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Abstract

The AMBER experiment is aiming at studying the fundamental QCD processes generating the
hadronic degrees of freedom by measuring the excitation spectra of strange mesons, as well as
the valence and sea quark, and gluon contributions in the kaon and pion. For these physics
measurements high-intensity pion and kaon beams are important. The M2 secondary beamline
at CERN’s SPS can operate in high-intensity, high-energy hadron and muon mode, and it can
also deliver low-intensity, low-energy electron beams. As the mixed hadron secondary beam is
produced from protons on target, kaons are a minority. Therefore, it is important to increase
their relative abundance or to make maximal use of the low fraction.

To achieve the former, the RF separation technique is investigated, which makes use of
the velocity difference that distinct particle species have for the same momentum. Studies
and proposed developments of the beam optics are discussed resulting in an optimised beam
transmission and species separation. The performance of such a system is simulated and
evaluated in terms of kaon rate and purity in the beam.

The optimal use of the kaon fraction is studied in terms of a conventional beam approach. A
limiting factor of the current beam performance is multiple scattering that complicates particle
identification. Improvements concerning vacuum upgrades and beam optics are estimated
with simulations. With those beam performance improvements, simulations of the AMBER
strange-meson spectroscopy campaign have been performed to estimate the needed time for the
measurement.

The NA64 experiment is another user of the M2 line. It explores the muon beam for dark
matter searches, for which the knowledge of any background is crucial. One of the major
sources is the in-flight decays of hadrons that are wrongly identified as muons. Therefore, a
precise determination of the number of hadrons in the muon beam is essential. To estimate their
contribution, variance reduction techniques in Monte Carlo simulations are employed. With
those the hadron contamination is evaluated.

A potential future user of the muon beam is the MUonE experiment studying the hadronic
contribution to the electromagnetic coupling constant in elastic muon-electron scattering.
During a test campaign a calorimeter has been calibrated with the available electron beam. The
simulation of the beamline model, which has been used to estimate the electron spectrum, is
validated and benchmarked with the collected data.

v



Several parts of this thesis have been published in:

A. Gerbershagen, F. Metzger et al., Design of beam optics for RF-separated kaon and
antiproton beams in the M2 beam line of the CERN North Area,
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment (2022) 168004, issn: 0168-9002,
url: https://doi.org/10.1016/j.nima.2022.168004.
F. Metzger et al.,
Kaon beam simulations employing conventional hadron beam concepts and the RF
separation technique at the CERN M2 beamline for the future AMBER experiment,
Journal of Physics: Conference Series 2687 (2024) 052023,
url: https://doi.org/10.1088/1742-6596/2687/5/052023.
F. Metzger, F. W. Stummer and L. J. Nevay,
Automatic building of 3D models of beamlines, (2024), Publication in progress.
F. Metzger et al., Hadron contamination studies in CERN’s secondary M2 muon beam,
(2024), Publication in progress.

Parts of the content of this thesis have been presented at the following occasions:

F. Metzger et al., RF separated beams: Beam optics and tracking results,
Talk at RF-separated beams for AMBER – Kick Off Meeting, 2021,
url: https://indico.cern.ch/event/1069879/contributions/4499716/
subcontributions/351863.
F. Metzger et al., Conventional Hadron Beam Optimization: Beam Optics and Vacuum,
RF-separated beams for AMBER – Follow-up Workshop, 2022,
url: https://indico.cern.ch/event/1133376/contributions/4786345/.
F. Metzger et al.,
Beam dynamics aspects of RF separated beams at the CERN M2 secondary beam line,
Talk at German Physical Society (DPG) Spring Meeting, 2022.
F. Metzger et al.,
RF separated and conventional hadron beam in CERN’s secondary M2 beam line,
Talk at International Workshop on Hadron Structure and Spectroscopy, 2022,
url: https://indico.cern.ch/event/1121975/contributions/4989715/.
F. Metzger et al., RF separated beams: Status,
Talk at Physics Beyond Colliders Annual Workshop, 2022,
url: https://indico.cern.ch/event/1137276/contributions/4950759/.
F. Metzger et al., Kaon beam studies employing conventional hadron beam concepts at
the CERN M2 beam line for the future AMBER experiment,
Talk at German Physical Society (DPG) Spring Meeting, 2023.

vi

http://dx.doi.org/10.1016/j.nima.2022.168004
http://dx.doi.org/10.1016/j.nima.2022.168004
https://doi.org/10.1016/j.nima.2022.168004
http://dx.doi.org/10.1088/1742-6596/2687/5/052023
https://doi.org/10.1088/1742-6596/2687/5/052023
https://indico.cern.ch/event/1069879/contributions/4499716/subcontributions/351863
https://indico.cern.ch/event/1069879/contributions/4499716/subcontributions/351863
https://indico.cern.ch/event/1133376/contributions/4786345/
https://indico.cern.ch/event/1121975/contributions/4989715/
https://indico.cern.ch/event/1137276/contributions/4950759/


Acknowledgements

Now, after five years at uni and another three years at CERN, it is the time for me to say thank
you to all the people that supported me during this time.

First of all, I want to thank my supervisor Prof. Dr. Bernhard Ketzer for all the years from
my Bachelor degree towards the PhD making all the various projects I worked on possible.
All the discussions in various group meetings in Bonn and lunches and dinners at CERN have
been a pleasure. You have always been asking the right questions paving the way to the answer.
Thank you for all your support for various applications like the BCGS, CERN Doctoral Student
Programme and Fellowship.

Secondly, I want to say thanks to Prof. Dr. Alexander Gerbershagen. Having you as a
supervisor at CERN made my start here so easy and enjoyable. I am thankful for all the
discussions we had on the corridor, over coffee or during meetings. I do not know how many
times I knocked on your door and you always took your time helping me moving on. Even after
you left CERN, you were still available for any question I had. So, just thank you; of course
also for being available for the second review of my thesis. It is so nice that we can finish the
whole project, as we started it, together.

I also want to thank Priv.-Doz. Dr. Bastian Kubis and Prof. Dr. Jürgen Gall for agreeing to
review my thesis.

There are two more people. Without them this work would have been impossible. I would
like to say thank you to Dr. Dipanwita Banerjee for taking over the role as my supervisor.
I was worried, where my project would go during the changeover, but you got me back on
track. Thanks for all the funny discussions not only about M2-related, but all the various topics,
especially dogs. Thank you for pushing me to do all the interesting studies that we did together,
also the ones that did not make it into this thesis. Of course, many thanks for your support for
my Fellowship application!

Thank you Dr. Laurie Nevay for your help with any kind of software, especially BDSIM.
Thanks for all the time you took for introducing me to Python and debugging any code that I
produced with it in the beginning. You have always been available for any kind of all kinds of
questions and discussions that I can gladly say I had two supervisors. I am looking forward to
the future and interesting projects that are ahead of us.

I would also like to thank Dr. Johannes Bernhard who made the whole projects I worked on
possible. Thanks for giving me the chance to come to CERN. It was a pleasure working in such
a nice team and I am happy to continue working in this great environment.

I want to express my gratitude to Dr. Lau Gatignon for always being available for the fruitful

vii



discussions we had on any physics related topic. Thank you for all your help and explanations
of the various beam physics and experimental aspects and for your support here during my time
at CERN.

Of course, without a great group of friends, university studies and a PhD are impossible. So,
thanks to Karl, Hakan, Lars, Pierre and Tobias. Without you all the courses would have been so
much more boring and getting through to the end would not have been possible. I hope that
we can stay in contact in or the other way as loosing it is not an option for the future. Danke
Karl, for also sharing the time here at CERN making life so much easier and more enjoyable. I
am also happy that I found new good friends at CERN making life here more fun. Thank you
Florian, Filipa, Laurie, Gian Luigi and Celia. I am grateful that I had the chance to meet you all
and share the time here with you. I really hope that we will be able to see each other again
every now and then even if we will be spread all over the world.

I want to say thank you to everyone in EA-LE. It was a great experience working in an
international environment like CERN and it was a pleasure being able to interact with so many
different characters and nationalities. Also thanks to everyone in Bonn for the funny DPG trips
and evening activities. I would like to specially thank Henri Pekeler for helping me with the
AMBER-studies and of course for the various cocktail evenings.

Last, but most importantly, I am deeply grateful for my family. I do not know how to express,
what you did for me. I would need another book to say all of it. Thank you for making
everything I wanted possible, supporting and helping me in every situation. Getting where I
am, was only possible because I knew I can count on you. I want to say thanks for doing this
journey and thesis together with me! This work was our effort!

viii



Contents

1 Introduction 1

2 Secondary beams at CERN 5
2.1 CERN accelerator complex . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Design principles of secondary beams . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Particle production . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Particle transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.3 Beam instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 The M2 beamline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Physics at AMBER 32
3.1 The Standard Model of Particle Physics . . . . . . . . . . . . . . . . . . . . 32
3.2 Fixed target experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Antiproton production cross section measurement . . . . . . . . . . . . . . . 37
3.4 Proton charge-radius measurement . . . . . . . . . . . . . . . . . . . . . . . 37
3.5 Drell-Yan and charmonium production . . . . . . . . . . . . . . . . . . . . . 40
3.6 Kaon spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 Software 46
4.1 MAD-X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2 Geant4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.3 BDSIM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.4 Automatic model building . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5 RF separation 53
5.1 Basic idea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Application to M2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.3 RF and particle phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.4 RF cavities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.5 Aperture influence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.6 Optics considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.7 Results from simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

ix



6 Conventional beam optimisation 80
6.1 Current beamline performance . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.2 Vacuum installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.3 Improved beam optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.4 Beam at AMBER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

7 M2 muon beam 100
7.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
7.2 Biasing techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

7.2.1 Muon biasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
7.2.2 Hadron biasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.3 Hadron contamination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7.3.1 Muon beam model . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7.3.2 Simulation to the absorber . . . . . . . . . . . . . . . . . . . . . . . 107
7.3.3 Beam contamination . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

8 M2 electron beam 119
8.1 Simulation approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

8.1.1 Biasing investigations . . . . . . . . . . . . . . . . . . . . . . . . . 120
8.1.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

8.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
8.2.1 Simulation to the converter . . . . . . . . . . . . . . . . . . . . . . . 125
8.2.2 Simulation to the detector . . . . . . . . . . . . . . . . . . . . . . . 128

9 Conclusion and outlook 132
9.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
9.2 Future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

Bibliography 136

A Appendix 155
A.1 Impact of divergence and momentum spread . . . . . . . . . . . . . . . . . . 155
A.2 New hadron beam optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
A.3 RICH efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
A.4 Biasing factors for the muon beam simulation . . . . . . . . . . . . . . . . . 161

List of Figures 163

List of Tables 167

x



CHAPTER 1

Introduction

Up to now, The Standard Model of Particle Physics predicts experimental results with the
highest precision. With the discovery of the Higgs boson [1, 2] in 2012 [3, 4], which explains
the masses of fundamental particles like quarks and leptons, it is believed to be complete. Still,
it is known that it cannot be a fundamental theory because there are observations that cannot be
predicted by the Standard Model.

As quarks cannot be observed freely due to confinement, it is challenging to measure their
masses precisely. Still, they have been evaluated to be of the order of MeV/𝑐2 for the light 𝑢-
and 𝑑-quarks, and O(100 MeV/𝑐2) for the 𝑠-quark [5]. Considering the lightest hadronic states
like pions, kaons or protons in the so-called constituent quark model, their total masses cannot
come from the quark masses alone, but there need to be other processes responsible for creating
masses of the order of 0.1 to 1 GeV/𝑐2. Literally, these processes create the overwhelming
amount of mass in the visible universe as the Higgs mechanism can only explain a few %
of the visible mass. In the particle physics community it is referred to as the “Emergence
of the Hadron Mass” (EHM) [6]. These phenomena generating mass are summarised in Fig. 1.1.

Nearly 60 years ago, the theoretical work by Gell-Mann [8] and Zweig [9] paved the way
towards Quantum ChromoDynamics (QCD). They considered a SU(3) symmetry group being
the basis of a model that has been able to describe, for example, characteristics of the nucleons.
In this model the proton and neutron are not point-like but made of elementary particles. Such
a much more complicated internal structure has been first experimentally confirmed at the
Standford Linear Collider SLAC by the SLAC-MIT collaboration [10, 11] in deep-inelastic
electron-proton scattering. But only after Bjorken’s work concerning “scaling” in deep-inelastic
scattering [12] the correct understanding, i.e. the interpretation that smaller particles form the
nucleons, has been possible. Later, the particles forming this substructure have been named
quarks. Still, such a long time after the discovery it is puzzling why the simplest particles
made of quarks, the proton, and the 𝜋- and 𝐾-mesons are so different in terms of mass. In
the constituent quark model it is assumed that the pion is made of up and down quarks, the
two lightest ones, while in the kaon case the down quark is replaced by a strange quark. One
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Figure 1.1: Fig. 1.1(a) shows the distribution of mass in the universe. Ca. 70 % are Dark Energy (blue)
and only the smallest amount is ordinary matter (black), while the rest is Dark Matter (red) [7].The
process generating only again a small portion of the mass of ordinary matter is currently fully understood,
which is illustrated by Fig. 1.1(b). The known Higgs mechanism (red) accounts for about 5 to 10 %
(when summing the quark masses in the proton), whereas the majority is dynamically generated by QCD
processes (blue).

down and two up quarks form the proton. Therefore, one would assume that the pion weighs
about 2

3 of the proton mass. Considering (139.57039 ± 0.00018) MeV/𝑐2 for the pion and
(938.272081 ± 0.000006) MeV/𝑐2 for the proton [5], the mass difference is striking because one
adds only one up quark to get from pion to proton. It is puzzling how this mass difference comes
up. In the simplified constituent quark model, the large mass of the proton can be explained
through the gluon fields that bind the constituents together to form the proton. But it is not clear
why the contribution is smaller in the pion. Due to the pion’s Nambu-Goldstone nature [13, 14]
it is expected to be massless without the Higgs mechanism. But due to explicit chiral symmetry
breaking, i.e. quarks have a small, non-zero mass as they couple to the Higgs field, one observes
massive pions. The same argument holds for the kaon because it is a Nambu-Goldstone boson,
too. Of course, with a mass of (493.677 ± 0.016) MeV/𝑐2 it is much heavier than the pion, but
still much lighter than the proton. The underlying processes responsible for these different mass
scales are important input to QCD. In addition, comparing the pion and kaon, the huge mass
difference is striking again because only the down quark in the pion is replaced by a strange
quark in the kaon. Therefore, by comparing both particles it might be possible to study the
interplay between the Higgs mechanism and QCD.

Of course, the mass is not the only parameter describing the mentioned particles. Other
examples, the longitudinal momentum distributions of the partons, the so-called Parton

2
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Distribution Functions (PDF), are important input to understand how the constituents form
the larger, observable particles. Therefore, they are tools to test QCD at energies, at which
perturbative approaches are impossible [15, 16].

After over 20 years of a successful run time, the fixed target experiment COMPASS [17]
located at CERN’s secondary M2 beamline has come to an end in 2022. It delivered important
input towards the understanding of the characteristics of the proton. The lessons learned about
the proton need to be extended to other particles in the large zoo. Investigations of pion states led
to an increased interest of spectroscopy of strange mesons. These experimental efforts are going
to be combined in the AMBER experiment [18, 19] being the successor of COMPASS. During
its running time, it is hoped that one gets an insight into various of the aforementioned described
phenomena, which all come back to the emergence of hadronic degrees of freedom. In order
to be able to perform all the anticipated measurements, various beams parameters are needed,
i.e. different beam momenta, intensities and ultimately, compositions. Compared to the beams
available for the COMPASS experiment, several characteristics need substantial improvement.
During COMPASS’s time, both, muon and hadron beams, have been the essential ingredient
for exploring protons, deuterons and more. With the increased interest in the phenomena in the
meson sector, pion and especially kaon beams will take over this role.

The hadron beams, produced in interactions of protons with a fixed target, consist of various
kinds of particles. Of course, depending on the charge these include protons, positive kaons
and pions, or antiprotons, negative pions and kaons, and leptons, mostly muons at the studied
energies. Clearly, for investigations of the kaon and pion internal structures having these
particles in the beam is key. As it will be shown later in this thesis, in the negative beam the
pion component is dominant compared to the other particles, while in the positive beam pions
and protons form the vast majority. Consequently, for both beam charges the kaon is a minority
part meaning one needs to ensure its optimal exploitation. Several options concerning this issue
have been proposed with the most prominent one being a radio-frequency separated beam. This
is a method to increase the relative share of one particle type in the mixed beam of different
species. Another possibility, not affecting the beam composition itself, are upgrades of the
conventional hadron beam1

A main part of this thesis is focused on those possibilities to improve the performance of the
hadron beam available at the M2 line. In order to understand the presented concepts, the M2
beamline and its specialties are introduced in chapter 2. As it is located at CERN, the whole
research center including the accelerators and beamlines serving the various experimental areas
is discussed. Light is shed on the AMBER experiment as the main user of the upgraded facility
connected to the M2 line. The anticipated measurements of AMBER are discussed in chapter 3.
The studies investigating the possible improvements rely on various kinds of software and
simulation suites. The tools used and developed to perform those simulations are reviewed in
chapter 4.

The RF separated beam concept is introduced in chapter 5. Following its discussion,

1 The conventional hadron beam has served the COMPASS experiment.

3
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optimisations concerning total particle rates provided by the RF beam technique are performed.
Those performance gains are estimated and put into context. Because the RF beam is not
the only possible upgrade, the potential improvements of the conventional hadron beam are
investigated throughout chapter 6.

As the AMBER collaboration will not be the only user of the beamline, there are also needs
for investigations concerning the other possible beam options available at M2. Those are on
the one side muon beams, and on the other side electron beams. Future users of the muon
beam option are the NA64 [20] and MUonE collaborations [21] with the latter one being also
interested in the electron beam. Therefore, those two options have been studied in simulation,
too, including for the first time a complete validation of the detailed beamline models for all
beam modes with data. The muon beam including the development of the whole geometry,
later on referred to as 3D model, are explored in chapter 7 with a special focus on the hadronic
contamination in the beam that has been measured by NA64. Following a test beam campaign of
MUonE, the electron beam is investigated in chapter 8 focusing on benchmarking the simulation
with data taken throughout the beam time.

In chapter 9, time is taken to put the obtained results in a bigger context drawing possible
conclusions towards the future high-intensity operation of CERN’s secondary M2 beamline.

The work of this thesis involved the development of beam optics and their optimisation for the
RF separated beam in M2 and the investigations of possible other upgrades to the conventional
beam. The 3D models of the M2 beamline and the presented simulations and results are the
author’s own contributions.

4



CHAPTER 2

Secondary beams at CERN

In this chapter, the general CERN research complex and acceleration process are discussed.
This leads to an introduction into secondary beamlines that one can find at many accelerator
facilities, whereas the focus is on the M2 line in CERN’s North Area (NA). General aspects like
beam optics, matrix formalism, magnets and beam instrumentation are described. Production
of secondary beams at CERN, so production of pions, kaons and mouns from primary protons,
is discussed. These different concepts and aspects are related to M2 describing the different
purposes they fulfill to achieve the beam parameters required for conducting the envisaged
physics experiments.

2.1 CERN accelerator complex
The acronym CERN comes from the name of the founding organisation, which was called
“Conseil Européen pour la Recherche Nucléaire” [22]. Nowadays, one can find it under its
French name, which is “Organisation européenne pour la recherche nucléaire”, or the English
translation, i.e. “European Organization for Nuclear Research”. It has a unique infrastructure
in terms of particle accelerators serving various physics experiments. A general overview of
the whole accelerator complex and the experimental facilities is given in Fig. 2.1.

In Fig. 2.1 one can see that CERN offers a broad variety of accelerators and experimental
facilities. During most of the time of the year, one will find protons that are accelerated through
nearly the whole chain. Starting with negative hydrogen ions H− at the Linear Accelerator
LINAC4 (final kinetic energy is 160 MeV) [24], they get converted into protons while injected
into the Proton Synchrotron Booster PSB by stripping off the two accompanying electrons. In
the PSB, the protons are accelerated up to 2 GeV kinetic energy [25] and extracted towards the
Proton Synchrotron PS. The PS has a circumference of 628 m and a maximum final kinetic
energy of 26 GeV [26, 27]. At extraction, the protons can be either sent to experimental facilities
in the East Area or at the Antimatter Facility or to the Super Proton Synchrotron SPS, where
they are accelerated further. In the SPS, which has a circumference of nearly 7 km, protons
reach final momenta of 450 GeV/𝑐 when extracted towards the Large Hadron Collider LHC

5



Chapter 2 Secondary beams at CERN

Figure 2.1: Layout of the full CERN accelerator complex including the experimental facilities. Most
important for this thesis is the M2 line in the North Area served by the SPS. From [23]; modified.

[28] or 400 GeV/𝑐 when sent to CERN’s North Area to serve fixed-target experiments [29, 30].
In the LHC, the last part in the accelerator chain, the protons can reach up to 6.8 TeV/𝑐 [31, 32].
One collides two protons beams of the same energy in LHC. Therefore, in total 13.6 TeV are
available in the center-of-mass system that can be used to produce other particles.

In the case of ion runs, the chain does not start with LINAC4, but with LINAC3 that starts
accelerating the ions and sends them to the Low Energy Ion Ring LEIR. In the LEIR ring, the
continuous ion beams are bunched, accelerated from 4.2 to 72 MeV kinetic energy per nucleon
and sent to the PS [33, 34]. From there on, they follow the same way as the protons. Maximum
momentum at SPS extraction is 400 𝑍 GeV/𝑐 with the ion charge 𝑍 . In the LHC, they can reach
6.4 𝑍 TeV/𝑐. During these runs, typically lead ions are accelerated, i.e. 𝑍 = 82. Also, xenon
ions have been used as beam particle already. It is possible to have 𝑝 + Pb collisions, too.

As the focus of this work is on the M2 line in the North Area, this unique facility will be
discussed in more detail. The primary protons from the SPS, accelerated to momenta of
400 GeV/𝑐, can be sent to various production targets and beamlines. A general overview of the
North Area is given in Fig. 2.2.
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Figure 2.2: Schematic layout of CERN’s North Area [35]. The beam traverses several splitter magnets to
achieve the wanted sharing of protons between the targets. The lines H2 to H8 are mostly used for test
beam activities. P42 and K12 serve the NA62 experiment. Most important for this thesis are the T6
target and the M2 beamline transporting the beam to the experiments.

The protons are transported via the transfer lines TT20 to TT25 to the primary production
targets T2, T4 and T6 located in an underground cavern. The slowly extracted proton beam
from the SPS needs to serve three production targets. To be able to do so, the proton beam gets
divided by so-called splitter magnets [36, 37]. In short, those magnets have a dipole design,
with a hole in the yoke. To split the beam, it is sent on the magnet, where some parts of the
beam go through the hole, which is nearly field-free, and are not deflected, whereas the other
part traverses the dipole field region and gets deflected. Schematically, this is indicated in
Fig. 2.2 in the top left corner. The first splitter section, divides the beam into a part going to T6,
followed by another section, splitting it between T2 and T4.

Following Fig. 2.2, several experiments are served by the beamlines following the afore-
mentioned production targets. Most important for this thesis is the M2 line that transports
secondary beams produced in interactions of protons from the SPS with the T6 target to several
experiments that share beam time over the year. Following the end of the Common Muon
and Proton Apparatus for Structure and Spectroscopy COMPASS in 2022, currently most of
the time, the Apparatus for Meson and Baryon Experimental Research AMBER [18, 19] (cf.
chapter 3) is using the various beam options available (cf. section 2.3). Besides AMBER, there
is the NA64µ experiment [38] looking for dark matter candidates using a high-energy muon
beam (cf. chapter 7) and doing a missing-momentum approach. Lastly, the MUon on Electron
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elastic scattering experiment MUonE [21] aims at measuring the hadronic contribution to the
electromagnetic coupling constant by conducting elastic muon-electron scattering.

Until 2023, it has been possible to guide the protons that have not interacted in the T6 target
via the P6 line towards the T10 target serving the K12 beamline, which currently transports
beam to the NA62 experiment [39] located in the so-called Experimental Cavern North 3 ECN3.
Now, this primary proton line has been dismantled and beam can only be sent via the primary
proton line P42 to T10. Again, those are protons that have not interacted in the production
target, which is T4. Of course, secondary beams are also produced in T4 that can be sent via H6
and H8 to the Experimental Hall North 1 EHN1 in the North Area. It needs to be mentioned
that the momenta of the beams of those beamlines and of the primary protons guided via P42
are strongly coupled due to the so-called wobbling system [40]. This consists of three bending
sections, two upstream and one downstream of the target that deflect the primary beam in such a
way that secondary beams of wanted momenta can be transported via the mentioned beamlines,
which have an angle relative to the nominal proton direction.

Around T2, one will also find a wobbling system that ensures operation of both lines H2 and
H4 at the same time. Those four beamlines are typically used for detector tests and calibrations,
but one can also find permanent setups of certain experiments, for instance NA61/SHINE [41]
or NA64 operating in electron-mode [38].

2.2 Design principles of secondary beams
Normally, protons are the particles that are accelerated in the various machines. Therefore, it is
necessary to let them interact with matter to be able to produce other particles, like unstable
pions and kaons, or stable electrons and positrons. In the following, the production of secondary
particles, their transport to the experiments and the elements needed for the transport are
discussed.

2.2.1 Particle production
The primary proton beam from the SPS is guided towards various production targets serving the
secondary beams in CERN’s North Area. Those targets consist of various beryllium plates with
different lengths [42]. Beryllium is used as it has an acceptable particle production rate while
being able to sustain high beam intensities and energies without melting (which happens at
1 560 K [43]). In inelastic processes of the protons with the target material a spray of secondary
particles like pions, kaons, neutrons and many more is produced. Of course, protons can also
traverse the beryllium plates without interacting. The spectra and rates of the produced particles
determine the maximal rate an experiment can expect without considering any losses due to
decays or beamline acceptance. In 1980, a measurement has been conducted at the H2 line
in the North Area to determine the production rates of several particle species. This will be
referred to as the Atherton parameterisation [44]. The production of protons, antiprotons, kaons
and pions has been estimated depending on their momenta (absolute value and direction) for
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400 GeV/𝑐 protons impinging on beryllium. The obtained parameterisation is given in Eq. (2.1)
for antiprotons, kaons and pions and in Eq. (2.2) for protons. The latter one takes the incoming
proton into account. 𝑁 describes the number of particles, 𝑝 their momentum, Ω is the solid
angle considering the direction of the secondaries, 𝑝0 the primary proton momentum and 𝜃 is
the production angle. 𝐴, 𝐵 and 𝐶 are constants that are determined by a fit to the data and are
given in Tab. 2.1 for the various particles. The formulas are visualised in Fig 2.3.

d2
𝑁

d𝑝 dΩ
=
𝐴𝐵𝐶𝑝

2

𝑝0𝜋
exp

(
−

(
𝐵𝑝

𝑝0
+ 𝐶

(
𝑝𝜃

)2
))

. (2.1)

d2
𝑁

d𝑝 dΩ
=
𝐴 (𝐵 + 1) 𝐶𝑝0

𝜋

(
𝑝

𝑝0

)𝐵+2
exp

(
−𝐶

(
𝑝𝜃

)2
)

. (2.2)

Particle 𝐴 in GeV−2
𝑐

2
𝐵 𝐶 in GeV−2

𝑐
2

𝜋
+ 1.2 9.5 5.0
𝜋
− 0.8 11.5 5.0
𝐾

+ 0.16 8.5 3.0
𝐾

− 0.10 13.0 3.5
𝑝 0.8 −0.6 3.5
𝑝 0.06 16.0 3.0

Table 2.1: Values for the parameters used in the Atherton parameterisation to calculate the production
rates for the given particles [44].

The Atherton formula is valid for secondary momenta above 60 GeV/𝑐 and accurate to
O(10 %)1 and describes the production of pions, kaons and (anti-)protons. Production of muon
and electron/positron beams works differently at the considered proton energies at CERN. For
M2 one makes use of the produced pions. By ensuring a beamline that is long enough, a fraction
of these pions will decay into muons and the corresponding neutrinos. Those muons are used
to form the tertiary beam sent to the experimental area. Electron or positron beams are coming
from high-energy 𝜋0s that are produced in the interactions of the primary protons with the target
material. These 𝜋0s decay into two high-energy photons that produce electron-positron pairs.

To be able to calculate a beam rate that can be expected at the location of an experiment, one
needs to account for the beamline acceptance, both longitudinally and transversely, which is
described by d𝑝 and dΩ, respectively. Clearly, in the case of unstable particles, their decays
need to be considered, too. Another important parameter is the so-called target efficiency
yielding the number of protons that interact with the target material. But some protons might
traverse the target without producing secondaries. Therefore, not the full number of protons
is available for production of secondaries, but only a fraction. An important quantity for the

1 The data has been collected only down to 60 GeV/𝑐
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Figure 2.3: Production of various particles in forward direction described by the Atherton parameterisation
given in Eq. (2.1) and (2.2). It yields the spectra of hadrons in a given solid angle. 2.3(a) shows the
production of protons in black, positive pions in red and positive kaons in blue. 2.3(b) illustrates the
spectra of antiprotons in black, negative pions in red and negative kaons in blue.

target efficiency is the nuclear interaction length 𝜆𝑛, which defines a length scale, over which
a proton on average interacts with the target. Therefore, the number of protons that have not
interacted decreases exponentially. It also defines a length scale, over which particles that have
been produced interact with the target. Finally, the fraction of protons that interact and produce
hadrons that escape the target and can in principle be transported by the beamline can be written
as

𝜖 (𝐿) = 𝐿

𝜆𝑛
exp

(
− 𝐿
𝜆𝑛

)
, (2.3)

with 𝐿 being the target length. This is known as the target efficiency 𝜖 . It is maximal for
𝐿
𝜆𝑛

= 1 with 𝜖 = 𝑒
−1 ≈ 0.37 [45]. In the case of beryllium, the nuclear interaction length is

42.1 cm [43], meaning the maximal hadron rate can be expected for the T6 target head 500 mm.
Other target lengths are available for controlling the particle rate. Those are 300 mm, 180 mm,
100 mm and 40 mm. It is also possible to let the beam pass through air yielding the lowest flux
of secondaries.

The particle production has also been studied with simulations. The relevant software
packages and codes used will be explained in chapter 4. In 2022, the proton beam shape in
front of T6 has been measured, which is shown in Fig. 2.4. The shown distribution has been
used to simulate the particles emerging from the interactions with a 500 mm beryllium plate.
The transverse dimensions of the target plate are 160 mm × 2 mm [42]. The results have been
scored 10 mm behind the target on an area of 4 m × 4 m and are shown in Fig. 2.5. Throughout
this thesis, the abbreviation pot is used for protons on target. If not stated otherwise, the quoted
and plotted errors correspond to the statistical uncertainty.

Clearly, the results are not directly comparable with the Atherton parameterisation as they
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Figure 2.4: The spatial distribution of primary protons in front of T6 is shown. It is used for the
simulations presented throughout this thesis. The input is described by a uniform distribution in the
horizontal between ±1.5 mm and a Gaussian distribution with 𝜎 = 0.414 mm in the vertical direction.
The data is based on a measurement that can be found in [46].

include the integrated rate over the covered solid angle. Nevertheless, it is clear from the
plots 2.3 and 2.5 that pions are the particles that are produced the most in the momentum range
up to 120 GeV/𝑐, which is comparable with the Atherton formula. For higher energies, the
production of secondary protons gets dominant until at momenta around 350 GeV/𝑐 the primary
protons start becoming relevant with a clear peak at the primary momentum of 400 GeV/𝑐.
Neutrons are produced in large numbers, too, which is not relevant here, but important under
radiation-protection aspects.

2.2.2 Particle transport
The particles that have been produced from the interactions of the 400 GeV/𝑐 primary proton
beam coming from the SPS on the target material, need to be transported to the experimental
areas, where the actual physics experiments and test beams are located. To do so, several
elements placed along the beamlines are needed to guide and shape the beam. All these
elements can be found at accelerator facilities around the world, including transfer lines and
actual accelerators and will be discussed below.

Magnets

The most common beamline elements one will find are magnets, which can come in the form
of dipole, quadrupole or even higher-order magnets. The presented concepts have been taken
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Figure 2.5: Spectra of particles produced in interactions from 400 GeV/𝑐 protons with 500 mm beryllium.
It is simulated with BDSIM version 1.5.1 and Geant4 version 10.07.02 with the FTFP BERT physics
list. The results have been scored 10 mm behind the beryllium plate on an area with 4 m × 4 m.

from [47], but can be found in various text books about accelerator physics.
A particle with charge 𝑞 traversing a general electromagnetic field described by its electric

field ®𝐸 and magnetic field ®𝐵 is accelerated by the Lorentz force ®𝐹𝐿 , i.e.

®𝐹𝐿 = 𝑞

(
®𝐸 + ®𝑣 × ®𝐵

)
. (2.4)

In purely magnetic fields, the electric field of course vanishes. One can deduce that the force
acts perpendicular to the direction of motion and perpendicular to the direction of the ®𝐵-field.
The purpose of magnets at accelerator facilities is typically to keep the beam on the so-called
ideal orbit. From Eq. (2.4) one can immediately see, why magnetic and not electric fields are
used to fulfill this task. For a high-energy particle its velocity

��®𝑣�� is close to the speed of light 𝑐.
In this case, the latter term dominates the first one in most cases as electric fields of the order of
GV m−1 are non-trivial to achieve and to keep stable.

