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Introduction 
 

Understanding elementary particles and their interactions is the main task of 

scientific society for more than a century. This continuing journey starts with the 

discovery of X-rays by W. C. Röntgen in 1895. After years of theoretical and 

experimental progress, establishing and proving quantum mechanics and discovering of 

new particles, a united model describing the electromagnetic, strong and weak forces is 

developed. The Standard Model (SM) is a field theory in which theoretical predictions 

agree extraordinarily well with experimental observations. After years of extensive 

testing and doubting its accuracy, the basic principles of the SM still stand. It managed 

to predict the existence and the discovery of the top quark, the tau neutrino and a lot 

more particles including the most recently discovered Higgs boson in 2012. Yet SM is 

not a complete theory of everything, but more a low-energy limit of a more profound 

theory. It does not explain and incorporate gravity, does not give an answer to why the 

electro-weak scale and the Planck scale are so disparate, it does not have a viable 

candidate for dark matter and gives no explanation of the hierarchy problem. 

There are numerous extensions to the Standard Model, a lot of revisions and 

replacements in it attempting to correct these and other issues. All those theories require 

verification, while unfortunately at present moment there is no experimental evidence 

for any of them over the other. This leads to exploring of the physics at the TeV energy 

scale. 

 The Large Hadron Collider (LHC) at the European Organization for Nuclear 

Research (CERN) is a proton-proton accelerator built with the main goal to test all these 

theories. The LHC lies in a tunnel 27 km in circumference and 175 m beneath the 

surface near Geneva, Switzerland, which makes it the world’s largest particle 

accelerator. It has a design center-of-mass energy of 14 TeV and luminosity of 10
34

cm
-

2
s

-1
 which also makes it the highest-energy accelerator. It collide oppositely circulating 

beams of either protons or lead nuclei.  

 The Compact Muon Solenoid (CMS) detector is one of the two multipurpose 

experiments at the LHC. It was built to record and reconstruct proton-proton collisions 

at very high precision level. The final-state muons that these events are expected to 

produce are of particular interest in studying very high-energy physics processes. CMS 

has been collecting data successfully since the start of the first LHC physics run in 

2009. In order to be able to record the final state muons, the CMS experiment has a 

highly efficient and redundant muon system, which is specialized in covering the muon 

identification, momentum measurement and trigger. There are three types of gas 

detectors used in it. In the barrel region (|η| < 1.2) Drift Tubes chambers (DT) and 

Resistive Plate Chambers (RPC) are used, while in the endcap region there are Cathode 

Strip Chambers (CSC), which cover up to |η| < 2.4 and RPCs up to |η| < 1.9. 

 This thesis is structured in seven chapters. The first one gives the physics behind 

LHC, while the second and the third chapter describe the LHC accelerator and the CMS 

experiment. The forth chapter is devoted to Resistive Plate Chambers. The fifth chapter 

gives a detailed review of the CMS muon system upgrade during LS1, and the sixth 

chapter presents the performance of the CMS RPC system during Run 2. Chapter 7 

describes the personal involvement of the doctorate candidate. 
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1. Physics Studies 

 

1.1. Standard Model of particle physics 

 
In Particle Physics, the relativistic Quantum Field Theory used to describe the 

fundamental building blocks of matter and their interactions with each other is called 

the Standard Model (SM) [1]. This model combines successfully the Electroweak theory 

[2], which describes electromagnetic and weak interactions, with Quantum 

Chromodynamics (QCD) [3], which gives description of strong interactions.  

The matter constituents in the SM are called fermions. These are half spin 

particles (spin ½) which interact with each other by the exchange of other particles 

called gauge bosons (spin 1). The fermions are divided into two major types – quarks 

and leptons. There are 6 quarks and 6 leptons paired into three generations, depending 

on their mass. The quark generations, also called families, are made out of two quarks 

each – up (u) and down (d) in the first, charm (c) and strange (s) in the second and top 

(t) and bottom (b) in the third. The lepton generations are made of one electrically 

charged and one neutral particle. The charged leptons in the three generations are 

electron (e), muon (µ) and tau (τ) for the first, second and third generation respectively, 

while the neutral leptons are called neutrinos (ν) – electron- (νe), muon- (νµ) and tau 

neutrino (ντ). Quarks hold electric charge, weak isospin and color charge and because of 

that interact through both electroweak and strong forces. Quarks have never been 

observed as free particles due to confinement (a strong interactions property). They are 

forming bound states of color neutral particles called hadrons, which are divided into 

baryons and mesons. Leptons can interact only through electroweak force since they 

have zero color charge. Neutrinos also interact only via the weak force as they are also 

not electrically charged.  

The up quark has an electric charge of  
 

 
 , while the electric charge of the down 

quark is  
 

 
 . The electron has a negative charge of – e, and as mentioned, the neutrino 

is a neutral particle. These four particles, i.e. the first generation of fermions, are the 

constituents of all stable matter observed in the universe. For each of the fermions there 

is an anti-particle with exactly the same coupling but opposite quantum numbers.  

Diagram of the particles in the Standard Model, sorted by generations and ordered 

with respect to their mass is shown in figure 1.1. Although neutrinos are described as 

massless particles in the SM, recent experiments proved that they have very small but 

still existing masses [4]. The logarithmic scale for the mass in the figure shows that each 

fermion generation is drastically more massive than the previous one. 

In order to exist in the form of matter, elementary particles interact with each 

other through four types of interactions. So far only three of these interactions have 

been experimentally observed among fermions – electromagnetic, weak and strong. The 

fundamental interactions are mediated by gauge bosons and for each fundamental force 

behind the interaction, there is a special boson carrying it. 
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Figure 1.1: Elementary particles in the Standard Model shown with respect to their masses [5]. 
 

The photons (γ) are massless particles mediating the electromagnetic force, the 

charged W
+
 and W

-
 bosons and the neutral Z

0
 boson are mediators of the weak force, 

while the gluons (g) are the strong force mediators. The W
±
 and the Z bosons are 

massive particles and their masses are                     and     
                   [6].  According to the QCD there are eight different massless 

gluons which have a color charge and can also interact with each other. The color 

charge comes in three flavors – red (r), green (g) and blue (b).  

 Figure 1.2: Scheme of interactions between the constituents of the Standard Model © Wikipedia. 
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The forth known fundamental force – gravity is not part of the Standard Model. In 

the large scale world it is an extremely strong force keeping the planets in their orbits 

around stars, but in particle physics it is negligible in comparison with the magnitude of 

the other three forces. Figure 1.2 shows the allowed interactions between the particles of 

the SM.   

The Standard Model of particle physics is the most successful Quantum Field 

Theory (QFT) to describe all elementary particles and interaction fields so far. The 

Elektroweak (EWK) theory combines the electromagnetic and weak interactions, while 

the strong interaction is described by Quantum Chromodynamics (QCD). The mass of 

particles is added by an additional mechanism which describes the electroweak 

symmetry breaking – Higgs mechanism. 

A more detailed review of the mathematical foundation of the SM in the theory of 

gauge symmetries can be found in [7].  

 

1.2. Higgs boson 
 

Understanding the mechanism behind electroweak symmetry breaking is one of 

the most important objectives in high energy physics. Three groups of researchers 

postulate independently the existence of a special scalar field which adds mass to all 

known particles. The mechanism behind this field is called the Brout-Englert-Higgs 

mechanism, which postulates the existence of the Higgs boson (H) and thus adds mass 

to the weak gauge bosons [8-12]. Yukawa couplings with the Higgs scalar field on the 

other hand give mass to the fermions [13-15].  

It takes more than 48 years before the experimental observation of the postulated 

Higgs boson is reported. In 2012 the ATLAS and CMS Collaborations at the LHC 

observe independently a new boson with mass near 125 GeV [16-18]. All subsequent 

measurements of the production, decay rates and the spin-parity quantum numbers of 

the new boson [19-24] show that its properties are compatible with the ones expected 

for the SM Higgs. The CDF and D0 experiments also reported a consistent with the 

LHC observations excess of events [25, 26]. 

Figure 1.3: Feynman diagrams of the cleanest Higgs production channels – diphoton 

channel (a) and 4-lepton channel (b). 
 

Based on all studies results, the newly discovered boson can be described as a 

massive scalar boson, which has no spin and zero electric and color charge. It is its own 

anti-particle and has even parity. Figure 1.3 shows the Feynman diagrams of cleanest 

channels associated with the Higgs boson observation. The production mechanism 

(a) (b) 
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involves two gluons from each proton, which fuse to a top quark or W boson loop. The 

loop couples strongly to the Higgs field to produce a Higgs boson. In the diphoton 

channel, Higgs decays subsequently into 2 gamma ray photons by virtual interaction 

with a top quark or W boson loop, while in the 4-lepton channel, the Higgs emits 2 Z 

bosons, which decay into 2 leptons (electrons, muons) each. Experimental analyses of 

these channels reach a significance of more than 5 σ in both the ATLAS and CMS 

experiments [23, 24]. 

 

1.3. Beyond the Standard Model 
 

The Standard Model of Particle Physics is a very successful theory, tested and 

questioned for more than a century. Still it seems not entirely compatible with the 

ultimate description of nature. There are a number of questions and problems both 

theoretical and phenomenological that do not have an explanation in the SM. Why the 

exact number of quark and lepton generations is three, what is the explanation of the 

values of the mixing angles in the CKM matrix [27, 28, 29] and the values of the masses 

of the particles, why there is a baryon asymmetry…, these are all questions that need an 

answer and unfortunately the Standard Model cannot give one.  

One of the major problems with no explanation in this theory is the so called 

hierarchy problem – it comes from the huge difference in the scales of magnitude for 

electroweak physics (       
    ) and the fundamental gravity scale (Plank mass 

scale –        
      ). The SM already describes all fundamental interactions but the 

gravitational one, so no new physics is expected in between these two scales. 

Another major problem is the unification of the coupling constants. There is a belief 

that following the good unification of the electromagnetism and weak interaction, it will 

be possible to unify all fundamental interactions and thus describe them by a single 

symmetry group. Unfortunately no evidence for this unification possibility is observed 

so far, so new physics at higher energies must be searched. 

Gravitational interactions are also not defined in the SM which makes the model 

incomplete by itself. There is also no explanation of the observed existence of neutral 

non-baryonic matter.  It is called dark matter and based on cosmic microwave 

background studies it is 6 times more than baryonic (SM postulated) matter in the 

universe [30]. Another cosmological problem with no explanation is the asymmetry 

between matter and anti-matter. 

A number of promising models have been introduced throughout the years in order 

to extend or replace the Standard Model. So far there is no experimental evidence 

accepting or rejecting any of them.  
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1.3.1. Supersymmetry 
 

Supersymmetry (SUSY) [31] is one of the most promising extensions of the 

Standard Model. It introduces symmetry between bosons and fermions [32] by allowing 

for each boson to be introduced a fermion and vice versa. Thus unification of the bosons 

and fermions at the Planck scale is allowed. SUSY comes with a spectrum of new 

particles, including some candidates for dark matter. Figure 1.4 shows the SM particles 

and their possible SUSY partners. 

Figure 1.4: Standard Model particles and their hypothetical Supersummetry partners. 
 

Supersymmetry is a very natural theory which gives solution to a number of SM 

inconsistencies. Since there are still no super partners of the SM particles discovered 

though, SUSY must be broken. Thus it solves the gauge hierarchy problem since with 

the introduction of bosons as super partners of the SM fermions, the quantum 

corrections to the Higgs mass would cancel out in a natural way. It also provides the 

means for completing the unification of strong and electroweak interactions, since when 

the SM gauge couplings are extrapolated to higher scale          
       they meet at 

a single point. There is a special R-parity introduced in the SUSY model, which results 

in that the lightest supersymmetric particle (LSP) has to be stable and this particle is a 

very good candidate for dark matter. 

 

1.3.2. Other possible SM extension scenarios  
 

There are several other alternative theories and models for extending the Standard 

Model in a bit different way than the supersymmetry. Introducing extra space-time 

dimensions in the theory can help with solving the hierarchy problem and integrating 

gravity at the quantum level. Thus instead of cancelling the divergences, the Planck 
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scale is leveled with the TeV energy scale. There are two possible scenarios for 

introducing extra dimensions – either they are too big (brain scenarios) or they are very 

small, so in both cases they are unreachable from the four space-time dimensional 

world. There are a lot of extra dimensional models and some of them predict at the high 

energy TeV scale some new particles like radions and gravitons can be produced. String 

theory for example requires both supersymmetry and extra dimensions. It treats particles 

as extended objects.  

There are a number of other exotic scenarios proposed as alternatives to these ones 

beyond the SM. In general in such scenarios new matter fields are needed. Finding new 

unobserved so far particles will help to determine the correct theory which can extend 

our current knowledge of the way nature works. There is an overview of many of these 

models and scenarios in [33-35]. 

 

1.4. Cosmic rays 
 

Cosmic rays are high-energy particles originating mainly from supernovae, quasars 

and other astronomical events, but also from the solar flares [36].They can be divided 

into two separate parts – primary cosmic rays and secondary cosmic rays. The primary 

are the ones entering the terrestrial atmosphere – protons and alpha particles (99%) with 

a small amount of heavier nuclei (~1%), which are synthesized in stars. Interaction of 

the primaries with the nuclei from the upper layers of the atmosphere results in forming 

a shower of particles, which are referred as secondary cosmic rays. A cosmic ray 

cascade of a primary particle, forming a shower of secondary particles is shown in 

figure 1.5. 

Figure 1.5: Primary cosmic particle collides with an atmosphere molecule [37]. 
 

Majority of the newly produced particles are neutral (π
0
) and charged (π

±
) pions 

[38]. The neutral pions decay into gamma-rays (γ) with a very short lifetime – less than 

10
-17

 s, generating electro-magnetic showers from electron-positron pairs (e
±
). The 

charged pions, which do not undergo further nuclear reactions, decay into positive and 
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negative muons (µ±
) and muon neutrinos (     ̅̅̅). Fast nucleons, kaons (K

±
, K

0
), as well 

as neutrons (n) and protons (p) can also be created during the cosmic ray cascade of 

secondary particles. Assuming they have enough energy, they can also interact with 

other air nuclei, forming lower energetic nucleons, neutrons and protons. 

The majority of particles from the secondary particle shower, which reach sea level, 

are muons. Muons are discovered in 1937 while studying the cosmic rays [39]. They 

have a very high energy and an average lifetime of 2.2 µs, which though seeming 

extremely short allows them to travel long distances in the atmosphere. The distance 

muons can travel before they decay lengthens with the increase of their energy. This 

correlation is explained by the time dilation predicted by the Einstein relativity theory 

[40]. Muons have a spin of ½, but they are about 207 times heavier than electrons with a 

mass of 105.7 MeV/c
2
. This allows them to penetrate far more deeply into matter than 

electrons, since they are not so influenced by electromagnetic fields and don’t emit 

deceleration radiation (bremsstrahlung). Some muons can be detected even at depths 

below 500 meters and are the only particles which can be observed there. More than 

10 000 muons coming from the secondary particle showers reach Earth’s surface every 

square meter per minute. Apart as products of the cosmic rays interaction with 

atmosphere, muons can be created also in large particle accelerators, as result of 

collisions between high energy particles. All their properties make them a never-ending 

source for different experiments and researches. Muon studies give a good opportunity 

to learn more about the interactions of cosmic rays with the atmosphere and to study the 

weak interactions between particles. They are also used for studying different 

geographical objects, materials and medical applications [41-45].  
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2. The Large Hadron Collider 

 
2.1 LHC overview 

 
The Large Hadron Collider (LHC) [46] is the highest-energy particle accelerator 

ever built. It accelerates and collides beams of oppositely circulating protons and heavy 

ions. The design and the operation of this discovery machine are driven by the goal to 

explore new frontiers in physics at the TeV energy scale. Hopefully this new high-

energy physics will bring some light on the nature of electroweak symmetry breaking 

and the Beyond Standard Model phenomena. 

Located at the European Organization for Nuclear Research (CERN) near 

Geneva (Switzerland), LHC is installed in the 27 km circular tunnel of the former Large 

Electron-Positron Collider (LEP) near the French-Swiss border, some 100 m beneath 

the surface. Inside the tunnel there are mainly superconducting magnets with a number 

of accelerating structures to keep the energy of the accelerated particles. Figure 2.1 

shows the layout of the LHC tunnel.  

Figure 2.1: Layout of the Large Hadron Collider [47]. Particles rotate in two beams with 

opposite directions, crossing at four interaction regions where the main experiments are located. 
 

The LHC is designed as proton-proton collider with optimal center-of-mass 

energy of 14 TeV and foreseen luminosity of ℒ = 10
34

 cm
-2

s
-1

. It can also collide heavy 

ions (
208

Pb
82+

), with beam energies of 2.76 TeV/nucleon, a total center-of-mass energy 

of 1.148 PeV and nominal luminosity of ℒ = 10
27

 cm
-2

s
-1

.  

Colliding protons (pp) instead of electron-positron(  ̅), like in LEP, allows high 

intensity beams, thus increasing the collision rates and resulting in decreasing of the 

minimal cross section to be probed. Table 2.1 shows the design parameters for LHC for 

proton and lead beams.  
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 Though using this design, the LHC is not a perfectly circular collider (figure 

2.1). It consists of eight straight sections, which are around 5 km in total, and 22 km of 

curved sections divided into eight sectors. The straight sections are used as injection 

regions. At four of them the physics experiments are built. One houses the acceleration 

system, one the beam dump, and the beam cleaning systems are installed at the 

remaining two. The curved sections are occupied by magnets and the systems to make 

them functional.  

Parameters p-p collisions Pb-Pb collisions 

Center-of-mass energy (TeV) 

Number of particles per bunch 

Number of bunches 

Design Luminosity (cm
-2

s
-1

) 

Bunch length (mm) 

Beam radius at interaction point (µm) 

Time between collisions (ns) 

Bunch crossing rate (MHz) 

Circumference (km) 

Dipole field (T) 

14 

1.1 х 10
11

 

2808 

10
34

 

53 

15 

25 

40.08 

~ 27 

8.3 

1148 

~ 8 х 10
7
 

608 

2 х 10
27

 

75 

15 

124.75 х 10
3
 

0.008 

~ 27 

8.3 

Table 2.1: Parameters of the Large Hadron Collider for p-p and Pb-Pb collisions [46] 

Figure 2.2: Predicted Standard Model of Particle Physics cross sections as a function of the 

center-of-mass energy [48]. Discontinuities at 4 TeV are due to the switch from   ̅ to pp collisions. 
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In order to discover new physics, a lot of interesting processes need to be studied 

in detail. These processes are extremely rare, as can be seen in figure 2.2.  

A collider generates number of events per second via a given process. This 

number is given by: 

                                                  ℒ     (2.1)  

where ℒ is the machine luminosity, which depends only on the beam parameters, and σ 

is the cross section for the process being studied. Greater luminosity gives more 

possibility of an interesting process to occur. 

