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Abstract

High-intensity muon beams are excellent tools for searches Beyond
Standard Model (BSM) physics that look for muon decays strongly
suppressed in the Standard Model. In this context, the High Intensity
Proton Accelerator (HIPA) facility at the Paul Scherrer Institut (PSI) in
Switzerland plays a key role, delivering the most intense continuous
muon beams in the world of up to a few 108 µ+/s.
Two of the experiments measuring the so-called golden channels of
charged Lepton Flavor Violation are hosted at HIPA: µ+ → e+γ as
searched for by the MEG II experiment, and µ+ → e+e+e− as searched
for by the upcoming Mu3e experiment. Part of the work presented here
is dedicated to the commissioning of the Compact Muon Beam Line
(CMBL), designed to deliver O(108 µ+/s) to the Mu3e experiment for
its first phase of data taking, expecting to reach a sensitivity of 10−15

on the branching ratio.
For its second phase, Mu3e will require larger statistics for its final sen-
sitivity goal of 10−16 and therefore a higher muon rate. The High In-
tensity Muon Beams project at PSI aims to increase the delivered muon
rates by two orders of magnitude to O(1010 µ+/s), with a huge im-
pact for low-energy, high-precision muon experiments and muon spin
rotation (µSR) techniques. The HIPA facility will be upgraded with
two new beamlines, MUH2, dedicated to particle physics experiments,
and MUH3, aimed at µSR measurements. In this thesis, the design
of MUH2 and MUH3 and the optimization of their beam optics using
genetic algorithm searches are presented, showing that the required
muon rates can be achieved.
In the context of rare physics processes, the MEG II detector allows to
test additional channels aiding the search for BSM physics. Thanks to a
Cockroft-Walton accelerator decoupled from the main accelerator com-
plex HIPA, a proton beam of up to 1.08 MeV in energy can be delivered
to the center of the detector for an independent measurement of the
anomaly observed by the ATOMKI collaboration in the angular distri-
bution of the internal pair creation pairs in the reaction 7Li(p,γ)8Be.
The analysis framework of MEG II was extended and adapted for such
a channel as part of this work. Particular emphasis is given to the treat-
ment of systematics due to the limited available Monte Carlo statistics
to model the background events.
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Sommario

I fasci di muoni ad alta intensità sono strumenti eccellenti per la ricerca
di fisica oltre il Modello Standard, attraverso decadimenti di muoni
fortemente soppressi nel Modello Standard. In questo contesto, le in-
frastrutture del High Intensity Proton Accelerator (HIPA) all’Istituto Paul
Scherrer (PSI) in Svizzera giocano un ruolo chiave, fornendo i fasci con-
tinui di muoni più intensi del mondo fino ad alcuni 108 µ+/s.
Due degli esperimenti alla ricerca dei cosiddetti golden channels della
violazione di sapore dei leptoni carichi sono ospitati al HIPA: µ+ →
e+γ, misurato dall’esperimento MEG II, e µ+ → e+e+e−, misurato
dall’imminente esperimento Mu3e. Parte del lavoro presentato in que-
sta tesi è dedicato al collaudo e messa in servizio della Compact Muon
Beam Line (CMBL), progettata per fornire O(108 µ+/s) all’esperimento
Mu3e nella sua prima fase di presa dati, con una sensitività attesa di
10−15 sul branching ratio.
Per la sua seconda fase di presa dati, Mu3e necessiterà di una mag-
giore statistica per raggiungere una sensitività di 10−16, e quindi di un
incremento dell’intensità del fascio di muoni. Il progetto High Intensity
Muon Beams al PSI mira ad incrementare l’intensità dei fasci di muoni
di due ordini di grandezza, fino a O(1010 µ+/s), con un impatto signi-
ficativo per esperimenti di precisione a bassa energia e per le tecniche
di muon Spin Rotation (µSR). L’infrastruttura del HIPA sarà aggiornata
con due nuove linee di fascio: MUH2, dedicata agli esperimenti di
fisica delle particelle, e MUH3, dedicata alle misure di µSR. In questa
tesi sono presentati il design di MUH2 e MUH3 e l’ottimizzazione
della loro ottica tramite algoritmi genetici, mostrando che le intensità
di muoni richieste possono essere raggiunte.
Nel contesto della ricerca di processi fisici rari, il rivelatore di MEG II
permette di testare ulteriori canali che aiutano la ricerca di fisica oltre
il Modello Standard. Grazie ad un acceleratore Cockroft-Walton disac-
coppiato dal complesso principale HIPA dell’acceleratore, un fascio di
protoni fino a 1.08 MeV di energia può essere trasmesso al centro del
rivelatore per una misura indipendente dell’anomalia osservata dalla
collaborazione ATOMKI nella distribuzione dell’angolo relativo nella
produzione di coppia interna nel processo 7Li(p,γ)8Be. Come parte
di questo lavoro, il framework di analisi di MEG II è stato esteso e
adattato per tale processo. Particolare attenzione è stata dedicata allo
studio degli effetti sistematici dovuti alla limitata statistica di eventi
Monte Carlo disponibile per modellare gli eventi di fondo.
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Introduction

Rare physics processes have proven to be powerful tools to test the Stan-
dard Model (SM) of particle physics and to search for physics Beyond the
Standard Model (BSM). In particular, the search for charged Lepton Flavor
Violation (cLFV) processes, as yet unobserved, would be a clear sign of BSM
physics.
Two channels are explored at the High Intensity Proton Accelerator (HIPA)
facility at the Paul Scherrer Institut (PSI) in Switzerland: the µ+ → e+γ de-
cay, investigated by the MEG II experiment, and the µ+ → e+e+e− decay,
investigated by the Mu3e experiment. While possible in the SM, these pro-
cesses are strongly suppressed, with branching ratios smaller than 10−54 [1],
meaning that any observation would be a clear sign of BSM physics.
The sensitivity goals on the branching ratio of the MEG II experiment [2, 3]
and of the first phase of Mu3e [4] data taking of 6× 10−14 and 10−15 set strin-
gent requirements on the intensity and properties of the muon beam. Today,
these can only be met by the πE5 beamline at PSI delivering O(108 µ+/s).
The Compact Muon Beam Line (CMBL) was designed to deliver muons to
the first phase Mu3e experiment without the necessity to remove the detec-
tor of the MEG II experiment from the πE5 area. The CMBL commissioning
started in 2014 and continued until 2018 [5, 6] without the Mu3e spectrom-
eter magnet, which was delivered to PSI only in 2020 [7]. In this thesis, the
work carried out between 2021 and 2023 to finalize the commissioning of
the complete CMBL is presented.

The second phase of the Mu3e experiment instead aims to reach a sensi-
tivity of 10−16, the requirements for which can currently not be met by
any facility worldwide. The High Intensity Muon Beams (HIMB) project
at PSI aims to increase the delivered muon rates by two orders of magni-
tudes to O(1010 µ+/s) by means of an upgraded target station [6] and two
new beamlines based on solenoidal elements. The MUH2 beamline is dedi-
cated to particle physics experiments, such as a second phase Mu3e detector,
while the MUH3 beamline is aimed at muon spin rotation (µSR) measure-
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ments. As part of this work, the simulation and optimization of the HIMB
beamlines are presented.

In the context of rare physics processes, the MEG II detector allows to test
additional channels aiding the search for BSM physics. In 2016 the ATOMKI
collaboration measured an excess in the distribution of the angular cor-
relation of the internal pair creation electrons and positrons [8, 9] in the
7Li(p,γ)8Be process and the MEG II detector is used to independently mea-
sure this anomaly. This is possible thanks to a Cockroft-Walton accelerator
independent from the main accelerator complex, which is normally used for
the calibration of the liquid xenon calorimeter of MEG II with the same pro-
cess. In this thesis, the framework for the likelihood analysis of the MEG II
experiment is extended and adapted for this channel.

The content of this thesis is organized as follows:

• Chapter 1 provides an overview of the theoretical motivations and a
description of the experimental setups of the MEG II and Mu3e exper-
iments. The production of muons in the HIPA facility is also outlined.

• Chapter 2 provides a brief introduction on elements of beam dynamics,
setting the basis for the following chapters.

• Chapter 3 describes the πE5 beamline and the activities carried out
between 2021 and 2023 to commission the CMBL. Special attention is
given to the results obtained during the 2022 commissioning and to
the characterization of the muon beam phase space used as an input
to finalize the commissioning in 2023. The requirements stated in [4]
are met and surpassed, with a muon rate of 7.5 × 107 µ+/s delivered
to the center of the Mu3e spectrometer.

• Chapter 4 introduces the context of the anomaly measured by the
ATOMKI collaboration and gives a comprehensive outline of the activ-
ities carried out to repeat the measurement with the MEG II detector.
Then, the analysis framework is presented, with particular emphasis
on the treatment of the systematics due to the limited available Monte
Carlo statistics to model the background events.

• Chapter 5 is dedicated to the HIMB project. First, the motivations
and the requirements are introduced. Then the upgrade is presented,
with particular emphasis on the design of the new beamlines, MUH2
and MUH3, and on the optimization of their optics using genetic al-
gorithms showing that the goal of O(1010 µ+/s) can be achieved with
the current layout.

• The Appendix is a collection of measurements and information com-
plementary to the main text.

2



Chapter 1

The Mu3e and MEG II experiments

The MEG II experiment and the Mu3e experiment aim to measure the rare
decays µ+ → e+γ and µ+ → e+e+e−, respectively. Together with µ−N →
e−N these processes are referred to as golden channels because they are
strongly suppressed in the Standard Model of particle physics (SM), allow-
ing for background free searches of Beyond Standard Model (BSM) physics.
In the following, an introduction to the SM is given and an outline of the the-
oretical framework of charged Lepton Flavor Violation (cLFV) is presented.
The experimental set-up of the MEG II and Mu3e experiments are described
in detail in the following sections. 1

The theoretical justification of cLFV searches is given in the
first two sections. Then, the MEG II and Mu3e phenomenol-
ogy and experiments are outlined. The final section describes
particle production at PSI. The chapter is an introduction to
the science case motivating the work exposed in this thesis.

1.1 The Standard Model

The Standard Model of particle physics (SM) is the most accurate and pre-
dictive theory to date, in the frame of particle interactions. It is a gauge the-
ory based on the group SU(3)C× SU(2 )L× U(1)Y [11]: the group SU(2)L×U(1)Y
describes the electroweak interaction; the group SU(3)C describes the strong
interactions.

The theory is composed of 25 elementary fields:

1The content of this chapter follows closely the first chapter of the master thesis [10] of
the author.

3



1. The Mu3e and MEG II experiments

• 12 fermions: these are the components of matter and they are divided
in leptons and quarks. The leptons interact only through electroweak
interaction, and they are divided in charged leptons (e, µ, τ) and neu-
tral leptons (νe, νµ, ντ). The quarks interact through electroweak and
strong interactions and they are divided in up quarks (u, c, t), and
down quarks (d, s, b). All of them are assumed to be massless.

• 12 bosons: these are the mediators of the interactions. They are: γ,
Z, W±, the mediators of the electroweak interaction; the 8 gluons (g)
mediators of the strong interactions. All of them are assumed to be
massless as well.

• Higgs: it is a scalar weak isospin doublet field responsible for the non-
zero masses of the electroweak bosons and of the charged fermions.

Figure 1.1 shows a list of the SM particles.

Figure 1.1: Standard Model particles. Adapted from [12].

The Lagrangian of the theory can be written as the sum of three contribu-
tions:

LSM = Lgauge + LHiggs + LYukawa
Lgauge = Fa

µνFaµν + iψγµDµψ + |DµH|2
LHiggs = µ2H†H − λ(H†H)2

LYukawa = gℓi,jℓi,RH†ℓj,L + gU
i,jUi,RH̃†Uj,L + gD

i,jDi,RH†Dj,L + h.c.

(1.1)

The gauge term describes the free fermion and boson fields, their interac-
tions and the coupling with the Higgs field. Fa

µν is the gauge-field strength

4



1.1. The Standard Model

tensor, defined as:

Fa
µν = DµGa

ν − DνGa
µ − c facbGb

µGc
ν (1.2)

where Ga
µ are the gauge vector fields, and fabc are the structure constants of

the group.
Dµ is the covariant derivative:

Dµ = ∂µ + igs
λa

2
Ga

µ + ig
τa

2
Aa

µ + ig′QYBµ (1.3)

where λa are the generators of SU(3) (a = 1, 8, Gell-Mann matrices), τa are
the generators of SU(2) (a = 1, 3, Pauli matrices), gs, g, g′ are the coupling of
strong, weak and electromagnetic interactions. QY is the weak hypercharge,
defined similarly to the Gell-Mann-Nishijima formula:

QY = 2(Q − T3) (1.4)

with Q the electric charge and T3 the third component of weak isospin.

The Higgs term describes the Higgs potential with µ2 > 0. It has infinite
degenerate minima corresponding to a non-zero vacuum expectation value
equal to

√
µ2/2λ. This term introduces the spontaneous symmetry breaking

that causes the mix between Bµ and W0,µ into Aµ and Z0, and the mass terms
of the gauge bosons [13].

The Yukawa term connects the left-handed (weak isospin doublet) and right-
handed component (weak isospin scalar) of the fermions through the Higgs
doublet, giving them mass.

1.1.1 Muon decay

The Lagrangian that describes the dynamics of a muon is [1]:

Lµ = eµ̄γνµAν+
− g√

2
(ν̄µγνµLW+

ν + µ̄LγννµW−
ν )+

−
√

g2 + g′2
(

µ̄Lγν
(
− 1

2 + sin2θW

)
µL + µ̄Rγνsin2θWµR

)
Z0

ν+

−mµ

ν µ̄µH

(1.5)

From top to bottom, each line represents the: electromagnetic interaction,
the charged current interaction, the neutral current interaction and the Yukawa
interaction. Figure 1.2 shows the tree level Feynman diagram of the muon
decay.

5



1. The Mu3e and MEG II experiments

Figure 1.2: Tree level diagram of muon decay process.

The muon decay time is [14]:

τµ = 2.196 981 1(22)µs (1.6)

Tab. 1.1 shows the decay channels and the respective branching ratios.

Decay channel Branching Ratio CL
µ− → e−ν̄eνµ ≈ 100%
µ− → e−ν̄eνµγ (6.0 ± 0.5)× 10−8 (for Eγ > 40 MeV)

µ− → e−ν̄eνµe−e+ (3.4 ± 0.4)× 10−5

µ− → e−νeν̄µ < 1.2 % 90 %
µ+ → e+γ < 4.2 × 10−13 90 %
µ− → e−e+e− < 1.0 × 10−12 90 %
µ− → e−2γ < 7.2 × 10−11 90 %

Table 1.1: Muon decay channels and their branching ratios [14].

1.2 Charged Lepton Flavour Violation

1.2.1 Neutrino oscillations

Charged Lepton Flavour Violation is strictly forbidden in the SM with mass-
less neutrinos. But a decay such as µ → eγ could be possible through
neutrino oscillations.
The introduction of massive neutrinos leads to the following branching ratio
[15]:

B(µ → eγ) =
3α

32π

∣∣∣ ∑
i,j=1,2,3

U∗
µiUej

∆m2
ij

m2
W

∣∣∣2 ≃ 10−55 − 10−54 (1.7)

where Uij is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [16, 17]
and ∆m2

ij is the difference between the squared masses of the i-th and j-th
generation neutrinos.

6



1.2. Charged Lepton Flavour Violation

Within this extended SM, such a process is forty orders of magnitude below
the current experimental sensitivity and, practically, inaccessible. On the
other hand, any observation of such a process would be a clear evidence
of new physics. Thanks to this unique feature, the µ+ → e+γ and µ+ →
e+e+e− processes are referred to as golden channels. Figure 1.3 shows the
history of limits on the cLFV golden channels branching ratios, together
with the expected sensitivity of MEG II, Mu3e and Mu2e.

Figure 1.3: The history of limits on the cLFV golden channels branching ratios. The open
markers indicate projected sensitivities. Plot modified from [18].

1.2.2 Beyond Standard Model Physics

Although very successful, the SM presents a number of criticalities which
cannot be explained within the theory itself [11]:

• naturalness and hierarchy problem: the Higgs mechanism gives an el-
egant solution to the problem of the gauge bosons masses, but it needs
an ”unnatural” fine tuning ∼ O−34 of the Higgs mass, if considering a
cutoff constant Λ ∼ MPlanck;

• dark matter and dark energy: from cosmological measurements it is
known that only the 4.9 % of the universe is composed of ordinary
matter, which is described by the SM. The 26.4 % is composed of Dark
Matter and the remaining 68.7 % is composed of Dark Energy, whose
components and nature are unknown;

• matter-antimatter asymmetry: CP violation in weak interactions can-
not explain the absence of anti-matter in the observable universe;

7



1. The Mu3e and MEG II experiments

• origin of neutrino masses.

A number of extensions to the SM aim to explain completely or in part
the aforementioned issues and many of them predict cLFV in the reach of
present-day experiments. Even though the picture is crowded with a large
number of models, the measurement of cLFV processes can set strong con-
straints on the parameter space and set a guide to new physics.

A common model-independent approach is to consider an effective La-
grangian by setting a cut-off scale Λ and by adding high dimensional op-
erators through the Wilson coefficients formalism. In the context of muon
decays, the golden channels can be used to set constraints on some of these
operators: as an example, Figure 1.4 shows the allowed region for coeffi-
cients CVRR

ee , CSLL
ee and CD

L for the current and foreseen limits on the three
golden channels at a W mass scale [19].

1.3 MEG II experiment

1.3.1 Process phenomenology

Being the µ → e+γ a two-body decay, the kinematics is fully constrained and
model-independent. In the center of mass frame a positron and a photon
are produced back to back (the µ+ is at rest), with energy equal to half of
the muon mass (mµ/2 = 52.8 MeV/c2).

The decay is fully characterized by four kinematic variables: the photon
energy Eγ, the positron momentum pe+ , their relative angle Θe+γ and tim-
ing te+γ. The number of expected signals for a given ratio B depends on
the stopping muon rate Rµ+ , the measurement time T, the solid angle Ω
subtended by the photon and positron detectors, the efficiencies of these
detectors (εγ, εe+) and the efficiency of the selection criteria εs:

Nsig = Rµ+ × T × Ω ×B × εγ × εe+ × εs (1.8)

The background can be distinguished in physical, due to the Radiative
Muon Decay (RMD) µ → e+νeν̄µγ, and accidental, due to the coincidence
between a Michel decay and a high energy photon coming from RMD, anni-
hilation in-flight (AIF) or bremsstrahlung from Michel positrons. In the next
paragraph the main characteristics of the backgrounds will be discussed.

1.3.1.1 Physical background

The background induced by RMD is caused by events with high energy
photons and low energy neutrinos, where the positron and the photon are
emitted back to back. The RMD branching ratio for Eγ > 40 MeV is (6.0 ±
0.5) × 10−8, which is non negligible if compared to the sensitivity goal of
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1.3. MEG II experiment

Figure 1.4: Allowed regions in the CSLL
ee − CVRR

ee (left) and in the CD
L − CVRR

ee (right) planes
from [19]. Existing (solid lines) and projected (dashed lines) limits are shown for µ+ → e+γ
(green), µ+ → e+e+e− (red) and µ−N → e−N (blue).

MEG II. A tight cut around the signal region can suppress such events and
depends only on the resolutions of the apparatus.
Figure 1.5 shows the dependence of the differential RMD branching ratio on
the photon energy and on the energy resolution of the photon and positron
reconstruction. The variables x, y and z are defined as follows:

x =
2Ee+

mµ
, y =

2Eγ

mµ
, z = π− Θe+γ. (1.9)

with Ee+ being the energy of the emitted positron. The branching ratios are
computed with respect to the FWHM of x and y, δx and δy, imposing that
the resolution on z satisfies δz < 2

√
δxδy.

The contribution in MEG II is expected to be smaller than 10−14.
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(a) Normalized energy spectrum for an
RMD photon

(b) Expected RMD branching ratio as
a function of δx and δy. δz < 2

√
δxδy

Figure 1.5: RMD branching ratio dependence [1].

1.3.1.2 Accidental background

The major contribution to the background consists of accidental coincidences.
The number of accidental events depends on the resolutions and on the stop-
ping rate:

Nacc ∝ R2
µ+ × ∆E2

γ × ∆Pe+ × ∆Θ2
e+γ × ∆te+γ × T (1.10)

where ∆ indicates the resolution on each measured quantity. Here, the de-
pendence on the stopping rate is quadratic, while for the physical back-
ground it is linear. Analogously to Mu3e, such a feature favours continuous
muon beams against pulsed muon beams, making the Paul Scherrer Institut
(PSI) a suitable host for the experiment.

1.3.2 Experimental apparatus

The MEG apparatus was installed in the πE5 experimental area at PSI, in
Switzerland, and the data-taking has been completed in 2013. In the last
years many upgrades were performed in order to push the sensitivity by an
additional order of magnitude. In the following, the major changes and the
resolutions will be exposed. After commissioning, the data taking started in
2021 and is currently ongoing.

Figure 1.6 shows the MEG II detector. The apparatus consists of: the Liq-
uid Xenon calorimeter (XEC), which measures the energy, the direction and
the time of flight of the photon; the positron spectrometer, composed of
the Cylindrical Drift CHamber (CDCH) and the superconducting solenoid
named COBRA (COnstant Bending RAdius), which tracks the positron and
measures its momentum; the pixelated Timing Counter (pTC), which mea-
sures the positron time of flight and improves the track reconstruction; the
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Radiative Decay Counter (RDC), which was not present in MEG and vetoes
events with low-energy positrons to further suppress the accidental back-
ground. The resolutions in the following are reported, if not specifically
cited, in [2].

Figure 1.6: 3D schematic view of the MEG II detector from [2].

1.3.2.1 The target

The muons are stopped in a thin target to reduce energy losses and im-
prove energy resolution on the outcoming positrons. The upgraded target
is a 174 µm thick scintillating disc tilted by 15◦ with respect to the beam
direction. The slanting angle allows to stop the muons in a smaller volume,
reducing both multiple scattering and AIF of the positrons, and to reduce
the density of the decay vertices, and therefore minimize accidental back-
ground. The target foil is supported by two hollow carbon fiber frames (see
Figure 1.7). The foil and the frame are printed with a pattern of white dots
superimposed on black background to monitor the position and deforma-
tion of the target through the data taking. The dots are elliptical with a
height of 0.51 mm and a width of 1.52 mm to appear circular when captured
with the camera. Six holes are bored in the target to extract its position
through the positron vertex distribution, allowing for redundancy.

1.3.2.2 The Liquid Xenon calorimeter

The XEC has been upgraded to improve the resolution and fix some of the
major issues of the old version [3, 20]. It is a 900 L C-shaped tank 38.5 cm
deep, corresponding to ∼ 14 radiation lengths (X0 = 2.7 cm), in order to com-
pletely contain the showers originating from the photon passage through
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1. The Mu3e and MEG II experiments

Figure 1.7: The MEG II target from [2]. A pattern of white dots on black background is printed
on the scintillating foil and on the frame to monitor the position and possible deformation of the
target through data taking.

Liquid Xenon. The scintillation process is possible thanks to the recombina-
tion and formation of the excited Xe∗2 , which is followed by ionisation. This
dimer does not exist at the ground state, letting the calorimeter be transpar-
ent to the scintillation light.

The light is collected by 4092 Multi-Pixel Photon Counters (MPPC, see Fig-
ure 1.8) on the inner face and 668 2-inch PMTs on the other sides. In MEG,
the PMTs were positioned on the inner face as well. The circular shape of the
PMTs caused reduced coverage leading to disuniformities in the response of
the detector. Each MPPC consists of four 6 mm × 6 mm sensors connected
in series to reduce the effective capacitance of the total element and increase
the timing accuracy. Figure 1.9 shows a view of the old and new versions of
the calorimeter. To reach the aimed sensitivity a thorough understanding

Figure 1.8: Custom MPPCs used in the MEG II LXe calorimeter from [3]. On the left the
picture of a MPPC. On the right the schematic view of a MPPC.

of the detector response is required and the energy scale of the XEC is of
particular relevance due to the performance drop of the MPPCs and to the
gain drop of the PMTs with time. A number of calibration sources are used
to cover the full calibration scale from UV light with LED mounted inside
the detector up to 129 MeV during dedicated runs. Details can be found in
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Figure 1.9: In the top panels the inner face view of the old (left) and new (right) version of the
calorimeter from [3]. In the bottom panels an example of scintillation light collection as detected
by the old (left) or new (right) version of the calorimeter.

[2]. Two of these calibrations are of relevance for this work:

• the 7Li(p,γ)8Be process, producing 14.8 MeV and 17.64 MeV;

• the π−p → π0n process or Charge EXchange (CEX) reaction.

The 7Li(p,γ)8Be is repeated three times per week, and the protons are pro-
duced and accelerated with a Cockroft-Walton (CW) accelerator completely
independent from the proton accelerator facility of PSI and of MEG exclu-
sive use. Details will follow in Chapter 4, where the measurement of the
Beryllium anomaly [21] with the MEG II detector is presented.

The CEX reaction is crucial for the calibration of the detector: the π0 is
produced with a boost in the laboratory frame, leading to the emission of
two γ with energy in the 55 MeV – 83 MeV range. The energy is selected by
applying a selection in the relative angle between the photon detected by the
XEC and that detected with a movable auxiliary detector based on Bismuth
Germanate (BGO) crystals. The lower end-point of the CEX spectrum allows
to reliably calibrate the energy scale close to the signal region. A concurrent
process is the radiative capture p(π−,γ)n where the photon has a 129 MeV
energy.
The CEX reaction is produced with a 70 MeV/c π− beam. In Chapter 5, a
tune for such a calibration is found for the MUH2 beamline of the High
Intensity Muon Beams project.

13
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1.3.2.3 The Cylindrical Drift Chamber and the COBRA magnet

MEG II uses a cylindrical shaped single volume drift chamber [3, 22]. The
wires are positioned in a stereo configuration for longitudinal hit localiza-
tion, inside a volume filled with a 90 %/10 % He-Isobutane gas mixture. The
total radiation length is 1.5× 10−3X0, allowing for a single hit resolution be-
low 120 µm, a momentum resolution of 130 keV/c and angular resolutions
of ≃ 5.5 mrad in the azimuthal angle and ≃ 4 mrad in the polar angle.

The solenoidal magnetic field produced by the COBRA superconducting
magnet, varies from 1.27 T at the center to 0.49 T at either ends. The gradient
is designed to guarantee a bending radius of positrons weakly depending
on the polar angle and to sweep quickly spiraling positrons outside the
spectrometer. Figure 1.10 shows the profile of the axial magnetic field of
COBRA.

Figure 1.10: Measured axial magnetic field of the COBRA magnet. The horizontal axis starts
at COBRA center.

The CDCH can be easily calibrated with Michel data, allowing for a contin-
uous monitoring. Additionally, a 53 MeV/c positron beam can be delivered
in πE5 to perform a calibration based on Mott scattering. Details can be
found in [2]. In Chapter 5, a tune for such a calibration is found for the
MUH2 beamline of the High Intensity Muone Beams project.

1.3.2.4 The Pixelated Timing Counter

The pixelated Timing Counter [23] consists of 512 elements composed of
a plastic scintillating tile (100 mm × 40 mm × 5 mm or 100 mm × 50 mm ×
5 mm sized, depending on the longitudinal position in the pTC) coupled
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with multiple SiPMs. Each tile has a time resolution of ∼ 75 ps. The overall
timing resolution depends on the number of hits (tiles) in the pTC and it
scales with a factor 1/

√
Nhit. Figure 1.11 shows a single tile and the complete

detector.

(a) Single pTC tile (b) Downstream side of pTC inside COBRA

Figure 1.11: pTC view from [3].

1.3.2.5 The Radiative Decay Counter

The Radiative Decay Counter is dedicated to the detection of low energy
RMD positrons to tag high energy gammas in the XEC as potential acci-
dental background events. Low energy particles spiral without hitting the
CDCH and those drifting in the downstream direction are detected by the
RDC as shown in Figure 1.12.
The RDC is expected to detect ≃ 42 % of the RMD γ background and to
improve the sensitivity on the µ+ → e+γ search of a 15 % factor.

Figure 1.12: Schematic view of the detection of RMD with the RDC from [3].

The RDC consists of 12 plastic scintillators coupled to MPPCs, dedicated
to timing measurements, and 76 LYSO crystals [24] coupled to one MPPC,
used for calorimetry measurements. Figure 1.13 shows a schematic view of
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the elements.

Figure 1.13: Schematic view of the RDC. The horizontal long plates in front are the plastic
scintillator bars, and the cubes behind are the LYSO crystals from [3].

1.3.2.6 The Trigger and DAQ systems

The MEG II upgrade leads to an increase in the total read out channel of
a factor three. The TDAQ system has been redesigned to cope with the
new requirements and to possibly allow for increased muon stopping rates:
different stopping rates have been tested and the current data taking is per-
formed at 4 × 107 µ+/s, to be compared with the 3 × 107 µ+/s of MEG.
Additionally, the requirement for an efficient offline pile-up reconstruction
and rejection is the availability of full waveform information. The DAQ sys-
tem has to provide state-of-the-art time and charge resolution and a sam-
pling speed in the GSPS range [3].

In the following paragraphs, the TDAQ system of the MEG II experiment is
introduced.

DAQ The system integrates the basic trigger and DAQ (TDAQ) function-
alities onto the same electronics board, the WaveDREAM Board (WDB). Fig-
ure 1.14 shows a schematics and a picture of the WDB. It reads 16 channels
with variable gain amplification (0.5 to 100) and flexible shaping through a
programmable pole-zero cancellation. Two DRS4 chips [25] are connected
to two 8-channel ADCs, which are read out by a Field-Programmable Gate
Array (FPGA) that performs complex trigger algorithms (sum of the input
channels, threshold cuts, etc.). When a trigger occurs, the DRS4 chip is
stopped and the internal analogue memory is digitized through the same
ADCs previously used for the trigger.
The WDBs can supply up to 240 V per channel thanks to an ultra-low noise
bias voltage generator based on a Greinacher multiplier.
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(a) WDB simplified schematics

(b) WDB picture

Figure 1.14: WDB view from [3].

Trigger The trigger is based on a real time reconstruction algorithm that
relies on the fast response detectors: LXe for γ observables and pTC for
e+ observables. The FPGA in the WDB performs the reconstruction of de-
cay products observables, such as momenta, relative timing and direction,
through logic equations.

1.3.2.7 Expected sensitivity

Tab. 1.2 collects the resolutions and efficiencies of the MEG II detector
as measured in 2022 compared to the performances of the MEG detector
[2].The expected sensitivity is shown in Figure 1.15. Assuming 20 weeks of
DAQ time per year, it is possible to achieve a 6 × 10−14 sensitivity in 2026.
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MEG MEG II
Resolutions

δEe+ [keV] 380 89
δθe+ [mrad] 9.4 7.09
δφe+ [mrad] 8.7 6.83
δze+/δye+ [mm] 2.4/1.2 1.85/0.75
δEγ (w > 2 cm/w < 2 cm) [%] 2.4/1.7 2.0/1.7
δuγ/δvγ/δwγ [mm] 5/5/6 2.5/2.5/5.0
δte+γ [ps] 122 78

Efficiencies [%]
Trigger ≃ 99 ≃ 82
Photon 63 63
e+ (tracking × matching) 30 64

Table 1.2: Comparison between the resolutions of MEG II and MEG [2].
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Figure 1.15: Expected sensitivity of MEG II as a function of the DAQ time compared with the
bounds set by MEG [26].

1.4 Mu3e experiment

1.4.1 Process phenomenology

The signal of the Mu3e experiment is characterized by two positrons and one
electron coming from a common vertex. The kinematics of a possible signal
depends on the underlying physics and the sensitivity is model dependent
[1, 4]. In the center of mass frame, the total momentum is zero and the total
energy is the mass of the muon. Comparing different effective operators
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scenarios, the highest energy particle in the decay is likely to have momenta
higher than 35 MeV/c and the lowest energy is peaked close to zero and
quickly decreasing to the kinematic edge (mµ/2) [15]. A low material budget
is needed to measure such a process to measure the low energy particles.
Additionally, the three particles lie in the same plane in the center of mass
frame. The decay is then completely described by two variables and three
rotation angles to individuate the decay plane.

Analogously to MEG II, both physical, radiative muon decays with internal
conversion µ+ → e+e−e+νeν̄µ, and accidental (combinatorial) background
are present. The latter can be induced by the combination of any among
Michel Decays, RMDs, and Bhabha scattering, where a positron from the
beam or any other source scatters on an electron in the target leading to an
electron-positron pair with the same vertex. In the next paragraphs the main
characteristics of the backgrounds will be discussed.

1.4.1.1 Physical Background

RMD with internal pair creation is the main source of background for the
experiment. It is due to events with low energy neutrinos, setting stringent
requirements on momentum resolution. To meet the sensitivity goal of the
first phase of the Mu3e experiment, 2 × 10−15, with a 2σ cut in the invariant
mass, average resolutions better than 1 MeV/c2 are required [4].
Radiative pion decay with internal and external conversion can lead to
events similar to signal events, but it is strongly suppressed due to the low
pion contamination in the beam (⪅ 10−7).

1.4.1.2 Accidental background

Positrons from Michel decays and RMDs can combine with electrons from
RMDs with photon conversion into a fake signal event. Additionally positron
tracks could be reconstructed as electrons. Bhabha scattering of positrons
from the beam or other positron sources produce electron-positron pairs
with a common vertex.
High resolution vertexing and timing are required to suppress the combina-
tion of these processes, together with a robust determination of the direction
of motion of the particles.
Low positron contaminations in the muon beam are necessary and as for
MEG II, continuous muon beams are preferred to minimize the background.
Chapter 3 focuses on the commissioning of the Compact Muon BeamLine
(CMBL) to serve the Mu3e experiment.
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1.4.2 Experimental apparatus

The Mu3e experiment is planned in two distinct phases: phase I, at the cur-
rently available most intense continuous muon source to reach a sensitivity
of 2 × 10−15; phase II, to ultimately reach a sensitivity of 10−16. The latter
is a strong driver for the High Intensity Muon Beams project described in
Chapter 5. Whereas the concept of phase II detector is the same, here the
focus is set on the phase I apparatus.

A schematic view of the Mu3e detector is shown in Figure 1.16. The appa-
ratus consists of: the spectrometer, composed of the Pixel Tracker and the
Mu3e solenoid, to measure the momentum of positrons and electrons and
resolve their vertices; the Scintillating Fibre detector (SciFi), to measure the
timing and determine the direction of motion of the tracked particles; the
Scintillating Tile detector (SciTile), to provide additional timing for particle
recurling away from the target area. The resolutions in the following are
reported, if not specifically cited, in [4].

Figure 1.16: 3D schematic view of the Mu3e detector. Adapted from [4].