In transfer lines, one will typically find two different types of magnets: dipoles, also referred to
as bends, and quadrupoles. Rarely, sextupoles are also placed. Those and even higher-order
magnets are used to correct field errors in imperfect magnets or to account for a non-vanishing
momentum spread in the beam. This is important in circular accelerators as the beam passes
through those elements millions of times. But as those non-linear magnets are not used in the
beamlines of interest, they will not be discussed here.

Dipole magnets consist of two poles, north and south, as the name already implies. A picture
can be seen in Fig. 2.6.
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Figure 2.6: Picture of a vertical dipole magnet installed in the M2 line. The arrows indicate the magnetic
field lines. The good field region is not to scale; in reality, it is smaller. The magnet is 2 m long with a
full aperture of 192 mm × 140 mm.

The dipoles found in the beamlines feature a quite homogeneous field in the region the beam
passes through. Considering the indicated field direction in Fig. 2.6 and a particle traversing
the magnet (direction into the plane), it gets deflected upwards or downwards depending on its
charge (positive/negative) according to the Lorentz force (2.4). In the described example, one
has ®𝑣 ⊥ ®𝐵 meaning that the particle gets forced on a circular trajectory. Considering centripetal
force ��� ®𝐹𝑍 ��� = 𝑝𝑣

𝜌
, (2.5)
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with 𝑝 being the particle momentum, and 𝜌 the magnetic bending radius, which equals the
Lorentz force, one can find the magnetic rigidity

𝐵𝜌 =
𝑝

𝑞
. (2.6)

Eq. (2.6) can also be rewritten to specify the bending angle of a beam with a given momentum
traversing the defined magnetic field. The result is given in (2.7) considering small angle
approximation, with the length of the magnet 𝐿M.

𝜃 =
𝐿M
𝜌

= 𝑞
𝐵𝐿M
𝑝

. (2.7)

Often, 𝐵𝐿M is referred to as the integrated field. In practical units, (2.7) can be expressed as

𝜃/mrad = 299.79
𝐵𝐿M/T m
𝑝/GeV 𝑐

−1 , (2.8)

with the numerical factor coming from expressing the speed of light in the unit m ns−1.

Figure 2.7: Schematic layout of the M2 beamline including the naming of all beamline elements [48]. H
corresponds to a horizontal bend, while V refers to a vertical one.

In M2, which is schematically shown in Fig. 2.7 including the naming of the various beamline
elements, one can find several types of dipole magnets fulfilling different purposes. In total,
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there are nine bending stations, where a station can consist of more than one magnet. Most of
the bends act as vertical ones to guide the beam upwards from the SPS towards the Experimental
Hall North 2 EHN2. Two of the vertically bending stations also have additional functions.
One can move several hadron absorbers into bend4 (ca. 700 m downstream of T6), which is
a C-shaped dipole. Those are used for cleaning the muon beam that is available in M2 (cf.
section 2.3 and chapter 7). The deflection in bend6 (ca. 1.03 km downstream of T6), which
is H-shaped, is used by experiments to measure the momenta of muons that are sent to the
experimental areas [17]. As the beam is still going up coming out of bend6, bend8 (1.11 km after
T6) is used to make the beam parallel to the ground. Bend7 (1.1 km) and bend9 (1.12 km) have
been formerly used by COMPASS to have a beam hitting the polarised target with a horizontal
angle. As the beam traversed the solenoid magnet around the target it has been going parallel to
the nominal beam axis through the COMPASS spectrometer. As this so-called chicane is not
needed anymore for AMBER, those magnets do not fulfill any purposes anymore, too, but one
can still find them in the beamline. The first set of dipoles that are horizontally deflecting and are
located about 30 m behind T6 bend the secondaries such that they follow the beamline while the
primary protons that barely interacted in the target are deflected in a way that they hit a dedicated
collimator (cf. section 2.2.2) called Target Attenuator EXperimental Areas TAX. Clearly, at all
bending stations the beam momentum is defined, but the first one cleans the beam from the
primaries and secondaries that come out of the target with the wrong momentum. After the
TAX, other bends together with collimators further define the momentum. In addition, one can
also find corrector magnets, which are dipoles. Those are used to correct the beam track. This is
necessary as elements can be misaligned meaning that the beam would not go through their centre.

The second important class of magnets are the quadrupoles, also called lenses. An example is
given in Fig. 2.8.

A beam that travels along the line consists of many particles. The positions and angles with
respect to the beam axis, the so-called divergence, follow certain probability distributions. To
contain the beam in a usable size so that it is guided along the beamline over long distances of
several 100 m 2 focusing elements are needed, like optical lenses in light optics. A field that is
proportional to the amplitudes in both transverse directions

𝐵𝑥 = 𝑔𝑦, 𝐵𝑦 = 𝑔𝑥 , (2.9)

can fulfill this requirement. 𝑔 is called the magnetic field gradient. Calculating the Lorentz force
with Eq. (2.4) and the described field distribution, one can deduce that the force is repelling in
one transverse direction, while focusing in the other one3. This is in contrast to light optics with
concave lenses that have a focusing effect in the full transverse plane. Therefore, one needs
systems consisting of several quadrupoles with opposite polarities to get an overall net-focusing

2 As the apertures of magnets are of the order of cm to dm, this can be considered as a reasonable size of the
beam, which can still be transported.

3 Of course, the directions can be interchanged by flipping the the polarity of the field and therefore of the gradient
𝑔.
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Figure 2.8: Picture of a quadrupole magnet of type Quadrupole West Area Long QWL installed in the
M2 line. It is 2.948 m long with a beam pipe of 100 mm diameter.

in both transverse directions.
For optics calculations, one does not use the field gradient 𝑔 itself but the focusing strength 𝑘

such that the optics are momentum-independent, i.e.

𝑘 =
𝑞𝑔

𝑝
, (2.10)

or again, in practical units

𝑘/m−2
= 0.29979

𝑔/T m−1

𝑝/GeV 𝑐
−1 . (2.11)
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For ideal quadrupoles, 𝑔 can be expressed as the ratio of the field at pole tip and half-aperture.
In M2 different types of quadrupoles are employed. One has 36 (de)focusing stations

in total, where again a station can consist of more than one magnet. Following the target,
six high-gradient quadrupole magnets are installed. With those a large transverse beamline
acceptance is achieved. Having a large acceptance guarantees an optimal collection of the
secondary particles produced in T6. Going along the beamline, one typically finds quadrupoles
with large apertures. Those are needed for the muon mode as it is characterised by its large
transverse extent, which is due to it being a tertiary beam. Q33 (1.075 km downstream of
T6) is used to define the beam size and divergence in the CEDAR area, where beam particle
identification detectors are installed (cf. section 2.2.3 and chapter 6). Q35 (1.11 km) and Q36
(1.12 km) define the beam divergence and size at the AMBER target.

A well-known, highly used approach to efficiently transport particle beams over long distances
are so-called FODO-cells. An example is given in Fig. 2.9.

Figure 2.9: Example of a symmetric FODO-cell [49], which is made by two half focusing and one
defocusing quadrupole separated by two drifts of the same length 𝑙D. The period, when several cells are
placed, is from center to center of the focusing quadrupoles.

Such a system consists of Focusing and Defocusing lenses in alternating order with free
drifts O in between (FODO). An important example is the symmetric FODO-cell, meaning
𝑘QD = −𝑘QF and 𝑙D = 0.5𝐿, with 𝑙D being the distance from focusing to defocusing magnet
and 𝐿 the length of the whole cell. In thin-lens approximation, one can easily calculate the
phase-advance 𝜑 per FODO-cell yielding the rotation in trace space (which is the space spanned
by position and angle of- the beam particles; cf. 2.2.2). One will find

sin
𝜑

2
=
𝐿

4 𝑓
, (2.12)

with the magnetic focal length 𝑓 , which is connected with the focusing strength via 𝑓 = 1
𝑘𝐿M

with 𝐿M being the magnetic length.
The FODO-concept is also applied in M2, where one can find nine unit cells in total. As its

design also features the muon beam option, it is necessary to make the beamline as long as
possible as the muons come mostly from decays of pions that are produced at T6. Therefore, it
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is important to provide enough distance from T6 to the experiment, where the beam can move
nearly without any influence. One also needs to ensure proper transportation of the produced
muons together with the hadrons that have not yet decayed. This is achieved by FODO-cells
with large-aperture quadrupoles. Those ensure that the beam is contained within the beamline.
The phase advance per cell of the parent, higher momenta pions is set to 60° to guarantee the
simultaneous transmission of the lower momenta muons, too. As the remaining hadrons are
removed by the mentioned absorber, only muons of one defined momentum need to be guided
afterwards. Therefore, the argument to transmit a broad-momentum beam does not need to be
respected anymore.

Collimators

Collimators are devices that are put in the way of the beam on purpose to define the beamline
acceptance and momentum spread. They consist of blocks of material with a large stopping
power, typically iron with a defined and adjustable aperture for the passage of the beam. If a
particle is within the collimator aperture, the collimator can be considered as a drift in free
space. But if the particle hits the aperture, it interacts with the collimator material. Because
the block is about six nuclear interaction lengths long [50] (𝜆 = 16.77 cm [51]), the particle
will get absorbed. A picture of a large two-block collimator used in the M2 line is shown in
Fig. 2.10(a). The Geant4 model of a standard four-block collimator is depicted in Fig. 2.10(b).

(a) (b)

Figure 2.10: Two types of collimators used in CERN’s North Area beamlines. Fig. 2.10(a) shows the
large two-block collimator called XCBV, which is 1.2 m long. It can be found only in M2. Fig. 2.10(b)
shows the Geant4 model of a standard four-block collimator called XCHV, which is 1 m long. These can
be found in every beamline including M2.

The blocks need to be able to contain the hadronic shower created by an impacting particle.
Therefore, one will find in the standard two- and four-block collimators additional tungsten
cladding on the inside of the iron blocks as it provides a higher stopping power and smaller skin
depth [52]. Besides that in the high-energy regime one is dealing with in the North Area at
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CERN one will always have particles created in the shower that escape the collimator and would
contribute to backgrounds for experiments. Therefore, one typically places other so-called
cleaning collimators, or even magnets behind it.

Two different types of collimators are installed in M2. The downstream four-block ones (six
to nine) are used for cleaning the beam from hadrons outside of the core. C2 and C4 define
the vertical acceptance of M2, while C1 and C3 define the momentum bite of the secondary
hadron beam used for muon mode operation. The large two-block collimator is employed for
momentum-definition purposes in hadron and electron beam mode, while it is fully open during
muon beam operation, where it is used as a source of multiple scattering for halo particles
helping to remove them.

Collimation of neutral particles is a more advanced topic, which will not be discussed here.
Instead, additional information can be found for instance in [53].

Muon beam collimation is not possible with passive material as muons lose minimal amounts
of energy in contrast to electrons, photons and hadrons. Therefore, it is necessary to use
so-called sweeper magnets. In the M2 beamline one will find magnetic collimators that clean
the muon beam, i.e. scraper magnets (XCM) and magnetised iron blocks (MIB). Both are
typically powered with currents of 100 A. Those devices have a toroidal magnetic field of the
order of 1 T, inside the iron yoke and are nearly field-free inside the aperture, which is shown in
Fig. 2.11. Such fields help collimating a muon beam sweeping out halo muons that interacted
with beamline material as they did not go through the aperture of the elements. An example for
each can be seen in Fig. 2.12.

Figure 2.11: Schematic sketch of a magnetic collimator with its toroidal field pulling positively charged
particles towards the center while negatively charged ones get pushed outwards [53].

The field configuration results in a radially out-going Lorentz-force for one type of muons,
while the corresponding anti-muons will get pushed towards the beam axis. This is still useful
as anyway only one charge gets transported along the beamline. Therefore, the polarity of the
field can be chosen accordingly.

The scrapers four and five serve as momentum defining slits for the muon beam in M2 while
the other ones clean the beam from halo muons.
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(a) (b)

Figure 2.12: The two types of magnetic collimators used in the M2 beamline. Fig. 2.12(a) highlights the
scraper magnet. Those are 5 m long and have a movable aperture. Fig. 2.12(b) shows a magnetised iron
block, which is 1.6 m long with a beam pipe of 200 mm diameter. Both magnetic collimators provide a
toroidal field of the order of 1 T.

Linear transverse beam dynamics

There is no general analytical approach to solve the equations of motion in an arbitrary
accelerator or beamline as the specific outline including magnets, beam instrumentation and
free drifts needs to be known. This might include non-linear devices like high-orders magnets.
As such elements are not installed in the studied beamline configurations, only linear beam
dynamics will be investigated in the following. In addition, the focus is especially on transverse
linear beam dynamics because it is only dealt with beamlines without longitudinal acceleration.
The presented theoretical concepts are based on [54].

To describe the evolution of single particles or the full beam, it is necessary to define an
appropriate coordinate system. The coordinate system is following the so-called reference
particle, which is a nominal-momentum particle that traverses every element in its center
parallel to the elements nominal axis. It is described by the three coordinates

(
𝑥, 𝑦, 𝑠

)
with

𝑠 being tangential to the reference orbit in the direction of the particle’s movement. 𝑥 and 𝑦
are the transverse coordinates spanning an orthogonal right-handed coordinate system. This is
summarized in Fig. 2.13.

Considering that beam sizes and angles are of the order of mm and mrad, one is typically only
interested in small deviations from this reference orbit. Therefore, one can follow approaches
known from geometric light optics. In geometric light optics, every ray is described by its
transverse positions 𝑥 and 𝑦. In addition, changes to these positions along the beamline are
given

𝑥
′
=

d𝑥
d𝑠
, 𝑦

′
=

d𝑦
d𝑠

. (2.13)

As one deals only with small deviations from the reference orbit, the angle with respect to
this axis will be small and can therefore be linearized, which is known as paraxial optics. With
this at hand, one can describe a particle by four coordinates, i.e.

(
𝑥, 𝑥

′
, 𝑦, 𝑦

′) .
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Figure 2.13: Definition of the coordinate system that follows the reference orbit [54]. 𝑠 is pointing in
beam direction while 𝑥 and 𝑦 construct the plane transverse to that direction.

In a free space, without any magnets, a particle will keep its direction of movement, but changes
its transverse coordinates if it has a non-zero angle to the reference axis. This can be described
by

𝑥 = 𝑥0 + 𝐿𝑥
′
, 𝑦 = 𝑦0 + 𝐿𝑦

′ , (2.14)

with 𝑥0, 𝑦0 being the initial displacements, 𝐿 the length of the drift and 𝑥′, 𝑦′ the angles with
respect to the 𝑠-axis. This can be described conveniently by a two-dimensional matrix for each
transverse coordinate. The matrix reads

𝑀Drift =

(
1 𝐿

0 1

)
. (2.15)

An ideal dipole magnet bends the particle independent of its transverse displacement. As the
system of reference is the one following the ideal particle, a bend acts the same way as a free
drift. This changes when a particle traverses a quadrupolar field. The magnetic field changes
the transverse angle of the particle depending on the transverse offset, i.e.

𝑥
′
= 𝑥

′
0

(
1 −

𝑥0
𝑓

)
, 𝑦

′
= 𝑦

′
0

(
1 +

𝑦0
𝑓

)
, (2.16)

with the focal length 𝑓 . In a thin-lens approximation, 𝐿 ≪ 𝑓 , in which the kick is applied
after traversing the magnet without any action while passing, the transverse positions remain
unchanged. Again, those equations can be summarized in a matrix, which reads
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𝑀Quad =

(
1 0

∓𝑘𝐿 1

)
=

(
1 0
∓ 1
𝑓

1

)
. (2.17)

Recall, the sign-flip accounts for the effect that a magnetic lens is focusing in one direction
but defocusing in the other. With those matrices at hand, it is possible to describe the effect
of a full beamline lattice, by multiplying the matrices for each element and applying the final
matrix to the initial coordinates of a beam particle. Clearly, those matrices do not cover neither
the coupling of the two transverse directions, nor the coupling of the beam direction with the
two transverse ones. This is achieved by introducing the 6D space, spanned by the vector(
𝑥, 𝑥

′
, 𝑦, 𝑦

′
, −𝑐Δ𝑡, Δ𝑝

𝑝

)
, with Δ𝑡 being the time difference to the reference particle and Δ𝑝 a

small deviation from the nominal momentum 𝑝. Working in this reference frame, one can
write down 6D matrices made of the presented 2D ones considering additional cross-directional
coupling terms. Coupling between the two transverse directions happens for example when
rotating a bending or quadrupole magnet by angles different to 𝑛 𝜋2 around the beam axis, which
are known as skew magnets. Coupling between the longitudinal and one of the transverse
directions is very common as according Eq. (2.7) the bending depends on the particle’s mo-
mentum meaning having a slightly different momentum results in a different transverse angle
and displacement. Throughout this thesis, coupling of the transverse directions is zero as there
are no skew magnets. So, one will find mostly terms of the 6D transport matrix, called 𝑅11,
𝑅12, 𝑅16, 𝑅21, 𝑅22 and 𝑅26. Those are the matrix elements describing the horizontal position of
the particle after an element as a function of its horizontal position before, horizontal angle
before and momentum deviation; similarly, they describe the horizontal angle as a function of
horizontal position, angle and momentum deviation. In the same way one will find the terms
describing the vertical direction with the indices 3, 4 and 6.

Following a more general, but still linear approach, it is possible to derive the equations of
motion for particles in an arbitrary lattice. For the derivation it is referred to [47, 54]. The
resulting linear equations of motion read

𝑥
′′(𝑠) +

(
1

𝜌
2(𝑠)

− 𝑘 (𝑠)
)
𝑥(𝑠) = 1

𝜌(𝑠)
Δ𝑝

𝑝
,

𝑦
′′(𝑠) + 𝑘 (𝑠)𝑦(𝑠) = 0 .

(2.18)

In the derivation, it has been assumed that the machine stays in the 𝑥𝑠-plane, so there is no
vertical bending. 𝜌(𝑠) is the bending radius of the machine at a given location 𝑠 and 𝑘 (𝑠) the
(de)focusing strength. Especially, the term describing effects on off-momentum particles is
of importance as it contains the different bending of particles for different momenta. This is
known as dispersion, similar to light optics with a wave-length dependent index of refraction.
In beamlines one makes actual use of this effect when defining the nominal momentum of the
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beam. When having a broadband beam, one can place a dipole magnet in the way of the beam
that bends the particles depending on their momenta. By placing a collimator downstream of
the dipole and closing the jaws to a given opening, one can choose the momentum bite of the
beam and create a monochromatic beam as only the particles with the appropriate momentum
will pass through the collimator. Clearly, the energy-spread of the beam depends on the opening
of the momentum-defining collimator.

Until now, only single particles have been investigated. At CERN generally and in M2 in
particular, one is dealing with intensities of the order of 1012 to 1013 for primary protons and
of the order of 103 to 109 for secondary and tertiary beams. Therefore, it is useful to define
statistical quantities, like the beam size and divergence and ultimately the emittance. The beam
size and divergence are given by the variances

𝜎
2
𝑥 =

1
𝑁

𝑁∑︁
𝑖=1

𝑥
2
𝑖 , 𝜎

2
𝑥
′ =

1
𝑁

𝑁∑︁
𝑖=1

𝑥
′2
𝑖 , (2.19)

when assuming that the beam center is at the reference orbit and follows it exactly (similarly,
this holds for 𝑦). Those quantities yield the so-called transverse beam emittance 𝜖

𝜖𝑥 = 𝜎𝑥𝜎𝑥′ , 𝜖𝑦 = 𝜎𝑦𝜎𝑦′ , (2.20)

which is strongly connected to the area the beam fills in the trace space. The trace space is
spanned by the transverse displacement and angle, i.e. 𝑥 and 𝑥′. Every particle in the beam
describes a point in trace space. It is connected to the phase space as the transverse momenta
are directly proportional to the angles with respect to the reference orbit. Therefore, one can
also write

𝜖𝑥 =
1
𝜋

∫
d𝑥

∫
d𝑥′ . (2.21)

According to Liouville’s theorem [55] the phase space area is constant under application
of conservative forces. As the emittance is directly linked to the trace space (and therefore to
the phase space) area, it is a conserved quantity. This manifests in the fact that magnets and
drifts placed along the beamline only change the form of the ellipse in phase space, but not its
area. Ultimately, one only applies transforms in phase space when having such elements in the
line. This is demonstrated in Fig. 2.14. Considering a trace space distribution illustrated in
Fig. 2.14(a) and applying a drift over 20 m, the shape of the ellipse changes, which can be seen
in Fig. 2.14(b). But the area stays constant.

The situation changes as soon as one collimates the beam, either with a collimator or
with cutting the beam at the magnet or beam pipe apertures. As this is not a conservative
transformation, the emittance will change.

The emittance and application of Liouville’s theorem are important for M2 generally and this
thesis in particular. One finds several parts of the beamline, e.g about 100 m, where the beam
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Figure 2.14: Illustration of the transformation of the trace space coming from a drift. 2.14(b) is the trace
space distribution after drifting the distribution 2.14(a) over 20 m. Calculating the areas of both ellipses
yields the same emittance due to Liouville’s theorem.

traverses air at atmospheric pressure (cf. chapter 6). Those locations are sources of multiple
scattering leading to an uncontrollable increase of the beam emittance. This results in a larger
beam size and divergence even when imposing a focus for the former or a parallel beam for the
latter.

The fact that the emittance is constant under the application of conservative forces is applied
later on in chapters 5 and 6. There, the fact that the beam divergence is small for a large
beam and vice versa, is used to optimise the beam optics for the described purposes of beam
separation or particle identification.

2.2.3 Beam instrumentation
Depending on the beam characteristics that one wants to measure there are several beam
intercepting devices one can employ. The most common ones are beam profile monitors,
typically wire chambers in the North Area beamlines, scintillators and ionisation chambers for
intensity measurements, and particle identification systems [45]. The detectors described in the
following are specific to CERN’s experimental area beamlines, but they can be found similarly
at other facilities, too.

Particle identification

To be able to identify the different species in the beam, one can follow several approaches. The
two common ones are time-of-flight measurements on the one hand, and identification based on
Čerenkov light emission. Particle differentiation using time-of-flight is based on measuring
differences in travel time from one point in space to another one. This approach gets quite
sophisticated for momenta larger than 10 GeV/𝑐 as the differences in the particles velocities get
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smaller with increasing beam energy. Therefore, one needs more precise time measurements of
the order of ps and smaller. That is why one will typically find Čerenkov detectors in the North
Area beamlines.

Those detectors make use of the Čerenkov effect. Particles that travel at a speed 𝑣 faster than
the local speed of light in the medium 𝑐

𝑛
, i.e.

𝑣 >
𝑐

𝑛
, (2.22)

with 𝑛 being the index of refraction of the traversed medium, emit electromagnetic radiation
[56]. The light is emitted on a cone with opening angle

cos 𝜃 =
1
𝛽𝑛

, (2.23)

with 𝛽 = 𝑣
𝑐

[57].
In the North Area one can find two types of Čerenkov-detectors, so-called Threshold Čerenkov

Counters (XCET) and Čerenkov Detectors with Achromatic Ring Focus (CEDAR). Both are
gas-filled detector types.

Threshold counters make use of the fact that one can set the pressure of the gas in such a way
that only particles up to a given threshold pressure will be above the Čerenkov limit and emit
light while heavier particles do not. By slowly increasing the pressure one can measure the
relative content of each single species. The threshold pressure can be calculated as follows:
Assume 𝑛 = 1 + 𝑘gas𝑃 with 𝑃 being the gas pressure and 𝑘gas a gas constant that varies only
slightly with wavelength. Considering the Čerenkov condition (2.22), this can be translated
into the threshold pressure, above which all particles fulfilling it will emit light, i.e.

𝑃 >
𝑚

2
𝑐

2

2𝑝2
𝑘gas

. (2.24)

For typical gases used in Čerenkov counters the parameter 𝑘gas is of the order of 10−4 to
10−3 bar−1. Typically, one can identify particles up to momenta of the order of 20 GeV/𝑐 with
those, which comes from safety limits on the gas pressure. Hence, for identifying particles
in beams with larger momenta a different detector type is needed, which are CEDARs in the
present case.

Ideally, CEDARs will only give a trigger signal for one particle type in contrast to threshold
counters. A schematic view is presented in Fig. 2.15.

A particle traversing the gas-filled tank that fulfills the Čerenkov condition (2.22) emits light
that is reflected by a mirror close to the end caps and focused on the photo-multiplier tubes
(PMTs). On the way, there are optical elements correcting for chromaticity. Most importantly,
in front of the PMTs, there is a so-called diaphragm with a central diameter of 20 mm and
an adjustable width of that slit. As every particle has a specific Čerenkov angle for a fixed
momentum and refractive index, one can tune the pressure in a way that the particle of interest
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Figure 2.15: Schematic design of a CEDAR detector [58]. If a beam particle that fulfills the Čerenkov-
condition (2.22) traverses the gas volume, it emits light that gets reflected close to the end-caps and
guided towards a ring of PMTs.

will create a light ring with the right opening angle. When having the diaphragm fully open the
light cones of several particles will be accepted. Therefore, to be able to reject particle species
to only accept the one of interest, one needs to make the diaphragm smaller taking into account
multiple scattering and the ring size of the particle emitting light under an angle closest to the
tagged one. Clearly, a critical parameter is the beam divergence as the light is emitted relative
to the direction of travel of the particle. A particle traversing the CEDAR with a non-zero angle
relative to the beam axis might emit the light in such a way that it creates a cone with a part
going through the diaphragm and creating a trigger signal. That is why one typically requires a
coincidence of several PMTs (one has eight of them in a circle). Unfortunately, one cannot
achieve a perfectly parallel beam (cf. Liouville’s theorem) meaning that one will lose the parts
of the beam that are too divergent. The maximal divergence for still being able to differentiate
particle species is shown in Fig. 2.16.

Such an approach leads to a reduced particle identification efficiency, especially at high
beam momenta as the Čerenkov angles of the various particles come closer. Therefore, a more
sophisticated offline-analysis technique has been developed by the COMPASS collaboration
making use of the track information obtained with the full spectrometer [59–61]. The beam
position and angle are propagated backwards to the location of the beam particle identification
in order to correct for the divergence of the reconstructed beam particle. With such an approach,
kaon identification efficiencies of the order of 85 % have been achieved [59–61].

At CERN, two types of CEDARs are used that feature different gases and maximal pressures.
The CEDAR-West operates with nitrogen and can separate kaons from pions up to 150 GeV/𝑐
[62]. The CEDAR-North is flushed with helium and differentiates pions from kaons up to
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300 GeV/𝑐 [62]. In M2, the CEDAR-N type is employed due to it being capable to still tag
pions beyond 190 GeV/𝑐. Those are installed ca. 1.1 km downstream of T6 and about 50 m
upstream of the AMBER target. As it is a gaseous detector, temperature changes influence its
performance. This is another reason for the CEDAR-N as those are stabilized to 0.1 K [58].

Figure 2.16: Contribution to the beam divergence coming from multiple scattering of the beam in the
CEDAR gas as well as maximal beam divergence to differentiate certain particle types [63]. The maximal
divergence is shown more clearly in Fig. 6.7.

Profile monitors

Beam profile monitors are detectors measuring the beam shape and size at various locations
along the beamline. Typically, one will find gas-filled multi-wire proportional chambers
(MWPC) in the North Area [64]. An example of a chamber that is installed in the beamlines is
shown in Fig. 2.17.

Wire-chambers make use of ionisation processes happening in a gas when an ionising particle
traverses it. Along the trajectory, electron-ion pairs are created. By applying a potential
difference between the wires and the outer electrodes (typically, the wires are on positive
potential), an electric field is generated. Due to this field, the electrons move towards the anode
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Figure 2.17: An analog wire chamber XWCA. The active area is 10 cm × 10 cm and the wire spacing is
1 mm [45]. The other profile monitors look similar, but they have different distances between the wires.

wires. Close to the wires (𝑟 ≈ 𝑎, with 𝑎 being the wire diameter), the electric field gets high
enough such that electrons start an avalanche process and create further electron-ion pairs4.
This avalanche leads to a signal that can be easily read-out electronically. By knowing which
wire has fired, one can measure the point the beam passed through5. In M2, the standard wire
spacing is 2 mm [45]. It is foreseen to replace the MWPCs by scintillating fibre detectors [65,
66], which have the advantage to be incorporated in beam pipes, so in vacuum.

The beam divergence can be measured with so-called filament scanners that feature a 200 µm
wide scintillator filament that can be moved through the beam, typically on a spill-by-spill basis
[45]. By requiring the coincidence of two horizontal or vertical scanners (depending on which
divergence should be measured), where one is kept at the same position while the other one is
moved relative to it, one can estimate the parallelism of the beam.

Beam intensity

For the estimation of the beam rate, one can find two detector types in CERN’s experimental
areas of the North and East Areas. For intensities up to some MHz [45] scintillators are used
that yield the total number of particles per spill that traversed the active area. Typically, one
also determines the beam composition by placing two of them around a Čerenkov detector

4 The electric field is proportional to 𝑟−1 with 𝑟 being the distance to the wire.
5 Often, one can profit from the signal being induced in several wires. By calculating the center-of-gravity, it is

possible to measure the position more precise than just 𝑑√
12

with the distance between the wires 𝑑.
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and requiring a coincidence signal. The two scintillators yield the total beam flux while the
convolution with the Čerenkov detector signal gives the flux of a particle species (or several in
the case of a threshold counter). For intensities above a few MHz and up to several 100 MHz
[45] the rate is estimated with ionisation chambers that give a charge signal proportional to the
number of ionising particles that traversed the sensitive gas volume.

Both of those types are also installed in M2. If even higher intensities need to be measured,
for instance the rate of primary protons sent on production targets, secondary emission monitors
are used. For more information about those, it is referred to [45].

2.3 The M2 beamline
Originally, as the abbreviation implies, the M2 beam has been implemented as a muon beamline.
Therefore, it served the CERN muon program since the beginning, with all the adjoined
experiments being located in the overground EHN2 experimental hall in the North Area. To
get into its current shape it has been lastly, majorly modified in the 90’s for the COMPASS
experiment [17, 67, 68]. Nowadays, it can run in three different beam modes: it is possible to
have high-intensity and high-energy hadron and muon beams (𝐼max ≈ 108, 𝑝max = 280 GeV/𝑐),
and low-intensity, low-energy electron beams (𝐼max ≈ 104, 𝑝max = 50 GeV/𝑐) [45]. A schematic
view including the bending angles of the various dipoles is shown in Fig. 2.18.

Figure 2.18: Schematic layout of the M2 beam [45]. From the underground target area, where the
production target T6 is located, the beam gets transported to the overground hall EHN2. The height
difference is about 17 m. The different bending sections and scraper magnets are highlighted.
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Following Fig. 2.18, the beamline can be divided into two main sections: the hadron section
and the muon section. The hadron section can be characterised by its large transverse and
longitudinal acceptance to make maximal use of the hadron content produced in the T6 target,
which is typically set to 500 mm beryllium to produce the maximum flux of hadrons. Following
the acceptance defining part, there is a long FODO-section to efficiently transport the hadron
beam. In this part of the beamline parts of the pion and kaon components in the beam will decay
and produce muons, which will become the beam particle in the case it is operated in muon
mode. The phase-advance per FODO-cell is tuned in this case to 60° for the mother particles in
order to maximize transmission for the higher-momenta hadrons and lower momenta muons.
The hadron section ends at the so-called absorber, which acts as the fourth bending section in
the beamline (𝑠 ≈ 700 m). It is depicted in Fig. 2.19.

Figure 2.19: Photo of the absorber section in M2. The black arrow indicates the beam direction. Each
magnet is 3 m long.

The absorber consists of three C-shaped dipole magnets, which can be optionally filled with
nine 1.1 m-long beryllium rods. Those are used to stop hadrons that have not decayed until this
point. The upstream produced muons will traverse the absorber material and loose minimal
amounts of energy. In case of hadron operation, those beryllium rods can be moved out such
that the hadrons will not be absorbed and reach the end of the beamline. In the remaining part
of the line, i.e. the muon section, one can mostly find magnetic collimators to clean the muon
and hadron beam from muons that are going outside of the beamline apertures and traverse lots
of material. This component is called beam halo. For having a momentum resolution of the
hadron beam of the order of 1 %, an additional two-block collimator, depicted in Fig. 2.10(a)
has been installed. This one will be closed to apertures of the order of 5 to 10 mm in hadron
beam operation, but will be open when running in muon mode.

When operating in electron mode, the absorbers are also moved out, but an electron-target is
moved in, which is a 5 mm lead plate. In the T6 target, one makes typically use of production
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of 𝜋0, decaying into two photons that produce electron-positron pairs. Typically, one makes
use of 100 GeV/𝑐 electrons and transports them, besides other hadrons and muons of course,
towards the electron-target. In this target, electrons will loose large amounts of energy due to
bremsstrahlung while hadrons and muons loose much less of their energy. The remaining part
of the beamline is set to a much lower momentum, typically 40 GeV/𝑐, to make sure that only
electrons and no hadrons are transmitted.
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CHAPTER 3

Physics at AMBER

The AMBER experiment [18, 19] is going to investigate several properties of mesons, especially
pions and kaons, like their masses, and quark and gluon distributions. Also, the production of
antiprotons is going to be measured as important input for dark matter searches.

In the first, already approved phase of running time [19] three major investigations are
planned with different particle beams delivered by the M2 beamline. In the second phase,
which is currently being defined and still needs approval, the focus is on the exploration with
strange mesons, i.e. kaons. Those different experiments are described in the following, in the
order as they have been and are planned to be conducted. The setup is illustrated in Fig. 3.1. A
schematic view can be seen in Fig. 3.2.