 For a circular collider luminosity is given by: 

                                        ℒ  
           

     
 
     (2.2)  

In this formula N1 and N2 are the numbers of particles per bunch in each beam (particles 

inside the beam are accelerated into small groups, called bunches), nb is the number of 

bunches per beam, frev is the revolution frequency,  n is the normalized beam emittance 

(a measure of how much the particles depart from the ideal trajectory), γ is the 

relativistic gamma factor for the particles in the beam, β
*
 is the beta function at the 

collision point (it gives the envelope for the motion of particles) and F is the luminosity 

reduction factor due to the crossing angle at the interaction point. In this equation, only 

frev and γ are determined by collider radius and particle energy, while all the other 

parameters may be controlled to maximize the luminosity. 

 

2.2 LHC magnets 

 
The LHC is built as the world’s largest high-energy physics experiment. 

Accelerating particles into such circular path as in the collider requires a huge magnetic 

force to keep the beams steady. In order to achieve this and due to space constrains in 

the tunnel, LHC uses a new two-in-one magnet design – twin bore magnets that consists 

of two coils with a common infrastructure and cryostat [49].  

In figure 2.3 is shown the cross section design of the main LHC dipole magnets. 

The two beam pipes are in the center, each with diameter of 54 mm and distance 

between them of 194 mm. Around the beam pipes there are superconducting coils made 

of superconducting NbTi cables. These cables need to be cooled down to temperatures 

of about 1.9 K. The cold mass of the magnet is formed by these coils, the steel collars 

that hold them in place and the magnetic yoke which surrounds the coils. The cold mass 

is insulated in a vacuum vessel immersed in superfluid Helium of 1.9 K, which is used 

as a coolant of the magnetic system. As a result 15 m long, 30 tons dipole magnets with 

a cryostat diameter of 0.914 m are built [50].  
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Figure 2.3: Cross section of the LHC Main Dipole in its cryostat. 

 

These dipole magnets are used for bending the beams in order to follow the 

space constrains of the LHC tunnel. A circular accelerator though requires also a 

focusing mechanism that can keep the particles centered at the design orbit. Modern 

storage rings use strong focusing, which is a concept where dedicated quadrupole 

magnets provide field components proportional to the deviation of the particles from the 

design orbit. Thus due to the prevented by the Lorenz force divergent trajectories, the 

particles oscillate around the designed orbit while they circulate in the storage ring. 

 Each sector of the LHC consists of 46 series of 1 quadrupole and 3 dipole 

magnets. In order to focus the beam in both planes, a series of focusing and defocusing 

quadrupoles is arranged throughout the LHC sectors. In total there are 1232 main 

dipoles and 392 quadrupoles. Correcting errors in the particles trajectory is done by 

additional sextupole, octupole and decapole corrector magnets. 

 

2.3 CERN Accelerator Complex 

 

The Large Hadron Collider relies on a chain of accelerators in order to reach the 

designed center-of-mass energy for the particles. Each machine in this chain brings the 

beam to a higher energy and then injects it into the next one. The LHC is the last 

element in the row, where accelerating of the beam energy can go up to 7 Tev. A 

schematic view of the CERN accelerator complex is shown in figure 2.4. 
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Figure 2.4: Overview of the CERN Accelerator Complex 

  

It all starts with a bottle of hydrogen gas. The hydrogen atoms are stripped of 

their electrons and the protons left after this process are accelerated by a linear 

accelerator, LINAC2, up to energies of 50 MeV. Next is the Proton Synchrotron 

Booster (PSB) which accelerates this proton beam up to 1.4 GeV. After being 

accelerated in the following Proton Synchrotron (PS) the protons reach 25 GeV. The 

final acceleration step before injection into the LHC is provided by the Super Proton 

Synchrotron (SPS), where particles reach energies of 450 GeV. The LHC then starts 

accelerating the beams in two separate beam pipes for each direction until they reach 

maximum energy of 7 TeV. Then collisions start at the different experiments with 

center-of-mass energies of up to √        . 

 Accelerating lead ions start from a source of vaporized lead and enter LINAC3. 

After this they are transferred to Low Energy Ion Ring (LEIR) and then they follow the 

same route to maximum acceleration as protons. 

 

2.4 LHC Experiments 

 

Being the most sophisticated scientific experiment so far, the LHC covers a vast 

region of physics studies. In order to perform a detailed analysis of known physics 

processes and to search for new physics, at the four experimental interaction regions of 

the LHC are built four particle detectors, shown in figure 2.5. 
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Figure 2.5: The four main experiments at the LHC – ATLAS, CMS, LHCb and ALICE 

 

The CMS [51] and the ATLAS [52] experiments are general purpose detectors, 

i.e. they aim at detailed studies of the known physics and search for new physics beyond 

the SM. In the ALICE [53] experiment a study over lead-ion collisions is done in order 

to improve the understanding of the quark-gluon plasma, which is postulated to have 

existed during the early universe. The LHCb [54] experiment is specialized in studying 

of bottom-quark physics and CP violation in order to better understand the matter-

antimatter asymmetry in the universe. 

 There are also two smaller experiments Large Hadron Collider Forward 

Experiment (LHCf) [55] and Total Elastic and Diffractive Cross Section Measurement 

(TOTEM) experiment [56], which are installed near ATLAS and CMS respectively. 

The first one aims at studying particle showers close to the beam pipe in order to test 

models of particle showers as present in astroparticle physics. The latter is measuring up 

to high pseudo-rapidity in order to study the total cross section of proton collisions.  
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3. The CMS Experiment 

 
The Compact Muon Solenoid (CMS) [57] is one of the four main experiments at 

the Large Hadron Collider. It is a ―general purpose‖ detector built to study a large 

spectrum of physics phenomena. Its aim is to give a detailed description of all known 

particles, including the latest discovered Higgs boson [16], as well as search for new 

physics beyond the Standard Model at the TeV energy scale. The CMS is a multi-

national experiment with Collaboration of more than 4300 scientists and engineers from 

about 185 institutions of 41 countries.  

 

3.1 Detector overview 

 

 The CMS detector is located in an underground cavern near the French town of 

Cessy. In order to cover the requirements of the LHC physics program [58], CMS is 

made of different sub-detectors. It is a compact 28.7 m long cylinder with an overall 

diameter of 15 m and total weight of about 14 500 tones.  

Figure 3.1: Schematic layout of the CMS experiment.  

The layout of the detector is shown in figure 3.1. It is a classical one, starting 

with an inner tracking detector right next to the beam pipe (section 3.3). There are two 
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calorimeters after it - an electromagnetic one (section 3.4) and a hadron one (section 

3.5). The solenoid comes after the calorimeters and the last sub-detector is the muon 

system (section 3.6). All these layers are organized into three regions – a barrel region 

and two endcap regions. The Barrel consists of cylindrical layers around the beam pipe, 

while the Endcaps are made of disks which close the barrel region. 

The cylindrical shape of the detector is dictated by its main feature – a super-

conducting solenoid magnet (section 3.2) with length of 12.9 m and inner diameter of 6 

m. The solenoid is installed in the barrel region and can reach a magnetic field of 3.8 T. 

It is used for unambiguous determination of the sign of muons with a momentum up to 

1 TeV. In order to achieve this, the muon system, which is placed outside the solenoid, 

should have a very high performance with good muon identification and momentum 

resolution over a wide range of momenta and angles. 

The tracker detector ensures good charged particle momentum resolution and 

reconstruction efficiency. The electromagnetic calorimeter gives good energy resolution 

for electrons and photons and the hadron calorimeter measures the energy of charged 

and neutral hadrons. Both calorimeters are hermetic. 

The CMS experiment uses a right-handed coordinate system with point of origin 

the interaction point in the center of the detector where the particles collide (figure 3.1). 

It is oriented so that the x-axis is pointing radially inwards, towards the center of the 

LHC, the y-axis points upwards and the z-axis is parallel to the beam direction. The x-y 

plane is called transverse plane and the azimuthal angle ϕ is measured with respect to 

the x-axis in it. The polar angle θ is defined with respect to the z-axis, i.e. it is the angle 

between the particle three-momentum and the positive direction of the beam axis. The 

pseudorapidity η is defined using polar angle θ:  

                                                     (   
 

 
)    (3.1)  

Along the z-direction the CMS detector is divided into five wheels, which form 

the barrel region and eight disks, which constitute the forward regions, i.e. the positive 

and negative endcaps. 

The CMS experiment collects a huge amount of data, which needs to be sorted 

in some way. The trigger system does this on a two-level basis, explained in section 3.7. 

The first level is a hardware trigger (L1), and the second one is a high-level software 

trigger (HLT). 

 Detailed description of the CMS experiment and its sub-detectors can be found 

in [59-61]. 

 

3.2 CMS Solenoid 

 

The superconducting solenoid of the CMS experiment [62] is used for achieving 

accurate measurements on the transverse momentum    for charged particles crossing 

the detector. Its magnetic field is bending the paths of the particles coming out of the 

high-energy collisions at the LHC. The more momentum a particle has, the less curved 

its path is. Thus, tracing the particles path gives a measure of the momentum.  
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The CMS magnet is 12.9 m long with inner diameter of 6 m and produces a 

magnetic field of 3.8 T. This makes it the largest superconducting magnet ever built. It  

is made of a stabilized reinforced NbTi superconducting wire coils that produce a 

uniform magnetic field when electricity flows through them and is cooled down to -

268.5 ˚C, which is just a degree warmer than outer space.  

Figure 3.2: A schematic representation of the CMS solenoid (left) and a view of the magnet and 

the return yoke with muon chambers installed (right). 

The magnetic field is closed through a 12 500 tones steel return yoke in which 

the muon detectors are placed. The inner coil radius is big enough so that the inner 

tracker and the full calorimetry can fit inside. In figure 3.2 a schematic view of the CMS 

solenoid is shown as well as the steel return yoke and muon chambers around the 

magnet. Supporting all sub-detectors makes the CMS magnet the real backbone of the 

CMS experiment. 

 

3.3 Tracker system 

 

 The innermost sub-detector in the CMS experiment is the tracking system 

(Tracker) [63, 64]. The Tracker is a very sophisticated silicon-based detector, designed 

for precise measuring of charged particles trajectories, as well as precise reconstructing 

of secondary vertices. It is a system of two sub-detectors with independent cooling, 

powering and read-out schemes – inner silicon pixel detector and outer silicon strip 

detector. The Tracker has an overall length of 5.4 m and an outer diameter of 2.4 m. 

Overview of the CMS tracker layout is shown in figure 3.3, with its subsystems – Pixel, 

Tracker Inner Barrel (TIB) and Tracker Inner Disks (TID), Tracker Outer Barrel (TOB) 

and Tracker Endcaps (TEC). 
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Figure 3.3: Overview of the inner tracking system of the CMS experiment. 

 

 The inner pixel detector [65] is installed within a distance of 20 cm from the 

beam pipe. It is designed to provide four high precision three-dimensional points on 

track trajectories. The Pixel detector has an active area of about 1.1 m
2
, which is 

arranged in four cylindrical barrel layers and three endcap layers on each side of the 

barrel Barrel layers are situated at 3, 6.8, 10.2 and 16 cm surrounding the interaction 

point, while the endcap ones are at 24.1, 34.5 and 46.5 cm from the interaction point. A 

total number of 66 million pixel sensors [66] of size 100 µm by 150 µm are 

implemented into 285 mm tick n-type bulk and p-type back side, shown in figure 3.4. 

They are oriented with the smaller pitch in the azimuthal direction in the barrel and in 

the radial direction in the disks [67]. 

Figure 3.4: Schematic representation of the CMS silicon pixel detector. 
 

Signals from these sensors are read by 15840 readout chips (ROC), each reading 

an array of 52 x 80 pixels. The data from the modules, in which the ROCs are arranged, 
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is transmitted via 1312 readout links. The pixel system provides efficient four-hit 

coverage in the entire region of pseudorapidity 0 < η < 2.5. 

The CMS silicone strip tracker [68] is the largest silicon tracker ever built with 

more than 10 million detector channels, 15 000 silicon modules and a total active area 

of about 200 m
2
. It is placed around the pixel detector and covers the region up to 116 

cm from the beam pipe, along the distance of 5.6 m. It is divided into four main 

subsystems shown in figure 3.5 – the Tracker Inner Barrel (TIB), composed of four 

barrel layers, the Tracker Outer Barrel (TOB), having six barrel layers, and on each side 

of the barrel region, the Tracker Inner Disks (TID) and the Tracker EndCaps (TEC), 

each with three and nine disks respectively.  

Figure 3.5: Cross-section of one quarter of the tracker in the longitudinal view. Thick lines represent 

double-sided modules, while the thin ones are for the single-sided modules [69] 

 

The TIB and TID are composed of 320 µm tick silicon sensors. The strips are 

oriented parallel to the beam axis in the barrel with strip pitch ranging from 80 µm to 

120 µm, while in the disks strips are oriented radially with strip pitch from 100 µm to 

141 µm. Both TIB and TID are enclosed within the TOB, which consists of 500 μm tick 

microchip sensors with strip pitch of 122 μm in the first four layers and 183 μm in the 

last two ones. The nine disks of the TEC are instrumented with up to seven rings of 

silicon detectors with sensor thickness of 320 μm in the inner four rings and 500 μm in 

the outer three rings. The average strip pitch varies from 97 μm to 184 μm. Double-

sided modules (two single-sided modules mounted back to back with a stereo angle of 

100 μm) are used in the inner two layers of the TIB and TOB and the inner two rings of 

the TID and TEC, as well as in the fifth ring of the TEC. They enable the proper 

measurement of the orthogonal coordinate. The silicon strip tracker provides two-

coordinate measurements in at least ~4 hits for the pseudorapidity range |η| < 2.4.  
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3.4 Electromagnetic Calorimeter  

 

 The energy of photons and electrons is measured in the CMS Electromagnetic 

Calorimeter (ECAL) [70]. The ECAL has 75,848 crystals arranged in a central barrel 

section (EB), with pseudorapidity coverage up to η = 1.48, closed by two endcaps (EE), 

extending coverage up to η =3.0. The PbWO4 crystals have high density (ρ = 8.28 

g/cm
3
), small Moliere radius (rM = 2.2 cm) and short radiation length (X0 = 0.89 cm) and 

thus allow fine granularity and of the calorimeter. The PbWO4 crystals have a good 

radiation resistivity. The scintillation light in the barrel region is detected by avalanche 

photodiodes (APDs), while in the endcap region vacuum phototriodes (VPTs) [71] are 

used, as shown in figure 3.6.  

Figure 3.6: PbWO4 ECAL crystals with photo-detectors attached – a barrel crystal with APD capsule 

(left) and an endcap crystal with a VPT (right).  

 

 The barrel section (EB) covers the pseudorapidity range |η| < 1.479 and has an 

inner radius of 129 cm. It is structured in 36 supermodules, each composed by 20х85 

crystals. Each crystal is 230 mm long, which corresponds to 25.8 radiation lengths (X0) 

and covers approximately 0.0174x0.0174 in η-ϕ or a front-face cross section of 22x22 

mm
2
. In order to avoid cracks, crystals are mounted slightly turned, so that the crystal 

axes make a 3-degree angle with respect to the direction of the nominal interaction point 

in both the azimuthal ϕ and η projections. 

Figure 3.7: Schematic view of the CMS ECAL structure – Barrel (yellow), Endcap (green) 

and Preshower (orange).  
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 The endcap (EE) sections have four half-disks called ―Dees‖, each holding 3662 

crystals. They cover the pseudorapidity range 1.479 < |η| < 3.0 with distance from the 

interaction point to the front face of 3.15 m. The front face cross section of the crystals 

is 28.62x28.62 mm
2
 and their length is 220 mm, corresponding to 24.7 X0. They are 

arranged in a quasi-projective geometry focusing at a point 1.3 m farther than the 

nominal interaction point along the beam line, and with off-pointing angles between 2° 

and 8°. A schematic view of the ECAL layout is shown in figure 3.7. 

 In front of the two endcaps is installed the Preshower (PS) [72]. It is designed to 

improve the resolution in the forward region in the range 1.653 < |η| < 2.6 and provide 

information on the electrons identification against minimum ionizing particles, as well 

as identification of neutral pions decaying into two photons. The Preshower is 20 cm 

thick and consists of two layers – silicon strip sensors, which are interleaved with 3 X0 

lead radiators (2 X0 in front of the first silicone plane and 1 X0 behind it). The lead 

initiates electromagnetic showers from incoming photons/electrons, while the silicon 

strip sensors measure the transverse shower profiles and the deposited energy. The 

strips in the two planes are oriented orthogonally, while the lead planes have the same 

orientation as the ECAL crystals.  

 

3.5 Hadron Calorimeter 

 

 The CMS Calorimeter is completed by adding the Hadron Calorimeter to the 

ECAL. This combine system allows estimating the amount of missing transverse energy 

of each event, as well as measuring the direction and energy of hadronic jets over a 

wide range of energies [73].  

Figure 3.8: Schematic view of the HCAL sub-detectors. 
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The CMS HCAL [73] is a very hermetic compact sampled system located 

between the ECAL and the magnet coil. The cascade of secondary particles for high 

energy hadrons initiated in it is achieved by using alternating layers of non-magnetic 

brass absorbers and fluorescent scintillators. The brass absorbers are chosen for their 

non-magnetic nature and short interaction length λI. A schematic view of all HCAL 

parts is shown in figure 3.8. 

 There are four sub-detectors building up the HCAL – the barrel part (HB), two 

endcap detectors (HE), the outer calorimeter (HO) and the forward calorimeters (HF). 

The detecting scintillator tiles have a segmentation of 0.087 0.087     at central 

region (|η| < 1.74) and 0.090.174 to 0.350.174 at forward region (1.74 < |η| < 3.0). 

The HB covers pseudorapidity |η| < 1.3, while the endcaps HE cover 1.3 < |η| < 3.0. The 

HB and HE scintillator tiles are grouped in towers, which via wavelength-shifting fibers 

are read out by Hybrid photodiodes (HPDs). Passing particle’s energy is measured with 

respect to the total amount of collected light over the layers within a given tower. The 

HCAL barrel and endcap sub-detectors are shown in figure 3.9. 

Figure 3.9: Photographs of the CMS HCAL – barrel HB (left) and endcap HE (right). 
 

 The outer calorimeter HO is used to overcome the not sufficient stopping power 

caused by the limited space in the barrel region. It is placed in front of the iron return 

yoke, consists of five wheels and also covers |η| < 1.3 as HB. The central wheel has two 

layers of scintillators surrounding the absorber (iron), while the other four wheels are 

only scintillators, using the magnet coil as an absorber. The readout and segmentation of 

the HO are the same as the HBs towers which allows forming of combined HCAL 

towers. The minimum material thickness (11.8 λI) achieved in the calorimeter is a 

combination from the ECAL, the HCAL, the solenoid, the support structure and the first 

layer of the iron return yoke.  

 The forward calorimeters HF provide fast collection of Cherenkov light. They 

are installed behind the HEs at a distance of 11.2 m from the interaction point to the 

front face of the detectors and cover the pseudorapidity range of 2.9 < |η| < 5.2. They 

consist of radiation-hard quartz fibers embedded in iron absorbers. The use of long 
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fibers running over the full depth of the absorber (165 cm, ~10 λI) along with short 

fibers, which start at a 22cm depth from the front of the detector, segments the HF 

longitudinally. This unique design with different lengths of the fibers makes it possible 

to distinguish electromagnetic showers from hadronic ones [74]. Radiation hard 

photomultiplier tubes (PMTs) are used to detect the collected light.  
 