1.4.2.1 The Target

The muons are stopped in a thin hollow double cone target to maximize
the stopping power and minimize the material budget for the outcoming
positrons and electrons. The target is long 100 mm with a radius of 19 mm
and is made from 70 µm of aluminised Mylar® (biaxially-oriented polyethy-
lene terephthalate) in the front part and 80 µm Mylar® in the back part.
Figure 1.17 shows a scheme and a picture of the target. The conic shape
allows to set a slanting angle between the muon beam and the surface of the
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target leading to effects analogous to those described for the MEG II target:
lower density of decay vertices and reduced multiple scattering and AIF of
the positrons. The target is glued on a carbon tube fixed in a dedicated
support structure with an alignment mechanism.

Figure 1.17: The Mu3e target from [4]. Left: a sketch of the Mu3e target. Right: a picture of
the Mu3e the target.

1.4.2.2 Magnetic Spectrometer

As opposed to MEG, where the narrow acceptance of the detector is op-
timized to resolve the edge of the Michel spectrum, the Mu3e experiment
needs to have a large acceptance, due to the kinematics of the three body
decay, and a uniform magnetic field is preferred. To achieve the sensitivity
goal, a homogeneous magnetic field of 1 T is preferred. The inhomogeneities
along the axial direction are required to stay below 10−3 within ±60 cm from
the center. An iron shielding encloses the magnet to reduce the fringe fields
to lower than 5 mT at a distance of 1 m.
Figure 1.18 shows the axial field profile of the magnet. Additionally the
Mu3e solenoid provides focusing to transport the beam to the target. The
coupling from the quadrupole section into the spectrometer is deepened in
Chapter 3 as part of the commissioning of the Compact Muon Beam Line
(CMBL) delivering the beam to the experiment.

1.4.2.3 Pixel Tracker

The pixel tracker, to measure the momentum of outcoming positrons and
electrons, consists of a central part and two stations on the sides as shown
in Figure 1.19. The central part provides the main hits for the vertexing and
track reconstruction, while the side stations (recurl stations) allow for higher
resolution on tracks which do not recurl in the central part.
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Figure 1.18: Axial magnetic field of the Mu3e magnet. The horizontal axis starts at Mu3e
center. The field is computed with the RADIA software [27].

Each station consists of multiple layers of silicon sensors and each layer is
composed of two half-shell modules. The modules integrate multiple lad-
ders, the smallest mechanical unit in the tracker. The inner tracker consists
of two layers 120 mm long with minimum radii 23.3 mm and 29.8 mm. The
outer tracker consists of two layers 340 mm and 360 mm long with minimum
radii 73.9 mm and 86.3 mm respectively. Figure 1.20 shows the details of the
mechanical assembly of the central tracker.
To ensure low material budget, each ladder is a strip of 50 µm thick High-
Voltage Monolithic Active Pixel Sensors (HV-MAPS), the MuPix sensors,
mounted on a low mass flexible printed circuit. The MuPix sensors are all
size 20 mm × 20 mm. Digital and analogue circuitry is on the side of each
sensor, elongating them on one side to 23 mm. High Density Interconnect
(HDI) circuits provide power to the sensors, transmit control signals and
read out the data. The material budget for a single ladder is approximately
X/X0 = 0.115 %.

Due to the high power dissipation (∼ 250 mW/cm2), the sensors are cooled
with a continuous gaseous helium flow. Helium is chosen as a coolant to
minimize the material budget on the tracked particles.

Figure 1.21 shows the momentum resolution from [4] in the accepted mo-
mentum bite for short (4 hits) and long (6-8 hits) tracks.
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Figure 1.19: 3D schematic view of the Mu3e Pixel Tracker from [4]. The detector consists of a
central tracker and two side stations (recurl stations) for tracks recurling outside of the central
tracker.

Figure 1.20: Left: geometry of the central tracker. Right: 3D-model of each sub-component of
Layer 1. From [4].
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Figure 1.21: Left: momentum resolution as a function of the generated momentum for tracks
with 4 reconstructed hits (short tracks). Right: momentum resolution as a function of the
generated momentum for tracks with 6 (black) and 8 (red) reconstructed hits (long tracks).
From [4].

24



1.4. Mu3e experiment

1.4.2.4 The Scintillating Fibre detector

The timing in the central tracker is provided by the Scintillating Fibre detec-
tor (SciFi). An open view of the central tracker is shown in Figure 1.22.

Figure 1.22: Open view of the central pixel tracker enclosing the SciFi detector, in light blue,
from [4].

The SciFi detector is barrel shaped, with an inner radius of 61 mm and a
length of 300 mm. It is composed of 12 ribbons of fibres, each 300 mm long
and 32.5 mm wide. Each ribbon consists of 3 layers of 250 µm diameter
round plastic fibres, staggered to provide maximum acceptance. Figure 1.23
shows a picture of a 4-layers ribbon prototype and its front view. SiPM
arrays detect scintillation light on both ends of each ribbon.

Figure 1.23: Left: SciFi ribbon prototype. Right: front view of the SciFi ribbon prototype.
From [4].

For tracks recurling in the central tracker, the SciFi provides information on
the charge of the particle through the correlation between the time difference
of two consecutive crossings (∆tfibres) and the length of the trajectory as
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shown in Figure 1.24, allowing to assess the charge of the particle or reject
mis-reconstructed tracks. The timing resolution is expected to be 250 ps.

Figure 1.24: Left: length of the reconstructed trajectory vs time between two consecutive fibre
crossings. Right: reconstructed speed of recurling tracks. Tracks with wrong charge assignment
and/or mis-reconstructed are shown in red. Correctly reconstructed charges are shown in blue.
From [4].

1.4.2.5 The Scintillating Tile detector

The Scintillating Tile (SciTile) detector is positioned inside the recurl sta-
tions, after tracking is performed. This allows to increase the material bud-
get to achieve higher timing resolutions. Two 342 mm long SciTile stations
are mounted inside each recurl tracker station. The detector is segmented in
52 tiles along the beam axis and in 56 tiles along the azimuthal angle. Each
tile is a 6.3 mm × 6.2 mm × 5.0 mm plastic scintillator. The smallest mechan-
ical unit, the sub-module, consists of 32 tiles and SiPM channels. The outer
tiles of the sub-modules have the edges bevelled by 25.7◦. 13 sub-modules
are mounted on a water-cooled aluminum support to compose a module.
The full detector consits of 7 modules mounted on two endrings connected
to the beam pipe.
Figure 1.25 shows a 3-D rendering of the SciTile detector and its compo-
nents. The time resolution measured for a single tile is ∼ 45 ps and decreases
with the number of hits as shown in Figure 1.26.
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(a) SciTile sub-module (b) SciTile module

(c) SciTile detector (d) SciTile detector support, front view

Figure 1.25: 3-D CAD rendering of the SciTile detectors and its components from [4].

Figure 1.26: Measured time resolution as a function of the number of hits from [4].
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Figure 1.27: Top: expected reconstructed mass versus the center of mass (CMS) momentum
for the signal (solid black lines) and the main background (dots). In red, the internal conversion
background. In blue, the accidental coincidences between Michel decays and Bhabha scattering.
Bottom: expected single event sensitivity (SES) and corresponding 90 % and 95 % confidence
level (CL) upper limits as a function of running time. From [4].

1.4.3 Expected sensitivity

Figure 1.27 shows the expected reconstructed mass versus the CMS momen-
tum for the signal and the background and the expected sensitivity as a
function of running time.

In a wide signal box in the mass range from 103 MeV/c2 to 110 MeV/c2
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with a center of mass (CMS) momentum pcms < 4 MeV/c, 0.57(4) Radiative
Michel Decays with internal conversion and 1.9(14) accidental coincidences
of Michel and Bhabha event are expected in the signal region for 2.5 × 1015

muon stops. This corresponds to 300 days of data taking at 108 µ+ stops/s.
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1.5 Muon beams production at PSI

Figure 1.28: Layout of the HIPA facility.

As both MEG II and Mu3e are coincidence experiments, they both suffer
from accidental background. Depending on the nature of the accidental
event, the rate of such a background can scale with second or even third
power of the muon stopping rate [1, 15]. If the average rate is kept constant,
a pulsed beam will induce higher accidental backgrounds than a continuous
beam.
The High Intensity Proton Accelerator (HIPA) facility at PSI delivers the
highest continuous muon rates in the world, up to 108 µ+/s, making it a
suitable host for both experiments.

1.5.1 The High Intensity Proton Accelerator facility

Figure 1.28 shows the layout of the HIPA facility. An Electron Cyclotron
Resonance ion source (ECR) ionizes hydrogen. The first acceleration is pro-
vided by a high power Cockroft-Walton accelerator to 870 keV. The acceler-
ation continues then at the Injector II (INJ2) cyclotron to 72 MeV and at the
RING cyclotron to reach the terminal energy of 590 MeV. Up to 2.4 mA of
protons can be delivered in continuous wave, allowing for beam powers up
to 1.4 MW.

The beam can be either steered to the Ultra Cold Neutron (UCN) source or
to the meson production targets:

• Target M (TgM): 5 mm thick polycrystalline graphite target. It serves
a beamline for muon spin spectroscopy (µSR) and a high resolution
pion beam line.
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• Target E (TgE): 40 mm thick polycrystalline graphite target. It serves
the highest intensity muon beamlines.

Both targets rotate at 1 Hz to allow for radiation cooling.

The remaining proton beam, ∼70 % of the initial power, is used for neutron
production at the spallation target of the Swiss Neutron Spallation Source
(SINQ).

1.5.2 Muon production

Figure 1.29: Cartoon of the muon production at PSI. Protons impinge on the graphite producing
charged pions, which then decay to muons. Muons produced in the target from the pion decay
at rest are called surface muons. Muons produced by the pion decay in flight are called cloud
muons.

The muons are produced by the decay of pions generated at the two targets.
Depending on where they are created, we classify:

• Surface and sub-surface muons (5-30 MeV/c): they are created inside
the target from pions at rest as a monochromatic line of 29.8 MeV/c of
momentum. Their energy depends only on their path inside the target
allowing for high yields in a narrow momentum bite. As neutrinos are
left-handed, they are fully polarized.

• Cloud muons: they come from pion decay in flight.

Figure 1.29 shows a cartoon of the muon production process. The time
structure of surface muon beams depends on the proton beam bunching.
At HIPA, the radio frequency cavities work at 50.6 MHz, making the bunch
spacing ∼ 20 ns. Even though the pion production follows closely the proton
bunching, this structure is washed out in the surface muon production due
to the decay time of charged pions being 26 ns and due to the coherence
loss along the muon transfer lines. The surface muon beam is therefore
continuous.
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1. The Mu3e and MEG II experiments

In 2019, a slanted version of TgE was tested and then permanently installed
in 2020 as TgE*. The upgrade consisted in the introduction of a slanting
angle with the proton beam of 8◦ while keeping the material budget in
the direction of the proton beam constant at 40 mm to not affect neutron
production at SINQ. Because surface muons are generated in the epithermal
region of the target, within the outer 200 µm – 400 µm [6], the slanting angle
allows to reduce the volume of the target while keeping the surface constant.
The muon yield increase depends on the muon emission angle and was
measured to be 30 % – 50 % depending on the experimental area.
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Chapter 2

Beam dynamics and matrix formalism

This work is focused on both the commissioning of the Compact Muon
BeamLine (CMBL) in the context of the Mu3e experiment and on the opti-
mization and evaluation of different beamline designs for the High Intensity
Muon Beams (HIMB) project. A brief introduction on elements of beam dy-
namics is given in the following to set basic concepts needed in Chapter 3
and Chapter 5. When not explicitly stated, the reference for this chapter is
[28].

This chapter serves as an introduction to the notions of beam
dynamics needed for Chapter 3 and Chapter 5.

2.1 Hamiltonian formalism

As opposed to the Lagrangian formalism, the Hamiltonian formalism uses
coordinates and momenta as canonical variables instead of coordinates and
velocities. Whereas equivalent, these two formalisms highlight different un-
derlying properties of a dynamical system:

• Lagrangian formalism is well suited for the description of systems
with constraints and for the description of dissipative systems;

• Hamiltonian formalism is well suited for the decscription of systems
with symmetries and conserved quantities, that can be handled through
canonical transformations.

Particle beam dynamics is usually described using the Hamiltonian formal-
ism, which allows to propagate particles through the accelerator lattice with
symplectic operators. Further details are provided in Section 2.2.

33



2. Beam dynamics and matrix formalism

The Hamiltonian of a charged particle in an electromagnetic field is given
by:

H = eφ +
√

c2( p⃗ − eA⃗)2 + m2c4 (2.1)

with φ the electric potential, A⃗ the magnetic vector potential, m the mass of
the particle, e its charge and p⃗ its momentum.

2.1.1 Frenet-Serret coordinates

A common approach to beam dynamics is to express the motion relative to
a reference orbit using the so-called Frenet-Serret coordinates. In such case
we can express an arbitrary trajectory as:

r⃗(z) = r⃗0(z) + ∆⃗r(z) (2.2)

with r⃗0(z) been the ideal orbit and ∆⃗r(z) the local deviation from the ideal
orbit in the coordinate system perpendicular to the reference orbit in z. The
system is defined by the unit vectors:

u⃗x(z) horizontal unit vector ⊥ to the reference trajectory (2.3)
u⃗z(z) unit vector ∥ to the reference trajectory (2.4)
u⃗y(z) = uz(z)× ux(z) (2.5)

u⃗x(z) and u⃗y(z) define the so-called transverse plane. Figure 2.1 shows the
coordinate system.

Figure 2.1: Frenet-Serret coordinate system from [28].
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2.1. Hamiltonian formalism

The change in unit vectors are determined by:

du⃗x

dz
= κxu⃗z (2.6)

du⃗y

dz
= κyu⃗z (2.7)

with κx and κy the curvatures of the reference trajectory in the horizontal
and vertical plane respectively.
We can then write:

r⃗(z) = r⃗0(z) + x(z)u⃗x(z) + y(z)u⃗y(z) (2.8)
d⃗r = u⃗xdx + u⃗ydy + u⃗zhdz (2.9)

h = 1 + k0,xx + k0,yy (2.10)

with k0,x and k0,y the curvatures of the reference trajectory in the horizontal
and vertical plane respectively.

The reference r⃗0(z) does not need to be the trajectory of a reference particle,
it could also be defined as the centerline of the beamline instead, that is to
say the geometric axis of the beamline. This is an important point for those
systems where the centerline is not a solution of the equations of motion, as
in the case of HIMB.

Equation 2.1 can be expressed now in the local coordinate system:

H = eφ + c

√
m2c2 + (px − eAx)2 + (py − eAy)2 +

(pz − eAzh)2

h2 (2.11)

We can now change the independent variable to z by solving the Hamilto-
nian for pz and dividing it by the momentum p:

p =

√
(H − eφ)2

c2 − m2c4 (2.12)

K = − pz

p
= − eAzh

p
+ h

√
1 − p2

x
p2 −

p2
y

p2 (2.13)

which can be rewritten by using the slopes x′ = dx/dz = px/pz and y′ =
dy/dz = py/pz, which are the new conjugate momenta:

K = − eAzh
p

− h

√
1 − x′2 + y′2

1 + x′2 + y′2
(2.14)
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2. Beam dynamics and matrix formalism

The transverse components of the magnetic potential are neglected here
as usual accelerator elements, like quadrupoles and dipoles, have a mag-
netic field that is perpendicular to the reference trajectory. For solenoids,
where this is not the case, additional terms are added as perturbations to
this Hamiltonian.

2.1.2 Paraxial approximation

Particle accelerators constrain the motion along the z axis, resulting in small
deviations from the reference trajectory. In such regime, x′2 + y′2 ≪ 1 and
p ≈ pz and therefore we can expand the square root to first order:

K ≈ − eAzh
p

− h
√

1 − x′2 − y′2 (2.15)

Finally, we express the momentum of a charge particle by its deviation from
the reference momentum p0:

δ =
p − p0

p0
(2.16)

p = p0(1 + δ) (2.17)
1
p

=
1

p0(1 + δ)
≈ 1

p0
(1 − δ) (2.18)

The Hamiltonian takes then the form:

K ≈ − eAzh
p0

(1 − δ)− h
√

1 − x′2 − y′2 (2.19)

The equations of motion are then:

∂K
∂x

= −x′′ = − ec
cp0

∂Azh
∂x

(1 − δ)− k0,x

√
1 − x′2 − y′2 (2.20)

∂K
∂y

= −y′′ = − ec
cp0

∂Azh
∂y

(1 − δ)− k0,y

√
1 − x′2 − y′2 (2.21)

One can compute the magnetic field in the Frenet-Serret coordinate system:

hBy = −∂hAz

∂x
(2.22)

hBx =
∂hAz

∂y
(2.23)

⇒ x′′ +
ec

cp0
Byh(1 − δ)− k0,x

√
1 − x′2 − y′2 = 0 (2.24)

⇒ y′′ − ec
cp0

Bxh(1 − δ)− k0,y

√
1 − x′2 − y′2 = 0 (2.25)
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2.2. Matrix formalism

These are the equations of motion of a charged particle in a magnetic field
(Bx, By).

2.2 Matrix formalism

For highly relativistic particles, magnetic fields are preferred thanks to the
linear scaling in β of the Lorentz force in the magnetic component. For
lower velocities both electric and magnetic fields are used. Here only mag-
netic fields are considered.

In particle beam optics, a lattice of electromagnetic elements is used to re-
strict the motion of a beam of particles within a well specified region in
space. This allows to simplify the problem by restricting the kind of fields
employed to easy to handle ones, like pure multipolar components. An ad-
ditional simplification usually adopted is to consider only magnetic fields
transverse to the reference trajectory. In such case, solenoidal fields can be
treated as perturbations to the main magnetic field.

Dipolar fields, hence uniform magnetic fields, are used to define the refer-
ence trajectory. From the expression of the Lorentz force, the bending radius
ρ of a particle moving in a dipole is:

mγv2⃗k + e⃗v × B⃗ = 0 (2.26)

kx,y =
∓eBy,x

mγv
=

∓eBy,x

p
(2.27)

ρ =
p

eB
(2.28)

The quantity Bρ is usually referred to as rigidity.

2.2.1 Equations of motion

We want now to simplify the equations of motion and to linearize them.
Together with the paraxial approximation, another ideal assumption is that
the momenta of the particles are close to that of the reference, i.e. δ ≪ 1.
Starting from Equation 2.24, for beams propagated in the horizontal plane
with no vertical coupling (y = 0):
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2. Beam dynamics and matrix formalism

x′′ = − ec
cp0

Byh(1 − δ) + kx

√
1 − x′2 − y′2 (2.29)

≈ − ec
cp0

Byh(1 − δ) + kx

(
1 − 1

2
x′2 − 1

2
y′2
)
+O(3) (2.30)

≈ −1
ρ
(1 − δ)h + kx +O(3) (2.31)

here the expansion was truncated at second order in x, y, x′, y′ and δ.

With h = 1 + kxx:

x′′ ≈ −1
ρ
+

1
ρ

δ +
1
ρ
(1 − δ)kxx + kx +O(3) (2.32)

We can expand the general curvature 1/ρ to second order in x:

1
ρ

= kx + k1x +O(2) (2.33)

where k1 is the linear multipole of the magnetic field, or quadrupole.

To the first order, the equations of motion are:

x′′ + (k1 + k2
x)x = kxδ +O(2) (2.34)

Analogously, for the vertical plane:

y′′ + k1y = O(2) (2.35)

with ky = 0. We derived the Hill’s equations for a particle in a magnetic
field. The homogeneous equation can be written as:

u′′ + Ku = 0 , with u = x, y (2.36)

Assuming the initial conditions u(z0) = u0 and u′(z0) = u′
0, the solution is:

u(z) = C(z)u0 + S(z)u′
0 (2.37)

u′(z) = C′(z)u0 + S′(z)u′
0 (2.38)

C(z) =

{
cos(

√
Kz) K ≥ 0

cosh(
√
−Kz) K < 0

(2.39)

S(z) =

{
1√
K

sin(
√

Kz) K ≥ 0
1√
−K

sinh(
√
−Kz) K < 0

(2.40)
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2.2. Matrix formalism

The restoring force K will be generally dependent on z. The solutions shown
above can be generalized to such case. We substitute the solutions into
Equation 2.36:

[S′′(z) + K(z)S(z)]u0 + [C′′(z) + K(z)C(z)]u′
0 = 0 (2.41)

Solutions need to exist for any u0 and u′
0, so the need to vanish separately:

C′′(z) + K(z)C(z) = 0 (2.42)
S′′(z) + K(z)S(z) = 0 (2.43)

2.2.2 Transfer matrices

We can express Equations 2.37 and Equation 2.38 in matrix form:[
u(z)
u′(z)

]
=

[
C(z) S(z)
C′(z) S′(z)

] [
u0
u′

0

]
(2.44)

For each element of the lattice we obtain the so-called transfer matrix, allow-
ing to propagate the initial conditions to any point of the accelerator. In a
drift of length L, the transfer matrix is:

Mdri f t(0|L) =

[
1 L
0 1

]
(2.45)

In a quadrupole magnet of length l and strength k1 > 0, the transfer matrix
is:

Mquad(0|l) =

[
cos(

√
k1l) 1√

k1
sin(

√
k1l)

−
√

k1 sin(
√

k1l) cos(
√

k1l)

]
(2.46)

Higher order terms are introduced as perturbations to the solution to the
homogeneous Hill’s equation. Dispersion is an example of such treatment.
In general beams deviate from the monochromatic hypothesis and have in-
deed a finite momentum spread. Such deviation introduces variations in
the curvature, causing for instance more rigid (higher rigidity) particle to be
steered less and vice versa. The first order correction to this effect is shown
in Equation 2.47:

x′′ + K(z)x = kx(z)δ +O(2) (2.47)

The particular solutions to the perturbation can be found with the Green’s
function of the homogeneous equation:

G(z, z̃) = S(z)C(z̃)− C(z)S(z̃) (2.48)

P(z) = δ
∫ z

z0

kx(z̃)G(z, z̃)dz̃ (2.49)

P(z) = δ
∫ z

z0

kx(z̃)
[
S(z)C(z̃)− C(z)S(z̃)

]
dz̃ = δDx(z) (2.50)
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2. Beam dynamics and matrix formalism

The term δDx(z) is to be added to the homogeneous solution and is the shift
in the transverse direction given by a particle with momentum deviation δ.
Dx(z) is the so-called dispersion function. In matrix form, we can expand the
state vector to include the momentum deviation δ: x(z)

x′(z)
δ(z)

 =

C(z) S(z) Dx(z)
C′(z) S′(z) 0

0 0 1

x0
x′0
δ0

 (2.51)

2.3 Beam emittance

In mechanics, the space described by the coordinates and their conjugate
momenta is called phase space. As shown above, in beam dynamics the con-
jugate momenta are approximated by the slopes of the single particle trajec-
tories, from now on referred to as divergences. The slopes themselves are
indeed the tangent of the angular divergence of the particles with respect to
the reference orbit and in the paraxial approximation they can be approx-
imated by such angles. For such reason, the divergences are expressed in
radians.

It is usually convenient to not track each particle in a beam through the
beam, but to describe the collective motion of their distribution. This is
possible thanks to Liouville’s Theorem: it can be shown that the density of
particles in phase space is constant if under the influence of conservative
forces. This is true for electromagnetic fields.
In the matrix formalism, such property is equal to requiring the transfer
matrices to be symplectic.

Lioville’s theorem means also that any closed surface in phase space at a
given point along the lattice will be transformed into a closed surface en-
closing an equal volume at any other point along the lattice. Such volume
is usually called beam emittance and the surface definition might vary de-
pending on the properties of the beam. If no correlation is present among
the horizontal, vertical and longitudinal coordinates, the area of their sub-
spaces is conserved as well, and the total emittance is given by their product.
It is particularly convenient to use ellipses to define such surfaces:

γxx2 + 2αxxx′ + βxx′2 = εx (2.52)

with αx, βx, γx and εx the ellipse parametrs. εx is the emittance and the area
enclosed by the ellipse is J = πεx. The inclusion of π in the emittance is a
possible notation as well and there is no uniformity in the field concerning
the convention. To avoid confusion, in the following the emittance will be
quoted in units of π. The parameters αx, βx and γx are also known as Twiss
parameters. Figure 2.2 shows the ellipse in Equation 2.52.
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2.3. Beam emittance

Figure 2.2: Beam ellipse definition adapted from [28].

A general ellipse in the N−dimensional space can be written as:

x⃗TΣ−1x⃗ = 1 (2.53)

Its volume is given by:

VN =
π

N
2

Γ(N/2 + 1)

√
det Σ (2.54)

with Γ(x) the gamma function.

For simplicity we consider again only the horizontal coordinates:

Σ =

[
σxx σxx′

σxx′ σx′x′

]
= ε2

[
εx −αx
−αx βx

]
(2.55)

V2 = π
√

det Σ = π
√

σxxσx′x′ − σ2
xx′ = πεx (2.56)

The beam matrix transforms as a bilinear operator. If we consider a trans-
formation M mapping u0 to u1:

uT
0 Σ−1

0 u0 = 1 = (M−1u1)Σ−1
0 (M−1u1) (2.57)

= uT
1 (M−1)TΣ−1

0 M−1u1 (2.58)

= uT
1 Σ−1

1 u1 (2.59)

⇒ Σ1 = MΣ0MT (2.60)

In case of a gaussian beam, the contours of the distribution are ellipses with
their matrices proportional to the covariance matrix. In a 2D space, the
1-σ ellipse encloses 46.6 % of the full distribution. Gaussian beams are of
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2. Beam dynamics and matrix formalism

particular interest due to their simplicity and because they provide a good
description of a generic beam in the linear regime.

As a final remark, in general the horizontal, vertical and longitudinal phase
space can be treated separately as long as there is no correlation among
them. In absence of changes in p0, the 4D transverse phase space is used.
An example is given by solenoids in paraxial approximation, which intro-
duce helicoidal motion to the particles, and therefore strongly correlating
the motion in the horizontal and in the vertical planes. If the paraxial ap-
proximation does not hold, the 6D phase space has to be used.
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Chapter 3

The πE5 Area

In the following chapter, a description of the πE5 area hosting the MEG II
and Mu3e experiments, among others, will be provided together with the
instruments and methods employed to tune the beamline. Then the focus
will be put on the commissioning of the Compact Muon Beam Line (CMBL),
serving Mu3e, and on the study performed to understand the phase space
of πE5 aiming at a consistent modeling of the beamline dynamics.
The work presented in this chapter is a continuation of the work presented
in [5] and in [6].

While the first section is mostly introductive, the rest of the
chapter represents a big fraction of the work of the candi-
date as part of the MEG II and Mu3e teams tuning the πE5
beamline. The candidate has set up the measurements and
performed the analysis.

3.1 The πE5 area

The πE5 area is served by a low-energy secondary beamline delivering pions
and muons in the momentum range [10, 120] MeV/c. It has a 165◦ viewing
angle with respect to the proton beam on TgE. Figure 3.1 shows the layout
of the beamline from TgE up to the entrance in the experimental area.

For greater clarity in the following, Figure 3.2 shows the beam envelope
of the surface muon beam in πE5 as evaluated with TRANSPORT [30] at
second order in the transverse coordinates and divergences.

Muons and pions are produced by impinging protons on TgE (see Chap-
ter 1) and are captured in the backwards direction by the AHSW41 dipole.
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3. The πE5 Area

Figure 3.1: πE5 beamline layout up to the entrance in the experimental area from [29]. The
colors indicate the type of element: quadrupoles are red, sextupoles are yellow, dipoles are light
blue and the slits are green. The proton beam impinges on TgE producing mesons as described
in Chapter 1. They are then collected by the first dipole AHSW41, which defines the accepted
central momentum.

This magnet is part of the proton beamline and defines the momentum ac-
cepted by the πE5 beamline.

The mesons are deflected by 47.5◦ and coupled into a straight section con-
sisting of quadrupoles (QSF4*) and sextupoles (HSC4*). Along this section
three slit systems (FS41-42-43) are used to reduce the beam intensities deliv-
ered to the experimental area and to cut the momentum distribution. This
is possible as dipoles introduce dispersion in the lattice and because the me-
son beams are not monochromatic and a correlation between the horizontal
transverse coordinate of the beam and the momentum distribution arises:
by cutting on the horizontal plane it is possible to cut the momentum distri-
bution as well. More specifically, FS41 and FS43 are horizontal slits and are
positioned in a high dispersion position to shape the momentum distribu-
tion, while FS42 can cut the beam at the same time in the vertical and in the
horizontal direction and is positioned in a dispersion free point, allowing
for beam intensity reduction without affecting the momentum distribution.

As both MEG II and Mu3e are stopping target experiment, FS41 is usually
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3.1. The πE5 area

Figure 3.2: Second order envelope (solid white lines) of the surface muon beam along the πE5
beamline up to the MEG II collimator computed with TRANSPORT. Top: vertical envelope.
Bottom: horizontal envelope. The dashed line represents the dispersion along the beamline in
case of a momentum higher than nominal by 1 %.

used to reduce the beam intensity if required, as lowering the momentum
distribution width results in a lower straggling at the target, and a higher
stopping efficiency.

After QSF48, the AST41 dipole can be used to switch between two channels:
channel Z, where both MEG II and Mu3e are connected, and channel U.
When in channel Z mode the beam is transmitted through a second dipole,
ASC41 that provides a 75◦ bend to then deliver the beam in the experimental
area. In channel U mode instead, the beam is transmitted through a doublet
of quadrupoles, QSE41-42, into the experimental area.

As the requirements for MEG II and Mu3e on the characteristics of the beam
are similar, the first section of the beamline inside the experimental area is
shared. As shown in Figure 3.3, the beam is coupled into a Wien filter
(SEP41) through Triplet I, a quadrupole triplet (QSB41-42-43), to separate
the muon beam from the positron background.
A Wien filter is a device providing transverse electric and magnetic fields
perpendicular to each others. From the expression of the Lorentz force, it
can be shown that such configuration does not affect particles with a velocity
v0:

F = q (E + v0 × B) = 0 ⇒ v0 =
E
B

(3.1)

with E and B the electric and magnetic field respectively. Any particle with
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3. The πE5 Area

Figure 3.3: πE5 beamline section connected to channel Z. The elements shown here are shared
between the MEG II and the Mu3e experiments.

a velocity different than v0 will be deflected by the Wien filter, which is also
called velocity selector or particle separator.

In πE5, the separation is performed vertically to deflect the positron beam
downwards. Two metallic plates are set at a positive and negative high
voltage to produce a vertical electric field pointed downwards. Two coils
produce a magnetic field in the horizontal direction instead, pointing in the
direction of the U-channel (see Figure 3.3).
The role of Triplet I is to shape the beam to be focused in the horizontal di-
rection, as in the horizontal plane the Wien filter is a drift, and to be parallel
in the vertical plane. The Wien filter in fact provides a kick to the beams
that depends on the longitudinal velocity only. While the average kick is the
same for both a divergent and a parallel beam, in the first case the longitudi-
nal velocity distribution will be broader and therefore the beam spot in the
separation direction at the end of the Wien filter overlap. Figure 3.4 shows a
cartoon of the difference between these two cases. Further details about the
Wien filter are given in Section 5.3.5.

The beam is then focused by Triplet II (QSK41-42-43) at a collimator, aimed
at stopping the tails of the contaminant beams. During beam tuning cam-
paigns in πE5 the first measuring point is right downstream of the collima-
tor. Further details will be provided in the following sections.

As already stated above, up to this point the beamline is the same for both
MEG II and Mu3e. The layout of the beamline in the two configurations is
provided in the following two paragraphs.
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3.1. The πE5 area

Figure 3.4: Cartoon of the effect of the initial divergence distribution for three different particle
beams: µ+ in green, π+ in blue and e+ in red. For a parallel beam (left) the separation is better
than for a divergent beam (right) as the final beam spot of the contaminants will be narrower.

3.1.1 The Compact Muon BeamLine CMBL for the Mu3e experi-
ment

The Compact Muon BeamLine (CMBL) is an extension of the πE5 channel
Z to deliver the beam to the Mu3e solenoid. The design was studied to fit
the beamline and the Mu3e spectrometer in the limited space available in
the front part of the πE5 area. This is necessary as the rear part of πE5 is
occupied by the MEG II experiment. Figure 3.5 shows a comparison between
the layout of the πE5 area in the Mu3e and in the MEG II configurations. The
CMBL starts after Triplet II described before.

The ASL41 dipole provides a 90◦ bending angle to fit the stringent space
constraint and it is positioned only a few centimeters away from the con-
crete wall that separates the front and the rear part of πE5 in the CMBL
configuration. A doublet of compact quadrupoles (QSO41-42) is used to
couple the beam through the ASK41 dipole, that provides a final 65◦ bend.
Before entering the Mu3e solenoid the beam is further shaped by a large
aperture quadrupole, QSM41. The QSO doublet together with QSM41 form
the so-called split triplet.

The beamline inside the Mu3e solenoid is bolted to its entrance flange and is
gradually reduced in size to fit within the small amount of free space in the
Mu3e detector. Figure 3.6 shows the G4bl model of the beam pipe inside the
Mu3e solenoid. A 600 µm Mylar® moderator is included along the beamline
to reduce the energy of the incoming beam before stopping it at the target.
After the moderator, a collimator with a 40 mm diameter aperture reduces
the number of muons hitting the innermost tracker layer due to scattering in
the moderator. Finally, a 35 µm thick Mylar® window separates the vacuum
in the beam pipe from the helium atmosphere inside the Mu3e solenoid (see
Chapter 1).

Figure 3.7 shows the first order beam envelope of the surface muon beam
for πE5 including the CMBL.
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3. The πE5 Area

Figure 3.5: Top:πE5 layout in the Compact Muon BeamLine configuration from [4]. Bottom:
πE5 layout in the MEG II configuration adapted from [2]. As reported above, the section up
to the collimator is shared by MEG II and Mu3e. In CMBL configuration the front part of the
area hosting Mu3e is separated by the rear part of the area hosting MEG II by a concrete wall
positioned close to the ASL41 dipole.
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3.1. The πE5 area

Figure 3.6: G4bl model of the beam pipe inside the Mu3e solenoid. Right at the entrance of
the magnet the radius of the beam pipe is 320 mm.

Figure 3.7: First order envelope of the surface muon beam along the πE5 beamline in the Mu3e
configuration using the CMBL [5]. Top: vertical envelope. Bottom: horizontal envelope. The
dashed green line represents the dispersion along the beamline in case of a momentum higher
than nominal by 1 %.
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3. The πE5 Area

3.1.2 The MEG II beamline

When the πE5 area is configured for the MEG II experiment (see Figure 3.5),
Triplet II couples the beam into the Beam Transport Solenoid (BTS). There, a
Mylar® moderator of 300 µm thickness is placed in a focus to minimise the
effect of multiple scattering (see Figure 3.8). In fact, the multiple scattering
on the moderator causes an increase in the divergence of the beam. In a
focus, the beam spot is minimised at the expense of a higher divergence. A
parallel beam instead has a minimal divergence at the expense of the size
of the envelope. In both situation the contribution of multiple scattering
will increase the divergence by the same amount, meaning that the relative
change in divergence is smaller in a focus.

