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Introduction

Exploring the fundamental forces and particles that govern our universe has fascinated scientists throughout history. Two essential theories that form the foundation of our understanding of particle physics are QED (Quantum Electrodynamics) and QCD (Quantum Chromodynamics). QED is a quantum field theory describing the electromagnetic force and its interactions with charged particles. It is based on the principles of quantum mechanics and special relativity. QED also predicts the behavior of electromagnetic interactions with remarkable precision, allowing for calculations that match experimental results to extraordinary accuracy. QCD is another fundamental theory that describes the strong nuclear force, which binds quarks together to form protons, neutrons, and other hadrons. This theory is based on the principles of quantum field theories and it introduces the concept of quarks as the fundamental constituents of matter. QCD predicts that the strong force becomes weaker at high energies, a property known as asymptotic freedom.

Over 70 years, accumulative experimental results and theoretical developments show the complexity of the nucleon structure. Experimentally, the best way to study the nucleon structure is through the electromagnetic probe, since the electron is a point-like particle and interacts only through the electromagnetic force. Since the 1950s, the form factor measurements through elastic scattering are the primary observable to reveal the nucleon structure. Form factors can provide the spatial charge distribution inside nucleons.

As the collision energy increased to the GeV scale, SLAC (Stanford Linear Accelerator Center) showed the first evidence that the proton had elementary constituents. This was done by using electron-proton scattering at high momentum transfer, in the so-called Deep Inelastic Scattering (DIS) reaction. Soon afterwards, the parton model, proposed by Richard Feynman, and the concept of quarks, proposed by Murray Gell-Mann, were successfully proven by a series of DIS experiments. Parton Distribution Functions (PDFs) started to play a significant role in studying the structure of the nucleon. In the 1990s, researchers developed GPDs (Generalized Parton Distributions) to describe the nucleon structure by investigating exclusive scattering processes. At high energy, QCD gains unprecedented success in describing hadron interactions. However, understanding nucleon structure requires non-perturbative calculations in QCD and still remains an outstanding problem in nuclear physics.

Deeply Virtual Compton Scattering (DVCS) is a process that occurs when a high-energy lepton (such as an electron) scatters off a hadron, resulting in the production of a photon. DVCS is an exclusive process and provides valuable insights into the internal structure of hadrons. By analyzing the cross section and the spin asymmetries of the DVCS process, one can extract the Compton form factors and study GPDs. DVCS experiments have been conducted at various fixed target facilities, such as Jefferson Lab, COMPASS at CERN and HERMES at DESY, as well as in the HERA collider.

To further expand our knowledge of the subatomic world, the scientific community is planning the construction of an Electron-Ion Collider (EIC). The EIC will be a state-of-the-art research facility that will collide high-energy electrons with protons and heavier atomic nuclei. Both the electron and hadron beam will be highly polarized, and the luminosity will reach 10 34 cm -2 s -1 . By colliding electrons with ions, scientists can investigate the properties of quarks and gluons within atomic nuclei and explore the complex phenomena of QCD with unprecedented detail.

The EIC detector, called ePIC, will provide nearly 4π acceptance measurements for every particle emerging from the interaction point. Tracker systems are designed to measure momenta precisely down to low transverse, determine the particles vertex accurately, and distinguish particles from different decay channels. Calorimeter systems are required to measure the energy of neutral and charged particles and to reconstruct hadronic jets. These jets carry kinematic information about the struck quark or gluon. The far-backward and far-forward detector systems are a series of detectors in the direction of the incoming electron and hadron beams, respectively. The far-backward systems are needed to measure the luminosity for absolute cross-section measurements and precision spin-dependent asymmetries. The far-forward systems are needed to perform meaiii surements of the small deflections of the incoming proton and incoherent interactions with nuclei. This thesis will focus on the R&D of the DVCS detectors: the electromagnetic calorimeter to measure the scattered lepton from the DVCS process, and the silicon trackers, called Roman Pots, to measure the recoil proton or light nuclei from DVCS. This thesis is organized as follows:

• Chapter 1 presents a brief overview of our understanding of the structure of the nucleon and nuclei. In particular, the theoretical framework of GPDs will be discussed, as well as how the DVCS process can access them. An overview of the related experiments and future plans will conclude this chapter.

• Chapter 2 describes the EIC and the design of ePIC (electron Proton/Ion Collider) detector. Two simulation frameworks, Fun4all and DD4hep, are introduced. The full detector design and the auxiliary instrumentation will be presented.

• Chapter 3 focuses on the R&D of the electromagnetic calorimeter in ePIC. The calorimeter design and its requirements are outlined. The lead tungsten crystals characterization and the calorimeter performance in the simulation are described.

• Chapter 4 focuses on the R&D of the Roman Pots in ePIC. The Roman Pots design and their requirements are outlined. A new type of silicon sensor, AC-LGADs, will be used. The electronic simulation of pixelated AC-LGADs is described. The characterization of the readout chip for the AC-LGADs proves the feasibility of Roman Pots design.