3.6 Muon System 

 

 One of the processes of central importance in the CMS experiment is muon 

detection. The clean signature, which muons provide in detectors, is used for identifying 

and studying of interesting processes over the complicated background rate at the LHC 

[75]. This implies a robust and redundant muon spectrometer providing efficient muon 

reconstruction.  

 The CMS muon system [76] has a few primary functions – muon identification, 

transverse momentum (pT) measurement, muon triggering and charge determination. 

The magnetic flux-return yoke serves as a hadron absorber, cleaning up the muon signal 

for better muon identification, while the high magnetic field enables good muon 

momentum resolution, both in the trigger and the reconstruction. The muon system is 

designed to identify the muons produced in many SM processes, like top quark, the 

Higgs boson decay, as well as W and Z decays which follow after it [77]. It has a good 

pT resolution of around 9% at 200 GeV/c and between 15% to 40% at 1 TeV/c. 

Combined with the CMS tracker, the muon system achieves a global resolution of 1% at 

low pT and about 5% at 1 TeV/c [78]. 

Figure 3.10: R-z cross section of a quadrant of the CMS muon system, showing DT (yellow), CSC 

(green) and RPC chambers (light blue). The interaction point is at the lower left coner. 
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On the quest to identify muons, the CMS muon system uses three different 

gaseous detector technologies – Drift Tubes (DTs) in the barrel region (|η| < 1.2), 

Cathode Strip Chambers (CSCs) in the endcap region (0.9 < |η| < 2.4) and Resistive 

Plate Chambers (RPCs) both in barrel and endcap regions (1.2 < |η| < 1.6). Both the DT 

and CSC systems provide precise space and time measurement, while the RPC system 

provides an independent trigger measurement with fast time response of the order of 

few ns, but not so accurate position resolution. A schematic view of the CMS muon 

system is shown in figure 3.10. 

 The Barrel follows the cylindrical shape of the solenoid and is divided into five 

mechanically independent wheels – Wheel 0, Wheel ±1 and Wheel ±2. Each wheel is 

sub-divided in twelve sectors, each covering an azimuthal angle ϕ = 30° and every 

sector has four detector stations integrated in the magnet return yoke. The Endcaps are 

planar and have four disks, called stations (ME1, ME2, ME3, ME4), closing the magnet 

circuit of CMS and the barrel on each side. Each endcap station has 36 sectors covering 

an azimuthal angle ϕ = 10°.  

   

3.6.1 Drift Tubes 
 

 The drift tube system [79] is part of the CMS muon barrel, covering the region 

|η| < 1.2. It consists of 4 coaxial stations (MB1 to MB4), forming concentric wheels 

(Wheel 0, Wheel±1, Wheel ±2) which are segmented in 12 sectors around the beam 

line. The system has a total number of 250 DT chambers. The smallest independent unit 

of the DT design is the Super Layer (SL) - each chamber is made of 3 SLs with 4 layers 

of staggered drift cells each. Schematic view of a DT chamber is given in figure 3.11(b). 

The wires in the innermost and outermost SLs are parallel to the beam line and provide 

a track measurement in the CMS bending plane (r – ϕ plane). The inner SL has its wires 

orthogonal to the beam line and thus measure the hits position in the r – z plane. This 

inner SL is not present in the fourth station (MB4), which is located outside the iron 

return yoke and measures only the hit position with respect to its ϕ coordinate. This DT 

configuration results in two measurements in ϕ and one measurement in z position per 

station for each muon coming from the interaction point. 

 The Drift Tube Chambers (DTs) are gaseous detectors and their working 

principle is based on the produced ionization in the gas volume of the detector caused 

by passing of charged particles. DTs are built with 13 x 42 mm
2
 rectangular drift cells, 

shown in figure 3.11(a). For cathodes are used two 50 µm thick aluminum electrodes on 

the short edges of the drift cell at 1.8 kV, while the anode is a 50 µm in diameter gold-

plaited stainless steel wire at 3.6 kV. The cells are located along the full length ~ 2.5 m 

or width of the DT chambers with distance between two consecutive anode wires of 42 
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mm. The cells have an offset of half-cell with respect to the upper and lower neighbor 

cells and are separated by 1 mm thick aluminum.  

Figure 3.11: Transverse view of a DT cell (a) and schematics of a DT chamber (b) [80]. 

 

 When passing, muons create electrons and ions, which drift towards and away 

from the anode wire respectively. Once the electrons reach the strong electric field close 

to the wire, an avalanche is created and it is transformed to an electrical signal on the 

anode. The maximum drift time in each DT chamber for the working gas mixture of 

85% Ar and 15% CO2 is ~ 400 ns.  The drift velocity in the DT cells is approximately 

constant, which relates the passing muon position to the time measurement. The spatial 

resolution at the cell level is in the order of 250 µm, while combining the information 

from the different layers allows the reconstruction of track segments with a resolution of 

100 µm. The DT time resolution is around 5 ns. 

 

3.6.2 Cathode Strip Chambers 
 

 The Cathode Strip Chambers (CSCs) System [81] consists of 540 gaseous 

particle detectors integrated in four layers on each Endcap - ME1, ME2, ME3 and ME4, 

covering the pseudorapidity region of 0.9 < |η| < 2.4 [82], shown in figure 3.10. Each 

layer has up to three rings of trapezoidal chambers with two different sizes – covering 

either 10° or 20° in azimuthal angle ϕ. A schematic view of a CSC chamber and its 

working principle is given in figure 3.12.  

Each CMS CSC is a multi-wire proportional chamber comprised of seven 

copper-clad panels, forming six gas gaps layers. The gas gaps are 6 mm for the ME1/1 

chambers and 9.5 mm for the rest of the chambers. On each copper panel, cathode strips 

with different width (3 – 16 mm) are etched. They are used for measuring of the 

azimuthal coordinate of passing muons which is crucial for the proper estimation of 

their transverse momentum. Anode wires are aligned between each cathode strips layer. 

They are oriented perpendicular to the strips and provide the radial coordinate of the 

passing muons. The wires are held at a potential of 2.9 – 3.6 kV, and the gaps are filled 

with the CSC standard gas mixture – 50% CO2, 40% Ar and 10% CF4. 

(a) (b) 
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Figure 3.12: Schematic view of a CMS Cathode Strip Chamber with local chamber coordinates (a) and an 

illustration on the CSC working principle (b) [83].  

 

   

 The CSC operation principle is shown in figure 3.12(b). A muon passing 

through a gas gap causes an electron avalanche. It produces a signal on the anode wires 

and induces a distributed charge on the cathode strips. 

 CMS CSCs have strip pitch from 8.4 to 16 mm and distance between wires of 

2.5 to 3.16 mm depending on their location. They can provide good spatial resolution of 

75 to 150 µm. 

 

3.6.3 Resistive Plate Chambers 
 

 The Resistive Plate Chambers (RPCs) [84] are gaseous detectors, which 

complement the CMS muon system both in the barrel (along with DTs) and the endcap 

regions (along with CSCs), covering the pseudorapidity range of |η| < 1.9. There are 

1056 RPC detectors which cover an active area of more than 3500 m
2
.  

The barrel region of the RPC system has 480 RPCs, distributed equally among 5 

wheels (Wheel 0, Wheel ±1, Wheel ±2) around the beam pipe. According to the 

direction of ϕ (azimuthal angle), each wheel is divided into 12 sectors (S01-S12), where 

the first sector is aligned to the positive X-axis, see figure 3.10. Further to the trigger 

requirements, the chambers are subdivided with respect to pseudorapidity in 2 or 3 

partitions, called rolls [76]. This geometry difference is driven by the need to have 

adjustable trigger on muons with different transverse momentum pT. The endcap region 

has 576 chambers distributed in 8 disks (4 for the positive side of interaction and 4 for 

(a) (b) 
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the negative side of interaction), where chambers are trapezoidal, covering 10◦ of the 

azimuthal angle and are arranged in two concentric rings. Each chamber is indicated as 

a segment CH01 through CH36 within a ring. Segment CH01 lays on the positive X-

axis direction and the numbering proceeds anti-clockwise in respect to the interaction 

point. Endcap RPCs are divided in η in 3 rolls. The readout strips have different 

geometry depending on which part of the system they are in – the barrel chambers have 

rectangular shaped strips, while in the endcap chambers their shape is trapezoidal. The 

pitch of the strips depends on the distance to the beam pipe varying from 1.5 cm for the 

innermost stations to 4 cm for the outermost stations.  

Figure 3.13: Schematics of a double-gap RPC chamber. 

 

The RPC chambers rely on High Pressure Laminate (HPL) Bakelite gaps with 2 

mm gas space between the plates, organized in a double gap design with a copper strip 

readout panel placed in between [85]. A schematic view of an RPC chamber is given in 

figure 3.13. The HPL sheets resistivity is of the order of 2 – 5 × 10
10

 Ωcm. The standard 

CMS RPC gas mixture is composed of 95.2% C2H2F4, 4.5% iC4H10 and 0.3% SF6. The 

RPCs operate in avalanche mode in order to cope with high background rates, while 

ensuring precise bunch crossing assignment and excellent time resolution of ~2 ns. A 

more detailed description of the RPC system is given in the next chapter. 

 

3.7 Trigger and Data Acquisition 

 

At the design LHC luminosity of 10
34

 cm
-2

s
-1

 every bunch-crossing occur 

approximately 22 proton-proton events, corresponding to a data rate of ~40 TB/s. This 

data needs to be analyzed, selected and collected by the LHC experiments (see sec. 2.4), 

but such data rate is many orders of magnitude higher than the available storage 

capability. Therefore a serious reduction of the collected data is required until it reaches 

the maximum accepted rate of ~100 MB/s, corresponding to ~100 Hz.  

The CMS experiment uses a two-step trigger system in the process of data 

reduction – Level 1 Trigger (L1) and High Level Trigger (HLT) [86], shown in figure 

3.14. The first step L1 trigger reduces the events rate to less than 100 kHz, while the 

second step HLT trigger is giving the final output data rate of about 100 Hz [87]. 
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Figure 3.14: Data flow in the CMS Trigger system with the different trigger levels and 

event rates shown. 
 

 

3.7.1 Level 1 Trigger 

 

 The Level 1 trigger [86] is a system of hardware based online triggers, which 

decide whether or not to save the experimental data directly after it is recorded by the 

experiment. This decision is made within 3 µs after each collision, since data is saved in 

a buffer which is overwritten after this period. The event rate after L1 triggers is 

reduced from 40 MHz to 100 kHz, which is low enough for the data to be saved and 

transferred to a computer farm. The L1 triggers select events with interesting signatures 

based on the presence of local objects like photons, electrons, muons and jets, as well as 

global sums of ET and missing ET.  They use information from the calorimeters and the 

muon systems in given elements of η – ϕ space, called trigger towers.  

 The three major subsystems implemented in the L1 Trigger System are the 

Calorimeter Trigger, the Muon Trigger and the Global Trigger, shown in figure 3.15. 

The Calorimeter Trigger [88] preserves the local energy sums from the ECAL, HCAL 

and HF individual readout towers, i.e. the Trigger Primitive Generator (TPG) circuits. 

These sums are accompanied by a fine-grain bit for the ECAL, which indicates the 

transverse extent of the electromagnetic energy deposit, i.e. if a large fraction of the 

summed energy comes from 2 out of 5 adjacent (η) strips. The TPG information is then 

transferred to the Regional Calorimeter Trigger (RCT), which identifies electrons, γs, τs 

and hadron jets candidates. Finally these trigger primitives along with sums of 

transverse energy are sent to the Global Calorimeter Trigger (GCT), where the best four 

candidates from each category go to the Global Trigger. 
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Figure 3.15: Architecture of the Level 1 Trigger [66].  
 

  The Muon Trigger uses information from DT, CSC and RPC local triggers to 

drop events with low quality muons. The trigger information from the different muon 

chambers comes in different scales. The Global Muon Trigger (GMT) major task is to 

combine and convert the information from all three systems into the same η, ϕ and pT 

scale in order to correlate the muon tracks. Finally GMT estimates only the 4 best muon 

objects and sends them to the L1 Global Trigger [89]. 

 The L1 Global Trigger based on programmed logical combinations holds a time 

match on the information from both GCT and GMT and decides to accept or reject these 

events. 

 

3.7.2 High Level Trigger  

 

 The second stage of the Trigger system is the High Level Trigger (HLT) [87]. 

All events passing the L11 trigger are transferred to a computer farm where the software 

based offline trigger filters further the events rate by using different reconstruction 

algorithms. Only events that pass at least one of the HLT criteria are kept for permanent 

storage and thus the event rate is reduced from 100 kHz to 100 Hz, which is the 

accepted rate to be stored on tape.  

 The HLT algorithms execute complex physics selection on a farm of commercial 

processors in order to accept only the events with most interesting physics content. Each 

processor has access to the full raw L1 data and analyzes one event with a total 

processing time of ~1 s/event. The minimal processing time is guaranteed by three basic 

reconstruction concepts of the HLT software. Trigger objects are reconstructed only if 

they are needed in the trigger decision. Fast algorithms help avoiding unnecessary 

calculations by rejecting events as early as possible by using several stages of virtual 

trigger levels for selection and reconstruction. There is no limitation on the number of 
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employed algorithms or the number of virtual levels, the only exception being the CPU 

time. It is accepted that Level 2 Trigger is used for a first HLT stage based on data from 

the calorimeters and muon systems, while the algorithms using the tracker data are 

referred to as Level 3 Trigger. The HLT algorithms are used to process only parts of 

detector information, which contains trigger objects found in the preceding trigger 

levels. Reconstruction is aborted in case the result cannot be altered by any further 

calculations. 

 The information coming out of the HLT constitutes primary data sets, where 

event have different HLT paths according to the kind of physics they may content. This 

information is originally stored in CERN Tier0 of the Worldwide LHC Computing Grid 

(WLCG) network [90] and later is distributed around the entire network for an easy 

access for the CMS collaboration.  

 

3.7.3 Data Acquisition System 

Figure 3.16: Schematics view of the general architecture of the CMS DAQ system. 
 

The Data Acquisition (DAQ) System [84] read the output of the L1 trigger and 

merges in a complete event all the event fragments from different front-end devices. 

After this it passes events to the Event Filter Farm where the HLT algorithms are run. 

The general architecture of the DAQ system is shown in figure 3.16. 

The Detector Front-End modules are used for storing digitized data from the 

front-end electronics until a L1 trigger accept signal is received. Data is held in 

pipelined memories. Then, based on the L1 trigger decision, data is transferred to front-

end Readout Units (RU). The data flow in the RU builders is coordinated by the Event 

Manager. It also keeps track of the RUs memory occupancy. The readout builder 

network is capable of supplying 800 GB/s data flow to the filter systems. It is used to 

send event fragments to the builder units, where each event is defragmented before 

being transferred to the HLT for further processing.  
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4. Resistive Plate Chambers for the CMS experiment 
  

 This chapter gives an overview of the Resistive Plate Chambers. Their working 

principle, design and configuration inside the CMS experiment are also described. Main 

requirements for the RPC CMS system are given. 

  

4.1 Gaseous Particle Detectors 

 

 Gaseous particle detectors have been used as crucial components in High Energy 

Physics (HEP) experiments since the early stages in particles observation and detection.  

Their design and configuration has evolved throughout the years from the single-wire 

proportional counters introduced by Rutherford [91], to a wide range of fine resolution, 

fast and efficient detectors [92].  

 The basic physics particle detection principle remains the same, despite the great 

variety of gaseous detectors. As a particle crosses the detector gaseous medium and 

causes excitation and ionization within its constituents. The resulting primary electrons 

and ions act as free charges and are accelerated by an external electric field. These 

accelerated charged particles gain enough energy to cause secondary ionization and thus 

cause an avalanche. Depending on the electric field, the geometry and the used gas, the 

avalanche can grow to a streamer or a spark in the anode to cathode distance. These 

charges induce a signal on the readout electrodes, which depending on the detector 

layout and electronics can give good position and time resolution on the particle’s path. 

Schematic view of an avalanche formation in gaseous detectors is shown in figure 4.1. 

Figure 4.1: Illustration of an avalanche formation in a gaseous particle detector.  
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4.2. RPC Working Principle 

 

 Resistive Plate Chambers (RPCs) are planar gaseous detectors, that combine 

very good time resolution of ~ 1 ns, adequate spatial resolution, simple design and low 

cost. They are first developed in the early seventies when a parallel chamber using one 

glass plane with high resistivity (10
9
 – 10

10
 Ωcm) is successfully applied in an 

experiment [93, 94]. It the early eighties the two-plane chambers are built, consisting of 

two high-resistivity High Pressure Laminate (HPL) Bakelite planes containing a low-

pressure gas mixture [95]. Introducing of the avalanche mode to the RPCs [96, 97] in 

the nineties leads to increase in their rate capabilities to the kHz cm
-2

 range. All these 

developments make RPCs a leading choice for large area high rate experiments. 

 RPCs have a very simple design – a gas detecting volume is enclosed by two 

resistive electrodes. The electrodes are generally made from Bakelite with a bulk 

resistivity of 10
10

 – 10
12

 Ωcm and have conducting coating (usually graphite). 

Rectangular plastic frames are used for electrodes mounting, and small plastic 

separators (spacers) keep the constant distance between them, thus ensuring electrical 

and mechanical stability. A schematic view of an RPC and its principle of operation are 

shown in figure 4.2. 

Figure 4.2: Schematic view of the different layers of an RPC (a) and illustration of RPC 

detecting principle (b). 

 

 As RPCs are gaseous detectors, their working principle is based on the 

ionization effect in the gas, caused by a charged particle passing through the detector 

volume. The avalanche multiplication is caused by a cluster of electrons obtained after 

the ionization [98]. This leads to an electron charge developed inside the gap, which 

further drifts towards the anode. The useful signal of the detector is the charge induced 

on the pickup electrode. The HV power supply is compensating the charge collected on 

the electrodes, by moving the charges outside the gap.  

 

(a) (b) 
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The effective ionization coefficient is defined as: 

          (4.1), 

where α the Townsend coefficient describing the electron-ion pairs originally created, 

and β is the attachment coefficient describing the average number of electrons attached 

to form a negative ion [99]. 

 For RPCs operating in avalanche mode (as in the CMS experiment), the average 

charge qe of a single avalanche can be defined as [81]: 

  0

d

e e

k k
d en e

d d
q Q 

   
 


    (4.2), 

where k is defined as  

   2r rk d s d s        (4.3), 

and  

 e is the electron charge, 

 n0 is the average size of the primary ionization cluster, 

 λ is the cluster density for the used gas mixture, 

 εr is the relative dielectric constant of the electrode, 

 d is the gap width 

 s is the electrode thinckness 

 Qe is electron charge developed within a gap width d.  

 

Maximum useful signal on the readout electrodes for a given ηd is obtained when 

the factors k and λ are as large as possible. 

