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Abstract

The MEG II experiment at the Paul Scherrer Institut searches for the charged Lepton Flavor Violating
decay p™ — e*y, a golden channel to test the validity of the Standard Model and to explore possible
signatures of New Physics.

In this thesis, we report the results of the MEG II analysis of the dataset collected during the
2021-2022 physics runs, achieving the highest sensitivity to date on the y* — e*y branching ra-
tio, S = 2.2 x 1072, No evidence for the y* — ey decay was observed, and a new upper limit on the
branching ratio was established:

BR(y" — e'y) < 1.5x 107" (90% C. L.

which is twice as stringent as the previous limit.

A central contribution to this achievement was the calibration of the experiment’s tracking detec-
tor—a single-volume cylindrical drift chamber—using 2022 data, along with the optimization of its per-
formance through updates to the positron reconstruction algorithms, leading to a 10% improvement
in resolution. Systematic uncertainties related to tracker alignment were also significantly reduced
thanks to a novel tracking algorithm for cosmic ray events. This thesis details the candidate’s work on
these developments and their impact on the final analysis.

vii
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Introduction

The [...] punchline, "There is a muon", may have caused laughter in the heavens, but man
was, and still is, ignorant of the joke. What else was the muon good for other than being
the pion’s favorite decay product? [...] Now, forty years later, the divine laughter continues
unabated.

Now, forty years later the publication of A. Pais memories [1], humanity still hasn’t taken part to
this joke.

The first observation in a cosmic ray experiment of "a particle with unit charge, a mass greater than
that of a free electron, and much smaller than that of a proton [...]"[2], which would later be known as
the muon (1) [3], dates back to 1937.

With its mass of about 100 MeV (first measured in [4]), the muon was the natural candidate to
be the mediator of the strong interaction according to Yukawa’s theory. However, in 1947 Conversi,
Pancini, and Piccioni [5] showed that the muon did not interact with matter as expected for a particle
mediating the strong interaction, but rather resembled the electron—initially considered an excited
state of it. This idea motivated the first experimental search for the electromagnetic decay p — ey [6].

The negative results in searches for this process pushed forward the idea that the muon was a “twin”
of the electron. The experimental confirmation of the existence of two distinct families of leptonic
particles came in 1962, from neutrino experiments [7]. In 1975, the existence of a third family of
leptons was discovered, the 7 lepton, with mass m; > m, > m..

Meanwhile, roughly in parallel, in hadronic physics the discovery of new particles (kaons in the
1950s, the J /¢ in 1974, the Y meson in 1977 and finally the top quark in 1995) led to the formulation
of the quark model, with again three families of quarks displaying the same pattern of mass ordering
found in the lepton sector: m; > m,; > m,,.

This concept of flavor, i.e. the organization of leptons and quarks into three groups carrying a
quantum number which determines the mixing probability of particles and seems related to their mass,
is a cornerstone of the Standard Model of Fundamental Interactions. Yet, the essence of flavor continues
to be a mystery intriguing the community of particle physicists. Beyond the question: "Why are there
three copies of the fundamental matter fields?" may lay a new, more comprehensive theory of Nature.

Since the first tiles of the flavor puzzle manifested themselves in the 1940s, the search for charged
Lepton Flavor Violating processes has been a very fruitful experimental effort, capable of shedding
light onto new theories, which eventually converged to the formulation of the Standard Model. Today,
as will be discussed in Chapter 1, these very same searches could test the existence of New Physics
beyond the Standard Model.

The MEG II experiment at the Paul Scherrer Institut is one of the main actors in this field of research
(Chapter 2). Designed to detect the y* — ey decay with a record sensitivity to BR(u* — e*y) <
6 x 107 (90% C.L.), the experiment has been taking data continuously since 2021 and has already
published an updated lower limit on the branching ratio:

BR(p" — ety) <3.1x107" (90% C. L.)

based on the analysis of the first-year dataset [8] and combined with previous MEG results [9].
In this thesis, the result of MEG Il on BR(u* — e*y) with the full 2021+°22 dataset will be reported.
With a sample of data five times larger than the 2021 dataset alone, the sensitivity is boosted to 2.2 x

ix
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10713, almost three times better than MEG; therefore this is the most sensitive search for the y — ey
decay ever performed yet.

The candidate contributed to this result through his work on the experiment’s tracker, the cylin-
drical drift chamber (CDCH). The principal aspects of the detector are outlined in Chapter 3. Chapter
4 discusses the results of the detector calibration performed on the 2022 data, using mainly positron
tracks. Chapter 5 presents the optimization of the reconstruction algorithms for cosmic rays, which
made it possible to reduce systematic uncertainties on the detector alignment that limited the exper-
iment’s sensitivity. There, we report also about the investigation on a new software alignment algo-
rithm for the CDCH using the so-called "Millepede" strategy. The efforts described in Chapters 4 and
5 converge in the Positron Analysis presented in Chapter 6, where the parameters for the final likeli-
hood analysis are determined. The MEG II final results on the 2021+°22 dataset are finally presented
in Chapter 7.

Future prospects of the p — ey search with MEG II are outlined in the concluding Chapter 8.
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Violation and the MEG II experiment






Chapter 1

Motivations for the MEG II experiment:
a theoretical overview

This first Chapter introduces the reader to the field of research in charged Lepton Flavor Violating (cLFV)
processes, illustrating the motivations which have led scientists to build complex experiments, such as
MEG and MEG II to search for the y — ey decay for instance. More about this topic can be found in
[10, 11].

In Section 1.1, we briefly introduce the flavor sector of the Standard Model and explain why it
remains an active area of research for probing physics beyond it. Section 1.2 focuses on the role of
cLFV processes in testing a specific New Physics scenario within the framework of supersymmetry,
while Section 1.3 presents a model-independent approach.

1.1 Flavor in the Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) is the most comprehensive theory developed so far to
describe the nature of matter and the fundamental interactions. Its main components are schematically
illustrated in Figure 1.1.

The SM describes elementary matter parti-

1 fermionic fields, divided into t 1 : .
cles as TeLTHONIC AEEs, AvIGed TTo two crasses Standard Model of Elementary Particles

quarks, which participate in the strong interac-
tion, and leptons, which do not. Fermions interact
through particles that act as "force carriers," rep-
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Figure 1.1: The "periodic table" of the Standard Model.
Credits to Wikipedia.
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originate from the Yukawa couplings between the fermion fields and the Higgs field:
—Lyukawa = (Yu)ij @LiuRj(i) + (Yd)ij §Lide(i) + (Ye)ij ILiequ) + h.c. (1-1)

where Y, 4 . are complex 3 x 3 matrices encoding the couplings between fermions of the i-th and
Jj-th families (u for up quarks, d for down quarks, e for charged leptons), ® is the Higgs scalar field,

Qi = (Z’) and Lj; = (;f) are respectively the left-handed quarks and leptons doublets, while dg;,
iJL i/L
ug;, eg; are the right-handed singlets.
Fermion masses arise from the spontaneous breaking of the electroweak symmetry SU(2)LxU(1)Y
via the Higgs mechanism into the gauge groups SU(2)eqk X U(1)EMm:
v

(my)ij= \/E(Yf)ij, f=ude, (1.2)

where % =~ 174 GeV is the Higgs vacuum expectation value. Notably, a right handed neutrino term
is absent in Equation 1.1. Although neutrinos are now known to be massive, as demonstrated by the
observation of neutrino oscillations, it remains unknown whether they are Dirac or Majorana fermions.
Their mass generation can therefore be incorporated into the SM in two possible ways:

« ifneutrinos were Dirac’s fermions, right-handed singlets vz can be introduced, in perfect analogy
with the other fundamental fermions:

LyD>-— (YV)ij VRi(i)TLLj + h.c. (1.3)

The neutrino masses in this case are calculated as in Equation 1.2, and their smallness depends
on the couplings Y, being very tiny =~ 10712,

« in the case that neutrinos were Majorana fermions, i. e. the neutrino is its own antiparticle, mass
terms different to those in Equation 1.3 can arise. Without the need of adding a right-handed
neutrino, the following non-renormalisable operator can be included in the Yukawa lagrangian:

Cii [~
Ly > =L (L§a:0) (@7 0sly) + hec (1.4)

where o is the Pauli matrix, and A > v corresponds to the energy scale at which an under-
lying theory, including the SM as a low-energy approximation, undergoes the phenomenon of

symmetry breaking. The neutrino masses in this case are:
V2

(my);; = Cin

(1.5)

and their smallness is linked to the high value of the energy scale A.

In another scenario, we could add a right-handed Majorana neutrino v with mass Mg}, which
would extend the SM lagrangian with the following operators:

~ 1
LD-— (YVVR(DLL + ZMRVRV1§> + h.c. (1.6)

This SM extension is responsible for the so called seesaw mechanism [12]: the mass matrix will
have mixed Dirac (mp) and Majorana (Mg) terms

0 mp
mp MR

{Majorana masses for right-handed neutrinos are not forbidden since they are singlets of the SM gauge symmetries.
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which, in the limit mp <« Mg, gives the following masses for left-handed and right-handed
neutrinos:

- b
M
Again, the smallness of left-handed neutrino masses is naturally explained in this extension of
the SM. More about this topic can be found [13].

my, m,, = Mg (1.7)

The mixing between fermion families arises when the fermion fields are rotated to diagonalize the
fermion mass matrices, since in principle the Yy, f = u, d, e are diagonalized through different sets
of rotations. Charged current interactions mediated by the W bosons allow flavor violating processes
through the lagrangian term:

L= L [ (VVa) o+ 0y (VIV) ) W + e 1)

where V¢, f = u,d, e are the unitary matrices diagonalizing the mass matrices. In Equation 1.8 we

notice that the flavor mixing in the quark sector is described by the matrix Vexy = Vi Va4, known
as the Cabibbo - Kobayashi - Maskawa matrix, while the mixing in the lepton sector depends on the
matrix Vpyns = VJL V., the Pontecorvo-Maki-Nakagawa-Sakata matrix [14, 15].

1.1.1 Open questions beyond the Standard Model

The SM is generally regarded as a low-energy approximation (valid at energy scales < 1 TeV) of a more
general theory, capable of explaining phenomena which are not included at all in the SM.
The main fundamental questions which remain unanswered by the SM are:

 what is the nature Dark Matter? Compelling astronomical and cosmological observations show
that we are ignorant about what most of our Universe is made of. In the framework of Parti-
cle Physics, many proposed new theories predict new particles which, if discovered, could be
plausible Dark Matter candidates;

« what is at the origin of the observed matter-antimatter asymmetry? We live in a matter-dominated
Universe because of an unbalance between matter and antimatter at an early stage of the evolu-
tion of the Universe (according to the theory of Big Bang). Matter-antimatter asymmetries arise
in the context of the SM when the CP symmetry is violated, but the observed asymmetries are
not enough to account for the huge primordial discrepancy observed;

« what is the nature of neutrinos? As already mentioned in Section 1.1, it is unknown whether
neutrinos are Dirac or Majorana fermions.

In the current theoretical framework there are also other puzzles which motivate theoreticians, and
experimentalists, to search for new theories, and evidence of them:

 Grand Unification - the running gauge couplings in the SM have approximately equal strength
at an energy scale of Agyr = 10!* GeV. Since the 1970s, this observation has motivated the
formulation of so-called Grand Unification Theories (GUT) which encapsulate the SU(3)tong x
SU(2); x U(1)y groups into a larger symmetry group (like SU(5) [16]) broken at the scale Agyr.
Based on Grand Unified Theories (GUTs) that combine the strong, weak, and electromagnetic
forces, Theory of Everything frameworks such as supersymmetry (SUSY) aim to include gravity
as well;

« the naturalness puzzle - the Higgs boson mass is measured to be mg ~ 125 GeV/c? [17], a very
small value when considering that mpy receives quantum corrections from the interaction of the
Higgs field with the other fields through loop diagrams which scales as Amg o< m?. In particular,
it should be expected that the Higgs field would interact with "something" at the Planck energy
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scale Mp; =~ 10" GeV/c?, where gravitational effects are comparable in size to those of the other
fundamental interactions. To keep the Higgs light, these huge corrections must be dumped by a
proper, very small, coupling constant between the Higgs field and the New Physics appearing at
the Planck scale. New theories may account for this fact with a more natural explanation, which
doesn’t need fine-tuned parameters;

« the strong-CP puzzle - the SM allows strong interactions to violate CP symmetry, as weak in-
teractions do. The O¢p phase that encodes CP violation in the strong sector has not yet been
measured, but it has a very small experimental upper limit: |0cp| < 107°. Again, the question
arises if it is possible to comprehend this infinitesimal parameter as the manifestation of a more
fundamental phenomenon (more about this in Chapter 2, Section2.3);

« the origin of flavor - the SM doesn’t provide any a priori explanation for the existence of three
fermion families nor for the differences between them: masses and mixing terms are uncon-
strained by the theory and can only be determined experimentally. This large number of free
parameters, over twenty in total, stands in sharp contrast with the simplicity of the gauge sector,
which is characterized by only three coupling constants.

The above list gives only an overview of some short-comings of the SM; a more extensive discussion
about the existing line of research in Particle Physics can be found in [18].

In the next Section we will see how and why the flavor sector is privileged by both experimentalists
and theoreticians to scout New Physics beyond the Standard Model.

1.1.2 Charged Lepton Flavor Violating processes

The evidence of flavor-changing processes in the lepton sector has eluded physicists for many years.
In the 1950s, the very absence of signals in searches for y — ey, p — eee, and for the nuclear capture
process uN — eN suggested the existence of a conserved quantum number, i.e. the flavor [19]. The
discovery of charged currents interactions in the quark sector brought physicists to interpret the con-
servation of lepton family number as an accidental symmetry of the SM due to neutrinos having mass
m, = 0.

Although nowadays we have observed neu-
trino oscillations, no evidence of charged flavor v
violating processes has been collected yet; actu-
ally, within the present formulation of the SM
with non-zero neutrino masses, such processes
are expected to elude experimentalists for many
years to come. We will illustrate why through w w
the case study of the © — ey process, which is
central in this thesis work.

The SM allows the y — ey decay through > > > e
loop diagrams like the one drawn in Figure 1.2. Vi
The branching ratio of this process, normalized
to the Michel muon decay p — evv, is [20, 21]:

Figure 1.2: Feynman diagram contributing to the am-
plitude of the 4 — ey process within the SM.

2 |2 2
N <Am§1 + Am%l) (1.9)

m
Ve Vi —k
Z H ekm%/v

k=13

I'(y — ey) 3a
BR(u > ey) = o = -
w

T(y— evv) 3271

where V,x, Ve are elements of the Vpyns mixing matrix, m,,,k = 1,3 are the masses of the first

and third neutrinos (mass eigenstates) and my, is the W boson mass. The decay probability is heavily

4. o .
suppressed because of the smallness of the (%’;) ratio. Taking into account the uncertainty on the

values for neutrino parameters entering in Equation 1.9, the expected value for BR(y — ey) is of the
order of 1075° — 10754,
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The same considerations hold also for the other cLFV processes. For a broader overview on this,
see [10, 11]. Since the SM predicts negligible rates for cLFV processes, any evidence of a similar event
implies the discovery of New Physics phenomena. For this reason, cLFV processes as y — ey are
considered as golden channels to investigate the existence of Physics beyond the SM.

1.2 Supersymmetry: a case study of beyond Standard Model theories

Among the various Grand Unified Theories proposed to unify the fundamental interactions within a
single gauge framework, SUSY stands out as one of the most influential extensions of the Standard
Model. It has provided strong theoretical motivation for the search for cLFV processes. A general
introduction to SUSY can be found in [22].

In SUSY theories, each Standard Model particle is paired with a supersymmetric partner having
opposite spin statistics: each boson is associated with a fermionic partner, and each fermion with a
bosonic one. In this way, the "naturalness problem” of the Higgs boson mass is resolved: in calculating
higher-order corrections to the Higgs boson mass, loop diagrams with bosons or fermions contribute
equally but with opposite sign, thus allowing an exact cancellation of divergences naturally within this
theory, without requiring the fine-tuning of parameters.

SUSY are attractive not only because they solve this specific puzzle, but also because of the plethora
of hypotheses which can be experimentally tested in past, present and future facilities. Indeed, the
simplest formulations of SUSY theories, the Minimal Supersimmetric Standard Model (MSSM), requires
the mass scale of SUSY particles to lie at around mgysy < 1 TeV/ c? to explain a Higgs boson so light,
an energy scale accessible in a direct production mechanism at Tevatron, LEP and LHC.

Table 1.1: Supersymmetric partners of SM particles which are relevant in cLFV processes in the MSSM model.

Gauge eigenstates Mass eigenstates Spin  SM partner
B, W° HY, HY Pi=1,...4 1 Y. Z, h
Bino, n. Wino, n. Higgsinos neutralinos
T = - !
W*, H;, H, mri=12 1 w*
c. Wino, c. Higgsinos charginos
€%, €7, Ve l}, i=1,.,6 et, pt, ot
i, if, Vy vi,i=1,2,3 0 Ve, Vi Vr

R/L selectron, smuon, stau  sleptons, sneutrinos

Direct searches at the LHC with collisions at /s = 8-13 TeV have extensively explored the mass
range 1-2 TeV/ ¢? with negative results [24, 25]. Nevertheless, theories with mass scales in the range
2-10* TeV/c? remain consistent with current experimental results [26-28]. The best constraints on
these models come from indirect searches, like those for cLFV processes.

The sensitivity of processes such as y — ey and p — eee to the SUSY parameters has been well
known since the early days of the theory [29]. CLFV arises naturally from the interaction between
Standard Model particles and their supersymmetric partners, whose mass matrices are in general not
diagonal in the flavor basis (a mechanism similar to that of neutrino-induced cLFV).

For instance, we will briefly illustrate how this works for the y — ey decay in a MSSM with right-
handed (RH) Majorana neutrinos, a scenario which predicts branching ratios for p — ey at the edge
of present experimental sensitivity [12, 23].

The particle content of the MSSM model is listed in Table 1.1, to which we must add right-handed
neutrinos.

Examples of loop diagrams contributing to the y — ey decay amplitude in this scenario are shown
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~

Figure 1.3: Supersymmetric contributions to the  — ey decay in a MSSM model with right-handed neutrinos.
In the above diagram, the photon vertex can be attached either to fermion or scalar lines, depending on which
field is charged. From [10, 23].

in Figure 1.3. The approximate formula for BR(y — ey) derived in this framework is [23]:

BR(y — ey) = a tan® B (1.10)

where:
+ a and Gr are respectively the EM and Fermi coupling constants;

+ p is a parameter of the specific SUSY model, like m%(LL)”e. It is defined as

v
B " v= ,/v§+u§: 246 GeV (1.11)

where v, and v, are the two vacuum expectation values developed by the MSSM superpotential
involving two Higgs supermultiplets, required to give mass to all fermions present in this model;

. m%(LL) ue is an element of the slepton mass matrix, which in general is not diagonal in the lepton
mass basis and has therefore off-diagonal terms. In this proposed framework, this term can
be expressed as a function of relevant parameters like My, mgyr (the energy scale of Grand
Unification), and the three parameters characteristics of the symmetry breaking mechanism of
the model my, mp,, Ao [22]:

mgGur

mIZ:(LL),,e o (2mf +mf + A}) log (1.12)

N

« mgysy is the typical mass scale of sparticles.

The predicted value for BR(z — ey) will depend on the choice of the (many) unknown parameters of
the theory, which however are bounded by many experimental measurements, like limits on neutrino
masses, electro-weak parameters and past searches for SUSY.

As clearly shown in Figure 1.4, where each scatter point corresponds to a different set of parameters
of this SUSY model, in the case that the sneutrino mass hierarchy is inverted', the parameter space
of the theory is still unexplored by past experiments, and the future generation of searches on cLFV
processes may fill this gap.

ii ~
Wln'u1 =my, > m\',}
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Figure 1.4: Predictions on BR(y — ey) calculated in the MSSM model with RH neutrinos described in the text. In
red are calculations in the normal sneutrino mass ordering (NSO), in green for the inverted mass ordering (ISO).
The past results obtained by the MEG experiment [9] are indicated with a continuous line, while the MEG II
expected sensitivity (see Chapter 2) is indicated with a dashed line. Modified from [23].

1.3 A model independent approach

Whatever the specific model for New Physics may be, at low energies it is possible to express them in a
model-independent way through effective field theories (EFT): in the low-energy limit, the SM can be
extended recurring to non-renormalisable, gauge-invariant operators to build an effective interaction
Lagrangian:

L= Lo+ 1 Y P00 + 5 3 OO0 +he (1.13)

a a

where A > v = 246 GeV is the energy scale of New Physics, and Q{”) are the dimension-D operators
that mediate new phenomena.

CLFV processes are known to be extremely sensitive to New Physics operators also at very high
energy scales A, allowing to probe regions forbidden to other precision experiments. See Figure 1.5
for a comparison of the search reach on New Physics scale attainable in the near future through many
observables.

If the dominant term for flavor symmetry breaking is, for example, a dimension D = 6 operator,
then the effective interaction Lagrangian can be written in terms of two parameters k and A:

m _ k _ _
L = Gev el 4 G ahe LY+ he (119
q

where the first term describes a dipole interaction, while the second describes a four-fermion inter-
action. A graphical representation of how these operators mediate the processes p — ey, y — eee,
and muon-to-electron conversion in the nuclear field is shown in Figure 1.6. For example, the operator
with SUSY particles in Figure 1.3 induces a dipole transition. From the Feynman diagram, one can see
that in the presence of a dominant dipole operator, u — ey is favored by a factor a~! compared to the
others [10]:

e

BR(u — eee) = @ (21n M _ 3) x BR(u — ey) (1.15)
3 m

CR(p+ N — e+N) = a xBR(u — ey) (1.16)

where CR stands for "conversion rate". This is the case for example of the SUSY model described in
Section 1.2. Conversely, if the dominant operator were the four-fermion one, then y — ey would be
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Figure 1.5: Reach in new physics scale of present (light colors) and future (darker colors) facilities, from generic
dimension six operators Q). Color coding of observables is: green for observables involving K or B mesons,
blue for leptons, yellow for Electric Dipole Moments, red for Higgs flavored couplings and purple for the top
quark, grey for direct flavor-blind searches and EW precision measurements. Shaded areas represent the reach
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Figure 1.6: Schematic representation of the contribution of a dipole operator to the processes 1 — ey and
1+ N — e+ N (and also p — eee), and of a four-fermion operator to 4 — eee and y — ey (loop). From [10].



1.3. A MODEL INDEPENDENT APPROACH

>
=
£
B(u — e conv in 7A)=10""®
10 4___ .....
_________ B(u — e conv in Al)=10""
™ Biu — ey=10"" |
103
Q0% cL)
RN SR Y
-2 -1
10 10 1 10

Figure 1.7: Exclusion plot of the parameters k and A of an effective Standard Model theory. The constraints

%?000
tZGDDG

= 5000
4000}

3000

2000}

1000

900
800F

700

600}

500

400}

300k

B(p — eee)=10""

" B —s ey)=10"

' B(u —'eee)=10"

EXCLUDED (90% CL)

11

come from the results of cLFV searches conducted up to now. The areas that would be excluded by a null result

from next-generation experiments such as MEG II, Mu3e, Mu2e, and COMET are enclosed by the respective lines

of the searched process. Updated from [32].

suppressed by a factor a. From these observations and from relations 1.15 and 1.16, it follows that the

searches for all these processes are complementary and synergistic.

An exclusion plot of the parameters k and A of Equation 1.14 is shown in Figure 1.7, where the
new constraints that future cLFV experiments may establish are also highlighted: MEG II for the decay
ut — ety, Mu3e for p* — eTe e’ [33], and Mu2e [34] and COMET ([35] for the muon-to-electron

conversion process on aluminum nuclei p~Al — e”Al
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Chapter 2

The search for New Physics with the
MEG II experiment

The candidate is an active member of the
MEG II Collaboration, who participated in
all data-taking campaigns since July 2022 as
a shifter.

This Chapter focuses on the experimental methods peculiar to the search for the y — ey decay
(Section 2.1), with most of the space dedicated to the explanation of the detectors’ system of the MEG II
experiment (Section 2.2).

The description of the MEG II tracker detector, the Cylindrical Drift Chamber (CDCH), is left for
the next Chapter 3 because of the relevance of this item for the discussion within this thesis.

In the last Section 2.3 we explain briefly how other measurements looking for New Physics observ-
ables are being investigated within the MEG II experiment: the search for an axion-like particle (ALP)
in the decay y — eay and the search for the X17 boson.

2.1 Searching for y — ey

The success of a search experiment depends on the accumulated statistics, i.e. the number of total events
among which looking for the rare, if even existing, process, and on the capacity of the instrumentation
to distinguish signal from background.

In the history of experiments working on cLFV searches in the muon sector, any advancement in
accelerator facilities marks a jump in the achieved sensitivity, reflecting the large increase of statistics
that an experiment can cumulate thanks to that specific innovation (Figure 2.1). The first pioneering
works by Hinks and Pontecorvo in 1947 [36] used cosmic rays as a source of muons. Since the 1950s,
accelerator facilities allow to collect significantly larger samples of data: stopped pion beams were
employed until the 1970s, when muon beams took over. Today, the innovations in the sector of muon
beamlines, such as the HiMB upgrade at Paul Scherrer Institut (PSI) [37, 38], continue to open new
possibilities in this field of Particle Physics for future projects [39, 40].

Modern experiments searching for the y — ey or u — eee decay exploit positive muon beams!,
which offer a two-fold advantage: first, " beams can attain higher intensity with respect to y~ beams
(see next Section); second, positively charged muons don’t undergo nuclear capture in the stopping
target.

Indeed, it is experimentally desirable to observe the decay of the muon at rest, because of the clear
signature of the signal which can help discriminating the background. The y — ey decay is a two-body

iFor this reason in the text we will always refer to the process y™ — e*y.

13
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Figure 2.1: Progression over the years of the limits on cLFV processes with muons. Modified from [10].

process, therefore in the muon rest frame the decay products’ kinematic is fixed:

’y 2,2
E, = "™ < 5283 MeV
« Monochromatic energies: 2 2
E, = ’Z’m £ =~ 52.83 MeV
1"

« Back-to-back emission: p, = —p:, -
angle between direction of flight ., = 7

« Coincident emission time: t, — t, = t,, =0

These signal characteristics can be mimicked by background events, which arise from the following
processes [41]: radiative muon decay events (RMD) and accidental coincidences.

Radiative Muon Decay Apart from the common
u — evv decay (BR = 100 % [17]), the p — evVy
decay is possible (BR = (6.0 + 0.5) x 10 for E, > 40
MeV and E, > 45 MeV [17]) with the internal state ra-
diation of a photon (Feynman diagrams in Figure 2.3).
The positron and photon are emitted simultaneously,
and in the condition of them flying in almost opposite
directions, with the two neutrinos carrying very few
energy, an RMD can mimic a g — ey decay.

The effective RMD branching ratio (i. e. normal-
ized to BR(u — ev7)) around a signal region of size
5x6ydz, with 6x = 2k 5y = 20 57 = 1 _ 50,
being the experimentaf resolut10nsﬂ on the kinematic

Figure 2.3: Feynman diagrams for the RMD.
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Figure 2.2: Effective branching ratio of the RMD decay as a function of resolution dx and §y. On the left with
MEG angular resolution, on the right for MEG II. Calculated from Equation 2.1.

variables, is calculated from [41]:
1 1 1 S5z dar
N — dx / dy dz——
F(y - ev V) 1-6x 1-8y 0 dXdde
The values of the effective branching ratio for a set of experimental resolutions are depicted in Figure
2.2, with the MEG and MEG II experiment conditions highlighted: in MEG II the background level from

RMD is below 1071, improving the MEG rejection capabilities, where the effective RMD branching
ratio, i. e. the probability of observing RMD decays in the signal region, was ~ 104 [9].

BR(y = evvy) = (2.1)

Accidental coincidences The main source of background in MEG and MEG II experiments, ac-
counting for more than 90% of the background events in the signal region, is the accidental coincidence
of in-time and anti-parallel high-energy positrons and photons produced in independent processes
(bremsstrahlung, annihilation-in-flight, muon decays).

The number of accidental background events, N,., expected in the signal region depends both
on the detectors resolutions (= dq) and on the peculiarities of each experiment, which may favor a
specific process as a source of high-energy particles. For example, in lighter detectors annihilation-
in-flight (AIF) of positrons or bremsstrahlung are less likely. This is why in MEG and MEG II exper-
iments the detector apparatus are designed to have the lowest affordable material budget. When AIF
or bremsstrahlung are suppressed, only muon decay processes remain as the most relevant source for
accidental coincidences and the following expression for N, can be derived [9, 41]:

Ngce < R, - 8ty - E} - SE, - 6O7, (2.2)

The quadratic dependence on the beam intensity R, implies the necessity for experiments involved
in the 4 — ey search to use continuous muon beams instead of pulsed muon beams for the lower
instantaneous luminosity.

2.2 The MEG II experiment

The MEG I collaboration is searching for the y™ — ey decay at the Paul Scherrer Institut (PSI) muon
beam facility. The MEG II experiment has been fully commissioned during the year 2021; physics data
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Figure 2.4: MEG II detectors scheme and global reference frame.

taking started right after and is scheduled to end in 2026, when the PSI muon facility will be closed
for the HiMB upgrade. By that date, MEG II goal is to refine the sensitivity of the branching ratio
for this decay to B(ut — e*y) < 6 x 1071* (90% CL). This would mark a significant improvement,
achieving an order of magnitude greater precision compared to the limit set by the MEG experiment
B(p™ — ety) <4.2x 1071 (90% CL) [9].