Figure 3.8: Second order envelope of the surface muon beam along the πE5 beamline in the
MEG II configuration computed with TRANSPORT from [31]. Top: vertical envelope. Bottom:
horizontal envelope. The dashed line represents the dispersion along the beamline in case of a
momentum higher than nominal by 1 %

A 190 µm Mylar® window separates the vacuum in the beamline from the
helium atmosphere inside the COnstant Bending RAdius (COBRA) magnet
that delivers the beam to the MEG target. The field shape of the COBRA
magnet is optimized to reduce the dependence of the bending radius on the
emission angle of charged particles coming from the center of the experi-
ment (see Chapter 1).

A further difference with respect to the Mu3e configuration lays in the posi-
tion of the collimator after Triplet II: in MEG II configuration the collimator

50



3.2. CMBL 2022 commissioning

is moved 200 mm upstream to accommodate the Scintillating Fibers (SciFi)
detector. The SciFi detector is a beam monitor based on plastic scintillating
fibers that can be inserted on demand in the beamline during data taking
periods to measure beam parameters. It is part of the vacuum of the beam-
line and is moved with a motor system. Further details are provided later
in this section.

3.2 CMBL 2022 commissioning

The commissioning of the CMBL started in 2014. The results of the cam-
paigns carried out until 2018 can be found in [5] and in [6].
The commissioning of the CMBL relevant for this thesis has been performed
during three beam time periods in 2021 (4 weeks), 2022 (3 weeks) and 2023
(3 weeks). In 2021 the CMBL was fully assembled, including for the first
time the Mu3e solenoid: the main aim of the beam campaign was to tune
the beamline to deliver the muon beam to a minimal version of the final de-
tectors including some modules of the inner tracker and of the SciFi detector
during the so-called pre-engineering run. The results of the beam tuning cam-
paign will be shown later in this section.

Here the focus is put on the commissioning performed in 2022, during
which the requirements in the Technical Design Report of Mu3e [4] were
met and surpassed.

The 2023 campaign was needed in order to study the position of the mod-
erator and the collimator inside the Mu3e solenoid and to study the impact
of the HSC42 sextupole, that was not operational in 2022. The results of the
2023 campaign are summarized in Section 3.4.

The basic strategy during the different beam campaigns is the same: a first
tuning of the beamline is performed right after the collimator downstream
of Triplet II; the second measuring point is between QSM41 and the Mu3e
solenoid, with the latter switched off; the final tuning is performed at the
center of the Mu3e solenoid. Further details on the set-ups and detectors
employed are reported in the following.

3.2.1 πE5 conditions in 2022

During the 2022 campaign three main conditions are worth to be mentioned:

• at the beginning of the beam campaign the amplifier of Resonator 4 of
the INJ2 cyclotron broke. After repairing the proton beam current was
kept at 1860 µA as opposed to the usual operation at 1950 µA. This
did not affect the campaign as we usually quote the rates normalised
to the proton current at a reference value, here 2.2 mA, and the muon
rates scale linearly with the proton current;
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• during the first week of commissioning the HSC42 sextupole was dis-
connected from power because of a water leak in the cooling circuit:
as the cooling system was not properly working the magnet would
heat up. The HSC42 magnet is included in the biological shielding
and therefore any maintenance operation requires a few days simply
to remove the concrete shielding. It was therefore decided to run the
πE5 beamline without HSC42. A posteriori this was found to not af-
fect the CMBL commissioning too much, but this was indeed affecting
the optics of the MEG beamline (see Section 3.3).

• the power supply of the QSF43 was found to be malfunctioning, caus-
ing additional delays in the commissioning.

3.2.2 Beam commissioning set-up

The main aim of the beam commissioning of the CMBL was to maximise
the transmission of the surface muon beam. In order to do so we employed
two detectors:

• The Pill detector (see Figure 3.9a): a NE102 scintillator coupled to a
small-sized PMT. This detector has a 2 mm diameter and is 2 mm thick.
Particle ID is performed through energy deposition and this detector
features the best separation between muons and positrons among our
tools. As a photomultiplier is used to detect scintillation light the Pill
can not be used to scan particle beams in an intense magnetic field.

• The Avalanche PhotoDiode (APD) detector (see Figure 3.9b): the parti-
cle detection is provided by a photodiode in proportional mode. Parti-
cle ID is performed in this case as well through energy deposition, but
the initial separation deteriorated over time due to radiation exposure.
This detector is used in high magnetic field conditions, such as beam
scans at COBRA center or at the Mu3e solenoid center.

For measurements at the collimator, at QSM41 and at COBRA center, both
types of detectors are mounted on a robotic arm controlled via LabView [32],
able to move in the two transverse directions. For measurements at the focus
of the Mu3e center a new moving stage has been built in 2021 and improved
in 2022 based on piezoelectric motors, exploitable in high magnetic field,
and controlled with a MIDAS [33–35] front-end. Further details will be
provided in Section 3.2.5. A laser is used for aligning the detectors on the
beamline centerline thanks to markers placed in the experimental area.

The signals from the PMT and the APD are processed with standard NIM
modules. The signal is amplified and split to apply two different thresholds
to discriminate muons and positrons: a high threshold, muons, and a low
threshold, positrons + muons. The discriminated outputs are NIM pulses
sent to a DRS4 evaluation board [36].
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(a) Pill detector (b) APD detector

Figure 3.9: Left: Pill detector. The PMT is held by a plexiglass housing, while the NE102 is
glued on its front. The detector is covered with Tedlar® (polyvinyl fluoride) foil to make it light
tight. Right: APD. The detector is covered in Tedlar® to make it light tight.

Figure 3.10 shows the separation between muons and positrons as measured
with the two detectors.

(a) Pill detector (b) APD detector

Figure 3.10: Separation in pulse height between muons and positrons as measured with the two
detectors.

The DRS4 evaluation board receives two further inputs: the RF-signal of the
proton accelerator and the proton current. The former is used as a reference
for time-of-flight (TOF) measurements: we define it as the time difference
between the discriminated signals from the detectors and the next RF rising,
or falling, edge. These measurements result in the TOF modulo the RF-
period, which is 19.76 ns. This quantity can be used to distinguish lowly
relativistic particles (muons and pions) from the ultrarelativistic electrons.
At the surface muon momentum, the TOF measurement can also be used to
discriminate the positron background generated at target through π0 decay
and pair creation on a much shorter time scale than the RF-signal period,
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while surface muons have a continuous time structure as the charged pion
life time is ∼26 ns. At 28 MeV/c the pion contribution is negligible. Lastly,
positrons coming from muon and charged pion decays contribute to the
continuous contribution of the TOF spectrum as well.

Figure 3.11 shows the TOF distributions as measured at MEG collimator at
28 MeV/c for SEP41 off and on tuned on muons and positrons. A continuous
component with a width of ∼20 ns is clearly distinguishable. The tails of
the distributions are both due to the finite resolution of the apparatus and
to the time walk of the DRS4 evaluation board, which measures the time
the signals exceed the threshold and not the time to reach a fraction of their
maximum. The measurement shown here is used as an input to benchmark
the G4beamline [37] model of the High Intensity Muon Beams beamlines in
Appendix H.

Figure 3.11: Time of flight spectrum measured at collimator for different separator settings: off
(yellow), muons (blue) and positrons (green). The TOF is defined as the difference between the
discriminated Pill signals and the RF-signal. The scale does not represent the delivered rates.
The tails of the distributions are due to the finite resolution of the apparatus and to the time
walk of the DRS4 evaluation board, which measures the time the signals exceed the threshold
and not the time to reach a fraction of their maximum.

The beamline is tuned by keeping the detector fixed on the centerline axis
and by iteratively scanning the beamline elements with OPTIMA; a program
to automatically acquire the muon rate while scanning the currents of the
elements within a given range.

After a few tuning iterations, the beam profile is measured through the so-
called Cross-scan: the beam is scanned with a cross-like movement on the
two transverse axes. The scan is performed twice: a first time with broader
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steps to find the maximum of the beam distribution; a second time perform-
ing the cross-scan on the two axis passing through the beam maximum. The
integrated rate is obtained assuming a non-correlated beam profile.

Once the tuning is finished we perform a Raster-scan: full point by point 2D
scan of the beam profile. This measurement is the most accurate in evaluat-
ing the integrated beam rate, but it is rather long to perform as opposed to
the Cross-scan.

The following convention is applied when changing the dipole currents
along the beamline:

• if the current is reduced in absolute value, no particular action is taken;

• if the current would end up being higher in absolute value than the
starting point, the dipole is first ramped to the closest absolute maxi-
mum (−130 A for example in the case of negative currents) and then
changed to the wanted value.

This way, the dipoles undergo always the same hysteresis cycle. At the
beginning of the commissioning, or if the hysteresis cycle is not correctly
followed, the dipoles are cycled. The cycling is a procedure that consists in
ramping the dipoles from −130 A to 130 A and back to −130 A three times
in order to reset the hysteresis cycle.
Such an operation is not needed for quadrupoles.

3.2.3 Collimator focus

We started by tuning the beamline to obtain the maximum transmission to
the collimator. Figure 3.12 shows a picture of the set-up at the collimator. To
perform the measurement it is necessary to close the vacuum in the beam-
line and let the beam exit into air. This is done through a 190 µm Mylar®
window.

As stated above, the beamline was fully assembled including the Mu3e mag-
net for the first time in 2021 and a first tune for it was found, but the
transmission was limited compared to the expected performances [4], most
likely because of non optimal transmission through the AST41-ASC41 dou-
ble bend. In fact there is not a unique current setting to let the beam pass
through AST41 and ASC41.
We therefore decided to start from the tune used at collimator for MEG II in
2019. Table 3.1 shows a comparison of the optimized setting as obtained in
2019, 2021 and 2022 together with the associated rate. The highlighted rows
show the most relevant changes applied in 2022. An additional difference
regards the meson production target, that was the standard straight TgE
during the MEG II beamtime in 2019 and that was replaced with its slanted
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Figure 3.12: Left: side view of the Pill set-up at the collimator in πE5. The last aluminum ring
attached through the clamps in the figure is the support for the Mylar® window. Right: a view
of the collimator inside its flange. The inner collimator has a 130 mm diameter and is enclosed
in a 160 mm square housing.

Figure 3.13: Raster-scan at collimator. The currents are set to the optimum found at the end
of the beam tuning.

version TgE* right after. Since then, the slanted target has been used for all
the beam campaigns. Further details are provided in Section 1.5.2.

Figure 3.13 shows the final raster-scan performed with the optimized cur-
rents on a 160 mm×160 mm grid with a spacing of 5 mm. The rate is ob-
tained interpolating the data with bi-dimensional cubic splines with the
RectBivariateSpline class from scipy.interpolate [38], finding 2.26 × 108 µ+/s at
a proton beam current of 2.2 mA. The rate is higher than measured in 2021
by 16 %, meaning that the transmission through the double bend AST41-
ASC41 has been improved. The 20 % increase in rate with respect to the
result obtained in 2019 is compatible with the upgrade of the meson pro-
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Excitation currents [A]
Beamline
element

2019 2021 2022

AHSW41 97.50 97.50 97.50
QSF41 -93.0 -93.3 -93.0
HSC41 -19.1 -19.1 -16.0
QSF42 84.00 82.6 82.3
QSF43 -65.0 -64.5 -64.5
HSC42 -29.9 -29.9 0.0
QSF44 82.0 81.8 82.0
QSF45 86.0 85.0 83.0
HSC43 45.0 45.0 40.0
QSF46 -81.5 -82.7 -82.8
QSF47 94.6 95.1 95.6
HSC44 -10.0 -10.0 -10.5
QSF48 -51.5 -50.6 -50.7
AST41 -97.4 -97.4 -97.4
ASC41 113.8 119.0 116.3
SSL41 -2.0 -5.2 -3.0
QSB41 37.8 39.0 39.0
QSB42 -48.0 -47.8 -47.8
QSB43 15.0 15.0 15.0
SEP41 -91 -92.8 -89.0
QSK41 18.2 15.0 14.0
QSK42 -40.7 -39.4 -39.5
QSK43 34.8 39.8 34.8
SML41 -10 0.0 0.0

Beam rate
at collimator

at 2.2 mA[µ+/s]
1.89 × 108 1.94 × 108 2.26 × 108

Table 3.1: Beam tuning results at collimator for 2019, 2021 and 2022 beam campaign. The
rows highlighted in blue show the most relevant changes applied in 2022.

duction target from TgE to TgE* (see Section 1.5.2).

By varying the current powering the dipole in SEP41 at fixed electric field
it is possible to check on the separation between the muon and the positron
beams. Figure 3.14 shows a net separation between the two beams on the
interface of the program used for tuning, OPTIMA. The plates of SEP41 were
biased with ± 180 kV.

The transported phase space was measured by performing a quadrupole
scan: this is a standard technique based on measuring the beam profile for
different quadrupole strengths, based on the assumption that the beam is
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Figure 3.14: Scan of the current exciting the dipole in SEP41 in the OPTIMA interface. The
plates of SEP41 were constantly biased with a ± 180 kV voltage.

gaussian. In fact, for a gaussian beam, the phase space can be represented
with the 4D covariance matrix of the transverse coordinates. As an example,
Equation 3.2 shows the sector linked to the horizontal phase space only:

Σx =

[
σ2

x σx,x′

σx,x′ σ2
x′

]
(3.2)

As shown in Section 2.3, the sigma matrix Σx can be then evaluated at
any point along the beamline by applying the transport matrix as shown
in Equation 3.3:

Σ(s) = M(s0|s)Σ(s0)M(s0|s)T (3.3)

As normal quadrupoles cannot couple horizontal and vertical motion, they
can be studied independently. The 2D transport matrix for a thick quadrupole
is:

M(s0|s) =
[

cos (
√

kℓq)
sin (

√
kℓq)√

k
−
√

k sin (
√

kℓq) cos (
√

kℓq)

]
, for k > 0 (3.4)

M(s0|s) =

 cosh (
√
|k|ℓq)

sinh (
√

|k|ℓq)√
|k|√

|k| sinh (
√
|k|ℓq) cosh (

√
|k|ℓq)

 , for k < 0 (3.5)

with k the quadrupole strength and ℓq the effective length of the quadrupole.
Both depend on the magnet design and the first one is proportional to the
excitation current. The only observables of the covariance matrix are the
variances in the horizontal and transverse direction and they depend on the
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full covariance matrix at the reconstruction point s0. The sigma matrix has
only three independent variables, and the problem can be fully constrained
with three measurements. A common practice is to fit the dependence of σx
and σy on the quadrupole strengths.

We set s0 as the position of the Pill detector in the optimal transmission set-
tings shown in Table 3.1. This is analogous to backpropagating the beam
through the drift from the Pill to QSK43 and through QSK43 excited with
34.8 A to then transport it again through QSK43 and the drift with vary-
ing quadrupole strengths. Equation 3.6 shows the corresponding transport
matrix:

M(s0|s) = Mdrift(s1|s)MQSK43(s2|s1)M−1
QSK43,opt(s1|s2)M−1

drift(s1|s0) (3.6)

where Mdrift is propagating the beam from the downstream face of QSK43
to the Pill position and MQSK43 propagates the beam through QSK43. The
notation used is analogous to that used in Figure 3.15.

Figure 3.15: Cartoon of the beamline corresponding to Equation 3.6. The inverse matrices
correspond to backpropagating the beam (blue arrow).

Figure 3.16 shows the quadrupole scan performed with QSK43 together with
the reconstructed phase space. The points shown are the standard devia-
tions in the two transverse directions obtained through cross-scans.
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Figure 3.16: Top: quadrupole scan. The markers show the measured standard deviation in the
horizontal (blue) and vertical (red) directions. The solid lines are the best least square fit to the
data points. Bottom: phase space ellipses as reconstructed at the collimator.
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3.2.4 QSM41 focus

After completing the tuning at collimator we moved downstream to the
QSM41 quadrupole. Figure 3.17 shows a picture of the set-up. At this stage
the Mu3e magnet is already in position but not powered. The presence of
two bends between the previous measurement point and this one requires
a different approach to tuning the dipoles: we decided to first tune the
dipoles while switching of the QSK triplet, SML41 and QSO doublet and
powering QSM41 with 210 A. This approach allows to propagate the beam
through ASL41 and ASK41 without deviations induced from the focusing
of the quadrupole tuplet. QSM41 is powered to focus the beam in the hori-
zontal direction at the Pill position, otherwise the beam would be too wide
to perform a meaningful tuning.

(a) Rear view of the Pill in parking position (b) Front view of the Pill on the centerline

Figure 3.17: Views of the Pill detector between QSM41 and the Mu3e spectrometer.

Then, the settings for ASC41, ASL41 and AST41 were fixed and the rest of
the beamline tuned again. In this condition a rate of 1.43 × 108 µ+/s was
found.

We then removed the inner part of the collimator, leaving only the 160 mm
aperture in the housing in position, leading to an increase in rate by 16 %.
This was done because, due to the long drift between QSK43 and QSO41,
after tuning at QSM41, the focus was shifted from the collimator to the cen-
ter of ASL41 to maximize transmission, resulting in an increased beam size
at the collimator. The rate increase confirms that the inner part of the col-
limator limits the transmission. No significant positron contamination was
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observed, meaning that separation is still sufficient with the bigger opening.
The result is shown in Figure 3.18. Because the beam is wider in the vertical
direction than the grid set for the raster-scan, the outer part was extrap-
olated assuming gaussian tails and included in the rate estimate, finding
1.66 × 108 µ+/s. Compared to the rate of 1.10 × 108 µ+/s obtained in 2021,
the transmission from the collimator to QSM41 has improved from 57 % to
73 %, and the overall rate has improved by 51 %. Table 3.2 shows the com-
parison between the currents used in 2021 and in 2022 for the QSM focus.

Figure 3.18: Raster-scan at QSM41. The currents are set to the optimum found at the end of
the beam tuning. The black square on the left shows the region where the scan was performed,
while outside of it the tails are estimated with a gaussian tail.

The quadrupole scan measurement was performed at QSM41 as well and
is shown in Figure 3.19. While in Figure 3.16 the beam is focused in both
the horizontal and in the vertical directions, here the beam is focused in the
horizontal direction only, while in the vertical direction the beam is diverg-
ing. Additionally, a high divergence is observed in the horizontal direction
as opposed to the vertical. Intuitively, the former point is due to the distance
between QSM41 and QSO42, which is the element focusing in the vertical di-
rection. The latter point instead is due to the short distance between QSM41
and the Pill detector. This behaviour is expected and can be observed also
in the design TRANSPORT envelope in Figure 3.7.
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Excitation currents [A]
Beamline
element

2021 2022

ASC41 119.0 113.8
SEP41 -74 -88.0
QSK41 19 15.0
QSK42 -41.8 -34.0
QSK43 30.5 28.0
SML41 0.0 0.0
ASL41 75.0 74.7
QSO41 45.5 52.0
QSO42 -15.7 -23.0
ASK41 -92.8 -92.0
QSM41 170 210

Beam rate
at QSM

at 2.2 mA[µ+/s]
1.10 × 108 1.66 × 108

Table 3.2: Beam tuning results at QSM for 2021 and 2022 beam campaign. The rows highlighted
in blue show the most relevant changes applied in 2022.

63



3. The πE5 Area

Figure 3.19: Top: quadrupole scan. The markers show the measured standard deviation in the
horizontal (blue) and vertical (red) directions. The solid lines are the best least square fit to the
data points. Bottom: phase space ellipses as reconstructed at the QSM41.
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3.2.5 Mu3e focus

As reported above, the beamline inside the Mu3e magnet shrinks in diam-
eter while approaching the target location. For the commissioning, a wider
beam pipe with a diameter of 160 mm is used, to characterize the beam in
full transmission conditions. At the end of the beam pipe, a 100 µm Mylar®
window with a 100 mm aperture is used to separate the vacuum from the
air in the spectrometer. An insert with a diameter of 60 mm is used to match
the running conditions of Mu3e. Figure 3.20 shows a sketch of the beam
pipe and of the insert used for the commissioning.

Figure 3.20: Sketch of the beam pipe and of the insert used for the commissioning at Mu3e
center. The beam pipe has a diameter of 160 mm and an exit window with a diameter of 100 mm.
The insert has a diameter of 60 mm.

We first started without the insert. The solenoid was powered to the Mu3e
design value of 1 T. In such a high magnetic field environment the APD
detector is needed, but the conventional stages used for beam tuning in πE5
cannot be used as they would not fit in the available space. For this reason
a new stage based on two piezoelectric motors was developed in 2021 [7]. A
front-end based on MIDAS was developed for the 2022 beamtime allowing
for an online display of the ongoing scan. Both raster-scan and cross-scan
are implemented. Figure 3.21 shows a picture of the stage and Figure 3.22
shows a screenshot of the MIDAS interface.

The focus in this configuration is shown Figure 3.23. This set-up is limited
in movement by the length of the piezomotor axis and it is not possible to
cover the full beam spot with a scan. The black rectangle shows the limits
of the scan region. Any point outside of it is obtained with an extrapolation
assuming a gaussian tail. The measured rate is 1.50 × 108 µ+/s, meaning
that almost the full beam is transmitted through the beam pipe in this con-
figuration.
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Figure 3.21: Moving stage for the APD detector in high magnetic field environment. The stage
is moved by piezoelectric motors and the position is determined with optical encoders.

Subsequently, the tuning was repeated by including the insert in the beam
pipe: the aperture is now reduced to 60 mm in diameter (Figure 3.24). The
rate is now reduced to 9.46 × 107 µ+/s and the size of the beam spot is
reduced in size as well from STD(x) = 11.4 mm and STD(y) = 9.36 mm to
STD(x) = 9.27 mm and STD(y) = 8.60 mm.

In the final configuration, the vacuum window closing the Mu3e beam pipe
has 40 mm of diameter which has been added to the insert to find the focus
on the Mu3e target. At this stage, nor the moderator nor the collimator were
present. The beam spot is shown in Figure 3.25. The rate is further reduced
to 6.89 × 107 µ+/s. Compared to the rate of 4.40 × 107 µ+/s achieved in
2021, the transmission from QSM41 to the center of Mu3e is compatible,
but thanks to the improvements in transmission in the upstream section we
now meet the design value quoted in the TDR [4]. Table 3.3 shows the
comparison between the currents used in 2021 and in 2022 for the Mu3e
focus.

The main limitation to the rate that can be delivered at the experiment is
the size of the beam pipe, that needs to fit the available space in the detec-
tor. From the measurements reported above, the beam is collimated at the
vacuum window reducing the rate by 27 %. We investigated the possibility
to tune the field of the spectrometer itself to further increase transmission.
We performed a cross-scan for different values of the magnetic field in the
solenoid while keeping the other elements at the same settings. Figure 3.26
shows the total rates, therefore integrated on the full beam spot, and the rate
within the radius of the Mu3e target (19 mm) as a function of the magnetic
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Figure 3.22: MIDAS front-end interface to take a scan. The plot shown is updated online with
the latest measured point.

field. Each cross-scan was interpolated within the boundary of the scans
with the CubicSpline class from the python3 package scipy.optimize [38] and
extrapolated with gaussian tails outside of it. The single measurements are
reported in Appendix A.

Two concurrent effects are introduced by varying the magnet field generated
by the spectrometer:

• the envelope is reduced in size with increasing field

• the distance between two consecutive foci decreases with increasing
field (dominating effect)
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Figure 3.23: Raster-scan at Mu3e center without beam pipe insert: the inner-most aperture of
the beam pipe is 160 mm and the aperture of the exit window is 100 mm.

Figure 3.24: Raster-scan at Mu3e center including the beam pipe insert: the inner-most aperture
of the beam pipe is 60 mm.

The first effect alone would cause a steady increase in rate with higher mag-
netic fields. The second effect alone would maximise or minimize the trans-
mission through the vacuum window, where the aperture along the beam
line is the smallest. The two effects affect differently the rate over the full
beam spot and the rate on the target surface. Figure 3.27 shows the trans-
mission at the center of Mu3e for different magnetic fields simulated with
G4beamline [37], a toolkit based on Geant4 [39–41] for single particle track-
ing in electromagnetic fields. The simulation was set up by Felix Berg in
the context of [5]. The phase space used as an input is obtained later in
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Figure 3.25: Raster-scan at Mu3e center including the beam pipe insert: the inner-most aperture
of the beam pipe is 60 mm. The 40 mm aperture of the design vacuum window is included as
well.

Excitation currents [A]
Beamline
element

2021 2022

QSK41 19 4.8
QSK42 -41.8 -31.6
QSK43 30.5 28.8
SML41 -15 -14
ASL41 75.0 74.0
QSO41 47 53.5
QSO42 -8.0 -15.0
ASK41 -93.3 -92.0
QSM41 87.5 120

Beam rate
at QSM

at 2.2 mA[µ+/s]
4.40 × 107 6.89 × 107

Table 3.3: Beam tuning results at Mu3e center, with beam pipe inserts, for 2021 and 2022
beam campaign. The rows highlighted in blue show the most relevant changes applied in 2022.

Section 3.3, but here it is used by way of example only.

As stated above, the dominant effect on the transmission is the shift of the
foci along the beamline: in Figure 3.27a the first two foci are moved down-
stream w.r.t. to the corresponding ones in Figure 3.27b, and the third fo-
cus is barely visible because of the strong reduction in transmission at the
vacuum window, where the beam is bigger than in Figure 3.27b. In Fig-
ure 3.27c the focus is moved upstream and the transmission is increased,
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Figure 3.26: Top: the rate estimated by integrating over the total beam spot (blue) and within
the surface of the Mu3e target (red) at Mu3e center as a function of the magnetic field. Bottom:
fraction of beam within the area of the Mu3e target. The points represent the measurements.
The solid lines are their interpolation with cubic splines.

but the beamspot at target is larger and is not contained within the surface
of the target anymore.

Based on the results shown in Figure 3.26, we decided to improve the mod-
eling of the phase space to study with G4beamline the optimal magnetic
field of the spectrometer together with the position of the moderator and
of the collimator inside the Mu3e magnet. The following section is focused
on the measurement of the phase space at collimator performed during the
MEG II beam time.
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(a) Mu3e magnetic field at 90 % nominal

(b) Mu3e magnetic field at 100 % nominal

(c) Mu3e magnetic field at 110 % nominal

Figure 3.27: Simulated density map of the horizontal distribution of the muon beam inside the
Mu3e spectrometer. The transport is simulated with G4beamline. The red regions represent
higher density points, i.e. foci. The black solid line represent the beam pipe apertures and the
target location. The transmission is simulated at 90 % (top), 100 % (center) and 110 % (bottom)
of the nominal magnetic field. With increasing magnetic field the focus is moved upstream of
the target location.
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3.3 πE5 phase space studies during the 2022 MEG II
beam tuning

The MEG II beamline is tuned once per year at the beginning of each beam-
time. As the operation of the beamline is well established, the main focus is
on measuring the beam properties at the nominal tune and to compensate
for possible changes. The beam is first focused at collimator and then at
COBRA center.

As soon as the requirements for the beam at COBRA center are met, we
measure the integrated beam rate as a function of the aperture of FSH41
and FSH42, the slit systems in the first straight section of the beamline (see
Figure 3.1). This is done to be able to vary the delivered intensity during the
physics run without the need of setting-up the beam monitor.

The MEG II beamline and the CMBL share the same elements up to the
MEG collimator, with the difference that it is moved 200 mm upstream in
MEG configuration to accommodate the SciFi detector. During the MEG II
beamtime we performed a direct phase space measurement with the pepper-
pot technique [42], to be used as an input for the simulations of both ex-
periments. In the current section, the phase space reconstruction with the
pepper-pot technique is described and used as an input for the studies on
the optimal position of the moderator inside the Mu3e solenoid for different
excitation currents.

3.3.1 Pepper-pot measurement and parametrization

The pepper-pot measurement is a well established technique to measure
the 4D transverse phase space of low energy beams. We consider first the
mono-dimensional case or slit scan, as it is usually performed with slits, and
generalise it to the case at hand.

The beam is transmitted through the aperture of a slit system, small enough
compared to the size of the beam so that it can be considered as a point-like
source, as shown in Figure 3.28. The slits are thick enough to completely
stop any impinging particle. The fraction of the beam passing through the
aperture, called beamlet, is measured at a screen after a drift of length L.

A particle in s0 is transmitted through a drift with the matrix (see Sec-
tion 2.2.2):

Mdri f t(s0|s0 + L) =

[
1 L
0 1

]
(3.7)

A particle at the aperture will be therefore transmitted as:

Mdri f t(s0|s0 + L) x(s0) =

[
1 L
0 1

] [
x0
x′0

]
=

[
x0 + L x′0

x′0

]
(3.8)
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Figure 3.28: Cartoon of the slit measurement principle. The particle beam, in red, is transmitted
through a small aperture at a location s0 along the beamline. x0 is the position of the aperture
along the transverse axis. The fraction of the beam transmitted through the aperture, beamlet,
and its profile is measured with a detector after a drift of length L. The size of the beamlet at
the end of the drift is proportional to the divergence of the beam in (x0, s0).

The profile of the beamlet at the screen is therefore proportional to the diver-
gence distribution of the beam in (x0, s0). Each profile is then shifted by the
corresponding slit position and scaled with the drift length to be combined
in a phase space plot: the result is a sliced phase space as in Figure 3.29.

The advantage of such a measurement over a quadrupole scan is that no
assumption is required on the beam distribution and the result does not
depend on the knowledge of the magnetic fields, but only on the geometry
of the set-up. On top of that, the precision on the phase space reconstruction
does not depend on the knowledge of the absolute position of the plate, but
only on the relative position of the apertures.

A pepper-pot scan uses the same principle as a slit scan, but employing a
plate with holes on a grid, allowing to:

• measure at once the 2D transverse divergence distribution at every
hole position (including the vertical component and possible correla-
tions)

• reduce the time needed for a measurement

This technique is suitable for low energy beams that can be stopped with
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Figure 3.29: Cartoon of the result of a slit scan. Each slice corresponds to a profile at a different
aperture position after being shifted to the value of the measured divergence.

Figure 3.30: Beam masks in emittance measurement: slit plate (left) and pepper-pot plate
(right). From [42].

plates thin enough to not cut on the divergence distribution and have been
extensively used for diagnostics of electron, proton and ion beams. To date
we have not found in the literature any application on muon beams.
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Due to the limited time available, the set-up was designed to perform the
scan with the Pill detector only along the horizontal and vertical axes. The
geometry is based on the phase space measured with the quadrupole scan
(see Figure 3.19) and on the position of the Pill monitor at the collima-
tor: given that the beam divergence is ∼ 50 mrad in both transverse di-
rections and that the expected drift between the grid and the Pill monitor
is L ∼50 mm, we decided to have roughly 10σ of separation between adja-
cent beamlets, spacing the holes by 25 mm. Such a conservative geometry
is justified by the dependence of the position of the center of the beamlet
on the correlation of the phase space ellipse and on the inherent deviation
from the gaussian model of the beam. The size of the holes was chosen to be
1 mm in diameter as a trade off between the rate observed after the grid for
each beamlet and the expected size of the beamlets. Three aluminum plates
3 mm thick were prepared for this measurement. Figure 3.31 shows two of
the construction drawings:

• normal plate: the holes are arranged so that one of them is on the
centerline (Figure 3.31a)

• alternate plate: the holes are arranged so that they are staggered by
12.5 mm with respect to the normal plate. This way by combining the
two scans one can have a shorter distance between beamlets without
them overlapping during a single measurement (Figure 3.31b)

• blind plate: no holes are drilled. This is used to measure the positron
background coming from the muons stopped in aluminum

A thing to be taken into account is that we currently do not have the pos-
sibility to perform measurements in vacuum: the pepper-pot grid is fixed
on the aluminum ring holding the Mylar® window (see Figure 3.32), which
means that the muons will propagate in air from the Mylar® window to the
pepper-pot grid and then again propagate in air to the Pill detector.

The material budget in Figure 3.32 is present also during the beam measure-
ments shown above and more specifically during the quadrupole scan in
Figure 3.19, but the two phase space measurements are affected differently
by Multiple Coulomb Scattering (MCS). In both cases the MCS increases the
divergence of the beam after the Mylar® window:

• in a quadrupole scan this is going to increase the size of the beam
spot by a negligible amount (up to ∼3 %), but not directly affecting
the divergence measurement. As a matter of fact, even if the phase
space can be propagated anywhere along the beamline with the matrix
formalism, the quadrupole scan profile will depend only on the phase
space at the entrance of the scanned quadrupole. Therefore the MCS
contribution enters at a higher order: it enters only on the beam spot

75



3. The πE5 Area

(a) Pepper-pot: normal plate (b) Pepper-pot: alternate plate

Figure 3.31: Left: normal plate for pepper-pot measurement. The holes are arranged to have
one hole on the beam centerline. Right: alternate plate for pepper-pot measurement. The holes
are staggered by 12.5 mm with respect to the normal plate. The two separate measurements
are overlapped to increase the number of beamlets while avoiding them to overlap during the
measurement.

Figure 3.32: Full material budget for the muon beam for the beam tuning set-up at the colli-
mator.

width at the Pill location which depends on the divergence through
the drift length as ∆x = Lx′0.

• in a pepper-pot scan the final beam spots are a function of the di-
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vergence at the grid location: an increase in divergence between the
Mylar® window and the pepper-pot grid will result in a bigger phase
space measurements by a factor that is proportional to the MCS con-
tribution.

To account for that, the effect of MCS was fitted by simulating the propaga-
tion of the muon beam measured with the quadrupole scan in the gaussian
approximation from the Mylar® window to the Pill scanner in G4beamline.
The momentum spectrum is assumed to be gaussian centered around 28 MeV/c
with a standard deviation of 3.5 %. The simulation includes:

• 190 µm Mylar® window modeled as the sector of a sphere

• air at standard conditions

• the normal pepper-pot plate in aluminum

Figure 3.33 shows the simulation layout.

Figure 3.33: Front (left) and side (right) view of the material budget included in the G4beamline
simulation to evaluate MCS effect on the pepper-pot scan. In red is the Mylar® window, in
dark grey air and in light grey the normal pepper-pot plate. The air is fitting the insides of the
Mylar® dome as well. The detector is placed on the right of the side view, adjacent to the
column of air.

The simulation was run twice: once only with the pepper-pot plate and once
with the whole material budget. Figure 3.34 shows the fit to the beamlets
in absence of material budget: they are parametrized with the sum of two
gaussians, to account for deviations induced by the acceptance of the holes.
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3. The πE5 Area

The MCS contribution is modeled by displacing the beamlets linearly with
the hole position and by convoluting the parametrized beamlets with the
sum of two gaussians. This parametrization allows for an easy to handle
combination of gaussians:

bi = fN (1, µ1, σ1) + (1 − f )N (1, µ2, σ2) (3.9)
mcs = fmN (1, 0, σm,1) + (1 − fm)N (1, 0, σm,2) (3.10)

⇒ bi,measured = bi(x + xhole−i · k) ∗ mcs(x) (3.11)

where bi is the fit at the i−th hole in absence of material budget, mcs is the
contribution of the MCS that broadens the divergence distribution of the
beam and k is the linear coefficient that accounts for the displacement of
each beamlets as a function of the hole position xhole−i. Figure 3.35 shows
the result of such fit: only the parameters linked to MCS are free to vary.
The MCS parameters are shonw in Table 3.4.