3.1 The Standard Model of Particle Physics
The Standard Model of Particle Physics is currently known to describe the interactions between
the fundamental particles shown in Fig. 3.3 with highest precision by quantum field theoretical
approaches. It contains three of the four fundamental forces, i.e. the electromagnetic, weak and
strong forces mediated by the photon 𝛾, the𝑊- and 𝑍-bosons, and the gluon 𝑔, respectively. The
fourth force, gravitation, which is the weakest of all those forces, only important on large scales
and therefore negligible in the quantum world, has not been incorporated into the Standard
Model yet.

The force carriers are exchanged in interactions between the fundamental fermions shown on
the left-hand side in Fig. 3.3. Those are sub-divided into quarks and leptons. Quarks are the
building blocks of hadrons, meaning strongly interacting particles, and are currently assumed
to be fundamental, i.e. point-like. Hadronic particles are divided into mesons like the pion and
kaon, and baryons like protons and neutrons. The former have an integer spin, whereas the
latter have a half-integer spin. Quarks can interact strongly, weakly and electromagnetically.
The quarks in the first row in 3.3 have electric charges of 2

3𝑒 with the elementary charge 𝑒, while
the ones in the second row have charges of −1

3𝑒. The respective anti-quarks carry the opposite
electric charge.
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Figure 3.1: Panoramic picture of the AMBER experiment [69]. The beam is entering from the bottom
left side.

The leptons illustrated in the two bottom rows in Fig. 3.3 cannot interact via the strong force
in contrast to quarks. Electron, muon and tau carry electric charges of −𝑒. Their antiparticles
carry charges of 𝑒. The bottom row, i.e. the so-called neutrinos, are not electrically charged
and only interact weakly. Together with the lightest baryons formed by the 𝑢- and 𝑑-quarks, i.e.
protons and neutrons, electrons form stable atoms that are nowadays observed in the universe.
Within the Standard Model it is assumed that all quarks and charged leptons acquire mass by
coupling to the Higgs field. Neutrino masses cannot be generated through Yukawa coupling
to the Higgs, but can be constructed through loops, which has several consequences that are
beyond the scope of this thesis [5].

The fundamental fermions are divided into three families of quarks and leptons, where one
family is formed by the two particles underneath each other, for example 𝑢 and 𝑑, or 𝜇 and
𝜈𝜇. The key differences between the different quark families are the masses. For example, the
𝑐-quark is the heavier sister of the 𝑢-quark. The same holds for the lepton generations, meaning
the 𝜏 is the heavier sister of 𝜇 being the heavier sister of the electron. Transitions inside and
between families are possible through weak interactions, which is illustrated by the Feynman
diagram of the muon decay 3.4.

The Standard Model is still the theory that predicts experimental results with highest
precision. Nevertheless, it is known that it cannot be the full answer because it has several
shortcomings. Several experiments have shown that neutrinos oscillate between families
requiring massive neutrinos [70]. Studies yield masses 𝑚𝜈𝑒 < 1.1 eV/𝑐2, 𝑚𝜈𝜇 < 190 keV/𝑐2
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Figure 3.2: Artistic view of the of the setup of the COMPASS experiment [48]. AMBER is going to use
a similar setup with upgrades of several detector systems. The beam enters from the bottom left.

and 𝑚𝜈𝜏
< 18.2 MeV/𝑐2 [5]. Especially, vanishing neutrino masses cannot be excluded

experimentally. Considering masses of the order of eV for 𝜈𝑒 and (172.69 ± 0.30) GeV/𝑐2

for the 𝑡-quark, it is surprising that this is a scale of more than eleven orders of magnitude.
In addition, theories dealing with energy ranges beyond the electroweak scale predict heavy
neutrinos besides the known three ones. This would mean the Standard Model would be an
effective theory describing the low-energy processes [5].

Also, dark matter that is seen in astronomical observations [71] is not a part of the Standard
Model. As it makes up about 25 % of the mass in the universe, there needs to be a bigger picture
combining the known particles with dark matter. Also, there is no quantum field theory of
gravitation. Those are only a few of the topics typically referred to as Beyond Standard Model
Physics (BSM). Further aspects and the underlying theoretical concepts of the Standard Model
are extensively discussed for instance in [72].

As mentioned in this section, the fundamental particles, i.e. quarks, leptons and the massive
bosons𝑊 , 𝑍 and 𝐻, acquire their masses through (self-)coupling to the Higgs field. But the
quark masses contribute on the percent-level to the masses of hadrons, only. The proton mass is
(938.272081 ± 0.000006) MeV/𝑐2 [5], whereas the masses of the two 𝑢- and one 𝑑-quark are
on the order of 1 to 5 MeV/𝑐2, meaning a total mass of about 10 MeV/𝑐2, which is just 1 % of
the total proton mass. Clearly, there must be another process coupled to the strong interaction
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Figure 3.3: Fundamental particles in the Standard Model of Particle Physics. On the left side, there are
the fermions (spin is 1

2 ), i.e. leptons and quarks. On the right side, the gauge bosons (spin is 1), i.e. the
mediators of the electromagnetic, weak and strong forces, and the Higgs boson (spin is 0) giving mass to
the elementary particles are drawn.
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Figure 3.4: Feynman diagram showing the muon decaying into a muon-neutrino, an electron and an
electron-anti-neutrino.

generating the overwhelming part of the mass of visible matter. In addition, looking at the
proton, pion and kaon masses in the constituent quark model, it is striking that the three quarks
in the proton have masses of the order of 300 MeV/𝑐2, while the pion as a whole has a mass
of ca. 140 MeV/𝑐2 and the kaon of ca. 494 MeV/𝑐2. With several anticipated measurements,
AMBER can help to understand the underlying processes that generate the hadron masses.

3.2 Fixed target experiments
As AMBER is a fixed target experiment, the concept of it and key differences to a collider
experiment are pointed out. In particle physics, typically one aims for highest energies and
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intensities. Pushing the energy limits might pave the way to new, unknown physics, whereas
reaching highest intensities makes precision physics possible.

The energy that is available for producing new particles is determined by the center-of-mass
energy. Assuming two symmetrically colliding beams with the same beam particle, i.e the
four-vector can be written as (𝐸, ± ®𝑝𝑐) results in a center-of-mass energy

√
𝑠 = 2𝐸 . In a

fixed target experiment with the target particle being at rest, i.e. (𝐸, ®𝑝𝑐) for the beam and
(𝑚Target𝑐

2
, ®0) for the target, results in

√
𝑠 =

√︂(
𝑚

2
Target + 𝑚

2
Beam

)
𝑐

4 + 2𝐸𝑚Target𝑐
2 . (3.1)

Typically, the beam energies are much larger than the particle masses. Therefore, the energy
available by colliding two beams is much higher compared to the energy available in a fixed
target experiment. Assuming a beam energy of 100 GeV results in

√
𝑠 = 200 GeV for a collider

experiment, whereas in a fixed target experiment with a proton at rest, one would only reach
about 14 GeV. With those numbers, it is clear that finding new physics at high energies is only
possible with collider experiments.

When focusing on precision experiments the situation becomes different. Because the target
is typically much larger in the transverse plane than the beam in a fixed target configuration,
the actual shape of the beam does not matter and one only needs to take the particle flux into
account. Therefore, the instantaneous luminosity LFT, so the number of particles interacting
with the target in a certain period of time per unit of cross section, can be written as

LFT = 𝜙B · 𝜌T𝐿T , (3.2)

[73], with the beam flux 𝜙B, the particle number density of the target 𝜌T and the length of the
target 𝐿T. One can easily achieve values of the order of 1035 cm−2 s−1.

With colliding beams, the situation is different because the actual shapes of the beams matter.
As one needs to have them overlapping in order to generate events, it is obvious that it is
much harder to reach high luminosities in collider experiments. With extreme beam focusing
techniques, it has been possible to achieve about 2 × 1034 cm−2 s−1 in the LHC run 3 [74].

With the fixed target approach it is also possible to use unstable beam particles, like pions,
kaons or muons. Also, interactions of various particles with heavy targets for instance for
material studies can be investigated. Therefore, with polarised targets, spin properties can be
studied, too.

When having the instantaneous luminosity, it is possible to calculate the total number of
events 𝑁 expected for a certain reaction by integrating it over the time of running and applying
the interaction cross section 𝜎, i.e.

𝑁 = 𝜎

∫
L d𝑡 . (3.3)

36



Chapter 3 Physics at AMBER

3.3 Antiproton production cross section measurement
Antimatter is still a fascinating field of science, even after over 90 years since Dirac’s prediction
of the existence of antiparticles [75]. The fascination finds its origin in the fact that according
to conservation laws, like lepton- and baryon-number conservation (out of energy, it is only
possible to create a particle simultaneously with its antiparticle), equal amounts of matter and
antimatter would be created in the big bang. As mankind exists in a universe made of matter,
there is the need for an asymmetry between matter and antimatter. There are huge efforts
exploring properties of antimatter, like its excitation spectra [76] or behaviour in the earth’s
magnetic field [77]. Recently, it has been shown that antihydrogen atoms also fall towards the
ground [78]. Also spectroscopy experiments with antihydrogen show good agreement with
values obtained in precision spectroscopy of ordinary hydrogen [79].

With measurements performed with the Alpha Magnetic Spectrometer AMS [80] on the
International Space Station ISS showing the flux of antiprotons [81], the need for a better
understanding of sources of antiproton production have come up. It is assumed that most of
the antiprotons are produced in inelastic scattering processes of cosmic rays with nuclei in the
interstellar medium [18]. To be able to find exotic sources, even like anti-stars or dark matter
annihilation, the production cross sections in processes including ordinary matter need to be
understood well. This is important because the antiproton flux needs to be known for dark
matter searches in the astronomy.

The AMBER experiment is measuring the production of antiprotons in proton-proton (usage
of a liquid hydrogen target) and proton-helium (usage of a liquid helium target) collisions, which
are the dominant processes as those are the main particles and atoms one finds in the universe.
Data-taking has already started in 2023 with proton-helium collisions (beam momenta from 60
to 250 GeV/𝑐) and will be continued in 2024 with proton-proton and proton-deuteron collisions
making use of the proton component available in the positive hadron beam in M2. The expected
results obtained with AMBER are illustrated in Fig. 3.5.

Two important parts to conduct the measurement of antiproton production are the particle
identification detectors. Those are shown in Fig. 3.6.

On the one side, there are two CEDAR detectors installed in the beamline (𝑠 ≈ 1.1 km)
identifying incoming beam particles and in this case triggering on protons. On the other side,
one finds the so-called Ring Imaging Čerenkov detectors identifying particles produced in the
interactions of the beam particles with the AMBER target. Clearly, the successful identification
of antiprotons is of great importance in the present case. So the combined performance of those
two detectors is the key ingredient for a successful measurement.

3.4 Proton charge-radius measurement
With the proton being one of the building blocks of atoms and molecules, studying its properties
is of general interest. It was discovered by Ernest Rutherford in 1919 [85] with first evidences
that it is not a point-like particle found in 1933 by Otto Frisch and Otto Stern [86]. Clearly,
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(a) (b)

Figure 3.5: Expected results for antiproton production from AMBER in proton-proton (Fig. 3.5(a)) and
proton-helium collisions (Fig. 3.5(b)) with a beam momentum of 190 GeV/𝑐. The transverse momentum
spectra are shown for various pseudorapidities 𝑦. From [82]; modified.

because it is not a fundamental particle measuring its size is interesting by itself, especially
as it makes up all the visible mass in the universe. The size of a proton has been determined
via two different approaches: on the one hand, one can estimate the charge-radius by doing
lepton-proton scattering, on the other hand, it is possible to measure the radius via laser
spectroscopy of hydrogen.

A 2014-CODATA-value of (0.8751 ± 0.0061) fm [87] has been extracted from data collected
in elastic electron-proton scattering experiments, which has been in good agreement with
the long established value of about 0.88 fm. With spectroscopy of electronic hydrogen a
2014-CODATA-value of (0.8759 ± 0.0077) fm [87] has been established, which is in agreement
with radii extracted from electron-proton scattering.

In 2010 the CREMA collaboration measured the Lamb-shift in muonic hydrogen1 and
obtained a result of (0.84184 ± 0.00067) fm [88]. In 2013, the small charge-radius has been
confirmed in muonic hydrogen with (0.84087 ± 0.00039) fm [89].

As it has only been measured in electron-proton-scattering so far, but with ordinary and
muonic hydrogen, it is naturally interesting to also explore the proton radius in muon-proton

1 In muonic hydrogen the electron is replaced by a muon. Due to the higher mass of a muon, the center-of-mass
of the two body system is closer to the proton. Therefore, the muon is more sensitive to the proton’s finite size.
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(a) (b)

Figure 3.6: Particle identification systems that have been in use by COMPASS and will be in use by
AMBER. A 3D-model of a CEDAR-N is shown in Fig. 3.6(a) [83] that is installed in the beamline to
identify the incoming beam particles. The COMPASS RICH-1 detector is illustrated in Fig. 3.6(b) [84]
that is used to identify the particles produced in the interactions of the beam with the AMBER target.

scattering, which is depicted in the respective diagram 3.7.

𝑝 𝑝

𝜇 𝜇

𝛾

Figure 3.7: Feynman diagram showing the elastic scattering of a muon on a proton. This is the
fundamental process to measure the proton charge-radius at AMBER.

It can help to shine a light on possible lepton-flavour asymmetries if it would come out
differently to the electron-scattering case. From a systematics point-of-view, it is a more
controllable experiment because the radiative corrections concerning the muon are less
important than for the electron.

With M2 being able to deliver high-intensity, high-energy muon beams [90] it is an optimal
place to conduct such an experiment. Therefore, AMBER is going to measure the proton
charge-radius in elastic muon-proton scattering. It is possible to extract the size from the elastic
cross section when measured for different four-momentum-transfers. By doing so, one is able
to calculate the electric form factor 𝐺E, which gives the proton rms charge-radius in the limit
𝑄

2 → 0, i.e.
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As it is an elastic process, in principle it is enough to measure one quantity, for example
the scattering angle by combining the incoming and outgoing muon tracks. To overconstrain
the measurement, the recoil proton’s energy will be measured in addition. This is done by
employing an active-target Time Projection Chamber [91] filled with hydrogen gas under high
pressure with a segmented read-out structure [92]. With overconstraining the full reaction it is
easier to control possible background events and to select only elastic events.

3.5 Drell-Yan and charmonium production
For a long part of history, experiments focused on investigations of the structure of baryons,
typically the proton, which is easier from an experimental point of view because it is stable.
Therefore, one can probe it with point-like particles like muons and electrons. When it comes to
mesons like the pion or kaon, both first experimentally observed in 1947 [93, 94], investigations
need to be more advanced because those are unstable particles. As they are unstable they need
to be probed by being the beam particle itself. As one of the fundamental questions when it
comes to the emergence of hadron mass is the large mass difference between protons, pions
and kaons, the two latter ones need to be explored in similar detail as it has been done for
the proton. The parton distribution functions of the pion and kaon are important to interpret
various collected data-sets in scattering processes from a theoretical perspective like hadronic
jet production at the LHC [95]. Understanding the inner structure of the pion and kaon can
help studying nonperturbative approaches in QCD [15, 16]. Also, comparing pion and kaon
will help to understand the interplay between QCD and the Higgs mechanism for generating
the hadron mass. Current knowledge of the PDFs comes from early pion-induced Drell-Yan
[96, 97] measurements with around 700 events from kaon-induced Drell-Yan processes [98].
AMBER is planning to contribute in both regards by making use of the kaons and pions in the
hadron beam in M2 at high energies of about 100 to 190 GeV.

The Drell-Yan process explains the production of dilepton pairs in hadron-hadron interactions.
The respective Feynman diagram 3.8 shows the annihilation of a quark-antiquark pair to

produce a lepton-antilepton pair. At AMBER, one will focus on dimuon production. Having
such a process at hand, it gets clear that Drell-Yan yields inside views to the valence and sea
quark distributions in the pions and kaons. To be able to extract the sea quark distributions, it is
necessary to explore both beam charges to have positive and negative pions and kaons available.
The predicted uncertainties for the pion-induced Drell-Yan measurement with a carbon target
are shown in Fig. 3.9. For the kaon-induced case they are depicted in Fig. 3.10.

Again, beam particle identification is of high importance because AMBER is specifically
interested in pion- and kaon-induced Drell-Yan processes. Clearly, differentiating those is
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Figure 3.8: Quark-antiquark annihilation producing a muon-pair. This is the relevant Feynman diagram
for the Drell-Yan process.

Figure 3.9: The uncertainties expected by AMBER for the pion-induced Drell-Yan campaign are shown
together with the data extracted by NA3 and model predictions for various sea quark contributions [18].
The ratio of sea-to-valence quarks is plotted as a function of the momentum fraction carried by the active
beam parton, i.e. Bjorken 𝑥 [99].

extremely challenging when one is looking at kaons specifically. For pions the situation is much
easier. In the negative beam, it is fair to assume that the beam consists only of pions. When
doing such an assumption, a systematic error needs to be associated. But as the other particles
only contribute to around 5 %, at maximum, this is negligible. It is different for the positive
beam case as the proton fraction increases with increasing beam momentum. But because the
difference in terms of Čerenkov angles of pions and protons is far above the resolution of the
CEDARs, this is a manageable task. Again, the kaon contribution to the finally obtained pion
sample is negligible and can be treated accordingly.

The situation changes drastically for both beam charges when doing kaon physics. As kaons
only contribute to around 2 % in both cases, such approaches similarly as for the pions are
not possible. Therefore, it is important to efficiently tag the kaons, which is challenging as
their Čerenkov angle is close to the one of pions (cf. Fig. 2.16 showing the maximum beam
divergence to differentiate pions and kaons, which is a function of beam momentum because
the Čerenkov angles depend on the velocity and therefore ultimately on the momentum). As
Drell-Yan is a rare process, one needs to collect high statistics to be able to analyse the obtained
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(a) (b)

Figure 3.10: Expected uncertainties for the kaon-induced Drell-Yan experiment at AMBER [100]. In
Fig. 3.10(a) the ratio of the up-quark contents in the kaon and pion is plotted as a function of the fractional
momentum of the particle carried by the quark as it has been obtained from another measurement and
model predictions. Fig. 3.10(b) shows the ratio of sea-to-valence quarks in the kaon as a function of the
momentum fraction carried by the active beam parton for different sea quark contributions.

data, which underlines the need for efficient beam particle identification once more.
To operate at even higher intensity, the target will be enclosed by a bunker, similarly as it has

been done for the COMPASS experiment [101]. It is illustrated in Fig. 3.11.
With such a shielding, which acts as an absorber for hadronic particles, it will be possible to

increase the prompt intensity to 109 particles per spill in EHN2 and to an accumulated number
of particles of 3.07 × 1014 in one year of running [102]. These increases clearly help collecting
larger data-sets featuring the described low-probability Drell-Yan reaction.

Drell-Yan is not the only process that is happening in the interactions of the hadron beam with
the target. Especially in lower dilepton-mass ranges one will observe the dominant production
of 𝐽/Ψ [103, 104]. The 𝐽/Ψ is a bound state of a 𝑐- and 𝑐-quark. It is another approach
towards the PDFs of pions and kaons. At the energies available at AMBER, 𝑞𝑞-annihilation
gives a reasonable contribution to the 𝐽/Ψ-production. Together with the knowledge gained
in Drell-Yan about the valence quark contents, it is finally possible to also extract the gluon
distribution functions as gluon-gluon fusion is the other dominant process producing 𝐽/Ψ [18].

For the AMBER experiment this is especially interesting because the data can be collected in
parallel with the anticipated Drell-Yan campaign.
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Figure 3.11: Model of the proposed shielding for the AMBER Drell-Yan data-taking [102]. Especially
the absorber directly downstream of the target is important to be allowed to sent high beam rates up to
200 MHz to EHN2.

3.6 Kaon spectroscopy
Studying bound systems like the pion or kaon can yield information on the force holding the
constituents together, which is the strong interaction in the case of mesons (and baryons, too).
With it being one of the four fundamental forces it is important to explore its features. Due to
confinement, it is not possible to investigate properties of the quarks alone that form the bound
states, but only through conclusions drawn from measurements of those systems. These precise
measurements of the hadronic excitation spectra are important input for theoretical models
yielding predictions of other features.

The hadronic states are typically described by the underlying quantum numbers specifying
the total angular momentum 𝐽 determined by the spin-state 𝑆 and the orbital angular momentum
𝐿, the parity 𝑃 and the isospin 𝐼2. Because kaons are two-quark systems in the constituent
quark model, which have 𝑠 = 1

2 , the total spin of the bound system can have values of zero or
one. Therefore, the lowest state of the system is 𝐽 = 0 with no radial excitation. Excited states
meaning higher mass states are therefore quantified by 𝐿 > 0 and/or 𝑆 = 1.

With recent developments in lattice QCD, the pion and kaon as a whole can be treated and

2 Often, the charge conjugation 𝐶 is given, too.
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various characteristics can be calculated. Especially interesting with the theoretical approach
are predictions of exotic states, which are states that have quantum numbers forbidden in
the simple constituent quark model. With such methods at hand, one has a powerful tool
to test fundamental predictions by QCD by comparing the calculated excitation spectra with
measurements. The COMPASS experiment for instance measured one of those exotic states of
the pion, which is the 𝜋1(1600) [105].

Comparing the predictions and measurements of spectra of pions and kaons can help to
understand the large mass difference between those two by just exchanging the 𝑑- with the
𝑠-quark. Therefore, one needs to investigate the different kaon states, too, as it has been done in
the past for the pion, which is described in [106].

The currently known spectra of mesons with strangeness are shown in Fig. 3.12.

Figure 3.12: Strange meson spectra [59]. Blue data points represent experimentally confirmed states with
their uncertainty given by the rectangles around. Orange points show states that are not yet established.
The predictions by the quark model are shown by the black lines.

Clearly, besides the already experimentally confirmed excited states, there are still more to
explore, where the currently available data is not enough to confirm them. Of course, seeing
the black lines, there are even more states that are predicted by theoretical calculations that
have not yet been observed in experiments. Here, AMBER comes into play. The COMPASS
collaboration measured excitation spectra of light mesons without strangeness via the diffractive
reaction 𝜋− + 𝑝 → 𝜋

−
𝜋
+
𝜋
− + 𝑝. Similarly, AMBER is aiming at exploring the strange meson

spectra by making use of the kaon component in the M2 hadron beam that interacts with a
liquid hydrogen target, which is illustrated in the Feynman diagram 3.13.

As already discussed, particle identification is important again here. It is necessary to clearly
identify the incoming beam kaon to keep the pollution by pions as low as possible. In the
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Figure 3.13: Feynman diagram showing the diffractive production of the 𝐾±
𝜋
+
𝜋
− final-state. The

incoming beam kaon is excited into the state 𝑋± that decays into the studied final-state. Simultaneously,
the target proton stays intact and one observes the recoil.

present process, the target proton remains intact and the recoil proton needs to be confirmed by
the recoil proton detector (cf. [48]), which is placed around the target. The beam kaon gets
diffractively excited into the state 𝑋± that decays into an outgoing kaon and a pion-pair. Those
need to be identified by the RICH-1 detector (cf. Fig. 3.6(b)) in the setup. Finally, by applying
so-called Partial-Wave-Analyses (PWA) (cf. [59, 107]) one can extract the quantum numbers of
the different resonances 𝑋 filling up the missing states in Fig. 3.12.

As high-precision is needed for such an experiment, an absorber (cf. Fig. 3.11) like the one
for Drell-Yan cannot be installed in those data-taking periods. Therefore, the beam intensity
needs to be limited. From a beam identification point of view this is a preferable option
because one can ensure lower divergence at the CEDAR location by appropriate collimation
upstream removing effectively particles that cannot be identified and would only contribute to
an unnecessary increase of the total intensity.
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Software

Many simulations for comparison to data are presented in this thesis and therefore accurate
modelling and simulations are highly important for the conclusions drawn. Conducting those
studies is only possible with appropriate software developed for those purposes. In the present
case those are beam optics calculations and optimisations, particle tracking along the beamline
and beam-matter interaction when beam, e.g. secondary particle production, or even background
particles hit anything along the line. Several softwares have been used in combination to
conduct the studies, which will be presented and discussed shortly.

4.1 MAD-X
Methodical Accelerator Design - X [108] is a code for optics calculations for particle accelerators
and beamlines. It is mainly written in C, C++ and Fortran and interprets text-based input.
With various routines it is possible to calculate optical parameters and transfer matrices (cf.
section 2.2.2) in circular and linear machines. With several fitting algorithms the user can
achieve certain beam parameters like size or divergence. Apart from optical calculations,
tracking routines are implemented, too. The tracking gives an insight into particle coordinates
at any location in the lattice. It will also cut the beam at given apertures in case the particles
are outside of those. Particle-matter interactions are not taken into account. It outputs any
information in its own so-called Table File System, TFS, but it has also an internal plotting
routine.

4.2 Geant4
The Geometry and Tracking 4 software package [109–111] enables the user to simulate the
interaction of various particles with matter with the help of Monte Carlo techniques. Geant4 is
written in a C++ class structure that makes it possible to use it through other software codes.
All necessary components are provided in the C++ class library but the users need to write
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their own program considering geometry construction using constructive solid geometry (CSG)
principles and primitives, constructing the correct physics processes and beam particles1, and
most importantly handling the sensitivity. To make the user’s life easier some primitive shapes
like cubes, spheres, tubes or extrusions are predefined in Geant4. Those can be combined using
boolean operations like intersections or subtractions. Special care needs to be taken to not
generate overlapping geometry. In such a case it is ambiguous, in which material the particle is
at that specific time. Therefore, one typically works with safety margins for proper geometry
navigation in Geant4. An example of an event simulated in Geant4 is shown in Fig. 4.1.

Figure 4.1: A 100 GeV proton impinging on a C-shaped dipole magnet shown in Geant4’s internal
visualiser. Lines of positive particles are shown in blue, neutral particles are presented in green, and
negatively charged particles in red.

It is also possible to import geometry through Geant4’s so-called Geometry Descripting
Markup Language GDML [112] based on XML (Extensible Markup Language). Besides
that one can make use of predefined physics lists that activate the physics models needed
for the simulation. Of course, the user can define the necessary models and interactions in
case one of the predefined ones is not suitable for the case at hand. It is heavily used in the
high-energy physics community, but also finds its application in simulations for instance for
medical purposes. The results obtained from a simulation can be written out in various ways.
Typically, it is written to a ROOT file [113, 114], either directly in histograms or as raw-data as
ROOT’s internal Ntuples, or to an ASCII file.

1 Beam in this context is to be considered in a broader manner. It refers to particles that interact with the geometry
and generate events.
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4.3 BDSIM
Beam Delivery SIMulation BDSIM [115] is a software package that makes use of the Geant4-
package and represents a nice and easy interface to it. It comes with many predefined geometries
typically used in accelerators, like magnets, collimators or cavities. It simplifies the usage of
fields and field maps heavily. The reason for that is the coordinate transformation between a
global reference frame and the local coordinate system following the beamline. As this is done
automatically throughout the code, there is no need to provide electromagnetic fields in a global
manner, but it is enough to define it in the coordinate system of that element generating the field.
This is in contrast to Geant4, in which one needs to deal with one Cartesian coordinate system
and to ensure the proper transformations. Besides Geant4, it makes use of the CLHEP library
[116] and ROOT for the output of data. Combining the functionalities of all these complex
software codes, makes BDSIM a tool that is capable of precise tracking of particles over long
distances, which is required in accelerators like the LHC, with simulation of interactions of
particles with the surrounding material [117]. That is why it is extensively used for simulating
and estimating beam distributions and backgrounds not only for physics experiments, but again
for medical machines, too [118]. It has also been the basis for most of the presented simulations
and studies.

Figure 4.2: Parts of the M2 beamline model shown in the Geant4 visualiser after construction in BDSIM.
The direction of the beam is indicated by the arrow. It is the last part before the beam hits the AMBER
target.

The form of the output makes it especially powerful. The output is structured such that all
information is grouped per event, where one event typically starts with one input particle. This
means that particular histories can be investigated because the data is already structured to
isolate histories. The exact output data can be chosen and the most common form is an invisible
plane, a sampler, placed after an element that records the kinematic variables and track IDs
of particles in an event at that specific location. An example of a short, fictional beamline
including samplers showing the particle hits is shown in Fig. 4.3.
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Figure 4.3: The grey, transparent volumes represent samplers in BDSIM. At those locations variables
like position, energy and particle ID are recorded and written to the output. The hits are indicated by the
black dots. The magnets are the available defaults for straight bends and quadrupoles. Lines of positive
particles are shown in blue, neutral particles in green and negatively charged particles in red.

Other optional data are trajectories, which are a full history of each step of a particle with the
ability to filter and select, which particles are stored to limit the data quantity. This is of special
interest when it comes to background estimations. The package also comes with an internal
analysis tool called ROOT Event BDSIM REBDSIM. This allows to histogram the recorded
data on a per-event basis making rate estimations per initial beam particle possible. Only with a
per-event structure the variance and therefore uncertainties can be properly estimated when
dealing with aggregate quantities such as energy deposition or fluxes.

4.4 Automatic model building
Preparing a full 3D model of a whole beamline is a long and error-prone process. Therefore, it
is convenient to build such a model in an automatic manner based on an optical description
of the line as it is done in MAD-X. This is especially important considering that a beamline
consists typically of tens of magnets. Of course, each single one can be modelled, but it would
be time-consuming to prepare the corresponding BDSIM input syntax for the geometry of every
single component. On top of the geometry modelling, one also needs an accurate description of
the magnetic fields along the beamline. This is especially important as typically, the physical
setup does not change, but often different momenta or particle types are required. To achieve
this, different fields are needed. Given these constraints, it is straightforward and optimal to
automate the building of the BDSIM input syntax and associated files including geometry and
fields. This also ensures reproducibility and eliminates the highly likely human error in such a
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large model building. In [119] a tool that achieves this goal is described. The process will be
discussed shortly.

With BDSIM, there are a few more software codes written in Python that have been published.
Two of them are called pymadx and pybdsim. pymadx makes the reading of the optical
description of a given beamline or ring from MAD-X easy. It allows to get information
about the various elements placed in the machine, like name, type (for example quadrupole or
collimator), bending angle, or focusing strength, and many more. pybdsim offers the conversion
from a MAD-X optical description to BDSIM’s GMAD syntax. By default, BDSIM would
provide generic geometry with that input. As it is explained in [119], additional codes have
been developed for the creation of geometric models of North Area devices like collimators
or magnets and their fields. With pyg4ometry [120], a database of all those geometries has
been setup. It is a Python-based package, with which one can construct a Geant4-geometry
and export it to GDML and Fluka [121, 122]. Besides this, another database has been setup
containing field maps of various magnets deployed in the North Area. Those field maps have
been calculated mostly in Opera-2D [123] and have been provided by the CERN TE-MSC
group. For each magnet various field maps have been created at different excitation currents.
An example is given Fig. 4.4. The field maps make use of given symmetries. These are also
handed over to BDSIM, which offers possible reflections to generate the full field map.
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Figure 4.4: Magnetic field map of a QWL (cf. Fig.2.8) for a current of 500 A. The arrows indicate the
direction of the magnetic field, whereas the colour scale shows the magnetic flux density at the given
locations 𝑥 and 𝑦. The nominal beam goes through (0, 0). On axis, there is no magnetic field and it
grows linearly with the distance to the centre. The field map just contains a quarter of the full magnet as
it is possible to construct the full map in BDSIM from symmetry considerations.
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To be able to use the right field map for the beamline configuration of interest, so-called
𝐼 to 𝐵(′)

𝐿 curves are included, too. They have been measured and parameterised for all the
different beamline magnets in the North Area. They allow to calculate the current needed to
achieve the bending and focusing strengths for the optical description of the line. By knowing
the current, the closest field map can be found. This field map will finally be scaled to the
required integrated field for dipoles or integrated gradient for quadrupoles. An example of such
a curve is depicted in Fig. 4.5.
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Figure 4.5: 𝐵′
𝐿 − 𝐼-curve of a QWL-magnet (cf. Fig. 2.8). It shows the available integrated gradient

of the magnet as a function of the excitation current. To collect the data the magnetic field has been
measured at the pole tip. It is assumed that the gradient is constant over the magnet aperture. To describe
this curve the parameterisation (4.1) is used.

The formula

𝐵
(′)
𝐿 (𝐼) =

{
𝑎𝐼, 𝐼 ≤ 𝐼0
𝑐𝐼

2 +
(
𝑎 + 𝑏 − 2𝑐𝐼0

)
𝐼 + 𝐼0

(
𝑐𝐼0 − 𝑏

)
, 𝐼 > 𝐼0

, (4.1)

has been used to describe the 𝐵(′)
𝐿 − 𝐼-curves, where the parameters 𝑎, 𝑏, 𝑐 and 𝐼0 are extracted

from fits to measured data. Finally, by looping over all the elements in the optical description
extracted from MAD-X, generating the GDML-model, and in case it is a magnet, attaching the
field map, the full beamline can be constructed in an automatic fashion. The general workflow
is summarized in Fig. 4.6. Within BDSIM it will be ensured that all the different parts in the
beamline will be placed correctly because the necessary coordinate transformations between
the reference frame following the beam, which is used in the optical description, and the global
Cartesian frame in Geant4, are done automatically.
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Figure 4.6: Flow chart explaining the combination of the single building blocks to construct a full
beamline model [119]. The builder receives the needed information about the beamline from the optical
description in MAD-X that is based on the layout database available at CERN. The information is used
to construct the necessary geometries and to calculate the needed field maps. The builder puts those
different components together to obtain the final BDSIM model.
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RF separation

A secondary beam consists of different particle species with various momenta. As the pion is
the lightest hadronic particle the vast majority of the beam is made of pions (and protons for
positive charge). Therefore, if one calls a beam a hadron beam it is simply a pion beam (or
both, pion and proton for positive beam charge).