To pursue this objective, the MEG II apparatus has been designed [42] to improve significantly the
detector system of the precursor MEG experiment, although the underlying idea of the experiment has
remained almost unchanged. A schematic view of the detector with its main components highlighted is
drawn in Figure 2.4. The detector is located downstream the 7E5 beamline in the high-intensity proton
accelerator facility at PSI, where the world’s most intense continuous positive muon beam is located.
Muons are stopped on a thin plastic target at the center of the apparatus to measure the decay prod-
ucts (see Section 2.2.2). In brief, the apparatus consists of a Liquid Xenon photon detector (LXe, Section
2.2.4) and a magnetic spectrometer (Section 2.2.3 and Chapter 3) composed of the non-solenoidal su-
perconducting magnet COBRA, the Cylindrical Drift Chamber tracker (CDCH) and a timing detector
made of scintillating tiles (pTC). An auxiliary detector, the Radiative Decay Counter (RDC), allows the
mitigation of the accidental background (Section 2.2.5). More details about the apparatus can be found
in [43] and references therein.

The equipment to run the MEG II experiment is composed also of many others detectors and items
necessary to perform a full calibration of the system. The list of calibration methods used is given
in Table 2.1. More details about calibration techniques follow in the next sections or in the dedicated
chapters for the case of the CDCH. An exhaustive discussion can be found in [43, 44].

2.2.1 MEG II’s coordinate system

The global reference frame of the MEG II experiment, in both cylindrical and Cartesian coordinates, is
shown in Figure 2.4. The z-axis is aligned with the COBRA axis in the direction of the muon beam; the
y-axis points upward, and the x-axis is therefore defined to point in the opposite direction with respect
to the LXe detector. The azimuthal angle ¢ is zero along the x-axis and increases counterclockwise.
The polar angle 0 is measured with respect to the z-axis. We refer to the region with z < 0 (closer to
the beam entrance) as upstream (US), and to the opposite side as downstream (DS).

The origin of the reference frame is the geometrical center of the CDCH. All other detectors are
aligned relative to it, as discussed in Section 2.2.6.
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Figure 2.5: 7E5 beamline section connected to the MEG II experiment.

2.2.2 Beamline and target

Beam characteristics The PSI muon beam is produced sending 590 MeV protons, accelerated by
the PSI Ring Cylcotron, onto a rotating carbon target. Muons are produced from pion decay resulting
from the interaction of protons with the target’s nuclei [45]. The 7E5 beamline delivers the most
intense continuous y* beam in the world, up to 10® /s, transporting surface muons from pions decay
near the production target edges. Surface muons have a typical momentum of 28 MeV/c, with a small
momentum bite of 5-7%.

The muon beam is accurately tuned thanks to various beamline elements, represented in Figure
2.5, to deliver a beam with the characteristics needed for the MEG II experiment:

« aslit system (FS41-42-42) reduces the beam intensity to a level manageable by the detectors: in
MEG I physics runs between 2021 and 2024 the beam intensity was varied between 2—5x107 u*/s;

+ A Wien filter separator allows to purify the muon beam removing pions and positrons contam-
ination. The 7E5 beamline is suited to deliver also a pure 7~ or e* beam;

« The Beam Transport Solenoid (BTS) links the beamline magnetic field to COBRA’s one, allowing
muons to reach the center of the apparatus with minimum deflections.

The beam profile and beam intensity at the center of MEG II experiment is measured at the beginning
of each data-taking period using a scintillating tile coupled to an avalanche photodiode [42]. Mea-
surements of the beam intensities after beam tuning are compatible to the goal values 2 — 5 x 107 p*/s
within 5% each year. The measured beam profile (year 2021) is shown for reference in Figure 2.6 (a).
The typical beam spot width is 0, = 0, = 10 mm, while the beam spot position can shift every year
up to a few millimeters. All beam parameters are very stable during data taking.

Target MEG II’s target (Figure 2.6 (b)) is an elliptical foil of dimensions: length = 270 mm, width = 66
mm, thickness = (174 + 20) um (the error being the maximum deviation from the central value) made
of a plastic scintillator material, BC400. Material and thickness were chosen to optimize the trade-off
between stopping efficiency and material budget [46]. It is positioned at the center of the apparatus,
slanted of an angle of 15° with respect to the beam direction z. This setup augments muons path inside
the target, increasing the stopping efficiency which is measured with Monte Carlo simulations to be
89%, while simultaneously reducing the material encountered by the decay products.

Precise knowledge of the target position is essential to properly identify y* — ey candidates
events based on the opening angle between the two particles: the positron trajectory is back-propagated
to the target surface where the emission angles (¢, 8.) are measured as well as its origin (x,, V., z.) and
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Figure 2.6: (a) Beam profile measured at COBRA center for a stopped muon rate R, = 5.3 x 10 u*/s; (b) MEG II
target.

these measurements are combined with the measurement of the photon interaction point in the LXe
detector (xy, yy, z,) to evaluate the opening stereo angle between the two particles ©,,. The position
of the target and its planarity need to be carefully measured during the whole data taking period to
avoid systematic effects on the measurement of ®,,: the uncertainty in target position and planarity
was the leading systematic uncertainty in MEG experiment [9].

The target position and planarity is measured exploiting dots and holes drawn and pierced on the
target surface, as visible in Figure 2.6 (b). Two CMOS photo cameras installed at the entrance of the
COBRA magnet take pictures of the target with a few minutes interval [47, 48]. The imaging of the
dots on the pictures allows a precise determination of the target center position, with an uncertainty
of 12 pm in the direction perpendicular to and 30 pm in that parallel to the target plane, as well as a
control of its deformations with a sensitivity below 50 pm. Holes in the target are used to align the
target with respect to the CDCH. Since muons fly through the holes, the distribution of decay vertex
in the target plane reconstructed from the positron tracks allows to measure the holes positions. This
method is detailed in Chapter 4 Section 4.4. This measurement can be combined with the photo cameras
measurements to assess the relative positioning of the CDCH and the target.

2.2.3 The spectrometer

Table 2.2: Performances of the MEG II spectrometer measured for the 2021 analysis (efficiency and
kinematical variables resolutions) are compared with those reached in MEG and those predicted by
the Monte Carlo simulations for the system upgrade. We quote the performances for signal-like events
at 3 x 107 p*/s beam intensity.

Observable | MEGII (2021) MEG Il design ~ MEG

£+ | 0.74 0.78 0.30
09, 7.2 mrad 6.7 mrad 9.4 mrad
o 4.2 mrad 3.7 mrad 8.7 mrad
Op, 89 keV 130 keV 360 keV
Oty 43 ps 30 ps 70 ps

The spectrometer is the detector system devoted to measuring positron kinematic variables. MEG I
spectrometer is composed by two subdetectors immersed in the magnetic field generated by the su-
perconducting magnet COBRA:

« the pixelated Timing Counter (pTC) is a timing layer made of scintillating tiles;

« the Cylindrical Drift Chamber (CDCH) is the tracker.
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Figure 2.7: The COBRA magnet.

The upgrade project aimed at improving significantly the tracking efficiency and resolutions on all
relevant kinematic variables: time, angles, momentum, position at the target. As reported in Table 2.2,
these goals have been fully achieved.

COBRA superconducting magnet In MEG and MEG II the spectrometer doesn’t use a solenoidal
magnetic field to bend charged particles, but a superconducting magnet generating a gradient magnetic
field of intensity 0.1 T < |]§| < 1.27 T, with maximum intensity at z = 0. The technical drawing of the
magnet is depicted in Figure 2.7 (a). Because of its peculiar effects on positrons trajectories, the magnet
is denominated COBRA, i.e. COnstant Bending RAdius [49].

The peculiar properties of this gradient magnetic field allow to have a curvature radius in the
transverse plane (almost) independent of the emission angle, therefore it is possible to find a tracker
geometry with full acceptance only for particles above a certain absolute momentum, minimizing the
occupancy of the detector for low momentum particles. A second advantage of this design is that
particles are swept away faster, with the "helix" path increasing at every step in |z| towards the outside
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Figure 2.8: The MEG II Cylindrical Drift Chamber fully wired.

of the tracker. These effects are illustrated in Figure 2.7 (b).

The Cylindrical Dirft Chamber, CDCH The tracking detector for the MEG II experiment is an
ultra-light single-volume cylindrical drift chamber [50], referred to as CDCH.

Already in MEG the tracking system was composed of 16 planar drift chambers [44]: because the
main source of uncertainty in position measurements for low momentum particles (p. < 50 MeV/c) is
the multiple scattering, a light detector, like a drift chamber, is a sensitive solution. Keeping the tracking
detector as thin as possible has also the advantage of reducing possible sources of high-energy photons
which would increase the combinatorial background.

The upgraded tracker design has been sensibly improved in MEG II with respect to MEG, to achieve
much higher detection efficiency and at least a factor two improvements in resolution.

The individual drift chambers of MEG have been replaced with a single-volume detector = 1.93
m long with a cylindrical symmetry around the beam axis z with full acceptance for signal positrons,
covering the area in the x — y plane between a radius of 19.6 and 28.5 cm.

The detector is divided in 9 detection planes with a stereo configuration to improve the resolution
on the longitudinal coordinate z: the stereo angle is +£7.5°, depending if the plane number is even or
odd. The stereo geometry is well visible in the CDCH envelope shape in Figure 2.8, where the fully
wired detector is illustrated. To cope with the very intense radiation environment, the CDCH is heavily
segmented: the active volume is divided in 1728 square cells (192 per plane) with small sides between
5.8 and 8.7 mm, depending on the plane and on the position along z.

In order to keep the material budget as low as possible:

« an open-cell geometry is adopted, where the drifting electric field is shaped by eight cathode
wires arranged in a square shape around the anode wire. In total, =11000 wires compose the
detector, including two layers of guard wires at the innermost and outermost radii;

« therefore, extremely thin silver-plated aluminum (Al/Ag) cathode wires are used, with diameters
of 40 and 50 pm (to be compared with 80 pm diameters commonly used, e. g. the drift chamber
of the KLOE experiment [51]). The anodes (20 pm diameters) are made of gold-plated tungsten;

« the gas mixture used is also very light: 90:10 Helium - isobutane + additives (1.5% isopropanol +
0.5% O,) for stability.
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Figure 2.9: The pixelated Timing Counter detector scheme.

The total material budget typically traversed by a signal positron of 52.83 MeV corresponds to 1.6 x
1073 X, per turn.

All details on its construction, operations and performances are left to Chapter 3 and can be found
in great detail in [50].

The pixelated Timing Counter, pTC The pixelated Timing Counter (pTC) is the timing layer of
the MEG II spectrometer, providing precise measurement of the positron arrival time ¢,. It is composed
of 512 tiles of plastic scintillator with dimensions 120 x (40 or 50) x 5 mm? each read by an array of
six SiPMs of 3 x 3 mm? area. The 512 tiles are arranged in two identical modules, one upstream and
one downstream, covering the regions 23.0 cm < |z| < 116.7 cm and —165.8° < ¢ < +5.2° (Figure 2.9).
The entire setup, optimized with Monte Carlo studies, guarantees full acceptance for positrons coming
from the y — ey decay [42, 52].

The position of each tile in the pTC is measured with a FARO 3D scan with an error on the position
smaller than 1 mm. The impact of such a small uncertainty on the tile position translates to an error
on the positron’s time-of-flight measurement around 1-5 ps.

The pTC is protected against air humidity to avoid fast deterioration of the scintillator material and
SiPMs are cooled down to = 15° C with a water cooling system to reduce the dark count rates. Since
2022, tiles and SiPMs which have suffered from too much radiation damage are substituted annually
to maintain the detector performances.

The pTC timing performances depend on the number of tiles Nj;; hit by the incoming positron:

ingl
o1 (Nip) = O'tesiﬂg e _ o'tgfunter ® O't:+ff ® O'tgec 23)
e v N v N

. . . . . (o] . . .
where O'tecf“’”” is the intrinsic counter resolution, crtefp f is the uncertainty on time offset between

counters and o4/ is the uncertainty on the electronic transient time.

The relative time offset between counters is calibrated using both a laser system [53] and a pro-
cedure involving reconstructed positron tracks inside the pTC [43]: another advantage of having a
segmented timing layer is that it can reconstruct tracks in a coarse way. The two methods allow to

keep atgff below the level of 20 ps.

2.2.4 The Liquid Xenon photon detector, XEC

The measurement of the photon energy, timing and flight direction is performed with a homogeneous
photon detector filled with = 900 liters of Liquid Xenon (LXe), called XEC.

The MEG experiment has been a precursor in the development of large LXe detectors, holding the
record for the largest one until the commissioning of the XENONnT experiment. Liquid Xenon indeed
is an appealing scintillator meeting all requirements for the MEG and MEG II experiments:
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Figure 2.10: Design of the MEG and MEG II XEC detector. In green, PMTs are highlighted. In MEG II the inner
face PMTs are replaced with MPPCs.

« scintillation light is emitted according to one of these two processes of excitation or ionization
of the Xenon atoms or Xe, dymers [54]:

Xe" + Xe — Xe; — 2Xe + light

and

Xe* + Xe — Xey
Xey + e > Xe+ Xe*
Xe*™ —  Xe* + heat
Xe* +Xe - Xe; — 2Xe + light

The characteristic time of the two processes are respectively 4 ns and 20 ns: such fast responses
are ideal for building a photon detector sustaining high interaction rates and not being over-

whelmed by pile-up;

« Xenon is transparent to its own scintillation light, which has a wavelength of A = 175 +£ 5 nmm
in the VUV range, and can be easily purified to remove contaminating elements: attenuation
effects are so small that it is possible to build a homogeneous detector several radiation length
long;

+ the large atomic number of Xenon (Z = 54, A = 131), larger than any other noble gas used in
detectors technologies, implies a small radiation length X and therefore a compact detector can
contain most of the electro-magnetic shower. In MEG II (and MEG) the LXe detector has a depth
of = 38.5 cm = 14 Xj;

« avery good energy resolution is attainable thanks to the very high Light Yield, which is almost
40k photons/MeV, comparable with the Nal Light Yield (46k photons/MeV).

MEG II reused the old detector metal vessel and cryostat, which cools the Xenon down to ~ 165
K. It is "C" shaped, as is illustrated in Figure 2.10, and has a limited angular acceptance of =11% for
photons emitted from the target. In MEG, the detector cryostat was instrumented with 864 2-inch
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Figure 2.11: View of the inside of the XEC detector with MPPCs on the inner face PMTs all around.

photomultipliers (PMTs) arranged on all six detector faces. A part of these PMTs has been reused
in MEG II for the back and lateral faces. Instead, the = 200 PMTs covering the inner face have been
replaced with 4096 Multi-Pixel Photon Counters (MPPCs) of 15x 15 mm? area. Both PMTs!! and MPPCs
result from an intense R&D with the Hamamatsu company to develop UV-sensitive photo detectors.
A view of the inside of the detector with all photosensors allocated is shown in Figure 2.11. In the
upgrade design [42], the use of MPPCs on the photon entrance window of the detector was intended
to achieve a better energy and spatial resolution and increased pile-up identification capabilities thanks
to the more segmented and denser coverage of the detector volume.

The local coordinate system (u,v, w) for the LXe detec-
tor is defined as in Figure 2.12: the u-axis is parallel to the
beam axis and has its origin at COBRA center; the v-axis is
tangent to the surface of the entrance face and has its origin
at the height of COBRA center; the w coordinate measures
the conversion depth of the photon, with the w-axis defined
as the direction perpendicular to the detector’s inner face
and the axis origin starting at the MPPC plane.

s =

g

The kinematics of the incident photon is reconstructed
from the charges Q and timings of the photosensors signals
caused by the scintillation light of the LXe. All details about
the photon analysis can be found in [43, 55].

The number of scintillation photons N, impinging on

Figure 2.12: LXe local coordinate system. each photosensor is computed as:

(2.4)

where e is the elementary charge, G is the photosensor’s gain, Fgc is the photosensor’s excess charge
factor, € is the quantum efficiency, for PMTs, or the photon detection efficiency (PDE) for MPPCs. The
first conversion position of the incident photon and its energy are reconstructed starting from Npp,.

iModel Hamamatsu R9869.
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where S is the energy scale to convert Npp, i 1
in an energy measurement, the rest are correc- T e
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ibration procedures as detailed in [55]: T(t) u[MPPC] Projected N,

accounts for temporal variations of the energy

scale; F(u,v, w), is a position dependent correc- Figure 2.13: Reconstructed positions of two photons in
tion of the energy response of the LXe detec- ap pile-up event. In the bi-dimensional view, the dis-
tor; w;(u,v,t) is a correction term for the light tribution of Ny, for all MPPCs is shown. The one-
observed by each photosensor which takes into dimensional projections show N, projection over u or
account dead channels around the sensors, their V- The best fit function (red), used to extract the conver-
spatial coverage as a function of the photon con- Sion point position, is superimposed.
version point, the time evolution of the light
yield.

The time of the photon first interaction in the LXe detector is reconstructed using the timing of
each photosensor, calculated from the waveform shape.

Both PMTs gain and MPPCs PDE deteriorate during the data taking period in the high-rate en-
vironment: the first is degraded by the large photoelectric current induced by scintillation photons,
the latter by radiation damages. In Figure 2.14 (a) the temporal evolution of the PMTs’ gain is shown.
Jumps in the gain correspond to HV tuning to compensate the observed loss. The MPPCs’ gain is quite
stable during the runs, with a fluctuation of = 2% in 2021 because of temperature variations inside the
detector. MPPCs’ PDE temporal degradation is caused by radiation damages. The trend is shown in
Figure 2.14 (b). To recover the PDE, after each year of data taking, an annealing procedure on MPPCs
is conducted: between 2021 and 2022 the average PDE recovery was 9.4%, from 6.0% to 15.4% PDE; a
similar result was obtained before the 2023 run, while the annealing procedure carried out after 2023
and 2024 runs however didn’t manage to increase the PDE, which is now at an average value of 9%.
The reason is currently under investigation.

Various types of calibration data (outlined in Table 2.1) are collected at regular intervals during the
physics run to monitor the time evolution and uniformity of the detector response, which are essential
to maintain optimal trigger conditions on the photon energy and for the offline detector calibration
towards the physics analysis (see Section 2.2.7):
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Figure 2.14: Temporal evolution of PMTs’ gain and MPPCs’ PDE during data taking between 2021 and
2022.

LED UV-light Blue LEDs (4 = 460 nm) installed in the LXe detector volume are flashed at different
intensities to measure the photodetectors gain.

o particles Twenty-five ! Am sources, deposited on thin tungsten wires suspended in the detector
volume, emit « particles of known kinetic energy from well-measured positions. Using Monte Carlo
simulations to estimate the expected number of photons arriving at each photosensors, it is possible
to measure MPPCs PDE and PMTs Quantum Efficiency (QE) in the detector’s operating conditions.

O(10) MeV ys A 1 MeV Cockroft-Walton (CW) proton accelerator allows to produce 14 MeV and 17.6
MeV photons from the "Li(p, y)®Be reaction. From the reconstructed energy spectrum the uniformity
of the detector response and the energy scale variations can be monitored.

This set of weekly calibration procedures required 7-8 % of beam time during 2021 and 5% in 2022.
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reaction. X

CEX Once per year, the MEG II beamline is modified to transport a 7~ beam onto a liquid hydro-
gen (LH,) target [56] to perform a dedicated calibration procedure using the Charge Exchange (CEX)
reaction:

xp—n'n (2.7)

The setup for this measurement is shown in Figure 2.15. Employing an auxiliary calorimeter made of
BGO crystals positioned in front of the LXe detector, in opposite directions with respect to the LH,
target, data of back to back photons can be acquired. This allows to measure the detector response
in energy and time for 55 MeV and 83 MeV photons, close to the signal region (E, ~ 52.83 MeV). See
Figure 2.16 for the photon spectra from CEX reaction recorded in 2021 and 2022.

The interactions of pions with the LH, target produces also 129 MeV photons from the radiative
capture:

T p—>yn (2.8)

which are used to check the LXe detector linearity (Chapter 7, Section 7.1.1).
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Figure 2.16: Photon energy spectrum of the 55 MeV line from the CEX reaction.
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Figure 2.17: The RDC detector.

2.2.5 The Radiative Decay Counter, RDC

MEG II ultra-light spectrometer reduces the probability of positrons annihilation-in-flight, mitigating
a source of high-energy photons contributing to the accidental background. The major source of high-
energy photons are RMD decays. The Radiative Decay Counter detector has been developed to tag
RMD events, in cooperation with the LXe detector. As illustrated in Figure 2.17 (a), RMD decays with
an high-energy photon emit low-energy positrons which spiral inside the COBRA magnet towards the
upstream or downstream side of the experiment with a small curvature radius. The RDC detects such
positrons and this allows to identify RMD events requiring a time coincidence with a photon detection
in the LXe detector.

The RDC (Figure 2.17 (b)) is composed of 12 bars of plastic scintillator and of an array of 76 LYSO
crystals of volume 2 x 2 x 2 cm? for precise timing and energy measurements. Every element is readout
by SiPMs.

At the moment, only one RDC module is installed downstream the muon beam. Studies for the
realization of an upstream RDC detector, based on the Diamond-Like Carbon Resistive Plate Chamber
(DLC RPC) technology, are ongoing [57]. Since the upstream RDC would interact with the muon beam
before muons reach the MEG II’s target, its development is a challenging project which requires to
realize a ultra-light, radiation hard, fast detector.
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Table 2.3: Summary of the methods used to determine the alignment of each detector with respect to each other.
The expression "GLB survey" indicates the optical survey measurement with a theodolite.

CDCH COBRA ‘ Target pIC LXe

CDCH GLB survey & | Hole analysis Time offset | Align. with

Michel fit anal- calib. cosmic rays

ysis
COBRA GLB survey GLB survey GLB survey
Target X X
pTC Time offset
calib.
LXe

2.2.6 The alignment of detectors

The alignment of detectors with respect to the MEG II reference frame is carried out using both di-
rect measurements of the position of markers located on them, and indirect measurements which use
collected data to determine the relative position of a detector with respect to another. The Table 2.3
summarizes the employed methods for the alignment of each system. In the following, we will describe
briefly the techniques to determine the relative alignment of detectors. How the sensors’ position in
each detector is determined is described in the Section devoted to that element.

The absolute position of each system with respect to the COBRA cryostat is measured at the be-
ginning of each data taking year through an optical survey campaign using a theodolite and a laser
tracker system to locate the position of cross hair marks on the detectors’ bodies or corner cube re-
flectors. The resolution of the laser method is = 0.2 mm. The relative alignment between the CDCH
and the other systems are detailed in: Chapter 4 Section 4.3 for the CDCH - magnetic field alignment;
Chapter 4 Section 4.4 for the CDCH - target alignment; Chapter 5 Section 5.2 for the CDCH - LXe
detector alignment. The pTC time alignment with respect to the LXe detector is described in Chapter
7 Section 7.1, while the alignment of the tiles’ positions with respect to the CDCH is done using fitted
tracks and is briefly described in Section 2.2.3 and in [43].

Since the MEG II reference frame has its origin fixed at the center of the CDCH, any shift between
the CDCH and COBRA discovered through the alignment procedure must be applied to the measure-
ments through the optical survey of each detector’s location to determine its position in the MEG II
reference system.

2.2.7 The Trigger and Data Acquisition system

MEG II’s trigger and data acquisition system, called WaveDAQ [58, 59], solved the experiment require-
ments for a compact system capable of handling up to 10k channels and integrating a trigger system
based on FPGAs for complex event reconstruction tasks. The central elements of the WaveDAQ system
are the following three electronic boards, disposed in a custom crate as in Figure 2.18 (a):

« the WaveDream board (WDB), in Figure 2.18 (b) on the left, is the cornerstone of the WaveDAQ.
Up to 16 input channels per board are digitized by the Domino Ring Sampler DRS4 chip with
a speed up to 5 GSPS [60]. Each waveform of each detector channel in a triggered event is
written on disk for the offline analysis. In parallel to the digitization process, the input signals
are sampled at 80 MSPS for trigger processing. A low-noise onboard power supply can power
SiPMs arrays with voltage up to 240 V, a feature exploited by the LXe and pTC detectors;

+ in a single crate, each WDB is connected through a 5.12 Gbit/s serial connection to the Trigger
Concentration Board (TCB), in Figure 2.18 on the right. The TCB collects data from the WDBs
and processes them on an FPGA to perform the trigger decision. In a large system as MEG II's
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Figure 2.18: Crate scheme and boards composing the WaveDAQ.
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Figure 2.19: Trigger efficiencies measured on 2022 data.

WaveDAQ, where up to 32 crates for signal readout are mounted together, a special trigger con-
centrator crate hosting only TCBs is needed. Each crate’s TCB forwards the trigger information
towards the trigger concentrator, where the trigger decision is made and later sent back to all
crates;

- when an event of interest is identified, the Data Condensation Board (DCB) collects the data
from all WDBs and sends the digitised waveforms to the readout computer to be stored.

The trigger decision is taken within ~ 600 ns, a constraint imposed by the DRS4 buffer length when
operating at 1.4 GSPS. This small latency time doesn’t allow to use CDCH data at the trigger level
because of the large time needed for signal formation (up to ~ 250 ns) and Pattern Recognition tasks.
Therefore, only signals from the LXe and pTC detectors are used at the trigger level to identify a
candidate y — ey event.

The MEG II trigger logic implements the following criteria to identify signal events over back-
ground ones:

E, selection candidate events have high energetic photons: E, > 40 MeV is required. At the online
level, the photon energy is estimated as a weighted sum over photo sensors signal amplitude E, =
Y. ¢i - ampl,, with the weights ¢; calculated from calibration runs using the Lip — Bey(17.6 MeV)
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reaction with the Cockroft-Wolton proton accelerator. The online energy resolution is around 4% at 55
MeV.

The efficiency of the energy cut is measured on data acquired with a loose cut, comparing the

number of triggered events with that of events which would pass the tight selection criteria. This
efficiency is measured to be = 96% in 2021 and = 99% in 2022 for a photon of energy above 48 MeV
(see Figure 2.19(a)).
At,, selection Photon and positron should be emitted in time coincidence: —2.5 ns < tﬁx e ¢#TC <
1.5 ns. An event passes the time selection cut if the relative time of LXe and pTC sensors with over-
threshold signals, corrected for the particles time of flight, falls within this range. The range is asym-
metric because the positron path in the spectrometer before interaction with the pTC can be longer than
the maximum distance between the target and the LXe detector. As for the energy cut, the efficiency
of the trigger is measured on data acquired loosening the time coincidence requirement, counting the
number of RMD events that would pass the more stringent cut. The attained efficiency is = 95% in
2021 and = 99% in 2022 (see Figure 2.19(b))

Direction match A direction-match cut is implemented to identify back-to-back candidate events.
A look-up table of possible LXe detector patches - pTC tiles couples hit in the case of back-to-back
emission is built, using a Monte Carlo simulation of y — ey events. Only events where the LXe-pTC
patches belong to the table are selected. The direction match efficiency was =95% 2021 and = 92% in
2022. See Figure 2.19(c) for the epy — E, correlation verified on Michel positrons’ data.

The maximum sustainable data throughput of the system is 50 Hz, with the trigger live time drop-
ping below 100% at rates higher than 40 Hz. The trigger rate was around 14-20 Hz during 2021 and
2022 data taking periods.

The total trigger efficiency for 2021 and 2022 was 88% and 90% respectively, with a DAQ efficiency
boosted from around 81% to above 95% following a system upgrade. In Figure 2.19 (d) we show the
TDAQ working points in 2021 and 2022.

2.2.8 Data taking operations since 2021

The total estimated number of muons stopped on MEG II's target in four years of data taking is N, P ~

1.1 x 10'°. The detail of the accumulated statistics in each year of data taking is shown in Figure 2.20.
MEG Il is scheduled to run for two more years before its shutdown in coincidence with PSI renewal
works on the muon beam lines. The total allocated beam time for 2025 is 25 weeks, while it will be
decided in February ’26 for the year 2026. The projected sensitivity of the experiment to the p — ey
decay as a function of the total DAQ time is shown in Figure 2.21: based on the results obtained on
the analysis of 2021 data and Monte Carlo simulations, we see that MEG II experiment is expected to
reach its goal for a final sensitivity of Soo(u — ey) < 6 x 107 in 2026. Already with the analysis of
the 2021 dataset alone, combined with the MEG past result, the MEG II experiment set a new limit on

this process [8]:
BR(y" — e'y) <3.1x107" @90% C.L. (2.9)
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2.3 Other searches in MEG II

In the following sections we describe the experimental effort within the MEG II Collaboration to use
the apparatus to perform other searches for New Physics signals.

2.3.1 The search for ; — eay in MEG II

In 1977, R. Peccei and H. Quinn proposed an extension of the Standard Model including a new pseudo-
scalar particle to solve one of Standard Model mysteries, namely the "strong-CP problem": the axion
[62].

Although Peccei-Quinn axion has not been observed yet, their idea was very fruitful for the devel-
opment of new lines of research between the community of theoreticians. Axion-like particles (ALPs)
are pseudo Nambu-Goldstone bosons arising from spontaneous breaking mechanisms of a global sym-
metry at an energy scale f;. ALPs are today a family of hypothetical particles predicted by many BSM
theories, providing solutions to many problems like dark matter, fermion mass hierarchy and more
[63]. Their parameters cover a wide spectrum of mass range, between < 1072° eV/c? and =~ 10 GeV/c?,
and couplings to Standard Model particles.

Extending the SM with an ALP interaction term to SM fermions like the following:

dua

LD F%y” (Ci‘]/. + C{;‘.)/S) Jj + h.c. (2.10)

where Ci‘;(A) are the vector (axial) couplings between fermions i and j and the ALP particle, implicates
the possibility of Lepton Flavor Violating processes like g — ea, p — eay. Indeed, the highest con-
straints to ALP parameters in the mass range < 10 MeV/c? come from high intensity experiments with
muons, like MEG 1II.