σm,1 [mm] σm,2 [mm] fm k
1.288(12) 7.7(9) 0.939(3) 0.372 0 014

Table 3.4: MCS parameters from G4beamline simulation: σm,i are the standard deviations of
the two gaussians, fm is the ratio between the integral of the first gaussian and the integral of
the sum of the two, k is the linear coefficient for the displacement of the beamlets with respect
to nominal.

The parameters found in this way are used to unfold the measured beam-
lets from the MCS contribution by fitting the measured beamlets with Equa-
tion 3.11.

Figure 3.36 shows the profiles measured with the normal and alternate
pepper-pot plates. The solid areas are the profiles measured with the blind
plate, that is to say the positron background to subtract from the muon
beamlets.

Figure 3.37 shows the fit to the measured horizontal beamlets in the diver-
gence space after subtracting the positron background. Figure 3.38 shows
the comparison between the unfolded horizontal beamlets after removing
the MCS contribution and the measured data points. The fit to the measured
vertical beamlets are shown in Appendix B. The unfolded profiles are thin-
ner, than the measured ones due to the subtraction of the MCS contribution,
and are shifted depending on the plate with which they were measured.

In fact, in order to combine the results from the normal and the alternate
pepper-pot plates, it is necessary to align the beamlets, which are shifted
in the two scans because of the uncertainty in the plate positioning. This
is done by fitting two straight lines to the average position of the unfolded
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Figure 3.36: Profiles measured after the pepper-pot grid. The points are spaced by 0.5 mm and
measured in a 5 s interval. The left plots show the horizontal scans. The right polts show the
vertical scans. The top plots show the normal pepper-plot scans. The bottom plots show the
alternate pepper-plot scans. The solid areas on the bottom of each plot show the contribution
from the positron background produced by Michel decays in the aluminum plates as measured
with the blind plate.

beamlets with the linear coefficient constrained to be the same. Figure 3.39
shows the result of such fit. The horizontal displacement is found to be
1.22 mm, while in the vertical profiles no misalignment is observed.
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(a) Horizontal phase space

(b) Vertical phase space

Figure 3.39: Fit to evaluate the shift of the normal (red points) and of the alternate (blue
points) pepper-pot plates. Two independent fits are performed for the horizontal (top) and for
the vertical (bottom) displacements. Each fit is performed by fitting two straight lines to the
averages of the beamlets as a function of the corresponding hole position. The two straight lines
are constrained to have the same linear coefficient and different offsets. In the fit performed
on the horizontal profiles the relative displacement is found to be 1.22 mm, while in the vertical
profiles no misalignment is observed.
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At this stage, only the divergence at the aperture positions are available. To
fill in the remaining phase space an interpolation is applied. Figure 3.40
shows a cartoon of the steps employed:

• the parametrized slices are evaluated in the full wanted range along
the divergence axis

• a bivariate cubic spline interpolates the missing area

• a gaussian tail is matched in the configuration space to each side of
the interpolated surface

Figure 3.40: Cartoon showing the steps of the phase space interpolation. The horizontal
direction is the configuration space and the vertical direction is the divergence space. Each
slice is parametrized with the fit shown above. The area within the slices is interpolated with a
bivariate cubic spline. The tails in the configuration space are approximated with gaussian tails
matched to the interpolation at the extreme slices.

The resulting phase space is shown in Figure 3.41. To evaluate the emittance,
the contour in the figure was obtained by ordering the bins in the figure by
population size and summing them up to 46.5 % of the beam, which cor-
responds to the integral of a 2-dimensional normal distribution within the
1-sigma ellipse. The standard deviation on the mode was chosen as a mea-
sure of the population size to be consistent with the ordering used to eval-
uate the emittance. Table 3.5 shows a comparison between the phase space
parameters as obtained with the pepper-pot scan and with the quadrupole
scan. Even if a direct comparison is not possible, as the quadrupole scan
assumes a normal distribution, while the result of the pepper-pot scan is a
skew distribution, the reconstructed widths are comparable within 10 % and
the emittances within 20 %.
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Figure 3.41: Reconstructed phase space from the pepper-pot scan. Here MPV denotes the
Most Probable Value, that is to say the maximum of the distribution. STD and COR denote
the standard deviation and the correlation coefficient respectively, here computed with respect
to the MPV of the distribution.

Horizontal phase space
σx [mm] σx′ [mrad] ρx εx [π µm rad]

Quad. scan 18.7 47.1 -0.014 878.6
Pepper-pot scan 17.5 50.6 -0.176 1129.2

Vertical phase space
σy [mm] σy′ [mrad] ρy εy [π µm rad]

Quad. scan 20.3 34.9 0.398 651.3
Pepper-pot scan 17.8 38.1 0.201 839.33

Table 3.5: Transverse phase space parameters as measured with the quadrupole scan and with
the pepper-pot scan.

3.3.2 Fit to momentum distribution

The phase space obtained with the pepper-pot scan can be used to sample
the transverse phase space of the muon beam at collimator, but a further
step is needed to have a through description of the beam dynamics in πE5:
the modeling of the momentum spectrum. In fact the pepper-pot scan is
inherently a measurement of the transverse phase space, giving no infor-
mation on the longitudinal phase space. No dedicated measurement was
performed, but the final beam spot at the center of the Mu3e solenoid is
expected to depend on both the transverse phase space at collimator and on
the momentum distribution. This is caused by the presence of the two bends
along the CMBL which introduce dispersion and by the spectrometer itself
through chromatic aberrations, that is to say the dependence of the position
of a focus on the momentum of a particle.

A python class [43] was developed to fit phase space parameters to available
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beam data using G4beamline models.

The parametrization for the momentum distribution is built as follows:

• the surface muon spectrum depends on the momentum to the power
of 3.5: pd f sur f ace muons(P) = αP3.5

• the surface muon spectrum is convoluted with a gaussian of width
σ1 = 74.4 keV/c to account for cloud muons

• the resulting distribution is multiplied by a gaussian distribution cen-
tered at µ2 = 27.88 MeV/c and with σ2 = 1.23 MeV/c to model the
beamline acceptance

The parameters listed above for the momentum distribution (see Figure 3.42)
were found by fitting the histogram in Figure 2.44 of Reference [5]. At this
stage these values are the initial parameters for the fit with the G4beamline
model. Five additional parameters are added to the fit: the centroids of the
transverse phase space and the first order correlation between the horizontal
coordinate and the momentum.

Figure 3.42: Parametrization for the muon momentum spectrum. In blue the points from
Figure 2.44 of Reference [5]. In red the parametrized distribution.

After initialization with a configuration file, the class interpolates the avail-
able beam profiles with cubic splines and defines the phase space parame-
trization function (from the pepper-pot fit). Then a method evaluates a
χ2−like variable given a set of beam parameters by comparing the measured
profiles with the result of a G4beamline simulation. The advantage in using
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G4beamline is that it allows for single particle tracking, but the computation
time needed for single evaluation strongly depends on the modelled beam-
line and on the required statistics. In general a time up to 20 min is needed
to make an evaluation on the full CMBL. Due to the demanding computa-
tion time needed, standard minimization routines for fits like MINUIT [44]
are not suitable.

In order to overcome this issue, the Non-dominated Sorting Genetic Algo-
rithm II (NSGAII) [45], as implemented in the optuna package [46], was
used instead. Together with other genetic algorithms, NSGAII is widely
used to solve high-dimensional multi-objective optimization problems, de-
livering results in accelerator physics as well [47]. Genetic algorithms are
metaheuristics inspired by the process of natural selection. A generic single-
objective algorithm works as follows:

1. Generate starting population. Each individual is defined as the set of
parameters to be optimized, in this case the beam parameters.

2. At each iteration of the algorithm:

a) evaluate the fitness of each individual in the population. The fit-
ness is the function to be minimized, so in our case the evaluation
of the χ2−like variable

b) select the fittest individuals

c) breed the fittest individuals through crossover and mutation and
give birth to offspring

d) replace the least-fit individuals with the new individuals

The different algorithms differ mainly in the choice of the sorting for fitness
in case of multi-objective optimization. In this specific case, the sorting is
trivial, and further details about NSGAII are reported in Chapter 5 where
this point is of relevance.

For the CMBL, a G4beamline simulation developed in 2018 [5] was used.
The geometry of the beam pipe inside the spectrometer was updated to the
current version and an air atmosphere was used to reproduce the conditions
of the measurement during commissioning.

Convergence showed to be slow for this minimization and after ∼ 7 × 105

trials, corresponding to ∼ 2 weeks on 350 cores, it was stopped. In Fig-
ure 3.43 the dependence of the objective function on the fitting parameters
is shown.

The objective function is narrower along the centroid axes than along the
momentum parameters axes: this is caused by the narrow acceptance of the
QSO doublet, which cuts the tail of the momentum distribution, washing out
the features of the initial momentum distribution. A slight trend can be seen
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on the correlation axis, but as the points are sparse close to the minimum
this could be an artefact of an early stop of the optimization routine.

Figure 3.43: Objective function dependence on fitting parameters. The centroid position in
phase space is better resolved than the momentum distribution parameters.

Figure 3.44 shows the comparison between the measured and fitted beam
spots at the Mu3e center. The minimum value obtained from the optimiza-
tion is χ2/ndof = 4877/110, but the main feature of the measured beam
spot are reproduced. Due to the relevant amount of resources needed to
obtain such agreement and given that the aim of this study is not to fine
tune the beam phase space representation for Mu3e, no furhter optimiza-
tion was carried out. This method has anyways proven to be valid for phase
space inference, and further refinement can be carried out in the future after
commissioning completion to aid the high-fidelity Monte Carlo simulations
of the Mu3e apparatus.

3.3.3 Studies of the optimal magnetic field for the Mu3e focus and
of the optimal position of the moderator and collimator

The beam reconstructed in the previous paragraphs was used to optimize
the position of the Mylar® moderator along the beam pipe in the Mu3e
spectrometer. Figure 3.45 shows the transmission to the beam monitor from
the entrance of the solenoid. Air is included. 36.8 % of the beam entering
the Mu3e solenoid is transmitted to the beam monitor. The losses are caused
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Figure 3.44: Comparison between measured and fitted beam spot at the Mu3e center with
the 2022 campaign tune. The minimum value obtained from the optimization is χ2/ndof =
4877/110. The main features of the measured beam spot are reproduced.

by the 60 mm aperture of the beam pipe and by the size of the final vacuum
window and its holder, which is 40 mm in diameter. As expected, the beam
is focused in both transverse directions close to the beam monitor.

As shown in Figure 3.26, a dependence of the transmission on the Mu3e field
strength is expected: when increasing the magnetic field the waists of the
envelope will be moved upstream allowing for higher transmission when
the waists are located in correspondence of the vacuum window as shown
in Figure 3.27. Figure 3.46 shows the simulated transmission for a magnetic
field at 110 % of the nominal. At the vacuum window the beam spot is
reduced in size allowing for a transmission of 45.34 %. On the other hand
there is not a focus anymore at target position, leading to a wider beam and
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Figure 3.45: Transmission to the center of the Mu3e spectrometer. On the left from the top:
the envelopes in the horizontal and vertical plane, the black lines show the size of the beam pipe;
the transmission from the entrance of the magnet; the phase space at the center of the Mu3e
magnet. On the right from the top: the beam spot at the vacuum window and the beam spot
at target location. The black circles show the size of the target cross section.

a corresponding decrease of rate within the target cross-section, so that the
whole CMBL should be retuned for a specific value of the magnetic field in
the spectrometer.

Figure 3.47 shows the simulated transmission to the center of Mu3e as
a function of the field strength, analogously to the measurement in Fig-
ure 3.26, without changing the currents that power the rest of the beamline:
the simulation does not reproduce perfectly the measurements, but the over-
all behaviour is consistent. The agreement is better if considering the total
rate only, while the discrepancies in the rate on target estimates are proba-
bly due to mismodeling of the centroids of the beam. The main aim of this
study is to provide an input for the 2023 commissioning and the agreement
reached with the current model is sufficient for such estimate.

From this point we can proceed with the optimization of the moderator po-
sition for different magnetic fields. The optimization is performed by opti-
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3. The πE5 Area

Figure 3.46: Transmission to the center of the Mu3e spectrometer. The field strength is 110 %
of the nominal. On the left from the top: the envelopes in the horizontal and vertical plane, the
black lines show the size of the beam pipe; the transmission from the entrance of the magnet;
the phase space at the center of the Mu3e magnet. On the right from the top: the beam spot
at the vacuum window and the beam spot at target location. The black circles show the size of
the target cross section.

mizing the currents of the CMBL elements and the position of the moderator
for three different values of the Mu3e magnetic field:

• nominal

• 110 % nominal

• 120 % nominal

The objective of the optimization is the number of muons transmitted from
QSK41 to the center of Mu3e out of 105 generated particles. Only the par-
ticles within the radius of the Mu3e target (19 mm) are taken into account.
Seven parameters are considered for the optimization: SML41, the QSO dou-
blet, QSM41, ASK41 and ASL41 and the position of the moderator in the
Mu3e 60 mm beam pipe. The atmosphere inside Mu3e in this case is made
of helium, as it will be for the experiment. The optimization is performed
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Figure 3.47: Top: the simulated rate estimated by integrating on the total beam spot (blue) and
within the surface of the Mu3e target (red) at Mu3e center as a function of the magnetic field.
Bottom: simulated fraction of beam within the area of the Mu3e target. The points represent
the simulations. The solid lines are their interpolation with cubic splines.

using NSGAII with a population of 50 individuals.

The final parameters are shown in Table 3.6. The obtained tunes can be
used to scan the collimator position between the moderator and the exit
window to minimize the muon flux on the pixel tracker. Each simulation
was run by transmitting 106 µ+ to the Mu3e center. A hollow cylindrical
VirtualDetector with a 23.7 mm radius was added to the G4beamline model
to count the muons reaching the inner layer of the pixel tracker.

The position of the collimator is parametrized by the distance to the moder-
ator divided by the moderator distance to the exit window and the figure of
merit is the counts in the tracker divided by the counts within the radius of
the Mu3e target: 0 % corresponds to having the collimator in contact with
the moderator. The scan is performed in 10 % steps.

Figure 3.48 shows the transmission from the entrance of the Mu3e spec-
trometer to the Mu3e center, to the tracker and their ratio as a function of
the collimator position. Although the 100 % and 110 % nominal tunes deliver
similar transmissions to target, 27.04 % and 28.47 % respectively, a relevant
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transmission increase is obtained with the 120 % nominal tune. The detailed
transmission plot are reported in Appendix C.

The moderator position determined in this way was used during the 2023
campaign. Further details are reported in Section 3.4.

Beamline parameters
Beamline
element

2022 tune Mu3e 100 % Mu3e 110 % Mu3e 120 %

SML41 [A] - 14 - 13.14 - 12.46 - 19.28
ASL41 [A] 74. 74.72 74.33 73.36
QSO41 [A] 53.5 52.70 52.78 49.52
QSO42 [A] - 15.0 - 15.96 - 17.70 - 14.74
ASK41 [A] - 92.0 - 91.19 - 90.84 - 89.99
QSM41 [A] 120 104.46 126.55 106.61
zMOD [mm] - 9685.51 9691.40 9503.76

Moderator
distance to

Mu3e center [mm]
- 489.49 483.60 671.24

Transmitted
particles

16390 16132 16349 17855

Table 3.6: Optimized parameters for muon beam transmission to the Mu3e center. The three
optimizations include the positioning zMOD of the 600 µm Mylar® moderator as a parameter
and they are compared to the simulated transmission using the nominal CMBL tune as obtained
after 2022 campaign.
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(a) Mu3e spetrometer at 100 % nominal current

(b) Mu3e spetrometer at 110 % nominal current

(c) Mu3e spetrometer at 120 % nominal current

Figure 3.48: Collimator position scan for the 100 %, 110 % and 120 % nominal Mu3e spectrom-
eter field tunes. Left top: transmission to Mu3e target (blue) and to the inner layer of the pixel
tracker (red) vs collimator position. Left bottom: ratio between counts on tracker and on target
vs collimator position. Right: transmission to tracker vs tranmission to target as a function of
the collimator position (color coded).
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3.4 Final remarks and latest results

In this chapter, a description of the activities carried out between 2021 and
2022 to commission the CMBL for the Mu3e experiment was given, with
particular emphasis on the 2022 campaign. The main results can be summa-
rized as follows:

• 2021 campaign: the Mu3e solenoid was moved for the first time in
the πE5 area and the muon beam was successfully transmitted to its
center.

• 2022 campaign: whereas the HSC42 was not operational, the transmis-
sion through the CMBL was improved and surpassed the requirements
stated in the Technical Design Report of the Mu3e experiment [4]. The
characterization of the muon beam phase space was improved by per-
forming a pepper-pot scan, allowing to determine the optimal position
of the moderator and collimator for the data taking.

After the 2022 campaign, the HSC42 sextupole was fixed and the delived-
ered muon rate was significantly improved during the 2023 campaign1. In
2023 the moderator was installed in the 60 mm insert. The beamline was
first tuned for maximum transmission to the center of Mu3e without the
insert. Then, a section with a length of 400 mm of the 160 mm diameter
beam pipe was removed to measure the beam spot where the moderator
would be installed, that is to say 487 mm upstream to the center of the Mu3e
spectrometer. Such position was chosen as a trade off between the optimal
position at nominal field and at 110 % of the nominal shown in Table 3.6.
Figure 3.49 shows the beam spot measured at both the moderator position
and Mu3e center. The beam spot at the moderator position is smaller than
the one at Mu3e center, meaning that the chosen position is indeed a focus
as expected.

Then, the 400 mm section was mounted again and the beamline was tuned
with the 60 mm diameter insert in place. Finally the moderator and the colli-
mator were installed in the insert and the 40 mm exit window was installed
at the end of the beamline. Due to the 100 µm thick exit window being
thicker than the 35 µm planned for the data taking, the moderator here was
limited to a 550 µm thickness. The collimator was positioned in contact with
the moderator so that the muon transmission would be maximal (see Sec-
tion 3.3.3). Due to time constraints, the beam spot was not measured with
the collimator in the position that minimizes the muon flux on the pixel
tracker. Figure 3.50 shows the beam spot measured at Mu3e center with the
moderator in position. The delivered rate is 7.50 × 107 µ+/s, that is to say
8.7 % higher than the rate delivered in 2022 without the moderator.

1The 2023 beamtime happened at the time of writing this thesis, so only a brief summary
of the activities is reported.
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(a) Scan at Mu3e center

(b) Scan at the moderator position

Figure 3.49: Raster-scan at Mu3e center (top) and at the moderator position (bottom) without
beam pipe insert: the inner-most aperture of the beam pipe is 160 mm and the aperture of the
exit window is 100 mm. To measure the beam spot at the moderator position, a 400 mm long
section of the beam pipe was removed.

Finally, Table 3.7 shows a comparison between the muon beam rates deliv-
ered to the collimator, to the QSM41 focus and to the center of the Mu3e
spectrometer over the three commissioning campaigns.
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Figure 3.50: Raster-scan at Mu3e center including the 60 mm beam pipe insert. The moderator
and the collimator are installed in the 60 mm insert and the 40 mm exit window is present.

CMBL commissioning rates comparison
Rate [µ+/s]

Year Collimator QSM41 Mu3e
2021 1.94 108 1.10 108 4.40 107

2022 2.26 108 1.66 108 6.89 107

2023 2.38 108 1.88 108 7.50 107*

Table 3.7: Final muon beam rates over the 2021, 2022 and 2023 CMBL commissionings. In
2023 (*), the measurement at Mu3e center was performed with the moderator in place.
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Chapter 4

Exotic physics measurements
performed with the MEGII apparatus

In 2016 the ATOMKI collaboration has found an excess in the relative angle
distribution of the internal pair creation (IPC) pairs in the 7Li(p, e+e−)8Be
reaction [8]. Until today, the absence of a nuclear model providing an ex-
planation to such an excess has lead to the hypothesis of observation of
new physics with the introduction of a boson of mass 16.95 MeV/c2 [48–
50], therefore the name X17. Only another experiment [51] has claimed the
observation of the anomaly at the time of writing, with similar detection
technique and geometric acceptance to ATOMKI, and the MEG II collabora-
tion has the possibility to perform an independent measurement.
A brief introduction of the anomaly is provided, followed by the description
of the experimental set-up and of the measurement campaigns. Finally, the
analysis strategy and framework are described.

The first two sections are introductory. The third and last sec-
tion focuses on the analysis. The candidate has contributed to
the testing and construction of the target volume, to the data
taking, to the definition of the analysis and to the adaptation
of the MEG II analysis framework to the X17 analysis.

4.1 The beryllium anomaly

The aim of the measurement performed in the ATOMKI laboratories in
Debrecen (Hungary) was to perform a high precision measurement of the
relative angle distribution of the internal pair creation pairs from nuclear
de-excitation, to be then compared with the Standard Model prediction.
The choice of the 7Li(p,γ)8Be reaction is due to the high energy of the γ
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4. Exotic physics measurements performed with the MEGII apparatus

(≈18 MeV) emitted in the de-excitation of the 8Be nucleus. Such feature lead
as well the choice of the MEG experiment for it to be a calibration source for
the energy scale of the XEC.

Two resonances are observed (see Figure 4.1) as a function of the proton
energy Ep: Ep = 441 keV, the beryllium is excited to a 17.64 MeV state;
Ep = 1030 keV, the beryllium is excited to a 18.15 MeV state. The beryllium
is excited to spin-parity JP = 1+ and mixed isospin whose main compo-
nents are T = 1 (Mostly IsoVector, MIV) and T = 0 (Mostly IsoScalar MIS)
respetively [52]. Figure 4.2 shows a schematic of the relevant energy levels.

Figure 4.1: Cross section of the 7Li(p,γ)8Be reaction as a function of the proton energy in
the laboratory frame implemented in the Geant4 MEG II Monte Carlo simulation (GEM). The
implementation is reported in [53] based on the calculations of Zhang and Miller [52].

Figure 4.2: Relevant 8Be states from [52].

The excited beryllium state can then either directly emit a photon or an
electron-positron pair, leading to the so-called internal pair converion (IPC).
IPC is produced with a branching ratio B ≈ 3.9 × 10−3 to the γ produc-
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Figure 4.3: Transition mixing to first ground state for MIS and MIV states, from [54].

tion. In addition to the transition to ground state, both MIS and MIV can
decay to the first excited state of 3.03 MeV. Figure 4.3 shows the fractions of
transitions to ground and first exited states.

In 2016, the ATOMKI collaboration found an excess in the IPC relative angle
at ∼140◦ [8, 9]. In the distribution of the invariant mass of the pair, the ex-
cess corresponded to a mass of 16.70(51)MeV/c2. The initial geometry was
optimized to improve the resolution at 90◦ and later upgraded to measure
the anomaly with higher precision [55] (Figure 4.4), measuring an invarian
mass of 16.98 ± 0.16(stat.)± 0.20(syst)MeV/c2. Later the anomaly has been
confirmed at ATOMKI in the 3H(p,γ)4He process and in the 11B(p,γ)12C
process [56, 57] with results consistent with the original anomaly. To date,
the anomaly has been observed only by ATOMKI and by an experiment
at the University of Sciences in Hanoi [51], and whereas the detector of
ATOMKI has been upgraded and the latter group has independently con-
ducted the experiment, the detection technique and the main features of
the geometric acceptance did not change: every measurement has been per-
formed only in the plane perpendicular to the proton beam axis. This poses
a criticality and requires independent tests of the anomaly. Additionally,
measurements in the full solid angle are needed to test the hypothesis of a
new boson [58]. The MEG II apparatus is suitable for such a measurement
allowing for a broader acceptance and a different detection technique.

In addition to MEG II, many experimental efforts are being carried out to
directly or indirectly test the anomaly [59]. In the following paragraph, a
general overview of such searches is given. The search of the beryllium
anomaly with the MEG II apparatus is presented in the following sections.
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Figure 4.4: Layout of the spectrometer used to measure the Berllium anomaly. Left: initial set-
up. The telescopes are plastic scintillator ∆E − E detectors to perform particle ID and measure
the energy of the pairs. The position of the hits was measured with multi-wire proportional
chambers (MWPC). Right: upgraded set-up. The MWPCs were substituted with double sided
silicon strip detectors (DSSD) [55].

4.1.1 Searches for the X17 boson

In addition to the MEG II collaboration, other groups are working to test the
anomaly [59] by measuring the IPC spectrum:

• At the Institute of Experimental and Applied Physics (IEAP) at Czech
Technical University in Prague, a new experiment is being designed to
measure IPC in different nuclear reactions with the COmpact Positron
Electron spectrometer (COPE), based on silicon based Timepix sensors
and gas detectors [60].

• A 2 MV Van de Graaff accelerator is available at the Laboratori Nazion-
ali di Legnaro (LNL) with deliverable currents up to 1 µA, suitable to
perform the measurement of the anomaly. The detector concept is sim-
ilar to the one used by ATOMKI, but fully performed in vacuum and
optimized to minimize multiple scattering [59].

• Due to the observation of the excess in the 3H(p,γ)4He, the 3He(n,γ)4He
reaction is considered to provide complementary information. An ex-
periment has been proposed with the pulsed neutron beam generated
at the nTOF facility at CERN to measure the IPC spectrum with a
nearly 4π acceptance detector [61]. The same group is also working
on measuring the 3H(p,γ)4He process at the LUNA-MV facility at
Laboratori Nazionali del Gran Sasso (LNGS) with a similar detector
geometry.

• A dedicated beamline has been installed at the UdeM 6 MV tandem
at the Canadian Charged Particle Accelerator Consortium (CCPAC) in
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Montreal to deliver a 3He beam to a LiF target and measure the IPC
from the nuclear de-excitation of both 8Be and 10Be. The detector is
designed to have 95 % angular acceptance and is based on a multi-
wire proportional chamber (MWPC) for tracking and scintillating bars
for energy measurement [62].

Among these efforts, the MEG II experiment is the only one to have a fully
operational set-up and a data-taking campaign has been performed in 2023.

Additional efforts aim to measure the anomaly in other processes:

• In case it exists, the X17 could be produced through the e−Z → e−ZX
Bremsstrahlung reaction. The NA64 experiment at CERN has com-
bined the data of the runs performed in 2017 and 2018 to set limits on
the coupling of the X17 with the electron 1.2 × 10−4 < εe < 6.8 × 10−4

[63].

• The Positron Annihilation into Dark Matter Experiment PADME at
Laboratori Nazionali di Frascati (LNF) is looking for the resonant pro-
duction of X17 by impinging a positron beam on a diamond target
[64].

A more comprehensive review of the experiments testing the anomaly can
be found in [59].
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4.2 X17 detection with the MEG II detector

The measurement of the IPC spectrum in the 7Li(p,γ)8Be process can be
repeated with the MEG II apparatus with minor changes to the system. The
target area, including the support and the vacuum hosting the target itself
have been redesigned for the IPC measurement due to the high material
budget of the standard set-up used for XEC calibrations. Only a subset of
the available equipment is required:

• the pTC to trigger the acquisition;

• the CDCH and COBRA to track and measure the energy of the pair;

• two auxiliary γ detectors (see Figure 4.5) to monitor the photon pro-
duction. A 4× 4 Bismuth Germanate (BGO) matrix is used for the CEX
measurement and a 3-inch Lanthanium Bromide crystal (LaBr3 : Ce, or
Brillance) both read out by PMTs.

Figure 4.5: Auxiliary detectors used for the X17 measurement. Left: the 4× 4 BGO matrix used
for the CEX measurement. Right: the 3-inch Brillance crystal next to the carbon fiber vacuum
chamber (black) for testing.

The Cockroft-Walton accelerator (CW) used for calibrations allows to per-
form the measurement independently on the schedule of the HIPA facility,
letting us taking data during the shut-down periods in early 2022 and 2023.
Ideally, the XEC would have been better suited to measure the photon spec-
trum through the data taking, but the X17 campaigns overlap with the pe-
riod dedicated to anneal the MPPCs of the XEC. It was possible to still take
∼12 h of XEC data during the HIPA service days in May 2023 to improve
the resolution on the photon spectrum.

In this configuration, the copper arm and support ring induce external pair
conversion (EPC) of the γ from beryllium de-excitation. This effect con-
tributes mostly at low relative angles, while the main expected contribution
in the signal region is IPC. A possible X17 is produced with a boost, causing
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the expected energy of the positron/electron pair to be:

Emin = 5.9 MeV, Emax = 12.2 MeV (4.1)

The CDCH is specifically designed to accept narrow momentum ranges, not
allowing to cover the full interval. During the 2022 tests, data were taken by
scaling the field of the COBRA magnet to 15 %, 16 % and 17 % of the value
used for MEG II runs, not observing differences in the detector response.
The scale for data taking in 2023 was then set to 15 %, accepting positron
and electron energies between ∼7.5 MeV and ∼10.8 MeV.

4.2.1 Target area

The optimization of the target layout is reported in [53, 65]. The lithium
target is held at 45◦ with the beam axis at the center of the COBRA spec-
trometer by a copper arm. The target is a lithium compound sputtered on
a copper substrate which both provides support and heat and charge dissi-
pation to the copper arm. Everything is enclosed in a carbon fiber cylinder
with a 13 cm diameter and a 400 µm thickness (see Figure 4.6). The carbon
fiber is glued to an aluminum flange and to an aluminum endcap. The
chamber is vacuum tight. Three stainless steel rods hold three acrylic rings
to reinforce the structure. Two target options have been tested during a run
in early 2022:

• 2 µm LIPON (lithium phosphorous oxynitride) sputtered on a 25 µm
copper substrate;

• 5 µm LiF (lithium fluoride) sputtered on a 10 µm copper substrate.

The LIPON is a class of compounds with the general formula LixPOyNz,
where x, y and z depend strongly on the production process. It allows
for micrometric deposits and it can be produced at PSI. The targets used
for tests and data taking were all produced at PSI by the Neutronenoptik
und Wissenschaftliches Computing with the formula Li3PO4N2. The elements
present in the compound do not introduce background at the energies of
interest for this work. The production process does not allow to precisely
control the uniformity of the target at such thickness. The LiF can be used to
grow precisely depositions on the order of a few micrometers. Additionally,
the reaction 19F(p,αγ)16O is triggered, producing three γ lines of 6.13 MeV,
6.92 MeV and 7.12 MeV with relative yields which depend on the incoming
proton energy [66]. This could serve as an additional calibration source for
the auxiliary detectors. Due to the high rate associated with the fluorine γ

line, the LIPON target has been chosen for the data taking, while the LiF
target is used for calibration of the auxiliary detectors.

105



4. Exotic physics measurements performed with the MEGII apparatus

Figure 4.6: Left: carbon fiber vacuum chamber. The carbon fiber cylinder is glued to an
aluminum endcap and to an aluminum flange. Center: carbon fiber vacuum chamber, inside.
Right: target insert. The copper arm is bolted to an aluminum ring which fits into the flange
of the chamber. Three stainless steel rods hold acrylic rings to reinforce the structure of the
vacuum chamber. The copper target is secured on the arm with a ring to connect to the copper
support with screws.

4.2.2 High fidelity Monte Carlo simulation

The X17 target station is included in the main MEG II Geant4 [39–41] sim-
ulation, the so-called GEM. The response of the detector is stored to ROOT
[67] files and processed by the bartender, which converts the simulated re-
sponse into waveforms based on measured templates. The waveforms are
then processed by the same reconstruction chain used for data. The Zhang-
Miller model has been implemented for the event generator as reported in
[53]. The 15 MeV line is simulated with a 3 MeV width, while the 18.15 MeV
is generated monochromatically. The excited beryllium is assumed to be at
rest and the X17 is assumed to decay isotropically in the rest frame. This
leads to a minimum relative angle of 134◦ in the produced pair in the case
of a 17 MeV/c2 invariant mass.
The Monte Carlo (MC) simulation is used to separately produce EPC, IPC
and X17 samples and to optimize the reconstruction. While the latter two
can be mass produced within a short amount of time, the EPC events are
more challenging as they require to generate a γ and then convert. At the
time of writing, the MC simulation is not yet final and the MC samples
are not yet generated. The foreseen production consists of: 2 × 105 X17,
106 IPC18, 106 IPC15 and 109 γ events to produce EPC.
This work is based on the MC production done in July 2023.

4.2.3 Kinematic variables and observables selection

In the center of mass frame of the X17, the pair is produced back to back
and the only degree of freedom is the emission angle of either of them. As-
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Figure 4.7: Monodimensional and bidimensional distributions of the reconstructed kinematics
variables obtained from the test MC production done in July 2023. Only backgrounds are shown:
IPC 15 (blue), IPC 18 (orange), EPC 15 (green) and EPC 18 (red). Due to the nature of the
EPC, which requires the interaction of a photon with the set-up to have proper kinematics, the
statistics is limited to a few hundreds of events.

suming the excited beryllium to be at rest, the X17 is generated with a boost
β = 0.35 making the relative angle of the pair dependent on the emission
angle in the center of mass frame with respect to the boost. The angular dis-
tribution depends on the quantum numbers of the X17, making it a suitable
observable to determine its nature.
The sum of the energies of the electron and of the positron (energy sum) al-
lows to discriminate events from the 18.15 MeV and 15.12 MeV lines, making
it suitable for blinding.
As an alternative to the relative angle, the invariant mass is considered as
well to perform the likelihood analysis for the X17. It is expected to be inde-
pendent on its quantum numbers, which can be possibly studied in case of
a discovery claim. In either case, for both EPC and IPC the invariant mass
is expected to be strongly correlated with the relative angle, not providing
additional benefits for either of the two.

Figure 4.7 shows the distributions and correlations of energy sum, relative
angle and invariant mass of the different background populations with the
currently available MC statistics.
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Figure 4.8: Green: relative angle and energy sum side-bands. Red: blinded box corresponding
to the signal region. Gentle courtesy of H. Benmansour, who wrote the track selection and pair
reconstruction.

4.2.4 Blinding strategy

Due to the delicate matter of possibly finding new physics, a main concern
is to limit to the minimum extent possible the introduction of bias from
the authors of the analysis. This in the years has come in different flavors
depending on the nature of the observables [68]. We decided to introduce
the same strategy used for MEG II creating a blinded box around the signal
region. The box is defined in the energy sum and relative angle space, with
the following boundaries:

• 16 MeV < Esum < 20 MeV

• 115◦ < θrel < 160◦

The choice is based on the 17 MeV/c2 mass hypothesis and that its width is
negligible with respect to MEG II resolution ∼590 keV/c2 [65].

Two side-bands are then defined:

• Energy sum side-band: here the MC production can be compared and
benchmarked in the full relative angle range.

• Relative angle side-band: here the probability density functions (PDFs)
based on the match in the energy sum side-band can be compared with
the data.

Together they provide a first estimate for the population size of the different
backgrounds.
Figure 4.8 shows the blinded box and the side-bands. Limited statistics from
the dataset (5 % of the total) is included for comparison.
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Figure 4.9: Schematic, not in scale, of the set-up for the X17 measurement. Left: view from
the downstream side of the beamline. The proton beam propagates in the direction entering the
figure. Right: side view of the set-up. The target is slanted by 45◦ with respect to the proton
beam.