 

4.3 RPC system at the CMS experiment 

 

4.3.1 Detector Design 

 

 CMS RPC system consists of 1056 double-gap chambers operating in avalanche 

mode [100]. Each RPC detector relies on two High Pressure Laminate (HPL) Bakelite 

gaps with 2 mm gas space between the plates [85]. The HPL electrodes bulk resistivity 

is of the order of 1 – 6 x 10
10

 Ωcm. The plates in each gap are separated by a 10 x 10 

cm
2
 grid of plastic pieces called spacers in order to avoid contact due to the electrical 

attraction between them. The inside surface of the gaps is coated with a 35 to 45 µm 

linseed oil [101] in order to smoothen the surface and quench the Ultraviolet (UV) 

photons [102]. The outer surfaces of the gaps are coated with conductive graphite paint, 

thus forming the High Voltage and ground electrodes. The two gaps are placed one on 
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top of another with a common readout performed by copper readout strips placed in 

between and isolated from the graphite by mylar sheets. Schematic view of the RPC 

double-gap design is shown in figure 4.3.  

Figure 4.3: Schematic layout of a Barrel double-gap RPC. 

 

The standard RPC gas mixture is composed of three components –  

 

 95.2% C2H2F4, acting as the charge carrier gas [103] 

 4.5% iC4H10, acting as a quencher gas to absorb UV photons from molecule 

de-excitation 

 0.3% SF6, controlling the excess electrons through its high electron affinity 

[104]. 

 

The gas mixture is kept at 21°C and ~ 35% - 40% humidity is added in order to 

maintain the bakelite resistivity, which increase as the bakelite dries out [105]. 

 

The RPC system should fulfill the following CMS requirements: 

 

 High detector efficiency > 95%  with more than 300 V long plateau 

 High rate capability ~ 300 Hz/cm
2
 

 Average cluster size ~ 2 strips 

 Intrinsic time resolution < 1.6 ns (for BX identification) 

 Intrinsic Noise < 5 Hz/cm
2
 

 Spatial resolution ~ 10 mm 

 Ability to withstand in long term operation and high background radiation.  
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4.3.2 Detector Layout 

  

 The need to trigger on the transverse momentum pT of passing muons is the main 

driving force behind the detector layout of the CMS RPC system. The pT is measured 

with the bending of the muon in the CMS magnetic field and this requires a muon to 

cross at least 3 out of 4 layers in the Muon system. These layers are interleaved with the 

steel return yokes ensuring a maximum muon track bending between them. 

 The RPC system is divided two regions following the CMS experiment 

configuration – Barrel region and Endcap region. It is composed of 1056 chambers 

covering a pseudorapidity range of |η| < 1.2 in the Barrel and 0.9 < |η| < 1.9 in the 

Endcap. It has more than 110 000 electronic channels and covers a sensitive area of 

3500 m
2
. 

 

4.3.2.1 Barrel RPCs 

Figure 4.4: Schematic layout of one of the 5 Barrel wheels with the numbered sectors shown. 
 

 The Barrel RPC system consists of 480 RPCs, distributed equally among 5 

wheels along the beam pipe – Wheel 0, Wheel ±1, Wheel ±2. Each wheel consists of 4 

stations (RB1, RB2, RB3 and RB4) with increasing radius R, which are interleaved with 

the steel return yoke. The inner two stations has 2 layers of RPCs with a DTs in the 
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middle, while the outer two stations each consist of one layer of RPCs and lone layer of 

DTs. According to the direction of the azimuthal angle ϕ, each wheel is divided into 12 

sectors (S01-S12), as dictated by the mechanical construction of the CMS return yoke. 

Due to mechanical reasons, RB3 and RB4 are further divided to + and – along ϕ in all 

sectors apart from S04, S09 and S11 in RB4. Since RB4/S09 and RB4/S11 are in the 

feet of the barrel wheel, they consist of only a single RPC chamber. RB4/S04 is divided 

even more along 4 chambers - ++, +, – and – –. Schematic view of the RPC Barrel 

geometry is given in figure 4.4. 

Further to the trigger requirements, the chambers are divided with respect to 

pseudorapidity in 2 partitions, called rolls – forward and backward [76], shown in figure 

4.5. Only RB2in in Wheels -1, 0, +1 and RB2out in Wheels -2, +2 are divided in 3 rolls 

– forward, middle and backward, as shown in figure 4.6. 

Figure 4.5: Schamatic illustration of the RPC Barrel 2 - η partitions. 

Figure 4.6: Schamatic illustration of the RPC Barrel 3 - η partitions. 
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4.3.2.2 Endcap RPCs 

 

 The RPCs design in the Endcap is very similar to the one used in the Barrel. The 

main difference comes from the geometry aspects and the fine segmentation which 

higher multiplicity in the forward regions require. 

Figure 4.7: Schematic layout of one of the Endcap disks (RE+2) showing the grouping of 

chambers into sectors. 

 

The Endcap RPC system consists of 576 RPCs, which are distributed along 8 

disks named RE ±1, RE ±2, RE ±3 and RE ±4 – 4 disks per each endcap (positive and 

negative). The two disks for the fourth stations both positive and negative are 

instrumented with 144 RPC detectors during the LS1 Muon system upgrade (2013-

2014). Each disk is divided in 36 sectors along ϕ, and has two concentric rings – ring 2 

(R2) and ring 3 (R3). There are 36 10° trapezoidal RPC chambers building up each ring, 

which are further divided into three rolls, labeled A, B and C with respect to increasing 

η. Each chamber is indicated as a segment CH01 through CH36 within a ring. Segment 

CH01 lays on the positive X-axis direction and the numbering proceeds anti-clockwise 

in respect to the interaction point. Schematic view of the RPC Endcap geometry is given 

in figure 4.7. 
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4.3.3 Detector Electronics 

 

The CMS RPCs have a configuration of two 2 mm gaps, operated in the so-

called avalanche mode, with a common pick-up readout signal electrodes (strips) in the 

middle. For freon-based gas mixtures with a gas time constant [106] at the nominal 

working point of the detector  τ ~ 1 ns and  electron drift speed in order of 130 µm, a 

single cluster induces a shape of current signal that can be easily described by the 

function [107]:    

 

 ( )        (  ⁄ )                   (4.4), 

 

where 0     15 ns. The expected dynamic range is between 20 fC and 20 pC. 

 The readout strips have length of 1.3 m in the Barrel and 1.6 m in the Endcap 

RPCs [76, 108]. Their width ranges between 1.5 and 4 cm, according to the position of 

the detector in the apparatus (see sec.4.3.2), with characteristic resistance of the strip 

from 40 to 15 Ω, respectively, and capacitance between ~160 and ~420 pF. Strips are 

connected to the channels of the front end electronics by Kapton foils in the barrel 

region or coaxial cables in the endcap region on one end. In order to avoid reflections, 

strips in the barrel region are terminated by a resistor on the other end.  

 

 The Front End Chip –  

 

The Front End Chip (FEC) aim is to amplify the RPC signals and generate fast 

output pulses for timing. The circuit for each FEC is made of eight identical front-end 

channels, shown in figure 4.8 [107]. Each channel consists of a preamplifier, zero-

crossing discriminator, monostable and a differential driver.  

Figure 4.8: Schematic view of a single front end channel [107] 
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Figure 4.9: Current preamplifier [107] 

 

Taking into account the signal frequencies (between 100 and 200 MHz), the 

preamplifier, shown in figure 4.9, is a cascaded common emitter transimpedance stage, 

which, in order to match the characteristic impedance of the strip in case of 4 cm wide 

strips, has input impedance of 15 Ω. For all other cases the matching is obtained by 

adding an external series resistor at the board level. The obtained charge sensitivity is 

0.5 mV/fC. Balancing the DC output variations of the real input first stage requires 

adding of a ―dummy‖ input preamplifier (figure 4.9).  

Figure 4.10: Gain Stage. [107] 

 

Next is the gain stage, shown in figure 4.10. It is designed to provide non-saturated 

response on the dynamic range and to fully exploit the zero-crossing timing. Gain stage 

is DC-coupled to the preamplifier. Larger inputs do not require linearity, so the circuit 

must ensure a linear behavior only in the threshold range. The preamplifier output is 

thus sent to two differential amplifiers, which have different gains, but common output 

nodes.  
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Unambiguous assignment of the event to the related bunch crossing requires 

accurate timing information from the RPC. A threshold discriminator is used for 

achieving the leading edge timing, which is the simplest way to provide trigger pulse. 

This method is simple, but it can be affected by the amplitude time-walk. When 

considering RPC signals with 1000:1 dynamic range (20 fC – 20 pC), the time walk is 

~10 ns [109]. 

The technique of zero-crossing can approximate an amplitude-independent timing 

response – a CR network produces a bipolar pulse after differentiating the input signal. 

The bipolar pulse is then crossing the zero in correspondence of the peak of the input 

signal [110]. Considering that input signals have the same peaking time, the zero-

crossing time can be used as time reference, since it is independent of signal amplitude. 

Figure 4.11 shows the block diagram of the discriminator. The outputs of the amplifier 

are differentiated through a CR network. In this way, the fast recovery time of the 

baseline is granted. The recovery time is < 50 ns even in the case of a 20 pC input 

charge. 

Figure 4.11: Block diagram of the Discriminator. [107] 

 

 The threshold discriminator consists of a double stage differential 

amplifier and provides charge selection capability. The threshold range is between 5 and 

500 fC. The discriminator is followed by a one-shot circuit, which shapes the pulse 

typically at 20 ns, and so ensuring its coincidence with the zero-crossing discriminator 

(ZCD) output. The ZCD is also a double-stage differential amplifier, which has no 

threshold. Figure 4.12 shows the output of the discriminator, which is obtained after 

combining the outputs of the one-shot and the ZCD. A monostable circuit following the 

discriminator, gives a pulse typically shaped at 100 ns, in order to mask a possible 

second trigger due to an after-pulse of the avalange one. The monostable prevents the 

ZCD from triggering on the noise. 

Finally, an Output Differential Driver feeds a twisted pair cable with a signal 

level of 250 mV on 100 Ω to the LVDS (Low Voltage Differential Signaling) receivers 

[111]. 
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Figure 4.12: Discriminator operations principles. [107] 

 

 

 The Front End Board  –  

 

The Front End Board (FEB), shown in figure 4.13, is connected directly to the RPC 

and contains two or four 8-channel FECs, depending on the region (see sec 4.2.2), Front 

End Control Circuit (FECC or FEBC) and 2 Synchronization units (SUs). The FECC 

provides the threshold voltages and test pulses to the FECs and synchronizes the front 

end signals to the system clock. 

Figure 4.13: Schematic view of a Front End Board (FEB) [76] 
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FEBs have two main parameters – the discriminator threshold, implemented as a 

Threshold Voltage (VTH) and the output pulse width, which is defined by the 

Monostable Voltage (VMon). These threshold voltages are provided by on-board Digital-

to-Analog Converters (DACs). They are common for the 8 channels of one FEC. The 

value of the output voltage is given by [112]: 

 

    
     

    
          (4.5), 

 

where Vref  is the voltage reference (500 mV), and word is the input digital word of the 

DAC. The relationship between the charge threshold and threshold voltage (VTH) is 

[109]: 

 

   [  ]  
   

   
         ⁄      (4.6). 

 

 The Synchronization unit (SU) stores the FEC output data. It synchronizes the 

data which fall within a predefined time window within a bunch crossing period with a 

pre-selected bunch crossing period. The SU has its own histogramming of rates for 

every data channel. 

For safe operation, each FEB contains also at least one temperature sensor.  
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5. RPCs for the 2013-2014 muon upgrade of CMS 
 

 This chapter presents the entire RPCs production process for the 2013-2014 

muon upgrade. As a member of the CERN team participating in the production process, 

the doctorate candidate takes part in all activities on testing the detecting elements, 

assembling of the new RPC chambers and the subsequent evaluation on their working 

parameters before their mounting on the CMS experiment. A detailed description on all 

production steps is given below.  

 

5.1 Upgrade Physics motivation  

 

 The Compact Muon Solenoid (CMS) experiment [56] has been running and 

collecting data successfully since the beginning of the first Large Hadron Collider 

(LHC) [46] physics run in 2009. The foreseen gradual increase of the instantaneous 

luminosity of up to more than twice its nominal value of 10
34

 cm
-2

s
-1

 during Phase 1 of 

the LHC running, (until about 2022), presents special challenges for the machine and 

the experiments. There are two shutdown periods [113] scheduled to give the necessary 

time to anticipate these luminosity increases – Long Shutdown 1 (LS1) in 2013/2014 

prepares the accelerator to run at its nominal luminosity and Long Shutdown 2 (LS2) in 

2018/2019 should take it to 2.2 times this value. During these long shutdown periods 

the CMS Collaboration main goal is the upgrade of several subsystems of its detector 

[113]. In particular during LS1 one of the major upgrades is done at the CMS muon 

system [114, 115]. The major focus goes to the muons with high transverse momenta, 

since they are among the key objects in detection of possible new physics phenomena. 

In order to be effective, the muon trigger must have good resolution to identify high 

transverse momenta (pT) tracks. Thus, the RPC upgrade is essentially driven by the 

impact of the instantaneous peak luminosity on the trigger system.  

The CMS Level-1 muon trigger relies on Resistive Plate Chambers (RPCs). 

They serve as dedicated trigger detectors, which improve the muon reconstruction. 

There are six concentric layers of chambers in the barrel part and four layers of 

chambers in the endcaps (see sec. 4.2.1). Adding of the forth layers during 2013-2014 

upgrade completed the original design of the muon system, thus improving the trigger 

efficiency in the endcap region with pseudorapidity in the range 1.2 < |η| < 1.9, shown 

in figure.3.10. 

The necessity of adding the RPCs forth layers (RE4s) to the endcap system is 

driven by the Level-1 trigger, which requires hits in at least three layers. [76] Thus, as 

can be seen in figure 5.1, before the upgrade the system does not have the necessary 

redundancy to control the trigger rate while preserving high trigger efficiency at the 

increased luminosity.  
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Figure 5.1: Simulated RPC Level-1 trigger efficiency for the system before the 2013-2014 upgrade 

with three endcap layers compared to the system after the upgrade with four endcap layers. 

 

The main contribution to the trigger rate comes from mis-measurements of 

muons with low transverse momenta that are promoted to high pT muons. In a three-

layers system, the much higher flux of such poorly measured low-momentum muons at 

increased luminosity will dominate the trigger rate and make it unacceptably high, 

which in turn leads to unacceptably high muon pT-trigger thresholds. Adding the forth 

layer in the endcaps, enabling a 3-out-of-4 trigger logic in those regions, brings the RPC 

endcap performance to a similar level as the barrel system. 

 

5.2 RPC design 

 

 The forward stations of the RPC system consist of wedge shaped detectors with 

a double gap RPC. The layout of the stations and the chambers is shown in figure 5.2a. 

The actual system consists of 576 chambers (including the forth stations) mounted in 

two concentric rings [108] on the endcap disks as illustrated in figure 5.2b. 

The newly installed chambers RE4 chambers inherit their design from the RPC 

endcap chambers installed before them, shown in figure 5.4a. The detector relies on 

trapezoidal shaped High Pressure Laminate (HPL) Bakelite gaps, with 2 mm gas space 

between the plates, organized in a double-layer configuration with copper strip readout 

panel placed in between [85]. The HPL sheets resistivity is of the order of 2 – 5*10
10

 

Ωcm. They operate in avalanche mode with a standard gas mixture of 95.2% C2H2F4, 

4.5% iC4H10 and 0.3% SF6. 
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Figure 5.2: Schematic layout of a forward double-gap RPC (a) 

and layout of an RPC layer on the yoke disk (b). 

 

  A chamber is made of three kinds of different gap geometries – one large gas 

gap is used at the bottom layer, while the top layer is segmented into two parts, as 

illustrated in figure 5.3.b. This configuration is used to simplify the signal cable routing.  

Figure 5.3: Schematic representation of the double-layer layout of the endcap chambers (a). 

Configuration of the gas gaps of the endcap chambers (b). 

 

The readout strips are segmented in three η-partitions with increasing strip pitch 

from 1.5 cm to 4 cm [116]. Since each partition has 32 strips, there are a total of 96 

strips per chamber. Coaxial cables are used to connect strips to Adapter Boards which 

are linked to 3 Front-End Boards (FEBs) per chamber. There is 1 Distribution Board 

(DB) for the electronics control for each chamber. Link Boards (LBs) are the main 

components of the off-detector electronics. They receive from the FEBs signals in 

LVDS (Low-Voltage Differential Signaling) standard. Thus, synchronization with the 

LHC clock and transmission of the signals to Trigger Electronics in the control room is 

performed by the LBs. In each LB crate there is a Control Board (CB) that drives the 

crate, provides inner-crate communication and takes care of the connection to the 

readout and trigger systems. The layout of the RPC electronics is shown in figure 5.4. 

(b) (a) 

(b) (a) 
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Figure 5.4: Schematic layout of the RPC electronics. 

 

Chambers are embedded in honeycomb boxes with all the chamber services 

(readout electronics, gas inlets and outlets and water cooling circuit) mounted on the 

outside. The water cooling circuit on the RE4 chambers consists of Cu pipes, which are 

soldered onto three copper plates where the FEBs are mounted. The cooling circuit and 

the FEBs are covered by an aluminum screen box. 

 

5.3 Production procedures 

 

 In the section below are reviewed briefly the main aspects relevant to the 

chamber production. The quoted numbers refer to the production of 200 RPCs during 

the LS1 upgrade, out of which 144 are used in the RE4 stations and the rest are kept as 

spares for the forward system. 

 

5.3.1 HPL production 

 

Producing the High Pressure Laminate (HPL) sheets [108] is the first step in the 

fabrication of RPC gas gaps. The procedure is well established and includes the 

following main steps – production of the HPL foils, quality check for resistivity 

measurement, check for the surface quality, cutting of the foils to the requested size and 

finally surface cleaning of the obtained components.  

The raw material production is done at the Puricelli firm (Milan) [116], where 

about six hundred of 1620 х 3200 mm
2
 sheets for a total of 3110 m

2
 are manufactured. 

Specifications for the HPL bakelite sheets, required by CMS, are very detailed. One of 

the major requirements is high uniformity in resistivity across the surface of the sheets, 

as well as between the sheets. Another one is a resistivity value of 2–5*10
10

 Ωcm (at 20˚ 

C). 
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Figure 5.5: Measured resistivity for production batches of HPL sheets. The spread in the resistivity 

values measured at different points along the surface of the sheet is indicated by the error bars. 

 

In figure 5.5 the resistivity values measured for two production batches are 

displayed. The data shows the average resistivity value and spread, which are measured 

across the sheet surface at nine different positions. There are 50 panels produced per 

batch and it can be easily seen that the obtained resistivity values are well inside the 

CMS requirements.  

Next step is the quality control of the HPL sheets, done by the Pavia INFN site. 

After passing this control the sheets are cut by Riva (Milan), shown in figure 5.6 and the 

final procedure is the cleaning of the surface, done by General Tecnica (Frosinone). 