The MEG experiment has searched for the y — eyy decay, a possible signature of an axion decay
into two photons [64], and explored the feasibility of investigating the 1 — ea decay, with a long-lived
axion [65]. A recent publication [66] highlighted the competitiveness of the MEG II experiment to
search for the radiative process y1 — eay, thanks to its apparatus optimized for the detection of both
photons and positrons. Feasibility studies conducted within the MEG II Collaboration, based on Monte
Carlo simulations and data collected in 2021 and 2022, show that the statistics collected in few weeks
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at lower beam intensity @(10° i /s) is enough to reach a record sensitivity[61], surpassing past results
[67]. Preliminary results of the MEG II sensitivity to u — eay in the mass range m, € [0;10 MeV/c?]
are shown in Figure 2.22.

2.3.2 Searching for the X17 anomaly with the MEG II apparatus

COBRA

target insertion system

Air

target
GF chamber

CDCH

Cc-W 'Vacuum —beam_,

Air

Figure 2.23: MEG II apparatus modified for the search of the X17 particle. From [68].

In 2016, an experiment at the ATOMKI Laboratory in Debrecen (Hungary) studying the nuclear
process 'Li(p, e"e”)®Be observed an unexpected resonance in the energy and angular distribution of
e*e” pairs [69]. Similar excesses have been measured also in subsequent experiments conducted at
ATOMKI laboratory in nuclear reactions with >C[70] and *He nuclei[71]. In 2024, an experiment
conducted at VNU-University of Science (Vietnam) confirmed the observations on ®Be [72]. All these
results are compatible with the hypothesis of a signal from a new light particle of mass (16.97 + 0.22)
MeV/c?# named X17 [73, 74].

Many ongoing (PADME at Frascati, Italy [75]) or planned (at Legnaro National Laboratories, Italy
[76], MAGIX@MESA in Mainz, Germany [77], at Montreal, Canada [78]) experiments world-wide aim
at cross-checking these claims. Recently, PADME published the results of the analysis of the dataset
from their Run III: they observed a resonance with a (1.77 £0.15) ¢ global significance for an X17 mass
of 16.90 MeV/c? [79].

In MEG I, it has been possible to arrange an experimental setup to look for the X17 excess in
the "Li(p, e*e")®Be process exploiting the Cockroft-Walton proton accelerator used for the weekly
calibrations of the LXe detector. The setup is illustrated in Figure 2.23: the CW continuous beam of
1080 keV' protons impinge on a Lithium-rich target with a current of 8-11 pA to produce photons from
the 8Be* decay; ee™ pairs from the photon conversion are tracked inside the MEG II spectrometer;
auxiliary detectors, like a BGO calorimeter, monitor continuously the beam intensity. The trigger
conditions require that the pTC gets a signal in correspondence to an event that generates up to 18 hits
in the CDCH.

Instead of the "Li target used for MEG Il energy calibrations, a new 7 pm-thick LiPON (lithium phos-
phorus oxynitride) target has been installed at the center of the apparatus: its design was optimized to
reduce the material budget for a better measurement of the e*e™ kinematics and to allow a better heat
dissipation for long term operations. To allow the tracking of charged particles of momentum as low
as =6 MeV/c, the COBRA magnetic field has been scaled to x0.15 its nominal intensity.

After a first engineering run in 2022, in February 2023 a one month-long data-taking campaign was
conducted during the PSI winter shutdown period. Because the CW proton beam was contaminated by
H; with a 25% proportion, with the acquired dataset we could study the production mechanism of an

ii Average of the ATOMKI measurements on the three nuclei [69-71]. This value is used by the MEG II Collaboration to
test the ATOMKI X17 hypothesis [68].
Vkinetic energy.
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hypothetical X17 particle through the decay of the ®Be* nucleus from the first (17.6 MeV) and second
(18.1 MeV) excited states. The blind maximum likelihood analysis of the data yield no evidence of a
signal in neither of these decay channels, with the following upper limits for the production rates Rg,
being set:

for X17 masses in the range [16.5;17.1] MeV/c? (2.11)

Ri76 <1.8x107°
Rig; <1.2x107°

The exclusion plot is shown in Figure 2.24. All details about the experiment and the data analysis are
given in [68].

The MEG 1II best-fit results where tested against ATOMKI ones, yielding a p-value for the null hy-
pothesis against the X17 hypothesis of 93.8% (1.50). A new data taking campaign is being prepared,
with improved target and beamline configuration to eliminate the H; contamination, in order to in-
crease the significance of these results.
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Chapter 3

The Cylindrical Drift Chamber

The candidate worked actively within the
CDCH detector group, taking part in
monitoring activities during data taking
periods, in the maintenance works at PSI in
2022 and 2024, as well as being part of the
Positron Analysis group working on the
tracker’s calibration and analysis. He also
participated in the wiring and construction
procedures of the CDCH2.

In this Chapter we focus on the description of the Cylindrical Drift Chamber design and operations
(Section 3.1) and on the positron reconstruction algorithms, from the hit reconstruction to the track
fitting (Section 3.2). In Section 3.3, the methods to assess the CDCH performances exploiting data of
Michel positrons, which were developed and first employed at the time of the MEG experiment [44],
are briefly described.

3.1 The characteristics of the CDCH

In this Section we describe the main features of the CDCH: its design, the gas mixture choice, the
electric parameters and its electronics, the operation conditions during five years of data taking, from
its commissioning in 2020/21 to 2024 data taking.

More details about the design can be found in [42, 80], while the detector commissioning is docu-
mented in [81, 82].

3.1.1 The assembly procedure

The CDCH was assembled using an innovative approach. Traditionally, wires are hanged passing
the two ends through feed-through holes milled in the end-plates and clamped; instead, the CDCH
assembly followed a modular scheme.

A "module" is a set of 32 wires soldered at both ends on two printed circuit boards (PCBs). The
wiring and soldering procedure is performed using a semi-automatic robot [83], which winds in an
helical path a single wire thread 32 times around a cylinder, depositing the wire onto two PCBs oriented
at the correct stereo angle (Figure 3.1 (a)). The winding system, supervised by the machine operator
with a digital camera, ensures a precision up to 20 pm in the wire positioning. The wire tension is
controlled at a sub-gram level during the whole procedure. An infrared laser soldering system allows
to fix the wire on the PCB pad.

At the end of the soldering procedure on a pair of PCBs, the wound layer is cut into 32 individual,
parallel wires; it is then unrolled and ready to be installed onto the detector structure. The two PCBs of
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Figure 3.1: (a) Detail of the semi-automatic wiring and soldering robot during the unwinding stage of a module;
(b) a layer of multi-wire PCBs mounted on a CDCH end-plate.

a module are anchored on two wheel shaped end-caps kept at nominal longitudinal distance between
each other (Figure 3.1 (b)). The wheels are divided into twelve sectors, one per module. Because of
the stereo geometry, the wires extend from sector j to sector j + 2 depending on the stereo view. In
order to form the open-cell geometry shown in Figure 3.2 (a), PCBs are stacked one on top of the other
with the scheme shown in Figure 3.2 (b), alternating them with layers of PEEK' that ensures the right
distance between anodes and cathodes to shape the drift cell.

At each step of the assembly, after a single layer of multi-wire PCBs is installed, the PCBs position
(marked by three reference crosses on each) is measured using a coordinate measuring machine, a DEA
Ghibli [84], which has a ~ 20(40) pm accuracy in the horizontal (vertical) plane.
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(a) Drift cells configuration at the center of the (b) End-cap detail of a CDCH sector with seven cells
CDCH. mounted.

Figure 3.2: The CDCH cell layout and construction.

iPolyEther Ether Ketone, a colorless organic thermoplastic polymer.
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After the assembly of all layers, the detector volume is enclosed at the inner radius by a 20 pm
Mylar foil, while a 100 pm aluminum field cage and a cylindrical carbon fiber structure mounted at the
external radius ensure the ground connection of guard wires and mechanical rigidity. These choices
minimize the interference of passive materials with the positron before entering or exiting the CDCH
volume.

3.1.2 Geometrical parameters

Each CDCH wire position in space (with respect to the
CDCH reference frame) is defined through 7 geometrical
parameters, illustrated in Figure 3.3:

DS side
« position of wire’s center (xo, yo, 20);

+ spherical angles 0 and ¢ defining the wire’s vector
orientation;

« since gravitational and electrical forces deform the
wire, we approximate the deflection s along the wire
with a parabolic function: / wire vector

2w 2 wire center:
s(w) = 5o L) 1 (%o Yof Z0)

where w is the longitudinal coordinate along the wire
(w = 0 at wire center) and L is the wire length. We
call the sy parameter sagitta;

« an additional degree of freedom allows to describe
the orientation in space of the wire deformation: the
angle y is the one between the sagitta vector s and
the radial direction 7 from the CDCH center and the

point (xo, Vo).

US side

See [85] for a complete description of the CDCH wire
geometry. sagitta deflection (sy, y)

3.1.3 Gas mixture

The CDCH uses a helium based gas mixture, continuously Figure 3.3: CDCH wire geometry.
flowed through the detector by a dedicated gas system [86].

Because of its large radiation length (X, = 5300 m at STP), the choice of the helium ensures a small
contribution to the multiple scattering. Furthermore, an helium based gas mixture, which has a fairly
constant drift velocity, has a linear time—-distance relation up to very close distances from the sense
wire.

The high helium ionization potential of 24.6 €V is such that a crossing particle produces only a
small number of primary electron-ion pairs: the average number of total clusters per cell is about 13
for a MIP (minimum ionizing particle) and the average number of ionization electrons per cluster is
1.3. The largest contribution to the spatial resolution uncertainty comes from the statistical fluctuation
of primary ionization along the track.

A small amount (10%) of isobutane is required as a quencher to avoid self-sustained discharge.
With this additive, the radiation length of the mixture is reduced to X; = 1300 m. On the other hand,
the use of an organic quencher involves specific problems relating to exposure to high radiation fluxes,
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since the recombination of dissociated organic molecules leads to the formation of polymers which,
by accumulating on the anodes and cathodes, contribute to the aging of the detector.

During commissioning, an abrupt increase in current up to 400 pA was observed in several cells
of the chamber (standard levels are around 10-20 pA). A deep investigation revealed the formation
of corona-like discharges in correspondence of some regions along some wires. The reduction of the
high currents was achieved with an oxygen level up to 2%, then gradually lowered to minimize electron
attachment effects. The effect of oxygen on the current per sector is shown in Figure 3.4; the lowering
of the oxygen content is indicated by the red scale and vertical lines on the top of the figure; the current
is lowered from oxygen capture and some loss of gas gain. In addition, a small percentage of isopropyl
alcohol is added to guarantee stable operations: the alcohol acts as a quencher and reduces the deposit
of insulating debris on the wires. The CDCH is now operated at the high-voltage (HV) working point
in stable conditions at full MEG II beam intensity with the standard gas mixture + isopropyl alcohol
(1.5%) + O, (0.5%).

The CDCH has been stably operated for data taking operations since 2021. The gas mixture with
1.5% isopropyl alcohol and 0.5% O3 has ensured good stability of the detector throughout these years
of data taking, as is visible in the flat profile of the wire currents in Figure 3.5. Fluctuations are caused
by changes in the atmospheric pressure, which affects the gas gain [54].

The successful operation of the detector demonstrates that small percentages of oxygen can be
added in the gas mixture to stabilize the detector without significative losses of performances, against
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Figure 3.6: Signal measured at both ends of a drift cell.

a general reluctance in its employment motivated by the strong electronegativity of oxygen. This topic
has been investigated inside the working group of the CDCH and is detailed in Appendix C.

3.1.4 Electric parameters

The CDCH HV working point has to be chosen balancing two opposite requirements: on one side,
higher voltages augment the gain of the CDCH, with a better S/N ratio; on the other end, intense
electric fields induce more easily electric discharges, compromising the stability of the operations; in
addition, the HV set point is up-bounded by the wire tension and the cell size and has to be tuned
to avoid wire attachments causing shorts. The working point (= 1450 V) was chosen with the aid of
simulation tools to monitor the electric stability and with measurements of the mechanical stability
performed on a three-wire prototype.

To compensate for the variable dimensions of the CDCH drift cells, the HV bias of the anode wires
is varied of 10V/layer, ranging from 1400V for the cells of the innermost layer, up to 1480V for the cells
of the outermost layer. In this way, a uniform gas gain of about 2.5 x 10° is obtained, as measured by
comparing the signal amplitude distributions in data and Monte Carlo simulations.

Aging effects [87], like build-up of radicals on the anode wires, can reduce the gas gain factor and
the HV should be raised to compensate. No evidence of aging is observed on data so far and the HV
working point hasn’t been changed.

3.1.5 CDCH Front-end electronics

The CDCH signals are read out by custom two-stage front-end (FE) amplifier boards, each serving
eight channels [88]. In addition to amplification, the same boards distribute the high-voltage bias to
the anode wires, while providing decoupling and protection. The design ensures high linearity and
stability, with a bandwidth matched to the spectral content of the CDCH signals.

A typical signal on an anode wire consists of a sequence of pulses produced by individual ionization
clusters along the track (Figure 3.6). In the first design stage, the bandwidth was chosen to enable a
cluster counting technique, enabling the detection of single ionization cluster few nanoseconds apart,
which could improve spatial resolution by reducing the statistical fluctuations of primary ionization
[89]. In practice, however, the front-end gain was increased to compensate for signal attenuation in
the transmission lines, at the cost of a reduced bandwidth: from around 1 GHz to a little above 500
MHz.

The typical single ionization signal corresponds to an amplitude of about 20 mV at the wire end,
with an average gain of ~30 dB. The electronic noise is below 2 mV (RMS) after transmission, resulting
in an excellent signal-to-noise ratio. Cross-talk between adjacent channels is at the level of ~1% and
negligible for further neighbors, ensuring reliable reconstruction performance.

A comprehensive description of the FE architecture and its characterization can be found in [88].
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Figure 3.7: The FE electronics of the CDCH.

The current consumption for each channel of the front end board is 60 mA at a voltage supply
of +£2.5 V, corresponding to a total power dissipation per end-cap of approximately 300 W. Therefore
a dedicated cooling system based on a 1 kW chiller and a cold water distribution system with piping
embedded in the front end board holders is used (Figure 3.7(b)). Moreover, a system of perforated pipes,
glued to the external faces of the end-plates, flushing dry air is used to avoid water condensation and
dangerous temperature gradients.

3.2 Tracking: from waveform analysis to track fitting

In this section we describe the analysis procedure for the track reconstruction inside the CDCH, start-
ing from the waveform analysis for hit reconstruction and ending with the track fitting procedure. as
detailed in the flow chart in Figure 5.1.

Each step of the analysis is performed in a hierarchical order by one or more tasks of the MEGAnalyzer

software, indicated in the block diagram.

3.2.1 Waveform analysis

The analogue signals are digitized using a modified WaveDREAM board (Section 2.2.7) suited for the
connection with the CDCH’s multi-wire custom cables. Two cables (16 channels) are connected to
each WaveDREAM board, with each cable digitized by one DRS4 chip. The waveforms saved on disks
for the data analysis have 850 ns depth at an effective sampling speed 0.6 GSPS.

The first step in the event reconstruction procedure is the detection of hits in the waveform signals.
Each wire is readout at both ends: an example of the waveforms forming at the two ends of a wire is
given in Figure 3.6. A hit is defined as the group of ionization clusters produced by a single passage
of a charged particle in the drift cell. Different clusters having different drift times produce multiple
discrete pulses spanning over more than 400 ns. The goal of the waveform analysis is the identification
of such pulses and the determination of their time of arrival, in particular of the earliest. In general,
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the detection of the first cluster is difficult because many hits from different events can overlap: in the
innermost wires, the hit rate per cell can be up to 1.2 MHz at 5 x 107 u*/s.

Noise removal Before the hit detection procedure, noise is filtered out.

A low-frequency noise, common to all wires readout by the same WaveDREAM board, therefore
called "coherent noise", was observed since 2021 data taking, later investigated, but could not be re-
moved definitely: the 7E5 area is an intrinsically noisy environment with many possible sources not
controllable nor testable. A filtering procedure was developed [50, 90] and proved to be very effective
in strongly reducing the low-frequency noise peaks observed at ~ 50 and ~ 150 MHz: the strategy
adopted is to subtract bin-by-bin the mean amplitude of the waveforms sharing the same DRS4 chip
(8 channels).

Some tens of wires instead are affected by a low-frequency noise non-common to others, probably
linked to missing electrical components on the FE board. In this case, the noise is subtracted with a
moving average filter.

Once the low-frequency noise is filtered out on all wires, a discrete Fourier transform (DFT) high-
frequency cut off at 225 MHz is applied: the waveform is transformed with a DFT in the frequency
domain, the power of all frequencies above the threshold are set to zero, the waveform is then trans-
formed back to time domain.

Hit detection Two algorithms perform the hit detection task.

The first algorithm uses a conventional "pass-or-fail" strategy. Since the hit signal propagates
through the wire to its two ends, the hit detection procedure is applied on the sum of the two wave-
forms (correcting for time misalignment). Selection cuts are based on studies of typical signal pulse
shapes, as shown in Figure 3.9 for different drift times. At the CDCH working point, the average am-
plitude of a single cluster pulse is 35 mV. The rise time is usually very steep (< 2 ns), with a longer fall
time of 20 ns. The following cuts are applied:

+ afixed threshold on the amplitude (in Volt) on two adjacent bins is applied to identify the rising
edge;

« afixed threshold on the pulse shape integrating over 20 ns after the two first bins is implemented.
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Figure 3.9: Hits waveform shapes for different DOCA/drift times, averaged over many events.

The time of arrival of the hit is determined with a linear interpolation between the time of the first two
bins above threshold.

A second algorithm uses a deep-learning approach instead, based on a convolutional neural net-
work (CNN). Every set of sixteen unfiltered waveform data (sampled amplitudes) from eight adjacent
wires (both ends are considered) are input to the net, and the output is, for each time bin, the prob-
ability that the first cluster is found in that bin for that wire waveform. This automatically returns
also the estimate of the cluster time of arrival. The architecture of the model consists of a cascade of
two auto-encoders, with the first stage performing noise estimation and removal, while the second
stage performs the hit detection task based on the former part output. The neural network algorithm
was trained on simulated waveform data superimposed on pedestal data taken without beam to re-
alistically represent the noise. Hits are randomly distributed in time replicating the occupancy for a
nominal beam rate of 3 x 107 p*/s.

Instead of merging the two lists of candidate hits applying both hit detection algorithms indepen-
dently, which would increase the fake hit rate and generates duplicates, the analysis routine is carried
out in two separate stages, combining the results only after the track reconstruction is completed. In
the first stage, the full analysis chain is ran using only hits found by the conventional hit detection
algorithm; later, the analysis uses hits found by both algorithms. The track reconstructed in these two
passages are then mixed and sorted by a fine-tuned track selection algorithm (described below). This
technique for combining the results of the two hit recognition tasks resulted in an improvement of 10%
of the global tracking efficiency of the spectrometer.

3.2.2 DOCA estimate

The arrival time measurement ¢ of the first cluster, which usually corresponds to the cluster generated
closest to the anode by the impinging particle, is composed of the cluster’s drift time (up to ~ 400 ns) and
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(a) Garfield++ simulation of the drift of ionized (b) Isochrone curves for a drift cell in the first COCH
electrons from tracks at different d inside a drift layer.

cell using the AvalancheMC method to include

also dispersion effects.

Figure 3.10: Garfield++ simulation of the t = DOCA relationship.

the track time Tj at which the cell is crossed, given by the pTC detector with a = 40 ps resolution and
the estimate of the time-of-flight of the ionizing particle. This measurement of ¢ has to be transformed
into a measurement of the distance of closest approach, DOCA, between the particle and the wire. No
direction information is available from the time measurement to locate the ionization process inside
the drift: only the absolute distance can be determined at first. Yet, the coordinates of the hit can be
later inferred from the tracking procedure.

Two methods were developed to determine the t — DOCA relationship, which is not analytical
because of the complex dependence of the drift velocity on the electric field in each point of the squared
cells and magnetic field effects deforming the trajectory of the drift electrons. For a complete discussion
on this topic see [54], Chapter 4 and 7.

The first implemented method is based on Garfield++[91] simulations: the plane of a drift cell is
sampled in pairs of d — ¢ values (d = distance to the anode; ¢ = angle in the drift cell plane)'; for each
given parameter impact d and incident angle ¢ + /2, 1000 tracks crossing the drift cell are simulated;
for every track, each ionization cluster is propagated towards the anode. A simulation of the drift
process for a set of tracks with different values of d is shown in Figure 3.10 (a). For a single simulated
track, the closest ionized cluster to the anode, originating at a distance d’, has a drift time ¢/, , it the best

estimate for the drift time #,; t of first ionization clusters originating from a particle with DOCA = d
is taken to be the average of the drift times:

1 N=1000
tarift = N Z témft (3.1)
i=1

The tables (called TXY tables) formed by the values {d, ¢, t4r;f;} are then used to infer the DOCA from
tarifr measurements in data. When no information on the impinging direction is available, average
(over ¢) tables are used instead, and the estimate is later refined during the fit procedure. See Figure
3.10 (b) to visualize the time-distance relationship inside a drift cell. Since the drift cells size changes
along the wire z coordinate and augments from the inner to the outer layers, we use different table for
each detector plane in segments of z (10 cm steps).

iSampling the drift cell plane is necessary to correctly estimate the effects on the electrons’ motion of the cell shape and
of the magnetic field.
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Figure 3.11: Correlation between the z hit position estimate from tracking and from the charge division (left)
and the arrival time difference (right) methods after inter-calibration of the wire ends.

The error opoca on the estimated DOCA value from the measurement of t,,;¢; is computed as the
68-percentile of the residuals distribution d’ —d, where d’ is the distance between the closest ionization
cluster and the anode wire, and d is the true value. The estimate of oppca for each point also enters
the TXY tables.

A second method using a neural network approach was developed [92] to create an improved
DOCA estimator, tuned on data, that overcomes the conventional approach when this latter is not
fully calibrated. A convolutional neural network (CNN) architecture is used. The input to the network
are wire waveforms and a series of variables (hit arrival time, TO , layer, z, etc.), trained to create a
model that maps the hit properties to a final DOCA estimate. The advantage of this procedure which
makes use of the full waveform is the capability of using information also of other ionization clusters
to derive an unbiased DOCA estimate, in a fashion similar to the "cluster counting technique". The
neural network algorithm is trained on fitted tracks recorded at low beam intensity (10° u*/s), where
the conventional TXY tables were used. Training on experimental data, the network learns the bias
due to the ionization statistics.

This neural network technique has been verified using data-driven kinematic resolution estimating
techniques to improve all kinematic resolutions by ~ 5-13%.

The CNN model was trained using 2021 data first for the 2021 analysis, and has been retrained
in view of the analysis of the 2021+°22 dataset, but no difference between the two models has been
observed: this is expected, since the gas mixture and HV settings of the CDCH were the same in both
years.

3.2.3 z estimate of the hit position

The difference in arrival times and the ratio between the total charges collected on the two ends of the
cell sense wire allow a preliminary determination of the longitudinal (z) coordinate of the hit. The w
coordinate along the wire is calculated as:

« using the time difference:

w = g(to — 1t — 6t) (3.2)

where v is the signal propagation velocity inside the wire, t, and #; are the arrival time on the
two wire ends and &t is the calibrated time offset between the two wire ends;
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+ using the charges:
Re-q1—qo
= L. _— 3.3
w ere<RG'q1+q0 ( )
where L, is the wire length, ¢; and gy the charges and R is the calibrated ratio of the gains
at the two wire ends.

w is then transformed to a measurement of z in the MEG II coordinate system using the individual
wire position and direction within the CDCH. The parameters §t and R for all wires are obtained
by calibration procedures using positron and cosmic tracks and iteratively optimized to get the best
single hit resolution (Figure 3.11). The precision of this measurement of z is roughly 9 cm with both
methods, which can be combined to obtain a 7.5 cm resolution before tracking,.

3.2.4 Track finding and fitting
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Figure 3.12: CDCH event at 5 x 107 y*/s. In yellow, all reconstructed hits within 400 ns (a); three fitted tracks
(black, red and green) are identified after the track finding and fitting procedure (b).

Once all hits in a CDCH event have been reconstructed, the positron track reconstruction begins:
first, a track finding algorithm groups hits into segments of candidate tracks; then, the tracks are fitted
to extract the best estimate of the positron’s kinematics at the target.

Track finding The positron reconstruction is a challenging task because the CDCH operates in a
high-rate environment, with an average cell occupancy of 15-25% per event in a 400 ns (maximum drift
time) time window. The pattern recognition task of distinguishing individual tracks in a crowded (and
noisy) detector is further complicated by the small number of layers (for instance, Belle Il CDC[93] has
56 layers while the CDCH only nine) and the full-stereo geometry.

The track finding algorithm uses a "local" approach based on the track following with the Kalman
filter method [94]. Starting from the most external and less busy layers of the detector, hits are com-
bined in group of two or three into many track "seeds": they are grouped based on the relative time
difference, geometrical proximity and z measurement. To evaluate the hits’ DOCA, a reference Tj is
needed: for three hits seeds, Ty can be self determined by the hits time, while for two hits seeds all pTC
clusters within 50 ns of the trigger time are considered: for each pTC cluster a different seed with the
same hits but different drift times is created.

The seeds are matched with others in the next layer, with opposite stereo view, if they are compat-
ible within error with the estimate of z and transversal direction. At this point of the procedure the
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(short) track has all its kinematics fully defined and its trajectory can be propagated back and forth to
contiguous layers and wires, according to the expected motion in the magnetic field. Energy loss is
included in the estimate of the trajectory in addition to the motion in the magnetic field. The uncer-
tainties of track parameters in the propagation stage takes into account both energy loss fluctuations
and multiple scattering effects. Hits are added to the track if they are consistent with the trajectory
hypothesis (x? test), and in that case the track parameters are updated. The procedure stops when the
innermost layers are reached or when a track hypothesis fails quality checks, monitoring the number
and density of merged hits or its y?, at intermediate steps.

After track candidates are formed starting from seeds in the outermost layers and propagating
to the innermost ones, the seeding procedure continues iteratively starting from the next layer with
hits not previously matched to a track segment. This procedure doesn’t prevent the algorithm from
finding strongly overlapping tracks, with many hits in common. Therefore, track candidates are sorted
according to a quality factor, which includes track length, hits density and track y?, and only the best
candidate among similar tracks is selected.

After track finding, track segments of single or half turns inside the CDCH (intersecting the CDCH
nine layers twice or once, respectively) are passed to the fitting stage, which will also merge those
segments belonging to the same particle making multiple turns inside the CDCH: 85% of tracks do
three full crossings of the CDCH layers (1.5 turns), with the rest making 2.5 or even 3.5 turns before
reaching and stopping in the pTC.

A novel track-finding algorithm based on Deep Neural Network models, designed to mitigate the
pile-up limitations inherent to the iterative approach, is described in detail in Appendix F. Although
this Pattern Recognition algorithm was not yet deployed in the 2021+°22 analysis, it is expected to
provide a significant improvement in tracking performance for future searches in MEG II.

Track fitting The track fit algorithm is developed with the GenFit toolkit [95], which comes with
its own Kalman Filter implementation and allows to include an optimal treatment of the material ef-
fects (energy loss and multiple scattering). The CDCH is modeled as a uniform volume of gas, since
considering individual wires makes the fit procedure susceptible of instability when small trajectory
changes imply hitting a wire. A possible alternative to neglecting the wire material completely is to
consider an "average" medium, with gas and wire material in the correct proportion. This method was
also tested, but it had poorer tracking performances compared to the model with gas only: a possible
reason it that only 20% of particles are estimated to cross a wire along the trajectory, therefore in most
cases wire effects are not relevant at all. The DOCA and longitudinal position z of the hits are the
measurements entering the y? function minimized with the Kalman algorithm. The z measurement
is statistically irrelevant to the fit result because of the good z estimate provided by the wires stereo
angles, but it is important to stabilize the procedure numerically. The Kalman filter is complemented
with a deterministic annealing filter [96] to identify and reject pile-up and noise hits, and to improve
the resolution of the left-right ambiguities.

First, the track segments obtained by the track finder are fitted. These segments are later merged
with others to get the full, multi-turn trajectory of the positron. This is done by propagating the first
and last hit of each segment to the point of closest approach to the z axis, and comparing two by two
the resulting positions and directions looking for a good match (quantified by a y? based on the Kalman
covariance matrix).

Once the track segment merge has been tried, the fitted tracks are propagated through the CDCH
for their full trajectory from the target to the pTC, and a "refit" procedure searches for missing hits that
the track finder, with its lower accuracy, was unable to associate to the track. Frequently, the final half
turn output from the track finder results in a low quality fit due to a low number of hits and thus it is
difficult to merge without this dedicated procedure. Adding hits of the final half turn to single full turns
results in improved momentum resolution. The refit procedure has a large impact, increasing by ~30%
the number of hits per track, with an improvement of about 14% in the core momentum resolution (see
Section 3.3).
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The last fitting step consists in the propagation towards

« the pTC: at this stage the correctness of the pTC cluster association to the track is checked and
the optimal track time is estimated. Updating the track time implies another correction of t4;;;
for all hits and another, more precise, estimate of the track parameters;

« the target: this provides the best estimate of the muon decay point and time, and of the positron
kinematics at production, including an estimate of the full covariance matrix for the kinematics
observables.