4.2.5 2023 data taking

In February 2023, a data-taking campaign has been carried out to measure
the IPC spectrum. A schematic of the layout is shown in Figure 4.9. The
measurement was performed in air in absence of the insertion system, which
is usually used to push upstream the helium volume in the CDCH to insert
the CW beamline.
The trigger required at least 18 hits on each end of the CDCH, so requiring
that a signal should have been read on 18 wires per end. At this stage we
could not impose the wire to be the same for the hits on the two ends, as it
would have needed additional work on the FPGAs of the TDAQ. Further-
more, at least one hit in the pTC was required. The data taking lasted four
weeks and the CW current was kept at ∼10 µA. With such set-up the trigger
rate was ∼50 Hz. A few datasets with the LiF target were taken to compare
with the expected cross sections and our MC simulation. BGO data have
been taken as well for different positions along the beam axis to study the
photon asymmetry, which is expected in the MIS state, but not in the MIV.
Figure 4.10 shows the γ spectrum as measured with the BGO detector. The
calibrations and the analysis of such samples are beyond the scope of this
work, but one further point is worth mentioning: during the analysis of the
first auxiliary detectors datasets we found the beryllium peak at a energy
lower than 18.1 MeV, at 17.8 MeV, which was later confirmed with the XEC.
A possible explanation of this effect can be found in diffusion of lithium to
the copper substrate either during production or induced by the heat load
of the proton beam. Due to energy loss in copper, the substrate causes the
access to the 441 keV resonance as well, resulting in a mix of the MIV and
MIS states. The investigation of this effect is ongoing.
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Figure 4.10: Gamma spectrum as measured with the BGO detector for Ep = 500 keV on LiF
(left) and for Ep = 1080 keV on LIPON (right). Gentle courtesy of H. Benmansour, who wrote
the track selection and pair reconstruction.

In the following, the analysis is presented assuming that only MIS is pro-
duced, but such effect needs to be accounted for.

4.2.6 Track reconstruction and pair selection

The track reconstruction of MEG II is optimized positron tracks and was
adapted to reconstruct pairs. The fitting procedure is run twice on each
event, once with the actual magnetic field orientation and once with oppo-
site polarity, allowing to reconstruct electrons as positrons. Due to multiple
scattering in air, most reconstructed tracks cannot be backpropagated to the
target. To select event candidates the point of closest approach (POCA) to
the beam axis is used instead. A track candidate is selected if the following
requirements are met:

• the number of (good) hits in the track is at least 10;

• the longitudinal coordinate of the POCA (zPOCA) is closer than 2.5 cm
to the target center;

• t0,last hit > t0,first hit, with t0 the time of the hit minus the estimated drift
time of the ionization cloud;

• (zlast hit − zfirst hit) · zfirst hit > 0, analogous to saying that the track is
directed away from the target;

• the propagation length from the first hit to the vertex should be smaller
than 35 cm, in case the first turn in the CDCH is not reconstructed;

• if 11 < number of good hits < 16, the track density is required to be
greater than 1.1 hits/cm. This is a quality check on tracks that do not
escape the CDCH volume within the first turn. Figure 4.11, shows the
correlation between track density and number of good hits for tracks
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that do not escape the CDCH, that do a full turn and that do two full
turns together with the cut described here;

• not escaping tracks, should have hit density > 0.8 hits/cm and track
score = number of good hits + 10 · hit density > 20;

• the standard deviation of the propagation length between two consec-
utive hits should be smaller than 0.9 cm for tracks which do not escape
the CDCH to ensure that most hits are included in the reconstruction;

• |zfirst hit| > 2.5 cm;

• all zhit should be in the same half of the CDCH, so they should have
the same sign;

• |zmean| > 2.0 cm, with zmean the mean of the zhit for all good hits, to
ensure the track propagates far enough from the target;

• |zmean · (θ − 90◦)| < 0, with θ the polar angle of the track at the POCA
vertex with the longitudinal direction, to ensure the track is not per-
pendicular to the beam axis.

Figure 4.11: Correlation between track density and number of good hits.Three populations can
be distinguished: tracks that do not escape the CDCH; tracks that do a full turn; tracks that
do two full turns. An additional cut is shown in red to improve the quality of the population of
tracks that do not escape the CDCH. Gentle courtesy of H. Benmansour, who wrote the track
selection and pair reconstruction.

If in the same event, a positron and an electron pass the selection, a pair is
defined if:

• the two selected tracks have no hits in common;
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4. Exotic physics measurements performed with the MEGII apparatus

Figure 4.12: Esum distributions of the X17 data with a basic event selection (black) and the
selection described here. Shown is a subsample of the energy sum side-band described in Sec-
tion 4.2.4. Gentle courtesy of H. Benmansour, who wrote the track selection and pair recon-
struction.

• the distance between the two POCA vertices is lower than 3 cm.

Figure 4.12 shows the effect of such cuts on fake pairs rejection. Based on
dedicated MC studies, 1.4 % of the collected data meets the selection criteria.

Due to multiple scattering in air, the reconstucted polar and azimuthal an-
gles at the POCA vertex of the single track and its position are correlated
as shown in Figure 4.13 and Figure 4.14. Such effect is mitigated through
vertexing: for each pair, a common vertex is imposed with a beam spot
constraint using the RAVE tool (Reconstruction in Abstract Versatile Envi-
ronments) [69] available in GENFIT (Generic Track-Fitting Toolkit) [70]. The
beam spot is defined as gaussian, identified by its position on the target
and the correlation matrix in the three directions. The position and size of
the beam spot on the target was obtained by fitting the single track data to
dedicated MC samples:

xbeam spot = −2 mm, ybeam spot = −3 mm (4.2)
σx,beam spot = σy,beam spot = 3 mm (4.3)
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4.3 Likelihood analysis framework

Here, the changes to the framwork used to analyse the data of the MEG II
experiment for the X17 analysis are presented.
The aim of the analysis is to provide 90 % confidence bands on both the
branching ratio of the X17 to the 18 MeV line and its invariant mass with a
full Feldman-Cousins construction [71].
The probability density functions (PDF) for the considered backgrounds are
built by parametrizing the spectra computed with GEM, which is bench-
marked in the side-bands in Section 4.2.4. Such approach, deepened (see
Section 4.3.1), is found to suffer from the limited available MC statistics to
model the EPC backgrounds.
A more robust alternative is outlined in Section 4.3.2, where background
PDFs are implemented as histogram templates and their statistical uncer-
tainty is included with the Beeston-Barlow (BB) likelihood [72].

4.3.1 Likelihood definition - parametrized background PDFs

Including the signal, five populations are expected to contribute to the like-
lihood:

• X17;

• internal and external pair creation from the 18.15 MeV line (IPC18 and
EPC18);

• internal and external pair creation from the 15.12 MeV line (IPC15 and
EPC15).

Due to the overlap between the MEG II experiment and the X17 studies, the
development of the analysis framework has started in an early stage before
a definitive decision on the strategy to pursue was selected, requiring the
framework itself to be flexible and easy to extend. The analysis can either
use a binned or unbinned likelihood and it can be run in the 2D space of the
invariant mass/relative angle and energy sum, or in the mono-dimensional
invariant mass/relative angle.
The unbinned likelihood is then defined as:

L = L(x|N̂S, N̂EPC15, N̂IPC15, N̂EPC18, N̂IPC18, mX17)

L =
N̂N e−N̂

N !

m

∏
i=1

( 4

∑
j=0

N̂j

N̂
pd f j(xi)

)
with the index j running between 0 and 4 meaning respectively: X17, EPC
15, IPC 15, EPC 18, IPC 18. Here xi is to be intended as the kinematic
observables of the event i-th used in the fit. The free parameters are the X17
mass mX17 and the expected number of pairs for each population, with their
sum distributed as a Poisson.
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Analogously, the binned likelihood is defined as:

L =
N̂N e−N̂

N !

m

∏
i=1

( 4

∑
j=0

N̂j

N̂
pd f j(xi)

)Ni
(4.4)

with i now running over the bins of the histogram.

Systematic effects are accounted for in the likelihood by introducing nui-
sance parameters distributed with a gaussian penalty term centered around
their expected value:

Lsyst. = L ·
N

∏
k=1

1√
2πσk

e
−

(θk−θk,0)
2

2σ2
k (4.5)

with k the index running on the nuisance parameters, θk the observed value
of the nuisance parameter and θ̂k its true value. At the time of writing,
the main source of systematics has been identified to be the shape of the
PDFs of the EPC events due to the limited available Monte Carlo statistics.
Additional sources of systematics are under study.

In case the analysis is run on the mono-dimensional invariant mass or rel-
ative angle, the energy sum distribution is fitted separately to estimate the
number of pairs in each population. This information is then included in
the likelihood analysis to constrain the populations by multiplying the like-
lihood with a Poisson penalty term for each type of background event:

Lconst = L ·
4

∏
j=1

ˆ̂N N̂j
j e−

ˆ̂N j

N̂j!
(4.6)

with ˆ̂N j the yield estimate of the j-th population from the fit in the energy
sum side-band. Due to the analogy with the treatment of nuisance param-
eters, in the following only the bidimensional analysis case will be shown
without constraints.
The basic principle behind the Feldman-Cousins construction (FC) is to de-
fine a grid in the space of the parameters of interest, so in this case the
branching ratio and the X17 mass, and build the distribution of the likeli-
hood ratio for each point by running a toy Monte Carlo (ToyMC) experi-
ment. Each toy experiment is composed of a number of ToyMCs, generated
as follows:

1. if systematics are included, each nuisance parameter is profiled using
the a priori Highland-Cousins prescription [73, 74], where each nuisance
is sampled around its expected value from the gaussian penalty term;

2. the size of each background population is sampled from a Poisson
distribution with average equal to the corresponding value from the
maximum likelihood fit;
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4. Exotic physics measurements performed with the MEGII apparatus

3. from the PDFs of each population, possibly with the generated sys-
tematics, the kinematic observables are sampled if the likelihood is
unbinned, or the population of each bin of the histogram of the kine-
matic variables is sampled with a multinomial distribution.

At this point, the likelihood ratio λLR is computed by profiling the nuisance
parameters and any other parameter which is not of interest, like the yields
of the backgrounds:

λLR = −2[ln(L( ˆ̂θ, θk,0))− ln(L(θ̂))] (4.7)

where the double hat parameters now are the best values from the fit with
the k parameters fixed to the values θk,0 in the FC grid. For each toy ex-
periment, the single ToyMCs are sorted by λLR. The likelihood ratio is then
computed for data and the local Confidence Level (CL) is found as the frac-
tion of ToyMCs with a lower likelihood ratio than data. The confidence
belts are then built by selecting the iso-CL curves. Here, the 90 % CL belts
are considered. The number of ToyMCs per toy experiment determines the
accuracy to which the CL is computed. The uncertainty on the CL can be
estimated locally with the standard deviation of the binomial distribution:

σĈL =

√
ĈL(1 − ĈL)

NToyMC
(4.8)

with ĈL being the local estimate of the CL and NToyMC the number of
ToyMCs in the current toy experiment.
To compute the significance of a possible signal, it is sufficient to perform a
toy experiment for a null branching ratio and the p-value is the local CL. For
a signal strength greater than 5 σ this process can be demanding on the com-
puting resources. In such a case, the p-value would be lower than 3 × 10−7.
To claim such a discrepacy, more than 107 MC are required, based on Equa-
tion 4.8. Currently our strategy is to perform the test by generating at most
107 ToyMCs and, if the likelihood ratio of the experimental dataset keeps on
being lower than that of the ToyMCs, estimating the p-value based on the
asymptotic λLR distribution of the data. Wilks’ theorem [75] cannot be used
in case the null hypothesis does not depend on one of the fitting parameters.
In this case, the null hypothesis does not depend on the X17 variables, like
the mass. The global p-value is computed with the trial factors technique
[76]. Additional details are reported in Section 4.3.2. The likelihood is fitted
using the MINUIT algorithm [77] implemented in the TMinuit class from
ROOT [67].

If compared with the analysis of MEG II, the framework has been extended
to higher dimensional parameter grids and the binned likelihood analysis
has been added.
The PDFs can be selected from a dedicated database, allowing for a good
versatility.

116



4.3. Likelihood analysis framework

4.3.1.1 Test PDFs

For the tests presented here, the PDFs are parametrized based on the lim-
ited MC production done in July 2023 (see Figure 4.7). A sample of 104

EPC18 events, comparable in size to the expected final production given in
Section 4.2.2, is sampled from the so-obtained PDF and is used to estimate
the expected statistical uncertainty on the PDF parameters for the FC con-
struction. The same is done for the EPC15 PDF.
Table 4.1 shows the yields of each population estimated by comparing the
measured and simulatted BGO trigger rates during 2023 data taking. These
numbers are to be considered provisional.

X17 EPC 15 IPC 15 EPC 18 IPC 18
Population size 450 3.75 × 104 2.75 × 104 1.35 × 105 5 × 104

Table 4.1: Population sizes used for the likelihood analysis tests.

Figure 4.15 shows an example of ToyMC dataset. A cut in energy sum above
16 MeV is also shown. For the 2D analysis, the monodimensional PDFs are
considered to be uncorrelated. Further MC statistics is required to con-
firm this assumption. Possible alternatives are 2D PDF parametrizations or
building a likelihood by multiplying the total marginal distributions in en-
ergy sum and either relative angle or invariant mass. An example of binned
likelihood fit is shown in Figure 4.16.
The parametrization and the parameters with their uncertainties are col-
lected in Appendix D.

Of particular relevance are the PDF employed to model the EPC spectra.
The energy sum Esum is modelled with an asymmetric gaussian:

pd fEPC(Esum) = (Esum < µE) · G(Esum|µE, σE,L) (4.9)
+ (Esum ≥ µE) · G(Esum|µE, σE,R) (4.10)

with G the gaussian distribution and the subscripts L and R standing for left
and right respectively. The relative angle θrel is modelled as a gaussian with
asymmetric asymptotes:

pd f EPC(θrel) = (θrel < µθ) · exp
(
− 1

2
(θrel − µθ)

2

σ2
θ + α2

L · (θrel − µθ)2

)
(4.11)

+ (θrel ≥ µθ) · exp
(
− 1

2
(θrel − µθ)

2

2σ2
θ + α2

R · (θrel − µθ)2

)
(4.12)

The shape of the PDFs in the signal region is crucial, specially due to the
lack of EPC statistics from the MC simulations. No EPC events are expected
in the signal region, but a wrong parametrization can affect the sensitivity
of the analysis. Based on this considerations, a ranking of the systematic
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4. Exotic physics measurements performed with the MEGII apparatus

Figure 4.15: Energy sum (left) and relative angle (right) spectra of the expected pair popula-
tions produced from the PDF estimate described in the text. Top: total marginal distributions.
Bottom: marginal distributions with an energy sum cut above 16 MeV.

effects was developed and four possible sets of systematics are considered
for the final fit:

• OPTION 0: only the systematics not related to the shape of the EPC
PDFs are fitted, e.g. signal normalization;

• OPTION 1: OPTION 0 plus αR of both EPC 15 and EPC 18 are in-
cluded;

• OPTION 2: OPTION 1 plus σθ of both EPC 15 and EPC 18 are included;

• OPTION 3: OPTION 2 plus the energy sum parameters of both EPC
15 and EPC 18 are included.
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4.3. Likelihood analysis framework

Figure 4.16: Example of binned likelihood fit of the ToyMC (black) sample in Figure 4.15.
No nuisance parameters are included. Here the marginal distributions are shown. The fit is
performed with the binned likelihood using 2-dimensional PDFs in Esum and θrel. The best fit is
shonw in blue. The sum of the background PDFs is shown in red.

4.3.1.2 Preliminary tests

Figure 4.17 shows a comparison between the estimators from the unbinned
and binned likelihood analysis on 500 ToyMC samples. The nuisance pa-
rameters are fixed to the expected values. The yields of the backgrounds are
summed to improve readability.
The analysis is performed on the relative angle between 20◦ and 180◦ and
on the energy sum between 10 MeV and 24 MeV. The histograms for the
binned analysis are built with 40 bins in relative angle and 35 bins in energy
sum. Whereas the distributions of the estimators are compatible, the binned
analysis runs on average in 0.8 s, while the unbinned analysis requires on
average 62 s. The former is therefore preferred for the FC construction, as it
allows for a faster data processing and a bigger ToyMC production.
In the following, the tests shown are carried out with the binned likelihood
analysis only.

Figure 4.18 shows the distribution of the estimators when the nuisance pa-
rameters are included in the fit. OPTIONS 1, 2 and 3 in Section 4.3.1 are
tested by sampling 500 ToyMCs to show the effect of the uncertainty on the
parametrization of the PDFs of EPC15 and EPC18. For each ToyMC, the free
nuisance parameters are sampled as described in Section 4.3.1. OPTION 1
and OPTION 2 do not introduce sensible changes to the estimators. OP-
TION 3 instead causes the signal yield to be always compatible with zero.
The overpopulated bin in the background yield is due to the minimizer
reaching the allowed range for the signal parameters. This is likely linked
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(a) Unbinned likelihood analysis

(b) Binned likelihood analysis

Figure 4.17: Distributions of the yield estimators and of the X17 mass estimator generated by
fitting 500 different ToyMCs with the unbinned (top) and binned (bottom) likelihood. The yields
are normalized to their averages and the background yields are summed to improve readability.
The estimators are unbiased and compatible between the two analysis. Because the binned
analysis is faster, it is preferred for the FC construction.

to the parametrization chosen for the Esum EPC PDFs and therefore to the
low MC production this study is based on. As shown in Figure 4.7, the
original MC production resulted in a few hundreds of EPC events for both
the 15 MeV and the 18 MeV lines. The chosen parametrization correctly re-
produces the behaviour of such sample, but the lack of statistics in the tail
can have lead to an improper parametrization.
Further tests are required when the final MC production will be available,
but the statistics is expected to be on the same order of magnitude, if not
lower, than the expected population size in data.
Moreover, the current strategy does not account for possible correlations
between energy sum and relative angle, which cannot yet be excluded.

To tackle both issues, a different approach was proposed and is described in
the following.
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4.3. Likelihood analysis framework

(a) OPTION 1

(b) OPTION 2

(c) OPTION 3

Figure 4.18: Distributions of the yield estimators and of the X17 mass estimator generated
by fitting 500 different ToyMCs with the binned likelihood. The yields are normalized to their
averages and the background yields are summed to improve readability. The effect of the nuisance
parameters linked to the EPC PDFs is shown. OPTION 1 (top) and OPTION 2 (center) reported
in Section 4.3.1 do not introduce changes with respect to the estimators in Figure 4.17. OPTION
3 (bottom) instead causes the estimated signal yield to be always compatible with zero. The
overpopuletd bin in the background yield is due to the minimizer reaching the limits of the
allowed range for the signal parameters.
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4.3.2 Likelihood definition - template background PDFs

Due to the low MC statistics currently available (∼5 × 102 EPC, ∼104 IPC)
to study the estimators from the likelihood analysis and to the low statistics
(∼104 EPC, ∼105 IPC) that will be available from the final MC production
with respect to the expected population size in data (see Table 4.1), an alter-
native likelihood has been defined.
In [72], the authors derive the complete binned likelihood for template fits
including the effect of low MC statistics. The population of each bin is dis-
tributed with a Poisson distribution around their true value. The likelihood
is the sum of a term describing the data (Ldata) and of a term describing the
templates (Lnuisance):

lnL = lnLdata + lnLnuisance (4.13)

=
n

∑
i=1

Di ln fi − fi +
n

∑
i=1

m

∑
j=1

aji ln Aji − Aji (4.14)

with:

• n is the number of bins

• m is the number of populations

• Di is the population in the data i-th data bin

• fi is the estimated population in the i-th bin

• aji is the observed statistics in the j-th MC sample in bin i

• Aji is the estimator of aji

This approach introduces one nuisance parameter per bin per population.
The nuisance parameters Aji are used to estimate fi:

fi =
m

∑
j=1

pj Aji (4.15)

pj =
N̂j,data

Nj,MC
(4.16)

The figure pj is called population strength and it is more relevant than the
population yield in this case as it embedds not only the amount of events in
data, but it also the difference in statistics between the generated MC and
the data.
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The maximum of the likelihood is found by differentiating it with respect to
pj and Aji and setting the derivatives to zero:

∂ lnL
∂pj

=
n

∑
i=1

Di

fi
Aji − Aji = 0 ∀j (4.17)

∂ lnL
∂Aji

=
Di

fi
pj − pj +

aji

Aji
− 1 = 0 ∀i, j (4.18)

leading to m · (n + 1) equations to be solved simultaneously.
Equation 4.18 can be rewritten as:

1 − Di

fi
=

1
pj

(
1 −

aji

Aji

)
∀i, j (4.19)

The left hand side term depends only on i, and it is usually defined as ti:

ti = 1 − Di

fi
(4.20)

Equation 4.18 can then be solved for Aji:

Aji =
aji

1 + ti · pj
(4.21)

meaning that for a given set of pj, only one nuisance parameter per bin is
free, ti. If Di = 0, ti = 1. If Di ̸= 0, Equation 4.17 can be written as:

Di

1 − ti
= fi =

m

∑
j=1

pj Aji =
m

∑
j=1

pj
aji

1 + ti · pj
(4.22)

which is a set of independent non-linear equations in the tis.

To maximize the likelihood, the authors propose to either solve the system
of equations numerically or to use a minimizer like MIGRAD to minimize
with respect to the pjs only, while for each set of pjs, the tis are computed
by solving Equation 4.22.
Here the latter approach is used. The likelihood was implemented in python
and the minimization is performed with the MINUIT algorithm [77] in the
implementation of the iminuit [77] package. Equation 4.22 is solved with the
BRENT algorithm [78] in the implementation of the brentq function from the
scipy [38] package.

Special care is needed to handle bins where the ajis are zero. In case Di = 0,
ti = 1. Otherwise, 4.19 gives:

ti = − 1
pk

(4.23)
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with k running on the populations with aki = 0. Such solution is problem-
atic as it leads to inconsistencies when different templates are null in the
same bin. Action is required only if the discrepacy between Di and fi is
statistically significant. This can happen only when the strongest population,
the population with maximum pk, has a null aki. In such a case, only Aki is
inflated to compensate for the discrepacy. This is justified by the fact that
the strongest population is the one for which a variation in Aki is expected
to have the largest effect on the likelihood.
In such a case, the nuisance parameter is set to:

ti = − 1
pmax

, if aki = 0 and pk = pmax (4.24)

Equation 4.22 can then be solved for Aki:

Aki =
Di

1 + pmax
−

m

∑
j ̸=k

pj · aji

pmax − pj
(4.25)

If Aki > 0, the discrepacy between Di and fi is significant and the correction
is needed. The other Ajis are computed from Equation 4.21. If Aki <= 0, the
discrepacy is not significant. In case there are some aji ̸= 0, Equation 4.22 is
solved normally, otherwise Aji is set to 0.

Such approach allows to correctly include the effect of limited MC statistics
in the likelihood and is easily adapted for N-dimensional binning, therefore
naturally accounting for possible correlations between the kinematic vari-
ables.
In the case of the X17, the mass is an additional parameter to be included to
the fit. Here, the templates are used for the background, while a parametriza-
tion is used for the signal. The expression of the likelihood stays the same,
but no Aji or aji is defined for the signal. This is analogous to include a
template for the signal in the limit for psignal → 0, so that no correction is
applied to it:

aji = pd f j,i if j = signal (4.26)

Aji = pj
aji

1 + ti · pj
≈ pjaji if j = signal, for pj → 0 (4.27)

4.3.2.1 Preliminary tests

Two scenarios are considered:

• ideal statistics scenario: each MC template is populated on average with
105 events

• current statistics scenario: each EPC template is populated on average
with 104 events, while each IPC template is populated on average with
105 events
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4.3. Likelihood analysis framework

An example of fit for both scenarios is shown in Figure 4.19. The binning
has been reduced here to 20 bins between 20◦ and 180◦ in θrel and 14 bins
between 10 MeV and 24 MeV in Esum to speed up convergence. The tis are
shown as well. A negative ti results in an inflation of the corresponding
template bins, while a positive ti results in their reduction. As expected,
where Di = 0 the ti is set to 1.

(a) Ideal statistics scenario

(b) Current statistics scenario

Figure 4.19: Example of maximum likelihood fit for the template likelihood. The fit is performed
on the same toy data sample in the ideal and in the current statistics scenarios. The heatmaps
on the left show the fitted value of the ti nuisance parameters. In the ideal statistics scenario,
each template is populated on average with 105 events. In the current statistics scenario, each
EPC template is populated on average with 104 events, while each IPC template is populated on
average with 105 events. The fit is performed in the full data range, but only the signal region
is shown to ease the interpretation of the results. The pull distribution on both relative angle
and energy sum is shown below their respective histograms. Whereas here only the marginal
distributions are shown, the fit is performed in the 2D space.

To estimate the significance, the theorem of Wilks cannot be used due to the
fact that the likelihood does not depend on the X17 mass when the signal
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yield is set to zero. To estimate the significance, 102 toy MC with no signal
where generated. For each toy MC, the templates were sampled as well. For
each iteration, the test statistics q(m) was computed:

q(m) = λLR(m) = −2[ln(L(m, ˆ̂θ, θk,0))− ln(L(m, θ̂))] (4.28)

Then, as described in [76], the number of up-crossing is computed for each
iterations as the number of times q(m) passes over a certain value c0. The
value of c0 is chosen to be DOF − 1 (degrees of freedom), with DOF = 2
(signal yield and mass) to maximize the average number of up-crossings.
Figure 4.20 shows an example of such iteration. The average number of
up-crossings is then used to compute the global p-value:

P(q(m) > c) ≤ P(χ2
DOF > c) + ⟨N(c0)⟩

( c
c0

) DOF−1
2

e−
c−c0

2 (4.29)

where c is the observed value of q(m) for the data. With this approach it is
possible to make an estimate of the asymptotic likelihood ratio distribution
with a limited number of ToyMCs.
In principle the average number of up-crossings depends on the set of tem-
plates, so that the full procedure should be repeated for each sample sepa-
rately. Due to the heavy computational cost and to the PDFs being provi-
sional, here the average number of up-crossings is computed for two refer-
ence set of templates only, one for the ideal and one for the current statistics
scenario and assumed to be the same for all generated sets.
The average number of up-crossings for c0 = 1 is shown in Table 4.2. Fig-
ure 4.21 and Figure 4.22 show the distributions of the estimators for the
population yields and for the X17 mass in the ideal and current statistics
scenarios respectively, obtained by running ∼103 ToyMCs for each scenario.
At each iteration both the templates and the data histograms were sampled
from the PDFs shown in Section 4.3.1.2. The yields are normalized to the av-
erage of their respective distributions to improve readability. The X17 yield
is Poisson sampled around 500 as an example. The time needed for the tem-
plate fit is maximum when no X17 events are injected in the ToyMCs and
on average it is 6.4 s for the current statistics scenario and 8.8 s for the ideal
statistics scenario to run.
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4.3. Likelihood analysis framework

(a) Ideal statistics scenario

(b) Current statistics scenario

Figure 4.20: Example of up-crossing computation for the template likelihood. The same ToyMC
data sample is shown for the two template scenarios: ideal statistics (top); current statistics
(bottom). The shape of the likelihood depends on the templates as well, so a direct comparison
is not possible. In both cases the likelihood crosses the threshold, registering one up-crossing
each.
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4. Exotic physics measurements performed with the MEGII apparatus

(a) Ideal statistics scenario (b) Current statistics scenario

Figure 4.23: Medians of the local and global significances as a function of the real number of
signal events. For each point, 2 × 103 ToyMCs were generated as it was done for Figure 4.21
and Figure 4.22.

Figure 4.23 shows the medians of the local and global significance distribu-
tions as a function of the true X17 yield. When reducing the average EPC
template population by a factor 10, the average signicance is reduced by
21 %. For the hypothesis of ATMOKI of 450 X17 events, the median global
significance is expected to be 4.27 σ in the ideal case and 3.36 σ in the current
statistics case.

Ideal statistics Current statistics
Average number of up-crossings 0.44 0.21

Table 4.2: Average number of up-crossings for c0 = 1 for the ideal and current statistics
scenarios. 100 ToyMCs were generated for each scenario.

4.3.2.2 CL estimate

The FC construction is performed as described in Section 4.3.1. The a pri-
ori Highland-Cousins prescription is naturally extended to sample the tem-
plates: at each ToyMC generation, the bins of the Toy templates are sampled
with a Poisson distribution centered around the population in the corre-
sponding bin of the reference template. The distribution of λLR is com-
puted on a 15 × 15 grid between 0 and 900 average X17 events and between
15 MeV/c2 and 18.15 MeV/c2 X17 mass. For each point in the grid, the
ToyMC generation and fitting was performed for 1 h. This delivered an in-
homogeneous number of ToyMCs produced per point on the grid as the
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4.3. Likelihood analysis framework

convergence time depends on the strength of the signal. Each point in the
grid has a generated statistics ranging between ∼130 and ∼350 ToyMCs.
The grid was generated for both scenarios and used for the following tests.

(a) Ideal statistics scenario

(b) Current statistics scenario

Figure 4.24: Example of profile likelihood ratio in the ideal (top) and current (bottom) statistics
scenarios. The true value of the X17 yield here is set to 500 events. The likelihood ratio is
computed on the same ToyMC for both scenarios. On the left, the profile likelihood is shown.
On the right, the local p-value estimated with Wilks’ theorem is shown. The solid and dashed
black lines show the 90 % and the 68 % p-value level respectively.

In order to compute the CLs, the likelihood on the data sample, which is in
this case a reference ToyMC sample, is profiled in the grid points and the
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4. Exotic physics measurements performed with the MEGII apparatus

(a) Ideal statistics scenario

(b) Current statistics scenario

Figure 4.25: Example of full FC construction in the ideal (top) and current (bottom) statistics
scenario. The true value of the X17 yield here is set to 500 events. The FC construction is done
on the same ToyMC for both scenarios. On the left, the grid points are shown. On the right, a
cubic spline interpolation is shown. The solid black line shows the 90 % CL belt. By reducing
the statistics of the EPC templates by a factor 10, the limits on the X17 yield increase by 14 %
and the limits on the X17 mass increase by 11 %

λLR is computed. For each grid point,the λLR is ranked giving the local CLs.
As an example, Figure 4.24 shows the profile likelihood in both scenarios
for the same ToyMC data sample, and Figure 4.25 shows the result of the FC
construction for both scenarios for the same ToyMC data sample. The pro-
cedure is then repeated 100 times by resampling the dataset and computing
the profile likelihood for each iteration for different values of the average
X17 yield. The median of the upper and lower limits and of the best fit esti-
mates are shown in Figure 4.26 as a function of the average X17 yield. Such
estimates depend on the template used, resulting in a bias on the best fit
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4.3. Likelihood analysis framework

and on the quoted limits. In Figure 4.26 the bias is clearly visible, leading to
a median yield of 400 X17 events for both scenarios when the true value is
450. The two scenarios have a similar bias due to the IPC populations being
the same.

(a) Ideal statistics scenario

(b) Current statistics scenario

Figure 4.26: Median 90 % CLs and best fits expected as a function of the true X17 yield in the
ideal (top) and current (bottom) statistics scenarios. The limits are shown both in the estimated
X17 yield (left) and mass (right). The bias on the best fit and on the limits is caused by the
template. The biases in the two scenarios are similar due to the IPC templates being the same
and to the fact that only few EPC events are expected for high relative angles.

The sensitivity in the two scenarios is obtained by repeating the procedure in
the null signal scenario 100 times with different templates. The distribution
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4. Exotic physics measurements performed with the MEGII apparatus

of the so obtained medians is shown in Figure 4.27. The sensitivity is quoted
as the average of the medians of the upper limits obtained with the different
templates. It is 275(4) X17 events in the ideal case and 272(4) X17 events in
the current statistics case to be compared to the expected 450 events assum-
ing ATOMKI’s hypothesis. The uncertainties quoted here are the standard
deviations on the sample average. The two cases are compatible, meaning
that in the null hypothesis case the lack of statistics in the MC EPC popu-
lations is not problematic. The same test has been repeated assuming the
branching ratio measured by ATOMKI, therefore 450 signal events on av-
erage (see Figure 4.28). In that case, the average of the median upper and
lower limits at 90 % CL are respectively 657(6) and 271(6) X17 events in the
ideal statistics scenario and 638(6) and 215(6) in the current statistics sce-
nario. Whereas the estimate of the upper limits are still compatible within
statistical uncertainty, in the ideal statistics scenario the confidence interval
is ∼10 % smaller.

Figure 4.27: Distribution of the median 90 % upper limit (UL) on the X17 yield for the ideal
(red) and current (blue) statistics scenarios for N̂Sig = 0. Each point is computed by repeating
the FC construction 100 times. A different template is used for each point. The sensitivity is
quoted as the average of the medians of the upper limit obtained with the different templates.
The quoted uncertainty is the standard deviation on the sample average.
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Figure 4.28: Distribution of the median 90 % lower limit (LL, left) and upper limit (UL, right)
on the X17 yield for the ideal (red) and current (blue) statistics scenarios for N̂Sig = 450. Each
point is computed by repeating the FC construction 100 times. A different template is used for
each point. The quoted uncertainty is the standard deviation on the sample average.

4.4 Final remarks

A data taking campaign to test the beryllium anomaly has been carried out
in 2023 with the MEG II detector. At the time of writing, the accuracy of the
high fidelity MC simulation is investigated in the side bands and the MC
production is ongoing.
The MEG II analysis framework has been adapted to perform a full Feldman-
Cousins [71] construction of the 90 % Condifence Levels on the X17 anomaly
yield and mass with a likelihood definition based on MC templates. The ef-
fect of the limited MC statistics that can be produced given the resources
available to the collaboration has been included with the Beeston-Barlow
likelihood [72].
The sensitivity expected on the 2023 data sample is estimated to be of
272(4) X17 events, to be compared with 450 assuming the hypothesis of
the ATOMKI collaboration. The estimated significance of an anomaly com-
patible with the measurements from ATOMKI is 3.36 σ. A significance of
4.27 σ could be achieved if the EPC MC statistics could be increased by a
factor 10.
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Chapter 5

The High Intensity Muon Beams
project HIMB

In the following chapter, the High Intensity Muon Beams (HIMB) project is
presented. A general overview of the motivations behind it together with its
requirements will be given. The focus is subsequently put on the optimiza-
tion strategy for the two beamlines MUH2 and MUH3.

The first three sections are included as an introduction to the
optimization of the HIMB beamlines. The candidate has sub-
stantially contributed to the optimization of the MUH2 and
MUH3 beamline designs and evaluated their performances
in the full accepted momentum spectrum.

5.1 Motivations and requirements

Thanks to the HIPA facility (see Chapter 1) the Paul Scherrer Institut has
been leading the high intensity frontier in both particle physics [79] and
condensed matter [80–85] for decades by delivering surface muon beam
rates of up to a few 108 µ+/s. The High Intensity Muon Beams project
aims at exceeding the current intensity limits by two orders of magnitude,
reaching rates of 1010 µ+/s. Such an increase would push the sensitivity of
cLFV searches with muons and improve the limitations of the current µSR
technique. The next generation of proton drivers to deliver beam powers
higher than 1.4 MW require significant research and development, so the
HIMB projects focuses on improving the surface muon yield with a new
target geometry [6, 86] and on increasing capture and transmission with a
large-aperture solenoid-based beamline.