As the AMBER collaboration is interested in kaon beams in the phase 2 study it is necessary
to provide a technique to filter out the unwanted pions.

In a secondary beamline one filters out a certain momentum rather far upstream close to the
production target (the way how it is done is explained in section 2.2.2). After this momentum
selection all beam particles have the same momentum1

𝑝. But having the same momentum
means that different particle species have different velocities as they differ in their masses
because of 𝑝 = 𝑚𝑣 with 𝑚 being the relativistic particle mass and 𝑣 its velocity. This difference
in velocity can be used to filter out a certain particle type one is interested in with the help of
the so-called Radio-Frequency RF separation technique, which has already a long standing
history at CERN [124] and SLAC [125]. The theoretical description of this method is described
in and taken from [124, 125]. Large parts of this chapter have been published in [126, 127].

5.1 Basic idea
The principle of RF separation is based on velocity differences for different particle types at the
same momentum. This deviation in velocity manifests as a variation in the time the particles of
type 1 and 2 need to take to fly from one point in space to another. In the RF separation case
these two points in space are the radio-frequency cavities placed at certain positions along the
beamline that deflect the beam transversely, which is illustrated in Fig. 5.1.

With assigning a certain frequency to these cavities, i.e. the radio-frequency itself, one can
translate this time difference into a phase difference when travelling from the first to the second
cavity. This phase difference is given in Eq. (5.1) with the travel time difference Δ𝑡, the distance

1 There is a certain momentum spread coming from the finite size of the momentum defining collimator slit.
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Figure 5.1: Schematic picture showing the basic concept of RF separation [126, 127]. The beam
momentum is defined upstream. Afterwards, the beam passes through the separator consisting of the
two RF deflectors. The separated beam will be cleaned by a beam dump that will be hit by the unwanted
particles. The wanted ones are guided towards the experiment.

between the two cavities 𝐿 and the velocities 𝛽𝑖𝑐 of the two species. It is purely dependent on
the frequency 𝑓 and the beam momentum 𝑝.

Δ𝜑 = 2𝜋 𝑓Δ𝑡 =
2𝜋 𝑓 𝐿
𝑐

(
1
𝛽2

− 1
𝛽1

)
=

2𝜋 𝑓 𝐿
𝑐

· 𝐸2 − 𝐸1
𝑝𝑐

≈ 𝜋 𝑓 𝐿

𝑐
·
(
𝑚2𝑐

)2 −
(
𝑚1𝑐

)2

𝑝
2 . (5.1)

In the last step in (5.1) the relativistic approximation 𝐸 ≈ 𝑝𝑐 for 𝑝 ≫ 𝑚𝑐 is applied with the
particle mass 𝑚. At these energies the beam consists mainly of pions, (anti-)protons and kaons.
The phase shifts between those particles are shown in Fig. 5.2.

The phase shift in Eq. (5.1) can now be used to define the beam momentum 𝑝 for a given
frequency 𝑓 , meaning that one can observe a phase shift of Δ𝜑 between the particles with
masses 𝑚1 and 𝑚2. Therefore, it is necessary to solve (5.1) for the beam momentum. The result
is given in Eq. (5.2).

𝑝 =

√√√√√√√√√√√
(
𝑚2𝑐

)2 −
(
𝑚1𝑐

)2

𝑚
2
1 + 𝑚

2
2

𝑚
2
2 − 𝑚

2
1
+ Δ𝜑𝑐

𝜋 𝑓 𝐿
·
√√√√

1 +
(
Δ𝜑𝑐

2𝜋 𝑓 𝐿

)2
𝑚

2
1𝑚

2
2(

𝑚
2
2 − 𝑚

2
1

)2

≈

√︄
𝜋 𝑓 𝐿

Δ𝜑𝑐

( (
𝑚2𝑐

)2 −
(
𝑚1𝑐

)2
)

. (5.2)

In the relativistic limit one can see that 𝑝 ∝
√︁
𝑓 𝐿 meaning that the beam momentum increases

only slowly with higher radio-frequencies and distances between the cavities. Fig. 5.3 shows
the dependence of the momentum on the frequency for a distance of 830 m between the two
cavities.

This Eq. (5.2) can now be used to define the beam momenta for the RF separated beams by
requiring a certain phase difference between two particle types. For kaons being the particles
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of interest one needs to filter out pions and (anti)protons (depending on the beam charge). The
way how it is done is described in detail later in section 5.3. Shortly, it is possible to not deflect
the unwanted particles at all, while the species of interest receives a net deflection. In the
case of the kaon beam, this can be achieved by requiring Δ𝜑

𝜋
−

𝑝 = Δ𝜑
𝜋
+

𝑝 = 2𝜋 meaning that the
(anti)protons reach the second cavity at the RF wave following the arrival of the pions. The
kaons would arrive at the second cavity in between the aforementioned types. One obtains a
beam momentum of ca. 68.13 GeV/𝑐.

For the 𝑝-beam one could use the same approach forcing Δ𝜑
𝜋
−

𝐾
− = 2𝜋. Considering Fig. 5.2

one can see that frequencies larger than 10 GHz would be needed to separate pions and kaons
by 2𝜋 for momenta as small as 60 GeV/𝑐. Because lowering the energy is not an option and
cavities with frequencies of several tenths of GHz do not exist, one needs to follow a different
approach. In that case it is needed to require Δ𝜑

𝜋
−

𝑝 = 𝜋 to efficiently filter out 𝜋− because they
are by far the majority species in the negatively charged hadron beam. The drawback is that one
needs to accept that 𝐾− receive a net deflection, too, which is comparably small as one can aim
for maximum deflection for the 𝑝 part. The momentum of the RF separated antiproton beam is
ca. 96.35 GeV/𝑐.

5.2 Application to M2
The particles of main interest during phase 2 of the AMBER experiment requiring a re-design
of the existing M2 beamline, are kaons. This brings up several difficulties compared to the
use cases so far when the particles of interest have been mainly pions. Having a look at the
production rates of kaons compared to pions, which is described in section 2.2.1, they are
approximately an order of magnitude smaller over the full range of secondary beam momenta
meaning that there is no preferable momentum, where the production rate of kaons could
compete with that of pions. The reason lies of course in the mass of the particles and the
composition. Because the pion is the lightest of all hadrons the kinematic phase space for the
production of pions is the largest. In addition, as the kaons have a strange quark as one of their
two valence quarks there need to be processes taking care of the flavour change making them
less likely to happen.

In addition to that kaons have a short decay length compared to pions. The average lifetime
of pions is (26.033 ± 0.005) ns and of kaons it is (12.380 ± 0.020) ns [5]. Due to the relativistic
time dilation and the smaller mass of pions the average decay length is much different. Here,
one has 55.92 m 𝑐GeV−1 for pions compared to 7.52 m 𝑐GeV−1 for kaons2. Comparing these
values, one sees that kaons have a decay length that is smaller by a factor of 7.5.

Taking the production rates discussed in section 2.2.1 and shown in Fig. 2.3(a) and 2.3(b)
one can calculate for both beam charges the average particle rates that one could expect at
the location of the AMBER target, which is ca. 1.13 km downstream of the production target

2 The values can be calculated from the average decay length at a given momentum 𝑝 via time dilation:
𝑙Secay = 𝛽𝛾𝑐𝜏 with 𝑝 = 𝛽𝛾𝑚𝑐.
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T6. For this one needs the Atherton parameterisation (2.1) and (2.2), the average number of
particles that have decayed and the longitudinal and transverse acceptance of the beamline. The
longitudinal acceptance of the RF separated M2 beam is Δ𝑝

𝑝
= 1 % and transverse acceptance

is 5.6𝜋 µsr. After a given distance one can calculate the mean number of particles that has
survived with

𝑁 (𝑙) = 𝑁0 exp

(
− 𝑙

𝑙Decay

)
. (5.3)

Finally, this results in

𝑁
(
𝑝, 𝑙

)
=

d2
𝑁

d𝑝 dΩ
· exp

(
− 𝑙

𝑙Decay

)
· 5.6𝜋 µsr · 2𝑝 · 1 % , (5.4)

because one needs the actual momentum range that can be transported along the beamline,
which is 2Δ𝑝. With the distance between T6 and the AMBER target and the quoted decay
lengths one can calculate the average number of particles at the experiment (5.4) as a function
of the secondary beam momentum 𝑝. This is shown for positive and negative beam charge in
Fig. 5.4. Of course, protons and antiprotons do not decay. Therefore, the decay term is not used
to calculate the number of those.

In Fig. 5.5 the respective shares of the different particles in the beam are calculated.
The numbers depicted in Fig. 5.4 and 5.5 only take decays and the acceptance of the beamline

into account. Clearly, there can be more losses due to collimation for instance. This would
reduce the rate of particles, but not the beam composition itself because the beam parameters
depend only on the particle charge, but not the species. Considering the composition at
momenta around 100 to 200 GeV/𝑐, kaons make up approximately 2 % of the total beam (for
both, negative and positive beams). As the hall, where the AMBER experiment is located, is an
overground building, the allowed rate sent to the building is limited due to radiation protection
constraints. The maximum is on the order of 108 to 5 × 108 particles per spill (or even 109

considering the upgraded shielding described in section 3.5), which depends on the shielding
around the AMBER target. Considering the fraction of kaons of 2 % one can calculate the
maximal kaon rate, which is 2 × 106 to 2 × 107 kaons per spill.

5.3 RF and particle phases
In the previous section 5.1 the chosen phase difference between the different particles and its
influence on the beam momentum have been discussed. But the phase that is used for the
separation is not the phase one is aiming to have between two species, but the relative phase
of the electric fields in both cavities. The phase that needs to be set between those will be
discussed in the following.

The time-component of the electric field in a RF cavity is described by an oscillating function,
i.e.
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𝐸 (𝑡) = 𝐸0 sin
(
𝜔𝑡 + 𝜙

)
. (5.5)

This immediately implies that the transverse kick 𝜃 only depends on the phase the particle
arrives at the cavity with respect to the phase of the electric field meaning

𝜃 (𝑡) = 𝜃0 sin
(
𝜑𝑖 (𝑡)

)
, (5.6)

with 𝑖 representing the phase in cavity 1 or 2, respectively. The combined kick of both cavities
can be calculated by the sum of both single kicks taking into account the phase 𝛼 representing
the time of flight between both cavities, and Δ𝜑12 being the relative phase between the fields in
the cavities. To obtain the total kick, the phase at the second cavity can be written as

𝜑2 (𝑡) = 𝜑1 (𝑡) + Δ𝜑12 + 𝛼 . (5.7)

This results in3

𝜃tot (𝑡) = 𝜃0

(
sin

(
𝜑1 (𝑡)

)
+ sin

(
𝜑1 (𝑡) + 𝛼 + Δ𝜑12

) )
= 2𝜃0 sin

(
𝜑 (𝑡) + 𝛼 + Δ𝜑12

2

)
cos

(
𝛼 + Δ𝜑12

2

)
.

(5.8)

From Eq. (5.8) one can see that one is able to tune the phase between the two cavities such
that the kick can be entirely compensated for a certain species. This can be achieved by tuning
Δ𝜑12 in such a way that cos

(
𝛼+Δ𝜑12

2

)
= 0, which is achieved for 𝛼+Δ𝜑12 = (2𝑛 + 1) 𝜋. Another

approach would be to maximize the kick for a certain particle type, which can be done by
setting 𝛼 + Δ𝜑12 = 𝑛 · 2𝜋. In the following example a 𝐾−-beam is considered.

In this case the 𝜋−- and 𝑝-components of the beam should be removed. The time an unwanted
𝜋
− travels from the first to the second cavity can be calculated via

𝑡𝜋− =
𝐿

𝛽𝑐
=
𝐿

𝑐

√︄
1 +

(
𝑚𝜋𝑐

𝑝

)2
. (5.9)

This can be translated into a phase at the second cavity, i.e.

𝛼𝜋− =
2𝜋 𝑓 𝐿
𝛽𝑐

=
2𝜋 𝑓 𝐿
𝑐

√︄
1 +

(
𝑚𝜋𝑐

𝑝

)2
. (5.10)

Using Eq. (5.10) in (5.8) one can now calculate the relative phase of both cavities such that
the kick for 𝜋− gets compensated, which is demonstrated in Eq. (5.11).

3 In the following calculations it is made use of sin- and cos-identities as cos
(
𝑥 + 𝑦

)
= cos (𝑥) cos

(
𝑦
)
−

sin (𝑥) sin
(
𝑦
)

and sin
(
𝑥 + 𝑦

)
= sin (𝑥) cos

(
𝑦
)
+ cos (𝑥) sin

(
𝑦
)

[128].
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Δ𝜑12 = 𝜋 − 𝛼𝜋− = 𝜋 − 2𝜋 𝑓 𝐿
𝑐

√︄
1 +

(
𝑚𝜋𝑐

𝑝

)2
. (5.11)

Recalling that the beam momentum has been defined by requiring Δ𝜑
𝑝

𝜋
− = 2𝜋 when flying

from the first to the second cavity, one can deduce that the kick is entirely compensated for the
𝑝-component of the beam as well.
Similarly, the kick for the wanted 𝐾−-fraction in the beam can be calculated and is shown in
Eq. (5.12).
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With (5.8) one can estimate the average kick any species will receive by the separator system.
For that one can define the mean kick to be

𝜃 =
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1
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∫ 2𝜋

0
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2
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)����� , (5.13)

resulting in an average kick for 𝐾− of

𝜃𝐾− =
√

2𝜃0

��������sin
©­­­«
𝜋 𝑓 𝐿

𝑐

©­­«
√︄

1 +
(
𝑚𝐾𝑐

𝑝

)2
−

√︄
1 +

(
𝑚𝜋𝑐

𝑝

)2ª®®¬
ª®®®¬
�������� . (5.14)

The deflections of the three main species together with the average kicks are shown in Fig. 5.6.

5.4 RF cavities
As deduced from the previous sections, the cavity parameters play a critical role in the per-
formance of the separation. Clearly, a high frequency is needed to separate a beam with high
momentum. Another important point is the kick strength itself, which is determined by the
electric field in the cavity. Therefore, to reach larger separation, a high gradient is necessary. Last
but not least, a large iris is important such that the beam can be transmitted through the cavity.
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The performance is better when having a parallel beam, which will be shown in section 5.7.
Naturally, this results in a large beam (cf. Liouville’s theorem in section 2.2.2) meaning losses
in the cavity (or an upstream collimator) if the iris is too small. RF cavities in general and im-
portant parameters for the RF separated beam (cf. [126, 127]) are discussed in the present section.

The most famous example of a cavity structure is the so-called Pillbox shown in Fig. 5.7. Its
characteristics can be derived analytically.

Generally, the fields in the cavity follow the wave equations

∇2 ®𝐸 =
1
𝑐

2
𝜕

2 ®𝐸
𝜕𝑡

2 , ∇2 ®𝐵 =
1
𝑐

2
𝜕

2 ®𝐵
𝜕𝑡

2 , (5.15)

which can be derived from Maxwell’s equations, so first principles. Those can be derived under
the assumption of non-existing space charges and perfectly conducting walls. The solutions
are plane waves exp(𝑖(𝜔𝑡 − ®𝑘®𝑟)) with the wave-vector ®𝑘 defining the direction of propagation
of the wave and the frequency 𝜔 = 2𝜋 𝑓 . The field vectors fulfill ®𝐸 ⊥ ®𝐵 ⊥ ®𝑘 . Additionally,
so-called dispersion relations are given, i.e.

𝑐 =
𝜔

| ®𝑘 |
=
𝜆

𝑓
, (5.16)

with the wavelength 𝜆. Key input to determine the wavelength and therefore the frequency
are the cavity dimensions and the boundary conditions. As cavities have metallic surfaces,
there cannot be neither a parallel electric field nor a perpendicular magnetic field. Considering
the cavity size given in Fig. 5.7, one can calculate the corresponding solutions to the wave
equations (5.15) fulfilling the described boundary conditions. Additionally, propagation is
assumed in 𝑧-direction. By making use of cylindrical symmetry, one obtains [129, 130]
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, (5.17)

and
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. (5.18)

𝐽𝑚 refers to the Bessel-function of 𝑚-th order, whereas 𝐽′𝑚 refers to its derivative. When it
comes to cavities, one typically defines TM𝑚𝑛𝑝- and TE𝑚𝑛𝑝-modes, with vanishing parallel
magnetic fields for TM-modes (transverse magnetic) and vanishing parallel electric fields for
TE-modes (transverse electric). The parameters 𝑚, 𝑛 and 𝑝 define types of those modes: 𝑚
yields the number of full-periods in azimuthal-direction, 𝑛 gives the number of radial zeros of
the axial fields and 𝑝 the number of half-periods of the longitudinal fields. With 𝑘2

= 𝑘
2
𝑧 + 𝑘

2
𝑟

and the boundary conditions the dispersion relation reads
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𝑚𝑛

𝑎
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𝑝𝜋

𝐿

)2
, TE-modes

, (5.19)

with 𝑗𝑚𝑛 referring to the 𝑛-th root of 𝐽𝑚 and 𝑗 ′𝑚𝑛 referring to the 𝑛-th root of 𝐽′𝑚.
As one can deduce from Eq. (5.18), one can only accelerate in longitudinal direction with a

TM-mode. Of course, for the present considerations, field components for transverse accelera-
tion are needed. Transverse deflection can be achieved by both, electric and magnetic fields.
Therefore, TE- and TM-modes can be employed such that the beam receives a net deflection in
the transverse plane.

One of the key parameters is the radio-frequency 𝑓 . In section 5.1 the dependence of the
momentum 𝑝 on 𝑓 is derived showing that the maximum beam momentum is proportional
to

√︁
𝑓 . Therefore, the frequency needs to be as high as possible to achieve highest energies.

Because the frequency is determined by the cavity shape, the geometry can be optimised to
reach highest frequencies. Clearly, another key parameter is the cavity gradient. To minimise
the space taken by the cavities itself the gradient needs to be maximised. Having in mind
that the proton beam is slowly extracted towards the North Area meaning spill lengths of the
order of 5 s, one can deduce that the cavity needs to operate in continuous wave mode (CW).
To be still able to have high field gradients, superconducting cavities need to be considered
[126, 127]. On the other side, cost is a driving factor. Therefore, to not have exploding
costs to develop new, fully customised cavities, ideally an already existing design should be
considered. Typically, transverse cavities can be found in collider experiments rotating the
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beam in one of the transverse directions to overcome the problem of decreasing luminosity at
the interaction point due to finite beam crossing angles. Those types of cavities are referred
to as crab cavities. Also, this rotation can be found as crabbing. The International Linear
Collider ILC is currently planning to employ crab cavities to exactly eliminate this problem.
The design features high-frequency and high-gradient crab cavities reaching values feasible for
the present considerations making use of the dipole TM1𝑛0-modes. A picture of the foreseen
9-cell cavities is shown in Fig. 5.8 with the electric and magnetic field shapes illustrated in
Fig. 5.9. Those are able to provide an average transverse gradient of 5 MV m−1 and operate at
3.9 GHz. Simultaneously, the design features a reasonable iris with a diameter of 30 mm.

5.5 Aperture influence
As the angle 𝑥′ with respect to the beam axis grows when travelling through the cavity due
to the transverse deflection, the beam size grows accordingly, too. The growth of 𝑥′ can be
calculated via

𝑥
′ (𝑧) =

Δ𝑝

Δ𝑧

𝑝
· 𝑧 , (5.20)

where Δ𝑝

Δ𝑧
is the average cavity gradient, 𝑝 the momentum and 𝑧 the longitudinal position along

the cavity. By integrating Eq. (5.20) over 𝑧 the dependence of 𝑥 follows and is given by4

𝑥 (𝑧) =
Δ𝑝

Δ𝑧

2𝑝
· 𝑧2 + 𝑥0 , (5.21)

which is shown in Fig. 5.10.
This indicates that the beam needs to be small such that it does not get lost at the cavity

apertures, which does not only influence the intensity, but can also lead to quenches of the
cavities. So, this needs to be avoided by all chances. The maximal size the beam can have at
the cavity entrance can be calculated according to Eq. (5.21) requiring that it fills out at most
the full iris after traversing the cavity meaning

𝑥 (𝐿)
!
≤ 𝑅 . (5.22)

This condition yields the maximal value of 𝑥0 being the maximal acceptable beam size at the
cavity entrance, i.e.

𝑥0 ≤ 1
2

©­«2𝑅 −
Δ𝑝

Δ𝑧

𝑝
· 𝐿2ª®¬ . (5.23)

4 The integration is motivated by 𝑥′ =
d𝑥
d𝑧

. From that step, the integration constant 𝑥0 follows accordingly.
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Taking a radius of 15 mm, a gradient of 5 MeV 𝑐
−1 m−1, a momentum of 68.13 GeV/𝑐 and a

length of 10 m results in 𝑥0 ≈ 11.5 mm meaning a collimator with such a half opening needs to
be installed in front of the first deflector station. Without it, the cavities would appear effectively
as collimators, too.

Interestingly, 𝑅eff can become zero for a given deflector length. For the present values this
would be achieved for 𝐿 ≈ 20.5 m. In case the cavities would be longer than this threshold
value, the beam would be collimated entirely at the cavity exit.

5.6 Optics considerations
As described in the beginning of the the present chapter, the RF cavities deflect the beam
transversely meaning an increase of momentum in the kick direction. The fields assumed and
therefore finally the transverse momenta are still small compared to the longitudinal momentum
allowing to work in small angle approximation, meaning

𝑥
′ ≈

𝑝𝑥

𝑝
≈
𝑝𝑥

𝑝𝑧
, (5.24)

with the transverse momentum 𝑝𝑥
5 and the total momentum 𝑝, which is basically determined

by the longitudinal momentum 𝑝𝑧. From this consideration it gets clear that the RF separation
technique works in angular space meaning that after traversing the separator the particle species
differ by their angular distributions. Immediately after exiting the second cavity, the different
species cannot be filtered by position. As there is no device available that absorbs particles
depending on their angle with respect to the beam axis, it is needed to let the beam drift freely
in order to translate the angular separation into a spatial one.

As this technique first and foremost separates species by angle it is obvious that it will work
most efficiently when having a non-divergent beam meaning that the angular distribution of
the beam after exiting the second cavity is purely determined by the field configuration in the
cavities. The impacts of a divergent and non-monochromatic beam are qualitatively discussed
in the appendix A.1. In the optimal case, i.e. having a parallel, monochromatic beam, the
unwanted particles will have a vanishing angle, while the particles of interest have a finite
transverse momentum. Of course, creating a parallel beam would therefore be the favourable
choice. Having Liouville’s theorem in mind, this comes at a cost. A parallel beam, i.e. narrow
distribution in 𝑥′, is large in size, i.e. broad distribution in 𝑥. A large beam typically implies
losses due to aperture restrictions of various elements along the line. In the RF separated beam
case, the critical elements with small apertures are the cavities themselves. High-frequency
and high-gradient cavities can be operated with irises of the order of 10 mm. As the ILC crab
cavities have been chosen for the present study, the aperture restriction is 30 mm. Clearly,
5 As the optics have been developed such that the cavities deflect the beam in 𝑥-direction, without loss of generality

it is assumed that the transverse momentum is purely determined by 𝑝𝑥 . This is a fair assumption because no
elements in the beamline couple the two transverse directions meaning the cavities do not impact the motion in
vertical direction.
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having a beam that is larger than the cavity aperture results in a smaller transmission and
therefore smaller number of particles at the experiment6. This means there is an optimum
between beam size and parallelism in terms of number of particles transmitted and efficiency of
the separator. The two extreme cases, parallel and focused beam, are shown in Fig. 5.11.

For a parallel beam, the angles of the wanted particles are purely determined by the transverse
kick provided by the cavities. Therefore, the wanted particles can be clearly differentiated from
the unwanted ones by angle. Of course, this comes at a cost of lower transmission because the
beam gets effectively collimated. For a focused, i.e. a divergent beam, the transmission through
the cavities is not a concern as the beam size is small compared to the iris. Oppositely, the
angular separation is less pronounced because the divergence of the wanted particles after the
separator is determined by the kick and the intrinsic divergence still resulting in an overlap in
angular space of the wanted and unwanted parts. In the case of an extremely focused beam, the
transverse deflection would be only visible as a slight modulation on top of the intrinsic beam
divergence.

Finally, the beam optics can be developed based on the aforementioned considerations. One
needs to ensure a monochromatic beam as spread in momentum directly impacts the phase
relations derived in section 5.3 and ultimately the performance of the separator. The variation
Δ𝛼 of the imposed time-of-flight phase 𝛼 for a particle with mass 𝑚, momentum 𝑝 and energy
𝐸 due to a finite momentum spread Δ𝑝 can be calculated based on Eq. (5.10). One obtains

Δ𝛼

𝛼
=

(
𝑚𝑐

2

𝐸

)2
Δ𝑝

𝑝
=

1

1 +
(
𝑝

𝑚𝑐

)2
Δ𝑝

𝑝
. (5.25)

Clearly, for high-energy beams the effect becomes small as with increasing momentum a
small change in momentum is less noticeable than for the low-energy case. Still, the relevant
part is the difference in time-of-flight between species as the separator differentiates particles
based on this quantity. The impact on the phase difference Δ𝜑 between two particles with
masses 𝑚1 and 𝑚2 can be calculated with Eq. (5.1) and is

Δ(Δ𝜑)
Δ𝜑
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𝑝

��������
(
𝑚1𝑐

2
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2
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𝑚2𝑐

2
)2

𝐸1𝐸2 − 𝐸
2
2

�������� ≈ 2
Δ𝑝

𝑝
, (5.26)

with the high-energy approximation 𝑝 ≫ 𝑚𝑖𝑐 applied in the last step. This relation becomes
clear when keeping in mind that with increasing momentum the velocity difference between
two species becomes smaller. Therefore, the shift in phase in case of a finite energy spread is
pronounced more. This motivates the chosen maximum spread of 1 %, which is achieved by

6 If those particles would be lost in the cavity walls, quenches would be the result. Those would lead to field
breakdowns and in the worst case to the destruction of the cavity.
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the momentum selecting dipoles and collimator upstream. The momentum spread of the beam
as a function of the collimator opening is depicted in Fig. 5.12.

The correlation is linear, which is to be expected as the transmission through the momentum-
defining collimator gets smaller with smaller aperture. Finally, only particles with momenta
close to design value will be transmitted. Therefore, the relation Δ𝑝

𝑝
= 𝛿𝑝0+𝑚 · 𝑤2 has been fitted

to the data. One obtains a minimal momentum spread of (0.134 ± 0.005) % and a dispersion of
(9.54 ± 0.07) mm %−1. With these results (also depicted in Fig. 5.12), one can calculate the
opening needed to achieve 1 % to be about ±8.2 mm.

The remaining bending magnets along the beamline make the beam follow the M2 tunnel
shape.

Immediately after the momentum definition, the first deflection station is placed to achieve
maximum distance between the two sets of cavities. It is located at about 𝑠 ≈ 170 m. The
second station is placed at about 𝑠 ≈ 1 km resulting in a distance of ca. 830 m. Various optics
have been developed differing in the beam size and parallelism at the cavity positions. In any
case, a one-to-one image from the first to the second station is ensured such that the deflection
of the unwanted particles can be compensated. Ca. 20 m downstream of the second deflecting
station a 5 m long beam dump is placed that will absorb the unwanted particles while the wanted
ones circumvent it. Following the dump, a refocusing quadrupole is installed that brings the
beam back onto the optical axis.

Finally, a parallel beam at the location of the CEDARs in M2 (𝑠 ≈ 1.09 km) used for beam
particle identification is setup. From there the beam is finally sent to the AMBER experiment
with a focus in the transverse plane at the target. The evolution of the most relevant transfer
matrix elements along the beamline is shown in Fig. 5.13.

In Fig. 5.13, the beam size and parallelism at the cavity locations have been optimised. The
beam size is dominantly determined by the transfer matrix parameters 𝑅12 in the horizontal
and 𝑅34 in the vertical direction. One of the constraints that have been imposed concerns
the front-end of the beamline. The layout up to the target collimators (TAX) features six
large-acceptance quadrupoles that need to stay in their place also for the RF separated beam
due to radiation-protection constraints and overall radiation levels in the area close to the target.
Therefore, the acceptance of the beamline in its current layout can be used to estimate the
maximal value of 𝑅12 such that the beam still fits through the cavity. The horizontal angular
acceptance Δ𝛼hor has been estimated by tracing particles with nominal momentum, no offset in
position and different angles 𝑥′. The maximal value of 𝑥′, for which particles still reach the end,
yields the angular acceptance, which is 2 mrad. As the beamline is in forward direction, the
accepted cone is indeed Δ𝛼hor = ±2 mrad. Considering the iris of the cavities, the maximal
value of 𝑅12 can be calculated via

𝑅12 =
𝑑

Δ𝛼hor
. (5.27)

With 𝑑 = 30 mm, one obtains 𝑅12 = 7.5 m rad−1. The value of 𝑅12 is modified depending on
the actual setting that is under test. In case of a focus, one aims for 𝑅12 = 0, while with higher
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values (and 𝑅22 = 0) a more parallel beam is produced.

5.7 Results from simulations
With the different optics settings at hand, the performance of the RF separated beam can
be simulated and estimated. The two parameters from the beam perspective that are most
relevant for the experiment, are kaon intensity, so number of kaons at the experimental target,
and purity, i.e. share of kaons in the beam. The simulations have been performed with the
available, internal tracking code in MAD-X version 5.08 [108]. As MAD-X does not include
particle-matter interaction, the secondary particle production at T6 needs to be put into the
simulation. This is done in the following way: Based on the Atherton parameterisation (2.1),
the rates of 𝐾−, 𝜋− and 𝑝 can be calculated. Considering the length of the beamline, one
observes a reasonable decay rate, especially for kaons. The decay is taken into account via
Eq. (5.3). The positions and angles of the particles escaping the beryllium plates are drawn
from Gauß-distributions. 𝑥 and 𝑦 are drawn uniformly from a circle with a radius obtained from
a normal distribution centered around zero with 𝜎 = 1 mm. Considering the values from the
primary proton beam given in Fig. 2.4, i.e. 𝜎 ≈ 0.4 mm in 𝑦 and ±1.5 mm in 𝑥, a spread of
1 mm will yield a reasonable value especially because the main parameter is indeed the angle
relative to the beam axis and not the position.

The angles 𝑥′ and 𝑦′ are also drawn from a normal distribution centered around zero with
𝜎 = 1 mrad. The Atherton parameterisation yields the particle flux as a function of the
solid angle. Therefore, the calculated flux depends linearly on the chosen width of the beam
divergence distribution. Having a larger angular distribution will give a higher total number
of particles. As the beamline has a certain acceptance, particles with large angles are cut.
Again, because MAD-X does not feature particle-matter interaction, the production of particles
when a beam particle hits an aperture is not included. Ultimately, because the rate contains the
assumption of beam divergence, the choice of the width of the distribution is less critical.

The same holds for the momentum distribution. The flux calculated from the Atherton
parameterisation grows linearly with the chosen width of the momentum distribution. Due to the
imposed phase relations one aims for a spread of 1 %. Therefore, 𝜎 = 1 % (and 𝜇 ≈ 68 GeV/𝑐
for the RF separated kaon beam) has been chosen for the input of the tracking simulation. Again,
because the flux depends linearly on this value, it is less critical in the final evaluation of the
intensity because outlying particles would be cut by the beamline, which is shown in Fig. 5.127.

The time of production is based on the time distribution of the slowly extracted proton beam.
The spill has a flat-top length of 4.8 s [133]. Therefore, the secondary particles are produced
in a window ±2.4 s. The absolute setting of 𝑡 = 0 does not matter as only the relative phase
between the fields in both deflecting stations is relevant. In the following, the negative kaon
beam is investigated. For the positive kaon beam case everything follows equivalently when
considering the fluxes of and shares in the unseparated beam. The nominal momentum of the
7 All those considerations would be part of a full Geant4 simulation, which would include the secondary beam

production in T6.
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separated kaon beam achieved with the distance between the two stations of ca. 830 m and the
frequency of 3.9 GHz is ca. 68.13 GeV/𝑐.

In the full beamline simulation including the kick response of the cavities a trade-off has
been made as MAD-X does not feature fully realistic transverse RF cavities. Therefore, a
homogeneous field distribution over the iris is assumed. This is a valid assumption especially
for the unwanted particles. Having a non-constant field over the aperture of the cavity implies
that the kick a particle experiences depends on the point of passage. Because the optics feature
a one-to-one image between the cavities, particles traverse both cavities, to first order, at the
same position. For the unwanted particles it is therefore still possible that the deflections cancel.
For the wanted species it is expected that the angular distribution is impacted by a transversely
varying field as the experienced deflection would be different for particles traversing the cavities
at different points (𝑥, 𝑦) even though the phases at both cavity location would be the same.
Secondly, the cavities are simulated with vanishing longitudinal extent. Still, the effect of
increasing beam size in the cavity is accounted for by a collimator upstream of RF1 with a
half-aperture of about 11.3 mm.