Track selection Numerous quality require-
ments and cleanup procedures are imposed or ap-
plied on track candidates during the track find-
ing and fitting procedure. Yet, a certain number
of poor quality tracks and duplicated tracks of
a single positron, called "ghost tracks"”, can’t be
avoided. A track selection procedure has been
developed to efficiently identify the best positron
candidate:
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These selection criteria are used to cut misreconstructed tracks and to define a quantity, called Rgpos,
to rank ghost tracks and choose the best one of the many duplicates:

Rghost = —ONN + 2 X Niyrn — Bhpir (3-4)

where Ony is the neural network output, Ny, is the number of turns per track, Bp;; = 0 if hits are
reconstructed with the traditional hit detection algorithm, 1 if the CNN algorithm is used (the deep
learning algorithm has a higher fake hits ratio, resulting in tracks of poorer quality).

The track with largest Rgp,s; is selected for each positron.
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Figure 3.14: Fit to the
positron’s Michel decay

p — evVv spectrum on 2022
data: (a) in semi-logarithmic
scale, (b) in linear scale. On the
bottom, the fitted acceptance
function.
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3.3 Methods to assess performances with e* data

The positron kinematic variables relevant for building the p — ey observables are: the positron mo-
mentum p at the decay point on target, described by the magnitude p and the two angles ¢ and 6, and
the y and z decay position on the targeti’.

« Momentum resolution ¢, is measured from a fit to the observed Michel spectrum in p — evv
events, as described in Section 3.3.1;

« the resolutions on the other variables, as well as correlations between them, is obtained through
the double turn (DT) method, detailed in Section 3.3.2

3.3.1 Michel spectrum Fit

The energy resolution of the spectrometer is measured by fitting the positrons Michel’s spectrum mea-
sured on data with the function [44]:

dr
dE,

(EZleCZS) — (

dar
dE,

. A) (B « R

(3.5)

iiRefer to Fig. 2.4 for the definition of the variables in MEG II coordinate system.
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where:
%hh_ = theoretical Michel spectrum @NNLO for polarized muons [85]

Etrue_u

1+erf “¢—F4

er( A
2

R = resolution function = sum of three Gaussians PDFs

A = Acceptance function of the spectrometer =

The functional forms for the acceptance .4 and resolutions R terms are based on Monte Carlo simula-
tions. The detector resolution for signal-like events is well described by the Gaussian shape accounting
for the largest fraction of the resolution curve integral, called the “core”.

Apart from measuring the energy resolution of the spectrometer, the Michel fit allows to calibrate
the magnetic field intensity and the relative alignment between the COBRA magnet and the CDCH:

« the resolution function is centered on the spectrum edge (E, = 52.83 MeV). A bias in the mea-
sured energy EJ**“* — E;,. causes the edge position to be shifted, with the mean of the central
gaussian function that is significantly (©(100) keV) different from zero. The magnetic field in-
tensity is eventually rescaled to set this bias to zero again;

« CDCH and B field misalignment is visible as a non constant bias of the Michel edge as a function
of the positron emission angles 8, and ¢..

3.3.2 Double Turn Analysis

Target

Double-turn e* track in the 2021 data-set

Figure 3.15: Event display of a track making two full turns inside the spectrometer.

Many positron tracks traverse the spectrometer making more than two turns, as exemplified in
Figure 3.15. These "double turn" events [44, 90] are exploited to extract from data the resolution of
kinematic variables: the two fitted segments of a track to each turn are propagated independently to
the midpoint between the two turns, called the "vertex"; from a fit to the distribution of ¢; — ¢, the
difference in the estimated observable g, we can estimate the detector resolution of the variable q. The
fit function used is the convolution of two gaussians, one describing the resolution of the first turn,
one that of the second turn:

2
exp <_(x2;22ﬂl)2> + (ij) exp <_(xz—0§ﬂz)2> + Zﬁjexp <_m>] (3.6)

core tail core

A%

In Figure 3.16 the Double Turn distribution for the y, variable is plotted as an example.

3.3.3 Positron efficiency

The positron efficiency €, is defined as the ratio of the number of reconstructed positrons' in the
signal energy region to the number of emitted positrons in the direction opposite to the LXe acceptance

Reconstructed positron = positron’s track correctly fitted from the target to the pTC tile firing the trigger.
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region. The positron efficiency ¢, is the product of the CDCH and pTC efficiencies. The pTC efficiency
is very high: for signal positrons it’s €., yrc = (91+2)% (value extracted from Monte Carlo simulations).

The efficiency of the CDCH ¢, cpcy is measured using data taken through a minimum bias trigger
developed to select Michel events. The trigger requires only one hit on the pTC to select an event.
Monte Carlo simulations are used to correct for muon decays out of the target" and to extrapolate the
efficiency to the energy region of the signal [43, 85]. In Figure 3.17 the trend of €, cpcy as a function
of the beam intensity is shown. While the pTC efficiency is almost independent of the beam intensity,
the CDCH tracking efficiency decreases when R, increases. This is expected, since when the pile-up
augments, the track finder algorithm is less effective at identifying hits belonging to individual tracks.

As discussed in Appendix F, novel track finder algorithms based on Deep Neural Networks archi-
tectures are being developed inside the MEG II Collaboration to overcome this decrease of the tracking
efficiency in high pile-up conditions.

3.4 The Cylindrical Drift Chamber 2

The successful construction of the CDCH was seriously threatened by an issue that occurred to the
ultra-thin 40 pm silver plated aluminum cathode wires. About 100 of these wires (out of 1728) broke
during the construction stage because of chemical corrosion taking place at the aluminum-silver in-
terface in presence of water (air humidity) [97]. This problem didn’t affect the 50 pm cathodes because
they are machined with a different technique by the manufacturer”, and the surface of these bigger
wires doesn’t present the same amount of imperfections in the silver coating.

The problem was finally solved removing all broken wires, and since then the CDCH’s volume is
fluxed with water-free gas mixtures also when MEG II data taking stops to prevent other wires from
breaking. A new accident would be probably fatal for the operations of the CDCH: for this reason, a
second drift chamber, the CDCHZ2, has been built in the INFN laboratories in Pisa [98].

The design of the CDCH2 is identical to the CDCH’s one, excepting:

+ both the 40 pm and 50 pm Al/Ag cathode wires have been replaced with 50 p Al wires. New
tests on California Fine Wires samples showed that also the 50 pm Al/Ag wires were subject to
corrosion, therefore pure aluminum wires where chosen;

« atenth layer, at the outermost radius, has been added: this layer fits the mechanical constraints
and was actually already planned for the CDCH also, but never built.

The choice of pure aluminum cathode wires requires a new strategy to solder them to the PCB: indeed,
the infrared laser mounted on the wiring machine can not properly solder them, and wires slip through
the tin drop deposited during the soldering procedure.

To keep the wires in position, after the soldering, a drop of bi-component DP100"! epoxy glue
is deposited with an air-powered dispenser integrated in the wiring machine. The gluing system is
shown in Figure 3.18. The glue takes = 20 minutes to dry, and after this time the wires are anchored
to their position.

The wiring and assembly procedures were completed in = 3 years (2022-2025), and carried out
entirely in the clean room of the INFN laboratories in Pisa. The detector fully wired is shown in Figure
3.19. The detector will now (2025) be moved to PSI for the installation of the internal Mylar foil and
the sealing with the carbon fiber structure, as for the CDCH. There, it will remain as a backup solution
in cases of unrecoverable problems with the CDCH in the last year of data taking (2026).

VThese events would produce a signal in the pTC that can not be matched with a track originating from the target.

ViCalifornia Fine Wires
vii


https://calfinewire.com/
https://www.3mitalia.it/3M/it_IT/p/d/b40066435/
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(a) The glue dispenser mounted on the (b) Close up of the needle used to apply the glue on the PCB.
wiring machine.

Figure 3.18: The new gluing system of the wiring machine for the CDCH2’s construction.

Figure 3.19: The CDCH2.



Chapter 4

CDCH calibration with Michel
positrons data

This chapter deals with the CDCH calibration using e* data
collected in 2022, following a scheme developed for the 2021
analysis. The candidate has been in charge of the CDCH
calibration on the 2022 dataset, in view of the reprocessing for the
2021+’22 MEG II analysis.

With the expression “calibration of the
CDCH" we refer to the set of tasks and pro-
cedures aimed at guaranteeing optimal perfor-
mances of the detector, reducing biases in the dif-

Pedestal data

Cosmic rays data

et data
ferent reconstruction stages, from hit reconstruc-
Z calibration
tion to tracking. The steps toward the full detec-
tor’s calibration are summarized in the diagram [ —

Of Figure 4.1 alignment

d(t) tuning
with ML

This subject is divided into two chapters, ac-
cording to the type of data used in the specific
calibration step: in this one, we focus on the cal-
ibration with Michel positrons data; in Chapter 5
we deal with cosmic rays data.

B field

alignment

PDF building

In order: Section 4.1 is about noise studies;
Section 4.2 is dedicated to the iterative alignment -
procedure; Section 4.3 is about COBRA mag-
netic field tuning and Section 4.4 about the rel- Figure 4.1: Schedule of the CDCH calibration towards
ative alignment between the CDCH and the tar- . Physics analysis.
get, closely related to the CDCH - COBRA align-
ment; Section 4.5 discusses updates of the Ma-
chine Learning algorithms; update of track selec-
tion criteria is discussed in Section 4.6; Section 4.7 reports on the stability of the performances during
the whole data taking period. For the calibration with Michel positrons, we describe the procedure
applied for 2022 data only. The 2021 dataset was already calibrated for the 2021 analysis [8, 90] and no
issue was found which could motivate a revised calibration.

CDCH - LXe

alignment

Systematics
assessment
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4.1 CDCH noise studies in 2022

The characteristics of the electronic signal of each readout wire end during data taking is investigated
to spot deviations from the correct behavior: in general, hits’ signals have an amplitude higher than
20 mV; the CDCH occupancy during physics data taking is uniform in ¢, with more hits recorded
in the innermost layers; the baseline is centered at zero (after noise removal) and its RMS is below 3
mV. We look for the following problems, visible in the data representation illustrated in Figure 4.2:

rvis mvik- broken or disconnected FE boards: they have very small read-

Disconnected board I

Figure 4.2: Shorts, discon-
nected boards and noisy wires
are outliers in the distribu-
tion of the signals’ RMS. In
a bi-dimensional view of the
CDCH like the one reported
here, wires deviating from the
average trend are easily spot-
ted.

Amplitude DS

Without noisy wires

= Noisy wires

Amplitude [mV]

Amplitude US

+— Without noisy wires

Amplitude [mV]

out signals for all eight channels, with an RMS below 1 mV
(corresponding to the WaveDREAM DRS chip noise) and no
recorded hits. If the problem reguards a board distributing the
HYV, no signal on either side of the wire will be recorded; oth-
erwise, one end works properly;

. short-circuited anode wires: in this case noise levels can vary

considerably. 28 known shorts were identified during the de-
tector commissioning and isolated from the HV directly on the
FE board. If a new short appears, and a hardware intervention
to isolate it is not possible, the corresponding FE board must
be disconnected;

. noisy wire ends, defined by an amplitude/baseline RMS much

larger than the typical value of 5/2.5 mV respectively. These
wires usually record a very high number of fake hits. Anodes
next to shorts are affected by these problems. For other wires
instead, the noise arise from missing electric components on
the FE board (resistors, capacitors) in the shaping or amplifica-
tion stage: in this case, the signal/noise ratio can be improved
with a moving-average low-pass filter.

Baseline DS

0 10 20
RMS[mV] Baseline[mV]

Baseline US

10 20
RMS[mV] Baseline[mV]

Figure 4.3: Distributions of signals’ amplitude, RMS and baseline observed on 2022 data, on top for upstream
signals, on bottom for downstream ones. The distributions are shown for both the noisy (blue) and the good

wires (green).
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7 | @ = good wire

. = broken wirelboar

(a) Year 2021

Figure 4.4: Map of the noisy (yellow) and broken wires and boards (dark purple).

In Figure 4.3 we plot the histograms of the signals’ amplitude, RMS and baseline measured for 2022
data. The contribution of the problematic wires is shown superimposed to the distribution of good
wires. Comparing the distributions of the two kinds of signals, we can notice that the wires identified
as problematic have: smaller signals, never above 100 mV and more often no signal at all (higher peak
around ~0 mV); peak in the RMS distribution around ~ 0 mV, which identifies shorts or disconnected
boards; broader baseline fluctuations (noise).

Between the run of 2021 and 2022 the CDCH underwent a hardware intervention to mitigate the
source of a high frequency noise on a few CDCH sectors [85]. This work allowed to recover the signal
from 5 disconnected FE boards which were propagating noise to nearby sectors. In addition to this
intervention, four CDCH sectors (layer 6-9 of sector 11) were instrumented in order to widen the
acceptance.

The impact of this work on the CDCH is clearly visible comparing the two 2D plots of the CDCH
in Figure 4.4. The number of bad channels during run 2021 and 2022 is reported in Table 4.1. Usually,
noise levels are very stable during the data taking period; no FE board breaks or new shorts show up
after the first week of beamtime.

Table 4.1: List of bad readout channels with no signal during 2021 and 2022 data taking periods, separated
between US and DS when relevant.

Issue Year 2021 | Year 2022
US DS | US DS

# FE boards not readout 7 8 2 3

# noise wires with no signal | 21 42 | 28 33
# short-circuit anodes 28 28
Tot. bad wires 73 64

4.1.1 Burst of noise during September 2022

During September 2022, a problem to the low voltage system of the CDCH front-end boards resulted in
a high frequency noise on a few sectors of the CDCH connected to the damaged low voltage module.
In Figure 4.5 we show that in that period of time some wires had much higher levels of noise which
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Figure 4.5: Time dependent analysis of noise levels on a set of wires affected by the problem in September (dark
colors) and a set of undisturbed wires (light colors). Upstream (US) and downstream (DS) ends of the wires are
separated to highlight that the noise originated from an hardware problem on the DS side of the detector.

resulted in a large occupancy causing problems to the pattern recognition algorithm, with the track-
ing efficiency worsening from 65% to 33%. This problem was spotted already during the data taking
period and solved by repairing the low voltage module; on the analysis side, a new routine for noise
filtering allowed to retrieve a good signal efficiency on all wires: we applied first the low pass filter
at 225 MHz, then the low frequency noise subtraction algorithm for eliminating the coherent noise
contribution[50]. The result for a single waveform example is shown in Figure 4.6.
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Figure 4.6: On the left: a raw waveform (grey) analyzed using the old ordering of the noise filters, as shown on
the scheme at the center; on the right: the same waveform is processed with the new method (filtered waveform

in green).
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The new ordering of the filter algorithms allowed to completely recover signals on the wires af-
fected by this noise, so that full tracking efficiency was recovered. As illustrated in Figure 4.7, the rate
of Michel decays detected per unit time dk,_..,v/dt is now constant throughout the full data taking
period at 3 x 107 p*/s. This fix allowed to recovery ~ 5% of the full accumulated statistics in 2022.

4.2 The iterative alignment of the CDCH

The accurate alignment of the CDCH is a key calibration step towards the achievement of optimal
detector performances. The tracker intrinsic spatial resolution is better than the alignment precision
from the optical survey measurements carried out during the mounting stage (see Chapter 2, Section
3.1), therefore a software alignment strategy is used [85, 99].
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Figure 4.7: The rate of positrons from Michel decay detected in the apparatus during the data taking period is a
good observable to monitor the efficiency of the TDAQ and of the spectrometer. During September, the drop in
CDCH efficiency by almost 50% is clearly visible. With the application of the new noise filter algorithm though,

full CDCH efficiency is recovered.
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Figure 4.8: Scheme of the iterative alignment procedure.



62 CHAPTER 4. CDCH CALIBRATION WITH MICHEL POSITRONS DATA

Wire 625 Wire 625

(a) yxmeas _ xfit VS z. (b) ymeas _ yfit VS z.

Figure 4.9: Parabolic fit to the residuals distribution for the wire 625 of the CDCH.

Software alignment algorithms use charged particle tracks to determine the optimal geometry pa-
rameters p of the tracker modules solving the following y? problem:

tracks hits

)(2 — Z Z (J—Eir;eas _ )_C)ﬁt(ﬁ, ?z‘)ij)T VJl (J—Eir;leas _ J_C)fit(ﬁ, ?i)ij) (4.1)
i J

where J?{}?‘*“s - J?i];”(ﬁ, 7;) are the track residuals between measured position and fit estimate of hit j on
track i with track parameters 7;. Hit coordinates X are given in the local frame of the drift cell. V;; is
the covariance matrix.

Currently, the CDCH geometrical parameters of each wire are determined with an iterative pro-
cedure [50, 90] using y — evV events summarized in the block diagram scheme of Figure 4.8: first,
tracking is performed using geometry parameters p;, where i = 0,..., N is the iteration step; second,
for every wire in the CDCH the distribution of track residuals as a function of the recorded hit posi-
tion z along the wire is drawn and fitted with a parabolic function (one fit for the x component of the

residuals and one for the y):
2
2
fx(y)(z) _ C(J)f(y) n cir(y) S C;C(y)' (;) (4.2)

finally, the best-fit values ¢y* 0 ¢ 6,0 are used to correct the wire parameters and a new iteration
starts with the updated geometry. The procedure stops when the algorithm converges, namely when
the y?/do f distribution of fitted tracks peaks at 1 and the distribution of residuals for each wire shows
no bias.

The geometrical parameters of each wire p are six (number of degrees of freedom of a parabola in
three dimensions): xy, o, 0 , ¢, so, y (see 3.1.2). We choose to fix the z, parameter because we don’t
have enough resolution on the z coordinates of the hit to determine it more precisely than the optical
survey (©(0.5 mm)).

The update rules p;y; = p; + 5})1- are derived starting from the following first-order approximation
of track residuals:

0 2
Fhit = Firk = ATy + R(56,89)| 0|+ (S5c7 — 85,8) - (‘*LZZ - 1) (4.3)
z
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where we have introduced the two carthesian components

of the sagitta (s), sy and s, as in Figure 4.10:
Sy = Sp-COSY So = [3,2(+s§, I
— (4.9)
Sy

So-siny y = arctan 2 (sy, sx)
where 7 is the radius unit vector between the CDCH center and
wire center (xo, yo) and £ is the orthogonal vector to 7 in the x—y
frame.
From Equation 4.3, the following update rules descend

%o (y0) = %0 (0) = c(’)‘(y) B c;(y) Figure 4.10: Redefinition of § using
0, ¢ — polar and azimuthal angles of the vector carthesian coordinates (green) instead
xUS —ZUS. ¢x —¢x xPS — ZPS . ox —¢&x of polar coordinates (blue).
yUS_ZUS_é%’_é%/ _ yDS—ZDS'é%)—é%}
ZUS ZDS

Sy = Sy + ¢y P 4y Y

sy > sy—c -t —c) - Y
(4.5)

US/DS are the coordinates of the wire at the end plates.

where X

4.2.1 Results of the iterative alignment

The wires position can change in time as a consequence of external factors altering the CDCH geome-
try: of course, hardware maintenance works requiring to extract the CDCH from the COBRA magnet
cryostat, but also one FE board failure altering the electrostatic equilibrium of the CDCH can have a
visible impact on the wire geometry. Looking at the track residuals in Figure 4.12, measured for 2022
Michel data with the geometry determined in 2021, a non-null bias is visible for the central wires in
plane 2, 3 and 4: this is compatible with an electrostatic effect caused by the replacement of two broken
FE boards in plane 3.

The alignment procedure is performed using Michel events collected in 2022, starting from the
geometry determined with the alignment on 2021 data. The convergence is reached after 15 iterations.
Comparing Figures 4.11, 4.12 with Figures 4.13, 4.14 the improvement of the residual distribution can be
clearly seen for all wires. The improvement in hit spatial resolution is reflected also in an improvement
in tracking efficiency and kinematic resolutions, as discussed in [85, 90]. The performances using 2022
data before and after the alignment are listed in Table 4.2.

Table 4.2: Positron tracking performances measured on 3 x 107 y*/s data acquired in 2022 using the CDCH

geometry determined in 2021 or after the convergence of the alignment procedure. Efficiencies are evaluated
without using the ML hit finding algorithm.

‘ Oy, Oz, 09, 0, Op, ‘ €trk

2021 iter. alignment | 2.05mm 079 mm 6.85mrad 8.42mrad 115.6 keV | 56.0%
2022 iter. alignment | 1.96 mm 0.70 mm 6.71 mrad 7.85mrad 107.4keV | 57.8%
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Figure 4.11: x™¢ — xfit for all wires (wire ID on the x—axis) at the beginning of the alignment procedure, using the geometry from the alignment performed in 2021. Wires

are grouped per CDCH plane.
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Figure 4.12: ymeas — y/i for all wires (wire ID on the x—axis) at the beginning of the alignment procedure, using the geometry from the alignment performed in 2021. Wires

are grouped per CDCH plane.

ErrorWire2D1 H
142432 H

wire

wire

wire

<Hit Y-Trk Y>[um] <Hit Y-Trk Y>[um]

<Hit Y-Trk Y>[um]

ErrorWire2D2 H
120197 H

wire

Errorwirezds: _H

wire

ErrorWire2D8 H
66207 H

wire

<Hit Y-Trk Y>[um] <Hit Y-Trk Y>[um]

<Hit Y-Trk Y>[um]

H
3 00329

wire

Errorwirezde._H
78421

wire

1

!
N

8 8 8 o & 8 &

!
N

50 100 50

wire

HOdD HHI A0 INAWNOITV HAILVYHLI HHL ¥

<9



<Hit X-Trk X>[um] <Hit X-Trk X>[um]

<Hit X-Trk X>[um]

Figure 4.13:
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4.3 Magnetic field tuning
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Figure 4.15: Effect of the magnetic field alignment on the angular dependence of the positron energy scale. For
comparison, the effects of +1 mm shifts in x, y and z are superimposed. From [43].

Any misalignment between COBRA magnetic field and the CDCH or inconsistencies between the
nominal and real field strength is a source of error in the positron reconstruction: misalignment (trans-
lations and rotations) manifests itself as a non-constant positron energy scale as a function of the emis-
sion angles 6, and ¢.; instead, a discrepancy in the field strength |J§| corresponds to a constant shift of
the energy scale. The positron energy scale bias is measured as a deviation of the Michel edge position
from the theoretical value.

The optimization of the magnetic field parameters is done testing tracking performances with dif-
ferent sets of parameters, until the biases are removed. Ignoring rotations, the number of parameters
to test is four: x, y, z shifts and the scaling parameter. Based on survey measurements and on the
specifications of the magnet, the range of possible values is bounded. Although feasible, this is a very
computationally expensive and time consuming procedure, since for every set of parameters many
data need to be reprocessed to have a meaningful statistics to draw conclusions.

This procedure was carried out first for the 2021 analysis [43]. The results of this study are illus-
trated in Figure 4.15. For 2021, the best magnetic field parameters for positron reconstruction are:

x shift  yshift  z shift ‘ |§| scaling

100 pm 700 pm 300 pm | 0.9991

The same studies were repeated for the combined 2021 and 2022 analysis. Since between 2021 and
2022 data taking nor the CDCH nor the magnet were moved, no misalignment is expected. Indeed,
the Michel edge bias angular distribution is flat (Figure 4.16). Yet, an average deviation from zero
is observed. Taking the weighted average of biases in ¢, and cos 8, angular distribution, the bias is
measured to be (—10 + 2) keV.

This shift in the positron energy scale is caused by a redefinition of the MEG II target geometry in
the software which was done after the magnetic field optimization studies for the 2021 analysis. This
change alters the computation of the positron energy loss during tracking and results in systematically
underestimating the positron energy scale. Scaling the magnetic field intensity solves the problem:
approximating the positron trajectory to a circle in the transverse plane, shift 6p = —10 keV/c for
positrons at the end point, with p = 52.83 MeV/c is equal to a bias of the magnetic field 6B of

5B 6p

_— = —— =~ —4
- > 2x10 (4.6)
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Figure 4.16: Angular dependence of the Michel edge bias with a scaling of the magnetic field intensity of 0.9991
(blue) and 0.9993 (green) which eliminates the bias in the positron reconstructed energy.
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which corresponds to a new scaling of the COBRA magnetic field from x0.9991 to x0.9993.

As shown in Figure 4.16, with this new scaling parameter the energy scale bias is compatible with
zero: (—3 £ 2) keV. From a fit to the integrated Michel spectrum on the full 2022 dataset, the positron
energy scale bias is:

§p = (—0.6 + 0.5) keV

4.4 Target alignment with positrons

The relative alignment between the target and the CDCH is determined using fitted positrons tracks
propagated back to the target. The holes drilled in the target through which muons passes undis-
turbed are clearly visible from the distribution of the positrons’ decay vertices in Figure 4.17. The
holes positions are measured from a fit to this bi-dimensional distribution. The difference between this
measurement and the one obtained from the analysis of the target’s pictures and the optical survey
quantifies the misalignment between the CDCH and the target.
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Table 4.3: Measured shifts between the CDCH and the target (TGT), and between the CDCH and COBRA, in
the years 2021 and 2022.

Ax [cm] Ay [cm] Az [cm]
Year | TGT COBRA | TGT COBRA | TGT COBRA
2021 | 0.08 £0.10 0.10+0.10 | 0.86 +0.10 0.70 £0.20 | 0.50 £0.15 0.40 £0.10
2022 | 0.08+0.04 0.10£0.10 | 0.24 +£0.04 0.70+0.20 | 0.57 £0.10 0.40 £+ 0.10

The measured shifts in the x, y and z direction between the CDCH and the target in the years 2021
and 2022 are summarized in Table 4.3. In this Table, we report also the relative CDCH - COBRA shifts
measured as described in Section 4.3 for the 2021 analysis: the CDCH - COBRA and CDCH - target
alignment parameters are all compatible within uncertainties, hint of a possible error in the optical
survey measurement of the CDCH position which can be corrected with these software alignment
techniques.

4.5 Retraining of ML algorithms

The ML algorithms used in the hit recognition and in the d(t) relations were retrained on 2022 data. In
principle, differences in the distributions of features between 2021 and 2022 data (different noise levels,
different time calibration of the wires etc.) may cause inefficiencies in the application of the model to
new data.

The retrained models though didn’t show any difference with the performances obtained with the
previous one trained on 2021 data. This is a hint of the robustness of the architectures employed for
these two tasks in MEG IL

4.6 Update of track selection criteria

For the *21+°22 analysis the final track selection criteria have been updated to improve the quality of
the best ghost track. In the previous analysis of the 2021 dataset, the ghost selection criteria were the
following:

1. discard tracks with less full turns reconstructed;

2. apply the ranking method of Equation 3.4, as described in Chapter 3, Section 3.2.4, privileging
tracks with hits found by the conventional hit finder algorithm.

To this list, a third condition has been added between the first and second step: if some tracks success-
fully fit the last half turn before the pTC, discard the tracks which couldn’t fit it.

This new selection cut doesn’t affect the CDCH efficiency, but has a significant impact in increasing
the resolutions of the selected tracks, as visible in the comparison of the E, uncertainty in Figure 4.18.

4.7 Positron reconstruction stability in time

Under normal operation condition of the detector, spectrometer performances are expected to be con-
stant at fixed beam intensity: this is monitored with a time dependent scan of the detector perfor-
mances.

In Figure 4.19 we illustrate the time stability of resolutions obtained with the double turn analysis
during the whole 2022 data taking period. Resolutions are very stable, within periods of given beam
intensity, and this cross-checks the correctness of the calibration procedure of the full dataset.
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Figure 4.18: Distribution of E, uncertainty estimated by Kalman filter for tracks selected with the 2021 criteria
(left) and with the 2022 criteria (right). The shoulder at 110 keV uncertainty in 2021 is due to the preference for
tracks with missing half turn.
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Figure 4.19: Time dependence of the resolutions of all kinematic variables on 2022 data. The color bands divide
the runs for different beam intensities; the lines indicate the time average of the parameters.
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Chapter 5

CDCH calibration with cosmic rays data

The candidate has developed the routine to reconstruct cosmic
rays in the MEG II experiment, allowing to use extensively this
dataset for the CDCH calibration. He has been in charge of the
CDCH - LXe alignment, using cosmic rays data since the analysis
of the 2021 dataset.

This chapter is dedicated to illustrate how cosmic rays data are employed for various calibration
procedures of the spectrometer: to measure the relative alignment between the CDCH and the LXe
detector (Section 5.2), and to perform the wire-by-wire alignment of the CDCH using the Millepede
approach (Section 5.3). In the first Section 5.1 we discuss the development of the tracking algorithm
for cosmic rays with the MEG II CDCH.

5.1 A new fitting algorithm for cosmic rays

Hit Recon- Evaluate d(t) Pattern
struction with TXY Recognition

Waveforms

Yes: iterate

Passes

quality

cuts?

Figure 5.1: Flow-chart of the tracking algorithm for cosmic rays events.

The fitting procedure for cosmic tracks in the MEG II experiment is summarized in the flow chart
of Fig. 5.1. It is much similar to the procedure described for tracking positrons, especially for the
waveform analysis and hit reconstruction. The track finding and fitting algorithms though are very
different and are described in the following sections.
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Figure 5.2: Garfield++ simulation of the d(t) relationship without magnetic field effects.

5.1.1 New TXY Tables

The equations of motion for charged particles in the presence or absence of magnetic field are different,
therefore a new set of TXY tables to track cosmic rays when COBRA is switched off has to be used.

Calling Ty the reference time for the track, the drift time and corresponding drift distance DOCA
are

tarift
tarift =t — Ty > DOCA = / o(t; X)dt (5.1)
0

where v is the electron’s drift velocity in the gas mixture and ¥ is the coordinate of the formation of
the ionization cluster. The reference time Tj is usually (but not always) measured by the pTC detector:
in that case, from the pTC measurement T;rc we can calculate Tj as:

Ty = TpTC — tror — At (5.2)

where: t1oF is the time-of-flight of the particle from the CDCH cell to the pTC, and has to be updated
during the fit procedure based on the trajectory estimate; At is an inter-calibration factor between the
time measured by CDCH and pTC boards.

