitudinal direction) with resolutions which
are shown to be adapt for a starting condition to track fit.

In the end, the event reconstruction chain has been completed by match-
ing the track finding algorithm with the fit program: a track model based
on the Kalman filter.

A preliminary study on the fitting procedure shows that it is possible
to obtain the track parameters with a precision better of 0.9% in FWHM
for the momentum and of about 3 mrad on the flight direction, in perfect

agreement with the design resolution of the spectrometer.
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