Figure 5.6: Bakelite sheets cut for the RE4/2 top narrow and top wide gaps (a) and bottom gaps (b). 

 

5.3.2 Gap production 

 

 The gas gaps are produced by the Korea Detector Laboratory (KODEL) at Korea 

University, where the HPL sheets are sent after being tested and approved. A standard 

CMS RPC for the forward region consists of 3 gaps forming double layers. This means 

that for 144 RE4 RPCs to be produced, a total number of 432 gaps are required. 

However, 200 gaps more are additionally produced for the contingency and repairs of 

any damaged in future RPC modules. The RPC detectors for the LS1 upgrade are 

(a) 
(b) 
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mounted in two concentric rings RE4/2 and RE4/3, which requires the shapes of the 

gaps to be trapezoidal with heights of 1663 mm and 1930 mm, respectively [76]. 

There are several major steps in producing RPC gaps [117] – graphite coating, 

PET film coating, spacer bonding and gas leak test, linseed oil treatment and high 

voltage (HV) test, where dark currents are measured and monitored. 

Figure 5.7: Electrode insulation machine (a) and gap assembly machine (b). 

 

Once arrived at KODEL, the HPL sheets are inspected for defects in color, 

scratch on the surface and mechanical damages on the edges and corners. All selected 

HPLs are cleaned with Isopropyl Alcohol (IPA). The electrodes of the gaps are 

produced with a thin layer of graphite, which is coated on the bakelite sheets. The 

surface resistivity of the electrodes ranges from 100 to 250 kΩ/square [118]. Next is 

insulating of the graphite surface with PET (Polyethylene Terephthalate) film. The 

machine used to glue the PET film is shown in figure 5.7a. Then the gaps are assembled 

with two electrodes and spacers. The spacers are coin shaped and placed between the 

electrodes to achieve a 2 mm homogeneous separation and secure the uniform electric 

field within the gap. The edge of the gap is sealed with an edge strip. The spacers are 

placed 10 cm apart from each other in orthogonal directions to provide the mechanical 

support of the gap, while the edge strip, sealing the edge of the gap, makes the gas 

volume leak-tight. This configuration of the gap is placed under a special pressing 

machine, where epoxy is used to glue all components together. The glue hardening 

takes 24 hours (figure 5.7b).  

Once produced, all gaps go through testing of the mechanical stability. First 

check is done to the secure bonding of the spacers on the surface of the electrodes. As 

shown in figure 5.8, the spacers are pressed by a KODEL robot and the pressure 

variation is used as an effective indicator of the good bonding [117]. Another check is 

done to the gas leakage rate. The leakage rate measurement is performed within the 

frame work of the bonding test. Figure 5.8b shows the results for the pressure variation 

when the spacers are pressed, while the differences of the pressure measurement at the 

beginning and the end of the test include the gas leak rate of the gas gaps. If the gap has 

small leakage rate, the curve shows a gradual decrease in pressure. The allowed 

maximum leakage rates for 10 min [117] are 0.2, 0.3 and 0.4 hPa for RE4/2 Top Wide 

(TW), Top Narrow (TN) and Bottom gaps, respectively, while for RE4/3 gaps they are 

0.3, 0.4, 0.5 hPa.  

(b) (a) 
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 Figure 5.8: KODEL robot performing the pressure test (a) and the control 

console of the pressure test (b). 

 

Next step for all gaps without loosen spacers and gas leak within the acceptable 

range is the linseed-oil procedure. During this process, the entire gas volume of the gaps 

is filled with linseed oil. The rate of administration of the oil into the gas gap is 100 

cm/hour. Once finished with filling the entire volume of the gaps, the remaining oil is 

immediately removed by a small compressor. Then the surface is left to dry with 

circulating air of 30˚C. The dried oil surface forms a polymerized layer on the bakelite 

inside the gas volume, which reduces the spurious noise by a factor of 10 in the 

avalanche operation mode [119]. This is a very specific procedure, which needs a 

cautious preparation, due to the pressure built up by the linseed oil filling of the gas 

gaps. In order to ensure that the gas gap is not over-pressured to the limit of the epoxy 

bonding strength, the pressure within the gap should remain less than 20 hPa over the 

atmospheric pressure. 

Figure 5.9: Dark currents of gaps as a function of HV up to 10 kV before (blue) and after a 120-

hour long test (red). Two example behaviors are shown – one for a gap with higher current after 

the 120-hour test (a) and one for a gap with higher current before the 120-hour test (b).  

 

The final step in checking the gas gaps is the electrical test. This test is done by 

measuring the dark current and has three steps. First the dark current is measured as the 

HV increases up to 10 kV [117]. The amount of current drawn from gaps at 6 kV should 

not exceed 1.5 µA. The maximum allowed at 10 kV is 5 µA for smaller gaps and 10 µA 

for larger gaps. A closer look to the plots show that each one has two components – one 

linear rising from zero up to 7 kV and another one with an exponential rise from 8 kV 

up to 10 kV, as shown in figure 5.9. This is the characteristic curve in the HV scanning.  

(a) 
(b) 

(a) (b) 
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At 6 kV the dark current is not yet originated from the avalanche of the gas 

ionization, thus up to 7 kV the current is mainly the ohmic current that flows through 

the surface of the gaps. Above 8 kV the exponential rise of the currents is contributed 

by the avalanche of the gas ionization. 

 Second step in dark current measurement is a 120-hour long monitoring of the 

gas currents at 9.6 kV. Here a gradual decrease of the current during the initial 40 hours 

is expected, and thereafter, there is a slight increase in the current’s value. Finally the 

electrical test of the gas gaps is finished with performing a second HV scan up to 10 kV. 

Figure 5.9 shows two different measurements of the dark currents before and after the 

120-hour long measurement, which are plotted against each other to detect any 

significant variations. The shown examples are for approved gaps. 

Figure 5.10: Specially designed wooden box for gaps transportation.  
 

Gaps which pass all the tests are transported to the chamber assembly sites. 

Transportations are normally done via air-carrier for safety reasons. For the safety of the 

transportation, wooden boxes are specially designed, so that the gaps are stored 

vertically inside the box and are clamped by using partially pre-stressed bars, as shown 

in figure 5.10. All gas inlet and output pipes of the gas gaps are open in case of sudden 

change of the atmospheric pressure during the transportation.  

 

5.3.3 Electronics 

 

 Front End Boards (FEBs) for the 2013-2014 muon upgrade are produced in 

Pakistan. They have four 8-channel ASIC Front End Chips (FEC), which consist of 

amplifier, discriminator, monostable and differential LVDS line driver [108]. The 

connection between the readout strips of the RPC detectors and the FEBS is made with 

50-Ohm coaxial cables. These cables are soldered on small Adapter Boards for easy 

plugging to the FEBs. A picture of one 32 channel FEB is shown in figure 5.11a.  
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Figure 5.11: Frond End Board (a) and Distribution Board (b). 
 

There is also one Distribution Board (DB) for each chamber (figure 5.11b), 

which receives power and slow control communication through I
2
C bus and power 

cables and then distributes them to the FEBs via flat cables. 

A total number of 650 FEBs, 1350 Adapter Boards and 250 DBs are produced 

including 10% of contingency [115]. All electronics before being shipped from Pakistan 

go through a series of validation tests, such as voltage threshold setting (VTH), voltage 

biasing setting (VBIAS), voltage monitoring (VMON) and I
2
C for quality assurance.   

 The output signal from the FEBs is sent to the off detector electronics, i.e. the 

Link Board system, where are performed the synchronization with the LHC clock, the 

optical conversion and the transmission of the signal to the trigger electronics.  

 

5.3.4 Chamber mechanics 

 

 The chamber mechanics have several components – honeycomb boxes, auxiliary 

parts, readout strip plane, cooling circuit with FEB support and screen box. 

The honeycomb box is composed by Al top and bottom honeycomb plates and 

four edge bars. Layout of a typical RE honeycomb plate is shown in figure 5.12 [108]. 

The honeycomb plate is 6 mm thick and composed by 0.5 mm top and bottom Al covers 

sheets and 5 mm solid Al honeycomb core. At the four edges and few other positions 

where threaded holes are located, the honeycomb core is strengthened by insertion of 5 

mm thick solid Al plates. For a better electronic protection, all slots and cut outs are 

filled up with foam. The cross section of the edge bars is 16 х 16 mm
2
.  

Production of honeycomb plates goes through several steps. First the 0.5 mm 

thick Al sheets are cut to the right shape. The additional 5 mm thick Al plates and the Al 

honeycomb cores are glued at the edges and at the necessary places in the middle is 

introduced foam. Next step is heating and pressing of the assembled plates at 120 ˚C in 

order to cure the glue and the foam. Finally all necessary slots and holes are machined.  

The readout strip planes for the RE chambers are divided into three sections with 

2 mm gap between the strips, as shown in figure 5.13. The plane is 0.3 mm thick and 

has a 0.035 mm thick copper cladding. An etching method is used to produce the strips. 

The strips planes are then covered with a 0.15 mm thick Mylar sheets for protection and 

insulation. 

 

(a) (b) 



60 
 

Figure 5.12: Layout of a typical RE honeycomb plate. 

 Figure 5.13: Layout of a typical RE readout strips plane [108]. 
 



61 
 

The auxiliary parts include the front patch panel, the joined pieces for mounting 

the chamber in the yoke, the inside chamber fixation pieces, etc.  

The cooling circuit [120] is made of copper pipes. FEBs are mounted onto 

copper plates which are are soldered to the pipes. A fully assembled Cu cooling circuit 

goes through series of leak tests with 20 bar of Argon gas. All approved cooling circuits 

are transported to the assembly sites, as shown in figure 5.14.  

Final piece of the chamber mechanics is the screen box, which is made of 1 mm 

thick Al sheets and covers the entire cooling and FEB system. 
 

Figure 5.14: Cooling circuit for an RE4/3 RPC going through a leak test (a) and specially 

designed wooden box for cooling circuits’ transportation (b). 

 

5.3.5 Chamber assembly and test sites 

 

 There are three different assembly sites where the new RE4 chambers are built 

and tested – India (BARC), Belgium (Ghent University) and Switzerland/France 

(CERN). BARC and Ghent are in charge of 25% of the production each, respectively 

RE4/2 and RE4/3, while the remaining 50% of the production is carried out by CERN 

which work on both chamber types RE4/2 and RE4/3, as shown in figure 5.15. A 

detailed description of the CERN assembly facility is given, since the doctorate 

candidate is part of the team assembling the new RE4 chambers in CERN.   

Figure 5.15: Schematic layout of one of the two new RE4 disks.  

 

(a) 

(b) 
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 CERN 904 – CERN assembly and test laboratory for the production of the new 

RE4 chambers is B904 [113], shown in figure 5.16. This facility includes the 

assembly tables and tooling for gas gaps quality control (QC) and quality 

assurance (QA), as leak tightness, popped spacers and HV behavior. There is 

also a cosmic telescope to test at once up to 10 detectors in order to determine all 

physical working chamber parameters.  

Figure 5.16: CERN RPC assembly laboratory in B904.  

 

The RPCs are assembled by filling the aluminum honeycomb box from 

the bottom up, starting with a Mylar sheet for insulation, copper sheet for 

ground, detecting gaps and readout strips, which are connected to the 

electronics. All these activities take place on specially designed tables – one 

granite and few other ones. Transportation of fragile or heavy materials from 

one part of the laboratory to the other is done with special scissor tables. All 

plastic and copper tubings for the gas and the cooling inside the detectors are 

first formed and then fitted.  

The chamber assembly can start once all the predefined tasks (cable 

preparation, gas tube forming, honeycomb panel milling for HV connections and 

services, etc.) are done. Once assembled, chambers undergo cosmic tests at the 

specially designed test stand, which has the capacity to certify simultaneously 

8/10 detectors. The complete cycle of producing and testing of an RPC is 

roughly 2 weeks. After passing the cosmic tests, chambers undergo long term 

current measurement under nominal operational voltage. A special area, 

separated from the cosmic telescope is instrumented for this purpose.   
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5.4 Quality control 

 

 The main aspects of the Quality Control (QC) protocols of producing and testing 

of the RPCs for the LS1 Upgrade of the CMS Muon system are described below.  

The entire production QC is divided into 5 levels, depending on the required production 

procedures. Here are also specified the activities that the doctorate candidate took part 

in during her work. 

 

5.4.1 Quality Control 1 (QC1)  

 

 QC1 refers to the fabrication of chamber components, i.e. the first step in 

production of RPCs. The first stage of the QC is performed at the production sites. It 

consists of the procedures and requirements that need to be followed and accomplished 

in order to certify the components good for chamber assembly.  

At the HPL production site QC1 includes all the steps in the production of HPL 

sheets, i.e. production of the HPL foils, quality check for resistivity measurement, check 

for the surface quality, cutting of the foils to the requested size and surface cleaning (see 

sec. 5.3.1). 

At the Gas Gaps production site (see sec. 5.3.2), QC1 procedures are also 

performed with inspecting of the arrived HPL sheets for defects in color, scratch on the 

surface and mechanical damages on the edges and corners.  

All the quality procedures implemented in producing of the other components of 

the RPC chambers are also part of the QC1. These include producing and testing of the 

electronics (Frond End Boards and Distribution Boards), cooling systems, as well as 

mechanics and readout strips (see sec 5.3.3 and 5.3.4). 

 

5.4.2 Quality Control 2 (QC2)  

 

The QC 2 protocols refer to the RPC gas gaps. They include all the steps of 

producing, testing and certifying of the detecting elements of the RPCs. 

At the Gas Gaps production site QC2 refers to gaps production procedures of 

graphite coating, PET film coating, spacer bonding and gas leak test, as well as linseed 

oil treatment and high voltage test for measuring and monitoring of dark currents (see 

sec 5.3.2).  

 Once finished all the checks the approved gas gaps arrive at the assembly sites. 

In CERN, BARC and Ghent University some of the tests performed in Korea are 

repeated in order to ensure the good quality of the detecting elements before assembling 

them in a chamber. This is required due to the large distance transportation of the gas 
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gaps, which includes air flights and handling at the airports as well as delivery 

procedures to the respective assembly sites. 

Here are described in details the quality control procedures followed by the 

doctorate candidate, during her work on assembling RPCs in CERN.  

Figure 5.17: Taking the gas gaps out of the transportation boxes 

 

First step of the quality check on assembly sites is taking the gas gaps out of the 

transportation boxes, shown in figure 5.17. Once taken out, each gap goes through 

visual inspection, which is the second step of the quality check. During the visual tests, 

as shown in figure 5.18, gaps are characterized with a detailed checklist, ensuring that 

no visual damages, such as bending, bubbles on the surface, neatness and shape of the 

corners etc., are present and gaps are eligible to be used for chamber assembly. Results 

written in the checklists are then written into database, so than all the history of the 

components is accessible at any time. 

Figure 5.18: Visual test of the gas gaps, showing some problematic detecting elements. 

 

Leak and spacer tests are then used to evaluate the mechanical properties of the 

gas gaps. The gas tightness test is performed using a pressure sensor and is controlled 

by measuring the stability of applied overpressure in a fixed time of 600s. Two leak 

tests at 15 mbar and 5 mbar are performed. The second measurement of the leak rate is 

used as a reference value for the final commissioning phase, since conditions are similar 

to the working environment in the CMS detector. Pressure drop should not exceed 0.4 

mbar, and any gap having larger leak is rejected. Figure 5.19 shows a typical leak test 
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and pressure change obtained at the performed spacer test for a given gap is shown in 

figure 5.20.  

Figure 5.19: Typical leak test performed to the gas gaps. 

Figure 5.20: Typical spacer test performed to the gas gaps, where there are no detached spacers 

since the last peak in the pressure change is a non-spacer region used as a reference. 

 

Spacer test is performed in order to determine the 2 mm uniformity between the 

bakelite sheets of gaps. This uniformity is maintained by a grid of (10cm х 10cm) 

button spacers between the bakelite sheets (see sec. 5.3.2). Though tested at the 

fabrication site, these spacers can get detached because of different reasons, such as 
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insufficient bonding of the glue or mishandling of the gas-gap crates at the delivery. 

Even a single detached spacer is not accepted and leads to rejection of the tested gap.  

Spacer test is performed at overpressure of 15 mbar [120]. A template of 0.2 mm 

thick PET (polyethylene terephthalate) film with known shape and positions of the 

spacers is placed over the gap. Each spacer is pressed and the results for pressure 

variation are recorded. The fluctuations in the pressure for intact spacers are in the range 

of ±0.5 mbar, while a popped up spacer is resembled by applying the same pressure in 

the non-spacer region, where the pressure change is much larger (±1 mbar and more), as 

shown in figure 5.20. 

The last test in QC2 is the high voltage (HV) scan which main aim is measuring 

the dark current and its stability over a period of 3 days. The scan is performed by 

ramping the HV from 1 kV to 10 kV with steps of 1 kV up to 8 kV and a step of 100 V 

between 8 k V and 10 kV, while during the stability period, the HV is kept at an 

effective working point of 9.7 kV, correcting for pressure and temperature variations. 

Figure 5.21 shows a typical scheme of applied HV, while figure 5.22 shows the dark 

current measured during stability test at QC2. 

Figure 5.21: Scheme of the applied HV for a 3-day-period test at the QC2. 

Figure 5.22: Sample of the current stability obtained after a 3-day-period test at the QC2. 
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Gas mixture used while performing the HV scan and stability test is the same as 

the one adopted by CMS – 95.2% C2H2F4 (Freon), 4.5% iC4H10 (Isobutane), 0.3% SF6 

(Sulfur hexafluoride) with 8000 ppm of water vapor added. Rejection limit for dark 

current is set to 5 µm. Once the gas gaps pass the mechanical and the electrical tests 

acceptance criteria, they are ready for assembly into an RPC. There has been found an 

overall rejection factor of 10% at QC2. 

 

5.4.3 Quality Control 3 (QC3)  

 

The third part of the quality control [115] requires the most sophisticated level of 

certification, since it is related to assembling and testing of the new RPC detectors. It is 

divided into two parts – QC3.1 considers the chamber assembly, and QC3.2 evaluates 

real physical parameters of the newly built chambers. 

In this section a detailed description of all the QC3 steps is given, starting from 

assembling procedure to final decision of acceptance or rejection of a chamber. The 

doctorate candidate participated in all the described activities during her work in CERN. 

When a set of three gaps with the required geometry is fully validated, these are 

used to start the chamber construction. The quality control at this stage of detector 

production goes through chamber visual inspection, gas tightness, electrical and dark 

current measurement (QC3.1), as well as cosmic muon commissioning by means of a 

dedicated cosmic ray stand (telescope) (QC3.2). 

 

 QC3.1. Chamber assembly –  

 

While under visual inspection, each chamber needs to pass through a detailed 

checklist for all its components in order to validate the manufacturing process of the 

chamber.  

Figure 5.23: Mechanics preparation for chamber assembly – putting Mylar and insulation tape. 

 

The assembly steps follow the standard procedure [76] – first the aluminium 

frame is prepared for gap installation using Mylar and insulation tape, as shown in 

figure 5.23. Then holding bars fixing the gaps into place are insulated using tape and put 
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inside the frame, as shown in figure 5.24(a). Next a copper sheet is laid onto the frame 

and cleaned carefully with Isopropyl alcohol ((CH3)2CHOH), as shown in figure 5.24(b). 