As discussed also in Chapter 3, because of the gas mixture and the cell shape the relation v(t; X)
is not analytical and depend on the position X of the ionization inside the drift cell, therefore it has to
be determined through simulations. The tables for reconstructing cosmic rays events were generated
using Garfield++ simulations, avoiding the use of the deep-learning algorithm to estimate the DOCA
(Chapter 3, Section 3.2), as the improvement is marginal [92].

In Figure 5.2 (a) the isochrone drift curves in the case of no magnetic field are illustrated, while in
(b) the time-distance relationships in the two cases, with and without magnetic field, are compared. It
is possible to appreciate that electrons drift faster in the absence of magnetic field, as expected [54].

With the new set of TXY tables the DOCA resolution on cosmic rays improved from 250 pm to
230 pm (prior to the geometry alignment).

5.1.2 Pattern Recognition of cosmic rays events

Hit pre-selection Prior to the pattern recognition task, candidate signal and noise hits are fil-
tered with cuts on the amplitude and integrated charge of the reconstructed cluster, requiring: sin-
gle side signal amplitude > 10 mV, and single side integrated charge > 1 x 10~° C. The hit efficiency
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Figure 5.3: Hit efficiency and noise rejection power as a function of the applied cut in amplitude and integrated
charge.

#signal hits passing the cut . . . #noise hits passing the cut
=8 Passie 2¢ € and noise rejection = LSR8 10 8

#all signal hits #all noise hits of these cuts estimated on p—evv
data are respectively 95% and 50%. The variation of the signal hit efficiency and noise rejection effi-
ciency with different cuts on these variables is reported in Figure 5.3. The choice of the value is made
to maximize the signal hit efficiency, since cosmic rays’ tracks leave less than 10 hits in the CDCH per

event.

Pattern recognition strategy In the absence of magnetic field, cosmic rays travel along straight
lines!, therefore a global PR approach based on the Legendre transform [94] suits well the problem.
The Legendre transform algorithm for pattern recognition is closely related to the Hough transform
technique [100].

Mathematics In a plane parallel to the drift
planes (i. e. the x — y global plane), the cosmic
track is tangent to all drift circles. The ensemble
of lines tangent to a circle of radius d and cen-
ter (x0, o) can be parameterized with the two

—d
parameters ¢ and ¢, being respectively the im- § = I
pact parameter (measured with respect to the ori- 19208 7 /
gin of the coordinate system) and the incident

angle of the track measured with respect to the
y-axis (Figure 5.4). For each set of parameters
{c, #} there are two tangent lines to the drift cir-
cle which have equations:

ctd=xy-cosd+ yp-sing (5.3)

Therefore, in what is called the Legendre param- Figure 5.4: Definition of ¢ and ¢ variables for line pa-
eter space (¢, ¢) the i-th hit defines two curves of rameterisation in Equation 5.3.

equations
C=X ;- COSP+ Y ;-sin¢+d; (5.4)

Small deviations caused by multiple scattering are negligible in the ultra-light CDCH.
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Every hit in a CDCH event define two curves with the Equation 5.4. Those hits lying on a cosmic
track with parameters (co, ¢) have their relative curves in the Legendre space intersecting in a point
of coordinates (¢, ¢o).

A track finding algorithm based on the Legendre transform method starts building the bi-dimensional
histogram in the Legendre space of the curves defined by Equation 5.4. The bin with maximum en-
tries, which has coordinates (carax, ¢amax), identifies the parameters of a candidate track; the curves
intersecting in that point identify the hits associated to it. In Figure 5.5 (a) we show the curves drawn
in the Legendre space by a cosmic ray event. The maximum of the histogram is highlighted with a red
box around it.

Since the MEG II CDCH has only stereo-layers, this method has to be applied separately to the
hits in the two stereo views. After performing the search in the (¢, ¢) plane separately, candidate
tracks passed on to the fitting stage are built taking all possible combinations of the hits found in the
two separate searches (see Figure 5.5 (b)). The binning size of the Legendre space was tuned to obtain
optimal performances: we found that a 120x120 grid was the best choice. After finding a maximum
in the Legendre space, the procedure is iterated removing from the aggregation plot the hits already
matched, until the maximum found has less than 3 hits. This iterative procedure allows to identify all
tracks in multiple cosmic rays events and to get rid of spurious maxima which arise from noise hits or
are artifacts created by the binning procedure.

This PR algorithm totally outperforms the previous one in use in the MEG II experiment for cosmic
rays, which was based solely on a Determinist Annealing Filter (DAF) to reject pile-up hits:

#hits wrongly associated to the track

« fake hits identification = #all its in the CDCH

(measured on Monte Carlo) is less than 1%;

#hits correctly associated to the track
#all track hits

» signal hit efficiency = (measured on Monte Carlo) is around 90%;
« Tracking efficiency increased to 50% on 2021 data (compared to 2% efficiency of the previous
algorithm).

Figure 5.5 (b) features an example of a cosmic ray event reconstructed using the new track finding
algorithm: the CDCH hits (white circles) belonging to the candidate track are marked in blue, and
the fitted track is shown in light blue; the same event reconstructed using the Kalman filter based PR
identifies in this case only five hits and fails to fit the track.

5.1.3 Track fitting

The information used to perform the fit from each hit are {d, w, wire geometry}, where d is the DOCA
estimated from the drift time measurement using the TXY tables and w is the measurement of the hit
coordinate along the wire described in Section 3.2.3. The DOCA is updated iteratively according to the
particle’s time-of-flight estimate. Depending on the trigger conditions, the time reference T for the
DOCA estimate is given by the pTC or the LXe detector.

Hits associated to a candidate track are fitted to a 3D line parameterized as:

L |9y £
I=|0|+y-|1 (5.5)
9zy n

The fit procedure consists of three steps:

1. track parameters are initially guessed using an analytical fit to the x — y and y — z projection of
the hits coordinates {x;, y;, w;}, where x; and y; are the i-th wire coordinates at the estimated w;
position along the wire;
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Figure 5.5: (a) Each hit in an event defines two curves, as in Equation 5.4, in the (¢, ¢) plane. Hits
belonging to a common cosmic ray event intersect on the track parameters (¢y, @) which can be
identified searching for the maximum in this 2-D space (red square). (b) Event display (two separate
stereo views) of a cosmic rays event on data: hits identified by the new PR algorithm based on the
Legendre transform are highlighted in blue, while those (much less) identified by the old PR algorithm

are in red. The fitted track is in cyan.
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Figure 5.6: Illustration on an event display of the hits recovered with the developed refit method for cosmic

rays.
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2. starting from this guess, the best-fit parameters are determined using numerical minimization
of the y? function with MINUIT minimizer'. The y? function is defined as

Nir 7
di — p(D)
=y | —=

Od,i

(5.6)

i

where o4; is the uncertainty on d, p(?) is the distance of closest approach between the straight

line T(y, dxys qzy» &, 1) and the i-th hit wire w;, and is determined through an analytical mini-
mization algorithmﬁi;

3. after afirst fit the time-distance relationship can be refined providing an estimate of the incidence

angle of the track ¢ in each drift cell allowing for a more precise determination of d. At each
di—pi
O0d,i
after three loops, which we observed are enough to improve the fit results, with no significant

improvements deriving from more steps;

iteration step, outliers satisfying ‘ > 5 are removed. The iterative fit procedure is stopped

4. a refit procedure searches for hits close (p < 1 cm) to the best fit track which were possibly
missed by the pattern recognition algorithm. If at least a new hit is found, the fitting procedure
restarts adding those hits to the measurements. This is really helpful in improving the tracking
efficiency and the number of hits per track for the class of tracks traversing the center of the
CDCH, leaving two distant segments of track along their path (Figure 5.6).

At the end of the fitting procedure, the best cosmic track is selected based on these criteria:

1. smallest distance between pTC hit tile (or LXe interaction point) and track projection to that
position;

2. in case of two tracks propagating to the same pTC tile (LXe interaction point) within a 12 cm (10
cm) uncertainty prefer the track with more hits;

3. require y?/dof < 10 for all tracks.

5.2 CDCH - LXe alignment with cosmics

Cosmic rays crossing both the LXe detector and the CDCH tracker (Figure 5.7) with COBRA B field
turned off (B = 0) are used to measure the relative CDCH - LXe alignment in the z direction. v

Cosmic rays passing through the CDCH are fitted to a straight line in 3-dimensions using the
parametrization in Equation 5.5. The fitted line is propagated to the inner radius of the LXe detector
R;,, and the intersection point between the track and the LXe detector’s inner face is called Xcpcy =
(xcpeH» YepeHs zepen ). Calling Xpxe = (XLxes YLXe> ZLxe) the measurement by the LXe detector of the
cosmic ray interaction point (see next section), the misalignment in the z direction §z between the two
detectors can be measured from the difference z;x. — zcpcy (see Figure 5.8):

ZLxe — ZcDCcH = 0z + w - tan gZS (5.7)

where w = R — R;, is the depth of the reconstructed interaction point X x. inside the LXe; ¢ =
—arctan(n/&) is the angle of incidence of the cosmic ray track on the LXe detector in x — z plane.

11

iiWires don’t have a linear shape because of gravitational and electrostatic forces acting on them. See Chapter 2, Sec-
tion 3.1.2.

¥The relative alignment in the x and y direction is not possible because the shift estimate would be strongly biased by
the angular distribution of cosmic rays, therefore the MEG II Collaboration decides not to trust those results. This bias is not
present when we average on z, as illustrated in the text.


https://root.cern.ch/root/html534/TMinuit.html
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XY view of cosmic event ¥Z view of cosmic event

20 40
X [em] U [em]

Figure 5.7: Event display in x — y and u — v view of a cosmic ray passing through the CDCH and the LXe
detector. In the u — v view the color scale is determined by the number of photons N,;, seen by each MPPC.
The fitted track is drawn as well as the points Xcpcy (black star) and Xyppc (red rhombus). See the text for the
definitions.



5.2. CDCH - LXE ALIGNMENT WITH COSMICS 81
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Figure 5.8: Scheme of the CDCH - LXe alignment principle.

5.2.1 How to measure the cosmic ray interaction point in the LXe detector

Since a cosmic ray leaves a continuous streak of light along its path inside the LXe, the identification
of a single interaction point X x, poses many reconstruction problems which may lead to biasing the
measurement.

We investigated two methods to evaluate Xpx,:

1. The xecposlocalfit method: the standard photon reconstruction algorithms are used to de-
termine through a y? fit procedure a "first interaction point" of the cosmic ray inside the LXe
detector [101]. This algorithm is tuned for photons coming from the target and doesn’t work
well in reconstructing cosmic rays which enter the LXe detector preferentially from the back
or lateral faces (vrx. > 0): in Figure 5.9 we show the bias in estimating the position in v of the
cosmic ray for vy x, > 0. Therefore with this method tracks with v x, > 0 can not be used for the
analysis. In addition, the depth distribution w of the events reconstructed with xecposlocalfit
method peaks at 4 cm and in virtue of the relation (5.7) this is a source of bias in z. Indeed:

Elzixe — zepen) = 0z + E[w-tan @] # §z if E[w - tan ¢] # 0 (5.8)
This dependence further causes the distribution of z;x. — zcpcy to have a greater variance:

Var [zrxe — zepen| = Var [zpx.] + Var [zepen] + Var [w - tan ¢] (5.9)

2. max MPPC method: we take as the best estimate of x x. the coordinates xy;ppc = (xpppc, YMppe, ZMppc)
of the MPPC which detected the highest number of photons N,, in the event (requiring also
that the brighter face of the LXe detector in the event is the inner face, covered with MPPC).
This method worked to eliminate the reconstruction error in the estimate of y;x.. Further, the
bias coming from the tan ¢ correlation is strongly reduced, because MPPCs cover the detector
inner face: as reported in Table 5.1, the bias is negligible when using the max MPPC method.

For these reasons, we find that the max MPPC method is more suited to measure the CDCH - LXe
misalignment. Results are discussed in the next Sections.
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Table 5.1: Biases on z;x. — zcpcy caused by the tan ¢ dependence expected when using the xecposlocalfit
or the max MPPC methods.
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(a) xecposlfit method.
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(b) maxMPPC method.

Figure 5.9: Distribution of the residual v;x, — vecpen for cosmic rays impinging on the upper (vixe > 0, in
orange) or on the lower part (v.x. < 0, in blue) of the XEC. Comparing (a) with (b) we notice the disappearence
of a systematic bias when the maxMPPC method is used for reconstruction. The data used for the plots were
collected in 2022.
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Figure 5.10: Effect of quality cuts on the distribution. Each histogram is normalized to itself.

5.2.2 Analysis of 2021 & 2022 datasets
Quality cuts We impose the following quality cuts to select correctly reconstructed events:

« Erxe > 100 MeV: cosmic ray events with a lower energy deposit in the LXe detector are those
that cross it next to the borders, and may be badly reconstructed;

* |zrxe| < 20 cm: we restrict the geometrical acceptance to avoid border effects (z1x. is limited by
the geometry of the detector while zcpcy is not because it is an extrapolation from a fit);

+ d < 10 cm, where d is the distance between Xcpcy and X1 xe;

Ozepey 15 evaluated from the covariance

ZLXe=ZCDCH : : = [52 p
. < 3 to reject outliers. o, = \[03 ., + 0%, .
a

matrix of the fit results while o, = 77 where a = 12 mm is the MPPC dimension;

+ Quality cuts on reconstructed tracks in the CDCH:

Goodness of fit: p-value > 0.1 (y* test);
Number of hits on the CDCH track: Np;;s > 8;

- Ozepen < 1.5 cm @ Ry, we select only events with a precise estimate of the projected point,
with the minimum precision chosen to be equal to the MPPC size;

|xo] < 27 cm & |z9| < 90 cm: these are cuts on highly slanted tracks that don’t have their
intercept inside the CDCH volume.

In Figure 5.10 we show for the year 2021 & 2022 the difference in the distribution of z;x. — zcpcn
with and without these quality cuts.

Dataset The dataset for the 2021 CDCH - LXe alignment consists of = 400k events taken in three
different periods; the 2022 CDCH - LXe alignment data are almost 1.2 milions, acquired in a few days
in September 2022. Data are collected with COBRA off and triggering on a high energy signal inside
the LXe detector. After the quality cuts are applied, we are left with 800 and 3400 events in 2021 and
2022 respectively.

Fit procedure We perform an unbinned maximum likelihood fit to the z;x. — zcpen distribution
using a double gaussian distribution with five degrees of freedom:

2
_(xi*}lcore)2 _(xi_llmil)

N p o2
£(x§ fcorea Hcore> Ocores> Htail» O-tail) = H fcore e olre 4 (1 - fcore) e il (5'10)
i
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Figure 5.11: Plots of the fit to the z;x. — zcpcn distribution

Table 5.2: Unbinned ML fit results. The quality cuts applied on data are the one described above.

Parameter | 2021 2022
p-value (y* test) 0.99 0.45
feore 0.47 £ 0.07 0.42 £ 0.04
Heore —0.67 £ 0.66 mm  —0.73 + 0.33 mm
Htail —1.03+1.00 mm —0.02 & 0.45 mm
Ocore 7.06 + 0.65 mm 7.00 + 0.40 mm
O tail 17.0 &+ 2.0 mm 22.0 £ 1.8 mm

The best fitted value for pc,r is the best estimate of the misalignment §z between the two detectors.
The fit range is restricted to |zpx. — zcpcn| < 5 cm, since outside that interval the number of events is
almost zero.

In Figure 5.11 we plot the fit on 2021 & 2022 data. The best fit estimate of the parameters are listed
in Table 5.2. We note that all fit parameters are compatible between year 2021 and year 2022, while the

difference on the mean uncertainty is explained by the different number of events: % =2

5.2.3 Assessing systematic uncertainties in z alignment with cosmic rays
We discuss the studies to assess the impact of two systematic uncertainties for the estimate of §z:

« Fit uncertainty;

+ Az — ¢ correlation.

Fit uncertainty The fit result may depend on the selection criteria for good events. Some of the
quality cuts are strongly motivated by the cosmic ray topology (like the fiducial volume cuts) or to
remove badly reconstructed events (cut on the outliers and on the y? of the track and on E; x.). Instead,
other quality cuts (listed below) are chosen arbitrarily: we perform the same fit procedure described
above selecting events passing different cuts, extract the best fit parameters and take the median” as
the best value for the parameter and the semi-dispersion on the parameters Aqg = L4 dnn 35 the
systematic error on the fit procedure. The cuts that we varied are:

"Not the weighted average because we don’t use independent sets of measurements to perform the different fits, therefore
results are strongly correlated.



5.2. CDCH - LXE ALIGNMENT WITH COSMICS 85

p 2021 H 2022

core results_muCore_2021 core results_muCore_2022

Entries 108 12 Entries 108
Mean -0.08863 Mean -0.06393
Std Dev 0.02118 Std Dev 0.009112

14

Counts
Counts

12 10

10

=3}

)

b bl b b b o b b b b b b b
-0.13 -0.12 -0.11 -0.1 -0.09 -0.08 -0.07 -0.06 -0.075 -0.07 -0.065 -0.06 -0.055 -0.05 -0.045
p . [em] M. [cm]

core core

IS
[ L T T
I I I I I I

(a) Year 2021 (b) Year 2022

Figure 5.12: Distribution of the best fit estimate of y,, varying the selection cuts.

Table 5.3: Final estimate of the parameters fi.,. (estimate of §z) and p,4; (to check consistency of the analysis)
with included the systematic error from the choice of quality cuta. The values are reported as: (central value) +
(stat.) £ (syst.).

Parameter \ 2021 2022

lcore [mm] | —0.85 £ 0.63 +£0.37 —0.65 + 0.33 +0.18
gl [mm] | —0.73+£0.93 +£0.91 —0.42 + 0.43 + 0.37

« Nuits € [8;10] to impose more stringent requirements on the quality of the fitted track in the
CDCH (above nhits > 10 there are too few events);

e d€[5cm;10 cm];

« |sin @| € [0.5; 1]: this is to evaluate if there is any bias coming from events with different incident
angles on the LXe;

© Ozepen € 0.5 cm;1 cm].

We consider only results from correctly converging fit (correlation matrix positive definite, p — value
(x? test) > 10%). The distributions of the yic,,. parameter estimate are shown in Figure 5.12. The results
are reported in Table 5.3.

Az — ¢ correlation To see if the integrated distribution of z;x. — zcpcy has a bias dependent on
the incident angle ¢, we perform different fits to the z;x. — zcpcy in bins of ¢: sin ¢ < —0.5; —0.5 <
sin ¢ < 0.5 and sin ¢ > 0.5. Then, we make a line fit to the yc,re — ¢ correlation (Figure 5.13). The line
intercept at sin ¢ = 0, g, is an unbiased measure of §z. Indeed, for cosmic rays entering the LXe at 90°
with respect to the surface (sin ¢ = 0), the Equation 5.7 for the misalignment simplifies to:

ZIXe — ZCDCH = 02

Any difference between this measurement of dz, g, and the .o, parameter in Table 5.3 would indicate
that the method described in Section 5.2.2 was effectively biased.
The results from the line fit are:
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2021 q = -0.088 +/- 0.015 cm
§ 2022 q=-0.071 +/- 0.024 cm
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Figure 5.13: Best fitted lines to the o, — sin ¢ relation for the years 2021 and 2022.

Table 5.4: Summary of the measurements to estimate the LXe detector’s shift along z, to determine its correct
position.

Year ‘ Optical survey oz CDCH - COBRA z—shift ‘ Combined

2021 | 00+£05mm  —0.85+0.73 mm —0.40 mm —0.14 + 0.41 mm

2022 | 00+£05mm  —0.65+ 0.37 mm —0.40 mm —0.16 £ 0.29 mm
2021 g = —0.88 £ 0.15 mm 2022 g =—0.71 £ 0.24 mm

Both results are completely compatible with the previous estimate, therefore we conclude that
there is no measurable effect of the ¢ dependence on the estimate of §z with the max MPPC method.

5.2.4 Results

The final alignment of the LXe detector is determined by combining the results of this study on the
CDCH - XEC alignment with the optical survey measurements of the LXe detector’s position with
respect to the COBRA cryostat (Chapter 2, Section 2.2.6).

The LXe detector position measured by the optical survey is 0.0 + 0.5 mm, both for 2021 and 2022.

The z misalignment between the CDCH and the LXe detector measured with cosmic rays is relative
to the CDCH, not the COBRA cryostat. The CDCH - COBRA shift in z was tuned with Michel positrons
(Chapter 4, Section 4.3) and is equal to —400 pm. Taking this into account, the combination of the
measurement is done taking the weighted average:

2 2
(6zcpcH-Lxe = 6ZCDCH-COBRA) * WEpCH-Lxe T OZsurvey * Wsurvey

5zcombined = (5'11)

2 2
WeDcH-LXe + wsuruey

The final estimate of the LXe detector’s shift along z is given in Table 5.4. These results allow to
correct a position reconstruction bias

5.3 CDCH alignment with Millepede

The iterative alignment exploited for the CDCH (see Chapter 4, Section 4.2) has proven very effective
[50] for improving fit residuals and optimizing tracking performances for both 2021 and 2021+2022
analysis.
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Nonetheless, there are several reasons motivating studies for a second, independent alignment
algorithm of the CDCH:

« the use of solely ;1 — evV events doesn’t allow to identify possible weak modes* of the alignment
parameters, and indeed using datasets with different tracks topologies is advised for a better
convergence;

« the curvature of tracks in the COBRA magnetic field is sensitive to misalignments arising from
inaccuracies in the wire geometry as well as from relative displacements between the magnetic
field and the CDCH. Currently, the optimization of magnetic field parameters is done after the
iterative alignment (Chapter 4, Section 4.2), but the results of the iterative alignment itself may be
biased by the magnetic field used for tracking. Using tracks acquired with the COBRA magnetic
field turned off shall disentangle magnetic field and CDCH alignment;

« before converging, the iterative method requires several iteration steps, where tracks are refitted
with the corrected values of the geometry. With 14 iterations required for convergence on 2022
data, the total computing time for 2022 alone was ~ 15 CPU years (i. e. ~ 1 month with 150
CPU running in average)*!
geometry in 2021.

. A similar amount of time was used for the alignment of the CDCH

For all these reasons we set up a second alignment routine using the Millepede global strategy [102]
on cosmic rays data acquired with the magnetic field turned off. The Millepede alignment method, de-
scribed in more detail in the next subsection, has been successfully employed in many high-energy
physics experiments: CMS [103], Belle IT [104], AMS [105]. The CMS [106], AMS and MEG collabora-
tions [9] reported satisfactory results for the alignment of tracker detectors using cosmic ray events
only.

5.3.1 What is Millepede?

Millepede solves the extended y? problem in Equation 4.1 including both the track parameters, re-
ferred to as local parameters, and the geometry parameters, referred to as global parameters. The goal
of the alignment is to determine the best corrections for the geometry. Millepede includes first-order
corrections to the tracks’ parameters in the evaluation of the global parameters corrections, there-
fore iterations are not needed (unless second-order corrections are relevant). This strategy makes the
Millepede algorithm faster and more robust than the iterative procedure.

How is this achieved?

The objective function to minimize is

X - " N 6-2- - - - O'Z. :
J i 1 j i 1

where: m;; and o;; are the position measurement and its error; 7; are the parameters of the track in
event j; p are the global parameters. For cosmic ray data the y? of a single track is the one given in
Equation 5.6, with m;; = d;;, the local parameters 7; = {qxy, ¢y, £, n1}; and the global parameters those
describing the geometry of each wire (Chapter 3, Section 3.1.2).
We introduce the notation
8Tijk = ;Ti Spijk = ?
J.k Pk
for the derivatives of residuals in the j—th event with respect to local and global parameters, and expand
the expression 5.12 to first order to linearize the problem:

f(mij; 2, p) = f(mij; 20, po) + (5Ti)TAZ; + (5pij) Ap (5.14)

Viweak mode = combination of alignment parameters that doesn’t alter the computed y?2.
ViThe MEG II offline computing system is based on an high-performance computing cluster (HPCE) managed at PSI

(5.13)



https://www.psi.ch/en/awi/high-performance-computing-and-emerging-technologies-group
https://www.psi.ch/en/awi/high-performance-computing-and-emerging-technologies-group
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where 7, and p indicate the initial estimate for local and global parameters.
Following the notation in [102], we can now write the solution to the global minimization problem
with respect to both global and local parameters as the solution of a single large linear system:

C|.. G
0 0
GTlo T, o (5.15)

where:

(T = 2 071073

(Grt = X 07ijkSpiji

(Ok1 = X1 OpijkOpiji (5.16)
(ﬁj)k = Zi 5Tij>kzij

\(b)k = Zi,j Spijkzij

By construction, C and I' are symmetric matrices and therefore invertible as long as they are not
singular. The matrix C has dimension Ngjign X Najign (Naiign = number of alignment parameters), while
I" has dimension N;rqck X Nirack (Nirack = number of local parameters). The degrees of freedom of this
system are equal to the number of alignment parameters Nyjiz, plus the number of parameters for all
the tracks used — i.e., millions. Since solving the full system directly is not feasible, it can be simplified
by exploiting the specific structure of the global matrix (a sparse matrix with many zero blocks), to
reduce it to a smaller system corresponding to the alignment-only problem. This is done by defining
the new quantities

_ T — - 4
C'=C-) GI;'G b/ =b-) GI;'p; (5.17)
J J
so that the system for finding the quantities Ap becomes:

C'Ap=b = Ap=C"1p (5.18)

and therefore the correct set of geometry parameters is:

p=po+Ap (5.19)

Ideally Equation 5.18 solves in a single step the alignment problem if all assumptions for the lin-
earization of the problem are satisfied. If instead the problem has some non-linearities, like outliers in
data or incorrect estimate of the initial guess for py so that second-order terms are relevant, iteration
of the procedure may be needed for a satisfactory convergence.

A software package named Millepede II [107], a revised version of the old Millepede program,
provides users with the tools to solve the mathematical problem of the alignment with the Millepede
technique. The program is composed of two parts:

1. The mille program encodes the data provided by the user after tracking in a binary file which
contains residuals, derivatives, measurement errors;

2. the output binary file frommille is fed into the Fortran program pede, which runs the routine to
build the linear system, solves it and outputs a text file containing the correction parameters Ap.
We can recognize in C’~! the covariance of the solution Ap, therefore it is possible to estimate
the error of the correction parameters: the errors on correction parameters o, are written in
the output file too.
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The derivatives in Equation 5.13 are evaluated from the exact analytical formula: since the equa-
tions are rather lengthy, we use the sympy Python library [108] to write down the extended formula for
z;j and subsequently use the automatic differentiation tool clad [109] to get derivatives with respect
to the desired parameters.

5.3.2 Alignment parameters

With a total of 1098 sense wires (excluding noisy, non-working, non-connected channels), the number
of degrees of freedom of the CDCH geometry is 6588 in total. This number is reduced when constraints
are applied.

5.3.3 Constraints for the alignment problem

Linear constraints ) ; p; = k on a set of parameters can be imposed on the linear system 5.15, which is
then solved by the pede routine using the Lagrange multipliers technique.

The need to impose external constraints often arise in the alignment problem, for example to elim-
inate a weak mode, or to get valid physical solutions. For example:

« Although the y? formula is insensitive to global translations or rotations of the CDCH, such
transformations are forbidden because the CDCH is mounted inside the COBRA magnet and
its absolute positioning is known with great accuracy. This is equal to imposing the following
constraints on the solutions to the linear problem:

Y, 0x0; =0 translations
2.0y =0
Zi 60; =0 rotations

Zi5¢i=0

(5.20)

+ The average radius R of each layer at both end-
Yy caps of the CDCH (US and DS) is well measured
during the assembling procedure of the CDCH.
To fix the radius the following constraints can be

applied:
UsS US . US Us _
(xUS7 yUS) Zielayer cos §i : 5xi + sin gz‘ . 5yl. =0
ZiEIayer cos ngS : 5xiDS + sin §lDS . 5leS =0

(5.21)
where xU5P%), yiUS(DS) are the coordinates of

1
the i—th wire evaluated at the US (DS) endcap
and §l-US(DS) is the angle between the wire vec-
@) tor (inS(DS), yiUS(DS>) and the x global axis (Fig-

ure 5.14);

gUS

Figure 5.14: Definition of wire’ coordinates at the end-
plate.

« Similarly, a global rotation of each layer at the end-caps is forbidden and the constraint on this
deformation is:

{Zielayer —sin giUS ’ 5inS + cos giUS ’ 5YiUS =0 (5.22)

: DS DS DS DS _
Zielayer —sm gi ’ 5xi + cos é‘:i ’ 5yi =0

using the same notation of the radial constraint formula.
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Figure 5.15: Movement of wires at the end of each PCB.

Apart linear constraints, it is also possible to implement Gaussian constraints for the global param-
eters p: the optical survey measured the geometry parameters p, with a precision 0. We can use these
measurements modifying the y? formula in 4.1 by adding a gaussian term to the y? for each parameter

pi:

1

2 _ 2 Sp; 2
=) (5.23)

pi

These gaussian terms put a penalty on solutions too distant from the initial measurements. Since the
optical survey measures the wires’ positions at the end plates, not at the wire center z = 0, we don’t
have a direct measurements for o, in Equation 5.23. To have a reasonable estimate of ¢,, the average
misalignment expected, we take it to be the RMS of the corrections on wires parameters from the
iterative alignment conducted in 2021, which started from the geometry determined from the survey
measurements:

Ox, = 0y, ® 50 um; 09 = 0.1 mrad; o4 =1mrad; o = o5, = 50 pm (5.24)

We find that gaussian constraints grant the best results in our case: any result shown in the following
uses these constraints in the solution of the alignment problem (see also Appendix D).