As particles coming out of the separator can be differentiated first only due to their angular
distributions, those are the important quantities for the various species in the beam. For the
optics setting depicted in Fig. 5.13, so 𝑅12 = 7.5 m rad−1, the 𝑥′-distributions for 𝐾−, 𝜋− and 𝑝
are shown in Fig. 5.14. All plots shown in the following are scaled to 1.5 × 1013 protons on T6.

As imposed by the relative phase between the two deflectors that has been set, 𝜋− and 𝑝 on
average do not receive a kick. Oppositely, the distribution of 𝐾− peaks at 𝑥′ ≈ ±1 mrad. The
smearing of the three illustrated distributions is dominantly due to the finite divergence of the
beam. The RF separation technique works better the more parallel the beam is as, in the optimal
case, the angle is only determined by the deflection. Because the beam has been made as
parallel as possible while still fitting through the cavities, one needs to accept a non-vanishing
spread of the angles. With Eq. (5.12) one can estimate the maximal expected angle for 𝐾−

exiting the separator, which is
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Plugging in the values for 𝑓 , 𝐿 and 𝜃0 =
50 MeV/𝑐

68.13 GeV/𝑐 ≈ 0.74 mrad yields 𝜃𝐾
−

max ≈ 1.07 mrad
(and 𝜃𝐾

−

min ≈ −1.07 mrad), which is in excellent agreement with the peak positions illustrated in
Fig. 5.14.

As the optics have been designed in such a way that the beam fills out the cavities, the
horizontal positions of all species are distributed over the full iris, i.e. between ±15 mm. The
trace spaces for 𝐾− and 𝜋− at the end of the second set of cavities are depicted in Fig. 5.15.
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After RF2, there follows a free drift that translates the non-vanishing angles of 𝐾− into a
clear spatial discrimination against the unwanted species. With the drift length and width of
the beam dump installed after that drift one can modulate the intensity and purity of the kaon
component in the beam. The resulting trace space distributions of 𝐾− and 𝜋− after ca. 20 m of
drift are illustrated in Fig. 5.16 and 5.17.

As the angular distributions of the unwanted particles peak at zero, even after 20 m of drift,
their positions are still centered around zero meaning they hit the installed beam dump. Of
course, because it is not a sharp peak, but one also finds unwanted particles with large angles,
one observes some also circumventing the beam dump. For the wanted 𝐾− the situation looks
different. Their positions peak at ±1 mrad · 𝑙 with the drift length 𝑙. So for 20 m the peaks
are at ±20 mm. Still, as the 𝐾− do not populate the peak angles only, one also finds wanted
particles with small angles. Those are not able to circumvent the beam dump and are lost. The
arrows in Fig. 5.16 and 5.17 indicate the width of the beam dump. They also stress that the
width is a parameter to optimise either purity or intensity of the beam. On the one hand, with a
smaller dump size more particles will get around it, but not only wanted but also unwanted ones
meaning maximal intensity. On the other hand, with a wider dump, less particles, especially
unwanted particles are able to circumvent. Ultimately, one will have a beam only consisting
of 𝐾−, so maximal purity. In the illustrated example, it has been set to ±20 mm. With such a
setting, about 59 % of the wanted 𝐾− would be dumped, while over 92 % of the unwanted 𝜋−

(and by design also of 𝑝) hit the beam dump.
Besides the beam dump, the following quadrupole that should refocus the beam onto the

optical axis, needs to be respected. Its aperture is indicated by the two tilted lines in Fig. 5.16
and 5.17. Those are tilted because the quadrupole is placed downstream of the beam dump
meaning further translation of non-vanishing angles 𝑥′ into positional offsets 𝑥. Clearly, particles
being outside of the aperture are lost, too, leading to an uncontrollable loss of intensity and
purity as typically wanted particles have larger amplitudes.

The interplay between 𝐾− intensity and purity for various studied beam optics is shown in
Fig. 5.18.

The solid red line in Fig. 5.18 represents the maximum allowed rate of about 4 × 108 particles
per spill in EHN2. This limitation is set by radiation-protection. Considering this limit,
everything above the red line would be forbidden by radiation-protection. When being above
the allowed maximum, it would be necessary to collimate the beam to decrease the overall
intensity.

The purple points indicate the rate and share of 𝐾− for different beam momenta at the
AMBER target, i.e. about 1 150 m downstream of the production target T6. In the calculation,
only the production according to Atherton and the average number of decays along the beamline,
but no other losses have been considered. As all the three points are above the RP-limit one
would need to lower the rate, for example by collimating the beam.

The other data points represent the 𝐾− intensity as a function of the share of 𝐾− in the beam
for various beam optics. The green crosses show the performance of the separator achieved
with a focus in the center of the two deflector stations. Clearly, the transmission through the
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cavities is optimal because the beam is small but it is not possible to reach a high purity above
50 %. The same holds for the red crosses featuring a slightly larger and therefore more parallel
beam through the cavities. One can reach a higher purity, but there is still a limit.

The blue circles represent a setting with a highly parallel beam at the cavity locations. With
such a beam it is possible to even reach a 100 % share of 𝐾− in the beam. Of course, one
needs to sacrifice intensity and to accept low overall transmission. As long as the beam dump
is smaller than the cavity iris, one does not gain in terms of purity and only looses intensity
because there are still unwanted particles that can circumvent the dump. As soon as it is larger
than the aperture, the intensity stays constant with increasing purity. From this one can deduce
that it would be beneficial to generate a beam as parallel as possible when aiming for highest
kaon purity.

The optimised beam optics are represented by the black crosses. Those settings feature the
considerations discussed in section 5.6. In addition, the overall transmission along the beamline
has been optimised to make maximal use of the kaon content in the beam. With those optics
it is possible to reach a high purity, too, while at intermediate kaon fractions the intensity is
still higher than for the parallel beam setup. With the optimised magnet strengths, it would
be possible to deliver 106

𝐾
− per spill at 40 % purity for 1.5 × 1013 protons on T6. When

sacrificing purity for intensity and going down to 20 %, it would be already possible to achieve
about 3 × 106

𝐾
− per spill.

5.8 Conclusion
In the present chapter the important steps towards the design of a RF separated beam have been
discussed. Key parameters for the performance of the separated beam are the cavity design
values. The maximal beam momentum that can be achieved depends on the radio-frequency
and length of the separator system, i.e. 𝑝 ∝

√︁
𝑓 𝐿, meaning one needs to maximise both to reach

highest momenta. Clearly, the frequency is limited to values of the order of GHz, and the length
of the system cannot be larger than the length of the beamline, which is about 1 km. Therefore,
one can reach momenta between 50 to 100 GeV/𝑐 depending on the particle of interest. For the
Compact LInear Collider CLIC a frequency of 11.9942 GHz [134] is currently considered for
the crab cavities. Those provide a high transverse gradient of the order of 100 MV m−1, too
[135]. Consequently, the cavity aperture is limited to 10 mm diameter [134].

It has been shown that the performance is the highest when the beam is made as parallel as
possible when traversing the cavities. Naturally, this is accompanied by a large beam size. Due
to the large beam, the iris needs to be large, too, such that the beam is not collimated when
passing through. Because high-gradient and high-frequency cavities come with small apertures,
a focus in the centre needs to be generated that will ensure high transmission but results in small
separation. As the gain in terms of momentum is only proportional to

√︁
𝑓 , the compromise of

lower frequency and gradient, but larger iris has been made.
With the cavity design values for ILC, several beam optics have been developed. Their

performances in terms of beam intensity and purity have been simulated and estimated. In all
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cases, intensity of the wanted species needs to be sacrificed when aiming for a higher share
of that one, which is caused by the limited aperture of the cavities. For achieving highest
purity, a huge drop of rate needs to be accepted. But consequently, the rate stays constant
even when going to a fraction close to one. Having beam optics that optimise transmission,
i.e. beam size, and separation, i.e. parallelism, kaon rates of the order of 0.2 to 0.6 MHz at
intermediate purities of ca. 20 to 40 % can be achieved. Considering the conventional hadron
beam that has a share of about 2 %, one reaches kaon intensities up to 4 MHz depending on the
allowed maximum in EHN2 (which is 200 MHz during the spill with the improved shielding
concept, at maximum). From this comparison one can see that the gain is not in terms of
intensity (especially as the values are obtained for 1.5 × 1013 protons on target, while in the
conventional beam case, the maximum can be reached with 1.2 × 1013), but regarding the kaon
fraction. The higher purity makes the pion-kaon separation in the beam particle identification
system easier, which is still needed because one has about 60 to 80 % of other particles
(mainly pions in the negative beam case) remaining. As the tagging comes with an efficiency
of identification, which is smaller than one (cf. chapter 6), the final kaon rate will be even smaller.

Finally, the achieved performance of the RF separated beam needs to be related to the
requirements set by the AMBER experiment. Several measurements are foreseen, for which
different intensities and energies are needed. All those campaigns require different beam
settings in terms of energy and intensity. The program that demands the highest beam rate and
energy is the Drell-Yan program. The high intensity is needed because it is a low-probability
process, while the high energy is needed to reach the kinematic region, i.e. quark momenta that
can be measured by the experiment and where it can be clearly differentiated from background
processes. Already considering the energy that can be reached by the RF technique shows
that the requirements for the Drell-Yan campaign cannot be achieved. In addition, the rate that
can be sent, is also smaller compared to the intensity deliverable by the conventional beam
especially as additional shielding is installed such that the intensity can be maximised.

The situation becomes different for instance for the strange spectroscopy program of AMBER,
during which the hadron absorber described in section 3.5 cannot be installed8. The rate without
the additional absorber needs to be limited to about 14 MHz meaning a maximal kaon flux
of 0.28 MHz in the conventional hadron beam. The rate of the kaon component in the RF
beam is comparable to that value and even slightly higher. In addition, the purity is an order of
magnitude higher making beam particle identification easier, which is crucial for the anticipated
measurement. Also, the beam momentum is not a critical component to reach the physics goals.
Therefore, it would be possible to accept the limited energy.

Overall, parts of the physics program can be served with the RF separated beam, but for other
parts the conventional beam needs to be employed.

Of course, when going to a technical design study, a full 3D-model of the cavities including the
more realistic field distribution (not only homogeneous in the aperture) needs to be considered.
In such a study, the impact of a non-constant field, especially on the wanted species, can be

8 The upgraded shielding around the CEDAR-area and access chicane also discussed in [102] are kept in place.
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estimated. Also, the background particles, like muons that are produced during in-flight decays
of pions and kaons, are included. Those might be critical when it comes to cavity operation
and possible quenches when the walls are hit by particles. The background generated in the
collimator upstream of the deflector needs to be evaluated as it would point into the direction of
the cavities. Furthermore, in a study featuring particle-matter-interaction the absorption in the
beam dump can be determined. This includes not only background generation in the dump,
but also the rate of particles that are able to traverse the dump without being absorbed, which
allows a final evaluation of the background.

The implementation of the RF beam has significant impact on the other operation modes,
especially the muon mode. The muon beam features magnetic collimators that are used
to clean the beam and reduce the halo component. Without those, the beam would have a
significantly larger halo that might impact attached experiments. As it will be shown, the
longitudinal acceptance of the beamline is maximised in order to make maximal use of the
hadronic component that decays into muons. The impact of the installed RF cavities on the
longitudinal acceptance, or the halo generation, needs to be evaluated, too, in case one aims for
still having the possibility of muon beam operation.

A possible improvement that could be studied alongside the aforementioned points is the
impact of circular deflecting cavities, i.e. cavities that provide a kick in both directions 𝑥 and
𝑦. As those would deflect in the whole transverse plane, not only the horizontal beam optics
are important, but also the vertical. Estimating the performance of those requires a complete
redesign of the beam optics as the current layout has been optimised for deflection in the
horizontal direction. Considering the vertical kick, too, is more critical because the tunnel that
encloses the beamline is mostly vertical making regular installation of vertically deflecting
dipoles necessary. Those dipoles introduce dispersion that needs to be recombined at the cavity
locations, which makes the calculation of new beam optics more advanced.
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Figure 5.2: Phase differences between pions, kaons and (anti)protons calculated with (5.1) and 𝐿 = 830 m.
The phase differences are plotted as a function of beam momentum and radio-frequency. Fig. 5.2(a)
illustrates the difference between kaons and pions, Fig. 5.2(b) between (anti)protons and kaons, and
Fig. 5.2(c) between (anti)protons and pions. From [126, 127]; modified.
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Figure 5.3: Frequency dependence of the beam momentum for a distance between the two RF-cavities of
about 𝐿 = 830 m. The phase is chosen such that for a kaon beam one gets a phase difference between
antiprotons and pions of Δ𝜑𝜋
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𝑝 = 𝜋. The beam momenta
for a kaon and antiproton beam for a frequency of 𝑓 = 3.9 GHz are indicated by the horizontal and
vertical red and black lines.
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Figure 5.4: Maximal beam rates that can be sent towards the AMBER target as a function of the beam
momentum. The maximum is obtained from the particle production parameterised in Eq. (2.1) and (2.2)
together with the average decay rate. Fig. 5.4(a) shows the rate of positive particles and Fig. 5.4(b)
illustrates the rate of negative particles. (anti)protons are indicated by the black, pions by the red and
kaons by the blue lines. The horizontal lines indicate the flux expected for the momentum of the RF
separated beam.
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Figure 5.5: Beam composition at the AMBER target as a function of the beam momentum. The values
are obtained from the particle production parameterised in Eq. (2.1) and (2.2) together with the average
decay rate. Only the three indicated species are used for the normalisation (muons are not considered
here). Fig. 5.5(a) shows the abundances in the positive beam and Fig. 5.5(b) illustrates the shares in the
negative beam. (anti)protons are indicated by the black, pions by the red and kaons by the blue lines.
The horizontal lines indicate the composition expected for the momentum of the RF separated beam.
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Figure 5.6: Deflection of particles passing through the RF separator as a function of the phase the
particles arrive with relative to the RF wave. Fig. 5.6(a) represents the settings for a separated kaon
beam. The black line shows the deflection of (anti)protons and pions, while the blue one illustrates the
kick of kaons with the turquoise line representing the average deflection. Fig. 5.6(b) shows the kicks of
different particles for a separated antiproton beam. The (average) deflection of antiprotons is plotted in
black (grey), the (average) kick of kaons in blue (turquoise) and the deflection of pions in red.
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Figure 5.7: Schematic drawing of a Pillbox cavity. Its characteristics can be derived analytically and are
purely determined by its shape. In the given example, it has a radius 𝑎 and a length 𝐿. Wave propagation
is assumed to be in 𝑧-direction.

Figure 5.8: Picture of the ILC crab cavities at the design stage in 2013 [131]. At this point, a 9-cell
TESLA-style superconducting cavity has been used as a baseline.
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(a) (b)

Figure 5.9: Expected field distribution of the TM110-mode in the ILC crab cavities [132]. The electric
field is illustrated in Fig. 5.9(a) (beam is indicated by the black arrow) and the magnetic field in Fig. 5.9(b)
(beam goes into the plane).
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Figure 5.10: Dependence of the effectively usable cavity aperture on the actual length of the cavity itself
for a gradient of 5 MeV 𝑐

−1 m−1 calculated with Eq. (5.23). The beam momentum is about 70 GeV/𝑐 as
it would be for the RF separated kaon beam. The full aperture of the RF cavity is 30 mm.
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Figure 5.11: Effect of the cavity kick on the transverse trace space (only the kick direction is considered)
for the two extreme beam scenarios. On the left, the effect is shown in case the beam is parallel, while
on the right it can be seen for a focused beam. From [126, 127]; modified.

0 2 4 6 8 10

/2 in mmw

0.2

0.4

0.6

0.8

1

1.2

 i
n

 %
p/

p
∆

/ndf = 2.1372χ

 0.005) %± = (0.134 
0

pδ

 0.0008) %/mm±m = (0.1051 
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Figure 5.15: Trace space of 𝐾− (Fig. 5.15(a)) and 𝜋− (Fig. 5.15(b)). The distributions are scored
immediately after RF2. By design, the distribution for 𝑝 looks the same as the one for 𝜋−. From [126,
127]; modified.
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Figure 5.16: Trace space distribution of 𝐾− ca. 20 m downstream of RF2. The inner two lines indicate
the width of the installed beam dump. The outer, tilted lines represent the aperture of the refocusing
quadrupole. Every particle that is within the red-coloured regions would be lost either in the dump or
the magnet aperture. From [126, 127]; modified.
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Figure 5.17: Trace space distribution of 𝜋− ca. 20 m downstream of RF2. The inner two lines indicate
the width of the installed beam dump. The outer, tilted lines represent the aperture of the refocusing
quadrupole. Every particle that is within the red-coloured regions would be lost either in the dump or
the magnet aperture. By design, the distribution for 𝑝 looks the same. From [126, 127]; modified.
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CHAPTER 6

Conventional beam optimisation

Having the results of the RF separated beam study at hand, it is necessary to come up with
different solutions to increase the hadron beam performance in terms of kaon rate. An easier
and faster approach would be modifying the conventional hadron beam. A modification of
the beam optics, which are purely determined by the set of magnet currents and positions is a
change that requires in the best case no hardware modifications at all (as long as magnets are
not moved). Therefore, it is advisable to study the performance increase by improving the beam
optics. Additionally, it is also possible to implement hardware changes if necessary, for example
changes in magnet positions or collimation schemes. Importantly, in the M2 line one finds
vacuum interceptions, where the beam traverses air at atmospheric pressures. The effect of this
on the beam quality will also be investigated and the improvement for a full-vacuum setup will
be studied. Most of the results presented in this chapter have also been published in [136, 137].

6.1 Current beamline performance
Considering Fig. 5.5 various particle species contribute to the whole hadron beam, mostly
(anti-)protons, pions and kaons. Therefore, in periods with hadron beam operation in M2, it
is necessary to identify as many particles as possible reaching the experimental hall EHN2.
Only particles that have been identified would contribute to the total beam flux meaning the
more particles are tagged the higher the accumulated statistics would be. In M2, there is a
specified location in the line, where two CEDAR detectors (cf. section 2.2.3) can be installed to
do particle identification. This area can found ca. 50 m upstream of the former COMPASS
target (𝑠 ≈ 1.09 km).

The tagging efficiency of the CEDAR detectors depends crucially on the divergence of the
beam, which is described in section 2.2.3. The crucial dependence manifests itself in the need
for a very parallel beam at the CEDAR locations in the M2 beamline. The main problem with
the current beamline design is that there are a lot of air sections along the line adding up to
ca. 100 m. In these sections the beam scatters of the air molecules leading to an incoherent
increase of the beam emittance and ultimately the divergence. This increase can be calculated
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to first order with the Moliere-formula (6.1) [138, 139], where 𝛽𝑐 describes the beam particle’s
velocity, 𝑝 its momentum, 𝑧 its electric charge, 𝑥 the thickness of the traversed material and 𝑋0
the radiation length1 of the material.

𝜃0 =
13.6 MeV
𝛽𝑝𝑐

𝑧

√︂
𝑥

𝑋0

(
1 + 0.038 ln

(
𝑥

𝑋0

))
. (6.1)

For air the radiation length at NTP is 303.9 m [5, p. 144]. The standard hadron beam in M2 has
a momentum of 190 GeV/𝑐, in good approximation 𝛽 = 1 and is simply charged. For 100 m of
air the standard deviation of the angular distribution coming only from multiple scattering can
be calculated to be 39.3 µrad. Comparing the contribution of an additional vacuum window,
which is typically a 200 µm thick mylar foil in M2 (𝑋0 = 28.54 cm [140]) resulting in 1.4 µrad,
one can see the gain in terms of multiple scattering even though one needs to install additional
windows.

The multiple scattering is one reason for the beam divergence and therefore for the reduction
of tagging efficiency of the CEDAR detectors in M2. Another important, but controllable way
of defining the beam angle, are the optics along the line themselves. According to Liouville’s
theorem the area of the ellipse in the beam’s phase space is constant. Because the phase space
is defined by the beam size and divergence2, one can reduce the opening angle of the beam by
accepting an increase in transverse size.

As already discussed during the optics design at the cavity locations for the RF separated
beam, a parallel beam can be achieved by tuning the transport matrix parameters 𝑅22 for the
horizontal and 𝑅44 for the vertical plane such that 𝑅22 = 𝑅44 = 0 at the position of interest, i.e.
the CEDAR location. But this is only one part. The two other defining parameters are again
𝑅12 and 𝑅34 for both transverse directions. By increasing these parameters, one can enlarge the
beam and therefore, one can achieve a more parallel beam. Of course, the limiting factor is the
aperture of the CEDARs in this case, similarly as it is aperture of the RF cavities.

Of course, in the remaining part of the beamline between the CEDARs and the target it needs
to be possible to focus the beam after the particles have been identified and to guide the beam
towards the experiment. This sets another constraint on the beam optics depending on the needs
of the experiment: Typically, the optics are tuned in a way to have a focus in the transverse
plane at the experiment. In Fig. 6.1 the beam spot 6.1(a) and divergence 6.1(b) are shown.

In the illustrated case 6.1, the beam has been focused on the COMPASS target resulting in
𝜎𝑥 = (8.817 ± 0.010) mm and 𝜎𝑦 = (6.488 ± 0.007) mm assuming a Gaussian beam shape.

The beam rate quantified by the experiment is the number of particles that reach the experiment
and have been successfully identified meaning a particle that could not be tagged would be
of no use to the experiment. This is illustrated in Fig. 6.2 showing a histogram of the beam

1 The radiation length is that length a high-energy electron needs to travel in a material to loose all but 1
𝑒

of its
energy by bremsstrahlung.

2 Correctly, the phase space is defined by the beam size and momentum. Because the transverse momentum
is proportional to the angle with respect to the beam axis, the space generate by transverse size and angle is
typically referred to as transverse phase space. In the literature, one can often find it as the trace space.
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Figure 6.1: Transverse beam distributions at the COMPASS target achieved with the optics used in the
2018 Drell-Yan run [141]. Fig. 6.1(a) shows the spatial profile of the beam, while the angular profile is
plotted in Fig. 6.1(b). No cuts on the simulation have been applied.

divergence.
One can see the divergence of the full beam sample and the drastic reduction the more PMTs

in the CEDAR are required to be in coincidence. The maximum number of eight PMTs can
only be reached for particles flying through the detector with minimal divergence. This shows
the effect of not being able to efficiently identify beam particles on the overall rate that would
be seen by the experiment. The overall limited performance and beam intensity due to the
CEDAR tagging efficiency need to be overcome. One has several options available to boost the
performance:

1. The most obvious one after the initial discussion is the installation of vacuum pipes such
that the beam does not traverse air at atmospheric pressure anymore. In the following,
primary beam vacuum levels are assumed meaning 10−3 mbar, which can be achieved
easily. The radiation length scales linearly with the density and therefore with the pressure
resulting in around 3 × 108 m meaning 3.6 × 10−6 radiation lengths of material budget
along the whole beamline.

2. In the beam optics that have been used in the past, the beam size has been limited around
the CEDAR area resulting in a more divergent beam. The reason for this is again in
the missing vacuum along the line. Because multiple scattering incoherently increases
the beam emittance clean collimation is only possible in a limited way as the imposed
correlations between angle and position in the transverse plane are washed out. Having a
beamline under vacuum therefore means that it is finally possible to increase the beam
size and limit the divergence resulting in a better performance of the particle identification
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Figure 6.2: Beam divergence at the CEDARs [142]. The light blue histogram is the full beam distribution.
By requiring a given number of PMTs to give a signal (indicated by the histograms with other colours)
the angular distribution shrinks.

with the CEDARs.

3. Finally, besides the optics themselves, the collimation scheme can also be modified. This
is of special importance in case of runs, during which the total rate sent to EHN2 needs
to be limited. In such cases, it is crucial to collimate those particles that would not be
identified anyway and therefore would not count in the rate measured by the experiment.
If they would not be collimated they would of course still count to the total rate important
for radiation-protection without being useful for the experiment.

The results presented throughout this chapter are based on simulations done with BDSIM
[115], version 1.7, with Geant4 [109] version 10.7.2 and the FTFP BERT physics list.

6.2 Vacuum installation
The improvement needing the highest effort work-wise, will be the installation of additional
beam pipes because it requires actual hardware modifications to the beamline. Especially
difficult is the incorporation of vacuum pipes in the scraper magnets, which are important for
muon beam operation (cf. section 2.2.2 and chapter 7). As those are large magnets and one
needs to ensure that the apertures are variable, the design to have them under vacuum is not
straightforward because extremely large vacuum chambers would be necessary, which would be
costly. Therefore, it is currently foreseen to fix the movable aperture and install a rectangular
beam pipe following the shape of the aperture [143]. Additionally, where possible, the scrapers
will be put on rails to quickly move them in and out to (de-)install the pipes whenever it is
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needed. Of course, before one is able to run in muon-mode again, the beam pipes need to be
removed out of the scrapers.

Besides the scrapers there are a few more magnets, where the beam passes through air.
In general, the vacuum installation in the magnets is straightforward. Depending on future
needs by experiments, the only critical part is the absorber section in M2 (cf. section 2.3). As
those parts need to be movable to quickly change between hadron and muon operation, this
changeover needs still to be guaranteed even if pipes are installed. Therefore, it is currently
investigated if the absorber blocks will be incorporated in the pipes, too, or if this section has to
be kept under atmospheric pressure. For the presented studies vacuum pipes are assumed there,
too.

Finally, one finds vacuum interceptions at places, where beam instrumentation devices like
the COMPASS Beam Momentum Stations [17] are installed.

Simulations comparing the beam quality at the CEDAR location without the completed
vacuum with the described modification have been performed. In order to make statements
about the beam distributions at various locations, the beamline has been constructed using
the automatic model building technique described in section 4.4. The nominal momentum to
calculate the needed field maps has been set to 190 GeV/𝑐 as it has been used for COMPASS’s
2018 Drell-Yan run [141]. An optical description in MAD-X has been existing already, where
the necessary locations of vacuum interruptions needed to be added. Those places are described
in [143]. The main contribution comes from the scraper magnets, bend4 and 5, and two
quadrupoles that are installed in between two of the nine scrapers. Around bend6, one can find
beam instrumentation, where the beam passes through air, too. At all these locations beam
pipes have been installed in the model to evalute the impact of multiple scattering.

The settings of the five collimators installed along the beamline are given in Tab. 6.1. In the
model the XCBV (cf. Fig 2.10(a); it is inside plexiglass under atmospheric pressure) has been
put under vacuum, too.

Collimator Horizontal gap in mm Vertical gap in mm

XCHV.X0610058 ±25 ±25
XCHV.X0610070 ±25 ±25
XCBV.X0610858 ±7
XCHV.X0611013 ±20 ±20
XCHV.X0611054 ±20 ±20

Table 6.1: Collimator settings as they have been used for the conventional hadron beam simulation. These
are the values that are typically used for hadron beam operation [144]. XCHV is referring to a 1 m-long
standard four-jaw collimator (cf. Fig 2.10(b)). XCBV is a 1.2 m-long vertical two-jaw collimator (cf.
Fig. 2.10(a)).

The beam instrumentation like wire chambers and CEDARs have been kept the same. So
indeed, the only difference is the completed vacuum because the magnetic field maps are also
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exactly the same.

The beam divergence at the CEDAR position for both case is illustrated in Fig. 6.3. All
particles within a square of 10 m × 10 m contribute in the plot.
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Figure 6.3: Beam divergence at the entrance of the CEDAR location in M2. The beam optics from the
Drell-Yan run in 2018 have been used. In red, one can see the implementation as it has been in 2018,
compared with a full vacuum setup in black.

Clearly, the overall width of the distribution is not affected by adding more vacuum in the
line because it is fully dominated by the outlying background particles. Of course, background
particles with large excursions and angles are not seen here as they are outside of the range.
But because the plot implies the distributions go to zero anyway. The peak positions of the
distributions change visibly. For the current setup, the maximum is at about 120 µrad, whereas it
is reduced to 100 µrad for the completed vacuum option. This reduction arises from two effects
that have the same reason, which is multiple scattering. Obviously, as there is less material in
the beamline, the particles undergo less multiple scattering having less incoherent increase of
emittance. The beam divergence is more determined by the beam optics itself. Another effect is
an increase in transmission. Just by completing the vacuum, one can see a gain in intensity by
15 to 20 % meaning a total rate increase without sending more protons on T6. Overall, those
effects already result in an overall higher total flux of particles including a higher kaon rate, too.
Integrating the distributions in Fig. 6.3 yields the total number of particles identifiable by the
CEDAR. For the setup in 2018 one gets (7.477 ± 0.033) × 10−5 particles per proton on target,
whereas the full vacuum option yields (1.016 ± 0.004) × 10−4 considering only particles with
a divergence of less than 60 µrad. This gain directly enters the number of kaons observed by
AMBER meaning a 36 % increase compared to the COMPASS Drell-Yan measurement.
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One could calibrate the numbers with the results obtained from the COMPASS data-taking
period in 2018 because the same beamline setup has been simulated, too, to get the absolute
particle flux. But this is not necessary as the relative gain is already visible in the particle
fluxes mentioned in the paragraph above. Calibration factors would not change this gain factor.
Indeed, one can use the obtained performance increase to calculate the intensity as it would
have been in 2018 by just completing the vacuum. During the data-taking 1.2 × 1013 protons
on T6 resulted in a flux of 4.8 × 108 hadrons per spill in EHN2. Theoretically, one would reach
about 5.6 × 108 hadrons per spill with the same number of protons as used in 2018 coming
from the increased overall flux due to the completed vacuum.

6.3 Improved beam optics
Having the whole beamline under vacuum, i.e. 10−6 bar, one can now change the beam optics
and collimation scheme. According to Liouville’s theorem a beam is more parallel the larger it
is in size. This already sets the target for the optics optimisation. To achieve a larger beam
one increases the 𝑅12 and 𝑅34 terms of the transport matrix of the beamline. To keep the beam
parallel 𝑅22 and 𝑅44 need to be zero simultaneously just as for the RF beam. Clearly, constraints
put by maximal currents of the magnets need to be respected.

The changes in 𝑅12 and 𝑅34 compared to the beam optics used in 2018 are shown in Fig. 6.4.
The full beam optics are illustrated in Fig. A.6 in the appendix A.2.
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Figure 6.4: Comparison of 𝑅12 and 𝑅34 in the old and new optics as a function of the longitudinal
position 𝑠. Because those terms are the main contribution to the beam size, they have been made larger
and constant at the CEDAR location in order to have a more parallel beam. 𝑅22 and 𝑅44 are zero to
achieve a parallel beam.
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The main difference is in 𝑅12 and 𝑅34. Because those determine dominantly the beam size it
is important to achieve values as large as possible at the CEDARs still respecting their aperture.
Simultaneously, these parameters need to be constant along the CEDAR area meaning no
growth in beam size implying a parallel beam. No change in angle is achieved by setting 𝑅22
and 𝑅44 to zero.

With this set of magnet currents, the BDSIM model has been generated following the
approach described in section 4.4. Of course, the geometry stays the same compared to vacuum
implementation studied for the old optics set. Again, the driving quantity is the beam divergence
at the CEDAR location. The comparison with the two distributions obtained for the 2018 optics
is depicted in Fig. 6.5.
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Figure 6.5: Beam divergence at the entrance of the CEDAR location in M2. The beam optics have been
improved in a way that the beam is larger at the CEDARs and therefore less divergent. In red, one can
see the implementation as it has been in 2018, compared with a full vacuum setup in black. In blue, the
divergence expected with the improved optics including completed vacuum is shown. From [136, 137];
modified.

In the optics that have been used up to now, the beam had to be kept small at the CEDAR
location to not flood the experiment with background particles coming from downstream
collimation close to the target [145]. It has not been possible to collimate the beam while it has
still passed through the underground part of the line because the multiple scattering has washed
out the imposed correlations between angle and position. Now, without the additional material
along the line, the beam can be collimated further upstream and therefore made larger at the
CEDARs.

Clearly striking is the shift of the peak position. Now, the maximum is at 50 µrad meaning a
reduction by a factor 2.4 compared to 120 µrad for the old setup. Of course, the width of the

87



Chapter 6 Conventional beam optimisation

distribution is still dominated by mostly background particles with large divergence. Therefore,
there is again no clear reduction of it. Again, as it has been already observed by just completing
the vacuum, one can see an increase in peak height by nearly a factor two compared to the
completed vacuum plus old optics option. But not only the distribution has a higher maximum,
again the integral of it up to 60 µrad yields (2.500 ± 0.009) × 10−4 particles per proton on T6
meaning a gain of 3.344 ± 0.019 in contrast to the version of the line as it has been up to now.

The studies have been performed aiming at highest total intensities. Naturally, when requiring
lower rates, one needs to collimate the beam further. With additional collimation, one wants to
remove unwanted particles. In the present case, unwanted particles are the ones that are not
identified by the CEDARs and do not contribute to the intensity measured by AMBER. So,
during runs with limited intensity, either imposed by radiation-protection or the experiment
itself, in the best case one should remove those particles. Overall, this would be visible by a
shrinking of the overall beam divergence and a gain of intensity in 60 µrad3 compared to the
full intensity. These effects have been studied with an additional horizontal collimator at about
𝑠 = 300 m from T6. The results are shown in Fig. 6.6.
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Figure 6.6: Impact of an additional horizontal collimator (𝑠 = 300 m) on the horizontal divergence at the
CEDAR location. The spread of 𝑥′ is plotted in red. The ratio of intensity in 60 µrad to the full intensity
is given in black. Both are estimated for various collimator gaps. From [136, 137]; modified.