Figure 5.24: Mechanics preparation for chamber assembly – fixing insulated holding bars 

into place (a) and laying Copper sheet onto the frame (b). 

 

When the frame is ready, preparation of the bottom gap begins. It is carefully 

cleaned and put inside with the HV cable at the bottom. Once it is sled into place, gas 

pipes are installed and read out strips are laid onto it. Top gaps are then cleaned and put 

onto the readout strips with the HV connection on top (figure 5.25).  Gas pipers are 

installed and closing part of copper sheet is put to cover the top gaps.  

Figure 5.25: Chamber assembly – putting bottom gap and gas pipes (left), placing readout 

strips (middle) and top gaps with gas pipes (right). 

 

Once the HV openings are cut, the copper sheet is closed. Next step is attaching 

the ground pins of cables to ground (copper sheet) and soldering them to the readout 

strips, as shown in figure 5.26(a).  Strip connectivity test is performed in order to 

evaluate if signal cables are soldered correctly to the readout strips.  

Aluminium frame cover also needs to be prepared before being laid onto the 

copper sheet. The cooling system is mounted into place and Mylar sheet of the same 

dimension as a Frond End Board (FEB) is cut and placed over its copper pads. Then 

FEBs and Distribution Board (DB) are installed onto it.  

 

(a) (b) 
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Figure 5.26: Chamber assembly – soldering signal cables (a) and closing the chamber with 

aluminium cover (b). 

 

Final step in chamber assembly is placing the aluminium cover on top of gaps 

and carefully taking out all the gas inlets and signal cables (figure 5.26(b)). Frame is 

then closed with screws and patch panel is fixed (signal cables from FEB, gas pipes, HV 

cables are all fixed to the patch panel). Schematic view of the flat cables connecting 

FEBs is given in figure 5.27.  

 Once the chamber is closed, it’s time for the leak test, which measures the 

chamber gas leak. This test is done in order to check whether, during chamber 

assembling, the gap gas inlets are correctly connected to chamber service panel. The 

procedure is the same as the one at the gaps leak test, so criteria for accepting the 

chamber is pressure drop to be less than 0.4mbar/10min (see sec 5.4.2). 

 Figure 5.27: Real and schematic view of the cables connecting the FEBs on the cover of 

an RE4 chamber. 

 

Next step is performing the electric test over the FEBs of the newly assembled 

chamber. It is done by powering and checking the thresholds of the Frond End Boards, 

(b) (a) 
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while gaps are subjected to a high voltage scan. The threshold of the FEBs is set to 220 

mV – 230 mV, which ensures that electronics accept only the signals from particles 

passing, thus limiting noise induced signals (see sec. 4.3.3). This test ensures that the 

RPC gaps operate without problems.   

 

 QC3.2. Chamber performance evaluation with Cosmic rays –  

 

The final procedure in the QC3 protocol is the chamber by chamber performed 

high voltage scan that aims at characterizing detector response while measuring main 

detector performance parameters such as efficiency, cluster size and noise [115]. This 

scan is performed at the RPC cosmic stand (telescope) [121] in each assembly site, 

shown in figure 5.28.  

Figure 5.28: Cosmic ray stand (telescope) for chamber performance evaluation – BARC (right), 

CERN (middle) and Ghent (left). 

 

The experimental setup used for cosmic rays (see sec. 1.4) tests is built up by a 

number of systems – high voltage power supplies, gas flow rate controller, gas mixture, 

trigger system and data acquisition system. Special devices are used to monitor the 

humidity and temperature in the laboratory, and air-conditioning systems are used to 

keep the temperature constant. 

 The cosmic rays stand consists of metallic towers where up to ten chambers can 

be placed horizontally and read out in coincidence with the passage of triggering muons. 

The trigger system is provided by two layers of scintillators [122] placed at the top and 

at the bottom of the test stand. In CERN where the doctorate candidate took part in this 

analysis, each scintillator layer is segmented in five readout active area with a total 

surface larger than the detectors under test. The data taking process begins when a 

cosmic ray is incident on both scintillator planes, and then efficiency can be calculated 

based on the detection of the cosmic ray in the chambers. The output of triggering layers 

is connected to chambers in a logical ―AND‖ [123]. 
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The gas mixture is composed of 95.2% C2H2F4 (Freon), 4.5% iC4H10 (Isobutane) 

and 0.5% SF6 (Sulfur Hexafluoride), while the gas system is based on mass flow meters 

and controllers, which help monitoring the gas composition. 

The high voltage power supply is provided by CAEN unit. Two VME crates 

built up the DAQ system. They are housing 15 TDC modules, which process the LVDS 

signals after amplification and discrimination.  

When charged particles (mostly muons) ionize the gas of the RPC, an avalanche 

is formed in the gas by multiplication. The induced charge on the external readout 

electrode is produced by the anode-collected avalanche charge and represents the 

prompt signal of the RPC. The RPC readout strips are connected to the FEBs by co-

axial cables via the Adapter Boards. FEBs are then connected with the TDCs, which 

open a 25ns window and readout all the signals coming from the readout strips and then 

transfer this information to the computer. 

Figure 5.29: Schematic view of a cosmic test stand [124]. 

 

Three reference chambers installed at the stand are used by the analysis routine 

to perform a tracking algorithm in order to reconstruct cosmic muon tracks. The 

adoption of three RPC detectors allows the removal of any fake trigger given by the 

larger scintillator area, to reject cosmic showers and to reconstruct muon tracks. An 

offline analysis routine performs a tracking algorithm fitting the position of the fired 

strips of the three detectors in the 3D space. Only events with a track in both scintillator 
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layers are taken into account. These events are then reconstructed using the signals from 

the hits in the reference chambers and based on these – a track of the passing particles is 

built.  

A cosmic muon track is taken as correctly reconstructed only if there are hits 

corresponding to its track in at least 2 of the reference chambers, apart from both 

scintillator layers. Summary plots are displayed using different scripts and the summary 

of the chamber performance is kept in the RPC Production Database, so that data for 

each chamber is accessible through web interface. A schematic view of a typical cosmic 

stand is given in figure 5.29.  

Each detector is subjected to three independent efficiency scans using three 

different configurations – double-gap, top single-gap and bottom single-gap, shown in 

figure 5.30. This is done because the RE4 chambers are based on double-gap RPCs. 

During each efficiency scan, there are 7 runs taken at different effective HV, from 8.5 to 

10 kV. In each run there are 10k events collected in approximately 2 hours.  

Each RPC chamber gain should be maintained constant against environmental 

changes. This is done by using air conditioning systems for maintaining a constant 

temperature in test facility. Yet, in order to be completely sure there is no environmental 

dependence on the chamber performance, the HV scan is performed using the effective 

high voltage HVeff to correct the applied one on the chamber. 

Figure 5.30: A typical HV efficiency scan performed at the Cosmic rays stand. 
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This is done according to the correction given by Eq. (5.1) [125]: 

        
  

 

 

  
                  (5.1), 

where        C and        mbar are the reference temperature and pressure. 

A summary of the chamber performance (efficiency, dark current, cluster size, 

noise rate, etc.) obtained after the final Cosmic rays test is accessible through web 

interface, as it is stored in the RPC Production Database together with all the 

information about the environmental conditions at which the test was taken (see sec. 

5.5). A typical HV efficiency scan is shown in figure 5.30.  

Finally, after passing the Cosmic rays test, connections for each chamber are 

double checked and the Frond End panel is covered with the aluminium cover. 

Chambers are ready for the next step of the quality control – QC4. 

 

5.4.4 Quality Control 4 (QC4)  

 

The last stage of quality control on chamber level for the newly built RE4 

detectors is the QC4. This quality control is performed in CERN, where all the newly 

built chambers from all the three assembly sites are transferred. At QC4 the quality 

certification is divided into two stages. 

 

 QC4.1. Chamber parameters evaluation –  

 

This stage of the quality control refers to double-checking all chamber 

parameters in order to ensure they are still in the required range [126]. It includes 

Connectivity test, Electrical test and Leak test.  

In the beginning of the connectivity test, a visual inspection of all chamber 

electronics is performed. Frequency meter is used to check for bad or disconnected 

strips, to make sure there are no dead or too noisy chambers. The proper working of the 

strips is checked by sending a direct signal from the frequency meter to the strips and 

then reading it back. 

The electrical test is performed in two steps – by sending analog and digital 

signals to Front-End Boards (FEBs) and by checking their thresholds. For analog 

signals the current should be less than 0.42A, while for digital ones it should not exceed 

0.91A [126]. Each chamber should draw about 0.36A from the analog power supply 

(PS) and 0.75A from the digital PS, adding about 50-100mA for the Distribution Board. 

Chambers, which fail to pass these criteria, are not taken into the next step of production 

– assembling of Super Modules. The second step in the electrical test is performed by 

checking the thresholds of the FEBs, which should be 215mV. In case some difference 

is found, the threshold is then adjusted and chambers are ready for next tests. 
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The gas leak of the RPCs is classified in four kinds in the Gas Leak test – Large, 

Normal, Acceptable and No gas leak. The test is performed by measuring the pressure 

drop for each chamber in a time interval of 10 minute, accepting that conditions are 

stable. Measurements are then taken by a special tool provided by the CERN Gas group 

– Gas Leak Box. All chambers which pass this test are then submitted to HV scan, 

which is the next step in the quality control. 

 

 QC4.2. Long Stability test –  

 

After passing QC3 tests, all chambers have three HV jupiter connectors – one 

for each gap accordingly. One of the procedures that RPCs undergo during QC4 is 

changing the HV jupiters by a tripolar connector. This requires performing a new HV 

scan in order to make sure chambers are working within expectations after this 

procedure. The HV scan test begins with applying 1kV to each gap, so that broken 

connections and electrical short circuits are detected. Then the high voltage is raised 

every 10 minutes by 1 kV until it reaches 8kV. The gas avalanches begin to develop at 9 

kV, which is reached by changing the raising step to 0.5kV (after passing 8 kV). 

Finally, the high voltage is raised up to 10kV in steps of 0.1kV. Figure 5.31 shows an 

example of the response of an operational chamber to the HV scan test. 

Figure 5.31: A typical chamber response in HV scan test. 

 

After passing this HV scan, chambers are then submitted to the Long Stability 

test, which is the main accent of the QC4 control procedures [126]. This test is 

performed for 4 continuous weeks with a constant monitoring of the chamber current at 

2 HV values. The test is performed at cycles of 12 hours, where chambers are kept at 

9.7 kV for 10 hours and then at 6 kV for 2 hours in order to observe the behavior of the 

ohmic dark currents of the gas gaps. The chamber is rejected and not used for further 
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assembly if the dark current is too high or has a rising trend over the test period. This 

cycle is repeated more than 5 times for the 4 weeks of testing. 

During this stage, the chambers are connected with CMS mix gas at 1 atm 

pressure, which requires a correction of the value of the HV according to the pressure of 

the CMS mix gas – when the pressure of the gas increase, the HV is increased, and 

when the gas pressure is decreased, the HV is also decreased.  

Figure 5.32: Different typical behaviour for chambers under Long Stability test. 

 

Figure 5.32 shows the four main behavior trends of the chambers undergoing 

Long Stability test. The case of high resistivity is shown in red – here the current in the 

chambers is very small, but different than zero. The expected behaviour, when the 

current of the chamber is within a well-defined interval is shown in blue. The nervous 

behaviour is shown in purple – the current in the chambers is dispersed within a wide 

interval, and the rejection behaviour is shown in green – here the current is always 

increasing, which indicates there is something wrong with the chamber. 

 

5.4.5 Quality Control 5 (QC5)  

 

After passing the QC4 Long Stability test, the RE4 chambers are integrated into 

10 degree sector units called Super Modules (SM). The process of assembling these 

Super Modules refers to the last stage of the quality control. 

Each Super Module consists of two RPCs – one small (RE4/2) and one big one 

(RE4/3). They are connected together to form a 10 degree sector of the RE4 Endcap 

disks, shown in figure 5.33. There is a total number of 72 Super Modules – 36 per each 

disk, which are assembled and tested before their actual installation on CMS. 
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Figure 5.33: Schematics of an RE4 Super Module covering a 10 degree sector with 

handling frame. 

Figure 5.34: RE4 Super Module ready for installation on the CMS Endcap disks. 

 

Last of the quality control procedures, after integrating the two chambers into one 

SM, is the test of the Cooling system. It is performed by filling up the cooling tubes 

with water at high pressure, in order to ensure there are no leaks either in the tubes 

(some damage can occur during the transportation), or in the connectors joining the 
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coolings of both chambers. Figure 5.34 shows a Super Module, which is ready for 

installation after passing the cooling system test. 

 

5.5 Performance and installation 

 

 Storing the full history of every component and each assembled chamber in the 

RPC Construction Database is useful not only for tracing back all the assembly steps, 

but also for evaluating the overall performance of the newly built RE4 chambers. 

  

5.5.1 Chambers performance 

 

The summary of the RPC detector performance [115] starts at assembly sites 

with evaluating the overall gap performance during QC2.  

Figure 5.35: Leak rate (a) and dark current (b) distributions of gaps adopted for the RE4 detector 

construction  

 

Figure 5.35 shows the overall distributions of the gaps performance after the 

QC2 Leak and Dark Current tests, which are obtained at 20 mbar and 10kV accordingly 

(see sec. 5.4.2). The Leak test is performed measuring the leak drop in time for each 

gap, which should be less than 0.4 mbar/10 min, while the dark current is measured 

while performing an HV scan to the tested gaps. Limit for dark current rejection is 5 

µA. At QC2 an overall rejection factor of ∼10% has been found. It is due to irreparable 

damages which have occurred during chamber construction and gap transportation.

 After the gap performance evaluation is the turn of QC3 where the assembly 

sites have to fully commission each detector. The full evaluation of the performance of 

the newly built RPC detectors under test is done using the cosmic rays telescope, where 

the first physical data is taken. On the basis of the cosmic muon data it is decided 

(a) (b) 
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whether the chamber is accepted to be prepared for installation on the CMS detector or 

it should be rejected. The main parameters, which are evaluated and measured at this 

stage of control, are chamber efficiency, mean cluster size and noise rate, while dark 

current is monitored.The dimension of the cluster formed by all simultaneously fired 

adjacent strips is called cluster size. The cluster size of a chamber is defined as the 

sampled average value of the cluster size distribution in the first 25 ns of the trigger 

window of 100 ns.  

Figure 5.36: Mean cluster size (a) at the expected nominal HV working point (b) of 

commissioned RE4 detectors. 

 

The average cluster size distribution, evaluated at three different η segments at 

the expected working point is shown in figure 5.36(a). The distribution of the expected 

working point is shown in figure 5.36(b). The expected working point is defined by 

adding 150 V to the measured efficiency at 95% in respect to the high voltage scan 

results (see figure 5.29). 

 The algorithm for obtaining chamber efficiency is based on the ―coincidence‖ 

method – an evaluation on the ratio between the number of events in which RPC has at 

least one fired strip in the trigger window (100 ns) and the total number of recorded 

events is done [85]. There is also a correction for spurious hits. Chambers with 

efficiency less than 90% are rejected. 

 The efficiency along the high voltage scan and the fitting of the data points are 

described by the following equation (5.2) [85]: 

 50%

max

1 effHV HV
e

 





      (5.2). 

 

 Figure 5.37 shows the overall average maximum efficiency in double gap mode 

(εmax), while the high voltage at 50% efficiency (HV50%) and the slope distribution at 

(a) 
(b) 
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HV50% are reported in figure 5.38. The slope is the derivative of the sigmoid HV 

function (see figure 5.30). 

 

 

 

Figure 5.37: Average maximum RE4 chambers efficiency, extrapolated from the plateau 

curve (see eq. 5.2). 

Figure 5.38: High voltage distribution at 50% efficiency (as defined in eq. gornoto) (a) and 

slope distribution (calculated at 50% efficiency) (b) for the produced RE4 chambers. 

 

 Another important parameter of the chamber performance is the noise rate. It is 

defined as the number of fired strips per second outside the trigger window, normalized 

to the surface of the strips. The noise rate is automatically measured in all the runs using 

an additional gate to the TDCs, delayed from the cosmic muon trigger. Efficiency and 

noise rate are kept in the proper limits using the threshold control on front-end 

electronic discriminators. The acception criterion for noise rate is less than 10 Hz/cm
2
. 

Having a high rate only for a few strips in a chamber leads to a careful investigation, 

which often results in substitution of a faulty FEB. Evaluating the average chamber 

(a) (b) 
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noise rate is done by masking the strips with hit rate larger than 20 Hz/cm
2
.  A sample 

noise distribution measured during an HV scan is shown in figure 5.39.  

Figure 5.39: Sample noise rate measured during an HV scan of one of the 

detectors under test [114]. 

 

 Less than 5% of the tested chambers are rejected for low efficiency and high 

current. All accepted after this stage detectors show high efficiency (> 95%), acceptable 

cluster size (average value ~ 2.5 strips) and low noise rate (< 5Hz/cm
2
) [114].  

Once fully commissioned all RE4 chambers from the three assembly sites go to 

QC4 tests, where their overall performance is monitored in time. The quality control 

procedures start with electrical test of the FEBs. Both analog and digital signal currents 

are measured (see sec. 5.4.4) and the response of a sample of the tested chambers is 

shown in figure 5.40. The current must be less than 0.42A for analog and less than 

0.91A for digital signals. All tested chambers are in range. 

Figure 5.40: Signal current for analog (a) and digital (b) signals sent to Front-End Boards (FEBs). 

  

 Results from the performed QC4 gas leak test are shown in figure 5.41. The 

pressure drop is measured for each chamber in stable conditions for a time interval of 10 

min. All tested chambers are in range – therefore all of them are accepted at this stage.  

(a) (b) (a) 
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Figure 5.41: Pressure drops measured for RE4/2 and RE4/3 chambers. 

 

 The Long Stability test is the main accent of QC4. After three weeks of constant 

monitoring at two HV values (see sec. 5.4.4), chambers are accepted only if the ohmic 

dark current doesn’t have a rising trend, isn’t too high or its maximum fluctuation is less 

than 50%. Results are shown in figure 5.42.  

Figure 5.42: Pressure drops measured for RE4/2 and RE4/3 chambers. 

 

 All the chambers passing the QC4 Longevity test are mounted together as Super 

Modules. Once all connections on the gas tubes and the coolings are double-checked, 

the newly built RPC detectors are installed on the CMS experiment. 

 

5.5.2 Installation and Commissioning 

 

 The RE4 project consists of 72 Super Modules (SM), each made by two RPC 

chambers – a total of 144 double-gap RPCs. The new detectors instrument two disks, 

called RE+ and RE-, located on the opposite endcaps of the CMS detector.  

 Installation of these Super Modules at the experimental site follows special 

protocols. These refer to SM orientation at the trolley coming from the construction site, 

storage space allocation at the experimental site, SM lifting, workforce, logistics and 

most importantly – teamwork. 
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 SMs are transported from CERN construction site (building 904) down to the 

experimental shaft in specially designed trolleys – six SMs per a trolley. Each SM 

weights about 230 kg, which requires a special crane for lifting and positioning them on 

the detector, as shown in figure 5.43. 