One final "constraint” worth mentioning is the practice of fixing some wires to their default ge-
ometry, under the consideration that the initial position of these wires is well known. Fixed wires
prevent nearby wires from moving too far away from their initial position, since the y? of tracks
passing through these wires would increase. This technique is particularly helpful to prevent global
transformations of wires not compatible with the position determined by the survey conducted on the
detector position.

For each sector of the CDCH, made of a single PCB with 16 anode wires soldered to it, we expect
the position of the central wires of each sector to be known more precisely with respect to the outer
wires. This is a consequence of the CDCH modular construction: as shown in Figure 5.15 (a), PCBs
tend to return to a flat shape if the glue under them relaxes and the PEEK layer on top of them is
not ultra-tight. This phenomenon is actually observed in the periodic pattern of track residuals bias
obtained using the survey geometry for the fit (Figure 5.15 (b)). Displacements of the wires at the
edge of the PCBs are of the order of = 50 pm, while for wires at the PCB’s center the displacemente is
< 10 pm.

For this reason, unless specified in the text, we fix the position of the two central wires for each
CDCH sector.
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Figure 5.16: Spatial distribution of cosmic ray recorded events in 2022 that have been successfully reconstructed,
as described in the text. The Ny, for each wire is shown in the 2D view of the CDCH. The cumulative histogram
of the crossing position of cosmic rays with the x-axis at y = 0 (i.e. the gy, parameter) is plotted on top of the
figure. On the right, the distribution along the longitudinal z coordinate of the hit of the cosmic rays on the pTC
detector is shown.
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5.3.4 Cosmic rays dataset

A set of = 150k cosmic events have been recorded during the Summer of 2022 (= 5 days of data taking
in a period of beam stop) for the purpose of the alignment studies of the CDCH with Millepede. Cosmic
events are recorded by triggering on the coincidence between a hit inside the pTC and an event in the
CDCH (requiring 2 hits on the US and 2 hits on the DS side of the CDCH exceed a threshold of 60 mV).
Cosmic rays tracks are reconstructed using the procedure described in Section 5.1, using the time
of the hit on the pTC tile as reference time T, (Equation 5.1). The following quality cuts are applied:

« x*/dof < 25and |%’]| < 5 for all hits: to reject outliers for the fit but with a loose cut to avoid
cutting hits on poorly placed wires;

« The best-fit track should be propagated successfully to the pTC tile triggering the event;

« Tracks striking less than four different layers are rejected to mitigate a peculiar weak mode
resulting in a squeezing of the CDCH. See the discussion in Appendix D and in [110].

The spatial distribution of cosmic rays events on the CDCH is displayed in Figure 5.16, where we
can notice that:

« the part at x > 0 of the CDCH is struck more often than the part at x < 0 because the LXe
detector is acting as an absorber of soft cosmic rays in that region of space;

« the number of fitted tracks passing through the center of the CDCH is much lower than those
passing at the sides. The reason is that vertical tracks passing through the CDCH center pose a
problem to the track finding task: due to the absence of part of the CDCH readout channels, they
have less hits (less than 10 in average per track), causing the PR to be inefficient; in addition,
many bad wires are concentrated in that region of space (white spots in the 2D plot), increasing
the probability to have tracks with too few hits to be identified or fitted;

« the distribution of cosmic rays hits on the pTC along the longitudinal z coordinate is not uniform;
this effect is present on raw data and unaltered by the analysis procedure. While the fewer hits
at |z| < 30 cm depends on detector acceptance for inclined cosmic rays, the asymmetry between
z > 0 and z < 0 events is most probably an artifact from the data taking conditions, possibly
caused by noisy wire ends on one side of the CDCH.

5.3.5 Results on Monte Carlo

The alignment algorithm is tested on Monte Carlo (MC) simulations of cosmic rays events: the MC
generated cosmic rays strike wires which have a given geometry, the goal geometry of the alignment
problem, while at the reconstruction stage the tracking is performed starting from a misaligned geom-
etry. The performance of the Millepede alignment algorithm is evaluated based on its ability to retrieve
the correct corrections to the wire parameters and converge to the target geometry.

The spatial distribution of cosmic rays in the simulation was generated from the experimental one
(reported in Figure 5.16), in order to study the effects of track topology on the alignment procedure.
Further, to simulate a realistic misalignments of wires parameters, we set as the goal geometry the one
determined in 2022 through the iterative alignment procedure, while the misaligned geometry is the
one used for the 2021 analysis (the starting point for the alignment in 2022 with the iterative method).

We tested Millepede on a MC generation with 700k cosmic events. Studies of the quality of the
convergence varying the statistics are conducted later and described in the Section 5.3.6.

A good convergence of the alignment is observed:

« the correlation between the Millepede corrections and the true misalignments is almost one for
all parameters. See Figure 5.17;
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Figure 5.17: Correlation between Millepede corrections after the first iteration and the MC true displacement
of the wires parameters. Some wires have the same parameters between ideal and misaligned geometries, and
they can be seen as clusters of vertically aligned points. The orange line is the line of equation x = y.

+ The convergence of the alignment procedure can be monitored evaluating the trend of residual
misalignment at various iterations. We define the residual misalignment Ap' of one parameter p
at the i-th iteration as:

JjeEwires

. 1 N
Apls\/Nwm >, (=5’ (5.25)

where p; is the true value of the parameter p for wire j and ;3} is the geometry parameter deter-
mined after the i-th iteration. Ideally, Ap has a minimum corresponding to the precision of the
method, where the precision depends on the covariance matrix of the global y2.

In Figure 5.18 we plot the trend of Ap’ for all parameters' through three iterations of the Mille-
pede procedure, after which no significant improvement is observed. In Table 5.5 we list the
precision obtained in the alignment of the geometry parameters with this simulation and this
alignment procedure.

5.3.6 Results on 2022 data

The starting point for the alignment with Millepede is the geometry determined through the geomet-
rical survey. This guarantees that the Millepede results are independent from those obtained with
the iterative alignment procedure. In addition, imposing constraints on global shifts and rotations
of the CDCH ensures that the Millepede solutions don’t move the CDCH position in the global ref-
erence frame, which was determined through direct measurements. Also, as discussed above in the
constraints section 5.3.3, we have a strong motivation for fixing central wires of each PCB to boost the
convergence.

We performed three iterations of the Millepede algorithm before reaching convergence. For each
iteration, the Mille routine runs in = 30 minutes on the full dataset while the pede program solves
the linear system with the inversion methods in = 1 minute. Considering the time needed for data re-
processing between iterations, the procedure takes around 30 hours (on this dataset) for each iteration.

ViiTo condense all parameters in a single plot, the single Ap are normalized to the initial misalignment of the parameters
Apo.
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Residual misalignment after MillePede
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Figure 5.18: Residual misalignment for all parameters trend
after each iteration of the algorithm. The alignment for the
¢ parameter reached its precision limit, as is visible from the
trend of the curve.

Between each iteration, the Millepede procedure is ran several times with different configurations:
applying different sets of constraints, like radial and rotational constraints on each layer (see Sec-
tion 5.3.3), varying the variance of the gaussian constraints in Equation 5.23, removing any fixed wire.
We find the following choices to be the most performing at each iteration:

1. apply global shift constraints and gaussian constraints on all parameters as described in Section
5.3.3; fix two wires per PCB;

2. as step 1, but fix only one wire per PCB to find the optimal geometry for more wires;

3. as step 2, but don’t impose the constraints on global shifts: as is visible in Figure 5.21, layers 1 and
2, the most external ones, have an average bias of ~ 30 pm, different from that in any other layer.
It is possible that the measurements for those layers in the survey geometry were systematically
incorrect: therefore the assumptions ) ; y;o = k and ;; x;o = k are not valid.

The improvement in wire-by-wire residuals can be seen comparing Figure 5.20 and 5.21, where track-
ing is performed with the geometry from the survey, and Figure 5.22 and 5.23, with the geometry
determined after the third iteration of Millepede. This improvement on residuals is also visible com-
paring the y?/do f distribution of e* tracks with different geometries (Figure 5.19 (a)). Residuals are
evaluated using y — evV data taken in 2022 with 3x 107 u*/s data, a dataset completely different from
the one used for the alignment.

Tracking performances (measured on the same sample of Michel positrons) improve as well, al-
though they don’t reach the same level obtained with the iterative alignment procedure:

« the tracking efficiency raises from 55.0% to 57.0% (Figure 5.19 (b));

« the resolution on the positron’s kinematic parameters also improves (Table 5.6).
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Table 5.6: Comparison of tracking performances with different geometries.

Variable | Survey Geo Millepede iter#3 Iter. align.
o, 2.05 mm 2.14 mm 1.96 mm
oy 0.79 mm 0.79 mm 0.70 mm
o 6.85 mrad 6.81 mrad 6.71 mrad
o9 8.42 mrad 7.80 mrad 7.85 mrad
Op 115.6 keV 112.0 keV 107.4 keV
Etrk 55.0% 57.0% 57.8%
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(a) Comparison of y?/dof distribution of positron tracks with different geometries. The geometry
obtained with the iterative alignment is shown with black markers.
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Figure 5.19: Comparison between different geometries: geometrical survey, Millepede at different iterations (1,
2 and 3) and the geometry from the iterative alignment in 2022.
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used for reconstruction is the one determined from the optical survey.
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Figure 5.21: y™meas — y/i for all wires (wire ID on the x axis) measured on a sample of Michel positrons data acquired in 2022 with 3 x 107 yi*/s beam intensity. The geometry
used for reconstruction is the one determined from the optical survey.
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is the result of three iterations of the Millepede algorithm on data, as described in the text.
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Figure 5.24: Correlation between geometry parameters correction from Millepede and from the iterative align-
ment procedure. The green line is the line of equation x = y.

Comparing the correction of Millepede to the geometrical survey and those of the iterative align-
ment (Figure 5.24) we observe a positive correlation between all parameters, except for those related
to the sagitta, sy and y.

The correlation between corrections is not full and especially the dispersion for 6 and ¢ is quite
large: this might be due to a different precision in the determination of correction parameters. In the
next Section we investigate these problems to better understand the limitations of Millepede.

Instead, the difference in sagitta parameters between the two geometries means that one of the
methods converged to a wrong geometry. Therefore, either cosmic rays, being vertical tracks, don’t
allow to determine correctly the wires’ sagitta, or the iterative alignment on positrons tracks has a weak
mode which is insensitive to the size of the sagitta. The first hypothesis is ruled out by the validation
of Millepede on MC simulations described in the previous Section; the second one instead is supported
by preliminary studies described in [85], where it is showed how changing sagitta parameters up to 1
mm deflection of the wires has little effect in the track residuals, which don’t show the same significant
bias.

5.3.7 Limitations of the alignment with Millepede on 2022 data

As afore mentioned, we try to investigate the reasons for poorer performances of Millepede compared
to the iterative alignment.

Although a misalignment of some wires parameters is clearly visible as a bias in the track residuals
(Figure 5.22 and 5.23), after the third iteration the algorithm reaches a minimum, i.e. the size of the
error on each correction parameters is of the same size (or bigger) than the correction itself. The error
on each correction parameter o, depends on the covariance matrix of the global y* problem, therefore
it roughly scales as 1/ /Nyirs, where Np;;s is the number of hits on the wire that we try to align. This
trend is visible in Figure 5.25 (a). Figure 5.25 (b) instead shows the average number of hits per wire
belonging to a certain plane: because of acceptance effects, the outermost layers are those with less hits.
The precision on the alignment parameters attainable with Millepede with the 2022 data is limited by
the collected statistics, which is not sufficient to reach the precision of the iterative alignment method.

Using MC simulations, we further investigated how the convergence of Millepede depends on the
available statistics by running a single iteration of the algorithm on three sets of simulated cosmic rays
containing 700k, 300k, and 100k events. Figure 5.26 shows the residual misalignment for all parameters
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Figure 5.25: The impact of statistics on the precision for the determination of alignment parameters.

in the three cases: the difference in the achieved precision after one iteration of Millepede is clearly
visible, particularly between the 100k and 300k samples. From these studies we conclude that the
statistical error saturates with a data sample of = 1 M cosmic rays events.

During the 2023, 2024 and 2025 data taking campaigns, almost 2 M cosmic rays events have been
collected each year, in order to perform these alignment studies extensively and overcoming this lim-
itation.
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Figure 5.26: Residual misalignment measured on MC simulations with different statistic (100k, 300k, 700k
tracks) for each variable.

In Figure 5.27 the residual misalignment of each parameter for each plane is calculated. Indeed,
as shown in Figure 5.25 (b), the number of hits vary much in each layer, and consequently in some
CDCH layers the convergence of the algorithm is poorer. In the case of layers 1 and 2, which had the
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largest initial misalignment, as visible from the first two plots of Figure 5.21, the issue of the lack of
statistics is preventing a better determination of the geometry parameters and therefore those layers’
track residuals can not improve any further (Figure 5.23).
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Part III

MEG II results on the 2021+’22 dataset
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Chapter 6

Positron Analysis

In this chapter, the construction of the positron probability density
functions, following the full calibration of the spectrometer, is
presented. This is the primary contribution of the candidate to the
MEG II analysis of the 2021+°22 dataset, effectively summarizing
the calibration procedures discussed in the previous chapters.

In this Chapter, we introduce the MEG II analysis strategy (Section 6.1), we report the results of the
Positron Analysis on the 2021+°22 dataset, i.e. the measurement of the spectrometer’s performances
at the end of the calibration procedures (Section 6.2), and the determination of the parameters to build
the positron’s probability density functions (PDFs) for the final analysis.

6.1 The MEG II analysis technique

The number of observed ;™ — e*y events Ny is determined through an unbinned maximum likeli-
hood analysis of the data [9] falling inside the "analysis" region defined by: 48 MeV < E, < 58 MeV,
52.2 MeV < E+ < 53.5 MeV; |te+)| < 0.5 ns; ¢+ | < 40 mrad; [0+, | < 40 mrad [8].

The analysis is performed adopting a blind approach: the events inside a “blinding box” defined
by 48.0 MeV < E, < 58.0 MeV ("energy side-band") and |t+,| < 1 ns ("time side-band") are initially
hidden to Collaboration members. Note that the analysis region is a subset the blinding box. Only once
the probability density functions (PDFs) of observables used to discriminate signal from background
are ready to build the likelihood function £(Nj g), the hidden data are unblinded and used to extract a
confidence interval for the expected number of signal events.

The branching ratio BR(u* — e*y) is derived from Nj;g by the following equation [9]:

T(ut — ety) _ Niig

BR(:" > e'y) = Lot N,
0 H

(6.1)

where N, is the number of muon decays detected in the detector’s acceptance during data taking, called
the normalisation factor.

The blinding box for the ’21+°22 analysis is shown in Figure 6.1. All necessary studies on the
background, including the construction of the PDFs, are done in side-bands outside the analysis region.
Data in the time side-bands are used to study the accidental background, while the energy side-bands
around the .+, coincidence peak are used to determine the PDFs of RMD events as well as signal’s
PDFs.
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6.1.1 The likelihood function

The likelihood function contains four fit parameters with respect to which it is minimized: Ny;g, Nryp,
Nacc, the number of measured signal, RMD and accidental events respectively, and xrgr, a parameter
accounting for misalignments of the muon stopping target.

The extended likelihood function is the following:

L(Nsig, Nrpps Naces Xter) =

= eXP{_ﬁ} : exp[— (Neio - NRMD)Z } : exp{— (Nace - NACC)Z } X

20%6r 200 20%¢c (6.2)

~Ngig — Nrmp — Nace § Y&

X exp{~Nig N RI,MD acc ) H (NsigS (XilxreT) + NrmpR (%) + Nacc A (%))
obs-

i=1

where X; are the observables of each event (used to discriminate signal and background). The param-
eters Nryvp, Nace and xpgr are nuisance parameters in this analysis, with their values constrained to
fluctuate with a gaussian distribution of variance 0% around the mean value N determined on data.

In order to cross-check the results, two independent likelihood analyses with different types of
PDFs are performed: one with per-event PDFs and one with constant PDFs.

Per-event PDFs Detector resolutions vary for each event because of different detector conditions,
event topology and reconstruction performances. The per-event likelihood analysis aims at preserving
every relevant information for each event, like the full covariance matrix of the Kalman filter tracking
algorithm for positrons, including also correlations between observables. In total, eight observables X
for each event are used in the fit procedure:

« the kinematics observables E.+, E,, te+y, Octy, erys

« the number of pixels hit inside the pTC, nyrc, which affects the t.+, resolution as discussed in
Chapter 2 Section 2.2.3, and has a very different distribution for signal and background;

« the RDC observables (in case of a signal in the RDC), tfPC — t)EXE and E§+D € used to identify
candidate background events.
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The per-event PDFs depend also on other observables, which are correlated with x;. Correlations are
implemented using conditional PDFs. Photon observables depend in general on the photon energy and
its interaction point coordinates v, and w,, '; the positron PDFs instead depend on the positron energy,
the reconstructed decay vertex position and of course the beam intensity R,,.

The signal S(x;), RMD R(X;) and accidental .A(X;) PDFs are obtained combining the one-dimensional
PDFs of the observables X;.

This is the signal PDF decomposition into its one-dimensional terms for every observable in x;:

S) =
= So(Ry) x
Sl(Ey|Ru, Uy, Wy) X
S2(Ee|Ry, 6¢) %
S3(tety, nprel|Ey, Ee) %
S4(Ocy|Ryi, Ee, vy, Wy, Ge, XTGT) X
S5(Pey IRy, Ee, Ocys e, Uy, Wy, G, XTGT) X

Se(thPC, ERPCIR,)

For energies, angles and time, the signal PDFs are modelled as Gaussian functions reflecting the mea-
sured resolutions, with the possible addition of tails, according to the results of calibrations described
in the next Sections.

This is the decomposition of the RMD PDF:

R(X) =
=Ro(Ry) x
R1(Ey IR, Ee, feys Oey, vy, wy) X
Ro(EelRy Ocys ey Ge)
R3(te+y, nprclEy, Ee) X
R4(Ocy|Ry, vy, wy, Ge) X
Rs(@ey Ry, Oey, vy, Wy, Ge) X

Ré(thC’ ERDC|RP)

Y e*

The RMD PDFs for Ey, E,, 0, ¢., are obtained convoluting the theoretical spectra with the experimen-
tal resolutions; Ré(tf;) ¢ E§+D ¢IR ,.) is the same function used in the signal PDF, S¢; R3(te+y, nyrc|Ey, Ee)
is obtained from a fit to the energy-sideband.

The accidental background PDF is the following:

A(X) =
= Ao(R,) x
A1(Ey|Ry, vy, wy) %
Az(Ee|R,;, 6¢) %
As(te+y, npre|Ry, Ee, wy) %
A4(9ey) x
As(geylvy)

Ae(t8PC, ERPCIR,, Ey)

(6.5)

The accidental E, PDF is obtained from the Michel spectrum fit in the side-band region. In this sense,
it is identical to the signal E, PDF when correlations are not taken into account. The accidental E, PDF

‘u, and 0, dependencies are not included because they would give rise to results on the g — ey decay dependent on
assumptions to the underlying New Physics model.
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is taken from the Monte Carlo spectrum with an additional smearing, fitted to data to match the data
distribution in the side-bands. The angular, t.,, nyrc and RDC PDFs instead are fitted directly from
data using polynomial functions.

The PDFs depend on the beam intensity R,: not only many observables are strongly dependent on
Ry, but also the ratio between signal and background events depend on it. Therefore, different PDFs
for these observables are built for each beam period and Sy(R,), Ro(R,) and A¢(R,) are weights for
the relative contribution of each term.

Constant PDFs Another approach for the PDFs’ construction uses “constant PDFs”. They are built
with constant parameters by averaging out the temporal variations (within a period of fixed beam
intensity), the position dependence of the detector response (with the only exception of the conversion
depth inside the calorimeter, with different PDFs for w, < 2 cm and w, > 2 cm) and the correlations
between the observables.

The total number of observables X; used for this analysis are six:

« the positron and photon energy, E.+ and E;
« the relative angle between positron and photon, ®,+, is used in place of its two projections;

« the relative time, t,+ ;

the two RDC observables, tffyD €, ERPC,

The PDFs decomposition for signal and background is the same as for the per-event analysis discussed
above. Correlations are included in this analysis through a rescaling of the observables’ resolutions
[43].

This approach shows worse sensitivity (= 15%) compared to the per-event one, while it’s less prone
to systematic uncertainties. This method is hence used as a cross-check of the per-event analysis.

6.1.2 Confidence interval

The construction of the confidence interval for
the number of signal Nj;, events is based on the
T T e Feldman-Cousins prescription [111], with the

CL
[y
>
»
]
>
]
o
>
]
>
@
°
°
°

e

r s ] profile likelihood ratio ordering. The profile like-
o8 S . lihood ratio A, is defined as

Nl |

E(Nsig;%(Nsig)) if Y

2 Nsig <0
r / 1 Ap(Ngig) = {4 EO.00) (6.6)
02f . £WNsig,6WNsip)) istig >0
r Year 2021-2022 Black: Constant PDF signal ] L(N;ig,0)
of ]
o 5 T 0 where 0 is a vector of nuisance parameters, Nsig

BR. x10% A -
and 6 are the parameters values maximizing the

Figure 6.2: Confidence interval on BR(y* — e*y) cal-
culated from a pseudo-experiment generated with a null
signal hypothesis. In green is the result for the "per-

likelihood function, é(Ns,-g) are the values for 6
which maximize the likelihood function at fixed
Njig. In Figure 6.2 we illustrate an example of

event PDFs" analysis, in black for the "constant PDFs"
analysis. The point where the curves crosses the 90%
C.L. line (yellow) represents the 90% C.L. upper limit on
BR(u" — e*y) from this simulation.

a confidence interval calculated on a pseudo-
experiment with zero signal. The 90% C.L. up-
per limit is shown for both analysis techniques,
to illustrate the difference between them.
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Figure 6.3:  Fit to the
Michel  spectrum  of
positrons collected at
5 x 10’ p*/s beam in-
tensity in 2022.  Data
points are in black; the
theoretical spectrum
(with radiative correc-
tions to NLO) is in gray;
the resolution function
(sum of three gaussian
distributions) is in blue;
the fitted function of
Equation 3.5 is in orange.
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6.2 Positron’s reconstruction performances

After detector calibration is terminated and reconstruction parameters are optimized on data, we can
proceed towards the measurement of the resolution functions of the kinematic variables and the corre-
lations between them, used to build the PDFs for the analysis. In this section we describe in detail the
spectrometer performances and the investigation of the correlations, while in the following Sections
we will summarize the resolutions of the other detectors.

6.2.1 Momentum resolution

Table 6.1: Core positron’s momentum resolution measured on the full dataset at different beam intensities.

Beam intensity [x107 u*/s]

2021
2 3 4

2022
5\345

op [keV] | 85 89 94 9789 95 95

The positron momentum resolution is measured on data with a fit to the Michel spectrum (Chapter
3, Section 3.3). The average core resolution for different beam intensities is reported in Table 6.1. For
reference, the fit to data collected at 5 x 107 u*/s beam intensity is shown in Flgure 6.3.

From the best fit parameters of the resolution function (Equation 3.5), which is a sum of three
gaussian shapes, the positron momentum PDF is determined:

« the accidental background E, PDF is parameterized as the full Michel spectrum fit function;

« the RMD E, PDF is built convolving the full resolution function with the theoretical shape of the
momentum spectrum from the radiative decay;

« instead, the signal E, PDF is parameterized using the two main main gaussian shapes in the
resolution function fitting the Michel spectrum. The third component, the long tail, is dropped
since this term accounts for events with a poor angular resolution, which are outside the |¢,,| <
40 mrad requirement. The two gaussian terms are re-normalized to integrate to one, with an
increase of the core component of 5 — 10% with respect to the background PDF.
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Figure 6.4: Histograms of double turn residuals. Dataset: 2022 data collected at 3 x 107 u*/s.

6.2.2 Results of double turn analysis

The double turn method has been explained in Chapter 3, Section 3.3.2. With this method, we can
extract the resolution functions for signal like events of the variables:

¥ and z,, the reconstructed position at the target. x, is fixed with good precision by the target
shape and therefore it’s not a free parameter;

« the angles 6, and ¢, to describe the direction of the positron at the exit from the target. The
uncertainty on ¢, has a minimum at ¢, = 0 (positron exiting in direction opposite to the LXe
detector), both because this is the condition in which most wires are hit along the trajectory and
because of purely geometrical effects described in [112]. Therefore, we usually evaluate the ¢,
resolution for tracks with ¢, = 0, and correct for the o, — @, correlation afterwards (see below);

+ the momentum p,. The actual momentum resolution is determined by the Michel fit, with this
method offering a consistency check.

The fit function of Equation 3.6 has four free parameters: the resolution of the first gaussian, the most
abundant in proportion, oore; its mean pi.or.; the resolution of the second gaussian, o,4;; the relative
fraction between the size A of the tail and core gaussians, f = A’“‘l . The mean of the tail gaussian is
fixed to zero to stabilize the fit procedure. Only in the case of the fit to the momentum distribution
Uiqil 1S set as a free parameter.

The fitted histograms for the case of 2022 dataset at 3 x 107 u*/s is shown for reference in Figure
6.4.

The results of the double turn analysis for the full 2021+°22 dataset, split in years and beam inten-
sities, is summarized in Table 6.2. We note explicitly that:

« at fixed beam intensity, the resolutions measured on data collected in 2021 and 2022 are well
compatible within error (the error on the best fit parameter for oy, is = 1%);
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Table 6.2: Best fit parameters for the two gaussian convolution function for the *21+’22 analysis. @, refers to a
selection of data around ¢, = 0.

Beam intensity [x107 y*/s]

Fit parameter Variable 2021 2022
2 3 4 5 | 3 4 5
Ye [mm] 0.70 0.69 074 0.74 0.69 0.73 0.74
Z, [mm)] 1.95 2.01 2.08 2.16 1.94 2.08 2.12
Ocore ¢, [mrad] 5.29 5.86 5.82 6.22 5.09 5.38 5.48
0, [mrad] 7.15 7.24 750 7.46 7.15 7.42 7.63
pe [keV] 98 102 105 111 | 99 104 108

Ve [mm] 232 210 220 217 | 225 216 212

ze[mm]7.54 | 793 793 802 792 | 741 731 731

 rail ¢ [mrad] | 1847 22.60 21.75 22.77 | 19.66 20.37 20.53
0, [mrad] | 23.69 23.72 2527 2534 | 2440 23.98 25.16

pe [keV] 373 372 370 390 | 362 367 378

v, [mm] 0.10 0.08 0.09 008 | 000 0.00 0.00

Ze [mm] 018 -0.16 -0.17 -0.16 | 0.00 0.00  0.00

Lcore ¢o [mrad] | -025 -0.14 -024 -0.23 | 0.00 000 0.10
0, [mrad] | 048 051 054 030 | 040 040 0.40

pe[keV] | 12.88 1378 13.06 13.09 | 133 129 124

Ve [mm] 006 010 0.08 0.10 | 007 0.09 0.10

Z, [mm] 0.04 004 005 006 | 004 005 0.6

Frail ¢o [mrad] | 0.06 0.04 005 005 | 0.09 009 0.09
0, [mrad] | 0.07 009 008 010 | 0.07 009 008

pe [keV] 0.08 009 0.10 0.10 | 008 0.10 0.10

« resolutions worsen with higher beam intensities, but the difference is not drastic: all resolutions
differ by less than 10%;

« the bias of the distribution (y.,.) is almost null, especially for 2022 data. This is a strong evidence
of the correctness of the alignment procedures on the CDCH, the target and the magnetic field.

The resolution oy, obtained from the double turn analysis has to be corrected with inputs from
Monte Carlo simulations to get the right estimate of the kinematics resolution for signal like events,
since candidate p — ey events have longer tracks with more hits and slightly different topology with
respect to the background positrons used for this study.

This procedure is not necessary for the momentum resolution estimate from the Michel fit proce-
dure since we are fitting the resolution function at the edge of the spectrum, where positrons have a
momentum very close to that of a signal positron.

Calling o4, pr the core resolution of the variable g obtained through the double turn method, we
can compute 0 signas Using the formula:

McC

o
data _ data q, signal
O-q, signal — aq, DT ¥ MC (6'7)
O—q, DT

where oy ¢, signal is the width of the gaussian distribution of grec — qirye €valuated on MC samples of
signal only events (Figure 6.5), while oc, pr is the resolution from the double turn analysis performed
on MC simulations of Michel positrons only. For every nominal beam intensity, a different simulation
is run to take into account the pile-up effects.

The resolutions of all kinematic variables are listed in Table 6.3, where they are compared with the
resolutions quoted for the analysis of the 2021 dataset. All variables have a resolution = 10% better
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Figure 6.5: Double gaussian fit to the distribution of g, rec — ge, mc on MC simulations of signal events at
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Table 6.3: Summary of positron’s kinematics resolutions for the 2021 + 22 analysis.

Variable ‘ 2x107 3x107 4x107 5x10’ ‘ Average Analysis 2021 [8]

y [mm] 0.64 0.60 0.67 0.67 0.65 0.83

z [mm] 1.76 1.80 1.89 1.97 1.85 2.00
2021 ¢ (¢ = 0) [mrad] 4.83 5.28 5.12 5.43 5.18 5.75

0 [mrad] 6.17 6.27 6.23 6.30 6.30 7.20

p [keV] 76.11 81.26 87.83 90.08 83.51 98.50

y [mm] - 061 067 067 0.65 -

z [mm] - 176 189  1.93 1.86 -
2022 ¢ (¢ = 0) [mrad] - 5.22 5.34 5.43 5.33 -

0 [mrad] - 620 616  6.50 6.29 -

p [keV] - 78.60 87.60 87.35 84.52 -

than that quoted for the previous analysis, thanks to the upgrade in the reconstruction software and
more refined calibration procedures, which benefited from all the work done already prior to the 2021
result.