• Chapter 5 details the analysis of the DVCS process in the full detector simulation. The TOPEG generator was used to generate the DVCS events. The analysis focuses on the detector acceptance for the DVCS events. [START_REF] Workman | Review of Particle Physics[END_REF].
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Chapter 1

Nucleon structure

This chapter presents the basic theoretical ideas related to nucleon structure, from Form Factors (FFs) to Generalized Parton Distributions (GPDs) and provides the motivation for the experimental program. The first section will start with the Form Factors and describe the spatial charge distribution of the nucleon. The following section will present the partonic structure of the nucleon through Parton Distribution Functions (PDFs) and several basic concepts for describing the longitudinal momentum distribution of partons inside the nucleon. Later we will present the critical physics process to study the structure of the nucleon: Deeply Virtual Compton Scattering (DVCS) and GPD will be introduced as the modern tools for nucleon tomography. The final section will provide an overview of recent experimental results and the status of future experiments.

Elastic scattering and form factor

For a long time, elastic scattering has played an important role in exploring the structure of the proton. Figure 1.1 is the simplest diagram of elastic scattering, in which the electron is treated as a point-like particle to probe the structure of the target. From the quantum electrodynamic view, the electron interacts with the proton via the emission of a virtual photon. The interaction can be described by fine structure constant α = e 2 4π .

Figure 1.1: Interaction between the electron and the proton via a virtual photon in elastic scattering.

Considering the kinematics shown in figure 1.1, k and k ′ are the four momenta of the initial and final state electrons, and p and p ′ are the four momenta of the initial and final state target. The scattering angle between the incoming and outgoing electrons is θ in the laboratory frame. One can define the virtuality of the photon as:

Q 2 = -q 2 (1.1)
where q = k -k ′ = p ′ -p. The variable Q 2 can be interpreted as how deeply the structure can be explored. A feature of elastic scattering is the conservation of kinetic energy and momentum. The energy relationship between the initial (E) and final state (E ′ ) electron energies can be expressed as:

E ′ = E 1 + 2E M sin 2 θ 2 (1.2)
where M is the rest mass of the target and θ is the angle between the incoming and scattered electrons. The Q 2 can be rewritten as:

Q 2 = 4 sin 2 θ 2 EE ′ (1.3)
The cross section of elastic scattering of a electron off a spin-less target can be expressed as:

dσ dΩ M ott = α 2 4E 2 sin 4 θ 2 E ′ E cos 2 θ 2 1 - q 2 2M 2 tan 2 θ 2 (1.4)
which is called Mott cross section [START_REF] William | The Structure of the Nucleon[END_REF]. If the target is a spin 1 2 system, the dependency on the magnetic moment is present and the cross section in this case can be expressed as Rosenbluth cross section [START_REF] Rosenbluth | High Energy Elastic Scattering of Electrons on Protons[END_REF]:

dσ dΩ Rosenbluth = dσ dΩ M ott F 2 1 (Q 2 ) + Q 2 4M 2 F 2 2 (Q 2 ) + 2(F 1 (Q 2 ) + F 2 (Q 2 )) 2 tan 2 θ 2 (1.5)
where F 2 1 (Q 2 ) and F 2 2 (Q 2 ) are called Dirac and Pauli form factors, respectively. These form factors have features as Q 2 goes to 0:

F 1p (0) = 1 F 2p (0) = κ p F 1n (0) = 1 F 2n (0) = κ n (1.6)
where κ p = µ p -1 and κ n = µ n are the anomalous magnetic moments of the proton and neutron respectively, with µ p = 2.7928 and µ n = -1.9130 in units of nuclear magnetons. The results in equation 1.6 reflects that the interaction is not localized for Q 2 close to 0, and only the overall charge and magnetic moment can be observed. Sometimes it is more convenient to define electric and magnetic form factors from F 1 (Q 2 ) and F 2 (Q 2 ) as:

G E (Q 2 ) = F 1 (Q 2 ) - Q 2 4M 2 F 2 (Q 2 ) (1.7) G M (Q 2 ) = F 1 (Q 2 ) + F 2 (Q 2 ) (1.8)
Then, the Rosenbluth cross section in equation 1.5 can be rewritten with G E and G M as:

dσ dΩ Rosenbluth = dσ dΩ M ott Q 2 G 2 E + Q 2 4M 2 G 2 M (Q2) 1 + Q 2 4M 2 + Q 2 2M 2 tan 2 θ 2 G 2 M (Q 2 ) (1.9)
It is convenient to consider the elastic scattering in the Breit frame [START_REF] Griffiths | INTRODUCTION TO ELEMENTARY PARTICLES[END_REF], where the initial and final nucleon energies are the same. As a consequence, the energy of the virtual photon vanishes, and G E (G M ) can be interpreted as the Fourier transform of the transverse charge (magnetization) distribution. In the Breit frame, the exchanged photon carries no energy, and the charge density of the proton can be written as:

ρ(r) = 1 2π G E (q 2 )e -iq•r d 3 q (1.10)
where ρ(r) is the electric spatial distribution function. As a result, equation 1.10 can give the proton charge radius corresponding to a finite nuclear charge distribution [START_REF] Hofstadter | Electron scattering and nuclear structure[END_REF]. The magnetic spatial distribution function can be obtained from G M . The mean charge and magnetic squared radius of the nucleon are defined as:

r 2 E = -6 dG E (Q 2 ) dQ 2 Q 2 =0
(1.11)

r 2 M = -6 G M (0) dG M (Q 2 ) dQ 2 Q 2 =0
(1.12)

The value of r 2 E from recent low momentum elastic scattering experiments is (0.883 ± 0.008f m) [START_REF] Xiong | A small proton charge radius from an electron-proton scattering experiment[END_REF]. On the other hand, the result from muonic hydrogen spectroscopy has also been published (0.833 ± 0.01f m) [START_REF] Bezginov | A measurement of the atomic hydrogen Lamb shift and the proton charge radius[END_REF]. The discrepancy between these two different methods draws a lot of attention. As a result, there is still a big interest in studying the elastic form factors at extremely low Q 2 .

Deep Inelastic scattering

As the energy of the incoming particle increases, the transferred momentum carried by virtual photons also becomes larger. It means that the wavelength of the virtual photon becomes much smaller than the proton size. The interaction between the virtual photon and the proton constituents at high energy can generate many different final states. This reaction is referred to as Deep Inelastic Scattering (DIS). Figure 1.2 illustrates the inclusive DIS and exclusive DIS processes. The inclusive process means that only the scattered electron in the final state is tagged and measured. On the other hand, the exclusive process means that all the final state particles are identified. For the DIS process, the invariant mass of the initial target state can be defined as W 2 = (p + q) 2 , where p and q are the four momenta of the virtual photon and target, respectively. One can also define the variable ν = E -E ′ , the energy loss by the initial electron. Structure functions can be written as a function of Q 2 and ν. The DIS cross section is parameterized by two structure functions, W 1 and W 2 , as follows:

dσ dΩdE ′ = α 2 em 4E 2 sin 4 ( θ 2 ) W 2 (ν, Q 2 ) cos 2 ( θ 2 ) + 2W 1 (ν, Q 2 ) sin 2 ( θ 2 ) (1.13)
The cross section of DIS is similar to the Rosenbluth cross section of the previous section. The main difference is the additional two independent variables, Q 2 , ν, in the case of the structure functions. As a result, one could expect that the cross section of DIS would vary with Q 2 and ν. However, when Q 2 becomes very large, Bjorken proposed that the DIS cross section would be independent of Q 2 . Figure 1.3 shows the experimental discovery of the scaling of the cross section in the electron/proton scattering experiments by the SLAC team. The cross section did not drop as expected when Q 2 increases. Here, one can define the dimensionless Bjoken variable as:

x B = Q 2 2p • q (1.14)
where p, q are the 4-momenta of the target and the virtual photon, respectively. For a fix target experiment, the target is static so equation 1.14 can be further expressed as:

x B = Q 2 2M ν (1.15)
where M is the rest mass of the nucleon target. The limit of x B = 1 (Q 2 = 2M ν) correspond to the elastic scattering. When Q 2 → ∞, called asymptotic limit, the structure function can be rewritten as follow: lim

Q 2 →∞,ν/Q 2 f ixed F 1 (x B ) = W 1 (ν, Q 2 ) (1.16) lim Q 2 →∞,ν/Q 2 f ixed M F 2 (x B ) = νW 2 (ν, Q 2 ) (1.17)
The cross section of DIS with F 1 (x B ) and F 2 (x B ) in the asymptotic limit is:

dσ dΩdE ′ = α 2 em 4E 2 sin 4 ( θ 2 ) M F 2 (x B ) ν cos 2 ( θ 2 ) + 2F 1 (x B ) sin 2 ( θ 2 ) (1.18)
The DIS cross section can now be expressed as a function of the dimensionless variable x B at large Q 2 . As we have seen in the case of the cross section of elastic scattering, an object with a finite charge distribution implies that the structure functions would drop rapidly as Q 2 increases. Thus, the Bjorken scaling proposition implies that the nucleon target appears as a collection of point-like constituents when probed at very high energies in DIS. On the other hand, Feynman proposed the parton model [START_REF] Feynman | Very high-energy collisions of hadrons[END_REF], which introduces point-like particles as constituents of a proton, called partons. Since the structure function is invariant in any frame, it is convenient to consider a frame where the target nucleon has a very large momentum. One can consider the DIS process in the infinite momentum frame. Due to the time dilation, the interaction of partons is slowed down, while the time it takes the electron to traverse the proton is shortened. When the latter is much shorter than the former, those partons can be treated like a collection of free particles during the entire time the electron takes to cross it. Meanwhile, since the partons do not interact during this time, the proton can be seen as a stream of partons, each parton carrying a fraction x of its longitudinal momentum. In this picture, an electron interacts with partons of definite momentum rather than with the proton as a whole. One can consider the DIS shown in figure 1.2, the electron emits the virtual photon that interacts with a parton, and the invariant mass of this system is:

(x • p + q) 2 = x 2 M 2 -Q 2 + 2xM ν (1.19)
where M is the rest mass of the nucleon, p is the momentum of the nucleon, and q is the momentum of a virtual photon. The mass of partons and x 2 M 2 are negligible with respect to Q 2 , then:

-Q 2 + 2xM ν ≈ 0 (1.20) x ≈ Q 2 2M ν = x B (1.21)
In the Bjorken limit, the dimensionless variable x B can be interpreted as the fraction of momentum carried by the partons. As a result, the cross section can be written as a sum of cross sections of DIS on a point-like partons, weighted by the probability of finding each parton with momentum fraction x B :

F 2 (x B ) = x i e 2 i q i (x B ) (1.22)
where e i is the electric charge of the parton i, and q i is the density of partons with longitudinal momentum fraction (x B ) in the Bjorken limit. They can be accessed by measuring F 1 (x B ) and F 2 (x B ) in DIS experiments. Moreover, the Callan-Gross relation:

F 2 (x B ) = 2x B F 1 (x B ) (1.23) 
was verified experimentally, proving that the partons are particles with a spin of 1/2, i.e. the well-known "quarks" inside the nucleon. Figure 1.4 shows the accumulation of DIS data for more than 50 years and shows that the scaling is valid beginning at Q 2 ≈1 GeV 2 In QCD, the struck quarks of the nucleon might radiate gluons, which are particularly significant at small x leading to the logarithmic scaling violations shown in figure 1.4. The radiation of gluons produces an evolution in the structure functions, i.e., their variation with Q 2 .

Generalized parton distributions

In the late 1990s a new theoretical tool beyond form factors and parton distribution functions is developed. The emergence of the generalized parton distributions starts to unify the concepts of FFs and PDFs and offers a new way to investigate nucleon structure through the deeply virtual Compton scattering process. Deeply virtual compton scattering is the golden channel to study generalized parton distribution. The improved accelerator technology and both fixed-target and colliding configurations make it promising and reliable to access GPDs from precise measurements of the DVCS process. The concepts of GPDs and DVCS will be introduced in the following sections.

Factorization and Deep Virtual Compton Scattering

QCD provides the theoretical basis for describing the high energy interaction between leptons and hadrons in terms of the fundamental interactions between elementary particles (leptons, quarks, and gluons). Analog to QED, the strong coupling constant α S = g 2 /4π describes the interaction between particles. The strong coupling constant varies with the energy scale. The coupling constant is small at high energy, and calculations can be done perturbatively. At low energy, the coupling constant becomes comparable to the nucleon mass, and computations become non-perturbative. The crucial concept of factorization allows us to separate the calculation into two parts, "hard" and "soft". When α s is smaller than 1, the amplitude of a "hard" process can be expressed as a series in powers of α s . The perturbation techniques can calculate the hard part. The physics picture of the hard part can be thought of as short distances (large Q 2 ) and short time, occupying a very small space-time volume where the quarks can be treated like point-like particles. The soft part is not perturbatively computable as α s approaches 1, and the corresponding physics picture is the complex and long-distance structure of the nucleon. The soft part can be encoded into structure functions to reflect the soft structure of the nucleon. The key physics process to study GPDs is DVCS. Figure 1.5 shows the leading twist diagram of DVCS, factorized into a hard and a soft parts. The DVCS amplitude can be expanded as a series of operators, and each term is sorted by its power of α S and its twist. The twist is defined as the dimension minus the spin of these operators. The leading twist in DVCS is twist-2, and higher twist-(m+2) are suppressed in powers of (1/Q) m with respect to the twist-2. The leading-twist DVCS process can be factorized into a hard and a soft parts when |t|/Q 2 is sufficiently small, where t = (p ′ -p) 2 is the four-momentum transfer to the proton [START_REF] Collins | Proof of factorization for deeply virtual Compton scattering in QCD[END_REF]. In the hard part, the quark carrying the momentum fraction x + ξ interacts with the virtual photon and return to the nucleon with a momentum fraction x -ξ with the emission of a real photon. The average longitudinal momentum fraction of the quark is x, and ξ is the transferred longitudinal momentum fraction, or skewness parameter, which can be obtained through:

ξ = x Bj (1 + (t/2Q 2 ) 2 -x Bj + x Bj (t/Q 2 ) (1.24)
where x Bj is the dimensionless kinematic variable in equation 1.14 and it is no longer equal to the momentum fraction x in DVCS. When |t|/Q 2 is sufficiently small, ξ becomes:

ξ = x Bj 2 -x Bj (1.25)
The angle φ between the leptonic and hadronic planes shown in figure 1.6 follows the Trento convention, defined by:

cos φ = q × e q × e • q × p ′ q × p ′ (1.26) sin φ = (e × p ′ ) • q q × e q × p ′ (1.27)
where e, q, and p ′ are the four-momenta of the electron, virtual photon, and recoiled nucleon, respectively. The soft part of DVCS amplitude shown in figure 1.5 is given by the emission and absorption of the quark within the nucleon. Quarks GPDs are defined in the light-cone frame, where the incoming and outgoing momenta of the nucleon (p and p ′ ) are collinear with the z-axis. GPDs aree non-local non-diagonal matrix elements. The matrix element is non-local because the quark field is taken at different space-time coordinates. The matrix elements being non-diagonal means that the nucleon states are not the same. At leading-twist there are four quark GPDs: H q , E q , Hq , and Ẽq with q denoting the quark flavor. The soft part of the DVCS amplitude can be parametrized by these quark GPDs.

GPDs properties and Compton form factors

GPDs H q , E q , Hq and Ẽq from the previous section are also called chiral-even quark GPDs, which means that the helicity of the struck quark is always conserved. The quark GPDs H q and E q are the average over the quark helicity, and are thus called unpolarized GPDs. On the other hand, the quark GPDs Hq and Ẽq represent the difference over the quark helicities, and are therefore called polarized GPDs. Figure 1.7 shows the summary of these 4 quark GPDs.

Quark GPDs H q (x, ξ, t), E q (x, ξ, t), Hq (x, ξ, t) and Ẽq (x, ξ, t) depend on 3 variables: x, ξ, and t. The Q 2 -dependence of quark GPDs is not relevant to the non-perturbative structure of the nucleon and can be predicted by QCD evolution. The range of x and ξ are between -1 and 1; however, time reversal states that:

H q (x, ξ, t) = H q (x, -ξ, t) (1.28)
the equation is still valid as H q is replaced by E q , Hq and Ẽq . Therefore, the range of ξ can be reduced to between 0 to 1. Given the intervals in x [-1, 1] and ξ [0, 1], one can have three regions:

• x ∈ [ξ, 1]
. Both momentum fractions x + ξ and x -ξ are positive. GPDs describe the emission and reabsorption of a quark in this region.

• x ∈ [-1, -ξ]. Both momentum fractions x + ξ and x -ξ are negative. Therefore, GPDs describe the emission and reabsorption of an antiquark, respectively with momentum fractions ξ -x and -ξ -x.

• x ∈ [-ξ, ξ]. One has x + ξ and x -ξ, with the former being positive and the latter being negative. This can be interpreted as the initial nucleon emitting a quark and an antiquark with momentum fractions x + ξ and ξ -x, respectively.

Figure 1.7: The 4 quark GPDs H q , E q , Hq , Ẽq correspond to the various quark helicities and nucleon spin orientations [START_REF] Guidal | Generalized Parton Distributions in the valence region from Deeply Virtual Compton Scattering[END_REF].

One can have the gluon GPDs in a similar way as the quark GPDs. There are also four gluon GPDs (H g (x, ξ, t), E g (x, ξ, t), Hg (x, ξ, t) and Ẽg (x, ξ, t)). Gluon GPDs describe the probability of an incoming gluon with momentum x + ξ and returning to nucleon with momentum x -ξ. Gluon GPDs are believed to have negligible contributions at moderate values of x B . As a result, it would be hard to probe gluon GPDs in fixed-target experiments. For example, Jefferson Lab experiments have a relatively low center-of-mass energy (∼ few GeV). Nevertheless, recent estimates and results [START_REF] Defurne | A glimpse of gluons through deeply virtual compton scattering on the proton[END_REF][START_REF] Moutarde | Timelike and spacelike deeply virtual Compton scattering at next-to-leading order[END_REF] seem to challenge this view and indicate that corrections for gluon contributions might be significant and should be considered. The generalized features of quark GPDs can be shown by considering their forward limit, where t = 0 and ξ = 0. One has the following model-independent relations:

H q (x, 0, 0) = q q (x), x>0 -q q (-x), x<0 (1.29) 
Hq (x, 0, 0) = ∆q q (x), x>0 ∆q q (-x), x<0 (1.30) where q in the superscript is the quark flavor, ∆ is the polarized symbol, and q q (x) qq (x) and ∆q q (x) ∆q q (x) are the unpolarized and polarized quark (antiquark) PDFs. GPDs can also recover FFs:

H q (x, ξ, t)dx = F q 1 (t) ∀ξ, (1.31 
)

E q (x, ξ, t)dx = F q 2 (t) ∀ξ, (1.32) Hq (x, ξ, t)dx = G q A (t) ∀ξ, (1.33) 
Ẽq (x, ξ, t)dx = G q P (t) ∀ξ (1.34) where q in the superscript is the quark flavor, and F q 1 (t) and F q 1 (t) are Dirac and Pauli FFs, respectively, mentioned in the previous section. Similarly, G q A (t) and G q P (t) are the axial and pseudo-scalar form factors, respectively. While GPDs successfully recover PDFs (longitudinal momentum information) and FFs (transverse spatial), they provide a deeper insight into the structure of the nucleon than FFs and PDFs alone. GPDs cannot be directly extracted from the experimental data since the kinematic variable x is not accessible from DVCS, but ξ and t can be computed from the kinematics of the reaction. The Compton Form Factors (CFFs) are GPD integrals over the quark propagator of the DVCS diagram:

1 -1 H q (x, ξ, t) x -ξ + iǫ dx = P 1 -1 H q (x, ξ, t) x -ξ dx -iπH q (ξ, ξ, t) (1. 35 
)
where P is the principal value integral and the integral is valid as H q replaced by E q , Hq or Ẽq . The variable x is integrated over. From the convention [START_REF] Belitsky | Theory of deeply virtual Compton scattering on the nucleon[END_REF] the CFFs of DVCS at leading order are given by [START_REF] Moutarde | Extraction of the Compton Form Factor H from DVCS measurements at Jefferson Lab[END_REF]:

ℜF (ξ, t) = P +1 -1 dxF (x, ξ, t)C + (x, ξ) F = H, E (1.36) ℑF (ξ, ξ, t) = π F (ξ, ξ, t -F (-ξ, ξ, t)) F = H, E (1.37)
and

ℜ F (ξ, t) = P +1 -1 dxF (x, ξ, t)C -(x, ξ) F = H, Ẽ (1.38) ℑ F (ξ, ξ, t) = π F (ξ, ξ, t + F (-ξ, ξ, t)) F = H, Ẽ (1.39) 
The coefficient function C ± (x, ξ) is defined as

C ± (x, ξ) = 1 x -ξ ± 1 x + ξ (1.40)
CFFs are 8 complex quantities with 4 real and 4 imaginary parts that can be extracted from DVCS experiments.

Beam asymmetries

One can extract the CFFs from the cross section measurements or asymmetries. For instance, the beam charge asymmetry is defined as:

A C = dσ + -dσ - dσ + + dσ - (1.41)
where dσ + and dσ -are the cross section for positively and negatively charged beams, respectively. For a polarized beam, another way is to define the beam spin asymmetry:

A LU = d -→ σ -d ← - σ d -→ σ + d ← - σ (1.42)
where d -→ σ and d ←σ represent opposite lepton beam helicities, respectively. The subscript L and U indicate a polarized lepton beam and an unpolarized target, respectively. A detailed description of the experimental asymmetries is available in [START_REF] Nicole D'hose | Experimental overview of Deeply Virtual Compton Scattering[END_REF]. While no asymmetry results will be presented in this manuscript, it still constitutes a large fraction of the worldwide data on GPDs. Indeed, the advantage of asymmetries is that some experimental uncertainties cancel out between the numerator and denominator. On the other hand, the presence of the denominator can complicate the extraction of the different CFF contributions.

DVCS on nuclei

For DVCS at leading-twist, there are 2(2J + 1) 2 GPDs for a particle of spin J. Therefore, a spin-0 system has two GPDs, like 4 He, and a spin-1/2 system has eight GPDs, like the proton. Coherent DVCS of spin-0 light nuclei, like 4 He, is useful for studying GPDs as a more limited number of CFFs appear in the process. Coherent DVCS implies that the target particle remains intact in the process. Oppositely, when a nucleon in the target is kicked out by the electron the process is called incoherent DVCS. Incoherent DVCS can provide a unique access to the modification of the partonic structure of a bound nucleon. Figure 1.8 shows the leading diagrams of coherent and incoherent DVCS. The kinematic variables describing the process are Q 2 , x B , t, and φ. These variables are Lorentz invariant. In the collider configuration, it is easier to reconstruct these kinematic variables from the four-momenta of the final state particles in the laboratory frame. Thus, Q 2 , x B , and t can be reconstructed through:

Q 2 = -(k -k ′ ) 2 (1.43) x B = Q 2 2p • q (1.44) t = (p ′ -p) 2 (1.45)
where k and k ′ are the four-momenta of initial and final state electrons, respectively, q is the four-momenta of the virtual photon and p and p ′ are the four-momenta of initial and final state proton/ion, respectively. The definition of φ is shown in equation 1.26 and 1.27. The factorization is valid in the DVCS reaction when the |t|/Q 2 is sufficiently smaller than 1. As a result, the center-of-mass energy W = (p + q) 2 needs to be large enough to ensure that the experimental data are in the deep inelastic scattering regime. For a given value of x B , the minimum and maximum values of Q 2 are:

Q 2 min = 0, Q 2 max = 4E 2 M x B M x B + 2E (1.46)
where E is the energy of the incoming electron beam in the frame where the proton is static. For example, figure 1.9 shows the Q 2 min and Q 2 max with x B between 0 and 1 for different beam configurations in the Electron Ion Collider (EIC). The diagonal line is the Q 2 max as a function of x B . The value of x B = 1 represents the elastic scattering. The closed region in figure 1.9 forms the phase space of Q 2 and x B , so any DVCS reaction with different Q 2 and x B must happen within that range of phase space. At fixed Q 2 and x B , the maximum and minimum of t are: 

t max,min = Q 2 M + Q 2 x B ( Q 2 2M x B ± Q 2 + Q 4 4M 2 x 2 B ) M + Q 2 2M x B ± Q 2 + Q 4 4M 2 x 2 B (1.47)
where the ± sign stands for the maximum and minimum of t, respectively.

Interference with Bethe-Heitler process

Another reaction, the Bethe-Heitler (BH) process shown in figure 1.10, needs to be considered in the amplitude calculation. The BH is an elastic scattering process described by QED. The electron emits a photon during the scattering process, so that the final products of BH and DVCS are the same: electron, photon, and proton. It is impossible to distinguish BH and DVCS from measuring the final state particles on the experimental side. As a result, the cross section needs to consider contributions from both DVCS and BH. The amplitude can be written as: And the interference term I is:

I = T DV CS T * BH + T * DV CS T BH (1.49)
The T DV CS 2 can be parameterized by bi-linear combinations of CFFs. The T BH can be calculated by pure QED and expressed as a function of FFs. The I can be parameterized by linear combinations of CFFs as well. As a result, combining the DVCS and BH processes, the total cross section with respect to Q 2 , x Bj , t, and φ, can be expressed as [START_REF] Belitsky | Exclusive electroproduction revisited: Treating kinematical effects[END_REF]:

d 4 σ dQ 2 dx Bj dtdφ] = α 3 x Bj y 2 T 2 8πe 6 Q 4 √ 1 + ǫ 2 (1.50)
where y = p•q p•e is the lepton energy loss in the rest frame, ǫ = 2x Bj M Q and e = 1.6 × 10 -19 C is elementary charge.

Experimental results on DVCS

In this section, a brief overview of DVCS ep (electron-proton scattering) and eA (electron-ion scattering) experiments will be presented. The different energy configurations of each experiment cover different kinematic regions to probe the nucleon structure. The different targets, polarized and unpolarized, also unveil some unexpected physics features, such as the EMC effect and the proton spin crisis.

HERMES, H1, and ZEUS

HERA (Hadron-Electron Ring Accelerator) was a particle accelerator at DESY (Deutsches Elektronen-Synchrotron), which operated from 1992 to 2007. The electron or positron beam collides with the proton beam at the center-of-mass energy of 318 GeV. There are 4 different interaction regions for different experiments: H1, ZEUS, HERMES, and HERA-B. HERA-B is dedicated to study the CP-violation in the decay of B-mesons, which is not the topic of this manuscript. The physics goal of HERMES is to investigate the quark-gluon structure using a polarized lepton beam and polarized gas targets in the kinematic region 0.04 < x B < 0.2. HERMES has a polarized beam and polarized target, making it unique from other DIS measurements. A series of beam and target spin asymmetries results can be found in references [START_REF] Airapetian | Measurement of the beam spin azimuthal asymmetry associated with deeply virtual Compton scattering[END_REF][START_REF] Airapetian | Beam-helicity asymmetry arising from deeply virtual Compton scattering measured with kinematically complete event reconstruction[END_REF][START_REF] Airapetian | Measurement of Azimuthal Asymmetries With Respect To Both Beam Charge and Transverse Target Polarization in Exclusive Electroproduction of Real Photons[END_REF][START_REF] Airapetian | Beam-helicity and beam-charge asymmetries associated with deeply virtual Compton scattering on the unpolarised proton[END_REF][START_REF] Airapetian | Exclusive Leptoproduction of Real Photons on a Longitudinally Polarised Hydrogen Target[END_REF]. H1 and ZEUS have similar physics goals, which include GPDs measurements and test QCD through DVCS in the kinematic region 10 -1 < x B < 10 -2 . H1 released the DVCS cross section measurements as function of the center-of-mass energy (W), Q 2 and t, as shown in figure 1.11 [START_REF] Aaron | Measurement of deeply virtual Compton scattering and its t-dependence at HERA[END_REF]. The kinematic domain is restricted to 6.5 < Q 2 < 80 GeV 2 and 30 < W < 140 GeV in order to suppress the contribution from the BH process. The t-dependence of the cross section from H1 can be described by:

dσ dt = e -B|t| (1.51)
where the cross section varies with the power of the kinematic variable t. The t-slope (B) from the H1 results shows a weak dependence on Q 2 . It is the first time that the t-slopes are determined differentially in W with no significant dependence observed.