Figure 5.43: Lifting and positioning the first Super Module for the RE negative disk. 

 

 Once at place SMs are connected to the power and readout systems, as well as 

the gas and the cooling systems. A full disk is connected to the power and readout 

systems by using about 13 km of cable and more than 14000 connectors. The gas and 

cooling pipes are about 2.5 km long and their proper work is ensured by full testing 

before being connected to the chambers. Figure 5.44 shows a close view of the disk 

covered with RPC detectors. 

Figure 5.44: Zoom of the RE4 negative disk, covered with RPC detectors. 

 

 The first disk is fully installed in December 2013, while the installation of the 

second one is done in the beginning of May 2014. Both disks fully covered with RPCs 

can be seen in figure 5.45. After the installation both disks are commissioned 

successfully in the beginning of RUN2 data taking – 2015.  
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Figure 5.45: Overview of the RE4 positive and RE4 negative disks fully covered with RPC 

detectors. 

 

5.6 Conclusions 

 

The RE4 project is multi-national collaboration project with more than 50 

physicists and technicians from Belgium, Bulgaria, China, Colombia, Egypt, Finland, 

India, Italy, Korea, Mexico, Pakistan, Poland and Switzerland contributing in it. All of 

them have done their work, so that all the required RPCs are built, tested, transported 

and installed on the fourth endcap disks of the CMS experiment on time.  

 

The doctorate candidate is part of the CERN team working on this project. 

The tasks with the significant contribution of the doctorate candidate are: 

1. Evaluation of the detecting elements (RPC gaps) in QC2 stage of production 

– visual test, leak and spacer tests. 

2. Dark current test. 

3. Chamber assembling during QC3 stage of production 

4. Test of the newly built chambers at the cosmic rays telescope. 

Work done by the doctorate candidate for the LS1 RE4 production is highly appraised 

by the RPC community. It is presented by the doctorate candidate in two conference 

talks, one poster awarded with the best poster prize and one scientific publication.  
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6. Performance of the RPC system during RUN2 at 13TeV 
 

 After a two-year technical stop during LS1, in May 2015, the Large Hadron 

Collider (LHC) at CERN collides for the first time protons at record-breaking center-of-

mass energy of 13 TeV. This is the beginning of the high luminosity RUN2, which is 

still ongoing for the last three years. The LS1 is used by the Compact Muon Solenoid 

(CMS) detector for performing crucial tasks necessary for detector operation at higher 

energies. One of the main upgrades is done at the Muon system of the detector with 

servicing, re-commissioning and upgrading of the Resistive Plate Chamber (RPC) 

system with 144 new chambers to enhance the muon trigger efficiency.  

This chapter presents the main concepts behind the new high-energy data 

analysis done by the CMS RPC collaboration. Obtained results on the system 

performance over time are also shown. Special focus is given to the RPC performance 

studies in which the doctorate candidate participate during RUN2 – monitoring of the 

main system performance parameters like efficiency, cluster size, working point 

calibration, etc. 

 

6.1 Data analysis 

 

 Here are presented the steps of the data analysis in which the doctorate candidate 

is taking part during RUN2 data taking. 

  

6.1.1 Data selection 

 

 One of the major components of data analysis is data selection. At the CMS 

experiment, data taken at the same conditions is grouped in separate sets called runs. A 

given run is stopped whenever there is a problem with data collecting – either a detector 

one (hardware or software), or due to beam dump at the LHC. Once the problem is 

solved and data collecting starts again, a new run is started. Due to simplicity and 

convenience, runs are numbered in succession.  

It is important to have a specific data selection for evaluation of RPC system 

performance due to some requirements in data analysis algorithm, as well as statistical 

reliability of the final results [127]. Current analysis is performed over data from 

collision runs taken in 2015, 2016 and 2017 at 13 TeV. The presence of stable beams is 

one of the major requirements. Runs under analysis are at least one hour long and have 

all CMS Muon systems (DTs, CSCs and RPCs) (see sec. 3.6) collecting data in the 

Global data taking and working at their optimal working points. This is required due to 

different data taking conditions, when one or more sub-systems have some problems 

and are taken into local running for calibration and diagnostics. 
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Figure 6.1: A view of the CMS Run Registry (RR) with possibility of applying 

different selection criteria over data. 

 

The CMS detector should be active and the magnetic field is required to be at 

3.8 T. A special CMS tool, where all the data taking conditions are stored is used for 

data selection – the Run Registry (RR). Figure 6.1 shows a view of how different data 

selection criteria are done in RR. 

Once the selection is applied, the required analysis information is written in text 

files in JSON format. The analysis code then uses these files to enter the data of interest. 

In the JSON files is stored information on the run number and the good Lumi-Sections 

(LS) which make all the criteria. A lumi-section is a unit of accounting for integrated 

luminosity. It is a sub-section of a run during which time the instantaneous Luminosity 

is unchanging (2
20

 orbits ~23 seconds) [128].  

 

6.1.2 Data analysis algorithm 

 

 The data used for physics analysis can be stored in different data formats with a 

great variety on the information included in each of them. The most commonly used one 

for data storage in CERN is the ROOT-file format. This file format allows a tree-based 

structure of the data, which makes the further analysis much easier. 

For the RPC system analysis, the input data is taken from a special data stream – 

RPCMonitor stream [129], where different information is stored, in particular 

information on already reconstructed muon segment – on their quality, their direction 

and also where they are detected. Here also a very preliminary assessment on the 

particles momentum can be found. This input data is divided in different segments, 

which are then written in ROOT-file format. 

 The analysis code is using the segment extrapolation method (see sec. 6.1.1) to 

extrapolate the muon segments to the RPC plain. The entire code package is written, 

tested and enriched during a period of a few years by the RPC collaboration [130] and is 
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used by the doctorate candidate, as well as the other scientists participating in RPC 

system performance analysis. Data processing is done using the CERN Worldwide LHC 

Computing Grid (WLCG) network, which allows quick obtaining of the required 

results.  

The WLCG [90] is a specially designed hierarchy-like computing network, 

which has four levels (―Tiers‖), called 0, 1, 2 and 3. Each Tier is a network of several 

computer centers providing a specific set of services. The Tiers process and store all 

data coming from the CERN experiments (see sec. 2.4) and can analyze a lot of 

different tasks in an approximately short time, or a lot of identical tasks in parallel. The 

WLCG main advantage is that each computer connected to the network is given a 

certain part of the entire task and all of them are computing simultaneously, which 

results in a significantly shorter processing time.  

Using the WLCG network requires maintaining a few obligatory protocols. For 

the CMS experiment, each user should have a few software packages installed in order 

to be able to run the analysis: 

 CMSSW – special software package for CMS data processing and 

analysis [131]; 

 ROOT – software package which specializes in processing of large 

high-energy physics (HEP) data volumes [132, 133]; 

 CMS Remote Analysis Builder (CRAB) – special software for 

submitting CMSSW jobs to WLCG computing sources [134]; 

 A few other packages, depending on the CMSSW version and the 

required analysis. 

The analysis is performed in a few steps, which need to be followed strictly to 

ensure the proper running of the code and the reliability of the obtained results. The 

WLCG resources are used to obtain the necessary results. Acquiring the results from the 

submitted jobs can take from a few hours to a few days, depending on the amount of 

data to be processed and the availability of the WLCG resources. The resulting data, 

which is transferred back after being analyzed with WLCG, is written in form of 

histograms, kept in ROOT files format, which contain information on the luminosity, 

the efficiency, the cluster size, etc., for a given analyzed run. Finally out of those files, 

the information for different RPC system performance parameters is taken and plotted 

for further investigation (if needed).  

A total amount of more than 249 TB of physics data is analyzed over the period 

of three years during the RUN2. The doctorate candidate is part of the analysis team 

contributing both in running the analysis steps, as well as new members’ supervising. 
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6.2 Performance of the system 

 

 During the period of RUN2, the RPC system is running smoothly and collecting 

data for physics analysis. The performance of the system is closely monitored and 

studied. Here the results for the main RPCs performance parameters are shown, as well 

as their behavior in time. Special focus is given to the efficiency studies in which the 

doctorate candidate is participating. 

 

6.2.1 Efficiency studies 

 

 This chapter presents a brief description on the used methodologies for RPC 

parameter monitoring. Results on the efficiency, cluster size, time and special resolution 

for the entire system are shown, as well as results on the performance of the newly built 

RE4 chambers. The doctorate candidate main contribution is in these efficiency studies. 

 

 

6.2.1.1 Segment extrapolation method  

 

The RPC efficiency is measured using the segment extrapolation method [130]. 

The idea is that detector efficiency can be measured by comparing its response to 

passing particles with that of another detector. The essence of the method comes from 

the specific geometry and design of the CMS muon system, which uses alternating 

layers of different gaseous muon detectors – DTs and RPCs in the central region and 

CSCs and RPCs in the endcap regions [76]. Having another muon detector next to each 

RPC chamber allows the use of local reconstruction in different muon sub-systems in 

order to define muon registration efficiency. Figure 6.2 shows the basic principle of 

segment extrapolation.  

All starts at local reconstruction level in a DT or a CSC chamber, where the 

segment is defined. Standalone muon tracks are reconstructed without taking into 

account RPC hits in order to avoid biases. Only segments from DT in the barrel and 

CSC in the endcap, that belong to a standalone muon track are then selected and 

extrapolated to the plane of a given RPC. Each extrapolated hit is matched with a signal 

from the closest cluster of a few consecutive fired strips (only within the range of ± 4 

strips). The RPC detector is considered efficient if an RPC reconstructed hit is found 

within ±4 strips from the position extrapolated from the DT/CSC segment. In order to 

avoid or reduce the fake events due to radiation background or wrongly reconstructed 

segments, additional condition is set – only segments associated with reconstructed 

muon tracks are used for extrapolation. 
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Figure 6.2: Scheme of the segment extrapolation method  

 

 

6.2.1.2 Spatial resolution 

 

The segment extrapolation method, described in the previous sub-chapter, is 

used also for estimating of the RPC spatial resolution. The main parameters defining the 

RPC spatial resolution are the residuals and the cluster size. 

A consecutive set of strips, each collecting an induced charge, defines a cluster, 

while the number of the strips in the cluster gives the cluster size. The cluster size 

depends on the strip pitch and because of this it is higher for the innermost eta partitions 

and smaller for the outermost ones. An example is given in figure 6.3, where the plot 

shows the RPC cluster size for each roll of the newly built endcap Disk-4. The X-axis 

corresponds to the 36 sectors, and the 6 η partitions are shown on the Y-axis.  
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Figure 6.3: RPC cluster size map for endcap Disk-4. 

 

Cluster size distributions for the both the barrel and the endcaps for 2017 13 

TeV data are shown in figure 6.4. They are obtained using the Tracker extrapolation 

method (see sec. 6.2.1.6) 

Figure 6.4: RPC cluster size distribution for the barrel (a) and the endcap (b). 

 

Performed studies show that during RUN2 the mean value of the RPC system 

cluster size is ~ 2 strips, acting up to the trigger requirements for ≤ 3 strips included in 

the algorithm [76]. 

Residuals are calculated as the difference between the local x coordinates 

(transverse view of the RPC detection plane) of the extrapolated point and the center of 

the matched RPC reconstructed cluster, as shown in figure 6.3. Studying the residuals is 

important, since they are directly correlated to the azimuthal angle ϕ resolution. Any 

misalignment of the layers can affect the estimation of the bending angle of muon 

tracks. 

 

 

(a) (b) 
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Figure 6.5 show the residuals for all RPC barrel layers. The order of the layers is 

that layer 1 is the closest to the beam pipe, and layer 6 is the furthest from it. The 

residual distributions are fit to Gaussian distributions and the resulting values for the 

mean and the standard deviation σ are in agreement with expectations [76] and less than 

one strip pitch of the strip for a given layer. 

Figure 6.5: RPC barrel residuals for each layer. 

 

6.2.1.3 Time resolution 

  

 The good synchronization between sub-detector systems and LHC is very 

important for the good quality of the recorded physics data. The time measuring unit, 

used by LHC and CMS is called Bunch Crossing (BX), which corresponds to a 25-ns 

time window. Figure 6.6 is a typical example of the time distribution of RPC hits from 

muons. The plot is obtained with 2017 p-p 13 TeV collisions data. The peak in the 

central bin corresponds to data, which is synchronized with the RPC Level-1 trigger. As 

seen from the plot, apart from the central BX, RPCs can collect data in one or two 

neighboring BX windows, i.e. hits which are recorded earlier or later in time with 

respect to the central BX. Part of the those hits are due to intrinsic noise in the 

electronics, radiation background or events which happen in a slightly shifted time 

window than the central event of colliding bunches. Shown results are obtained using 

the Tracker extrapolation method (see sec. 6.2.1.6) 
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Figure 6.6: RPC bunch crossing distribution for barrel (a) and endcap (b). 

 

The results are in agreement with the ones obtained in 2016 [135] and show 

stable performance of the RPC system.  

 

6.2.1.4 Efficiency 

 

The RPC efficiency is calculated using the segment extrapolation method (see 

sec. 6.2.1.2) as the ratio between the number of detected and matched hits and the 

number of expected hits: 

.100%hit
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N
RPC

N
             (6.1)  

The number of extrapolated segments depends mostly the amount of collected 

data. Provided the statistics is large enough, the efficiency estimation error is given by: 
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 Analyzing smaller data samples requires a special selection procedure. In order 

to have enough statistics, only events with at least a minimum of 10
2
 extrapolated 

segments are taken into account for physics analysis.  

The RPC system is a very dynamic working system, with constantly changing 

working conditions during data taking periods. RPC efficiency studies allow monitoring 

the system performance in a lot of different levels and quickly identifying and fixing 

any possible operational problems – high voltage (HV) or low voltage (LV) off, gas 

leaks, gas disconnected chamber, etc.  

(a) (b) 
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Figure 6.7: Chamber efficiency maps for Disk-1 (a) and for Wheel+1 (b). 

 

Figure 6.7 shows the chamber efficiency map for one wheel and one disk as 

measured with 2015 data at 13 TeV. Such maps are periodically obtained for each part 

of the RPC system, as they allow quick and accurate detection of possible operational 

problems (gas leaks, noisy strips, etc. In figure 6.7(a) the X-axis corresponds to the 36 

sectors, and the 6 η partitions are shown on the Y-axis. In figure 6.7(b) the 12 sectors 

are shown on the X-axis, while the Y-axis corresponds to the 6 RPC layers (RB1in, 

RB1out, RB2in, RB2out, RB3, RB4) sections. For both plots the black entries 

correspond to the detector units which are switched off due to known hardware 

problems. Blue and green colors correspond to the lower efficiency values measured for 

detector units which have noisy strips that have been masked. 

Figure 6.8: Reconstructed muon hits (XY view occupancy) on one of the barrel wheels. 

 

(a) (b) 
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Cross-sectional view of one of the barrel wheels (Wheel-1) is shown in Fig. 6.8. 

Such plots allow monitoring the exact position and fraction of inactive channels. In the 

shown example, it is evident that only a few channels in Sector 6 have masked strips 

(see sec. 4.2.1). 

Mapping the efficiency of each sub-detector unit versus the local impact point on 

the RPC surface is a very fast and easy way to detect possible problematic areas, caused 

by inactive or noisy strips, as well as possible gas leaks. This analysis is also used for 

searching for aging effects.  In figure 6.9 is shown an example for one of the rolls in the 

first layer of Barrel Wheel-1 (W-1_RB1in_S08_Backward), which is working with no 

problems during RUN1 (2010-2012), but a gas leak problem appears in beginning of the 

2015 data taking. Despite the encountered problem, the efficiency of the considered 

RPC is still high enough and it is fully operational. The lower efficiency spots in the 

plot are due to the dead regions induced by spacers on a 10 х 10 cm
2
. The Y-axis is 

along the strip length. The vertical green line corresponds to a masked readout strip, 

while the green horizontal spot needs further investigating, since it can be an evidence 

of possible aging effects. 

Figure 6.9: Efficiency vs. local impact point on the RPC surface of a roll in the first layer in 

the Barrel Wheel-1. 

 

6.2.1.5 Performance  

 

Monitoring the overall RPC efficiency as well as the run-by-run efficiency over 

time is one of the most important RPC system studies. It allows good understanding of 

how the system operates during different data taking periods, as well as what impact 

different changes in the operational conditions have over its performance. 
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As the first data taking after LS1 starts, a problem with the Helium liquefaction 

system for the CMS solenoid is found – it cannot sustain proper running for extended 

periods of time [136]. Thus data taking is kept within shorter periods, which leads to 

lowering the operational time for different systems’ scans and maintenance to minimum 

in order to gain as much physics data as possible. As a result, the RPC system despite 

performing a good HV scan (see sec. 6.2.2), applies new Working Points only to the 

newly installed during LS1 RPC chambers in the fourth edncap disks. The other part of 

the system chambers are kept working with the WP values from 2012. 

The overall efficiency distribution for the Disks±4 is shown in figure 6.10 [137]. 

It is obtained using 2015 p-p collision data at sqrt(s) = 13TeV and B = 3.8T. Few 

chambers with low efficiency in the distribution correspond to known hardware 

problems. 

Figure 6.10: Overall efficiency distribution of the fourth endcap stations at 3.8 T. 

 

The efficiency history of the newly installed RE4s during their first year of data 

taking as part of the RPC system is shown in figure 6.11. The fluctuations in the middle 

of June, which can be seen in the figure, are due to the performed HV scan, while the 

ones in the beginning of October are due to the performed threshold scan. The system 

has higher efficiency (~0.7%) and its performance becomes more stable after deploying 

the new HV working point (October 2015). The RE4 cluster size history for 2015 is 

shown in figure 6.12. 
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Figure 6.11: History of the RPC Efficiency of the newly installed RPCs on the forward and 

backward endcaps for the 2015 physics data taking. 

Figure 6.12: History of the cluster size of the newly installed RPCs on the forward and backward 

endcaps for the 2015 physics data taking.  

 

The RE4 chambers performance during 2015 show good agreement with the 

expectations and the other parts of the RPC system. During their first year of work as 

part of CMS, their efficiency average value is ~95% and the cluster size is persistently 

below 2. 

 In the process of the system performance analysis during 2016, a dependence of 

the segment extrapolation method on the instantaneous luminosity is observed, as well 

as an increase in the number of fake rates. The reason for this is the LHC BX spacing 

schema changing from 50 ns to 25ns in the end of 2015. This change allows 

2015 
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instantaneous luminosity increase, but also leads to higher number of pile up events - ~ 

15 in average in RUN1 and between 30 and 45 in average in RUN2. Given the 

relatively lower instantaneous luminosity and lower number of PU events, such problem 

is not observed in RUN1 and 2015. The spotted problem is a problem of the algorithm, 

not of the detectors, i.e. it doesn’t have any physical impact on operational level. Yet, in 

order to fix it, the preliminary selection applied to the data of interest for the system 

performance analysis is reconsidered. Stronger criteria are applied to standalone muon 

tracks, which are now required to have transverse momentum pT > 7 GeV and 

normalized chi2 < 8. The second selection parameter gives the quality of the muon 

track. The selection of pT > 7 GeV is based on the lowest unprescaled L1 muon trigger, 

i.e. in order to avoid any trigger bias. The lowest unprescaled trigger for muon in 2016 

is with pT > 3 GeV, but since it is changed in 2017, the entire 2016 dataset is reanalyzed 

using the new selection in order to be able to compare the system performance results. 