To estimate the performance of this collimator, the beam divergence and intensity are scored
in front of the CEDAR area in M2 at about 1 090 m downstream from T6. Fig. 6.6 shows
exactly the points mentioned before. An additional horizontal collimator helps reducing
the horizontal divergence of the beam meaning effectively collimating particles with large

3 Or more generally, flux of particles with divergence low enough to be detected by the CEDARs.
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divergence. Therefore, the relative intensity of particles with small angles goes up compared to
the overall observed one at that specific location.

6.4 Beam at AMBER
Finally, the beam distributions at the AMBER target can be investigated for the full vacuum
setup and the improved beam optics. The last three quadrupoles between CEDAR area and
experiment have been used to generate a focus in the transverse plane at the target location.
Considering the gains presented in the previous sections, an improvement of intensity by a
factor of three is expected compared to prior COMPASS runs.

Fig. 6.7 illustrates the maximum beam divergence at various momenta to still be able to
differentiate pions and kaons. It is based on Fig. 2.16 from [63].
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Figure 6.7: Maximum beam divergence in CEDAR-N to be able to separate pions and kaons at various
momenta. Based on Fig. 2.16 from [63]. The maximum has been extracted for the four beam momenta
that are used below to estimate the AMBER detector performance.

As the difference in velocity increases with decreasing momentum, the difference in Čerenkov
angle also increases making pion-kaon separation easier. In the past, a downside of a decreased
momentum has been the multiple scattering because it scales inversely with the beam energy.
Therefore, a trade-off between multiple scattering and CEDAR efficiency has been necessary.
Now, with the decreased amount of material along the beamline, it is possible to consider an
optimisation of the beam momentum in terms of particle identification with various systems.
To do so, the beam spot and spectra at the AMBER have been simulated at momenta of 100,
120, 150 and 190 GeV/𝑐. As an example, the beam spot and divergence are shown in Fig. 6.8
and the spectrum of hadrons can be seen in Fig. 6.9 for 190 GeV/𝑐.
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Figure 6.8: Beam distributions at the AMBER target achieved with the new optics and vacuum at
190 GeV/𝑐 beam momentum. Only protons, pions and kaons successfully identified by the CEDARs are
included. Fig. 6.8(a) shows the spatial beam profile, while one can see the beam divergence in Fig. 6.8(b).

In the illustrated distributions, only 𝜋+, 𝐾+ and 𝑝 have been considered. Additionally, a cut
on the divergence at the CEDAR location has been made. If it is smaller than the maximal
value given in Fig. 6.7, the particle contributes to the plots. The beam is well focused onto
the AMBER target with 𝜎𝑥, 𝑦 ≈ 1 mm. Also, the spectra are peaking around the expected
190 GeV/𝑐 with 𝜎𝑝 ≈ 2 GeV/𝑐, so 1 %. The obtained fractions of 𝐾+ and 𝐾− in the beam at
the various momenta are given in Tab. 6.2. They are about 2 % with the maximum around
120 GeV/𝑐. For high energies is decreases again because of the increased fraction of protons. In
addition, the fraction of the beam that is inside the maximal divergence is also given in Tab. 6.2.
Interestingly, the fraction can be increased by more than a factor three when going from 190 to
100 GeV/𝑐. The beam composition, considering the previously described cuts on the particles
and divergence, is illustrated in Fig. 6.104.

Comparing the composition to the values obtained from the Atherton formula together with
the average decay rates it is in good agreement for the positive beam especially considering that
the parameterisation is precise to the order of 10 %. For the negative beam the share of 𝐾−

and 𝑝 is different to what one expects from Eq. (2.1) together with decays. At 190 GeV/𝑐 one
can calculate a fraction of 𝐾− of ca. 2.4 %, while the simulation yields only (0.96 ± 0.15) %.
Also, according to the Atherton formula more 𝐾− are expected than 𝑝. Both can be explained
by the particle production models used in Geant4. In [44] one can find that one has about
(0.55 ± 0.02) % 𝑝 in forward direction at 200 GeV/𝑐 coming out of interactions of 400 GeV/𝑐
protons with a 500 mm-long beryllium target. Simultaneously, (4.44 ± 0.13) % 𝐾

− are expected.

4 Of course, the cut on the divergence does not influence the composition because the transverse phase space
looks the same for the considered particles as they have the same electric charge.
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Figure 6.9: Spectrum of hadrons at the AMBER target with a divergence smaller than 60 µrad at the
CEDAR location. Kaons are shown in blue, pions in red, and protons in black. The pink histogram is the
sum of those three species.

𝑝 in GeV/𝑐 Fraction of 𝐾+ in % Fraction of 𝐾− in % Identified by the CEDAR in % RICH efficiency in %

100 2.084 ± 0.020 1.32 ± 0.07 83.28 ± 0.17 80.61 ± 0.31
120 2.206 ± 0.021 1.48 ± 0.08 68.18 ± 0.13 71.10 ± 0.28
150 2.192 ± 0.023 1.25 ± 0.09 45.55 ± 0.12 57.56 ± 0.25
190 1.791 ± 0.023 0.96 ± 0.15 26.21 ± 0.11 44.21 ± 0.21

Table 6.2: The abundance of kaons obtained in the beamline simulation is given for various beam
momenta together with the CEDAR and RICH particle identification efficiencies. The muon flux is not
included in the normalisation to calculate the kaon fraction.

Estimating the composition directly after T6 in the simulation yields (3.6 ± 0.5) % 𝑝 and
(3.3 ± 0.5) % 𝐾

−.
The obtained distributions can finally be used to estimate the performance of the AMBER

detector mainly meaning the efficiency of the RICH-1 detector (in the following it is referred to
just as RICH) responsible for particle identification. AMBER aims at similar data-sets when it
comes to strange meson spectroscopy as COMPASS has collected for the pion spectroscopy.
Due to the similarity of the processes, the analysis done at COMPASS can be transferred to
AMBER with only minor changes.

The AMBER collaboration provides a Geant4-based implementation of the whole setup,
called Total Geometry and Tracking TGeant [146], originally developed for the COMPASS
experiment. The setup is shown in Fig. 3.2.

It is possible to load different configurations for the various data-taking periods. In 2008
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Figure 6.10: The expected beam composition at the AMBER target coming from the beamline simulation
is plotted for various beam momenta. Only (anti)protons, kaons and pions have been considered
depending on the beam charge. Muons are not included in the normalisation. Fig. 6.10(a) shows the
abundance of protons (black), positive pions (red) and kaon (blue) in the positive beam (error bars are
increased by a factor five). In Fig. 6.10(b) the shares of antiprotons (black), negative pions (red) and
kaons (blue) in the negative beam are given (error bars enlarged by a factor two).

and 2009, hadron beams have been used to explore spectra of light mesons. A liquid hydrogen
target with 400 mm length has been used most of the time [106]. Therefore, the setup as it has
been in the mentioned years is used for the following investigations. TGeant offers also the
possibility to load realistic beamfiles. Therefore, the distributions obtained from the beamline
simulations including the mentioned cuts, are written into a TGeant-readable format. In the
following, it is assumed that all particles in those samples are 𝐾+ to better sample the underlying
phase space. Afterwards, with the numbers given in Tab. 6.2, it is possible to correct for the
fraction of kaons. TGeant also offers a so-called phase space generator of different processes.
One can hand over mass- and momentum-transfer distributions of resonances. After defining
their decays, the final-state particles are propagated through the setup. The distributions for the
process 𝐾+ + 𝑝 → 𝐾

+
𝜋
+
𝜋
− + 𝑝 are taken from [59] with the assumption that they look the same

as for the case with a 𝐾− as beam particle. For each beam energy, about 105
𝐾

+
𝜋
+
𝜋
−-events

are generated with the described approach.
With the COMPASS Reconstruction ALgorithm CORAL [17], the data obtained from the

simulation can be digitized and translated into the values as they would be in real data-taking.
It also reconstructs the produced events by means of track reconstruction, particle identification
etc. Finally, it is possible to analyse the data within the PHysics Analysis Software Tools
framework Phast. First of all, certain cuts need to be applied to purify the data to only have
events that are surely coming from the process of interest. This is done similarly as it has been
done for the three-pion final states in COMPASS [106, 107, 147]. Those cuts will be described
shortly. First of all, it is necessary that only one primary vertex has been reconstructed. The
reconstructed primary vertex needs to be inside the target to ensure that it has not been an
interaction with surrounding material. In addition, the recoil proton detector needs to confirm
a recoil proton because it is required to keep the proton intact and just excite the beam kaon.
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Furthermore, three charged particles are required to come out of this primary vertex. Naturally,
energy, momentum and charge conservation are also enforced. Finally, the RICH detector
comes into play. In [59] an approach based on likelihoods has been developed to optimise
the efficiency and purity of the particle identification. This is already implemented in the
analysis software and can be used. As the final state of interest is 𝐾+

𝜋
+
𝜋
− omitting the recoil

proton, the RICH needs to successfully identify those three particles. This is different to the
three-pion final state, where it is needed to be ensured that no kaon has been reconstructed.
From experience obtained in COMPASS, the RICH has a limited performance as soon as a
kaon and pion have momenta above ca. 50 GeV/𝑐 [59]. Therefore, an interesting quantity to
investigate is the correlation between the momenta of the 𝐾+ and 𝜋+ for the different momenta.
Due to energy and momentum conservation an increase of acceptance is expected for lower
beam momenta because it becomes less likely to have both particles with high energies. The
distributions are given in Fig. 6.11.

As mentioned already, with increasing beam momentum there is more momentum available
such that the 𝐾+ and 𝜋+ get momenta that make it more difficult to separate those. Consequently,
the acceptance decreases. Similarly to the analysis presented in [59], in case the 𝐾+ cannot be
differentiated from the 𝜋+, but two positively and one negatively charged particle have been
identified, the event is still kept due to the knowledge of the beam particle being a kaon. The
values obtained for the RICH efficiency after the aforementioned cuts have been applied are
summarized in Tab. 6.2. It goes down from about 80 % for 100 GeV/𝑐 beam momentum to
45 % for 190 GeV/𝑐.

Having those values, it is finally possible to estimate the time needed to collect a certain
number of 𝐾+

𝜋
+
𝜋
−-events. To do so, the instantaneous luminosity defined in Eq. (3.2) is

important. In the following it is assumed that it stays constant over time meaning that one can
calculate the total number of events by just multiplying with the time interval corresponding
to the data-taking period. First, one needs to calculate the number of spills coming from the
SPS available in one year. The best supercycle has a duration of ca. 30 s with two spills [148].
This would result in 5 760 spills per day. Of course, this is an optimistic assumption keeping
downtime of the machine, different users (especially filling of the LHC) and also detector
maintenance in mind. If one assumes about one spill every 30 s due to those reasons, one would
have about 3 000 spills per day5 [145]. About 3 000 spills in one day have been communicated
by COMPASS for data-taking in 2022 [149]. Typically, operation starts in April and ends in
October, meaning half a year. Therefore, 150 d [150] are considered as the maximum number
of days for physics data-taking because calibration runs need to be taken and the beamline is
shared with other experiments, too. This results in 4.5 × 105 spills per year.

For the COMPASS runs concerning light meson spectroscopy a beam intensity of 5 × 106 s−1,
or 2.4 × 107 per spill has been available. For AMBER data-taking it will be possible to go
up to 7 × 107 particles per spill in EHN26. Therefore, this intensity is used for the following

5 Values between 2 500 and 4 000 can be found for instance in the AMBER phase1 proposal [19]. Of course, the
number of spills per day is highly dependent on external conditions and can therefore vary by several 10 %.

6 This is allowed if all heavy materials are removed from the detector setup downstream of the SM2 magnet
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Figure 6.11: RICH efficiency for different beam momenta. All histograms are normalised to the number
of simulated events. The unnormalised histograms are given in the appendix A.3. The correlation
between the momenta of the outgoing 𝐾+ and 𝜋+ are plotted. Fig. 6.11(a) is obtained at 100 GeV/𝑐 beam
momentum, Fig. 6.11(b) at 120 GeV/𝑐, Fig. 6.11(c) at 150 GeV/𝑐 and Fig. 6.11(d) at 190 GeV/𝑐.

calculations. This number needs to be scaled with the fraction of 𝐾+ in the beam, which is
about 2 % depending on the momentum. In addition, the effect of the CEDAR efficiency needs
to be taken into account, which goes up from about 25 to 83 % when decreasing the beam
momentum. Of course, this assumption is too pessimistic considering the approach developed
by COMPASS using track information measured by the spectrometer to get the particle’s

because those are sources of hadronic showers.
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divergence at the CEDAR position [59–61]. Typically, efficiencies of about 80 % have been
achieved for 190 GeV/𝑐, so about a factor three better. This is not considered here meaning the
maximum number of data-taking days is estimated. Therefore, by applying more sophisticated
analysis techniques the number can only decrease. Additionally, one needs to account for the
efficiency of the final-state particle identification, i.e. the RICH efficiency. Overall, with such a
spill intensity and detector efficiencies, one gets 3.15 × 1013 yr−1

𝑓𝐾+𝜖C𝜖R identified, positive
kaons with the fraction 𝑓𝐾+ of 𝐾+, the CEDAR efficiency 𝜖C and the RICH efficiency 𝜖R

7. For
100 GeV/𝑐 this results in a flux of 𝐾+ of 4.41 × 1011 yr−1 and 6.54 × 1010 yr−1 for 190 GeV/𝑐.

The other important quantity to calculate the luminosity (3.2) besides the flux is the areal
number density of the target. Because the employed target consists of liquid hydrogen, the
density is 0.0708 g cm−3 and the molar mass is 2.016 g mol−1 [151]. With the Avogadro number
𝑁𝐴 = 6.022 × 1023 mol−1 [5] one obtains a number density of 2.116 × 1022 cm−3. For a 40 cm
long target [106] one gets an instantaneous luminosity of 2.6648 × 1037 yr−1 cm−2

𝑓𝐾+𝜖C𝜖R,
again assuming about 4.5 × 105 spills per year in total8.

The goal is to collect a data-set that is comparable in size as the one for the three-pion
final state in COMPASS. Therefore, the target set in the letter of intent [18] is 2 × 107 events.
For the diffractive excitation of a beam pion of 205 GeV/𝑐 and the subsequent decay into the
three-pion final state one can find a cross section of 𝜎 = (423 ± 41) µb [106, 152]. In other
sources measuring the 𝐾𝜋𝜋-final state at lower energies one finds cross sections of about
(61 ± 3) µb at 40 GeV/𝑐 [153] and up to (250 ± 12) µb at 63 GeV [154]. [155] shows various
cross sections of kaon-induced reactions. For the diffractive excitation, only values measured up
to 30 GeV/𝑐 are given, but are also of the order of 200 to 300 µb. Due to these various different
numbers, an energy-independent cross section of 250 µb is assumed in the following. One
obtains 1 350.95 spills

𝑓
𝐾
+𝜖C𝜖R

, or Δ𝑡 = 0.003 yr
𝑓
𝐾
+𝜖C𝜖R

. For the values given in Tab. 6.2, this results in 0.215 yr
for 100 GeV/𝑐 and 1.447 yr for 190 GeV/𝑐. Of course, the CEDAR efficiency has been higher
than the value used in the present analysis for 190 GeV/𝑐. Having about a factor three better
CEDAR efficiency as it has been achieved with COMPASS, the run time would be about 72 d.
For the low beam momentum, there is not much to gain with an improved tagging by the
CEDARs because the efficiency is already above 80 % assuming the mentioned hard cut on
the beam divergence. One can deduce already from those numbers that running at lower beam
momenta is more beneficial due to easier particle identification. One does not need to do more
sophisticated analyses to reject especially the pion-component in the CEDAR and can reach
similar efficiencies as they have been achieved with COMPASS.

Besides the mentioned detection efficiencies, one also needs to consider the geometric
acceptance of the setup. In previous analyses of the three-pion final state, a value in the range
of 40 to 50 % depending on the momentum transfer and resonance mass was obtained [156].

7 As mentioned already, 1 yr corresponds to 150 d of operation.
8 One can express the instantaneous luminosity also in terms of the number of spills, too. One obtains about

5.9218× 1031 cm−2 #spills−1
𝑓𝐾+𝜖C𝜖R. Doing so, it is possible to estimate the number of spills needed to collect

a certain number of events. This is independent of the number of spills the machine can deliver in a given time
period.
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Additionally, not the full kinematic region is of interest. In the previous analyses in [156]
focusing on the three-pion final state and in [59] on the 𝐾𝜋𝜋 final state, only momentum
transfers 𝑡′ between 0.1 to 1 GeV2

𝑐
−2 and resonance masses between 0.5 to 3 GeV/𝑐2 have been

investigated. Considering the 𝑡′-distribution given in [156], i.e. exp(−10.8𝑡′) + 0.1 exp(−3.9𝑡′),
the number of events in the given range will be only about 41 %. In addition, in the 𝜋𝜋𝜋 final
state, about 85 % of the events have been collected in the mass range of interest. Considering
those effects on top, the number of spills that need to be collected and therefore the run
time will increase accordingly. One obtains about 7 × 105 spills or 1.54 yr for 100 GeV/𝑐 and
4.7 × 106 spills or 10.42 yr for 190 GeV/𝑐 (or about 3.5 yr considering the likelihood approach
for beam particle identification presented in [59–61]).

The chosen beam charge has an additional impact on the kaon flux. As the allowed number
of particles during operation is limited by radiation-protection, the only quantity that matters
is the kaon fraction. For both beam charges the kaon fraction is of the order of 2 %. The
fraction is slightly higher for lower momenta in the positive beam and for higher momenta
in the negative beam. Because the particle identification, both beam and final state, works
better for lower momenta, it is favourable from this point of view to use lower momenta as long
as the identification cannot be increased significantly. Therefore, it is beneficial to run with
the positive hadron beam option, which has an additional advantage. The most challenging
part for the beam particle identification is the clear pion-kaon separation, whereas kaon-proton
separation is easier, which is shown in Fig. 6.12.
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Figure 6.12: Difference in Čerenkov angles for (anti-)protons, kaons and pions based on Eq. (2.23) as a
function of the momenta of the particles. 𝑛 refers to the index of refraction of the detector gas. In red the
kaon-pion separation is given. The kaon-(anti)proton separation is plotted in black.

As one has a reasonable proton component in the positive beam (O(40 %) for momenta
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around 100 GeV/𝑐 cf. Fig. 6.10(a)) one can collect a cleaner data sample with the positive beam
because the rejection of the proton fraction in the beam is easier. In the negative beam, the
pion fraction is always around 95 % meaning one needs to differentiate the kaons from the vast
majority of beam particles.

Detection efficiency is not the only key parameter to determine the performance of a setup.
Purity of the obtained data sample is also an important quantity. To estimate effects coming
from other beam particles like the pion component one would need to do a background Monte
Carlo study. If the the other components are wrongly identified as kaons one pollutes the
collected sample. With data from other experiments, it is at least also possible to estimate the
order of magnitude of this misidentification. For the high beam momentum one can make use
of analyses performed by the COMPASS collaboration presented in [59]. For the CEDAR
performance for kaon identification at 190 GeV/𝑐 one can find misidentification probabilities of
about 3 % referring to cases, where a pion was wrongly identified to be a kaon. Therefore, one
would need to assume a similar value for the strange-meson spectroscopy at AMBER when
running at high beam momenta. Such a rate would imply that the number of pions, which
are wrongly identified as kaons, is of the same order of magnitude as the number of correctly
identified kaons because the pion rate is a factor 30 higher at high momenta in the negative
beam. The NA62 experiment [39] features a high-intensity kaon beam9 at 75 GeV/𝑐. For beam
particle identification a CEDAR detector type West is employed, which can separate pions
from kaons up to 150 GeV/𝑐 [58]. The collaboration investigated the particle identification
performance and communicated efficiencies above 95 % when requiring 4-fold coincidence10

with a low misidentification probability of 10−4 [157]. With such a performance, the pion
component in the beam can be rejected successfully having only a minor pollution of the kaon
sample.

6.5 Conclusion
The performance of the beamline setup used in 2018 for the COMPASS Drell-Yan run has
been investigated. Crucial during hadron operation is the identification of the beam particles
reaching the experiment. Because those are tagged with Čerenkov detectors any divergence
of beam particles lead to a decrease of identification efficiency. Therefore, the beam needs to
traverse the CEDARs as parallel as possible.

A major source of incoherent emittance increase is the multiple scattering that occurs due
to vacuum interruptions along the beamline. Those parts, where the beam passes through
air at atmospheric pressure sum up to about 100 m, so around 10 % of the full beamline. Of
course, some interruptions are needed, for instance around the TAX, which needs to be able to
absorb the full primary proton beam extracted towards T6 in case of failures. Because these
9 The kaon fraction is about 4 % [157].

10 The coincidence refers to the number of photo-multipliers that give a signal. As they are arranged in a circle
around the beam axis, the more PMTs give a signal the cleaner the sample is.
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devices need to be movable vertically to have the option of different intensities, no beam pipe
can be installed. Still, the major amount of the mentioned 100 m can be put under vacuum.
About 50 m are due to in-air installation of the magnetic collimators, called scrapers, which
are important for muon operation (cf. chapter 7). Those collimators have variable apertures,
which can be tapered, too. Depending on the needs of the experiment, these apertures need
to be optimised and changed. Therefore, no vacuum pipes have been installed yet. But by
completing the vacuum the total transmission along the beamline can be increased without
having more protons on T6. The gain is of the order of 15 to 20 % directly impacting the
intensity at the AMBER target. On top, removing the contribution to the beam divergence by
multiple scattering increases the number of particles that can be identified by the CEDARs
when requiring the full number of PMTs, i.e. eight, to fire, the so-called majority method.
Considering the higher transmission and better identification, one would have ca. 36 % more
kaons11.

Another possibility to increase the number of kaons to the experiment is the optimisation of
the beam optics. By making the beam larger in size, one can decrease its divergence having a
higher tagging efficiency. With those modifications to the magnet settings including the vacuum
completion one can gain an overall factor 3.3 compared to previous COMPASS measurements12.
When lower intensity runs are foreseen, one needs to remove those particles from the beam
that would not be seen by the experiment. This is achieved by collimation. The effect of an
additional collimator on the horizontal divergence has been investigated. It has been shown
that such a collimator can help efficiently removing particles outside of the tagging acceptance
reducing the overall width of the angular distribution of the beam. Therefore, such a collimator
can be used to reduce the intensity for example considered by radiation-protection without
impacting the intensity relevant for the experiment.

Compared to previous COMPASS runs, an improved shielding has been developed by
radiation-protection, too [102]. With its installation, it will be allowed to have an instantaneous
rate of 109 particles per spill (200 MHz) in EHN2 [102] meaning already a factor two gain in
terms of kaon rate even without the improvements concerning the beamline. Considering in
addition that in the previous runs, typically 1.2 × 1013 protons on T6 have been used, one has
25 % margin when increasing to 1.5 × 1013. Clearly, this higher primary rate can be used to
further collimate the beam and to make optimal use of the allowed intensity in EHN2.

The improved beam optics settings have been used to estimate the performance of the AMBER
detector for the strange-meson spectroscopy campaign. For that study several beamfiles have
been generated at various momenta that have been used as input for the full simulation of the
AMBER setup including event reconstruction. The analysis has shown that lower momenta are
preferable when it comes to both, initial- and final-state particle identification. Several analyses
performed by COMPASS have shown that with more advanced techniques the beam particle

11 Only identified particles count to the intensity seen by the experiment.
12 The gain factor refers to the number of particles in 60 µrad, which is the maximal divergence the particles can

have at 190 GeV/𝑐 to be still identified.
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tagging can be optimised to reach values of 85 % [59–61] at 190 GeV/𝑐. Still, with a momentum
of 100 GeV/𝑐 this value can be reached already with just the majority method, so just the signal
the CEDARs sent. Also, the misidentification probability is expected to be lower because clear
separation is easier. With a cross section for the process 𝐾+ + 𝑝 → 𝐾

+
𝜋
+
𝜋
− + 𝑝 of the order of

250 µb a period of about 1.5 yr or 250 d is expected to collect a sample with 2 × 107 events.
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CHAPTER 7

M2 muon beam

It is also possible to send high-intensity muon beams via M2 in EHN2. The muon beam
developed originally for the SMC experiment [158] and later on used by the COMPASS
collaboration is described and explained in detail in [90]. Nowadays, it is also used by the
MUonE [21] and NA64 collaborations [20, 38]. So far, the muon beam has been studied
with the Fortran-based Monte Carlo packages HALO [159] and TURTLE [160]. Those are
able to track particles through magnetic fields and estimate halo contributions in muon beams.
Particle-matter interactions are not included. Therefore, it is not possible to study beam-induced
backgrounds. Dark matter experiments like NA64 are extremely sensitive and rely on a precise
knowledge of background processes. Therefore, it is necessary to provide a realistic 3D model
in Geant4 of the beamline serving the experiment such that one is able to study possible
beam-induced backgrounds.

7.1 Motivation
The development of the muon beam model has been done as an important input for NA64
allowing also to benchmark the simulation with real data. Therefore, the presented study in this
chapter has been carried out in close collaboration with them. Details of the NA64 physics
program can be found in the proposal [20] and will be shortly summarized here. The aim of
the experiment is to look at invisible decays of a dark matter boson 𝑍′, which is assumed to
couple mostly to muons and tauons. This dark boson could be an explanation for the anomalous
magnetic moment of the muon being 3.6𝜎 off from the Standard Model value [161]. The
experiment is based on detection of missing momentum. Therefore, the momentum of the
incoming muon is measured precisely. It will then scatter of a heavy active target. In case
the dark boson exists it could be produced in the scattering of the muon on the target. This
process is illustrated in the Feynman diagram 7.1. With such a setup, NA64 will also be able to
probe the dark photon 𝐴′ produced via bremsstrahlung of the scattered muon. In both cases,
the signature would be large missing momentum of the scattered muon, independent of the dark
matter particle being stable or decaying invisibly (to neutrinos or other dark matter particles).
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Of course, if its mass is large enough it could decay into a 𝜇+𝜇−-pair, so the decay would be
visible.

𝜇 𝜇

𝑍
′

(𝑍, 𝐴) (𝑍, 𝐴)

𝛾

Figure 7.1: Feynman diagram showing the production of the dark matter boson 𝑍 ′. A high-energy muon
scatters off a heavy target and produces the 𝑍 ′. From [20]; modified.

The general challenge of dark matter searches is the coupling of Standard Model particles to
dark matter. In the present case, it is expected to be of the order of 10−8 [20]. For comparison,
the electromagnetic coupling 𝛼, i.e. fine-structure constant, is about 1

137 ≈ 7.3× 10−3 [5]. From
this one can can conclude that for conducting dark matter experiments, precise knowledge of
background processes is crucial as the observation of a signal event itself has a low probability.
NA64 expects about 10−10 background events per reconstructed muon [20] meaning that in ca.
one day of data-taking one will observe one background event.

As the NA64 approach is based on missing momentum, it is of great importance to reconstruct
the muon momentum precisely. For NA64 an event with a 𝑍′ candidate is therefore defined as
signal if the scattered muon momentum 𝑝𝜇′ fulfills the criterion 𝑝𝜇′ < 0.5𝑝𝜇 with the incoming
muon momentum 𝑝𝜇 [20].

Such a selection implies complicated signal searches when having a low-energy tail in the
muon spectrum, which can be vetoed by a high-energy muon selection. Still, such a background
contribution needs to be suppressed as much as possible. They can arise from beam-matter
interactions with the air that one finds along the line or even vacuum windows. Another
contribution for low-energy muons arises from in-flight decays of pions and kaons. The M2
muon beam features a hadron absorber resulting in a low rate of hadrons. Still, a certain number
will escape this absorber and may produce unwanted muons. The most critical effect of this is
mis-reconstructing a hadron in front of the target that decays afterwards. Naturally, the daughter
will have a lower energy. In such a case, one would claim missing momentum to be measured.
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7.2 Biasing techniques

7.2.1 Muon biasing
The signal muons that are transported to EHN2 are coming mostly from pion decays, with a
small fraction being produced in kaon decays. From operational experience, it is known that
about 108 muons can be measured in EHN2 for having 1013 protons on the production target
[144]. While an attenuation factor of 10−5 is not prohibitive in terms of computation time, there
are possible ways to increase the simulation efficiency. These techniques fall in the category
of biasing [109, 162]. In general, biasing refers to influencing intentionally the cross section
of a physics process. This results in this process being more or less probable depending on
the actual way of biasing. Biasing helps reducing the fluctuations observed in the signal and
background regions and is therefore also called variance reduction technique.

In the current example, the possible bias that one could introduce is the enhancement of pion
decays by reducing the corresponding mean free path. BDSIM does not only offer Geant4’s
cross section biasing, it also provides a method called muon splitting [163]. It works in the
following way: If any kaon or pion decays into a muon and the corresponding neutrino, or a
positron annihilates and produces a muon-pair in the final state, then the physics process during
the step, in which the muon is / the muons are produced, gets replayed randomly a defined
number of times. It has to be noted that all possible physics processes are considered during
this replay. Every time another muon is created it gets stored for further tracking. Because
the decays involve two particles in the final state, the angles and momenta of the muon and
neutrino1 follow a distribution, which is introduced by the boost from the mother particle’s
rest frame into the lab frame. The momentum and angle of the outgoing muon are sampled
from those distributions. Even though, one then has more than one muon coming from the
same location, one observes multiple muons with various energies flying in several directions.
Finally, after the physics processes got replayed the defined number of times, every muon gets a
weight attached that corresponds to 1

𝑁
, where 𝑁 is the number of times, the physics process was

resampled2.
Overall, muon splitting can help to simulate the spectra of muons, especially crucial for

background estimations. It is also useful in understanding, where muons are coming from,
especially important again in terms of background for experiments.

Surely, when influencing the physics processes in such a way, one needs to verify that one
still gets the right observable ensuring that the physics were not impacted wrongly or too heavy.
In order to make this statement, the developed model of M2 transporting 160 GeV/𝑐 𝜇+ has
been studied once without activating muon splitting and once with activating it.

The model that has been used for verification, will be described in detail in the following

1 The produced neutrino will be destroyed immediately and not tracked through the beamline as it does not leave
a signal in any of the detectors. Therefore, it would be only unnecessary computing overhead to simulate its
path through the model.

2 It is assumed that no other weighting factor has been introduced yet. Of course, when other biasing techniques
are used at the same time, all weights are multiplied accordingly.
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section 7.3. Fig. 7.2 shows the spectra of 𝜇+ in front of bend6 in M2 (𝑠 ≈ 1 020 m) simulated
without muon splitting in red and with it being turned on in blue.
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Figure 7.2: Spectrum of positive muons before bend6 in the M2 line. In blue, the spectrum is shown
when muon splitting is used in BDSIM. In contrast, the momentum distribution is shown for no muon
splitting in red. In addition, the ratio between both distributions is depicted underneath the spectra.

One can clearly see the effect of it being a variance reduction. The error bars get reduced
when making use of that feature, whereas the average value in each bin does not change as
the ratio of both curves show, which is plotted underneath the spectra. This is ensured by
the carriage of the weight when applying the split. In the region between 20 to 40 GeV/𝑐 the
difference of the average ratio from one can be explained by the low number of muons in those
bins for both options. Of course, considering the error bar, it is still within. But the ratio is
quite prone to small differences in the number of muons. This effect would be gone in case of
having higher statistics. Considering the equality of the spectra for both cases, one can safely
make use of that variance reduction technique in the following. Throughout this study, muon
splitting will be activated in case the parent particle has a kinetic energy larger than 100 GeV
and the multiplication factor is set to 30 meaning in case a muon is produced the process will
be replayed 30 times. The energy threshold is chosen like that because the nominal muon
momentum is 160 GeV/𝑐. Therefore, particles below around 140 GeV/𝑐 will not be properly
transported by the beamline. To be not too close to that threshold 100 GeV has been chosen.
Therefore, background close to the nominal energy will still be sampled well. This is especially
important as such high-energetic muons will be able to traverse large amounts of material and
could still reach the overground level around EHN2.
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7.2.2 Hadron biasing
As described in section 7.3.1 and visible in Fig. 7.4, the beam is cleaned from hadrons that
have not decayed into muons with beryllium absorbers. Those come in 1.1 m-long rods and a
maximum of nine can be moved into the beam. Still, with the high rate of the order of 1010

secondaries impinging on the absorber, one will still observe hadrons traversing and escaping
the beryllium. From a computational point of view, simulating those numbers is not reasonable.
Therefore, one can make use of yet another biasing technique, i.e. cross section biasing. In this
case, to be able to observe escaping hadrons, it is necessary to bias the probability of inelastic
processes that destroy the hadrons. In Geant4, all the inelastic processes are combined in one
process per particle called protonInelastic, pi+Inelastic or kaon+Inelastic, of course depending
on the particle. In the present case, one needs to actually do inverse cross section biasing of
those processes to make them rarer and get hadrons through. The necessity is depicted in
Fig. 7.3, in which one can see the distances, 𝜋+ with a momentum of 172 GeV/𝑐 are travelling
in beryllium until they are destroyed.
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Figure 7.3: Position of last interaction of primary 𝜋+ with 172 GeV/𝑐 in 10 m of beryllium. In red, the
unbiased simulation is shown. In blue, the results with the cross section for inelastic processes of pions
being reduced by a factor two are given. In black, it has been reduced by a factor five.