Figure 5.1 shows the layout of the HIPA facility including the HIMB beam-
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5. The High Intensity Muon Beams project HIMB

lines. The new target station TgH will substitute the current TgM and the
two HIMB beamlines will be positioned at 90◦ with respect to the proton
beamline. The MUH2 beamline will replace the πM1 area and will be de-
voted to particle physics delivering the highest muon intensities: the focus-
ing elements will be solely solenoids. The MUH3 beamline will serve µSR
instruments and will replace the current πM3 areas: the capture and the
first section of the beamline will be based on solenoids, while the coupling
into the spin rotator and the transfer to the experiment will be done with
two quadrupole channels. A detailed description of the beamlines will be
provided in the following.

Figure 5.1: Overview of the HIPA accelerator complex including the HIMB beamlines and the
new isotope production target station TATTOOS. The new target station TgH will replace the
current TgM and the beamlines will replace πM1 and πM3. Adapted from [87].

The HIMB project is part of the Isotope and Muon Production using Ad-
vanced Cyclotron and Target Technologies project (IMPACT) [87], whose
other goal is the construction of a new radionuclide production target for an
online isotope separation facility: the Targeted Alpha Tumour Therapy and
Other Oncological Solutions (TATTOOS) project.
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5.1.1 Fundamental research applications

The importance of muons as sensitive probes for Beyond Standard Model
physics has already been covered in Chapter 1. Figure 5.2 (already included
in Chapter 1) shows the history of limits for the cLFV golden channels
branching ratios, together with the expected sensitivity of MEG II, searching
the µ+ → e+γ decay, Mu3e, searching the µ+ → e+e+e− decay, and Mu2e,
searching the µ−N → e−N transition.

Figure 5.2: The history of limits for the cLFV golden channels branching ratios. The open
markers indicate projected sensitivities. Plot modified from [18].

The MEG II and Mu3e experiments require continuous muon beams to min-
imize the accidental background, therefore PSI was chosen as the host fa-
cility, but within 5 years of data taking, they will exhaust their statistical
reach in πE5. In particular, the phase II of Mu3e requires muon beam rates
∼109 µ+/s to reach its sensitivity goal of B∼10−16 (see Chapter 1).

In conjunction with a cooling stage like muCool [88–91] the HIMB beams
could be compressed in phase space by ten orders of magnitude with an
efficiency of 10−4-10−3, allowing for sub-electronvolt sub-millimeter muon
beams that can be reaccelerated. Such phase space would aid muonium
production for muonium spectroscopy and antimatter gravity experiments
like LEMING [91, 92].

A more comprehensive list of the new opportunities for particle physics
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experiments at PSI enabled by the HIMB upgrade can be found in [91].

5.1.2 µSR applications

The spin spectroscopy technique (µSR) allows to probe the local magnetic
properties of matter down to nanometer scales. This is done by implanting
polarized positive muons in a sample and then measuring the direction of
the outcoming decay positron. The measured time spectrum will depend on
the interaction of the muon magnetic moment with the sample. The depth at
which the sample is probed depends on the energy of the incoming muon.
Figure 5.3 shows the calculated muon stopping range in copper as a function
of the muon energy.

Figure 5.3: Calculated muon stopping ranges in copper (Cu) as a function of the incoming muon
energy. Plot modified from [91]. Typically used muon energies for µSR measurements restrict
the probed ranges to either < 200 nm (low-energy muons, LE-µ+) or ≥ 100 µm (surface- and
decay-muon beams).

The red lines in Figure 5.3 show the available energy ranges for such mea-
surements:

• ranges > 100 µm: muons in this range are surface-muons and decay-
muons. The rates in this range are limited by the detection technique
that measures one muon at a time: a few 104 µ+/s.

• ranges < 200 nm: muons in this range are the so called low-energy
muons (LEµ+). The surface-muon beam is moderated on a thin film of
a solid rare gas (argon or neon) [93, 94] to produce epithermal muons
(∼15 eV). The foil is biased with a high voltage, allowing to accelerate
them up to 30 keV. The rates in this range are limited by the efficiency
of the moderation process (∼10−5-∼10−4) to ∼5 × 103 µ+/s.
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The gap in range is referred at as the sub-surface gap, because it corre-
sponds to the energy range of subsurface muons. In this region of the muon
spectrum the population decreases quickly with the kinetic energy and the
currently achievable rates do not allow for reasonable data taking periods.
Additional limitations arise due the standard µSR detection scheme, where
a 200 µm scintillator is employed to measure the arrival time of the muons
plus additional material in the radiation shield of the cryostat where the
sample is located. Overall the muons lose tens to hundreds of keV in en-
ergy.

The HIMB beamlines would allow to increase the rates of LEµ+ and sur-
face muon beams and to give access to the sub-surface gap. Additionally,
together with the development of vertex detectors based on silicon pixel
sensors [91]:

• resolving the muon vertex at the millimeter level would reduce pile-up
and allow for higher rates in the set-up

• smaller samples could be measured, down to cross sections of ∼1 mm2.
This would be 20 times better than the current limits and would allow
for probing multiple samples in parallel

A more comprehensive list of the new opportunities for µSR at PSI enabled
by the HIMB upgrade can be found in [91].
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5.2 Target station upgrade: target H

As shown in Chapter 1, the introduction of an angle with respect to the
proton beam increases the muon yield at TgE*. For the HIMB upgrade, TgM
will be substituted with TgH, a thinner version of TgE*. The slanting angle
with the beam will be 10◦ and the thickness in the proton beam direction is
fixed to 20 mm. With such a geometry the surface muon yield is expected to
be the same as a non-slanted TgE with a thickness of 40 mm. The material
chosen for the target is polycriystalline graphite and the cooling will be
radiative.

Figure 5.4 shows a section of TgH.

Figure 5.4: Cross-section of TgH from [95].

The proton beam will impinge on the back of the target, passing through a
water-cooled copper plate acting as local shielding against the intense heat
radiated off the target. A Densimet® (tungsten alloy) protection collimator
will be used in order to protect against the proton beam hitting directly the
copper cooling plate.

To allow for such a configuration, the proton beam trajectory will be lower
than the rotation axis of the target, or it would intersect the rotation shaft.
Additionally, a lower trajectory allows the use of a flat target, providing
more usable space and further reducing heat and radiation load on the target
insert. A more detailed view of TgH is shown in Figure 5.5.

The target rim will be 3.5 mm thick and 100 mm wide. The target will be
composed of two different disks with 12 blades each. When the two disks are
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Figure 5.5: Detailed view of the TgH insert.

overlaid on on top of each other, the blades combine in a wheel. This design
was preferred because it allows for a thicker graphite support at the center,
where the disks overlap, without the need of machining a gradually varying
thickness of the graphite. Additionally, it allows to precisely introduce gaps
to keep distorsions and thermal stress under control. Figure 5.6 shows a
schematic of the two disks.

Figure 5.6: Schematic of the two disks composing TgH from [87]. Each disk has a thickness of
3.5 mm and sustains 12 blades. Once overlaid the two disks combine in a wheel. This design was
preferred because it allows for a thicker graphite support at the center, where the disks overlap,
without the need of machining a gradually varying thickness of the graphite. Additionally, it
allows to precisely introduce gaps to keep distorsions and thermal stress under control.

143



5. The High Intensity Muon Beams project HIMB

Figure 5.7: TgE remote-handling exchange flask in the HIPA facility experimental hall.

To allow for maintainance, the elements along the proton beamline are or-
ganised in inserts that can be independently extracted with so-called ex-
change flasks. The aim of such devices is to shield the elements during ex-
traction and transport. Due to the harsh radioactive environment along the
proton channel, the exchange flasks are bulky and are designed to handle as
many inserts as possible. Each exchange flask is a steel case equipped with
grippers and motors to remotely extract the inserts. In case of TgH the insert
was designed to fit the same exchange flask as TgE, allowing for easier op-
erations and reducing the number of needed spare components. Figure 5.7
shows the TgE remote-handling exchange flask in the HIPA facility.

The distance between the target and the coil of the capture solenoid (see be-
low in Figure 5.13) will be 250 mm to enhance the acceptance of the beam-
lines. The short distance sets stringent requirements on the design of the
target station which needs to be enclosed in the same vacuum chamber as
the capture solenoids. Figure 5.8 shows the target station with the two cap-
ture solenoids.
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5.2. Target station upgrade: target H

Figure 5.8: Detailed view of the TgH station. The insert of TgH is enclosed in the same vacuum
chamber as the two capture solenoids (purple).

5.2.1 Particle spectra at TgH

To design and optimize the HIMB beamlines, a set of ROOT files containing
the distributions of the particles of interest close to the target was prepared.
The distributions were produced with a G4beamline [37] simulation using a
square polycrystalline graphite slanted target with a side of 100 mm and a
thickness of 3.47 mm. The proton beam impinges at the center of the target
at a 10◦ angle, resulting in a 20 mm effective length for the proton beam. The
proton beam is sampled with no divergence and a round beam spot with
σx = σy = 1 mm. The proton energy is a monochromatic line at 590 MeV.

The secondary particles are detected by two VirtualDetectors1 on the sides
of the target 15 mm away from its center: at such a short distance the effect
of the fringe fields from the capture solenoids are expected to be negligible.
Due to the slanted geometry of the target, the distributions on the MUH2
and MUH3 sides are different and separate beam files have been generated
for the two sides. While for MUH3, only positive muons are of interest, the
species considered for the optimization of MUH2 are:

• µ+, µ−: species of interest for experiments

1A VirtualDetector is a G4beamline element that allows to record the particles entering
its physical volume.
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• e+, e−: main contamination to muon beams and possible calibration
sources for the experiments (see Section 1.3.2.3)

• π+, π−: possible calibration sources for the experiments (see Sec-
tion 1.3.2.2) and additional contribution to muon rates due to decays
in flight

Figure 5.9 shows the graphic output of the G4beamline model, while Fig-
ure 5.10 and 5.11 show the momentum distributions respectively on the
MUH2 and on the MUH3 side at target normalized to a proton current of
2.4 mA.

Figure 5.9: Zoom-in of the graphic output of the particle production at TgH from G4beamline.
The target is seen from above. The secondary beams are produced by impinging 1000 protons
(blue straight lines) on a simplified version of TgH (red). The particles are detected with two
VirtualDetectors (light yellow) on the sides of the target and then absorbed by the two ’killing
disks’ (light grey).

5.3 Beamline elements

This section comprises a list of the elements composing MUH2 and MUH3
together with their main features. Their layouts are described in Section 5.4.1
and Section 5.5.1 respectively. A main characteristic of the HIMB beamlines
is the extensive use of solenoids to maximize transmission. The advantage
of solenoids over quadrupoles is linked to their optical properties: a single
solenoid magnet is sufficient to focus both transverse directions of a particle
beam, while at least two quadrupoles are needed to obtain the same effect,
as they focus in one transverse direction and defocus in the other. Such char-
acteristic introduces additional losses in the defocused direction. Because of
the intrinsic high emittances of secondary particle beams together with the
muons decaying in flight while transported to the experiments, the length
of the beamlines is a crucial parameter to achieve high rates.
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Figure 5.10: Momentum spectra 15 mm away from TgH center on MUH2 side. 2× 1011 protons
were simulated. On the left: positive particles. The surface muons form the peak near 30 MeV/c
in the muon spectrum (blue). The kinematic edge of the Michel distribution can be clearly seen
at 52.8 MeV/c in the positron spectrum (red). On the right: negative particles.

Figure 5.11: Momentum spectra 15 mm away from TgH center on MUH3 side. 2× 1011 protons
were simulated. On the left: positive particles. The surface muons form the peak near 30 MeV/c
in the muon spectrum (blue). The kinematic edge of the Michel distribution can be clearly seen
at 52.8 MeV/c in the positron spectrum (red). On the right: negative particles.

On the other hand, the focusing length of a solenoid magnet is quadratic
with the rigidity of the beam [96], which means that the operation of solenoids
as focusing elements is constrained by the currents that can be used to ex-
cite them. This is the main limitation at momenta higher than that of surface
muons.

The fieldmaps of the new elements for the G4beamline simulation were com-
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puted by the magnet group of PSI with ANSYS [97] and COMSOL [98].

5.3.1 The capture solenoid

A common approach to capture charged particles produced at a target is
to completely enclose it in a solenoid magnet to maximize the acceptance.
This solution is not straightforward to apply for the HIMB beamlines as the
proton beam is not stopped at the target. As shown above, the proton beam
crosses two targets and is then stopped at the spallation target of the SINQ.

In order to avoid major changes to the proton beam optics to compensate
the high magnetic field required, a double solenoid capture field was pref-
ered (see Figure 5.12). Two independent capture solenoids are positioned
sideways to the target at an angle of 90◦ with respect to the proton beam
direction. The iron yoke around the coils reduces the magnetic field at
target to around 0.1 T and two additional correction dipoles are added to
the proton beamline to compensate for it. Because of the harsh radioac-
tive environment, normal conducting magnets were preferred. Pyrotenax®
(mineral-insulated copper-clad cable) coils are chosen to withstand the high
radiation load, and the water cooling is indirect to avoid the corrosion of the
coils. The design is similar to the capture solenoid already used in the µE4
beamline at PSI [93].

Figure 5.12: Schematic of the target region from [91]. The two capture solenoids are collecting
muons (black lines) sideways of TgH.

After the capture solenoids, a dipole is placed in both MUH2 and MUH3
to avoid a direct line of sight from TgH to the experiment. This is needed
to keep under control the neutron dose and to reduce neutron transmission
along the transfer lines. To allow for optimal transmission through the first
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dipole to the next solenoid, the beam should be focused in the vicinity of the
dipole. On the other hand to maximize capture a high magnetic field close to
the target is preferred, but this reduces the focal length at capture, reducing
the overall transmission. To maximize both capture and transmission at
once, the capture solenoids are composed of three pancakes of coils that can
be powered independently. The idea behind this design is to initially capture
the muons with a high magnetic field as close as possible to the target and
then reduce the magnetic field along the centerline (see Section 2.1.1) to
adjust the focus position. The upstream wall of the iron yoke, or mirror
plate2, further shapes the field moving the peak closer to the target while
still keeping the stray fields low.

As an example, Figure 5.13 shows the transmision through the MUH2 cap-
ture solenoid when the currents energizing the three pancakes are optimized
for transmission through the first dipole bend (plot on the left) and when the
peak fields of the three coils are equal (plot on the right). In the latter case,
the currents were scaled so that the integral of the magnetic field on the cen-
terline is equal to the optimized case. The 1-standard-deviation (1-STD) en-
velope of the transmitted particles is shown overlayed to the graphic ouput
of the G4beamline simulation. The optimized version allows for stronger
focusing in the first coils to then obtain a parallel beam at the exit, while the
uniform version produces a focus closer to the exit and reduces the capture
from 14.5 % to 11.7 %.

The first two coils and the upstream mirror plate have a reduced radius to
increase the magnetic field at the entrance of the solenoid and to reduce it
at the proton target.
The radius of the aperture is 200 mm at the entrance and 220 mm at the sec-
ond coil to not affect the acceptance. Two iron plates are positioned between
the pancakes to further shape and terminate the fields of the different pan-
cakes. Figure 5.14 shows the axial component of the magnetic field in the
horizontal plane. The final aperture of the solenoid is 500 mm.

2The effect of the mirror plate on the field produced by a coil is analogous to that of a
magnetic field produced by a coil mirrored with respect to the plate, hence the name.
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5.3. Beamline elements

Figure 5.14: Left: axial component of the magnetic field in the capture solenoid. The mirror
plate facing the target is thicker to reduce the fringe fields affecting the proton beam. The
aperture of the coils increases in the first pancake from left to right to increase the field strength
close to the mirror plate. Right: axial component of the magnetic field in the capture solenoid
along the axis.

5.3.2 Pyrotenax dipoles

The first dipoles in both MUH2 and MUH3 are equipped with Pyrotenax®
coils to sustain the harsh radioactive environment. The iron yoke is in the
classical H-type shape, 710 mm long. As stated above, optimal transmis-
sion can only be granted for momenta lower than 30 MeV/c, nonetheless
the dipoles are designed for rigidities up to 80 MeV/c, allowing for greater
versatility. As an example, the MEG II experiment uses positron beams at
52.8 MeV/c and negative pion beams at 70 MeV/c for calibrations (see Chap-
ter 1). Figure 5.15 shows the vertical component of the magnetic field in the
horizontal plane for a 36◦ bend at 28 MeV/c.

In MUH3 the second (ASH32) and the fourth dipole (ASH34, see Section 5.5.1)
have the same design, but with ASH34 featuring non-radiation hard coils.

5.3.3 Dipoles with slits

The second bend in MUH2 (ASH2) is performed with a non-radiation hard
dipole which includes a slit system at its center. The design of the slit sys-
tem follows the designs currently used at the secondary beamlines and is
adapted to the larger aperture of the HIMB beamlines: they are 50 mm thick
Densimet® plates in the vicinity of the beam, welded to a 50 mm thick cop-
per plate. To lighten the weight of the slits, alternative designs are under
study. Figure 5.16 shows the range of µ+, π+ and e+ transmitted from TgH
to ASH2 with G4beamline in Densimet® and copper when the beamline
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Figure 5.15: Left: vertical component of the magnetic field in the radiation hard dipoles. The
contours shown correspond to 20 %, 40 %, 60 % and 80 % of the field at the center. Right:
vertical component of the magnetic field in the radiation hard dipoles along their axis.

is tuned for a central momentum of 70 MeV/c. The simulations show that
20 mm of Densimet® or 40 mm of copper are sufficient to completely stop
all the particles.

(a) Densimet® (b) Copper

Figure 5.16: Range of µ+, π+ and e+ with a momentum of 70 MeV/c in Densimet® (left)
and copper (right) simulated with G4beamline. Particle decays are not included. The histograms
are normalized to have unit area.

The slits can be used to adjust the delivered rates and to adjust beam prop-
erties depending on their position along the beamline. Because of the big
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5.3. Beamline elements

acceptance and because they are included in a bend, the slits have a limited
effect on the momentum distribution, but they can be used to reduce the
positron contamination for surface muon beams as their momentum distri-
butions have different features. This point will be further explored in the
following section. Additionally, this design allows to include the slits with-
out increasing the beamlines length and the spacing between elements.

The design of the dipole is analogous to the pyrotenax version, with a rectan-
gular aperture on both sides of the iron yoke to accommodate the slits. This
feature affects the magnetic field close to the yoke as shown in Figure 5.17
introducing however negligible effects close to the centerline.

Figure 5.17: Left: vertical component of the magnetic field in the non-radiation hard dipoles
with a slit system. The contours shown correspond to 20 %, 40 %, 60 % and 80 % of the field
at the center. Right: vertical component of the magnetic field in the non-radiation hard dipoles
with a slit system along the axis.

5.3.4 Transport solenoid

After capture, the solenoids along the beamline are referred to as transport
solenoids. They exist in a radiation hard version with Pyrotenax® coils and
a non-radiation hard version, but they are otherwise identical for the optics.
The radiation hard coils are used for both MUH2 and MUH3 in the straight
section after the first dipole magnet. The coils of the transport solenoids
are uniformly powered and the aperture radius is kept constant through
the full length of the solenoid to a value of 250 mm and no iron plates are
employed. Figure 5.18 shows the axial component of the magnetic field in
the horizontal plane.
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Figure 5.18: Left: axial component of the magnetic field in the transport solenoids. As opposed
to the capture solenoid, the transport solenoids are symmetric with respect to the vertical plane.
Right: axial component of the magnetic field in the capture solenoid along the axis.

5.3.5 MUH2 Wien filter

As shown in Figure 5.10 and 5.11, muons are not the only particle types pro-
duced, and whereas this is a desirable feature for a variety of applications,
e.g. calibrations, this introduces a problem when a clean beam is preferred.
In a Mu3e search for example, positrons are a source of background when
they scatter on the target. In MEG II they could reach the Radiative Decay
Counter (RDC) and trigger a veto (see Chapter 1). In the case of HIMB,
due to the big acceptance of MUH2, the problem is more relevant than in
the beamlines currently available at PSI: for surface and sub-surface muon
beams, positrons are delivered with a yield O(10) times higher while pions
are negligible; for negative muons electron contamination is O(100) times
higher; for higher momenta, pions become more important. Depending on
the experimental set-up, the beam-related backgrounds can be reduced by
veto systems relying on the energy loss through thin foils or based on TOF
referenced to the proton RF, or by introducing a Wien filter.

For MUH2, the introduction of a Wien-filter is foreseen, but the vetoing so-
lutions can be employed as well.

The Wien-filter was quickly mentioned in earlier chapters when describing
the πE5 area. The basic idea is to select the velocity of charged particle
beams by utilizing static electric and magnetic fields in a cross-field config-
uration so that the electric and magnetic components of the Lorentz force
have opposite directions. This way the resulting kick will depend on the
velocity of the particle only:
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Fx = q(Ex − vzBy) (5.1)

Usually, the electric field is kept at the highest value that can be reached by
the device (strictly depending on the separator design and on the available
power supplies), while the magnetic field is tuned to cancel the net force for
the desired particle.

This, combined with the momentum selection carried out by the dipole,
discriminates particles with different masses. The effectiveness of the sepa-
ration depends on the length of the Wien-filter, on the strength of the electric
field and on the velocity of the particles. At first order, the deflections by
the electric and magnetic contributions are respectively [99, 100]:

θE[mrad] =

(
V · Le f f

d · P0 · β

)
[kV, m, MeV/c] (5.2)

θB[mrad] =

(
30 · Le f f · B

P0

)
[m, G, MeV/c] (5.3)

where V is the voltage difference between the plates, Le f f is the effective
length for the considered field, d is the distance between the plates, P0 is
the central momentum, β is the particle velocity and B is the magnetic field.
The typical Wien-filter separators used at PSI are effective up to ∼ 40 MeV/c,
limited by the voltage difference that can be applied between the plates.

An additional effect to be considered is the transmission of such an element:
even if a weak focusing is provided in the deflection plane by the plates
[101], in the vertical plane the element is at first order a drift, and a trade off
between its length and separation power must be made.

The initial design was based on the existing Spin Rotator 1 used in πM3,
with the distance between the high voltage (HV) plates increased from 200 mm
to 500 mm, causing a reduction of the electric field, and their length reduced
from 3 m to 2 m. Including the vacuum ports the overall length of the ele-
ment is 2.9 m. With such a design, the transmission is only 26 % [87] making
the 1010 µ+/s goal impossible to reach.

The current solution to this problem is to use two shorter Wien-filters with
intermediate solenoidal focusing to increase transmission keeping the positron
contamination for surface muons lower than 20 % while allowing for rates
higher than 1010 µ+/s.

In the most recent design, the distance between the plates is 430 mm and
their length is 900 mm. The achievable electric field will depend on the avail-
able power supplies. Currently the maximum HV achievable with the power
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supplies employed at PSI is 300 kV, but devices providing up to 350 kV are
potentially available commercially. The results reported in the following
are obtained assuming a ±320 kV biasing on the two plates, leading to an
electric field of 1.488 MV/m.

In this work, the simulations were performed assuming perfect transverse
electric and magnetic fields, with no fringe fields and only transverse com-
ponents. Recently, a complete mechanical design together with correspond-
ing realistic electric and magnetic field maps has been finalized showing
improvements with respect to its previous simplified version. The electric
and magnetic field components of that design are shown in Figure 5.19.

Figure 5.19: Transverse electric (left) and magnetic (right) field components relevant for charged
particle separation as produced by the short Wien-filter version. The fieldmaps are limited to the
region between the high voltage plates. The fieldmaps are scaled here to select surface muons,
with ±320 kV applied to the plates. The contours shown correspond to 20 %, 40 %, 60 % and
80 % of the maximum (absolute) field.

5.3.6 MUH3 spin rotator

A Wien-filter can also be used to rotate the intrinsic spin polarization of the
muons, with respect to their momentum vector, and this feature is of interest
for some µSR techniques. For MUH3, the existing Spin Rotator 1 (SpinRot1)
will be used. The plates, as briefly touched on in the previous paragraph,
are 3 m long and have a gap of 200 mm. In the case of MUH3, transmission
through the spin rotator is not a main concern as most of the phase space
is cut when coupling into the quadrupole triplet immediately upstream to
it. Because of that cut, the overall transmission through Spin Rotator 1 is
70 %. The maximum suppliable voltage is 300 kV. For 28 MeV/c muons the
maximum spin rotation angle is 77.1◦ [87].
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5.3.7 MUH3 beamline quadrupoles

As stated above, the MUH3 beamline is a hybrid solenoid-quadrupole beam-
line aimed at µSR applications. The capture and first straight section will be
analogous to MUH2 employing radiation-hard solenoids, with a first dipole
after capture to avoid a direct sight to TgH to reduce the neutron trans-
mission. After the straight section, a dipole is included as in MUH2 but
then the beam couples into a quadrupole section. The details on the layout
will follow. Currently for πM3 three types of quadrupoles are used: a QSM
triplet couples the beam into SpinRot1; QSL and QSE quadrupoles deliver
the beam to the two experimental areas. At the time of writing the final
layout of the MUH3 beamline is not yet defined, but the quadrupoles will
be chosen among the three types mentioned above. The layout optimized in
the following employes QSM quadrupoles only, but it is possible to translate
the focusing strength employed for the QSM quadrupoles to the other two
types.
Table 5.1 summarizes the main features of the quadrupoles employed in
MUH3. As shown in Chapter 2, the first order transfer matrix of a perfect
quadrupole is univoquely defined by the product of its gradien k1 and its
length. This expression can be generalized to include the effect of fringe
fields by defining the effective length:

Le f f =
1

k1,max

∫ ∞

−∞
k1(s)ds (5.4)

where k1,max is the maximum gradient of the quadrupole along its axis,
namely at its center. It is not possible to generalize a conversion from a
quadrupole type to another due to the

√
k1 terms in the off-center elements

of the matrix in Equation 5.5:

Mquad(0|Le f f ) =

[
cos(

√
k1Le f f )

1√
k1

sin(
√

k1Le f f )

−
√

k1 sin(
√

k1Le f f ) cos(
√

k1Le f f )

]
(5.5)

An approximated formula can be derived for thin lenses:

Mquad(0|Le f f ) ≈
[

1 +O(2) O(3)
−k1Le f f +O(3) 1 +O(2)

]
(5.6)

The gradient for an alternative quadrupole can then be found by keeping
k1Le f f fixed with the values in Table 5.1. For thick lenses, as in this case, the
approximation is not perfect, but can provide a starting point to match the
new quadrupoles to the other elements.
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MUH3 quadrupole parameters
Quadrupole

type
QSM QSL QSE

Max excitation
current [A]

500 435 500

Gradient @ max
current [T/m]

1.93 6.16 5.22

Effective
length [mm]

400 590 366

Aperture
diameter [mm]

400 250 254

Mirror plate
thickness [mm]

20 20 -

Table 5.1: Parameters of the quadrupoles included along the MUH3 beamline as measured by
the magnet group at PSI. No mirror plate thickness is reported for the QSE model because it
does not have one.

Figure 5.20: Vertical component of the magnetic field in the septum magnet. The field is
confined in a region close to the beamline axis, allowing to provide beam to either MUH3.2 or
MUH3.3 or to both of them depending on the position of the beam with respect to the septum.
The contours shown correspond to 10 %, 30 %, 50 %, 70 % and 90 % of the maximum field.
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5.3.8 Septum magnet

MUH3 can deliver muon beams to two experimental areas, MUH3.2 and
MUH3.3, either providing beam to one area at a time or in a shared mode.
This is done by means of a septum magnet, ASS31.
A septum magnet provides a dipolar magnetic field in a confined area in the
vicinity of the beamline axis. The field is confined by the presence of a thin
iron wall close to the beam trajectory, allowing to split the beam depending
on its position. Figure 5.20 shows the vertical component of the magnetic
field in the horizontal plane.

5.3.9 Beam blockers

A beam blocker (BB) is a device used to completely stop any radiation trans-
mitted through the beamline when access to the experimental area is re-
quired. The design of the BB is based on the existing installations adapted
to the larger aperture of the HIMB beamlines: they are constructed as two
sandwiches of 90 mm copper, 120 mm stainless steel and another 90 mm cop-
per which can be remotely moved into the beamline to stop the beam.

5.4 The MUH2 beamline

In the following, the optimization of the MUH2 beamline is described.
Whereas a dedicated framework was developed to easily optimize different
versions of the beamline, different particle beams and different momenta,
here only a limited selection is shown. To date, the latest design is MUH2
v7c, which is the one that will be described in detail in the following. To
compare the performances of two different optimization algorithm for trans-
mission, namely a Bayesian algorithm and NSGA-II, an additional version
of the beamline is included: MUH2 v6a. The main features are listed below:

• MUH2 v6a: first model including two beam blockers, the transport
solenoids in the first section are not yet radiation hard, graded field
capture solenoid modeled without an iron yoke

• MUH2 v7c: the transport solenoids are radiation hard, the graded field
capture solenoid is modeled with a fieldmap based on the latest design
available

5.4.1 Beamline layout

The MUH2 beamline is designed to deliver the highest surface muon rates
for particle physics experiments and it is therefore based on solenoid el-
ements. The naming scheme for the magnets is not yet defined and the
one presented here is to be considered provisional. As quickly mentioned
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above, the length of the beamline severely affects the deliverable muon rates,
so shorter beamlines are preferred. An additional constraint on the design
is given by the neutron dose caused by the interaction of the proton beam
with TgH and two bends are included along MUH2 to avoid a direct line-
of-sight from the target to the experimental area. To further reduce the dose
in the experimental area below the safety limit of 10 µSv/h to allow access,
two beam blockers (BB) are positioned in the first straight section after the
first bend (ASH1) of 36◦.
Due to the big emittance transmitted, it is not possible to have the two BBs
one after the other without losing a sizeable fraction of the beam as each of
them needs ∼0.5 m of space. For the same reason a solenoid is needed be-
tween a BB and a bend. Therefore the first section is composed of three radi-
ation hard solenoids (TSBL1, TSBL2, TSBL21) alternated with the BBs. After
a second bend (ASH2) of 40◦ a solenoid (BL3) focuses the beam for trans-
mission through a vacuum pump station. An additional solenoid (BL32)
couples the beam into the first Wien filter. The BL4 solenoid is used to in-
crease transmission through the separators. After the second Wien filter two
additional solenoids (BL41 and BL5) are used to transmit through another
vauum pump station and perform the final focusing.
Figure 5.21 shows the graphical output of the G4beamline simulation of
MUH2 v7c used to optimize and characterize the design.

Figure 5.21: MUH2 model in G4beamline. The layout is the most recent to date. The reference
system is shifted from the target along the muon beam axis (z-axis in blue) for clarity. The
proton beam impinges on TgH antiparallel to the x-axis. The MUH3 capture solenoid is included
and set to the surface muon tune. The labelling is to be considered provisional and useful only
in the context of this thesis to address the parameter space: ASH1 is a radiation hard dipole; the
TSBL elements are radiation hard transport solenoids; ASH2 is a non-radiation hard dipole with
slit system; the BL elements are non-radiation hard solenoids. Mock version of the two beam
blockers, the pump stations and the gate valves are included to show their occupancy.
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5.4.2 Optimization strategy

The main figure of interest when comparing different design options for
MUH2 is the delivered particle rate, however a number of additional pa-
rameters like the beam spot size or the contamination of the beam need
to be considered as well. The first approach to this problem has been to
sequentially optimize surface muon transmission from capture to the end.
This is the current strategy for the optimization of the surface muon beams
as carried out by Peter-R. Kettle [87], who is also working on the beamline
layout and the optimisation of its performance. This approach is useful in
case the available resources are limited but it is not easiliy scalable and it
does not give information on the dependece of the properties of the beam
on the tune, as the explored parameter space is limited. Additionally, it is
prone to convergence to the first local maximum found. It is important to
assess the properties of the delivered beam in the full available momentum
spectrum, ranging from 0 MeV/c to 80 MeV/c. Already at 27 MeV/c, some
elements of the beamline are energized with currents close to the allowed
limit (details will follow). This prevents linear scaling of the tune to higher
momenta and it therefore results in the need to optimize the beamline for
cloud muons as well. To do so, the tune has been found independently
for surface muons and for cloud muons constraining the central momenta
to: 30 MeV/c, 40 MeV/c, 50 MeV/c, 60 MeV/c and 70 MeV/c. These opti-
mizations have been repeated for positrons and pions as well, leading to 18
tunes to be found overall. Many changes have been applied to the initial
design, and in order to give swift feedbacks on them for each tune, alterna-
tive optimization approaches were explored. A preference has been given
to algorithms suitable for High Performance Computing, like Bayesian opti-
mization [102] and genetic algorithms [45]. In the following paragraphs, an
outlook of the optimization algorithms tested is provided.

Whereas the initial designs have been studied using optical modeling pro-
grams like Graphic Transport [30], such programs are not suitable for trans-
mission evaluation. G4beamline [37] has been preferred for modelling as
it allows to evaluate beam losses and to import high-fidelity fieldmaps, by
which non-linearities are naturally treated.

5.4.2.1 Single-objective optimization

Many approaches have been developed to find global extrema of expensive-
to-evaluate functions and it is not possible to determine a priori the most
suitable for a given problem. The zoo of possible algorithms depends also on
the number of figures of merit, or objectives, to be optimized. Two algorithms
have been tested for the optimization of the transmission through MUH2:

• Bayesian optimization [102]
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• Non-dominated Sorting Genetic Algorithm II (NSGA-II) [45]

Bayesian optimization was specifically designed to optimize expensixe func-
tions whose behaviour in the parameter3 space is generally unknown due to
the lack of information. As such, this algorithm treats the objective function,
which is the function to be optimized, as a probability distribution function
assigning a prior distribution to it. At each iteration, the black box function
is evaluated in a point in the parameter space and the prior is updated to a
posterior function as done for Bayesian inference. The next point to be eval-
uated is obtained through the so-called acquisition function. There are a few
different acquisition functions in literature, but the basic idea behind them
is to find a point in the parameter space that would increase the information
about the maximum of the objective function. A common approach is to
use the expected improvement (EI) as acquisition function. It is defined as the
expectation value of:

max( f (x)− f ∗n , 0), x ∈ search space (5.7)

where f is the objective function and f ∗n is the highest evaluation up to itera-
tion n. The EI is generally faster to evaluate than the objective-function and
standard approaches are based on first- or second-order derivatives [103].
For this work, the chosen implementation is that in the optuna python pack-
age [46]. The prior is built using the Tree-structured Parzen Estimator (TPE),
which represents the prior distribution with a non-parametric density [104,
105]. Bayesian optimization is better suited for problems with less than 20
parameters [103]. This limit has been set empirically and it actually de-
pends strongly on the problem and on the surrogate function4 used for the
priors, but finding the best parametrization for a given problem is by itself
an optimization problem which might require an extensive use of resources.