Distribution of pulls The above resolutions are used to build the constant PDFs likelihood. The

rec_ true .
per-event positron PDFs uses pull parameters of the variables s, = < Gq , where o is the error
q

on the variable g estimated by the Kalman filter, which replaces the average resolution used in the
constant PFDs method. In the double turn analysis, the pull parameter of a variable is calculated as:

Sq = LI here oy = \ 0%+ 0} (6.8)

O1x2

where o(;) is the uncertainty (from the Kalman filter covariance matrix) for turn 1 (or 2).
On Monte Carlo instead, we can compute the pull of a variable also as:

Qrec — qMC (6.9)

Orec
where o, is the fitting error. As already discussed, double turn parameters extracted from data are
corrected with the parameters extracted from the double turn analysis on MC Michel positrons samples
and from the rec — M C distributions on MC signal events.

For the sake of simplicity, the plots illustrating the double turn and MC analysis on the pulls distri-
butions, as well as all parameters used in the final analysis, are described in Appendix E. We preferred
to show the detector’s resolutions as they give a better understanding of its performances. The same
has been done also for the study of correlations.

6.2.3 Correlations

The physical assumption that a signal positron must originate from inside the thin MEG II target
causes many kinematic variables to be correlated with the (y., z., @., 0.) variables. For example, a
mismeasurement of the positron energy §E, may move the positron origin on the target and change
its direction of flight. Correlations between variables, if not taken into account, introduce biases in
the probability density functions for the final analysis and spoil resolutions. Therefore, they have to
be carefully studied on data and simulations, and need to be implemented into the final analysis. All
correlations were already studied in MEG for the first physics analysis and the same correlations are
observed also in MEG II. A complete description is given in two Technical Reports internal to the MEG
Collaboration [112, 113].
In the double turn analysis, the following correlations can be observed:
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Figure 6.6: Correlations measured on 3 x 107 y*/s data from the double turn analysis.
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Figure 6.7: Correlations measured on MC simulations of signal positrons at 3 x 107 y*/s.

69. = ol + p! -tang.| - SE.

8Ye = pj + pi - SE.

o 0z, = [p§ + p3 - cot Qe] - 0E,

Se = [pf+p?-¢e+p?-¢§] 52,

In the above formulas, §q is the bias in the double turn ¢, — ¢; distribution, and the parameters p? are
the correlation coefficients.

In addition to these correlations, the already mentioned quadratic dependence o, = o4(¢ = 0) +
c- ¢2 is observed in the double turn analysis. In Figure 6.6 we illustrate these correlations as measured
in 2022 3 x 107 u*/s data.

Not all correlations can be observed with double turn studies since these involve Michel positrons.
Other correlations emerge by looking at Monte Carlo distributions of the difference between recon-
structed and true values for signal positrons. As in the case of resolutions, correlations measured with
data are corrected with the measurements obtained by Monte Carlo simulations to obtain the final
correlation parameter for signal positrons. The formula to be used is:

PMC ;

dat q, signa

Pq, signal = pq,aDaT X MC (6~10)
PgDT

The correlations that can be observed only on MC are:

o 0z, = pt+ p?- 60,
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Table 6.4: Correlation coefficients of positron kinematic variables for the *21+°22 analysis. The definition of the
parameters is given in the text.

Beam intensity [x107 y*/s]
Parameter 2021 2022
2 3 4 5 3 4 5
¢ [mrad] 5.74 5.72 5.25 5.73 5.81 5.60

pf)b compatible with zero
p? —2:107% —2-107% —2-107% -1-107' —2-107% —2-10% —1-1072
Y 3.100  4.10'  5-1070  5.-107'  4-107'  5-107'  4-107!
pf compatible with 0
P 1-107!  2-107'  4-107" zero 2-107" zero 4-107"
pf compatible with 0
pY -3-10% 4-10° -2-10% -1-10° 1-107*% -9-107° 7-107°
p;ﬁ compatible with 0
o compatible with 0
pf 0.33 0.32 0.30 0.31 0.30 0.30 0.29
o compatible with 0
pi 20.0 20.3 20.5 20.6 20.2 20.5 20.6
3 compatible with 0
p3 -1.95 -1.71 -1.71 -1.58 -1.37 -1.53 - 1.54

Table 6.5: The positron efficiency for the 2021+°22 analysis.

Beam intensity [x107 u*/s]
2 3 4 5

eer | (10+£0)% (67+4)% (64+4)% (60 +4)%

. 8¢ = pf+pé”‘¢>e+pf‘¢§] - 80,

The correlations observed with MC simulations of signal positrons at 3 x 107 u*/s are illustrated in
Figure 6.7 .

In Table 6.4 all correlations parameter for the ’21 + ’22 analysis are summarized, already corrected
with MC inputs. They are all very similar to those determined for the analysis of the 21 dataset.

6.2.4 Positron efficiency

The positron reconstruction efficiency (combination of pTC’s and CDCH’s efficiencies) for 2022 data is
similar to the one obtained with 2021 data. The results, separated for beam intensity, are summarized
in Table 6.5.

6.2.5 Timing performances

The positron time resolution depends on the variable nyrc, the number of pTC tiles hit by the positron,
according to the formula 2.3:

O.tgi”gle B O.tgounter o O'tgff D O.tglec

O'te(inC) = =

 pTC A IpTC
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shown in Figure 6.8. The measurements are

done with Michel positrons data, and results for both 2021 and 2022 are illustrated. In both years, the
curves have a plateau for nyrc > 16: above this value there is no improvement in o,. The distribution
p(npre) for signal positrons, is superimposed to the Figure. This distribution is obtained through MC

simulations of signal-like events.

Since in average a signal positron strikes 9 different tiles, the average time uncertainty is (o;,) = 40

ps: 43 ps and 42 ps respectively in 2021 and 2022.
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Chapter 7

Final results

Having previously introduced (Chapter 6, Section 6.1) the MEG II analysis technique, and described in
detail the positron’s PDFs, in the Sections 7.1.1, 7.1.2, 7.1.3, 7.1.4 we summarize the performances and
PDFs of the other detectors, which crucial to build the full likelihood functions.

Section 7.2 illustrates the properties of the 2021-’22 dataset, in particular the accumulated statistics
needed to convert the number of observed signal events N, into the branching ratio of y* — e*y.

Section 7.3 illustrates the experimental sensitivity obtainable for the measurement of BR(u* —
e*y) with the 2021 + ’22 dataset. The effect of systematic uncertainties is also reported there.

The last Section 7.4 is dedicated to illustrating the results after unblinding of the data.

7.1 Detectors performances and PDFs

In this Section we revise the performances of the other MEG II detectors not covered in Chapter 6. We
also describe the remaining one-dimensional PDfs needed to write the final likelihood function for the
analysis.

7.1.1 Photon reconstruction performances & E, PDFs

All details about the Photon Analysis can be found in [55, 101].

Resolutions The resolutions of photon’s kinematic variables are summarized in the following list:

« the achieved precision on the photon conversion point coordinates are: ¢, = 2.5/4.0 mm for
photons converting at depths smaller/larger than 2 cm, and ¢,, = 5.0 mm. This marks an im-
provement of a factor 2 and 1.2 respectively with respect to the MEG detector. The o, resolu-
tions are estimated imaging a lead collimator positioned in front of the LXe detector with 17.6
MeV photons [43]. Instead, o, is derived from MC simulations;

« the time resolution, driven by the PMTs precision, is:
o, = (65+5) ps for E, = 55 MeV (7.1)

This is measured by using 7° — yy events. It is derived from the width of the time difference
between the two photons, one detected in the LXe detector and one in the pre-shower counter
(made of plastic scintillators coupled with SiPMs) in front of the BGO calorimeter (see Chapter
2, Section 2.2.4).

The resolution on t, depends on the number of detected photons, which varies with E,. This
correlation is measured with CEX data and applied in the per-event analysis;

+ the measured energy resolution on signal photons is also similar to that measured in MEG: for
the 2021 and 2022 analysis og, /E, = 2.0%/1.8% (2021) and 2.4%/1.9% (2022) depending on the
conversion depth. See Figure 7.1.
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Figure 7.1: Energy resolution of the LXe detector as a function of the photon measured energy.
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Figure 7.2: Linearity of the reconstructed energy.

Linearity of the LXe detector response The energy scale Sg of Equation 2.6 for 52.83 MeV photons
is extrapolated from the fit to the 55 MeV peak from the CEX reaction (Chapter 2, Section 2.2.4), simply
multiplying the energy scale best-fit parameter by %. With the LXe detector fully calibrated, it
is possible to check the linearity of the response. This is evaluated by fitting to a straight line the
reconstructed energies E,,. of the calibration lines described in Chapter 2, Section 2.2.4, ranging from
9 MeV to 129 MeV with their true energy E;,,.. The best fit lines for 2021 and 2022 are shown in Figure

7.2.

The linearity is within 1.5% in the range 17.6-129 MeV, and since the energy scale for 52.8 MeV
signal photons is derived from that of 55 MeV photons, non-linearity effects are completely negligible
in the analysis.

Photon reconstruction efficiency Using The signal-photon efficiency is measured to be: €, =
(62 £ 3)%.
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E, PDFs The signal E, PDF is modeled as a sum of two asymmetric gaussian functions with an
exponential tail, which parametrizes the detector response at 52.8 MeV:

202

C-exp rw]} ifx<p+r

o

C-exp —M]} ifx>p+r7

fx) = (7.2)

where C is the normalisation parameter, the energy peak position with respect to 52.83 MeV is y, and
o is the energy resolution, determined with data. The parameter 7 characterizes the energy leak of the
LXe detector.

The RMD E, PDF is obtained by convoluting
the detector response function described above

with the theoretical spectrum. ol T

The E, PDF for accidental background events S *° T -~ Zztihoton I
is obtained from a fit to the data spectrum in the 2 ) Cosmic-ray component |
time side-bands, with the shape of the fit function 3 10° e X Sum function E
determined from MC simulations of background E . —— Smfuncion @rangd ] 3
events including high-energy photons originat- Y 13, -
ing from positrons’ annihilation-in-flight, RMD, F 3
bremsstrahlung, cosmic rays. The detector re- 102; ;
sponse derived from the data are convoluted with F N E
the simulated spectrum. The accidental back- : @;E ffg
ground spectrum is shown in Figure 7.3. 10, L1 L L N

o
-g T

The correlation terms in the E, PDFs with 005 0.06 007 E, (Ge\9')08

the photon conversion point’s coordinates (v, w)

are obtained from data, studying the detector re- Figure 7.3: Accidental background spectrum fitting for

sponse in different (v, w) segments. the full 2022 side-band data (black markers). The photon
component is in yellow, the cosmic rays’s one is high-

7.1.2 Photon - Positron combined per- lighted in green; the sum function is in blue.

formances

Angular performances & ¢.,, 0., PDFs The (¢.,, .,) emission angles between the positron and
the photon are derived from the spectrometer measurements of (¢., .) at the target, which defines
the positron flight direction. The photon emission angle is measured in the MEG II reference frame
connecting with a straight line the first interaction point in the LXe detector (u,,v,, w,) with the
positron’s origin coordinates at the target (e, ye, z.). In Figure 7.4 we plot the distribution of the
angular resolution.

The 0., ¢, response functions are analytically described, starting from the single variable PDFs,
as a sum of two gaussians. As visible in the bumpy distributions of the angular resolutions, correlation
effects with many other variables (¢., o4,, Wy, E.) have to be taken into account: this is done with the
Double Turn analysis method highlighted in Chapter 6.

The signal angle PDFs are parameterized as the response function, while the RMD function is ob-
tained convoluting it with the theoretical angular distributions. The accidental background angular
PDFs are instead built by fitting the observed angular distribution in the time side-bands to a polyno-
mial function.

Time performances & t,, PDF  The t,, resolution, oy, , is simply the sum of the spectrometer’s and
LXe detector’s resolutions:

- [2 2 _ 9t
o1, = |01 + 01, = ® oy, (7.3)

according to Equation 2.3. The o, resolution depends on E,, since the more scintillation light is ob-
served by the photosensors, the more precise the estimate of the time is.
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Figure 7.4: Distribution of the signal angular resolution event-by-event. In red, with the updated Positron
Analysis illustrated in Chapter 4, Section 4.6; in black for the old analysis [8]. The bumps in the distributions
are due to the strong dependence of the LXe detector angle resolution on the photon conversion point, as well
as the o4, — ¢, correlation discussed in Chapter 6, Section 6.2.
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Because of the nyrc dependence of the resolution, the t,, PDF has two components:

P(tey, inC|Ey’ E.)= pa(tey|inC, E)u E.) x pb(inC|Ee) (7'4)

where the first term parametrizes the response function of the detector at fixed nyrc, while the second
term describes the nyrc distribution in a class of events. Signal and background events, having different
ranges for E,, which imply different positrons trajectories, have different distributions of pb(inc|Ee)i.
The p,, distribution absorbs most of the dependence of p, on E,: a little correlation with E, remains
however in p, since errors in E, cause errors in the time-of-flight calculation, which results in a small
tey bias of = 15 ps.

The term p,(t,,|ngrc, Ey, Ee) is the same for signal and RMD events'' and is determined through a
fit to the RMD peaks in the energy side-bands region, slicing data at fixed n,rc, as shown in Figure 7.5.
The functional form of the accidental background PDF is determined through a polynomial fit to data
in the time side-band. The distribution of accidental background events is flat, as visible also in Figure
7.5 in the range 1 ns < |t,,| < 3 ns.

The term pj (ngrc|E.) (see also Chapter 6, Section 6.2.5) is evaluated with MC simulations for the
signal PDF, with fits to time-sidebands data for both the accidental and RMD background PDFs.

7.1.3 RDC performances
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Figure 7.6: RDC variables distribution measured on 3 x 107 y*/s data. In red for matched events, in blue for
non-matched events. From [55].

By detecting low-energy positrons in time with a signal in the LXe detector, the RDC helps tagging
background events. The measured time resolution is:

Otrpe = 90 ps (7.5)

while the energy resolution is:

JErc _ (75403)% @1 MeV (7.6)

Erpc
The RMD tagging efficiency of the detector, namely the fraction of events with a high energetic photon
(E, > 48 MeV) matched in time (|tgpc — ;| < 8 ns) to a positron signal in the RDC, was improved from
=17% (2021 analysis) to =23% for this analysis. Details of these studies are reported in [55]. In Figure
7.6 we show the distribution of tgpc — t;, and Egpc for matched and non-matched events.

iFor the signal, there is no E, dependence since signal positrons are monochromatic.
iiExcept that the E, dependence is removed from the signal PDF.
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\

Run period

signal (green), RMD (red) and accidental (magenta)

PDFs: a) E,, b) E., ) t., d) Oy, €) ¢ey, ) troc—y» 8) Erpe, h) run periods. The run period statistical weights are
categorized assigning an integer to each different period: in 2021, from 0 to 3, in 2022 from 4 to 6.

7.1.4 Summary of PDFs

From the detectors’ resolutions discussed in the previous sections, the final PDFs described in Sections
6.1.1, 7.1.1, 7.1.2, 7.1.3 are built. In Figure 7.7 we show the shapes of the one-dimensional PDFs in

Equations 6.3~6.5, grouped per observable.
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Figure 7.8: Ry, distribution for signal (green), RMD
(red) and accidental (magenta) events.

The likeliness Rg;; of an event to be a signal
event compared to the background hypothesis is
defined as:

~ S(X1)
Rag = logyy <fRMDR(J?i) + fAccA(’_‘)i)> 77

where fryp and facc are the fraction of RMD
and accidental events expected in the data from
the sideband fit.

The Ry distribution of the data is used to
cross-check at a single glance the result of the
likelihood analysis.
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7.2 Dataset for the ’21+°22 analysis
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Figure 7.9: Characteristics of the 2021+°22 dataset.

This analysis uses data collected between 2021 and 2022 (Figure 7.9 (a)). The 2022 dataset which is
included for the first time in this analysis contains almost thrice the cumulated 2021 statistics. In this
period, the beam intensity was varied between (2 — 5) x 107 u*/s: in 2021 the intensity variation was
motivated by the interest in investigating detector performances under different conditions to find the
optimal one; in 2022, most of the dataset was collected with 3 x 107 /s beam intensity.

Most of the beam time allocated for the MEG II experiment is used for the physics run. The calibra-
tion procedures accounts for 20% of the total DAQ time in 2021 and 10% in 2022, with most of the time
allocated for the CEX calibration of the LXe detector. The DAQ efficiency was in average 82% in 2021
and 96% in 2022, thanks to a significant upgrade of the DAQ server. See Figure 7.9 (b) for the detailed
trend of DAQ time and efficiency.
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Table 7.1: Parameters to estimate the normalisation factor N, for the *21+°22 analysis.

Parameter | 2021 2022
pevv 2% 10% — 7 x 10° 3% 10 — 1.6 x 107
e%c/e‘}vgc ~ 0.80 depending on R,  0.88 - 0.90 depending on R,
€ /€ 1.07 1.04
ey 0.62 0.63
e 0.93 0.93

7.2.1 Normalisation

SinceBR(y" — e*v¥) = 1, the normalisation factor N, (Chapter 6, Section 6.1) can be calculated with
the following formula:

N7 €T _ €6
_ evy ey ey ey
NH - fevV x P x ey x cevy x ‘A}’ XE) X € (7.8)
E, TRG e

where:
« N¢7 is the number of Michel positron detected with 50.0 MeV < E, < 56.0 MeV in a sample
of Michel positrons-rich data collected in parallel to the physics data taking using a pre-scaled
trigger based on pTC signals, with pre-scaling factor P¢"";

« fg'" = 0.101 is the fraction of the Michel spectrum falling in the above energy range;

ey
€ . . . . . . . .
« —& isa correction factor for the different trigger efficiencies of Michel positrons events and ety
TRG
pairs;

e
e
evv
ee

categories;

is a correction factor for the different positron reconstruction efficiencies of the two event

« A} =0.985 + 0.005 is the geometrical acceptance for a signal photon given an accepted signal
positron, computed with MC simulations;

- €, is the photon detection efficiency for signal photons;

eg/l is the selection efficiency for e* — y pairs.
The values of the different terms in Equation 7.8 for the two data taking periods are reported in Table

7.1. The details of how each term is calculated is given in [8].
The normalisation factors for 2021 and 2022 are:

2021 N = (0.28 +£0.01) x 10"
2022 N7 = (1.05 +0.05) x 10"
The error on N, mostly comes from the error on ¢!, and €}". The total normalisation factor for this

analysis is:
N2 = (1.33 £ 0.05) x 10" (7.9)
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Figure 7.10:  Distribution of
the 90% C.L. upper limits on
BR(y™ — e'y) from a set of
pseudo-experiments. The me-
dian of the distribution, which
we call the experimental sensi-
tivity, is shown as a dashed line.
The colored arrows are the re-
sults of the analysis conducted
in four different analysis region
falling inside the time side-band
(see the legend), and serve as
a consistency check. All four
results are compatible with the
null hypothesis, as expected.
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The sensitivity of the experiment is evaluated as the median of the distribution of upper limits (90%
C.L.) on the branching ratio, obtained from a set of pseudo-experiments generated under the null signal
hypothesis (toy MC). The toy datasets are produced with an expected background yield consistent with
that derived from the side-band studies:

Nacc The number of accidental background events in the signal region is extrapolated from the count
of events in the time sideband (1 ns < |t,,| < 3 ns):

(Nacc) = oacc = 364.0 £9.5 (7.10)

Nryp The number of RMD events in the signal region is estimated by extrapolating the number of
RMD events fitted in the energy side-band (E, > 49 MeV; O, > 176°; 46.5 MeV < E, < 48 MeV)

time distribution:

(Ngrump) = ormp = 10.1 £ 1.7 (7.11)

The kinematic variables for the simulated events are sampled according to the experimental PDFs.
The following uncertainties remain as a source of systematic error, and are included in the sensi-

tivity’s calculation:

« misalignment of the target and the LXe detector with respect to the CDCH;

« uncertainty in the normalisation;

« uncertainty in the E, and E, energy scale;

« timing misalignment between the pTC and the LXe detector;

Systematic errors are taken into account either with the profile likelihood method, including a nuisance
parameter in the likelihood function, or randomly fluctuating the PDFs according to the uncertainties
of the parameters. The first method is more robust but is also more CPU-expensive; for this reason,
only the most relevant systematic effects are included with the profile method. This is the case for
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Figure 7.11: PDFs with the inclusion of systematic errors at 1o (green) and 2o (yellow) level.

the target misalignment, included with the x71 parameter of Equation 6.2. All other uncertainties
are accounted for using the random sampling technique: event-by-event the PDFs’ shapes are altered
changing the parameters according to their associated errors.

For the 2021+’22 dataset, the sensitivity evaluated with the "per-event PDFs" method is:

Sop =2.2x1071 (7.12)

including all systematics. This sensitivity is better by = 15% than the one returned by the "constant
PDFs" method: Sy = 2.5 x 10713, The distribution of the toy MCs upper limits is shown in Figure
7.10. In this Figure, the results of the analysis applied in four fictitious analysis regions inside the time
side-bands are also shown: the null results of these fits are a consistency check of the analysis.

7.3.1 Breakdown of systematics

Systematics effects reduce the sensitivity by 3%. This represents an important improvement with re-
spect to the 2021 analysis, when their impact was estimated to be 5% [8].

The average contribution of each systematic uncertainty, evaluated by calculating the sensitivity
without including it, is reported in Table 7.2, while Figure 7.11 shows the variation of the PDFs shapes
when systematic errors are included. The biggest improvement in the reduction of systematics comes
from the revised analysis of detectors’ alignment: the target alignment in 2022 was improved by the
increased statistics of Michel positrons which could be employed for the hole analysis; the uncertainty
on the CDCH - LXe alignment was improved by employing the analysis strategy detailed in Chapter
5, Section 5.2.

7.4 Results

After data unblinding, a total of 357 events were observed within the analysis region. The (E,, E,) and
(cos @,, t,,) distribution of the 10 best ranked events, according to the Ry score, are shown in Figure
7.12. The contours of the average signal PDF are superimposed on the plots. No excess of events is
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Table 7.2: Breakdown of systematic uncertainties for the 2021+°22 analysis (when different uncertainties are
applied to each year, both values are reported). The results are compared with those obtained in the 2021 analysis

[s].

Analysis 2021 Analysis 2021+°22
Syst. Uncertainty Sy effect ‘ Uncertainty Sy effect
Target align.: 100 pm Target align.: 100/50 um
Bey | Ocy getale H 2.0% getale /50H 1.4%
LXe shift: 1 mm LXe shift: 400/300 pm
N, 5% 0.6% 5% 0.4%
E}, scale 0.3% 1% 0.3%/0.2% 1%
E, scale 6 keV 0.1% 6/<1keV 0.1%
tey bias 4 ps 0.1% 4/3ps <0.1%
= BT 7y T T T
% F ,E, 06-—
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Figure 7.12: Event distributions on the (E,, E,) (left) and (cos ©,, t.,) planes. Only the 10 best ranked events
are plotted as markers with a color code based on their Ry;z score. The average signal PDF contours (10, 1.640,
20) are drawn.
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Figure 7.13: One-dimensional projection of the data on each observable with the fitted per event PDFs shapes
plotted. The signal shape is enlarged by a factor x10 so that it can be visible.

observed in the signal region. The one-dimensional projection of data to the fitted per-event PDFs is
shown in Figure 7.13.

The best-fit estimate of BR(u* — e*y) with the "per-event PDFs" method (when the fit is performed
not constraining Nj;, to be positive) is:

BRy; = —3.8x 107" (7.13)
which translates to an upper limit on the branching ratio of:
BRgo = 1.5x 107 (90% C.L.) (7.14)

7.4.1 Consistency checks on the result for BR(y" — e*y)

Unconstrained fit The likelihood fit in the analysis region was repeated releasing the constraints
on Nryp and Nacce. This fit yields the following best-fit estimates of these parameters:

Ngmp =0+8 Nace =357+ 19 (7.15)

both consistent with the estimates from the side-bands’ fits (Section 7.3).

Comparison with the "constant PDFs" analysis The best-fit estimate of BR(u™ — e*y) with the
"contant PDFs" method (when the fit is performed not constraining N;s to be positive) is:

BRy; = —5.0x 107 (7.16)
and the corresponding upper limit is:

BRgo = 1.9x 107 (90% C.L.) (7.17)
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This result is compatible with the one ob-
tained with the "per-event PDFs" analysis, with
the probability of having a difference in the BR
upper limit measured by the two analysis greater
than 0.4 x1071> equal to 68%. Also, the slightly
worse upper limit obtained from the "constant
PDFs" analysis is compatible with the sensitivity
being = 15% smaller. The consistency between
the two results is well represented in the plot
of Figure 7.14: there, the 90% C.L. upper limits
of an ensemble of 10* pseudo-experiments (null
signal hypothesis) computed with the two analy-
sis frameworks are compared. The distribution is
linear, with an angular coefficient different from
one, as expected from the different sensitivity of
the two analysis. The results of the analysis in
the signal region is shown as a black star marker,
while the results of the analysis on the four time
side-band regions (Section 7.3) are shown as blue
markers, and they all lay in the bulk of the distri-
bution.

7.4.2 Combination with MEG results
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Figure 7.14: Scatter plot of the 90% C.L. upper limits
(red marks) calculated on a set of pseudo-experiments
(null signal hypothesis) with the two analysis’ strategies.
The green line indicates the sensitivity of the "per-event
PDFs" method, while the yellow line is for the "constant
PDFs" one. The black star is the upper limit measured
in the signal region, while the blue circles are the upper
limits computed on the time side-band regions for cross-
check purposes.

In the past analysis the results from the 2021 dataset alone of the MEG II experiment were combined
with those from the MEG experiment to improve the sensitivity on the branching ratio [8]. The sen-
sitivity of this analysis with the full 2021+°22 MEG II dataset is a factor 2.4 better than the final MEG
sensitivity [9], as clearly visible from the steeper profile likelihood function in Figure 7.15. Since the
improvements from the combination with MEG results would be a few % only this time, we didn’t
investigate this possibility and do not quote a combined result.
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Chapter 8

Conclusions & Future prospects

The candidate has been actively involved in all activities regarding
MEG II data taking and the CDCH maintenance works in the
period 2022-°25. He is collaborating to the Positron Analysis for
the analysis of the 2023+°24 dataset and is developing the Graph
Neural Network Pattern Recognition algorithm.

2021 (meas)
10~ 12 1 .

*"Q:IEG I result on 2021 data: BR(u — ey) < 7.5 x 1013

< x MEGHI 2021 + MEG: BR(1 — e7) < 3.1 x 1013
T 2022 (meas. )
3 g
= » MEGL2021 4 22: BR(1 — ) < 1.5 x 10
L 2023 (exp.)
10-13 @024 (exp.)
] °..

... 2025 (exp.)
o

MEG 1II sensitivity goal: BR(p — evy) <6 x 10714

0 10 20 30 40 50 60 70 80
DAQ livetime [weeks]

Figure 8.1: Updated projections of the MEG II sensitivity on BR(z — ey) until the end of data taking, expressed
as a function of the DAQ time. The upper limits set through the analysis of the first data samples are indicated
with star markers.

The result of the analysis of the 2021+°22 dataset by the MEG II experiment, presented in all the
above chapters of this thesis and in a recent article [114], allowed to set a new upper limit on the
branching ratio for the cLFV decay y — ey:

BR(y — ey) <1.5x 1071

This represents an improvement of a factor two with respect to the past limit determined com-
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bining the results from MEG’s full statistics and MEG II’s 2021 dataset only. Thanks to the improved
performances of the MEG II detectors system, it has been possible to perform a much more sensitive
search with respect to the MEG experiment (by a factor x3) despite having collected around half the
number of stopped muons (N;"°? = 7.5 x 101 for MEG, 3.5 x 10'* for MEG Il in the 2021+°22 sample).
In addition, this high number of muons was collected in less time, because the detectors and TDAQ
are stable at higher beam intensities.

The relevance of this result to New Physics observables, which have been introduced in Chapter
1, can be found in [115-123].

This achievement is but a first step of the MEG II experiment. As shown in Figure 2.20, since
2022 the cumulated statistics has tripled, and presently the data taking campaign is ongoing (2025)
and is foreseen to continue also in 2026 (Figure 8.1). Considering the current analysis status and the
expected statistics which will be cumulated before the shut down of the experiment, the sensitivity
goal of BR(z — ey) < 6 x 107 !* of experiment is in reach.

In the next years, the expected MEG II sensitivity could be further improved thanks to improve-
ments in the analysis.

For a brief overview of ongoing studies on the LXe detector performances, see [55].

On the tracker side:

« systematic effects linked to the CDCH - COBRA alignment will be better understood and con-
trolled thanks to the application of the Millepede software alignment algorithm presented in
Chapter 5, Section 5.3. While these studies could not produce significant results for the 2021+’22
analysis because of a lack of statistics in the cosmic ray dataset (Chapter 5, Section 5.3.6), for
the years 2023, ’24, ’25 the situation is different, with more than one million cosmic rays events
collected to complete these alignment studies;

« novel track finder algorithms using Deep Neural Network techniques have been developed inside
the MEG II Collaboration with the two-fold aim of improving the computing time of tracking al-
gorithms and the tracking efficiency. One of the newly proposed algorithms uses Graph Neural
Networks, and is discussed in detail in Appendix F. Another one, using a Transformer archi-
tecture is described in [124]. These methods proved already highly successful in augmenting
the positron reconstruction efficiency beyond the MEG II design value (¢SP°H =~ 82%), over-
coming the performance degradation induced by pile-up effects. The combination of these two

algorithms will be the cornerstone of the positron reconstruction in the future MEG II analysis.