For Fig. 7.3, 104 primary 𝜋+ have been simulated for each of the three distributions. From this
number it gets clear that the statistical limit will be 10−4 meaning that one can observe only
processes happening at this rate or higher, which can be also deduced from the red distribution.
To be able to see processes occurring with lower probabilities, in this case seeing hadrons
penetrating the beryllium deeper than ca. 4 m, one either needs to simulate a higher number of
primaries or one decreases the interaction cross section for inelastic processes. For the blue
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curve, it has been reduced to 50 % and for the black one to 20 % of its initial value. Clearly, one
can observe deeper penetration depths as the probability of absorption has been reduced. When
interfering with the physics processes, one needs to deal with weighting factors in the analysis.
From the black distribution in Fig. 7.3 it gets clear that the rate of 𝜋+ fully traversing a 10 m
long block of beryllium is ca. one in 109 hitting the absorber. Finally, this also implies that it is
possible to decrease the statistical limit even without simulating more events. Of course, it is
not possible to decrease the number of simulated events arbitrarily and simultaneously also
decreasing the interaction cross section because still other processes are happening and also the
process of interest still needs to happen.

Clearly, another important point is to not deplete other regions in the plot 7.3. By choosing
unsuitable biasing factors, for example too small ones, one will start seeing less events happening
with positions of last interaction close to 0, even though, this has naturally the highest probability.
By applying the weight, it should still get back to the nominal rate as long as still some events
fall in that bin, but one will see increasing error bars because the variance is larger due to
smaller number of entries in there. This refers to the variance reduction techniques discussed
in 7.2.1. Of course, as soon as the biasing factor is so inappropriate that no entries are observed
in those bins, even the weight cannot ensure the right physics results. But from considering
all three distributions, one can deduce that none of the investigated factors depletes the region
of absorption close to the entrance meaning that they are in principle suitable for all three
investigated absorber lengths. This gets especially clear because the bins with small 𝑠 still have
the smallest error bars meaning that those events still happen the most even though a bias has
been applied.

7.3 Hadron contamination
Considering the origin of muons in the beam, one feature in regard to the quality is the number
of hadrons in the muon beam. The NA64 collaboration [38] has investigated precisely the
content of hadrons per incoming muon. In 2023, a measurement of the hadron contamination
for different numbers of absorbers in the beamline (cf. Fig 7.4) has been conducted [164]. These
measurement results can be used to validate and benchmark the simulation. The model itself,
simulation results and validation will be described and explained in the following sections.

7.3.1 Muon beam model
The general features of the muon beam are discussed in section 2.3. Therefore, only important
highlights will be discussed. Due to its internal division into two parts, hadron and muon
section, the simulation of the beamline is also split up into two parts: the part from T6 to the
absorber, and from the absorber to EHN2.

The T6 target is set to 500 mm beryllium to produce the maximum number of hadrons. The
target attenuators TAX are also set to their largest opening to guarantee optimal transmission and
acceptance. The large momentum spread of about ±5 % around the central value of 172 GeV/𝑐
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in the hadron section is produced by the large acceptance dipoles and slightly closed collimators
(cf. first two rows in Tab. 7.1) in the hadron section.

Collimator Horizontal gap in mm Vertical gap in mm

XCHV.X0610058 ±20 ±20
XCHV.X0610070 ±20 ±20
XCMV.X0610190 ±30
XCMV.X0610715 ±30
XCMH.X0610727 ±28
XCMV.X0610733 ±60
XCMV.X0610741 ±70
XCMH.X0610752 ±28
XCMV.X0610845 ±52
XCBV.X0610858 ±90
XCMV.X0610997 ±75
XCHV.X0611013 ±45 ±45
XCMV.X0611050 ±30
XCHV.X0611054 ±45 ±45

Table 7.1: Standard collimator settings for muon beam operation [144]. XCM refers to the magnetic
collimators, i.e. scraper magnets, which are used for sweeping away the muon halo. The following letter,
V or H, tells the orientation, i.e. vertical or horizontal. The aperture of those can be only varied in the
respective direction.

The model that has been implemented to represent the absorber, is illustrated in Fig. 7.4. This
is the fourth bending section in the beamline, which deflects the beam in total by 14.4 mrad.
The inserts to absorb the hadrons are relatively simple: it is a beryllium rod with 27.5 mm
radius, encased in an aluminium box with dimensions 236.0 mm × 64.0 mm. Every insert has a
longitudinal extent of 1.1 m.

Taking the investigations discussed in section 7.2.2 into account, biasing factors need to be
applied to the absorber inserts, both to the aluminium casing and beryllium rods. Considering
the nuclear interaction length of aluminium of 39.7 cm [165], it is a fair assumption to apply
the same biasing factor as for beryllium, which has a nuclear interaction length of 42.1 cm [43].
Moreover, this is justified because the beam is focused onto the rods meaning that the majority
of particles will traverse the beryllium parts and only few will interact with the casing. The
factors that have been multiplied to the inelastic cross sections for protons, positive pions and
kaons are presented in Tab. 7.2. Similar plots to Fig. 7.3 justifying the chosen values are given
in the appendix A.4.

The momentum of the muon section, which follows after the absorber, is tuned to an average
of 160 GeV/𝑐. The full beam optics used for the simulation are illustrated in Fig. 7.5.

The momentum selection is visible as the peak in the horizontal dispersion in Fig. 7.5(a)
at around 𝑠 ≈ 50 m. There one can find horizontal, large acceptance dipoles and collimators,
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Figure 7.4: Model of the bend4 section in M2 including the absorber inserts made of beryllium. The arrow
in the picture indicates the beam direction. Each single bending magnet is 3 m long only considering the
iron part, and not the out-coming coils. The grey blocks that come out of the magnets are the beryllium
rods (absorber) encased in aluminium boxes.

Absober length in m 𝑝 bias 𝜋
+ bias 𝐾

+ bias

3.3 0.7 0.95 0.95
6.6 0.4 0.5 0.5
9.9 0.15 0.2 0.2

Table 7.2: Biasing factors that have been applied to the corresponding inelastic processes for the given
particles in the beryllium absorber.

which allow a maximum momentum bite of up to ±10 %. Another striking feature in Fig. 7.5(a)
is the FODO-structure between 𝑠 ≈ 100 m and 𝑠 ≈ 650 m. This part is the decay section, where
the parent hadrons can drift freely and have enough time to decay3. The remaining part of the
line shown in Fig. 7.5(b) transports the produced, tertiary muons towards EHN2 providing
either focused or parallel beams at the targets of the installed experiments.

With the described 𝐵(′)
𝐿 − 𝐼-curves (cf. section 4.4) the optics can be converted into currents

and finally 2D field maps that are applied in the simulation.

7.3.2 Simulation to the absorber
The proton beam impinging on T6 is illustrated in Fig. 2.4 and has been used in the simulation.
Therefore, the spectra of particles escaping the target are the same as in Fig. 2.5. Of course,
only a part of the full spectrum will be transported along the line, which is the region around
170 GeV/𝑐. In the present case the beamline has been set to transfer positive particles. The most

3 Depending on the momentum, around 10 to 20 % of the pions decay, mostly into muons.

107



Chapter 7 M2 muon beam

30

20

10

0

10

20

30
R11
R12 in m/rad

R16 in mm/%

0 100 200 300 400 500 600
s in m

15

10

5

0

5

10

15

R33
R34 in m/rad

R36 in mm/%

(a)

40

20

0

20

40 R11
R12 in m/rad

R16 in mm/%

700 750 800 850 900 950 1000 1050 1100
s in m

75

50

25

0

25

50

75

R33
R34 in m/rad

R36 in mm/%

(b)

Figure 7.5: Beam optics used for the muon beam simulation plotted along the beamline. Fig. 7.5(a)
shows the hadron section up to the absorber. The muon section is illustrated in Fig. 7.5(b). 𝑅11 and 𝑅33
are represented by the green line, 𝑅12 and 𝑅34 by the red line and the dispersion 𝑅16 and 𝑅36 by the blue
one.

relevant part of the hadron section after production is the momentum selection. So, the spectra
of hadrons is a good quantity to verify the simulation at this point. Because there are only
FODO-sections in between the momentum defining bends and the absorber, the spectra will be
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investigated directly in front of the absorber, where the first stage of the simulation finishes.
The spectra of 𝜋+ and 𝐾+ are depicted in Fig. 7.6. The results throughout the chapter have been
simulated with BDSIM-version 1.7.6, Geant4-version 10.7.2 with the FTFP BERT physics list.

0 20 40 60 80 100 120 140 160 180 200

c in GeV/p

9−10

8−10

7−10

6−10

5−10

4−10

c
P

a
rt

ic
le

s 
p

er
 p

o
t 

in
 5

0
0
M

eV
/

Figure 7.6: Summed spectra of 𝜋+ and 𝐾+ in front of the absorber (𝑠 ≈ 700 m). The beamline has been
tuned to a nominal momentum of the hadron section of 172 GeV/𝑐. The beamline has a large longitudinal
acceptance to make maximum use of the pions and kaons that will decay into muons.

The spectra are normalized to the number of protons on target such that it is easy to calculate
the total number of particles for a given number of units on T6. One can see the clear peak
around 172 GeV/𝑐 in Fig. 7.6. The width of the peak is around ±5 %. The background is also on
a reasonable level being at least around two orders of magnitude lower, especially considering
that the spectrum is taken over an area of 2 m × 2 m4.

Another important parameter to look at is the 𝜇+ spectrum 7.7. It is interesting to note
that the distribution is flat between ≈ 90 GeV/𝑐 and ≈ 170 GeV/𝑐. Considering the two-body
decay of a pion into a muon and the corresponding neutrino, it can be calculated that the
muon will receive at least ≈ 57 % of its parent’s momentum [90]. Considering 172 GeV/𝑐 pion
momentum, this results in 98 GeV/𝑐. According to Fig. 7.6, the spectra of the parent particles
are not monochromatic (𝜎 ≈ 10.3 GeV 𝑐

−1), the final muon spectrum will be the convolution of
the parent spectra with a uniform distribution allowing momenta between 57 % and 100 %5.
From that spectrum also only a part will be transported down to EHN2. Through the absorber,

4 The beam pipe has a radius of 100 mm in the FODO section. So, the beam size is of that order. Everything
outside of that has interacted with any kind of material, magnet or beam pipe, and will therefore distort the
spectrum.

5 For a kaon decay into a muon and neutrino, the muon will pick up at least 4.5 % of the kaon momentum.
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Figure 7.7: Spectrum of 𝜇+ in front of the absorber (𝑠 ≈ 700 m). Decaying 𝜋+ produce the plateau visible
in the 𝜇+ spectrum.

one will see an average energy loss of 2.444 MeV cm2 g−1 [166], resulting in a total energy loss
between about 1.5 to 4.5 GeV depending on the number of absorbers.

7.3.3 Beam contamination
The second stage of the simulation is started in front of the absorber with the samples scored
in the first one. Three different configurations have been implemented and studied: three, six
and nine absorbers. The biasing factors applied for the three different configurations have
been given in Tab. 7.2. Due to that biasing it is possible to draw conclusions about the rate of
hadrons passing the absorbers even without simulating unreasonable statistics and despite the
survival rate being around one in 109. In the first stage of the study approximately 109 protons
on target have been simulated and the emerging secondaries have been tracked to the absorber.
The particles that reach that position have been replayed five times in each simulation of the
second stage. For the three absorber settings, the second stage has been rerun up to six times
with different random number generator seeds to start with. Several samplers have been placed
to score the beam distributions along the remaining part of the line. The two most important
ones for the current study are the one at the entrance of the CEDAR area (𝑠 ≈ 1 079.6 m) and in
the middle of that same region (𝑠 ≈ 1 086.1 m) because the NA64 experiment has been installed
in this part of the beamline. Those two positions are used to estimate the hadron contamination
that has been described in the beginning of this chapter.

Having the NA64 setup not implemented in the simulation, one needs to come up with
a solution to mimic the trigger logic that has been used for analysing the data. The several
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triggers and the general setup are described in [164]. The important triggers for estimating
the hadron contamination are 𝑉0, 𝑆0, 𝑆1 and 𝑆2 that have to be true. In the simulation, data
has been recorded at the entrance of the CEDAR region approximately at the same position
as 𝑉0. Therefore, a loose cut on the radial position of 𝑟 < 30 mm6 has been applied being on
the pessimistic side concerning the number of background hadrons. Considering the distance
between 𝑉0 and 𝑆2 of ca. 5.3 m and the diameter of 𝑆2 of 35 mm, one can calculate a maximal
angle of a beam particle that would fulfill the trigger conditions7. With the given numbers, this
results in a maximal acceptance of ca. 6.6 mrad. In the data-taking, the particles are recognised
in a hadronic calorimeter. A threshold of 1 GeV [167] is applied to make sure that the detected
particle is not a muon. This threshold will be applied, too, throughout the analysis of the
simulated data.

The spectra of particles, 𝜇+ and hadrons, are illustrated in Fig. 7.8 for the three different
absorber settings. Those spectra will be the basis for the remaining analyses throughout the
chapter.
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Figure 7.8: Spectra of 𝜇+ (Fig. 7.8(a)) and hadrons (Fig. 7.8(b)) that match the trigger conditions
discussed in the beginning of this section. They have been obtained for various absorber lengths, i.e.
3.3 m (red), 6.6 m (blue) and 9.9 m (black).

The momentum distributions of 𝜇+s are peaking at 160 GeV/𝑐 with a width of 5.5 GeV/𝑐
resulting in a 3.5 % momentum band. For all cases, the rate drops by more than two orders
of magnitude outside of 4𝜎 meaning that the flux will be purely determined by muons with
nominal momentum. Considering the error bars of the various bins, the spectrum has been
determined well down to 40 GeV/𝑐. For lower momenta, the rate starts to fluctuate meaning
too few events in those bins. Naturally, when having a higher number of absorbers, the energy
loss of muons will also increase. This increase depletes the high-energy part of the spectrum.
Another effect is multiple Coulomb scattering of muons in the beryllium rods. This effect
is proportional to

√︃
𝑥
𝑋0

[5] with 𝑥 being the length of traversed material and 𝑋0 the radiation

6 The hole in the trigger 𝑉0 has a diameter of 40 mm.
7 Again, to be on the pessimistic side in terms of contamination, the maximum angle is calculated considering the

full size of 𝑆2.
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length. Therefore, it increases with more absorbers. The multiple scattering leads to decreased
number of muons being in the acceptance of the muon section of the beamline resulting in less
muons for larger absorber lengths.

In Fig. 7.8(b) the spectra of hadrons for the three different absorber lengths are shown. As
the number of interaction lengths increases when moving more beryllium blocks in, the rate of
hadrons drops because more are absorbed due to inelastic processes. This is the reason for the
drop by three orders of magnitude when having 3.3 m of beryllium more, which corresponds to
around eight nuclear interaction lengths. On top of having a higher absorption rate, one also
observes a higher energy loss of the hadrons resulting in a broader momentum distribution. For
less absorbers, the secondary hadron momentum of 172 GeV/𝑐 is still very clear, whereas for
the maximum number that same peak gets smeared. It is important to note that all particles
contributing to the depicted spectra are passing the absorber meaning they are transported
close to the beam axis. This can be deduced from the number of particles for 9.9 m being
below 10−12. As such a rate implies a number of protons on target that has not been simulated,
particles in those events must have passed a region that is biased. In the simulation the only
biased parts are the beryllium inserts including the aluminium casing. This gets underlined in
addition by Fig. 7.9.

Figure 7.9: Trajectories of particles generating hadronic background. In this representation, the beamline
goes down after passing through bend6 at around 𝑍 ≈ 350 m. This is due to the two-stage simulation.
As the beam has been scored in local coordinates in front of the absorber, it has been launched into
the second part in this coordinate system. Therefore, it is fair to construct the start of the line in the
second half straight without considering the vertical angle of 9.5 mrad and horizontal angle of 25.8 mrad
because those are contained in the beam distribution. The rectangular block around 𝑍 ≈ 100 to 120 m
mimics the part of the line passing the Lion river, where the nominal beam trajectory is close to the
tunnel roof.
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Fig. 7.9 shows a schematic view of M2 of the second stage of the simulation in the 𝑦− 𝑧-plane.
In this part of the beamline, one finds only vertical bending magnets. That is why the 𝑥− 𝑧-plane
is of less interest here. Overlaid on the beamline are hadronic events passing the described
NA64 filters, so the ones contributing to the spectra in Fig. 7.8(b). Clearly, all those particles
are transported within the beam pipe meaning that there momentum is still close enough to
the nominal setting of 160 GeV/𝑐. Those are hadrons that loose small amounts of energy in
the absorber. As the beam pipes in M2 are large with typically 100 mm radius because the
muon beam has a large transverse size, those off-momentum particles can still be guided along
the beamline. In the last triplet before entering the CEDAR area in M2 some particles hit the
magnet material and produce background events contributing to the low-energy part of the
spectra. The ones, which traverse the magnet within the aperture are the ones in the peaks of
the distributions.

A validity check of the simulation is the rate of 𝜇+ that would be visible in the detector
considering the described cuts. The muon flux has been measured for two absorber lengths
(seven and nine) at the COMPASS experiment for 1.2 × 1013 protons on T6. This is shown in
Fig. 7.10 as a function of the muon momentum.

Figure 7.10: Muon flux at COMPASS as a function of the muon momentum for different absorber lengths
(9.9 m in red and 7.7 m in blue) [168]. The expectation coming from HALO [159] for 9.9 m is plotted in
green.

At a momentum of 160 GeV/𝑐 one reaches 2 × 108 muons at the COMPASS target for nine
absorbers, whereas one gets 2.2 × 108 for seven. The muon flux obtained in the simulation is
illustrated in Fig. 7.11(a) for the 160 GeV/𝑐 beam as a function of the absorber length. The rates
are calculated via the integral of the muonic spectrum 7.8(a) over the full momentum range.

The flux is shown per proton on target and summarised in Tab. 7.3. Considering the number
of protons of 1.2 × 1013, one will get (1.9634 ± 0.0013) × 108 muons for the full absorber length
going up to (2.7357 ± 0.0015) × 108 for 6.6 m. Those values are in good agreement considering
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Figure 7.11: The integrated muon flux is plotted in Fig. 7.11(a) as a function of the absorber length (error
bars are enlarged by a factor 25). Fig. 7.11(b) shows the rate of hadrons for different absorber lengths
(the errors of the first two data points are of the order of 1 to 2 %). Only particles passing the described
filters are considered.

the different position in the beamline (Δ𝑠 ≈ 50 m) and different trigger conditions.
For the same setup, the flux of hadrons matching the NA64 trigger logic is given in Fig. 7.11(b).

As it is expected from the qualitative analysis of the spectra, the rate drops exponentially when
inserting more absorbers (𝑦-axis is logarithmic and not linear as in Fig. 7.11(a)). A single
exponential 𝑁0 exp

(
− 𝑥
𝜆0

)
has been fitted to the rate with 𝜆0 being a measure of the mean free

path of inelastic, hadronic processes. Because the traversing hadrons also undergo multiple
scattering, loose energy electromagnetically and may decay the result for 𝜆0 is impacted by those
contributions, which impacts especially the hadrons accepted transversely and longitudinally by
the second part of the simulation. Therefore, the drop in rate is slightly influenced by those
effects, too. The fit yields 𝜆0 = (587.0 ± 2.4) mm, which is in good agreement with the pion
interaction length of 59.36 cm [43].

Having the rates for 𝜇+ and hadrons at hand, which both take the explained NA64 trigger logic
into account, it is possible to determine the ratio of hadrons to 𝜇+. This ratio is referred to as
the hadron contamination, i.e.

Hadron Contamination =
#Hadrons

#𝜇+
. (7.1)

It is important to mention again that the full spectrum is used here, meaning that also 𝜇+ that
do not have the nominal momentum will contribute. But this contribution is small. The result
is plotted in Fig. 7.12.

As the rate of 𝜇+ changes only slightly with the number of absorbers, the drop in the
hadron contamination mainly originates from the decrease in the hadron flux. The results are
summarized in Tab. 7.3.

The contamination goes down to (1.6 ± 0.4) × 10−6 for 9.9 m. The muon beam has been
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Figure 7.12: The hadron contamination is plotted for different absorber lengths (the errors of the first two
data points are of the order of 1 to 2 %). The rates given in Fig. 7.11 are used to estimate the ratio of
fluxes of hadrons and muons.

Absober length in m 𝜇
+ rate in 10−5 per pot Hadron rate per pot Hadron contamination

3.3 2.2797 ± 0.0012 (1.128 ± 0.011) × 10−6 (4.95 ± 0.05) × 10−2

6.6 1.9335 ± 0.0011 (4.07 ± 0.09) × 10−9 (2.10 ± 0.05) × 10−4

9.9 1.6362 ± 0.0011 (2.7 ± 0.7) × 10−11 (1.6 ± 0.4) × 10−6

Table 7.3: In the table the actual values for the muon and hadron rates, and hadron contamination plotted
in Fig. 7.11 and 7.12 are given. All values are normalized to the incident number of protons on T6.
Typically, one operates with around 1.2 × 1013 protons on target.

designed to have a maximum hadron contamination of #𝜋
#𝜇 ≤ 10−6 [90]. This matches the value

obtained in this study especially considering that in the simulation not only pions have been
scored but all hadrons.

NA64 has measured the hadron contamination as a function of the absorber length. They
performed runs in step sizes of one beryllium insert from three to nine. The final results have not
been published yet, but a hadron contamination of 5 × 10−5 per muon on target [164] for nine
absorbers is mentioned. Preliminary results showing the hadronic spectra for three different
absorber settings are illustrated in Fig. 7.13 [169].

Interestingly, a plateauing of the contamination from six inserts on is observed meaning no
drop in hadron flux when inserting more absorbers. Such a measurement implies additional
sources of hadrons downstream of bend4. There are several possibilities that have not been
considered in the present study: first and foremost, the NA64 setup including additional tracking
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Figure 7.13: Spectrum detected in the NA64 hadronic calorimeter [169]. The energy deposited in the
calorimeter is plotted for different absorber lengths; three in blue, six in red and nine in black. No
information from the tracking detectors is included.

detectors around bend6 has not been implemented in the simulation. Considering this additional
amount of material budget, it is possible to produce further hadrons. Another effect might
be the hadron production in the beam momentum stations (BMS) with three modules being
placed upstream and three placed downstream of bend6. In the simulation, those detectors
have been modelled by pieces of plastic with 16 mm or 20 mm thickness depending on the
station. As these modules are put in the beam and are traversed by a huge number of muons,
inelastic processes can occur, in which a muon produces a hadron that would be recorded in
the actual detectors. Because three stations are on the same level as NA64 it is possible that
such particles reach the experiment. Those events are rare and therefore not observed in the
simulation. This would be solved by biasing muon interactions in these detectors. Biasing of
the BMS is more complex than of the absorbers. In the present case, it is important to sample
the hadron production well without depleting the muon spectrum. In Fig. 7.14 one can see
the particles that are produced in the interactions of 160 GeV/𝑐 𝜇+ with 20 mm of plastic for
various bias factors applied to nuclear interactions of muons.

For Fig. 7.14, 104
𝜇
+ have been shot on the plastic. Without biasing the simulation, one

observes only a small rate of electrons, positrons and photons besides the non-interacting

116



Chapter 7 M2 muon beam

­3312
­3222

­3122
­2212

­2112
­411 ­321 ­211 ­13 ­11 11 22 130 211 310 321 2112

2212
3112

3122
3222

Particle ID

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

 o
n

 t
a

rg
et

+
µ

P
a

rt
ic

le
s 

p
er

 

No bias Factor 100 Factor 10000

Figure 7.14: Particles that are produced by 160 GeV/𝑐 𝜇+ interacting with 20 mm of poly-carbonate. The
numbers represent the PDG IDs as given in [170]. For example, 𝜋+ has the ID 211 and proton 2 212.
The production is given for different biasing factors applied to the nuclear interaction cross section of
muons. In blue, the results of the simulation with a cross section increased by a factor 100 are plotted.
In the simulation represented in black the factor has been 10 000. The unbiased simulation results are
given in red.

muons, but no hadrons at all. As soon as one starts applying reasonably high biasing factors,
muons start producing hadrons. Considering the rate of pions and protons being on the order
of 10−6 to 10−5, it is clear that in an unbiased study, this contribution would not be visible.
Additionally, looking at the results with the highest biasing factor, it is noticeable that the
muon rate (particle ID is −13) is smaller than for the other two cases meaning that one starts
loosing muons. Therefore, a reasonable biasing factor needs an even deeper investigation of the
underlying processes. And besides that the present situation is more complicated because there
are in total 112 mm of material in the way of the beam requiring a dedicated study including
the whole beamline to estimate reasonable biasing factors as one should not deplete the muons
in a nonphysical way.

7.4 Discussion
A full 3D model of the M2 line in muon configuration has been implemented. This includes the
hadron absorber that is essential for the high quality of the M2 muon beam. This absorber can
be used in different configurations determining the number of hadrons that are able to traverse
that beamline element. To be able to estimate the rate of surviving hadrons the cross section
biasing technique has been used. The fluxes of muons and hadrons have been estimated for
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three different configurations showing an exponential drop of the hadron rate by five orders
of magnitude with a simultaneous decrease of the muon rate by 25 % when going from three
to nine absorbers. Therefore, the performed study also yields a drop by nearly five orders of
magnitude in terms of hadron contamination.

As NA64 is observing a different behaviour of the hadron contamination as a function of the
number of installed absorbers, it is necessary to investigate further sources, where particles
are produced. Locations, where this can happen, are the beam momentum stations. Because
those have a small length, the production might not be sampled appropriately in the simulation.
Therefore, a deeper investigation of possible biasing techniques needs to be done.

Samples containing the beam distributions, both at the first BMS (𝑠 ≈ 995 m) and at the
entrance of the CEDAR area (𝑠 ≈ 1 090 m), have been shared with the NA64 experiment to
perform a full Monte Carlo simulation of the detector response. The results will be based on
the full trigger logic including the geometric acceptance of the setup. As the whole detector
is implemented, the production of further hadrons in the setup can be studied yielding a
possible answer to the exponential drop in the hadron contamination observed in the presented
simulations. The detector simulation and data analysis are currently performed and the results of
the whole study, beamline and detector simulation included, will be summarized and published
[171].
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The third and last running option besides the two that have already being discussed is the
electron mode. The M2 beamline is capable of transporting electrons, which were used in the
past by COMPASS for detector calibration purposes, and were and will be used by AMBER,
NA64 and MUonE [21] for the same reason.

MUonE is aiming at measuring the leading hadronic contribution of the electromagnetic
coupling constant via muon-electron scattering. The measurement might have a great impact
on the understanding of the anomalous magnetic moment of the muon. Currently, the hadronic
contribution is one of the leading uncertainties in the determination of the muon magnetic
moment. Understanding this source term better may pave the way to Physics Beyond the
Standard Model of Particle Physics.

As it is not yet an approved CERN experiment, MUonE is performing several test meas-
urements evaluating detector performances to be able to quantify the impact of the foreseen
experiment. One of the test beams has happened at the M2 line in October 2022 [172] partly
making use of the available electron mode. Another measurement has been performed at
CERN’s East Area beamline T09 [172]. During the campaign an electromagnetic calorimeter
(PbWO4) has been installed in the CEDAR area in M2 together with silicon tracking detectors
[173]. The performance of the calorimeter has been investigated with the transmitted electrons.
This measurement will be used to benchmark the simulation that will be discussed in this
chapter.

8.1 Simulation approach
From operation experience, it is known that on the order of 103 to 104 electrons are observed at
the CEDAR location in M2 starting from 1013 protons on the T6 target [144]. This implies an
attenuation factor of 10−9. Therefore, it is necessary to simulate on average 109 protons on
target to observe one signal electron at the calorimeter location. The ultimate goal naturally
would be to simulate one full spill of protons, which is impossible from a computational point of
view. Consequently, one needs to come up with another approach to be able to draw quantitative

119



Chapter 8 M2 electron beam

conclusions from the studies.
Nowadays, biasing techniques are commonly used in physics simulations. Naturally, this

would be the go-to approach when such an attenuation factor is involved. To be able to bias the
simulation in a proper way without interfering too much with the underlying physics some first
investigations have to be done. Those will be described in the following section 8.1.1.

8.1.1 Biasing investigations
As discussed in section 2.3, the electron beam is produced by pair production of photons
coming from 𝜋

0-decays. Clearly, considering the branching ratio of 𝜋0 → 2𝛾, which is
(98.823 ± 0.034) % [174], one does not need to increase the probability for this decay to happen.
Also, having 100 GeV/𝑐 electrons coming from pair-production, one needs photons with an
energy of 200 GeV. Considering Fig. 8.1, one can deduce that also pair-production is the
dominant process to happen on this energy scale (cf. 𝜅nuc and 𝜅𝑒). Again, this means there is
no need to interfere with the physics processes producing the high-energy electrons.

Figure 8.1: Photon interaction cross section in lead [5]. The various interactions contributing to the total
cross section as well as the total cross section itself are plotted as a function of photon energy.

Of course, Fig. 8.1 shows the cross section in lead, but this behaviour does only change
quantitatively when going to other materials, in this case beryllium. Still, pair-production is the
vastly dominating process that happens to photons.

Considering those two general statements, there is only one process in the production-chain
that can in principle be biased, which is the production of 𝜋0 in the T6 target. Unfortunately,
the production is included in the so-called hInelastic, i.e. hadronic inelastic, physics. But this
does not include the 𝜋0 production only, but all possible inelastic processes that a hadron can
undergo. Biasing this process, which is explained in section 7.2.2, would results in an increase
of all processes by the same factor meaning no gain.
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The last possibility at the T6 level is looking at the efficiency of photon conversion in the
target. To investigate this, a photon beam with energies between 150 to 250 GeV has been shot
on a 500 mm block of beryllium. The 𝑧-location, where the conversion happened in the material
block, is depicted in Fig. 8.2.
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Figure 8.2: 𝑧-location of 𝛾-conversion into electron-positron pairs. Only photons that created an
electron-positron pair are considered in the plot. Photons undergoing other processes do not contribute.

Integrating the conversion rate over the full target length of 500 mm yields the percentage
of photons that will produce an electron-positron pair. For the present case this comes to
(66.16 ± 0.26) % meaning that two-thirds of the photons will yield an electron still within the
target assuming the 𝜋0s are produced close to the target entrance. One-third will escape the
target region or undergo other processes. Considering those numbers, there is no need to force
more photons to convert in the target because one will gain at most 50 % in terms of electron
rate. This gain would not drastically increase the efficiency of the simulation meaning the
attenuation is still the dominating problem.

The presented considerations and investigations have been regarding the T6 target. In addition,
there is the so-called electron target, in which the electrons from upstream lose large amounts
of energy due to bremsstrahlung while the other particles do not. The final signal electrons
will be 40 GeV/𝑐 electrons coming from 100 GeV/𝑐 upstream with 60 GeV/𝑐-equivalent energy
loss. There is the other option that a bremsstrahlung photon pair-converts into 𝑒−-𝑒+. This
rate will be evaluated, too. With this secondary target generating a tertiary beam there is
another possibility to increase the simulation efficiency by interfering with the physics at that
point. To investigate this option, a 100 GeV/𝑐 electron beam with a 5 % momentum spread has
been fired on a 5 mm lead plate. Potentially, one can change the interaction cross section of
bremsstrahlung for electrons. Therefore, the rate of electrons in the intermediate energy range
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around 40 GeV needs to be investigated. This is illustrated in Fig. 8.3.
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Figure 8.3: Spectrum of electrons (100 GeV/𝑐 with a 5 % spread) after traversing a 5 mm-thick lead plate
for different biasing factors. The unbiased situation is given in red. In black, the cross section has been
increased by a factor two while for the blue one it has been decreased by a factor two.

The red curve shows the unbiased electron spectrum after traversing 5 mm of lead. For the
black distribution, the bremsstrahlung cross section has been increased by a factor two, while
for the blue one, it has been decreased by a factor two. Clearly, there is no gain in the relevant
energy range. One can just observe that by biasing the simulation one depletes certain ranges
in the spectrum: when increasing the rate, meaning bremsstrahlung happens more often, one
sees less high-energy electrons, while decreasing the cross section results in less low-energy
electrons. In the present case it is not useful to bias the production of 40 GeV/𝑐 electrons.

Another interesting number is the ratio between electrons coming from upstream of the
lead plate and loosing enough energy to be transported through the remaining beamline
compared to secondary electrons, typically coming from pair-production of photons coming
from bremsstrahlung. Obviously, having a 40 GeV/𝑐 electron-positron pair makes a 80 GeV
photon necessary. Such photons need to be produced basically in one interaction of an electron
from upstream with the secondary target material. The bremsstrahlung cross section for
electrons is shown in Fig. 8.4 as a function of the fractional energy transferred to the photon for
various electron energies. At the energies of interest around 100 GeV, the cross section peaks
at low photon energies. Therefore, most of the photons will not have energies high enough
to produce electrons and positrons with 40 GeV/𝑐 meaning this effect is expected to be a low
contribution. The fraction for the present case is depicted in in Fig. 8.5.

From Fig. 8.5 one can deduce that the rate of primary electrons is an order of magnitude
higher compared to secondary electrons. So, having those two results at hand, there is also no
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Figure 8.4: Bremsstrahlung cross section in lead shown for various electron energies as a function of the
fractional energy transferred to the photon [5]. At the energies of interest around 100 GeV the cross
section peaks at small photon energies.

option to bias the production of 40 GeV/𝑐 electrons at the location of the secondary target.