Genetic algorithms have already been introduced in Chapter 3 and can be
adapted to solve higher dimension problems, both in the parameter and ob-
jective space, simply by increasing the population size. Initially the Bayesian
optimizer was used to maximize rate while, NSGA-II was used for the multi-
objective optimization. With MUH2 v6a, shown here only to compare the
two algorithms, the number of parameters to be optimized increased and
the Bayesian optimizer performed worse than the sequential approach. Fig-
ure 5.22 shows MUH2 v6a: the layout is similar to v7c, the main differences
are due to the number of elements along the beamline and the design of the
graded field solenoids, which were just introduced. The parameters com-
prise 17 currents to energize the beamline, a shift in the position of each

3Here and in the following the term parameter is used to address the variables on which
the objective function depends.

4A surrogate function is an approximation of another function which is generally less
precise but much faster to evaluate. In this context, the Bayesian optimizer builds a surrogate
of the G4beamline simulation which is quicker to optimize.
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dipole and the two distances between the solenoids in the first straight sec-
tion. All together the model is defined by 21 parameters. As an alternative
to the Bayesian optimizer, NSGA-II was tested for single-objective optimiza-
tion. Figure 5.23 shows a comparison between the optimization of MUH2

Figure 5.22: MUH2 v6a model in G4beamline. First layout including the graded field solenoids.
The MUH3 capture solenoid is included and set to the surface muon tune. The labelling is to
be considered provisional and useful only in the context of this thesis to address the parameter
space: ASH1 is a radiation hard dipole; the TSBL elements are radiation hard transport solenoids;
ASH2 is a non-radiation hard dipole; the BL elements are non-radiation hard solenoids. Mock
version of the two beam blockers, the pump stations and the gate valves are included to show
their occupancy.

Figure 5.23: Comparison between the optimization of MUH2 v6a with the TPE and NSGA-II.
The TPE has a faster progress in the early trials, but does not approach the maximum, unlike
NSGA-II which finds a maximum higher by ∼15 %.

v6a with the two algorithms: the TPE has a faster progress in the early trials,
but does not approach the maximum, unlike NSGA-II which finds a max-
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(a) TPE optimization: the trials are distributed in the full parameter space.

(b) NSGA-II optimization: the trials crowd the parameter space close to the found maximum.

Figure 5.24: Muon transmission through MUH2 v6a as a function of the currents energizing the
pancakes of the capture solenoid.

imum higher by ∼15 %. The two optimizations were run on the Merlin6
cluster at PSI for 1750 core − hours on 350 cores. For later designs, NSGA-II
has been used for both single- and multi-objective optimization.

Figure 5.24 shows the number of muons transmitted through MUH2 for
each trial as a function of the currents energizing the three pancakes in the
capture solenoid: in the top plot the TPE is used; in the bottom plot NSGA-
II is used. There is a clear difference in the sampling: the TPE is covering
a wider region of the parameter space, which at higher dimensions in the
parameter space does not allow for a robust convergence; the NSGA-II, after
convergence, by construction populates the region close to the maximum,
causing the profilation on the parameter axes. This can be interesting to
investigate the weight of each parameter on the final transmission.
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5.4.2.2 Multi-objective optimization

A general overview of genetic algorithms for single-objective optimization
has been given in the previous section. The main difference with multi-
objective optimization relies in the ranking of the individuals to be selected
for the next epooch. For single-objective functions the definition of fittest in-
dividuals is anlogous to sorting them by their fitness value, that is to say the
value of the function. In multi-objective optimization the ranking is what
differentiates different algorithms. The Non-dominated Sorting Genetic Al-
gorithm uses the dominance as the first ranking criteria. An individual A
dominates another individual B if:

• A is not worse than B in all objectives

• A is better than B in at least one objective

where better and worse are defined depending on what is the goal of the
optimization. After the non-dominated points are found, they are removed
from the set to be sorted and the procedure is repeated. The final result is a
set of curves ranked by dominance as shown in Figure 5.25 with increasing
ranking and the best being rank 0. The best trade-off curve is defined as
the non-dominated set of points in the full parameter space. The aim of
the multi-objective optimization is to find these curves. The dominance can
be used to make a first selection of individuals, but the size of each rank
is not defined and it is common to have more individuals with a given
rank than the number needed to fill the population for the next epoch. The
NSGA-II algorithm uses as a second selection criteria the crowding distance,
which is a measure of how close an individual is to its neighbours. Different
algorithms can be used to define this parameter, a common implementation
consists in summing the distances to the closest neighbours on each axis.
The individuals with the bigger crowding distance are then selected. While
dominance is the analogous of fitness in natural selection, the crowding
distance is analogous to diversity: a higher crowding distance will lead to a
more diverse population and a better exploration of the parameter space.

5.4.3 Transmitted particle beam spectra

The starting point for the optimization of the particle spectra was to max-
imize surface muon transmission. Additionally to the magnet parameters,
the position and the angle of the two dipoles were optimized and then kept
fixed for the other optimizations. The search space includes 24 parameters,
of which four categorical5:

• currentCapture i: three currents, one for each coil pancake, to charac-
terize transmission in the capture solenoid.

5A categorical variable can take on one of a limited number of possible values.
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Figure 5.25: Left: example of non-dominated sorting adapted from [106]. The fi are the
objectives to be minimized. The Fi are the pareto fronts shown with their ranking. F3 has the
highest ranking and it is dominated by the other two fronts. The crowding distance of point A
is shown. Right: example of the iteration of the NSGA-II algorithm from [107]. At iteration t,
Pt are the initial population. Then, the offspring population Qt is created and is combined with
Pt in the combined population Rt. The individuals are selected based on non-dominated sorting
from the fronts Fi. When the individuals with a given rank are more than those needed for the
next epoch, like in front F3, they are sorted by crowding distance. The selected individuals are
then used to create the next population Pt+1.

• BField1: the field in ASH1.

• currentTSBLi: the current for each of the three radiation hard transport
solenoids (TSBL).

• BField2scale: the ratio between the field in ASH2 and the field in
ASH1, scaled with the increased bending angle. If set to 1, the ra-
tio of the two fields is analogous to that of the maximum found with
the sequential approach.

• currentBLi: the current for each of the five non-radiation hard solenoids
(BL).

• WienB: the magnetic field in the two Wien filters. The two Wien filters
are assumed to be identical and are oriented horizontally with the
same polarities. The HV plates are set to ±320 kV and the electric field
is 1.488 MV/m directed so that the positrons are deflected towards
negative x.

• MUH2sign: the sign of the MUH2 capture solenoid. It multiplies each
of the three currents energizing the pancakes. This is a categorical
parameter because the options are finite: positive and negative.

• MUH3sign: the sign of the MUH3 capture solenoid. It multiplies each
of the three currents energizing the pancakes (categorical).
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5.4. The MUH2 beamline

• FirstSSectionSign: sign of the solenoids in the first straight section. It
multiplies each currentTSBLi (categorical).

• SecondSSectionSign: sign of the solenoids in the second straight sec-
tion. It multiplies each currentBLi (categorical).

• ASH1dx, ASH1dz, ASH1dTheta: the shift in the position of ASH1
along the x and z axes and the tilt around the y axis.

• ASH2dx, ASH2dz, ASH2dTheta: the shift in the position of ASH2
along the x and z axes and the tilt around the y axis.

The parameter space is defined by the following ranges:

• [0 T, 0.45 T] for currentCapture 1, currentCapture 3 and currentTSBLi

• [−0.45 T, 0.45 T] for currentCapture 2

• [0.75 ·nominal, 1.25 ·nominal] for BField1. Nominal is 0.05 T from the
sequential optimization

• [0 T, 0.55 T] for currentBLi. A higher field than for radiation hard
solenoids is possible because of the different design

• -1 or 1 for the categorical parameters

• [−500 mm, 500 mm] for ASH1dx, ASH1dz, ASH2dx, ASH2dz

• [−18◦, 18◦] for ASH1dTheta

• [−20◦, 20◦] for ASH2dTheta

The range for the dipole rotation correspond to the total bending angle in the
two arcs. The nominal position of the dipoles is chosen to have their center in
correspondence of the centerline by applying a shift along their transverse
axes and they are rotated by half their bending angle. The total number
of parameters is 24 and the population size was chosen to be 100. The
definition of the optimal population is by itself an expensive optimization
problem. Here, 100 individuals were empirically found to perform well.

For each trial 105 µ+ were transmitted. The input beam was obtained by se-
lecting positive muons in the [17 MeV/c, 37 MeV/c] momentum range from
the particle spectrum shown in Figure 5.10. Figure 5.26 shows the progress
of the optimization: due to the high number of parameters, the latest trials
still show a slow linear increase with time. The optimization was stopped
after 6000 core − hours.

The best parameters for the positioning of ASH1 and ASH2 do not differ
much from the nominal ones, as shown in Figure 5.27. The total rate is
found by propagating the full available µ+ spectrum (3 × 106 µ+) through
the beamline. The total rate is 1.23 × 1010 µ+/s, which is 2.5 % higher than
the maximum found with the sequential approach. In the following, the
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5. The High Intensity Muon Beams project HIMB

Figure 5.26: Progress of the optimization of MUH2 v7c with NSGA-II on surface muons. The
convergence is fast up to trial ∼104 to then progress slower due to the high number of parameters.

parameters for the dipole positioning are fixed to the values in Figure 5.27
and the single-objective optimizations is repeated for µ+, e+ and π+. The
central momenta were defined by fixing the BField1 scaled accordingly.
For each optimization a selection on the particle spectra at target was per-
formed centered on the nominal momentum and with a width of 5 MeV/c.
Due to the lower number of parameters convergence was found faster and
2000 core − hours per optimized beam were sufficient. The full optimiza-
tion ran in ∼5 days on 350 cores. The results are shown in Figure 5.28: each
spectrum represents the maximum achievable rate at a given momentum.
The rates of negative particle beams was computed by flipping the sign of
each element. Additionally to the particles generated at target, muons and
pions will decay through the beamline, contributing to the final rates. This
contribution is not negligible for both µ+ and µ− and is included in Fig-
ure 5.28 labelled as deep (D.) muons. Deep muons are the biggest fraction of
the delivered cloud muon spectrum.
For future reference, the tunes for maximum transmission are collected in
Appendix E.

In the following, emphasis is put on improving the final beam spot of muons
in the full momentum spectrum and on minimizing positron contamination
for surface muon beams. The beam spot of Mott positrons and of π− for
a potential CEX reaction are included as well. The framework developed
for these studies can be easily adapted for additional figures of merit, such
as the accepted momentum bite by including in the parameter space the
aperture of the slit system integrated in ASH2.
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5.4. The MUH2 beamline

Figure 5.27: Muon transmission through MUH2 v7c as a function of the position of the two
dipoles. A positive shift along the x-axis for ASH1 is directed towards the outer side of the bend.
The opposite goes for ASH2.

Figure 5.28: Maximum deliverable rate in MUH2. The rate was maximized for the positive
particle beams and computed for the negative ones by flipping the sign of each element. Deep
(D.) muons are shown in green. The error bars in the vertical direction are the statistical
uncertainty on the computed rates. The error bars in the horizontal direction correspond to ±1
standard deviation of the transmitted momentum spectrum.
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5.4.3.1 Transmitted particle spectra for optimized beam spots

Whereas increasing the deliverable muon rates is the main goal of the HIMB
project, the maximization of rate only does not set constraints on additional
figures of merit such as the final beam spot size, the focus position or the
width of the transported momentum distribution. Depending on the re-
quirements of the experimental set-ups, a trade-off is necessary. Genetic
algorithms in general were designed for such applications and they are very
well suited to explore the parameter phase space and find the trade-off sur-
faces, that is to say the pareto front.

Here an example of such application is shown for the full muon spectrum,
for 50 MeV/c positrons and for 70 MeV/c. The latter two were chosen as
they are currently employed in MEG II as calibration sources and a next-
generation MEG experiment might benefit from such input.

The optimization of the final beam spot does not require the tuning of the
full beamline and the parameter space can be limited to the second straight
section while keeping the other parameters fixed to the values found in
the single-objective optimization. A focus is defined as a point where the
correlation between the dispersions and the transverse positions is zero. In
case there is no correlation between the motion in the horizontal and vertical
transverse planes, there are two such correlations and a quadrupole doublet
is enough to provide focusing. Whereas solenoids couple the horizontal
and vertical motion, in the Larmor frame the motion in the two resulting
axes is uncoupled and a solenoid doublet can be used for focusing [96].
The usage of additional elements provides additional degrees of freedom
to compensate possible higher order contributions and it allows to lower
the fields required for focusing. The parameter space comprises the five BL
solenoids, the Wien filter magnetic field and the dipole fields reducing the
search to an eight-dimensional problem. ASH1 and ASH2 are included to
optimize the centering of the beam on the centerline. The objectives for the
optimization are:

• particle rate: the number of particles transported to the end of the
beamline as for the single-objective optimization (maximized)

• average radius ravg: the average of the radial distribution at the focus.
As solenoids focus in both transverse planes, the beam spot is expected
to be circular and the radial size of the beam spot is a good approx-
imation of the size in both planes. This figure embeds additionally
information about the potential offsets of the beam (minimized)

• beam centering N̂center: the number of particles close to the centerline
is maximized. For each BL solenoid the number of particles that are
transmitted to the end and that cross their center within a 50 mm ra-
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5.4. The MUH2 beamline

dius is counted. The average over the five solenoids is the objective
(maximized)

The allowed range for solenoid currents and the Wien filter is the same as
in the previous paragraph. The range for the dipole fields is reduced from
25 % to 10 % around the value found in the single-objective optimization:
only minor corrections are expected for centering. For each optimization,
only particles within ±5 MeV/c are used. At each iteration, 105 particles
are simulated. Due to the higher dimensionality of the objective space, the
time needed per optimization increased to 20 000 core − hours for surface
muons and to 6000 core − hours for the other optimizations. The difference
in computing time is due to the higher transmission efficiency for surface
muons, which require a longer simulation time.

For surface muons, positron contamination is included as an additional ob-
jective: at each trial 105 positrons are propagated through MUH2 with the
same tune as for surface muons. The number of positrons transmitted to the
end is minimized.

Figure 5.29 shows the correlation between ravg and N̂center with the trans-
mission relative to the maximum deliverable rate for each momentum spec-
trum. In ravg vs transmission, the solid lines represent the 2D pareto front.
In N̂center vs transmission, the solid lines are the maximum N̂center at a given
transmission. The black-circled points are the trials chosen for each momen-
tum bite. The ratio behind the choice is one of the possible trade-offs that
can be made: the average radius was chosen to be lower than 45 mm and
the point with maximum transmission and centering was chosen.

The total delivered rates for the chosen muon settings are shown in Fig-
ure 5.30. Here, the positron and pion rates represent the contamination at
the end of the beamline. Table 5.2 shows the rate and phase space param-
eters of prompt antimuons only for each muon beam tune together with
positron contamination and deep muon rates. As expected, the separation
power decreases rapidly with increasing momentum. The emittance here
is defined as the area enclosing 90 % of the beam. Figure 5.31 shows the
envelope of surface muons as an example. Only trajectories delivered to the
end of the beamline are shown. The dashed red line is the average of the
transverse distribution for each given z. The solid red lines represent the
±1 standard deviation with the respect to the average for each given z. The
black lines represent the dispersion along the beamline. Appendix G shows
the calculation of the dispersion.
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5. The High Intensity Muon Beams project HIMB

Figure 5.29: Left: ravg vs transmission relative to the maximum deliverable rate. The solid lines

represent the 2D pareto front in this subspace of the objectives. Right: N̂center vs transmission
both normalized to the maximum deliverable rates. The solid lines represent the maximum
centering at a given transmission. The 2D pareto is therefore a subset of such curves. The
black-circled points are the trials chosen as an example for each central momentum.

Figure 5.30: Delivered rates in MUH2 for optimized muon beam spot settings. The rates for
negative particle beams are obtained by flipping the sign of each element. Deep (D.) muons
are shown in green. The error bars in the vertical direction are the statistical uncertainty on the
computed rates. The error bars in the horizontal direction correspond to ±1 standard deviation
of the transmitted momentum spectrum.
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5.4. The MUH2 beamline

The beam spot sizes obtained are consistently between 30 mm and 40 mm
depending on the dispersion at the end of the beamline. The mechanism
by which the beam spot sizes are reduced at higher momenta is based on
lowering the currents in the second straight section and focus at maximum
current with the last two solenoids. This allows to exploit the acceptance of
the beamline to continuously and efficiently collimate the beam through the
full lattice. The positron contamination in the case of surface muons is still
high at 30.7 %. In the following an example of improved contamination will
be shown. For future reference, the chosen tunes for optimized beam spot
are collected in Appendix F.
Now, a few paragraphs will follow looking at the optimization of the positron
contamination for surface muons and on the optimization of the beam spot
for 50 MeV/c positrons, here Mott positrons (see Section 1.3.2.3), and for
70 MeV/c pions, here Charge EXchange (CEX) pions (see Section 1.3.2.2).

Surface muons Of particular importance for fixed target experiments like
MEG and Mu3e is to reduce as much as possible the positron contamina-
tion, which would possibly increase the size of accidental background. For
surface muons, as stated above, positron contamination was added as a fig-
ure of merit to be minimized with NSGAII. For each trial 105 µ+ and 105 e+

where propagated through MUH2. Figure 5.32 shows the 3D pareto front
on transmission, average radius and positron contamination (colored mark-
ers) together with the full statistics of the study (grey markers). Two tunes
are highlighted with a red and a black marker: the red point is the opti-
mized beam spot tune for surface muons shown in Figure 5.31; in black the
selection criteria include a cut on contamination. Whereas the muon rate
is reduced only by 12 %, positron contamination is suppressed by a factor
∼12.

Table 5.3 shows the parameters of the two tunes. On a qualitative side, to
keep the contamination low, the optics is changed so that most positrons
are lost in the second Wien Filter by lowering the current in BL4 and reduce
the divergence up to BL41. As the phase space is conserved, this causes an
increase of the muon envelope, which is compensated by a stronger field in
BL3. This behaviour is shown in Figure 5.33, where a steeper drop in the
positron transmission is observed in the second Wien filter when positron
contamination is minimized.

Due to the high contamination suppression, the tune presented here is also
very interesting for negative muons in the same momentum range: only
cloud muons contribute to negative moun rates and the rates are much lower
than for positive muons. Electron production instead, is only a factor 2
lower in rate than positrons, as shown in Figure 5.10. Figure 5.34 shows the
envelope of prompt negative muons for the same tune.
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5. The High Intensity Muon Beams project HIMB

Figure 5.32: Grey markers: full statistics of the optimization of the beam spot for surface muons.
Colored markers: 3D pareto front on transmission, average radius and positron contamination.
The red point is the optimized beam spot tune for surface muons shown in Figure 5.31; in black
the selection criteria include a cut on contamination.

Peak fields [T]

Beam spot tune
Beam spot tune +
contamination cut

BField1 0.0521 0.0521
BField2cur 0.952 0.952
WienB -0.0158 -0.0165
currentBL3 0.207 0.269
currentBL32 0.236 0.236
currentBL4 0.263 0.203
currentBL41 0.225 0.151
currentBL5 0.364 0.364

Table 5.3: Peak fields for the optimized beam spot settings. On the left, the criterion for
the parameter choice does not include positron contamination. On the right, a cut in positron
contamination is included.
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5.4. The MUH2 beamline

(a) Beam spot tune

(b) Beam spot tune + contamination cut

Figure 5.33: Positron transmission along MUH2. The heat maps represent the track density
along MUH2, while the solid line plots are their integral along the transverse directions. Top:
beam spot tune. Bottom: beam spot tune with contamination cut. The transmission is normal-
ized on the propagated statistics, 5 × 104 e+. When lower than 10 %, transmission is multiplied
by 10 to improve readability of the heat maps.
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Beam spot tune +
contamination cut

Beam spot tune

Prompt Deep Prompt Deep
Rate [µ−/s] 2.87 × 107 8.18 × 107 3.60 × 107 1.05 × 108

x̂ [mm] 17.80 29.69 8.36 17.00
STD(x) [mm] 39.25 40.91 39.39 46.24

x̂′ [mrad] -17.60 -39.83 -25.38 -65.55
STD(x′) [mrad] 212.69 196.91 181.49 170.38

ŷ [mm] 9.15 -3.43 4.58 13.28
STD(y) [mm] 30.62 32.81 34.48 34.38

ŷ′ [mrad] 32.99 28.37 12.36 9.79
STD(y′) [mrad] 162.27 176.49 164.42 165.43

P̂z [MeV/c] 26.63 26.93 26.46 27.21
STD(Pz) [MeV/c] 2.54 3.38 2.55 3.30
εx(90 %)π rad mm 24.75 22.30 26.26 22.01
εy(90 %)π rad mm 19.50 18.86 22.14 18.62
e− contamination 8.16 × 10−1 1.50 × 101

Table 5.4: Phase space parameters and electron contamination of negative muons propagated
with the surface muon tunes with inverted magnetic fields. On the left, the tune for optimized
beam spot and low contamination is used. On the right, the tune optimized on beam spot only
is used. Electron contamination is normalized to the total transmitted muon rate.
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The prompt muon rate is 2.87 × 107 µ−/s. The total rate, accounting for
pion decays deep into the capture solenoid is 1.11 × 108 µ−/s with an elec-
tron contamination of 1.03 × 108 e−/s. If compared with rate and contam-
ination obtained with the tune optimized on beam spot only, the rate is
1.42 × 108 µ−/s, higher by 27 % and the contamination is 2.12 × 109 e−/s.
The suppression factor of the contamination cut therefore amounts to ∼22.
Table 5.4 shows the phase space parameters and the electron contamina-
tion for the studied tunes. As mentioned for positron contamination in
Section 5.3.5, the electron contamination shown here is expected to overes-
timate the actual contamination due to the absence of fringe fields in the
fieldmaps used to model the Wien filter.

Due to the low negative muon yield, the separation is not sufficient to allow
for a clean negative muon beam. However, it would be possible to further
reduce the electron background by exploting their time distribution: due to
their large velocity spread at creation, negative muons have a flat distribu-
tion and only a small fraction of the electron beam is created by decay in
flight of muons and pions within the acceptance of MUH2, while the ma-
jority of the electrons is created directly in the target. Figure 5.35 shows a
comparison of the time of flight distribution of muons and electrons modulo
the proton RF at the end of MUH2 for the two tunes, analogously to what
is shown in Figure 3.11 in Chapter 3. Electrons are here distinguished in
Michel, if created more than 5 ns after the interaction of the proton at TgH,
and Prompt, if created within the first 5 ns after interaction. In this study the
time structure of the proton beam is inclued by smearing the time of flights
with a gaussian of width 0.25 ns, but no assumption is made on the possible
resolution of the veto system. For both tunes, the electrons are well localized
and a 3.5 ns window is sufficient to completely suppress the background. As
a comparison, the proton RF has a period of 19.73 ns. Assuming such a set-
up and perfect transmission to an experiment, a continuous muon rate of
9.13 × 107 µ−/s with an electron contamination of 3.78 × 105 e−/s is achiev-
able. Further details on the modeling of TOF spectra with G4beamline are
presented in Appendix H.

Mott positrons Figure 5.36 shows the 3D pareto front for the optimization
of the beam spot of Mott positrons. The tune chosen was found by impos-
ing a cut on the average radius of 45 mm. The calibration based on Mott
scattering performed in MEG requires a beam with a narrow momentum
spread. Further details on the technique can be found in [65]. In πE5 such a
condition is achieved by reducing the opening of the first slit system FSH41
(see Section 3.1), where the dispersion is at its maximum. For the tune here,
and in general for MUH2, such a condition is not easily achievable. Due to
the presence of solenoids, the horizontal dispersion couples into the vertical
one and the only points which keep a non-zero dispersion independently
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5.4. The MUH2 beamline

Figure 5.35: Spectrum of the time-of-flight modulo the period of the proton RF at the end of
MUH2 for negative muon settings separated by type: negative muons in blue, Michel electrons
in yellow and Prompt electrons in green. The distribution of negative muons is flat due to their
large velocity spread at creation. Electrons are discriminated based on their creation time after
proton interaction: Michel electrons are created after 5 ns; Prompt electrons are created within
the first 5 ns. The scale does no represent the delivered rates. Left: beam spot tune with
contamination cut. Right: beam spot tune.

from the tune are the dipoles. These are therefore the only points where a
slit system would consistently affect the momentum distribution. The first
dipole is not suitable to host a slit system due to the complicated mechanics
and the harsh radiation environment, leaving ASH2 as the only possible lo-
cation. Here, as shown in Apendix I, the dispersion is non-zero, but it is not
sufficient for the requirements of a Mott calibration. For the sake of compar-
ison, the rate and momentum spread as a function of the aperture of the slit
system in ASH2 is shown in Figure 5.37. The calibration currently carried
out for the MEG II experiment exploits a beam with a momentum spread
of σ ≈ 140 keV/c, while with the tune shown here the minimum achiev-
able spread is 3.79 MeV/c, with a slit opening of 50 mm and a beam rate of
4.95 × 109 e+/s. With maximum slit opening, the momentum spread is in-
stead 4.10 MeV/c and the rate is 2.38 × 1010 e+/s. Whereas the optimization
presented here is not exhaustive and a better tune cannot be excluded, in
general MUH2 is designed to have a wide acceptance at the cost of a low
momentum resolution, which is not compatible with the requirements of a
Mott calibration.

Charge EXchange pion beam Figure 5.36 shows the 3D pareto front for the
optimization of the beam spot for CEX pions. The tune chosen was found
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Figure 5.36: Beam spot optimization for Mott positron beam (left plot) and CEX pion beam
(right plot). Grey points: full statistics of the optimization of the beam spot. Colored markers:
3D pareto front on transmission, average radius and N̂center/Best transmission. The bigger
markers are the trials chosen as a possible trade-off between the objectives.

Figure 5.37: Left: positron rate as a function of the aperture of the slit system in the ASH2
dipole for the Mott positron beam tune. Right: momentum average momentum (blue) and
standard deviation (red) as a function of the aperture of the slit system in the ASH2 dipole.

by imposing a cut on the average radius of 45 mm. Table 5.5 shows the peak
fields for such a tune. Due to the field limits imposed (0.55 T) maximum
transmission is granted when all solenoids are running at maximum current.
The solenoids cannot be energized enough to keep the optics of the surface
muon tune. The reduction of the beam spot size is provided as reported
above, by effectively cutting the phase space. The focusing in the second
straight section is relaxed with BL32 set to 0.25 T and BL4 set to 0.28 T. The
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5.5. The MUH3 beamline

envelope is shown in Appendix J. A negative pion beam with a final beam
spot of STD(x) ≈ STD(y) ≈ 35 mm is therefore obtained. The beam rate is
1.49 × 108 π−/s.

Peak fields [T]
currentBL3 0.548
currentBL32 0.248
currentBL4 0.284
currentBL41 0.544
currentBL5 0.547
BField1 0.137
BField2cur 0.986
WienB -0.00976

Table 5.5: Peak fields for the optimized negative pion beam for a potential CEX calibration.
Even though for high momenta, maximum transmission is obtained for maximum magnetic fields,
here BL3 and BL4 are set to a lower value to reduce focusing to induce beam collimation with
the acceptance of the beamline. Such strategy results in cutting the emittance of the final beam
to reduce the size of the final beam spot.

5.4.3.2 Final remarks

A set of tunes suitable for different experimental application was found
and it was shown that it is possible to reduce the beam spot size and to
a limited extent the momentum spread of the beams in MUH2. Addition-
ally, the possibility to strongly reduce the positron contamination in surface
muon beams by means of dedicated optics was explored. It is important to
underline that the commissioning of such beamline would need a detailed
optical modeling and a dedicated tuning strategy. The results presented
here should be intended as a proof of principle that the beamline can be
optimized for different applications.

5.5 The MUH3 beamline

The framework developed for MUH2 was used for the optimization of the
MUH3 beamline layout presented here. As in the previous section, a limited
selection of results is shown. The optimization of the design is still ongoing
at the time of writing this thesis and the model presented here was defined
in October 2023.

5.5.1 Beamline layout

The MUH3 beamline is designed for µSR applications, which do not require
to reach the 1010 µ+/s but have more stringent requirements on the quality
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of the delivered beam. As a matter of fact, the statistics required for such
application is much lower than for particle physics experiments, while the
main requirements consist of a 20 mm beam spot (σx, σy) and a high po-
larization. The layout and elements of MUH3 are inherited from the πM3
beamlines, with an upgraded capture scheme.

As for MUH2, the capture is performed with a graded field solenoid. The
beam is then bent by 36◦ by a radiation hard dipole (ASH31) and coupled
into a section consisting of two radiation hard solenoids (TSBL1 and TSBL2).
Two Beam Blockers (BB) are used here as in MUH2 to keep the neutron
dose below the safety limit when access is required to the experimental ar-
eas. The coupling into the next straight section is done by means of two
non-radiation hard dipoles with an interposed non-radiation hard solenoid
(here BL3). The two bends of 42◦ (ASH32) and 22◦ (ASH33) allow for a
smoother transition to the following section and, together with the interme-
diate additional focusing, a wider acceptance. A slit system is implemented
in ASH33 to reduce the muon beam rate on demand.
The next straight section comprises: two non-radiation hard solenoids, BL4
and BL5; the QSM quadrupole triplet; the Spin Rotator SpinRot1; two QSL
quadrupole doublets; two SSL steering magnet, of which one horizontal
(SSL32) and one vertical (SSL33); and a QSL triplet. The septum magnet
ASS31 can be energized to split or direct the beam to two different µSR
instruments. A dipole magnet bends (49.5◦) the output of ASS31 to the
MUH3.2 area. Alternatively, the beam continues to a QSL triplet and is then
bent by 30◦ into the MUH3.3 area. The final focusing in both experimental
areas is provided by a QSE quadrupole triplet.

Figure 5.38: Sketch of the FS41 slit system . The slits move along the horizontal direction and
can select muon beam transmission to either MUH3.2 of MUH3.3 experimental areas.

A slit system (FS41) is positioned in front of ASS31. Figure 5.38 shows a
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5.5. The MUH3 beamline

sketch of FS41. The profile of the two slits is shaped so that, when over-
lapping, the aperture between the two slits is a square rotated by 45◦. Such
shape allows to collimate both the vertical and horizontal directions at the
same time with a single slit system. The beam in both sections can be colli-
mated independently by means of two different collimators.

Figure 5.39 shows the graphical output of the G4beamline simulation of
MUH3 used to optimize and characterize the design.
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5.5. The MUH3 beamline

5.5.2 Optimization strategy

MUH2 suffers from the limited current that can drive the solenoids and it
is not possible to scale the tune to higher momenta. For MUH3 this stays
true up to BL4, but the following section is based on quadrupoles, which
are not limited by the same constraint. The optimization here is therefore
aimed at matching the first section up to the QSM triplet, to the following
section which is only scaled according to the selected momentum.

The matching is performed by maximizing transmission through Spin Ro-
tator 1, which due to its narrow acceptance, is selecting only a very specific
region of the phase space at any momentum. Such tunes are shared for the
three possible running modes of MUH3:

• MUH3.2 mode: the whole beam is deflected to the MUH3.2 area

• MUH3.3 mode: the whole beam is deflected to the MUH3.3 area

• shared mode: the beam is split in two with the septum magnet and
delivered at the same time to both MUH3.2 and MUH3.3 areas

The tune for the elements downstream of SpinRot1 can then be found for
surface muons and linearly scaled for the other momenta. In this work, a
tune for the full antimuon spectrum is found up to SpinRot1 and the match-
ing strategy is shown for a focus between QSL2 and QSL3. The so-found
tune can then be further optimized in a tighter parameter space centered
around it.

The tuning of the MUH3 beamline for surface muons, and therefore for the
elements downstream to SpinRot1, is carried out by Eremey Valetov [87]
using a staged Bayesian optimization: a Bayesian optimizer is used to max-
imize transmission through consecutive sections of the beamline. The opti-
mized sections overlap to avoid local maxima and the process is reiterated.
The latest step is the optimization of the beam spot by creating a dedicated
figure of merit. Due to the large number of parameters and to the lower
transmission than MUH2, such optimization is computationally expensive
and still ongoing. Here only the optimization up to SpinRot1 is shown and
a proof of principle of the matching is given.

5.5.3 Antimuons spectrum

The optimization up to SpinRot1 consists in maximizing transmission to its
downstream side. The search space includes 14 parameters:

• captureCurrent i: three currents, one for each coil pancake, to charac-
terize transmission in the capture solenoid

• BFieldi: the peak field in each of the three dipoles in this section
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5. The High Intensity Muon Beams project HIMB

• currentTSBLi: the current in each of the two radiation hard solenoids

• currentBLi: the current in each of the three non-radiation hard solenoids

• currentQSMi: the current in each of the three quadrupoles in the QSM
triplet

The parameter space is defined by the following ranges:

• [0 T, 0.45 T] for currentCupture 1, currentCupture 3 and currentTSBLi

• [−0.45 T, 0.45 T] for currentCapture 2

• [−0.55 T, 0.55 T] for currentBLi

• [0 T, 0.2 T] for BFieldi

• [0 T, 0.3318 T] for currentQSM1 at pole tip

• [−0.3318 T, 0.3318 T] for currentQSM2 and currentQSM3 at pole tip

QSM1 is constrained to be horizontally focusing to narrow the search space
and prepare injection in the SpinRot1. The ranges used here are less restric-
tive than the ones used in the optimization of MUH2 as this is the first study
of this specific layout and no starting point was available.

The QSM triplet and SpinRot1, which is always kept off during the opti-
mization, limit the acceptance of the beamline. To compensate for this issue,
each trial is run by transmitting 5 × 105 µ+, to be compared with the 105 µ+

in the case of MUH2. For each optimization, the transmitted muons are
selected within ±5 MeV/c from the nominal momentum.

NSGA-II is used to maximize the number of antimuons transmitted to the
downstream side of SpinRot1 with a population of 100 individuals per gen-
eration. The optimization was run for 5 nominal momenta: 30 MeV/c,
40 MeV/c, 50 MeV/c, 60 MeV/c and 70 MeV/c. Each optimization was stop-
ped after 4000 core − hours and the full set of optimizations was run in
∼3 days. Figure 5.40 shows the maximum rate obtained for each momen-
tum at the downstream side of SpinRot1. For the sake of comparison with
MUH2, transmission up to the exit of BL5 is included up to which the
channel is purely solenoidal and the layouts are similar. The correspond-
ing positron and pion rates with SpinRot1 off are shown. Additionally to
the particles generated at TgH, muons from pion decay in flight are included
as deep (D.) muons.

The maximum rate is achieved for surface muons, up to 6.88 × 109 µ+/s
at the exit of BL5 and up to 1.75 × 109 µ+/s at the end of SpinRot1 for a
proton current of 2.4 mA. Table 5.6 shows the rates and phase space pa-
rameters at the end of SpinRot1 for each tune. The phase space parameters
are computed as the mean and standard deviation of the distribution of the
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5.5. The MUH3 beamline

(a) BL5 exit (b) SpinRot1 exit

Figure 5.40: Maximum deliverable rate to the end of BL5 (left) and at the end of SpinRot1
(right) in MUH3. The rate was maximized for antimuons and computed for positrons and pions
with the same tunes. SpinRot1 is off. Deep (D.) muons are shown in green. The error bars
in the vertical direction are the statistical uncertainty on the computed rates. The error bars
in the horizontal direction correspond to ±1 standard deviation of the transmitted momentum
spectrum. Tunes lower than 30 MeV/c have been scaled down linearly from the surface muon
tune.

transmitted muons. As anticipated above, the narrow acceptance of Spin-
Rot1 defines the transmitted phase space at all momenta. As an example,
the envelope of the transmitted muons is shown in Figure 5.44.
For future reference, the tunes for maximum transmission are collected in
Appendix K.