The successful deployment of both these tools would result in a significant improvement to MEG II's
sensitivity, the first one reducing systematic uncertainties, the second one improving the detection
efficiency, boosting the normalization factor N, up to ~ 15% for 5 x 107 p*/s data: depending on the
statistics which will be accumulated in the last year of data taking, this achievement could push MEG II
sensitivity even beyond its goal.



Appendix A

Calibration of the CDCH for the ALP
search

We report the positron reconstruction performances for data acquired during low intensity runs, with
R, = 1x10° u*/s. These data are used for the ALP search (Chapter 2, Section 2.3).

Spectrometer’s performances are measured on low-intensity data as described in Chapter 3, Section
3.3. The results are listed in Table A.1.

Table A.1: Resolution and positron detection efficiency at low intensity. The results are compared with the
performances at a beam intensity of 3 x 107 y*/s to highlight the difference.

Variable | @ 3x 107 y*/s @ 1x10° /s
op | 87 £6keV (f=0.67) 74 +6keV (f=0.68)
oo, 7.34 mrad 7.05 mrad
o4, 6.24 mrad 6.35 mrad
Ty, 0.69 mm 0.67 mrad
0z, 1.81 mm 1.67 mrad

€¢,CDCH 67% 81%
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Appendix B

An event display for the X17 data taking

Online reconstruction of tracks is not possible currently with MEG II software since it is a very time
consuming task. We developed an event display tool based on the Legendre transform algorithm to
visualize curved tracks online. This tool was deployed for the X17 data taking campaign of February
2023 and was helpful in the first stages of this measurement to understand the acquired data.

20 1

10} 0.5

-100} -0.5

-20 : : -1 : : :
200 <10 0 0 20 1 05 0 05 1

Figure B.1: Representation of curved tracks in the x — y space mapped to lines passing through the center in
the parametric u — v space. From [94].

The same Legendre transform algorithm used to identify line patterns (Chapter 5, Section 5.1) can
identify circles, once the following mapping of the hit coordinates {x, y} is made:

u= —2x

= 202

_ —2yy (B.1)
U= XZ+y?

If all circles pass through the origin (which can be identified as the target), then substituting u and v
in the circle equation (radius R and origin (xo, yo)):

(x—x%)+@—MP=R > u-x+v-y=0 (B.2)

which is the equation of a line passing through the origin (Figure B.1). Once the wire coordinates
{xi, y;} at z = 0 are transformed in this way to the set of values {u;, v;}, we can search for maximum
in the Legendre space In the case of MEG II CDCH however tracks don’t follow an helicoidal path,
therefore the trajectory projection in the x — y plane is only approximately a circle. In particular, the
approximation is good only for tracks close to the target region (z = 0). Despite this, the algorithm is
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-30 20 -10 0 10 20 30 | -30 20 -10 0 10 20 30

Figure B.2: A recorded event in the CDCH during the X17 run in February 2023. Candidate positron tracks are
highlighted in red, electrons are in blue.

able to identify curved tracks well enough to point out for shifters the existence of charged particles
in the recorded data. In addition, the longitudinal coordinate measurements w; of the hits (Chapter
3, Section 3.2.3), combined with their angular coordinate ¢; = arctan (%), can be used to identify
candidate positrons (moving clock wise) or electrons (counter-clock wise). An event display is reported
in Figure B.2.



Appendix C

Measurement of the attachment
parameter of MEG II gas mixture

Stable operations of the CDCH have been achieved employing a quaternary gas mixture with He -
Isobutane 90:10 + 1.5% Isopropanol + 0.5% Oxygen, as described in Chapter 3.

Historically, the use of oxygen in gas mixtures for tracking detectors has been strongly discouraged:
the probability of loosing ionized electrons on their drift path (attachment phenomena) depends on the
electronegativity of the gas mixture components, and being oxygen very electronegative it is believed
that detection efficiency would be severely compromised. In addition, the common sense is supported
by Garfield++ software, a standard tool for the simulation of gas response in tracking detectors, which
confirms this worry of experimentalists because it reports a very high attachment parameter for oxygen
mixtures.

Yet, in literature [125] the existence of a discrepancy between Garfield++ simulations of oxygen
attachment parameter n and measurements has already been pinpointed (Figure C.1), and the successful
operation of the MEG II CDCH further suggests a need to review the belief of the community on this
matter.

In this Appendix, I will resume the recent work done by the MEG II Collaboration to solve the
software problem in Garfield++ and I will show the comparison between MEG II data with Monte
Carlo simulations that validate this revision of Garfield++ code. This topic is further investigated in
this article [126].

Garfield++ simulation of Attachment

The electron attachment in the presence of oxygen is described in Garfield++ by a two-stage mecha-
nism:
e+ 0, - (0;)" (excited ion formation) (C.1)

followed by de-excitation of the oxygen ion through collision with another oxygen molecule or another
molecule X in the mixture:

(0;)"+0; > O; + 0, +y (single process) (C.2)
O +X >0, + X+ three-body process) C3
2 2 Y yPp

This latter mechanism is called three-body because it involves three particles: the electron, oxygen
ion, and the molecule X.

The attachment rate R in a given mixture is proportional to the capture cross-section of oxygen
oc, multiplied by the oxygen density in the mixture np, and the de-excitation rate. The de-excitation
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ment coefficient as a function of electric field for a cient in a 90:10 He - isobutane mixture with O, ad-
mixture 90:10 He - isobutane + 600 ppm O,. dition in different amounts.

Figure C.1: Simulations (left) and measurements from [125] (right) of the attachment coefficient of a 90:10 He
- isobutane gas mixture with O, addition disagree by a factor = 6.

rate is obtained by summing the de-excitation cross-sections o4 x, for each of the components X; in
the mixture:

N

R «< o¢ X ng, x Z o4x X nx, (C4)
i=1

The density of element X; can also be written as the density n of the gas mixture multiplied by

the mass fraction fx, of component X;, and the de-excitation cross-section for each molecule X; can be
normalized to the one for oxygen:

N

OdX
R« ocxnp,xnxaoq0, % Z LB fx, (C.5)
i=1 94,0,

The behavior of each gas usable in Garfield++ is encoded in individual subroutines in the FORTRAN
program magboltz. The capture and de-excitation rates for oxygen are correctly calculated using the
specified oxygen density for the mixture, while the three-body process rate is calculated internally in
the subroutine describing oxygen, assuming the mixture is entirely composed of oxygen. In fact, the
parameter T3B, defined as:

N
O'd’x.
T3B =) —“% x fy
i=1 O-d,OZ

is normally set to one and must be modified by hand depending on the type of mixture used to obtain
meaningful results. De-excitation cross-sections as a function of energy are known only for a limited
set of gases [127]. While there are measurements for Isobutane (with large uncertainties = 25%), those
for Isopropanol are absent, which is an ingredient of the MEG II mixture. Using as de-excitation cross-
section for Isopropanol the average of those for ethyl alcohol and methanol, the estimated attachment
coefficient is x5.4 smaller than the one returned by Garfield++ without this code modification. The
uncertainty on this estimate of 1 is = 20% due to the large uncertainty on the Isobutane cross-section
measurement and the unknown value for the Isopropanol.
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Figure C.2: Bi-dimensional distribution of amplitude and drift time for signal hits. The black markers indicate
the most probable value of the amplitude. This is measured from a fit to the distribution of amplitudes at fixed
drift time using a Landau function as described in the text.

Comparison between Garfield++ predictions and MEG Il measurements

We try to estimate the attachment parameter for the MEG II CDCH gas mixture from the distribution
of the signal amplitude for the first cluster as a function of drift time.

When a particle traverses a drift cell, N¢jy5ers clusters each with n,;; electrons are produced from
the primary ionization; these electrons’ clusters drift towards the anode and form a signal unless along
their path they are lost because of attachment effects. The probability of an electron getting attached to
an ion is larger the longer the drift path is. If less clusters and electrons contribute to the formation of
the hit signal, its amplitude will be smaller and therefore we expect to observe smaller signal amplitudes
for longer drift times because of attachment effects.

The bi-dimensional distribution of amplitude VS drift time is shown in Figure C.2 for Michel
positrons data with a beam intensity of 3 x 107 u*/s. The black markers in the plot are the most proba-
ble value of the amplitude within a drift time window, extracted from the fit to a Landau distribution.
Since the drift time depends slightly on the cell size, for this analysis we restrict ourselves to hits on
cells belonging to the first layer of the CDCH and around the center, |zp;| < 10 cm. The curve shows
a monotone decreasing trend from large amplitudes at small drift times to smaller signal amplitudes,
eventually flattening to the average amplitude of a single ionization cluster (< 60 mV).

The agreement of the data with a certain value of the attachment parameter have been investigated
using Monte Carlo simulations, since the amplitude-drift time shape may depend on various effects not
easy to evaluate through an analytic formula, such as the pile-up of multiple clusters, for example.

The attachment effect is introduced in the Monte Carlo simulation of the CDCH in the following
way:

+ in an ionization event of a cell, n electrons are generated at distance d from the anode and it
takes a time t,4,;f, for them to reach the anode;

« each of the n electrons reaches the anode with probability 1 — pastachment(tarifs: 1)

« the signal amplitude is simulated based on the number of survived electrons.
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Figure C.3: Comparison of Monte Carlo simulations with different attachment coefficients.

Since the attachment probability depends on the value of the electric field, and this in turns depend
on the distance d from the anode, the attachment probability passachment(tarifs; 1) is calculated using
simulations with the Garfield++ software integrating the differential attachment probability along the
drift path corresponding to t4,;¢;. The survival probability 1 — pattachmen: is shown in Figure C.3 (a)
for two sets of Monte Carlo simulations (at 3 x 107 y*/s beam intensity) with different attachment

parameters:
« one simulation uses the Garfield++ default attachment parameter 5 (green line);

« the other one is the MEG II official simulation implementing a reduced attachment parameter
with respect to the Garfield++ standard: n/6 (blue line). This value for the attachment was
obtained empirically and is close to the theoretical one calculated above:  — /5.4

In Figure C.3 (b) we plot the amplitude vs drift time curves for these two simulations with superimposed
as black error markers the experimental data, showing the good agreement with the revised value for
the attachment coefficient.



Appendix D

A weak mode of Millepede alignment
with cosmics

In the MillePede algorithm only constraints on global shifts of the CDCH are imposed, following Equa-
tion 5.20 in Chapter 5, Section 5.3.3. We performed two iterations of the MillePede routine after which
we saw no improvement, as it is evident from the y?/dof comparison in Figure D.1. Indeed from
Figure D.1 it seems that no improvement on the y? minimization can be expected, since the y?/do f
distribution after the second iteration is superimposed to the one with optimal geometry.

Yet, looking at the distribution of residual misalignment between the ideal geometry parameters
and the ones determined from MillePede (i.e. g;rye —quille), @ Systematic deformation of the CDCH with
respect to the true geometry is detected: as shown in Figure D.2, a correlation between the residual
misalignment in x and xg is observed, which results in a squeezing of the CDCH.

This deformation is a so called weak mode of our alignment problem: a solution which minimizes

s

10™ s .,

109 .
- . —— MillePede iter # 2
K — MillePede iter # 1
t -~ Starting Point
10% |'j —— jdeal
: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0 0.5 1 1.5 2 2.5
Y2/dof

Figure D.1: Comparison of y?/do f of MC cosmic rays tracks with different geometries: before applying Mille-
Pede corrections, after the first and second iteration and with the ideal geometry. The distributions for Millepede
iter 1 and 2 superimpose almost ideally.
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(b) Wire-by-wire residual misalignment of the x, parameter. Dots are the wire-
by-wire residual misalignment and the pink band is the RMS of the distribu-
tion; the green band is the initial applied misalignment to the x, parameter. The
squeezing deformation of all layers along the x axis appears clearly as a corre-
lation between position of the wire and residual misalignment.
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Figure D.2: Visualization of the squeezing deformation in the CDCH after one iteration of the MillePede algo-

rithm.
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the y? but returns an altered geometry. In our case, where only cosmic rays are used for the alignment
procedure, the track topology is responsible for the appearance of this weak mode: as represented
schematically in Figure D.2 (c), vertical tracks passing through few external layers only may be brought
closer to wires (meaning that the y? is reduced) either moving the track itself or moving wires in the
outer direction towards the track. Such a sample of tracks biases the solution for the most external
layers and have some effect also on the most internal ones, while the layers in the middle of the CDCH
aren’t affected at all. This effect was reproduced with MC simulations.

The successful alignment strategy that eliminates this weak mode involves: a cut on data to select
only tracks hitting a wire on at least four layers, increasing the correlation between wires on external
and inner layers; using gaussian constraints on all wire parameters. These techniques are used for the
alignment on 2022 data, as reported in Chapter 5, Section 5.3.
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Appendix E

Analysis of positrons pulls distributions

Pulls distributions

In the double turn analysis, the pull parameter of a variable is calculated as:

LA Ghere orp = |62 + o2 (E.1)

O1x2

using the fitting uncertainty ¢ from the Kalman filter algorithm. The pull distributions of positron
observables for 3 x 107 u*/s data are illustrated in Figure E.1.
On Monte Carlo instead, we can compute the pull of a variable also as:

Qrec — qMC (EZ)

Orec
where o, is the fitting error. As already discussed, double turn parameters extracted from data will
be corrected with the parameters extracted from the double turn analysis on MC Michel positrons
samples and from the rec — MC distributions on MC signal events. The pull distributions for signal
MC events simulated at 3 x 107 u*/s beam intensity are shown in Figure E.2.

The pull distributions are fitted with a linear sum of two gaussian terms. If the fit estimate of the
parameters error is correct, the core gaussian variance should be close to one. A second gaussian term
is added to account for a tail component of events with systematically larger errors (from geometrical
effects, for example).

The best fit parameters from the double turn analysis on '21 + ’22 are reported in Table E.1. We
note that the core variances after corrections with MC inputs are all close to 1, except for z.. This fact
was already observed during the ’21 analysis [90] and is not understood yet. No significant difference
between 2021 and 2022 data is observed, except for the mean of the pull distributions, as was already
noticed above, and is probably linked to upgrades in the software analysis and in the calibration pro-
cedure.

Correlations

The six correlations' between kinematic variables are estimated also using the pull distributions, for the
per-event analysis. In Figure E.3 the correlations observed on data through the double turn analysis are
shown, while the MC correlations measured on simulated signal events at 3 x 107 u*/s beam intensity
are illustrated for reference in Figure E.4

'In the per-event analysis the ¢, — o, trend is taken into account automatically
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Figure E.1: Double turn pull distributions measured on 2022 3 x 107 u*/s data.
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Table E.1: Best fit parameters for the two gaussian sum for the ’21+°22 analysis with per-event PDFs. afl;lnlal is

the core resolution corrected with MC inputs to evaluate the signal resolution. Data in 2021 were collected at
beam intensities ranging from 2 — 5 x 107 p*/s.

Fit parameter Variable Beam intensity [x107 u*/s]
2021 2022
2 3 4 5 | 3 4 5

Ve 132 138 144 147 | 135 142 147

Ze 177 177 184 193 | 1.81 1.94 1.99

obul e 114 118 118 123 | 1.17 122 124
0, 126 121 125 129 | 121 127 130

De 105 110 111 118 | 1.09 115 1.18

Ve 297 3.04 306 314 | 307 3.16 3.23

Ze 383 3.83 396 4.09 | 436 461 474

oul e 268 285 291 295 | 300 3.09 3.09
0, 312 295 312 328 | 315 323 332

De 285 289 291 306 | 3.01 312 3.19

Ve 023 020 022 019 | 007 007 005

Ze -0.25 -0.21 -0.23 -0.21 | 0.00 -0.02 -0.03

pbull be -0.09 -0.07 -0.09 -0.09 | 0.02 0.01 0.02
0, 0.13 013 012 007 | 009 008 0.08

Pe 013 0.14 013 013 | 014 0.14 0.13

Ve 041 0.9 020 025 | 009 0.06 003

Ze -0.07 -0.06 -0.08 -0.17 | -0.03 -0.06 0.02

plt! e -0.02 -0.09 -0.03 -0.05| 0.11 0.09 0.09
0, 0.00 005 014 006 | 011 011 0.8

Pe 059 057 051 050 | 050 0.46 0.43

Ve 010 0.0 010 0.0 | 0.10 0.10 0.10

Ze 0.12 015 015 0.17 | 010 0.10 0.10

pul e 012 013 013 015 | 011 011 0.12
0, 009 0.15 015 015 | 013 0.15 0.15

e 015 0.17 021 021 | 016 0.18 0.19

Ve 111 115 120 121 | 1.09 118 1.1

Ze 163 161 168 170 | 1.63 170 1.75

afi;’n’al be 108 110 112 113 | 1.09 116 1.14
0, 107 1.04 1.04 108 | 099 1.00 0.97

e 086 092 095 098 | 092 099 0.8
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Figure E.3: Double turn correlations between the positron observables quantified using the pull distributions.

The data were recorded at 3 x 107 u*/s beam intensity.
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Figure E.4: MC correlations between the positron observables quantified using the pull distributions. This MC
simulations includes signal events at 3 x 107 u*/s nominal beam intensity.



Appendix F

Studies on a Graph Neural
Network-based Pattern Recognition

The present track finder algorithm employed in the MEG II analysis framework is based on the Kalman
Filter technique (Chapter 3, Section 3.2). Notoriously, Pattern Recognition (PR) tasks relying on this
method are computationally expensive and struggle in high pile-up environments because of the ex-
ponential complexity that characterizes similar local and iterative approaches.

At present, tracking takes 15-30 seconds to perform reconstruction of a single event on the MEG II
cluster, for events collected at 3—5x107 y*/s beam intensity. The complete reconstruction of all recorded
events by the MEG II experiment takes = 3 — 5 months per year of collected data. Since around 70% -
80% of the total time employed for the full event reconstruction is devoted to tracking tasks, the present
PR algorithm makes it difficult to investigate efficiently the optimization of the tracker and is slowing
MEG 1I analysis: studies are slow and time consuming, and the cost of reprocessing to apply some
changes is not negligible.

Apart from computing time performances, the degradation of the tracking efficiency at high beam
intensities is clearly visible on MEG II data (Chapter 3, Section 3.3.3). A novel, faster PR algorithm in-
sensitive to pile-up could overcome this issue too, increasing also the positron reconstruction efficiency
and boosting the overall experimental sensitivity, since N, o €.+ (Equation 7.8).

With these two main objectives in mind, MEG II Collaboration started to investigate the possibility
of developing a track finder using Deep Neural Network techniques, which are intrinsically fast and
have proven very effective in similar tasks [128, 129]. Here, the first results of a PR algorithm using a
Graph Neural Network (GNN) [130] architecture are presented.

What is a graph?

A graph G is a mathematical object defined as a pair (V, &), where V = {v;} is set of nodes (or vertices)
and € = {e;} is a set of edges connecting pairs of adjacent nodes (all nodes can be connected or just
some of them based on some relationship between them).

Many data structures emerging in physical problems can be organized in graphs. In the particular
case of particle tracking we can identify the set V as the ensemble of hits inside a detector and £ as the
set of segments connecting these hits. Particle tracking is the problem of identifying the subset of V
and & corresponding to hits left by a particle along its track and the track segments connecting them
using a suitable function ¢ operating on the elements of G. In general, ¢ will be a function of node,
edge and/or graph features.

In recent years many studies pointed out that Graph Neural Networks are suited to solve tracking
problems [129, 131]. Graph Neural Networks (GNN) are deep learning algorithms exploiting the strong
relation features of graphs to learn functions operating on them, allowing to calculate sophisticated
edge-, node- and graph-level outputs. A comprehensive introduction to GNN formalism useful for
applications in Particle Physics can be found in [130, 132].
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For the seek of simplicity, I will describe the underlying concept only of the GNN architectures
built to address the problem for a new MEG II PR algorithm (Section F).

The architecture & training

Graph Nodes and Edges Graph Nodes and Edges

(a) Event graph before the inference stage displayed (b) Event graph after the inference stage. The code
in the x — y view of the CDCH. CDCH hits are in  color is: blue for the hits belonging to the first track
pink, pTC hits are in blue. turn, orange for the second, red for the third.

t t
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(c) GNN heterogeneous architecture. Modified from [131].

Figure F.1: The GNN classifier implemented for MEG II

Architecture We implemented a GNN model based on the one in [131]: our PR task will reduce to
a node-classification algorithm on a graph built from detector hits.

The first step towards the realization of the algorithm is building a graph from an event in MEG II
tracker. Hits from the CDCH and the pTC are considered as the nodes of the graph and are connected
based on proximity criteria:
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+ A¢;; = distance between the anodes of the i—th and j—th hit in the CDCH (expressed in units of
16 wires, i.e. a CDCH azimuthal sector)< 1 if the hits lay in the same layer; < 3 if the hits are
from different layers;

+ Al;; = numbers of layers between the i-th and the j—th hit in the CDCH < 2;
« All pTC hits are connected between them and to the hits in the three outermost CDCH layers.

The result is a representation of the event like the one displayed in Figure F.1 (a): a set of nodes
connected with edges.

The goal of the proposed architecture is to classify detectors’ hits, distinguishing between signal
hits and noise. Because the positrons along their trajectory leave hits in peculiar patterns, characteristic
of the number of turns of the track inside the CDCH, we built a multi-classifier to separate between
noise and the different turns. The result of an inference step is visible in Figure F.1 (b).

The architecture (Figure F.1 (c)) is composed of three different Multi Layer Perceptron (MLP) net-
works ¢r,, Pr,, o With respectively seven, seven and five fully connected layers with 150 nodes each
and ReLU activation function . The MLPs ¢, and ¢o act on the graph elements (edges and nodes
respectively) to update the space of features based on the relationship between connected nodes and
edges (a strategy known as message passing): calling c_z)it;’- the set of initial (t;) features of the edge be-
tween nodes i and j, and J?it" the set of initial features of the i-th node, then the set of features are
updated iteratively with the following Equations:

' = g, (fit",;?;", Efg.) (F.1)

%= go ( 5 a:;) F2
J
where the sum }}; runs over all neighbors of node i. After evaluating new features at time ¢, this
procedure can be iterated.
The starting nodes’ and edges’ features are based on hits information available after the hit recon-
struction procedure (Chapter 3, Section 3.2). Those used currently in the model are:

Xi = {x04 Yo.» Pi» 03, zi» ti, ampl;} for CDCH hits
= {x, yi, zi, t;, ampl;} for pTC hits (F.3)
dij = {Axij, Ayij, At}

where x0;, yoi, i, 0;, z; are the CDCH wire coordinates at the center, its orientation angles and the
measured position along the wire of the hit; x;, y;, z; for the pTC are the hit coordinates as reconstructed
in the pTC tile.

¢r, returns the score of the multi-classification problem for each hit i and acts like:

Si = ¢, (J?it,a?}, Efj) (F.4)

Since the pTC and the CDCH are different detectors, with very different features characterizing
nodes and edges, we built an heterogeneous GNN: depending on whether the nodes represent CDCH
or pTC hits, a different NN is used. Therefore, we have two different NN for pTC and CDCH hits for
both ¢ and ¢, (illustrated in Figure F.1 (c)), and four different ¢ g, NNs acting on edges, depending on
the kind of nodes which are connected: ¢R1, pTC—CDCH> ¢R1, CDCH-pTC> ¢R1, pTC—pTC> ¢R1, CDCH-CDCH-

The GNN was built using PyTorch [133] framework with pytorch-geometric [134] library.

IReLU = Rectified Linear Units


https://pytorch.org/docs/stable/generated/torch.nn.ReLU.html
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Training The GNN was trained on = 100k

0055 KaleGraph Training : events containing positron tracks from Michel de-
o cay, collected in 2022 at 5x 107 u*/s beam intensity.
0.0501 — \alidation

The truth content of nodes’ labels (noise hits, first,
second, third turn etc...) is assessed by the standard
0.030 track finder algorithm based on the track following
strategy with Kalman Filter. Events with no recon-
structed positron are not used for training, since
they may bias the output with misleading labels.

0.045

Loss

0.035 -

0.030

0.025 ] The loss function optimized during the train-
O — ing stage is a categorical cross entropy, as defined in
e o rm T w [135]. A typical learning curve is shown in Figure

F.2.

Figure F.2: Loss descent during the training of the
GNN model.
Performances

At 5x107 y*/s beam intensity, most of the hits identified by the hit finder algorithms are actually noise,
or effects of cross-talk. This GNN model achieves 85% accuracy in classifying them (Figure F.3 (a) and
(b)), while maintaining an accuracy in assigning correctly signal hits to the track turn above 95% for
turns 1 and 2, which are also the more frequent cases.

These results were obtained without a thorough search in the space of hyper-parameters, but the
reasonable results achieved by this classifier pushed us towards the implementation of this GNN-based
PR inside the MEG II software, to test its performances on the full tracking chain (improvements on
the architecture are left for the future).

The GNN output is used as a filter: instead of feeding all CDCH and pTC hits to the Kalman Filter
track finding algorithm, we exploit the labels from the GNN output to discard noise and group hits
in classes of supposed track turns to ease the standard track finding algorithm with less and more
consistent hits to match in a track.

This simple workflow is represented in Figure F.4. More sophisticated strategies not based on the
Kalman Filter at all [136] could be investigated in the future.

The model was exported to the ONNX format and subsequently deployed using the ONNX Runtime
[137] to enable efficient inference within the MEG II software environment (C++-based).
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Figure F.3: Confusion matrix of the GNN model evaluated on a test sample of Michel positrons data at 53107 u*/s.



Figure F.4:  Scheme of
the GNN track finder task
for MEG 1I. First, CDCH
and pTC hits are fed into
the GNN model; second,
this classifier makes in-
ference about the prob-
ability of hits to belong
to certain track segments,

as described in the text;

third, CDCH and pTC hits

are passed to the stan-

dard Kalman Filter PR ac-

cording to the GNN labels.
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PR feeds all hits directly to
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Figure F.5: Comparison of the tracking efficiency at different beam intensities between the standard PR task,
the new GNN-based and Transformer-based PR and both DNN algorithms combined.

Positron reconstruction performances As shown in Figure F.5, the GNN-based track finder con-
sistently outperforms the conventional PR algorithm across all beam rates, yielding an efficiency im-
provement of approximately 10%.

In parallel with the GNN approach, an alternative deep neural network architecture based on a
Transformer model [138], which is described in [124, 139], has been developed. This model achieves
an enhancement in tracking performance similar (or slightly better) to the one obtained with the GNN
PR, as indicated by the green markers in Figure F.5.

The two approaches though are not equivalent and exploit complementary features of the data:
when applied sequentially, they provide an additional gain in performance, resulting in a tracking
efficiency of eSPCH ~ 82%, independent of the pile-up conditions.

The adoption of DNN-based algorithms for the track finding problem in MEG II has enabled a
tracking efficiency that surpasses the original design specifications, effectively mitigating the pile-up
limitations that affected the conventional PR algorithm.

In addition to the efficiency gain, a modest but consistent improvement is also observed in the reso-
lution of the reconstructed kinematic observables. Importantly, these resolutions exhibit no significant
dependence on the beam rate, confirming the robustness of the neural network-based reconstruction
against pile-up effects (see Table F.1).

Analysis speed-up The improvements in computing time are significant, with a speed-up of the
new track finder with the GNN classifier by a factor 30%-40% depending on the pile-up condition
(Figure F.6), which would improve by almost 30% the reprocessing time of MEG II data.

The time performances of the Transformer PR are comparable with that of the GNN algorithm, and
when the two algorithms are run in combination they match the computing time of the conventional
PR. Although the reprocessing time for the MEG II final analysis is not boosted by this new track finder
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Table F.1: Comparison of the resolutions on e* observables between the conventional Kalman Filter based PR
and the new PR using the GNN and Transformer classifier. The resolutions are measured on data of Michel
positrons collected at 5 x 107 p*/s in 2022.

Variable ‘ Kalman PR GNN + Transformer

ye [mm] | 0.71 +0.01 0.71 + 0.01
ze [mm] | 2.04 +0.02 2.02 + 0.02
e [mrad] | 6.40 +0.07 6.32 + 0.06
0, [mrad] | 7.55 + 0.07 7.48 + 0.09
pe [keV] 92 89

Pattern recognition computing time

mmm Kalman Filter
61 GNN
@ s
-]
o
> 4
(]
| -
83
£
=
l_
Figure F.6: Comparison 0
between the computing 2x107 u*ys 3Ix107 ut/s 4x107 u*/s 5x107 u*/s

time for the Kalman-based
PR (purple) or the GNN-
based PR (yellow).

Beam intensity

approach, most calibration tasks for the tracker can profit of the speed-up offered by the GNN PR, when

the full reconstruction chain is not needed (for example, for the iterative alignment procedure or B Field
alignment studies).

Implications for MEG II experiment The increase in tracking efficiency, achieved without any
degradation (and in fact with a slight improvement) of the tracker’s resolutions, has a direct impact
on the experimental sensitivity to the y* — e*y decay. In a quasi background-free experiment such
as MEG II, the sensitivity scales approximately linearly with the overall detection efficiency. Conse-
quently, the observed improvement translates into an expected gain in sensitivity of nearly 10%.
Furthermore, the robustness of the tracking performances against pile-up indicates that the detec-
tor is not intrinsically limited by high-rate conditions. This finding has allowed to identify a new opti-
mal operating point for the 2025 and 2026 data-taking campaigns, with a beam intensity of 5x 107 p*/s,
compared to the previously adopted 4 x 107 y*/s, thereby maximizing the data acquisition rate.
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