8.1.2 Discussion
No biasing techniques are possible because the production of the tertiary electrons is already
optimised. Therefore, one needs to accept the large attenuation factor when simulating the
electron beam. Considering such a small probability of having a signal electron, there is
clearly the need again to have a two-stage simulation as for the muon option already. With this
approach, it is again possible to produce a sample at a given location, which will naturally be
in front of the secondary target that can be reused multiple times to simulate the remaining
part of the beamline and will finally yield the electron spectrum and distribution at the MUonE
calorimeter. To speed up the simulation several options will be used. In case a neutrino will
be created it will not be tracked because it will not leave any signal in the detector anyways.
Therefore, it would be only unnecessary computing time to evaluate the neutrino tracks along
the beamline. Because the signal electrons have energies around 40 GeV, it is also not needed
to track particles down to low energies. Due to that a kinetic energy cut in the first stage of
the simulation of 20 GeV will be applied. This is also reasonable as the background is not of
interest in this case. Therefore, only beam particles need to be tracked.

Having such a high-energy electron beam, one might expect a large energy loss coming from
synchrotron radiation. The effect of synchrotron radiation can be evaluated, which will be
done shortly in the following. In the upstream part of the beamline, up to the converter plate,
the beam momentum is 100 GeV/𝑐. This part contains three bending sections: the first one
consists of three magnets bending by 5.9 mrad each (𝐿 = 3.6 m); the second one is made of
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Figure 8.5: Spectra of primary (red) and secondary (black) electrons after traversing a 5 mm-thick lead
plate. A particle is still counted as primary if it has not undergone an interaction, where it has been
destroyed and created the same particle. For instance, multiple scattering is a process that does not
change a primary particle to a secondary.

three magnets with 3.2 mrad per bend (𝐿 = 2.5 m); and the third station is one magnet bending
by 8 mrad (𝐿 = 5 m). A practical formula to calculate the energy loss Δ𝐸 due to synchrotron
radiation is given in Eq. (8.1), with the momentum 𝑝, the magnet length 𝐿 and the bending
angle 𝜃 [53].

Δ𝐸 = 1.3935 × 10−2 MeV
𝜃

2/mrad2 × 𝑝4/GeV4/𝑐4

𝐿/m
. (8.1)

Evaluating Eq. (8.1) with the given values1 yields a total energy loss of 75.4 MeV in the first
part of the line being ca. 0.08 % of the initial energy.

The part between the secondary target and EHN2 has three magnets bending by 4.8 mrad
each (𝐿 = 3 m), one bending by 9.6 mrad (𝐿 = 5 m) and again three bending by 10 mrad each
(𝐿 = 5 m). Calculating the energy loss for those values yields 3.9 MeV or 0.01 % of the tertiary
momentum 40 GeV/𝑐.

Having those values, one can deduce that it is not necessary to activate synchrotron radiation
losses in Geant4 meaning additional saving of computing time.

1 The beam energy is reduced by the synchrotron loss after each single bending magnet. The energy loss in
quadrupoles is neglected in this estimation because the fields are small and the effect is zero anyway for on-axis
particles.
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8.2 Results

8.2.1 Simulation to the converter
The proton beam depicted in Fig. 2.4 is shot on the 500 mm beryllium plate available in T6
as this yields the highest rate of electrons according to Fig. 8.6. This can be explained by
the following: the production of hadrons is proportional to 𝑥𝑒−𝑥 (cf. Eq. (2.3)), whereas the
electron production is roughly given by 𝑥2

𝑒
−𝑥 with 𝑥 = 𝐿

𝜆0
[45]. 𝐿 corresponds to the material

length and 𝜆0 to its nuclear interaction length. The additional factor of 𝑥 is caused by the
conversion of photons into electron-positron-pairs and in the case of beryllium, radiation length
and nuclear interaction length are very close. For both cases one factor 𝑥 arises from the hadron
production, which is also needed because the electrons come from 𝜋

0s.
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Figure 8.6: Production of electrons (black) and hadrons (red) as a function of the length of the target
head expressed in terms of nuclear interaction lengths. Plot after [45].

Again, the large TAX holes have been used for maximal particle flux. The collimator settings
are summarized in Tab. 8.1.

For the electron beam mode, there is no particular place in the first part of the beamline that
is of special interest. Therefore, the beam distributions are only scored at the position of the
converter plate, which is also the hand-over point to the second part of the simulation. The
distributions are shown in Fig. 8.7 to 8.9.

From the results, one can see that hadrons and muons get produced and transported to the
lead converter more frequently, i.e. by approximately an order of magnitude just considering
momenta around the nominal 100 GeV/𝑐 of the first part. The main reason is of course the
particle production. Considering the mechanism to produce electrons of energies around
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Collimator Horizontal gap in mm Vertical gap in mm

XCHV.X0610058 ±35 ±30
XCHV.X0610070 ±35 ±30
XCBV.X0610858 ±20
XCHV.X0611013 ±30 -5 +15
XCHV.X0611054 ±30 ±30

Table 8.1: Collimator settings as they have been used for the electron beam simulation. Those are based
on settings that have been used in 2022 [144].

100 GeV (a proton needs to produce a 𝜋0 of 400 GeV that decays into two 200 GeV photons
that can produce a 100 GeV electron-positron-pair), it becomes clear that producing hadrons
and subsequently muons happens more frequently. Another effect comes into play during the
transport. There are vacuum interceptions, and also vacuum windows, where particles undergo
interactions like multiple scattering. This effect is of course much worse for electrons than
for hadrons and muons meaning one looses more electrons than anything else in case there is
material in the beamline.
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Figure 8.7: Spatial distributions of the beam at the lead converter. Electrons are plotted in black and the
remaining particles in red. The horizontal distribution is illustrated in Fig. 8.7(a) and the vertical in
Fig. 8.7(b).

The spatial and angular distributions 8.7 and 8.8 show a beam that is strongly focused on the
lead plate, especially in the vertical direction. The reason for that focus is the following: as the
converter is placed in the beam way on purpose such that electrons loose large amounts of energy,
all the particles will also undergo multiple scattering. The multiple scattering increases the
beam divergence incoherently. Therefore, the divergence after the lead plate can be written like√︃
𝜎

2
0 + 𝜎2

MS, with 𝜎0 being the divergence before and 𝜎MS the multiple-scattering contribution.
Having a beam that is focused means that the distribution in angle is large. Therefore, adding
the multiple scattering term does not impact the total divergence as much as it would do in case
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Figure 8.8: Angular distributions of the beam at the lead converter. Electrons are plotted in black and the
remaining particles in red. The horizontal distribution is illustrated in Fig. 8.8(a) and the vertical in
Fig. 8.8(b).

one has a parallel beam.
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Figure 8.9: Spectrum of the beam at the lead converter. Electrons are plotted in black and the remaining
particles in red. For the simulation, a kinetic energy cut has been applied meaning that particles below
20 GeV are destroyed.

The spectra of electrons and all other particles are shown in Fig. 8.9. Those contain all
particles within ±5 m meaning also low-energy backgrounds with large spatial amplitudes.
Clearly, the kinetic energy threshold set at 20 GeV is visible in the spectra. Of course, this cut
has an impact on the low-energy background observed at the MUonE setup because there are no
particles in the sample handed over to the second stage that have kinetic energies below 20 GeV.
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As the interest is in the beam itself and not the background, the tertiary momentum is set to
40 GeV, so clearly separated from this cut, and such low energy particles are typically not close
to the beam axis, the effect of this cut is considered to be negligible.

8.2.2 Simulation to the detector
The presented distributions are used as the input for the second stage of the simulation that starts
at the front of the lead converter. During the test run in 2022, the MUonE setup was installed in
the CEDAR area. Therefore, the beam distributions shown in the following are scored at this
location. The calorimeter that has been in use has a transverse extent of 14.25 cm × 14.25 cm
[173]. The beam spot and divergence of the electron component are illustrated in Fig. 8.10. For
the test campaign the beam has been fit to the size of the calorimeter, which is clearly the case
according to Fig. 8.10(a). Counting all electrons in this area, one gets 4.11 × 10−9 per proton
on T6 resulting in around 4 000 electrons for a proton intensity of 1013 in one SPS-spill, which
is in good agreement with operational experience, during which one observes between 103 to
104 electrons per SPS-cycle [144, 175].
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Figure 8.10: Spatial (Fig. 8.10(a)) and angular ((Fig. 8.10(b))) distributions of electrons at the location
of the MUonE calorimeter in the beamline (𝑠 ≈ 1.1 km). A spatial cut of ±7.125 cm was applied in the
transverse plane corresponding to the transverse size of the calorimeter.

Of course, the installed calorimeter measures the spectrum of the electrons in the beam.
Therefore, the spectrum that has been simulated will be compared with the one obtained by
the MUonE collaboration during the test beam campaign. The simulation result is shown in
Fig. 8.11.

A Crystal-Ball (8.2) spectrum [176, 177] has been fitted to the simulated data.
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Figure 8.11: Electron spectrum at the location of the MUonE calorimeter in the beamline (𝑠 ≈ 1.1 km).
A spatial cut of ±7.125 cm was applied in the transverse plane corresponding to the transverse size of the
calorimeter. A Crystal-Ball spectrum (Eq. (8.2)) has been fitted to the data.
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The fit yields a mean value 𝑝0 of the Gaussian-part of the spectrum of (39.177 ± 0.026) GeV/𝑐
and a standard deviation 𝜎𝑝 of (1.101 ± 0.018) GeV/𝑐, which results in a momentum-resolution
of 𝜎𝑝

𝑝0
= 𝛿𝑝 = (2.81 ± 0.04) %. Interestingly, the distribution does not peak at 40 GeV, but the

maximum is slightly shifted towards lower momenta. As synchrotron radiation is turned off
during the simulation this cannot be a possible explanation of this shift. If it would have been
turned on, it would also only contribute to ca. 4 MeV which has been derived in section 8.1.2.
A main factor is the beam-matter-interaction with material that is in the beams way. A major
part here comes from the COMPASS Beam Momentum Stations (BMS) [17], which have
been in place during the test beam campaign. Six of those stations were installed making
up a total of 11.2 cm of plastic. Considering the energy loss of electrons in polycarbonate of
25.54 MeV cm2 g−1 at 1 GeV kinetic energy given by the ESTAR-database [178] and its density
of 1.2 g cm−3 [179], one will get a total energy loss of 343.26 MeV. Of course, as the energy
loss increases further with higher electron energies it is expected to be even higher at 40 GeV,
but the ESTAR-database tabulates values only up to 1 GeV. Another correction arises from the
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interaction with the air, where no beam pipes are installed in the beamline. Again, the ESTAR
database quotes an energy loss of 26.46 MeV cm2 g−1 [178] resulting in ca. 250 MeV for 80 m
of air at 1.205 mg cm−3 [180].

The spectrum measured by the MUonE collaboration is depicted in Fig. 8.12.

Figure 8.12: Electron spectrum measured by the MUonE calorimeter [177]. The data is not calibrated
meaning the spectrum is plotted in analog-to-digital converter (ADC) counts. A Crystal-Ball spectrum
(Eq. (8.2)) has been fitted to the data.

A Crytal-Ball distribution has also been fitted to the spectrum. It yields a mean value 𝐸0
of 19 130 ± 4 and a standard deviation 𝜎𝐸 of 809 ± 4, which gives an energy resolution 𝛿𝐸
of (4.227 ± 0.019) %. Compared to the resolution obtained from the simulation one sees a
difference of 50 %. Of course, the energy-resolution quoted from the MUonE collaboration
contains more source terms than just the energy spread of the beam itself. Clearly, a major
contribution is the detector resolution of the calorimeter determined by the device itself and the
noise added by the read-out electronics. Because the beam contribution is independent of the

detector itself, the total resolution 𝜎𝐸 can be written as 𝛿𝐸 =

√︃
𝛿

2
Beam + 𝛿2

Detector. Considering
𝛿Beam = (2.81 ± 0.04) % and 𝛿𝐸 = (4.227 ± 0.019) %, the detector resolution itself would be
(3.16 ± 0.05) %. The resolution of the calorimeter is expected to be on the order of 5 to 7 % at
an energy of 700 MeV [173]. Assuming a pure 1√

𝐸
-dependence of the resolution, this would

mean around 1 % at 40 GeV. Clearly, this simple dependence is not enough to describe the full
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calorimeter resolution. Typically, the resolution can be calculated more realistically with

𝜎𝐸

𝐸
=

√︄
𝑎

2

𝐸
+ 𝑏

2

𝐸
2 + 𝑐2 , (8.3)

[181]. The first term describes the statistically fluctuating number of produced shower particles,
the second one the constant electronic noise and the third one represents inhomogeneities in the
material or mistakes in the calibration. Considering those additional effects, the value of about
3 % is indeed realistic underlining the excellent agreement between the beamline simulation
yielding the pure electron spectrum and the measurement.
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CHAPTER 9

Conclusion and outlook

9.1 Summary
Throughout this thesis, the M2 secondary beamline at CERN’s SPS has been investigated. The
focus has been on the future high-intensity and high-energy hadron beam operation important
for the AMBER experiment. Because the beamline is also capable of delivering high-rate,
high-energy muon beams used for instance by the NA64 experiment important features of it
have been studied. With the third and last operational mode low-energy and low-intensity
electrons can be sent to the experimental area. This beam is used for calibration purposes.
Therefore, it is necessary to estimate the peak position and width of the momentum distribution.
All these points have been studied during the scope of this thesis with Monte Carlo simulation
techniques.

To be able to answer questions regarding the fundamental processes of the generation of
the hadronic mass, the AMBER experiment relies on high-intensity kaon beams. In chapter 5
and 6 it has been shown that one has two possibilities to overcome the problem of the small
abundance of kaons in the secondary beam: either by increasing the purity or the absolute rate.

The latter can be achieved with the RF separation technique. It relies on the velocity
differences particles with different masses have at the same momentum. To achieve a separation,
a first transversely deflecting RF cavity is used to kick the traversing particles independent of
their species. A second one that is placed at a known distance behind the first works as an
analysing cavity. Particles coming out of that one have an angular distribution that depends
indeed on the particle mass. Simulations of the transmission and separation of the RF beam
have shown that it is possible to reach kaon rates up to 600 kHz with a purity of 20 %. But
such values are acceptable for only parts of the physics program envisaged by AMBER. A
critical constraint enforced by the RF separation is the limitation of the beam momentum. This
limit is due to the distance between the cavities and the moderate radio-frequency that one can
have while still having reasonable gradients and apertures. For certain measurements like the
determination of the parton distribution functions of the kaon via Drell-Yan process a high
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beam energy is needed in order to reach a kinematic region that AMBER can cover. Because
the process itself has a low probability, a decrease of acceptance due to the low beam energy is
unacceptable.

As the increase of kaon abundance is only useful for parts of the AMBER measurements, the
absolute rate of kaons needs to be improved. This has been done in the scope of the conventional
hadron beam as it has been operated in the past. The flux relevant for the experiment is not
the absolute rate reaching the experimental area but the number of particles that are tagged
by the particle identification system. Therefore, the efficiency of identification needs to be as
high as possible in order to make optimal use of the low kaon fraction in the beam. It has been
shown that the remaining ca. 100 m of beamline that are currently not under vacuum reduce the
number of identifiable particles by 36 %. Together with improved beam optics resulting in a
more parallel beam at the position of identification the vacuum upgrade can increase the rate by
a factor 3.3 relative to the current setup of the beamline.

With those improvements of the beam the duration of the strange-meson spectroscopy of
AMBER has been estimated. Through Monte Carlo simulations of the full detector response
and event reconstruction the acceptance of the setup has been determined. Together with
the beam flux the instantaneous luminosity has been estimated finally yielding the run time
needed for the anticipated 2 × 107 recorded events. The detector efficiencies regarding particle
identification have been simulated for various beam energies. It has been shown that the best
performance in terms of PID is expected for lower beam momenta. For 100 GeV/𝑐 a period of
about 1.5 yr is expected to collect the anticipated data-set.

For the NA64 experiment exploiting the muon beam for dark matter searches knowledge of
the hadronic background is crucial. Therefore, the hadron contamination has been evaluated in
Monte Carlo simulation. It has been found that for the maximal number of absorbers one has
about one hadron in 106 muons. To be able to determine such low rates biasing techniques have
been investigated. Those help estimating processes with low probability even in a reasonable
amount of computing time. Depending on the absorber length different cross section biasing
factors have been used. The factors are motivated by the average length particles can travel in
the absorber with and without the applied factor reducing the probability for inelastic processes.

Dealing with simulations it is important to benchmark it with real data. The MUonE
collaboration has tested an electromagnetic calorimeter with the available electron beam in
M2 measuring the spectrum of those. The same has been simulated with the implemented
model yielding the peak position and width. A momentum spread of (2.81 ± 0.04) % has
been obtained in simulations while the measurement has given (4.227 ± 0.019) %. Clearly,
the simulation does not include the calorimeter itself. Therefore, no detector resolutions or
fluctuations in the read-out electronics are included. That is why one expects a smaller value
coming from the simulation. Considering the width coming from the measurement consisting
of the aforementioned contributions together with the intrinsic energy-spread of the beam, one
expects an energy resolution of (3.16 ± 0.05) % at 40 GeV, which is of the order of values the
MUonE collaboration is communicating [173].
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9.2 Future perspectives
The RF beam has not shown a significant increase of the overall beam rate, only of the beam
purity. Of course, together with more protons on T6 one could reach kaon intensities that would
be suitable for the physics programs. But in order to get there one would need more than an
order of magnitude more, which is unrealistic. Considering the low gain together with the
huge cost that would need to be invested for the cavities and cryogenics to implement the RF
separated beam it is currently out of reach to install it. Clearly, as soon as the RF technology
can provide cavities with similar gradients and frequencies but larger apertures, the situation
becomes different because the gain would be immediately recognisable.

Together with a larger aperture, which would require a redesign of the beam optics, the effect
of a cavity that deflects the beam in the full transverse plane could be investigated. The field of
such a cavity is expected to vary less with the azimuthal angle [126] mitigating the problem
of a non-constant field over the iris generating a position-dependent cavity kick. Also, a full
particle-matter simulation is needed to estimate the absorption capability of the beam dump
yielding a realistic determination of the expected background level.

As soon as the proposed beamline upgrades for the conventional beam will be implemented
it is important to validate the estimated improvements. Because the gains are already significant
only small further enhancements are expected. Because the beam is already close to optimal in
the horizontal direction, only changes in the vertical would really help. A possibility to further
improve the tagging efficiency is the reduction of the vertical angular dispersion, i.e. 𝑅46. M2
is a vertical beamline, which requires the regular installation of vertical bending magnets that
introduce dispersion. The corresponding recombination could be studied to get an even further
improved set of optics.

Already for the beamline simulation a more realistic implementation of the CEDARs would
be helpful. This would include the generation of Čerenkov photons by the particles traversing
the active volume of the detector together with the transmissions and reflections through the
optical systems consisting of mirrors and lenses. Of course, the simultaneous simulation of the
full beamline with the ray-tracing in the CEDARs would be unreasonable in terms of computing
time but with realistic beam distributions at the entrance of the detector one could study the
full response. Such a model is currently under development within the Experimental Areas
group, from which also experiments could profit. As the majority method has been used for the
estimation of run time for the spectroscopy program by requiring the beam divergence to be
smaller than a given threshold value, the identification efficiency is expected to be determined
too pessimistic. With a full simulation of the CEDAR response one could study the actual
efficiency together with the rate of wrongly identified particles.

The resulting beam distributions from the muon simulation are currently under study by the
NA64 collaboration. They are estimating the detector response in a full Monte Carlo simulation
of the complete setup finally yielding the level of hadron contamination. This is important
because a measurement of it has been performed in 2023 for different absorber lengths. To be
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able to fully compare the simulation with the collected data the model of the detector including
response and event reconstruction is needed. This will be provided by the study of NA64. Also,
beam-matter interaction with the NA64 setup will be included, which can include locations,
where further hadrons are produced.

Preliminary results from measurement do not show the same behaviour of the hadron
contamination as it is in the presented simulation. This means further sources of hadrons need to
be investigated. Possibilities are the NA64 detectors as well as the thin plastic scintillators, the
COMPASS BMS. Because their longitudinal extent is small the production and absorption might
not be sampled accurately. To overcome this problem the relevant processes may need to be
biased, too, in order to estimate the corresponding contributions. This will help understanding
the possible origins of hadrons. When knowing the local sources one can start investigating
how to suppress those in order to reduce the hadron contamination even without inserting more
absorbers in bend4.
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[32] O. S. Brüning et al., LHC Design Report, CERN Yellow Reports: Monographs,
Geneva: CERN, 2004, url: https://cds.cern.ch/record/782076 (cit. on p. 6).

138

http://cds.cern.ch/record/2676885
https://cds.cern.ch/record/2653581
https://cds.cern.ch/record/2677471
https://home.cern/node/5011
https://cds.cern.ch/record/2800984
https://cds.cern.ch/record/2736208
https://cds.cern.ch/record/1470565
https://cds.cern.ch/record/1479637
https://home.cern/science/accelerators/proton-synchrotron
https://home.cern/science/accelerators/super-proton-synchrotron
http://dx.doi.org/10.5170/CERN-1970-006
http://cds.cern.ch/record/229225
https://cds.cern.ch/record/2048898
https://home.cern/press/2022/run-3
https://cds.cern.ch/record/782076


Bibliography

[33] The Low Energy Ion Ring,
url: https://home.cern/science/accelerators/low-energy-ion-ring
(visited on 06/02/2024) (cit. on p. 6).

[34] J. Jowett, Colliding Heavy Ions in the LHC, (2018) TUXGBD2, url: https:
//accelconf.web.cern.ch/ipac2018/doi/JACoW-IPAC2018-TUXGBD2.html

(cit. on p. 6).
[35] L. Gatignon et al., Report from the Conventional Beams Working Group to the Physics

Beyond Collider Study and to the European Strategy for Particle Physics, (2022),
url: http://cds.cern.ch/record/2650989 (cit. on p. 7).

[36] L. R. Evans, A. Ijspeert, B. de Raad, W. Thomi and E. Weisse,
The steel septum magnets for beam splitting at the CERN SPS, (1978),
url: https://cds.cern.ch/record/319349 (cit. on p. 7).

[37] L. R. Evans et al.,
The external proton beam lines and the splitter systems of the CERN SPS,
IEEE Trans. Nucl. Sci. 24 (1977) 1571,
url: https://ieeexplore.ieee.org/document/4329014 (cit. on p. 7).

[38] S. Andreas et al.,
Proposal for an Experiment to Search for Light Dark Matter at the SPS, 2013,
arXiv: 1312.3309 [hep-ex] (cit. on pp. 7, 8, 100, 105).

[39] A. Ceccucci et al., Proposal to measure the rare decay 𝐾+ → 𝜋
+
𝜈𝜈̄ at the CERN SPS,

(2005), url: https://cds.cern.ch/record/832885 (cit. on pp. 8, 97).
[40] I. Efthymiopoulos, Target Station T4 Wobbling - Explained, (2003), url: http:

//sba.web.cern.ch/sba/Documentations/Target/T4/T4Wobbling3.pdf

(cit. on p. 8).
[41] N. Abgrall et al., NA61/SHINE facility at the CERN SPS: beams and detector system,

Journal of Instrumentation 9 (2014) P06005, issn: 1748-0221, url:
https://iopscience.iop.org/article/10.1088/1748-0221/9/06/P06005

(cit. on p. 8).
[42] M. Calviani et al., Specification for the renovated North Area primary targets T2, T4,

T6, T10 and associated beam instrumentation,
url: https://edms.cern.ch/file/1267311/4.0 (visited on 03/10/2023)
(cit. on pp. 8, 10).

[43] Particle Data Group, Atomic and nuclear properties of beryllium (Be), url: https:
//pdg.lbl.gov/2022/AtomicNuclearProperties/HTML/beryllium_Be.html

(visited on 05/10/2023) (cit. on pp. 8, 10, 106, 114).
[44] H. W. Atherton et al., Precise Measurements of Particle Production by 400 GeV/𝑐

Protons on Beryllium Targets, (1980),
url: https://cds.cern.ch/record/133786 (cit. on pp. 8, 9, 90).

139

https://home.cern/science/accelerators/low-energy-ion-ring
http://dx.doi.org/10.18429/JACoW-IPAC2018-TUXGBD2
https://accelconf.web.cern.ch/ipac2018/doi/JACoW-IPAC2018-TUXGBD2.html
https://accelconf.web.cern.ch/ipac2018/doi/JACoW-IPAC2018-TUXGBD2.html
http://cds.cern.ch/record/2650989
https://cds.cern.ch/record/319349
http://dx.doi.org/10.1109/TNS.1977.4329014
https://ieeexplore.ieee.org/document/4329014
https://arxiv.org/abs/1312.3309
https://cds.cern.ch/record/832885
http://sba.web.cern.ch/sba/Documentations/Target/T4/T4Wobbling3.pdf
http://sba.web.cern.ch/sba/Documentations/Target/T4/T4Wobbling3.pdf
http://dx.doi.org/10.1088/1748-0221/9/06/p06005
https://iopscience.iop.org/article/10.1088/1748-0221/9/06/P06005
https://edms.cern.ch/file/1267311/4.0
https://pdg.lbl.gov/2022/AtomicNuclearProperties/HTML/beryllium_Be.html
https://pdg.lbl.gov/2022/AtomicNuclearProperties/HTML/beryllium_Be.html
http://dx.doi.org/10.5170/CERN-1980-007
https://cds.cern.ch/record/133786


Bibliography

[45] D. Banerjee et al., The North Experimental Area at the Cern Super Proton Synchrotron,
(2021), url: https://cds.cern.ch/record/2774716
(cit. on pp. 10, 24, 28, 29, 125).

[46] Miniscan on T6, url: https://logbook.cern.ch/elogbook-
server/GET/showEventInLogbook/3612886 (visited on 05/10/2023)
(cit. on p. 11).

[47] H. Wiedemann, Particle Accelerator Physics, Springer, 2015,
isbn: 978-3-319-18316-9, url: https://doi.org/10.1007/978-3-319-18317-6
(cit. on pp. 12, 22).

[48] P. Abbon et al., The COMPASS Setup for Physics with Hadron Beams,
Nucl. Instrum. Meth. A 779 (2015) 69, arXiv: 1410.1797 [physics.ins-det],
url: https:
//www.sciencedirect.com/science/article/pii/S0168900215000662

(cit. on pp. 14, 34, 45).
[49] B. J. Holzer, Lattice Design in High-energy Particle Accelerators,

(2014) 61, 40 pages, contribution to the CAS - CERN Accelerator School: Advanced
Accelerator Physics Course, Trondheim, Norway, 18-29 Aug 2013. arXiv admin note:
substantial text overlap with arXiv:1303.6514, arXiv: 1601.04913,
url: https://cds.cern.ch/record/1982419 (cit. on p. 17).

[50] V. Stergiou and N. Charitonidis,
User Requirements for the XCSH/V, XCHV and XCBV Collimators,
url: https://edms.cern.ch/document/2742301/0.3 (visited on 28/09/2023)
(cit. on p. 18).

[51] Particle Data Group, Atomic and nuclear properties of materials: Iron (Fe),
url: https:
//pdg.lbl.gov/2010/AtomicNuclearProperties/HTML_PAGES/026.html

(visited on 28/09/2023) (cit. on p. 18).
[52] G. L. D’Alessandro et al., First “Skin Depth” estimations using GEANT4 and FLUKA

based simulations for CERN secondary beamlines,
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 512 (2022) 76, issn: 0168-583X, url: https:
//www.sciencedirect.com/science/article/pii/S0168583X21004055

(cit. on p. 18).
[53] L. Gatignon,

Design and Tuning of Secondary Beamlines in the CERN North and East Areas, (2020),
url: https://cds.cern.ch/record/2730780 (cit. on pp. 19, 124).

[54] W. Hillert, Transverse Linear Beam Dynamics, 2021,
arXiv: 2107.02614 [physics.acc-ph] (cit. on pp. 20–22).

140

https://cds.cern.ch/record/2774716
https://logbook.cern.ch/elogbook-server/GET/showEventInLogbook/3612886
https://logbook.cern.ch/elogbook-server/GET/showEventInLogbook/3612886
https://doi.org/10.1007/978-3-319-18317-6
http://dx.doi.org/10.1016/j.nima.2015.01.035
https://arxiv.org/abs/1410.1797
https://www.sciencedirect.com/science/article/pii/S0168900215000662
https://www.sciencedirect.com/science/article/pii/S0168900215000662
http://dx.doi.org/10.5170/CERN-2014-009.61
https://arxiv.org/abs/1601.04913
https://cds.cern.ch/record/1982419
https://edms.cern.ch/document/2742301/0.3
https://pdg.lbl.gov/2010/AtomicNuclearProperties/HTML_PAGES/026.html
https://pdg.lbl.gov/2010/AtomicNuclearProperties/HTML_PAGES/026.html
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2021.11.021
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2021.11.021
https://www.sciencedirect.com/science/article/pii/S0168583X21004055
https://www.sciencedirect.com/science/article/pii/S0168583X21004055
https://cds.cern.ch/record/2730780
https://arxiv.org/abs/2107.02614


Bibliography
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APPENDIX A

Appendix

A.1 Impact of divergence and momentum spread
In the following, the results of a Mickey Mouse Monte Carlo simulation are shown. The purpose
of it is seeing the influences of a finite momentum spread and divergence on the RF separation
as discussed in section 5.6 and 5.7.

The SPS proton beam is slowly extracted meaning a constant number of protons is sent on T6.
The spill length is ca. 4.8 s. Therefore, the times, at which secondary particles are produced are
uniformly distributed between ±2.4 s, which is illustrated in Fig. A.1.
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Figure A.1: Time distribution of the slowly extracted proton beam. The secondary particles will be
produced in the indicated time window between ±2.4 s.

The different particles receive the kicks at both RF stations, described in chapter 5, which
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purely depends on the phase they arrive with relative to the electromagnetic wave. Different
scenarios are illustrated. In Fig. A.2 the separation is shown for a monochromatic and parallel
beam. Fig. A.3 shows the situation for a parallel beam with a Gaussian momentum spread of
𝜎𝑝 = 1 %. The separation capability for a monochromatic, but divergent beam (Gaussian with
𝜎𝑥′ = 0.5 mrad) is plotted in Fig. A.4. Finally, the situation with a divergent, broadband beam
(Gaussians with 𝜎𝑥′ = 0.5 mrad and 𝜎𝑝 = 1 %) is shown in Fig. A.5.
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Figure A.2: Angular separation after RF2 for a parallel, monochromatic beam. The wanted particles are
shown in black, while the unwanted one are plotted in red.
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Figure A.3: Angular separation after RF2 for a parallel beam with a Gaussian momentum spread of
𝜎𝑝 = 1 %. The wanted particles are shown in black, while the unwanted one are plotted in red.
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Figure A.4: Angular separation after RF2 for a monochromatic beam with a Gaussian angular spread of
𝜎𝑥′ = 0.5 mrad. The wanted particles are shown in black, while the unwanted one are plotted in red.
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Figure A.5: Angular separation after RF2 for a broadband, divergent beam. Both, angle and momentum,
are Gaussian distributed with 𝜎𝑥′ = 0.5 mrad and 𝜎𝑝 = 1 %. The wanted particles are shown in black,
while the unwanted one are plotted in red.
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A.2 New hadron beam optics
The transport matrix elements 𝑅11, 𝑅12, 𝑅16, 𝑅33, 𝑅34 and 𝑅36 of the improved conventional
beam optics are illustrated in Fig. A.6.
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Figure A.6: Plot showing the new optics for hadron operation. A larger and therefore more parallel beam
has been achieved at the CEDAR-location for a more efficient beam particle identification.

As the beam size is mostly determined by 𝑅12 and 𝑅34, those parameters are maximised at
the CEDAR-position. Simultaneously, to achieve a parallel beam 𝑅22 and 𝑅44 are set to zero.
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A.3 RICH efficiency
In Fig. 6.11, the particle identification efficiency of the COMPASS RICH1 normalised to the
number of simulated events is shown. For comparison purposes the colour scale has been
kept constant to see the efficiency increase better. For completeness, the histograms that are
not normalised, are plotted in Fig. A.7. Also, the colour scale is not the same for the shown
distributions.
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Figure A.7: RICH efficiency for different beam momenta. The correlation between the momenta of the
outgoing 𝐾+ and 𝜋+ are plotted. Fig. A.7(a) is obtained at 100 GeV/𝑐 beam momentum, Fig. A.7(b)
at 120 GeV/𝑐, Fig. A.7(c) at 150 GeV/𝑐 and Fig. A.7(d) at 190 GeV/𝑐. The efficiency increases with
decreasing beam momentum as it is less likely that both particles have high momenta, where it is more
difficult to separate those.

160



Appendix A Appendix

A.4 Biasing factors for the muon beam simulation
The biasing factors for the muon beam simulation discussed in section 7.2 are motivated.
Similarly as for 𝜋+ (cf. Fig. 7.3), the 𝑠-coordinates of the points of the last interactions are
plotted for 𝑝 in Fig. A.8 and 𝐾+ in Fig. A.9.
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Figure A.8: Position of last interaction of primary 𝑝 with 172 GeV/𝑐 in 10 m of beryllium.

As discussed already for 𝜋+, the choice of the biasing factor is uncritical as the absorption
close to the entrance of the beryllium block is still the most probable process. As long as one
chooses a factor such that particles escaping the absorber are observed, one can select it in a
range from 10 to 50 % depending on the particle.
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Figure A.9: Position of last interaction of primary 𝐾+ with 172 GeV/𝑐 in 10 m of beryllium.
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