5.5.3.1 Muon polarization

For µSR applications the polarization of the implanted muons is relevant to
probe the magnetic properties of the samples. The polarization of surface
muons, as explained in Chapter 1, is due to the neutrinos being left-handed.
In the rest frame, the muon is always left-handed to conserve the spin. In
the laboratory frame instead, it depends on the direction of the boost of
the decayed pion: while the momentum of the muon depends on the boost
of the pion, the spin does not change direction under Lorentz transforma-
tions. Therefore, in the rest frame of the pion, the polarization of the muon
is always negative, but if the boost of the pion in the laboratory frame is
higher than the boost of the muon in the rest frame, depending on the di-
rection of emission, the momentum of the muon can change direction under
Lorentz transformation. This happens for pions with momentum higher
than 39.35 MeV/c. This causes a change in the sign of the polarization of
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the muon, leading to a positive component. In Table 5.6, the polarization
of both prompt and deep components of the muon beams are shown. Two
different trends can be observed:

• prompt muons: the polarization is negative for surface muons and
null for other momenta.

• deep muons: the polarization is positive and decreases with higher
momenta.

Prompt muons are collected close to the target, meaning that they can be
generated by pions which can be either collinear or anti-collinear to the
muon in the rest frame. Deep muons instead are selected in the forward
direction only. Because the momentum distribution of pions generated at
target drops to zero for low momenta, low energy muons are more likely
generated anti-collinear to the decaying pion with the pion having a boost
higher than that of surface muons, leading to a sign flip of the polarization.
At higher momenta, the polarization decreases due to the presence of muons
collinear to the pions.
The drop in the polarization of cloud muons at increasing momentum is
steeper in case of a wide beamline acceptance: the selection of a wider pion
momentum causes a higher degree of mixing between collinear and anti-
collinear decays. Figure 5.42 shows the correlation between the polarization
of the muon at the exit of SpinRot1 and the momentum of the decayed
pion for the 50 MeV/c and 70 MeV/c tunes. Two populations are clearly
distinguishable: for pions with a momentum close to that of the generated
muon, the polarization is negative; for anti-collinear pions and muons the
polarization is proportional to the momentum of the pion and peaks for
positive polarizations.

Due to the poor degree of polarization, the tunes found with this study for
cloud muon beams are not suited for µSR applications, but the quality could
be possibly improved through polarization filters and dedicated R&D.
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5.5. The MUH3 beamline

(a) 50 MeV/c tune (b) 70 MeV/c tune

Figure 5.42: Correlation between muon polarization and decayed pion momentum for the
50 MeV/c (left) and for the 70 MeV/c (right) tunes. Muons generated in the same direction of
the boost of the pion are negatively polarized. Muons generated in the opposite direction are
positively polarized.

5.5.3.2 MUH3 quadrupole matching

To show a possible matching between the quadruople and solenoid sections,
a tune for a focus between QSL2 and QSL3 was found. The search space is
analogous to that used to maximize transmission through SpinRot1 with
the addition of QSL1 and QSL2. NSGA-II is used. The objective space is
6-dimensional and defined as follows:

• Transmission: number of transmitted muons. Maximized.

• STD(x) and STD(y): standard deviations in the horizontal and the ver-
tical direction respectively. Minimized.

• |ρx| and |ρy|: correlations between divergence and beam spot distribu-
tion in the horizontal and in the vertical direction respectively. Mini-
mized.

•
√
(x̂)2 + (ŷ)2: squared sum of the position of the beam spot in the two

transverse directions. Minimized.

It is important to include a different figure of merit for each of the two trans-
verse phase spaces due to the presence of quadrupolar elements, which can
introduce asymmetries in the beam size along the two transverse directions.
Due to the high dimensionality of both the search (14 dimensions) and ob-
jective (6 dimensions) spaces, the population size of each generation is in-
creased to 200 individuals. For each trial, 5 × 106 µ+/s were transmitted.
The optimization has been run for 20 000 core − hours in ∼5 days.
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Figure 5.43: Beam spot optimization for surface muons in MUH3. The colored markers represent
the pareto front. The transmission is shown in color code. The other trials are shown in grey.
The chosen tune is shown with a larger marker. The objective space is projected in the STD(x)
vs STD(y) (left) and in the ρx vs ρy (right) planes.

Figure 5.43 shows the projected pareto front in the STD(x) vs STD(y) and in
the ρx vs ρy planes. The transmission is shown in color code. The chosen
tune is shown with a larger marker. The chosen tune delivers 1.05× 109 µ+/s
at a proton current of 2.4 mA. The beam is focused in both directions, with a
high divergence in the horizontal direction and a wider beam spot along the
vertical direction. Such configuration is preferred because of the acceptance
of SpinRot1: in the horizontal plane the beam is parallel as it is constrained
to propagate within the narrow 200 mm aperture between the electrodes; in
the vertical plane the beam is divergent and transmission through the QSL
doublet is maximal when QSL1 is focusing in the vertical plane and defocus-
ing in the horizontal. Subsequently, QSL2 is focusing in the horizontal again.
The matching is performed on both the surface muon beam and the 50 MeV/c
tune: the tune in the section upstream to SpinRot1 is that for maximum
transmission found in Section 5.5.3; the tune for the first QSL doublet, which
is after SpinRot1, is obtained by linearly scaling to match the central momen-
tum transmitted through SpinRot1. Table 5.7 shows the tunes for optimized
focus and the two matched tunes.
Table 5.8 shows a comparison between the phase space parameters of the
two matched beams and the optimized focusing tune. The envelopes and
phase spaces of the matched beams are shown in Figure 5.44 and Figure 5.45.

As for the surface muon beam, the matched 50 MeV/c muon beam shows a
higher divergence in the horizontal direction and a wider beam spot along
the vertical direction, with similar phase space parameters. The main differ-
ence is found in the vertical divergence: along this direction the aceptance
of SpinRot1 is wider than in the horizontal plane and inherent differences
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5.5. The MUH3 beamline

Peak/Pole fields [T]
Optimized
beam spot

Matched

Nominal
momentum

27 MeV/c 27 MeV/c 50 MeV/c

U
S

of
Sp

in
R

ot
1

currentCapture 1 0.426 0.442 0.435
currentCapture 2 0.0924 0.210 0.450
currentCapture 3 0.254 0.0516 0.312
BField1 0.0527 0.0562 0.100
currentTSBL1 0.310 0.382 0.380
currentTSBL2 0.303 0.354 0.449
BField2 0.0637 0.0645 0.122
currentBL3 -0.407 -0.372 0.480
BField3 0.0359 0.0363 0.0578
currentBL4 0.217 -0.281 -0.445
currentBL5 0.242 -0.302 0.419
currentQSM1 0.118 0.105 0.0768
currentQSM2 -0.133 -0.142 -0.173
currentQSM3 0.102 0.0805 0.113

D
S currentQSL1 -0.0582 -0.0582 -0.108

currentQSL2 0.0861 0.0861 0.159

Table 5.7: Comparison between the optimized focus tune in the section of the beamline upstrem
(US) of SpinRot1 and the matched tunes in the downstream (DS) section. For solenoids and
dipoles, the value reached by the field at its peak is shown. For quadrupoles, the value of the
field at their pole tip is shown. The optimization of the focus is performed for surface muons
on the full search space including all the elements of the beamline up to QSL2. The matching
is done by linearly scaling the field in QSL1 and QSL2 and by setting the section upstream to
SpinRot1 to the tune found for maximum transmission at both 27 MeV/c and 50 MeV/c.

in transmission in the momentum spectrum appear. The matching of the
surface muon beam shows that the optimization downstream to SpinRot1
is sufficient, thus reducing the parameter space. After matching, additional
optimizations can be performed in a reduced search space to improve the
centering. As an additional remark, the transmission of the matched prompt
surface muon beam is ∼14 % higher than for the optimized beam spot tune.
Due to the high dimensionality of the search space, the convergence to the
pareto front is not granted if not in the asymptotic regime. Yet again, the
improvement of the transmission with the matching shows that indeed the
optimization of the section upstream to SpinRot1 can be decoupled from
that of the downstream section.
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Conclusions

Within this thesis, the commissioning of the Compact Muon Beam Line
(CMBL) has been completed (see Chapter 3) and the performances of the
High Intensity Muon Beams (HIMB) beamlines have been addressed for
transmission of muons, pions and electrons (see Chapter 5). Furthermore,
the analysis framework of the MEG II experiment has been extended for
the measurement of the beryllium anomaly [8, 9] (see Chapter 4). Here a
general overview of the main results is given.

In the context of charged Lepton Flavor Violation (cLFV) the Mu3e experi-
ment aims to measure the µ+ → e+e+e− decay with a sensitivity of 10−15

on the branching ratio in its first phase of data taking. To reach this goal,
the CMBL was designed to deliver O(108 µ+/s) to the Mu3e target. The
commissioning of the CMBL started in 2014, prior to the beginning of this
work, and continued until 2018 without the Mu3e spectrometer magnet [5,
6], which was delivered to PSI only in 2020 [7]. Here, the beam commission-
ing campaigns between 2021 and 2023 were presented.
In 2021, the Mu3e magnet was moved into the πE5 area for the first time and
the muon beam was successfully transmitted to its center. The main aim of
the beam campaign was to tune the beamline to deliver the muon beam
to a minimal version of the final detectors. At this stage, optimal trans-
mission was not yet achieved and the rate at the center of the Mu3e spec-
trometer was limited compared to the expected performances [4], measuring
4.4 × 107 µ+/s at a proton current of 2.2 mA. This was probably caused by
non optimal transmission through AST41 and ASC41, two dipoles of the πE5
beamline that are consecutive and therefore can transmit the beam with a
variety of tunes. Due to this, the following commissioning campaign started
from the tune found in 2019 for the MEG II experiment, which measures the
µ+ → e+γ decay in the same experimental area.
In 2022, the requirements on the beam intensity for the first phase of the
Mu3e experiment were met and surpassed, delivering 6.89 × 107 µ+/s at a
proton current of 2.2 mA, but because not all the sextupole magnets of the
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5. The High Intensity Muon Beams project HIMB

beamline were operational, maximal transmission could not yet be found.
Additionally, the characterization of the transverse phase space was im-
proved with a pepper-pot measurement during the MEG II beam time.
The resulting phase space was implemented in the existing G4beamline sim-
ulation of the CMBL and used to optimize the position of the 600 µm Mylar®
moderator required to degrade the energy of the muons in front of the Mu3e
target. The found position was tested and confirmed in 2023.
With the full beamline operational and the moderator installed, the muon
rate delivered to the center of the Mu3e spectrometer was 7.5 × 107 µ+/s at
a proton current of 2.2 mA.

In the context of rare physics processes, the MEG II detector allows to test
additional channels aiding the search for Beyond Standard Model (BSM)
physics. Thanks to the Cockroft-Walton accelerator available to the collabo-
ration for calibration purposes, a proton beam of up to 1.08 MeV in energy
can be used to induce the 7Li(p,γ)8Be reaction in the center of the detector.
In 2016 the ATOMKI collaboration has claimed an excess in the distribu-
tion of the angular correlation between the internal conversion pairs [8, 9]
in this process and since then, the anomaly, or correspondigly a potential
X17 boson, has not yet been confirmed with a different detection scheme.
With minimal adaptations to the set-up, the MEG II detector can be used to
independently perform this measurement.
As part of this work, the X17 target region, consisting of a lightweight vac-
uum chamber and a new target, was assembled and tested and a data taking
was carried out in 2023. The analysis framework of the MEG II experiment
has been extended for the analysis of this channel. Initially, a likelihood
based on parametrised probability distribution functions (PDF) has been
defined and implemented in the framework both for a binned and an un-
binned analysis. Preliminary PDFs of the expected backgrounds have been
defined based on a limited Monte Carlo (MC) sample produced in July 2023.
The expected backgrounds consist of the internal pair creation (IPC) pairs
and of the external pair creation (EPC) pairs from the 18.15 MeV and the
15.12 MeV lines. The latter are not expected to be significant in the signal
region, but a large MC production of these populations is not possible due
to the limited resources available to the collaboration. The effect of the lim-
ited possible MC statistics on the systematic uncertainties has been studied
and found to be large with the available PDFs. An alternative likelihood a la
Beeston-Barlow [72] has been implemented for the backgrounds and tested
to fit the data with templates, correctly accounting for their limited statis-
tics. To perform an estimate of the eventual X17 mass, the signal is modelled
with a parametrized PDF.
The Feldman-Cousins construction has been adapted for the new likelihood
and thoroughly tested, showing that a reduced MC production of the EPCs
does not affect the sensitivity of the analysis in the case of the null hypoth-
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5.5. The MUH3 beamline

esis. More specifically, two MC production scenarios have been considered:
the ideal statistic scenario, where each EPC population is modelled with a
template of 105 MC events; the current statistic scenario, closer to the ex-
pected final statistics, where each EPC population is modelled with a tem-
plate of 104 MC events. The sensitivities estimated in the two scenarios are
compatible within the statistical uncertainties and are 275(4) and 272(4) re-
spectively, to be compared with the expected ∼450 in the 2023 data taking
if assuming the hypothesis of the ATOMKI collaboration. The effect of a
lower EPC MC statistics is observed instead in the significance of the signal
which is expected to be of 4.27σ in the ideal statistic scenario and of 3.36σ
in the current statistic scenario, assuming the hypothesis of the ATOMKI
collaboration.

The HIMB project aims at exceeding the current intensity limits of surface
muon beams by two orders of magnitude, reaching O(1010 µ+/s). Such an
increase would push the sensitivity of cLFV searches with muons, for in-
stance allowing to reach the sensitivity goal of the second phase of Mu3e of
10−16, and improve the current limitations of the µSR technique. To do so,
the HIMB project focuses on improving the surface muon yield with a new
target geometry [6, 86] and on increasing capture and transmission with a
large aperture solenoid-based beamline. Two new beamlines are planned:
the MUH2 beamline will be dedicated to particle physics delivering the
highest muon intensities with a solenoid-only layout; the MUH3 beamline
will serve µSR instruments and improve the delivered muon rate with a
solenoid-only section coupling into a quadrupole-only section to shape the
beam and deliver it to the experiments.
Within this project, the use of hyperparameter search algorithms to optimize
high-intensity muon transfer lines has been explored. The Non-dominated
Sorting Genetic Algorithm II (NSGA-II) [45] has shown to be a powerful tool
to optimize the muon beamlines of the HIMB project, performing as fast or
faster than Bayesian [102] optimization for parameter spaces of O(20) di-
mensions and higher, delivering equal or better results. NSGA-II has been
proven to perform well in mono-objective optimizations, where only one
figure of merit is optimized, i.e. the muon rate, and in multi-objective opti-
mizations, where multiple figures of merit are optimized simultaneously.
With the mono-objective optimization it has been shown that both MUH2
and MUH3 can reach the goal of exceeding 1010 µ+/s. As part of this
work, emphasis was put in the optimization of the beamlines in the full
momentum spectrum allowed by the current design of the dipoles of up to
80 MeV/c. In the case of MUH2, the maximum delivarable rates of positrons
and pions were found as well.
With the multi-objective optimization, a set of tunes has been found trad-
ing off the muon rate with the beam spot size in the full muon momentum
spectrum delivered by MUH2. Three cases relevant for particle physics were
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5. The High Intensity Muon Beams project HIMB

additionally considered for MUH2: the optimization of the positron con-
tamination in the surface muon beam; the minimization of the momentum
spread of a 50 MeV/c positron beam; the optimization of the beam spot of a
negative pion beam. The latter two cases are relevant for the MEG II exper-
iment as calibration sources. For MUH3, the multi-objective optimization
has been proven to be effective in the many-objective regime with 6 objec-
tives describing the muon beam transmission and phase space. A suitable
tune has been found for surface muons. A matching procedure has been
established between the first section of the beamline up to the spin rotator
and the second section of the beamline up to the instruments, allowing to
perform the multi-objective optimization separately in the second section
only on surface muons and limit the needed computing resources.
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Appendix A

CMBL campaign 2022: muon beam
rate vs Mu3e magnetic field

Here, a collection of beam scans performed at the center of the Mu3e spec-
trometer during the commissioning of the CMBL in 2022 (Chapter 3) is
shown. Here the beam is scanned on the vertical and horizontal axes only.
Within the range of scan, the beam spot is interpolated with a cubic spline.
The tails (orange) are obtained with a gaussian fit to the three points on the
sides. The 2D heatmaps shown, represent the beam spot in the assumption
of no correlation between the vertical and horizontal directions. The black
square represents the scanning range. An increase in the delivered rate is
observed with a higher magnetic field in the spectrometer.

Figure A.1: Cross-scan at Mu3e center. Beamline set to focus at Mu3e center. Left: horizontal
scan. The blue dots are the measured points. The solid line in blue is the interpolation with a
cubic spline. The solid lines in red are gaussian tails. Center: vertical scan. Right: 2D extrapo-
lation for rate calculation. The two transverse directions are assumed to be non-correlated.
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A. CMBL campaign 2022: muon beam rate vs Mu3e magnetic field

Figure A.2: Cross-scan at Mu3e center. The field of the Mu3e solenoid is increased by 5 %.
Left: horizontal scan. The blue dots are the measured points. The solid line in blue is the
interpolation with a cubic spline. The solid lines in red are gaussian tails. Center: vertical scan.
Right: 2D extrapolation for rate calculation. The two transverse directions are assumed to be
non-correlated.

Figure A.3: Cross-scan at Mu3e center. The field of the Mu3e solenoid is increased by 10 %.
Left: horizontal scan. The blue dots are the measured points. The solid line in blue is the
interpolation with a cubic spline. The solid lines in red are gaussian tails. Center: vertical scan.
Right: 2D extrapolation for rate calculation. The two transverse directions are assumed to be
non-correlated.

Figure A.4: Cross-scan at Mu3e center. The field of the Mu3e solenoid is decreased by 5 %.
Left: horizontal scan. The blue dots are the measured points. The solid line in blue is the
interpolation with a cubic spline. The solid lines in red are gaussian tails. Center: vertical scan.
Right: 2D extrapolation for rate calculation. The two transverse directions are assumed to be
non-correlated.
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Figure A.5: Cross-scan at Mu3e center. The field of the Mu3e solenoid is decreased by 10 %.
Left: horizontal scan. The blue dots are the measured points. The solid line in blue is the
interpolation with a cubic spline. The solid lines in red are gaussian tails. Center: vertical scan.
Right: 2D extrapolation for rate calculation. The two transverse directions are assumed to be
non-correlated.
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Appendix B

CMBL campaign 2022: vertical phase
space fit to pepper-pot beamlets

Here, the results of the fit to the measured vertical beamlets in the diver-
gence phase space are shown. The details of the measurement and of the
fitting procedure are reported in Section 3.3.1. Figure B.1 shows the fit to the
measured beamlets after subtracting the positron background. Figure B.2
shows the comparison between the unfolded beamlets after removing the
Multiple Coulomb Scattering (MCS) contribution and the measured data
points.
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B. CMBL campaign 2022: vertical phase space fit to pepper-pot beamlets
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Appendix C

CMBL campaign 2022: transmission
plots for optimized moderator and

collimator position

Here, a collection of the simulated transmission to the center of Mu3e with
G4beamline. The strength of the beamline elements and the position of the
moderator are optimized to maximize transmission. The measurement of
the transmitted phase space is shown in Section 3.3.
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C. CMBL campaign 2022: transmission plots for optimized moderator and

collimator position

Figure C.1: Transmission to the center of the Mu3e spectrometer. The tune and the position
of the moderator are optimized for the nominal Mu3e spectrometer field value. The collimator
position is optimized to minimize the muon rate on the inner layer of the Mu3e pixel tracker.
On the left from the top: the envelopes in the horizontal and vertical plane, the black lines show
the size of the beam pipe; the transmission from the entrance of the magnet; the phase space
at the center of the Mu3e magnet. On the right from the top: the beam spot at the vacuum
window and the beam spot at target location. The black circles show the size of the target cross
section.
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Figure C.2: Transmission to the center of the Mu3e spectrometer. The tune and the position
of the moderator are optimized for 110 % the nominal Mu3e spectrometer field value. The
collimator position is optimized to minimize the muon rate on the inner layer of the Mu3e pixel
tracker. On the left from the top: the envelopes in the horizontal and vertical plane, the black
lines show the size of the beam pipe; the transmission from the entrance of the magnet; the
phase space at the center of the Mu3e magnet. On the right from the top: the beam spot at
the vacuum window and the beam spot at target location. The black circles show the size of
the target cross section.
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C. CMBL campaign 2022: transmission plots for optimized moderator and

collimator position

Figure C.3: Transmission to the center of the Mu3e spectrometer. The tune and the position
of the moderator are optimized for 120 % the nominal Mu3e spectrometer field value. The
collimator position is optimized to minimize the muon rate on the inner layer of the Mu3e pixel
tracker. On the left from the top: the envelopes in the horizontal and vertical plane, the black
lines show the size of the beam pipe; the transmission from the entrance of the magnet; the
phase space at the center of the Mu3e magnet. On the right from the top: the beam spot at
the vacuum window and the beam spot at target location. The black circles show the size of
the target cross section.
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Appendix D

Test probability density functions for
the likelihood analysis of the beryllium

anomaly measurement with the
MEG II apparatus

Here, the parametrization of the probability density functions (PDFs) used
in Chapter 4 to test the analysis framework of the X17 analysis are shown.
The variables used in the test are the energy sum Esum of the electron-
positron pair and the relative angle θrel between the two particles.
The PDFs were defined by Francesco Renga, who is also working on this
analysis, fitting the available Monte Carlo (MC) sample of the 4 background
populations shown in Figure 4.7:

• internal and external pair conversion from the 18.15 MeV line (IPC18
and EPC18)

• internal and external pair conversion from the 15.12 MeV line (IPC15
and EPC15)

The parametrizations shown here are normalized to unity in the likelihood
analysis depending on the data range set.
A different PDF is used for IPC and EPC backgrounds. For IPC:

• The energy sum is parametrized with the sum of two gaussian func-
tions

p(Esum|µ, σ1, σ2, f ) = f
1√

2πσ1
exp

(
−1

2
(Esum − µ)2

σ2
1

)
+

+ (1 − f )
1√

2πσ2
exp

(
−1

2
(Esum − µ)2

σ2
2

)
.
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D. Test probability density functions for the likelihood analysis of the

beryllium anomaly measurement with the MEG II apparatus

• The relative angle is parametrized with a 4th order polynomial func-
tion:

p(θrel|p0, p1, p2, p3) =
4

∑
i=0

piθ
i
rel.

Figure D.1 shows a comparison between the MC sample and the PDFs for
IPC18 and IPC15. Table D.1 shows the fitted parameters and errors.

Figure D.1: Comparison between the Monte Carlo (MC) sample (black points) and the prob-
ability density functions (PDFs) (blue lines) for the internal pair conversion backgrounds in the
15.12 MeV (bottom) and 18.15 MeV (top) lines of the 7Li(p, e+e−)8Be reaction in Esum (left)
and θrel (right). The PDFs are fitted to the MC sample in Figure 4.7. Gentle courtesy of
Francesco Renga.
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IPC energy sum PDF parameters and errors
µ [MeV] σ1 [MeV] σ2 [MeV] f

IP
C

18 par. 17.95 0.54 1.13 0.48
err. 0.03 0.08 0.08 0.12

IP
C

15 par. 16.000 0.99 1.9 0.83
err. 0.012 0.06 0.3 0.10

IPC relative angle PDF parameters and errors
p0 [◦] p1 p2 [°−1] p3 [°−2]

IP
C

18 par. 1 −2.187 × 10−2 1.723 × 10−4 −4.57 × 10−7

err. 0 0.014 × 10−2 0.015 × 10−4 0.07 × 10−7

IP
C

15 par. 1 −2.08 × 10−2 1.55 × 10−4 −3.971 44 × 10−7

err. 0 0.05 × 10−2 0.07 × 10−4 0.274 48 × 10−7

Table D.1: Parameters of the probability density functions (PDFs) of the internal pair conversion
backgrounds in the 15.12 MeV and 18.15 MeV lines of the 7Li(p, e+e−)8Be reaction. The PDFs
are fitted to the Monte Carlo (MC) sample in Figure 4.7. The parameters with zero errors are
fixed and not fitted. A comparison between the MC sample and the PDFs is shown in Figure D.1.

For EPC:

• The energy sum is parametrized with an asymmetric gaussian function

p(Esum|µ, σL, σR) = (Esum < µ) exp
(
−1

2
(Esum − µ)2

σ2
L

)
+

+ (Esum > µ) exp
(
−1

2
(Esum − µ)2

σ2
R

)
.

• The relative angle is parametrized with a gaussian function with asym-
metric asymptotes

p(θrel|µ, σ, αL, αR) = (θrel < µ) exp
(
−1

2
(θrel − µ)2

σ2 + α2
L(θrel − µ)2

)
+

+ (θrel > µ) exp
(
−1

2
(θrel − µ)2

σ2 + α2
R(θrel − µ)2

)
.

Figure D.2 shows a comparison between the MC sample and the PDFs for
EPC18 and EPC15. Table D.2 shows the fitted parameters. The error on
the parameters from the fit are reported with the subscript f it. Due to
the limited statistics which is expected to be available for the EPC MC, an
estimate of the error on the parameters was obtained by sampling 104 events
from each EPC PDF and then fitting the sampled events with the same PDF.
The errors obtained this way are reported with the subscript est.
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D. Test probability density functions for the likelihood analysis of the

beryllium anomaly measurement with the MEG II apparatus

Figure D.2: Comparison between the Monte Carlo (MC) sample (black points) and the proba-
bility density functions (PDFs) (blue lines) for the external pair conversion backgrounds in the
15.12 MeV (bottom) and 18.15 MeV (top) lines of the 7Li(p, e+e−)8Be reaction in Esum (left)
and θrel (right). The PDFs are fitted to the MC sample in Figure 4.7. Gentle courtesy of
Francesco Renga.

218



EPC energy sum PDF parameters and errors
µ [MeV] σL [MeV] σR [MeV] -

EP
C

18 par. 17.41 1.43 1.30
err.fit 0.14 0.10 0.09
err.est 0.03 0.02 0.02

EP
C

15 par. 15.21 0.684 1.70
err.fit 0.17 0.108 0.14
err.est 0.03 0.016 0.02

EPC relative angle PDF parameters and errors
µ [◦] σ [◦] αL αR

EP
C

18 par. 28.2 11.34 0.01 0.174
err.fit 1.5 1.20 0 0.016
err.est 0 0.16 0 0.003

EP
C

15 par. 35.3 10.94 0.01 0.142
err.fit 1.4 1.45 0 0.030
err.est 0 0.15 0 0.003

Table D.2: Parameters of the probability density functions (PDFs) of the external pair conversion
backgrounds in the 15.12 MeV and 18.15 MeV lines of the 7Li(p, e+e−)8Be reaction. The PDFs
are fitted to the Monte Carlo (MC) sample in Figure 4.7. The parameters with zero errors are
fixed and not fitted. A comparison between the MC sample and the PDFs is shown in Figure D.2.
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Appendix E

Maximum transmission tunes for
MUH2

Here, the tunes for maximum transmission found in Section 5.4.3 of µ+, e+

and π+ are collected respectively in Table E.1, Table E.2 and Table E.3. The
tunes for particles below 30 MeV/c are obtained by scaling down linearly
from the surface muon tune for antimuons and from the 30 MeV/c tune for
positrons and pions. The resulting rates are collected in Figure 5.28.
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E. Maximum transmission tunes for MUH2
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E. Maximum transmission tunes for MUH2
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Appendix F

Optimized beam spot tunes for MUH2

Here, the tunes for optimized beam spot found in Section 5.4.3.1 of µ+, Mott
positrons and CEX pions are collected in Table F.1. The tune of µ+ including
the contamination cut is shown in Table 5.3.

225



F. Optimized beam spot tunes for MUH2
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Appendix G

Dispersion calculation in MUH2 and
MUH3 envelope plots

Dispersion (see Chapter 2.2.2) in particle beam dynamics is used to account
for the effects of a finite momentum spread on the trajectory of the single
particles. If we consider a particle that would be transmitted to the horizon-
tal position x0 in absence of dispersion, we can calculate the position x of
the particle with a finite momentum difference ∆p as:

x = x0 + D
∆p
p0

= x0 + Dδ (G.1)

where D is the dispersion function and δ is the momentum spread relative
to the central momentum p0. A first order approximation of the dispersion
function can be computed in the assumption that the correlation between
x0 and δ is zero, which is analogous to say that any correlation is induced
by the dispersion itself. In this case, the dispersion can be computed by
calculating the correlation between x and δ:

⟨xδ⟩ = ⟨(x0 + Dδ)δ⟩ (G.2)
= ⟨x0δ⟩+ D⟨δ2⟩ (G.3)
= D⟨δ2⟩ (G.4)

⇒ D =
⟨xδ⟩
⟨δ2⟩ (G.5)

This formula is used to evealuate the dispersion in the envelopes shown in
Chapter 5 and in Appendix I and J.
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Appendix H

Time-of-flight spectra modeling of
MUH2 with G4beamline

In Section 3.2.2, the measurement of the time-of-flight (TOF) of the particles
delivered in the πE5 area at PSI is shown. The measurement is performed
by triggering on the particle detected at the PILL and then measuring the
time difference with the next RF pulse, perfoming a modulo operation. Fig-
ure H.1 shows the measured TOF with SEP41 in three different configura-
tions:

• SEP41 off: in yellow, both muons and positrons are measured. The
peak is due to positrons generated at TgE* (see Section 1.5.2). The
uniform component is the sum of muons, Michel positrons from TgE*
and Michel positrons from muon decays in the PILL.

• SEP41 set to muons: in blue.

• SEP41 set to positrons: in green.

The uniform component of the spectrum is fitted between −39.5 ns and
−37 ns and between −30 ns and −25 ns with a constant. The fitted costant
is subtracted from the spectrum to isolate the peak structures, which are
integrated separately. The integral of the full spectrum is computed as well
and used for the fractions in Figure H.1. The fraction of Michel positrons
for SEP41 set for positron transmission is used to benchmark the modeling
of pion production cross-section in G4beamline used for HIMB simulations
[6, 86]. The TOF modeling is done by impinging 1010 protons on TgE* in
G4beamline. The implementation of the πE5 beamline is based on [5] and
SEP41 is kept off. The protons are generated with gaussian time distribution
assuming a bunch length of 58 mm and a kinetic Energy of 585 MeV. The
period of the proton RF is set to 19.75 ns.
Figure H.2 shows the simulated spectra. The absolute rate do not match the
actual measurement, but the relative yield of the population is fairly consis-
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H. Time-of-flight spectra modeling of MUH2 with G4beamline

tent with the data: the simulated fraction of Michel positrons produced at
TgE* is 56.2 % to be compared with the measured 62 %.

Figure H.1: Time-of-flight spectrum measured at collimator for different SEP41 settings: off
(yellow), muons (blue) and positrons (green). The TOF is defined as the difference between the
discriminated Pill signals and the RF-signal. The scale does not represent the delivered rates.
The tails of the distributions are due to the finite resolution of the apparatus and to the time
walk of the DRS4 evaluation board, which measures the time the signals exceed the threshold
and not the time they reach a fraction of their maximum.

Figure H.2: Simulated TOF spectrum for 27 MeV tune in πE5. SEP41 is off. The particles
are generated by impinging 1010 protons on TgE*. Left: the histograms are shown separately,
without stacking them. Right: the histograms are stacked. The shown fractions are different
than that quoted in the text as here it is referred with respect to the total transmission including
muons, and in the text with respect positrons only.
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Appendix I

MUH2 Mott positron beam envelope

Envelope and phase space of the Mott positron beam delivered by MUH2.
The tune is obtained in Section 5.4.3.1 by optimizing the transmission, the
beam spot size and the beam centering with NSGA-II.
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I. MUH2 Mott positron beam envelope

F
ig
u
re

I.
1
:
M
o
tt

p
o
si
tr
o
n
b
ea
m

en
ve
lo
p
es

an
d
p
h
as
e
sp
ac
es
.
T
h
e
d
is
p
er
si
o
n
cu
rv
es

sh
ow

n
h
er
e
ar
e
co
m
p
u
te
d
b
as
ed

o
n
th
e
co
rr
el
at
io
n
b
et
w
ee
n
th
e
p
o
si
ti
o
n

an
d
th
e
lo
n
g
it
u
d
in
al

m
o
m
en
tu
m

at
ea
ch

p
o
si
ti
o
n
.
T
g
H

is
p
o
si
ti
o
n
ed

at
th
e
or
ig
in

o
f
th
e
co
or
d
in
at
e
sy
st
em

.

232



Appendix J

MUH2 CEX pion beam envelope

Envelope and phase space of the CEX negative pion beam delivered by
MUH2. The tune is obtained in Section 5.4.3.1 by optimizing the trans-
mission, the beam spot size and the beam centering with NSGA-II.
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J. MUH2 CEX pion beam envelope
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Appendix K

Maximum transmission tunes for
MUH3

Here, the tunes for the maximum transmission found in Section 5.5.3 of
µ+ are collected in Table K.1. The tunes for particles below 30 MeV/c are
obtained by scaling down linearly from the surface muon tune.

Peak/Pole fields [T]
Design central momentum of the µ+ beam in MUH3

Nominal
momentum

27 MeV/c 40 MeV/c 50 MeV/c 60 MeV/c 70 MeV/c

currentCapture 1 0.442 0.447 0.435 0.450 0.449
currentCapture 2 0.210 0.432 0.450 0.447 0.431
currentCapture 3 0.0516 0.0980 0.312 0.414 0.427
BField1 0.0562 0.0772 0.100 0.121 0.155
currentTSBL1 0.382 0.288 0.380 0.122 0.00150
currentTSBL2 0.354 0.374 0.449 0.440 0.207
BField2 0.0645 0.101 0.122 0.137 0.182
currentBL3 -0.372 -0.548 0.480 0.473 -0.392
BField3 0.0363 0.0532 0.0578 0.068 0.0741
currentBL4 -0.281 0.338 -0.445 0.164 -0.425
currentBL5 -0.303 0.225 0.419 -0.397 0.502
currentQSM1 0.105 0.0232 0.0768 0.0570 0.103
currentQSM2 -0.142 -0.0793 -0.173 -0.108 -0.192
currentQSM3 0.0805 0.0732 0.113 0.0376 0.115

Table K.1: MUH3 tunes for maximum tranmission of µ+ for different design central momenta.
For solenoids and dipoles, the value reached by the field at its peak is shown. For quadrupoles,
the value of the field at their pole tip is shown. The resulting µ+ delivered rates are collected in
Figure 5.40.
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