Such selection criteria are not applied in 2015. 

As gaseous detectors RPCs are quite sensitive to any changes in the gas mixture 

ingredients. The standard CMS gas mixture is composed of 95.2% C2H2F4 (Freon), 

4.5% iC4H10 (Isobutane) and 0.3% SF6.  

Figure 6.13:  Isobutane concentration in the RPC gas working mixture. 

 

During 2017 a mass flow controller problem is discovered, which results in 

higher Isobutane concentration (5.3%) in the RPC gas working mixture. Figure 6.13 

shows the Isobutane concentration history over 2016 and 2017. The two red lines on the 

plot mark the limits for optimal performance of the CMS RPCs. With green color is 

given the Isobutane concentration from the mixer. The gas coming from the system 

before purifier 2 is shown with red color. The blue dots represent the gas going back to 

RPCs.  



97 
 

Figure 6.14: The plot represents the history of the RPC efficiency (a) and cluster size (b) for 

the barrel for 2016 and 2017 p-p collisions at 13 TeV. 

 

Figure 6.14 and figure 6.15 show the history of the RPC efficiency for the barrel 

and for the endcap respectively for the last two years of RUN2 data taking. These 

analysis results are very useful when monitoring the RPC system response to different 

operational and environmental changes.  

Figure 6.15: The plot represents the history of the RPC efficiency (a) and cluster size (b) for 

the endcap for 2016 and 2017 p-p collisions at 13 TeV. 

 

The efficiency of the system is lower in 2016, since no change in the HV 

working points of the detectors is done in order to compensate the wrong gas mixture 

with higher Isobutane concentration. More details on the HV working points calibration 

is given in sec. 6.2.2. The new WPs (evaluated with the wrong gas mixture) are 

deployed in September 2016, leading to increase in the efficiency of ~1%, and sharp 

increase in the cluster size. Once the gas mixture problem is fixed, the gas concentration 

is back to standards in 2017, but no change in the WP is done. Although the efficiency 

(a) 
(b) 

(a) (b) 
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of the system remains unchanged (still in the efficiency plateau), a new increase in the 

cluster size is observed. WPs are changed once more in the end of 2017, this time being 

evaluated with the correct gas mixture. The applied HV is reduced, which allows to not 

over-stress the chambers, but also to decrease the average cluster size within the trigger 

requirements. 

As already explained, the new restrictions put on the standalone muon tracks used 

in the data selection are only algorithm tunes. Further studies on the eventual 

dependence of the detector performance on the instantaneous luminosity are required. 

Figure 6.16 represents the RPC barrel efficiency as a function of the instantaneous 

luminosity measured in proton-proton collision runs in 2016 and 2017 data taking. The 

instantaneous luminosity is calculated per every analyzed run with the help of the 

brilcalc tool. In figure 6.17 and figure 6.18 the same comparison is shown, but in 

respect to the RPC endcap. 

Figure 6.16:  RPC barrel efficiency vs. instantaneous luminosity for 2016 and 2017 pp data. 

 

The lower efficiency in 2016 is caused by the higher concentration of Isobutane 

in the gas working mixture in 2016. Nevertheless the comparison results between the 

2016 and 2017 show very stable performance of the RPC system with average 

efficiency of ~96% and cluster size persistently below 2. 

Figure 6.17: RPC positive endcap efficiency vs. instantaneous luminosity for 2016 and 2017 data. 
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Figure 6.18: RPC negative endcap efficiency vs. instantaneous luminosity for 2016 and 2017 data. 

 

Another way to measure the RPC efficiency is by using the Tracker 

extrapolation method, which is described briefly here for complicity.  

The RPCMuon reconstruction algorithm [138] is included in the standard 

reconstruction from the RUN2. At standard reconstruction, the algorithm starts from the 

inner track and finds matched RPC hits (RPCRecHits) along its trajectory. In this step 

the track extrapolation is done and the results are stored in the muon objects.  

The efficiency measurement using the track extrapolation in the RPCMuons, 

requires TrackerMuon [139] identification on the muons. It is done by extrapolating 

inner tracks to muon systems in order to find matching DT/CSC segments. The 

TrackerMuon algorithm is used for reconstructing probe muons, requiring at least one 

segment to be matched in local x position within 3 cm and pull ≤ 3. Probe muons are 

also required to have at least 10 GeV in transverse momentum. Both the TrackerMuon 

and the RPCMuon reconstruction are designed to run independently and to be 

complementary algorithms to each other. Efficiency is obtained using the tag-and-probe 

method [140] with single muon triggered dataset.  

Figure 6.19: Comparison of RPC overall efficiency distributions in 2017 to 2016 in barrel 

chambers (a) and endcap chambers (b). 

(a) 
(b) 
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 Comparison of the overall RPC efficiency distributions for 2016 and 2017 for 

the barrel (a) and the endcap (b), obtained with the tracker extrapolation method, can be 

seen in figure 6.19. The underflow entries in the plots are from rolls with efficiency 

lower than 70%, caused by known hardware problems – chambers with gas leak 

problems in the barrel and low voltage problems in the endcap. These rolls are 1.8% of 

all barrel rolls and 1.2% of all endcap rolls. Average RPC efficiency during 2016 and 

2017 is ~ 96% for the entire system.  

 

6.2.1.6 Conclusions 

 

All results on the RPC system performance shown in the chapter so far are 

obtained after three years of constant work of the RPC performance analysis team, with 

the analysis directly done or supervised by the doctorate candidate. These include all the 

data analysis steps, space and time resolution studies, as well as efficiency studies.  

Results from analysis done by the doctorate candidate are also used for further 

precision studies on the RPC detectors, such as Working Point calibration, explained in 

the next subchapter. 

 

6.2.2 Working Point calibration 

 

 The efficiency of the RPC detectors depends strongly on the applied high 

voltage (HV) [95]. In order to optimize the detectors performance, special high voltage 

(HV) calibrations (scans) are done at least once per year during data taking. The need of 

such scans comes from the constant increase of instantaneous luminosity and the 

increase of the energy of the colliding particles.  The main goal of the HV scan is to 

determine the optimal operating voltage for each chamber [85, 141]. HV scan results are 

also used for studying the system operation parameters over the years and detecting 

possible aging effects on the chambers. 

 Collision data is recorded at several effective, equidistant voltages in the 

working range of 8600–9800 V, during a special sequence of runs. The collected data is 

used to determine the nominal operational high voltage for each chamber, called 

Working Point (WP). 

 In order to take into account the dependence of the RPC avalanche production 

on the environmental pressure p, the temperature T and the applied HV, a correction 

defining the effective HV (HVeff) for detectors in the RPC system is applied using the 

equation  [82]: 

0

0

( , )eff app

p T
HV p T HV

p T
            (6.3), 
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where HVeff is effective high voltage, HVapp is applied high voltage, and the 

reference temperature and pressure are T0 = 293 K and p0 = 965 mbar (reference 

pressure in the cavern).   

 The result from the HV scan shows the obtained efficiency as a function of the 

effective high voltage, as shown in figure 6.20. The efficiency along the HV scan can be 

described by the sigmoid function given by equation: 

 50%

max

1 effHV HV
e

 





                          (6.4), 

where max
 

is the maximum efficiency, λ is the slope defining factor 

(  max 4slope   ), and HV50% is the high voltage at which a chamber reaches 50% of 

the plateau efficiency. 

Figure 6.20: RPC HV scans in 2016 and 2017 showing the evaluated WPs. 

 

The shifts of the 2016 (red) curves to higher HV values are caused by the higher 

Isobutane concentration in 2016. The Knee voltage is defined as the high voltage at 

which the efficiency is 95% of the maximum efficiency. When deploying the WP, 

several things are taken into consideration – the barrel and the endcaps have different 

geometrical designs for the RPC detectors, the cluster size is required to stay within 

accepted limits of ≤ 2 (cluster size increase with applying higher voltage), and the 

number of detector layers in the barrel is higher than the one in the endcap. After a 

detailed study, considering all these requirements, the optimal Working Point is defined 

as WP = Knee + (100/120) V for every chamber from the barrel/endcap [136]. Because 

of this, both working points (evaluated at 2016 and 2017) are in the plateau of the 

curves. The difference in the WP definition allows the endcap, working at higher HV to 

provide similar global efficiency as the barrel.  
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 During 2017 two HV scans are taken – the first one in May at relatively low 

instantaneous luminosity of 0.15-0.17 x 10
34

 cm
-2

s
-1

, while the second one in September 

at very high instantaneous luminosity of 1.2-1.3 x 10
34

 cm
-2

s
-1

. This is done to optimize 

the HV working conditions of the RPC detectors in respect to the increasing luminosity, 

as well as study the effect of wrong gas mixture operation. Results shown in figure 6.21 

and figure 6.22 are obtained with data from the first HV scan, performed in May. 

Figure 6.21: Distribution of the new HV working points per HV channel 

Figure 6.22: RPC efficiency (a) and cluster size (b) at WP. 

 

The new WPs per HV channel are shown in figure 6.21, while figure 6.22 shows 

the efficiency and the cluster size at WP, as derived from the 2017 HV scan analysis. 

The two innermost RPC rolls for RE4 are excluded from the analysis due to the lack of 

muon segment statistics. This explains the lower average cluster size for RE4 with 

respect the rest of the endcap. 

(b) 

(a) (b) 
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Figure 6.23: CMS RPC HV scans per year for the barrel showing the evolution of the 

WP, the efficiency at WP and the HV50%. 

Figure 6.24: CMS RPC HV scans per year for the endcap showing the evolution of the 

WP, the efficiency at WP and the HV50%. 

 

The evolution during all periods of data taking of the WP, the efficiency at WP 

and the HV50% for the barrel and the endcap are shown in figure 6.23 and figure 6.24. 

The efficiency at WP is presented with a light blue color, while the mean efficiency at 

WP for each of the HV scans is shown with a blue full circle. By red full squares the 

mean of the WP distribution for each HV scan is represented along with their Standard 
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deviations. The mean of the high voltage at 50% efficiency distribution for each HV 

scan with their standard deviations is represented in magenta full triangles. The higher 

isobutene concentration in the CMS RPC standard gas mixture during 2016 is the 

reason for the shift of around 40 V to lower values, which is observed in 2017 with 

respect to 2016. However the lowering of the HV WP does not affect the chamber 

efficiency since chambers are already working at efficiency plateau. 

 

6.2.3 Hit rate and Background 

 

The overall performance of the CMS RPC system depends also on the 

background radiation levels as it gives the main contribution in the measured RPC rate. 

Background radiation is induced mostly by the collisions – particles leak through 

forward shielding, scatter around in the cavern and reflect back to the muon system 

[142]. The main background sources are low energy neutrons, photons produced in de-

excitation of nuclei and punch-through hadrons. All these can have an impact on trigger 

performance and pattern recognition of muon tracks. Excessive radiation levels can also 

cause premature ageing of the detectors.  

The background in the cavern is studied in terms of RPC hit rate and HV 

currents as a function of the instantaneous luminosity. Rates and currents are measured 

during the proton-proton collision data taking and including the instantaneous 

luminosity are averaged per run. The hit rates are measured directly from the link-board 

counts, while the obtained results for the RPC currents are based on the analysis of a set 

of specially selected runs, which have identical running parameters like LHC energy, 

LHC bunch schema, number of colliding bunches, β
*
, beam crossing angle and declared 

stable beam. 

Figure 6.25: RPC hit rate vs. instantaneous luminosity distributions for barrel wheels (a) 

and endcap stations (b). 

 

 

(a) (b) 
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Figure 6.25 shows RPC barrel and endcap hit rate vs instantaneous luminosity 

measured with 2017 data. Highest hit rates are measured in the fourth positive and 

negative endcap stations RE4, which are furthest from the interaction point and are 

mostly affected by the background in the cavern. 

Figure 6.26: RPC currents vs. instantaneous luminosity distributions for barrel (a) and endcap (b).  

 

RPC barrel and endcap currents vs. instantaneous luminosity distributions for 

2017 are shown in figure 6.26(a) and figure 6.26(b). The barrel distributions are from 

the 4 barrel stations, while the results for the endcap show the 2 rings where there are 

RPCs installed. The highest current is measured in the innermost barrel station RB1, 

caused mainly by primary interactions passing particles, and also in the outermost barrel 

station RB4, caused mainly by the background in the cavern. In the endcap the highest 

current are measured in Ring 2, which is closer to the beam pipe and the interaction 

point.  

 

6.3 Conclusions 

 

This chapter gives detailed insight on the performance analysis of the RPC 

system during RUN2 data taking. A total amount of more than 249 TB of physics data 

is collected, preselected and analyzed by the doctorate candidate or under her 

supervision over the period of three years during 2015 – 2017. The newly built RE4 

RPCs are successfully integrated within the RPC system and show good and stable 

performance. Detailed analysis on the entire RPC system as well as each individual 

chamber are performed and results on the efficiency and cluster size as function of the 

time and the instantaneous luminosity are obtained. The impact of the different gas 

mixture on the system performance is studied.  

Obtained results show smooth and stable performance of the RPC system with 

no significant issues detected in respect to maintenance, operation and data acquisition. 

(a) (b) 
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After 8 years from the end of the RPC construction, three years from the end of the LS1 

muon upgrade and three years of running at increasing instantaneous luminosity, the 

system is running and collecting successfully good quality physics data with average 

efficiency of ~96%, average cluster size persistently below 2 and average rate of ~10 

Hz/cm
2
. 

 

Results from the shown analysis over RUN2 data are presented by the doctorate 

candidate in four conference talks, one poster and two scientific publications. 

 

The doctorate candidate is part of the RPC Offline Analysis team during RUN2.  

 

The tasks with the significant contribution of the doctorate candidate during 

2015 – 2017 are: 

1. Evaluations of collected data – specially designed selection criteria are applied 

and pre-selection is obtained for every run taken by the CMS experiment – 

physics as well as special calibration runs taken for different scans. 

2. Offline Analysis running – all consecutive steps of the analysis algorithm are 

run using the software packages CMSSW, ROOT and CRAB and results are 

obtained with the WLCG network. 

3. System performance evaluation – results from the analysis steps are gathered 

and evaluated and the results on the main system performance parameters such 

as efficiency, cluster size, residuals, bunch-crossing, etc. are obtained. Their 

behavior in time and in respect to the increasing instantaneous luminosity is also 

examined. 

4.  Evaluation of the LHC conditions – special criteria are applied on the LHC 

energy, LHC bunch schema, number of colliding bunches,  β
*
, beam crossing 

angle and stability of the beams in order to preselect identical conditions for 

RPC Background studies. 

5. Online & Offline system monitoring and data certification – direct 

participation in the data certification process as a Data Manager on shift, as well 

as Detector O&M; direct participation in the system online monitoring and 

maintenance as Detector-On-Call (DOC) shifter. 

6. New colleagues’ supervision – introducing new colleagues to the performed 

analysis tasks, as well as proper interpretation and evaluation of obtained results. 

 

Work done by the doctorate candidate for the RPC system operation during 

RUN2 is highly appraised by the RPC community and the doctorate candidate is chosen 

as one of the Detector O&M supervisors during 2018-2019. 
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7. Scientific contribution 
 

7.1. Obtained results and personal involvement 
 

 Subject of this scientific thesis is the work done by the doctorate candidate for 

the CMS RPC system during the last five years. It can be considered in two main 

aspects - LS1 muon upgrade and RUN2 data taking. 

 

The main obtained results from all performed studies are: 

 

1. During the LS1 Upgrade (2013 - 2014) –  

 RPC detecting elements (gaps) for the LS1 Muon system upgrade RPC 

chambers are evaluated using QC2 protocols (visual tests, leak and 

spacer tests and dark current test). 

 A total of 200 new RPC detectors for the new RE4 system are assembled 

during QC3 stage of production. 

 Working parameters (efficiency, cluster size, noise rate, and optimal 

working point) for all RE4 chambers are evaluated at specially designed 

telescopes using cosmic rays. 

 A new robust and stable RE4 system is built, installed and commissioned 

successfully on the fourth disks of the CMS muon endcaps. 

 

2. During RUN2 data taking (2015 – 2017) –  

 A total amount of more than 249 TB good experimental data is certified, 

pre-selected and analyzed on a run basis. 

 Results on the distributions of the main RPC system performance 

parameters such as efficiency, cluster size, residuals and bunch crossing 

are obtained. 

 Efficiency and cluster size behavior as a function of time is evaluated and 

also their behavior as a function of increasing instantaneous luminosity is 

examined. 

 Special pre-selection on LHC operational parameters (the LHC energy, 

LHC bunch schema, number of colliding bunches, β
*
, beam crossing 

angle, stability of the beams) is done to ensure identical conditions for 

RPC background studies. 

 The RE4 system is successfully integrated in the CMS experiment, 

contributing to the good and stable performance of the entire RPC 

system.  
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The tasks with the significant contribution of the doctorate candidate during 

2013 – 2017 are: 

 

1. During LS1 Upgrade (2013 – 2014) –  

 Evaluation of the detecting elements (RPC gaps) in QC2 stage of 

production – visual test, leak and spacer tests. 

 Dark current test. 

 Chamber assembling during QC3 stage of production 

 Test of the newly built chambers at the cosmic rays telescope. 

 

2. During RUN2 data taking (2015 - 2017) –  

 Evaluations of collected data – specially designed selection criteria are 

applied and pre-selection is obtained for every run taken by the CMS 

experiment – physics as well as special calibration runs taken for different 

scans. 

 Offline Analysis running – all consecutive steps of the analysis algorithm 

are run using the software packages CMSSW, ROOT and CRAB and 

results are obtained with the WLCG network. 

 System performance evaluation – results from the analysis steps are 

gathered and evaluated and the results on the main system performance 

parameters such as efficiency, cluster size, residuals, bunch-crossing, etc. 

are obtained. Their behavior in time and in respect to the increasing 

instantaneous luminosity is also examined. 

  Evaluation of the LHC conditions – special criteria are applied on the 

LHC energy, LHC bunch schema, number of colliding bunches,  β
*
, beam 

crossing angle and stability of the beams in order to preselect identical 

conditions for RPC Background studies. 

 Online & Offline system monitoring and data certification – direct 

participation in the data certification process as a Data Manager on shift, 

as well as Detector O&M; direct participation in the system online 

monitoring and maintenance as Detector-On-Call (DOC) shifter. 

 New colleagues’ supervision – introducing new colleagues to the 

performed analysis tasks, as well as proper interpretation and evaluation 

of obtained results. 

 

Following the good work over the years, the doctorate candidate is chosen as 

one of the RPC Detector O&M supervisors for the period of 2018-2019.  
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