COMPASS

The COMPASS (Common Muon and Proton Apparatus for Structure and Spectroscopy) or NA58 experiment is the 60-meter-long fix-target experiment at the beamline of the SPS (Super Proton Synchrotron) at CERN. COMPASS used different beams, muon and hadron, scattered on polarized light nuclei or unpolarized deuteron targets. One physics goal of COMPASS is to measure the charge-and helicity-dependent cross sections to separate both the DVCS and interference cross-section terms and the real and imaginary parts of CFFs sensitive to the dominant GPD H q . The explore kinematic region is 0.01 < x B < 0.1 which is between the HERMES & JLab kinematic regions and the H1 & ZEUS kinematic regions [START_REF] Baum | COMPASS: A Proposal for a Common Muon and Proton Apparatus for Structure and Spectroscopy[END_REF]. The COMPASS team recently released results on the t-slope B of DVCS by using 160 GeV/c polarised µ + and µ -beams. The average virtuality of the photon mediating the interaction for this result is < Q 2 > = 1.8 GeV 2 , and the average value of the Bjorken variable is < x B >= 0.056. Figure 1.12 shows the t-slope B as a function of x B /2 along with H1 and ZEUS in the different kinematic regions.

HallA and CLAS

The Jefferson Lab Hall A experiments are characterized by a small acceptance, but a very high luminosity for high precision results. E00-110 was a preliminary experiment on the measurement of DVCS cross sections by sending a polarized electron beam on a liquid hydrogen target. The DVCS cross section was measured at x B = 0.36 with Q 2 ranging from 1.5 GeV 2 to 2.3 GeV 2 [START_REF] Camacho | Scaling tests of the cross-section for deeply virtual compton scattering[END_REF][START_REF] Defurne | E00-110 experiment at Jefferson Lab Hall A: Deeply virtual Compton scattering off the proton at 6 GeV[END_REF]. Neutrons are sensitive to E q , which is required to access quark orbital angular momentum through Ji's sum rule [START_REF] Ji | Gauge-Invariant Decomposition of Nucleon Spin[END_REF]. Experiment E03-106 used a liquid deuterium target to study DVCS on the neutron, which is important for the study of quark flavor separation [START_REF] Mazouz | Deeply virtual compton scattering off the neutron[END_REF]. The CLAS (CEBAF Large Acceptance Spectrometer) detector is located in the Hall B of Jefferson Lab. CLAS has performed a series of dedicated DVCS measurements, which include the DVCS cross section, beam spin asymetries and beam target asymmetries in the kinematic region (1 GeV 2 < Q 2 < 4.7 GeV 2 and 0.1 < x Bj < 0.6), where measurements are dominated by valence quarks [START_REF] Girod | Measurement of Deeply virtual Compton scattering beam-spin asymmetries[END_REF][START_REF] Jo | Cross sections for the exclusive photon electroproduction on the proton and Generalized Parton Distributions[END_REF].

Future experiments in nucleon structure

Despite all the data accumulated so far on nucleon structure, there are still many outstanding questions. We briefly describe below some future experiments which will shed some more light and hopefully bring us to a better understanding of the underlying structure of protons and neutrons.

CLAS12 and HallC

CLAS12 is the current fixed-target program in Hall B at JLab with an upgraded facility of 12 GeV. CLAS12 has started running and is currently taking the data. It will soon double its luminosity to 2 × 10 35 cm -2 s -1 . The physics goals of CLAS12 are: unpolarized and beam-helicity dependent cross sections, beam spin asymmetries, target spin and double spin asymmetries on longitudinally and transversely polarized target, which currently only available from HERMES data. More detailed information can be found in [START_REF] Sabatie | Deeply Virtual Compton Scattering with CLAS at 11 GeV[END_REF][START_REF] Niccolai | Deeply Virtual Compton Scattering on the Neutron with CLAS12 at 11 GeV[END_REF][START_REF] Niccolai | Proposal of extension of the CLAS12 run-group Cb (ND 3 target)[END_REF]. Also, an upcoming experiment in HallC will perform measurements of unpolarized and beam-helicity dependent DVCS cross sections on the proton [START_REF] Camacho | Exclusive Deeply Virtual Compton and Neutral Pion Cross-Section Measurements in Hall C[END_REF]. It will complement the experiment in Hall A with the same kinematic range but different beam energies to separate the DVCS and interference terms and will also extend the kinematic range of HallA up to Q 2 = 10 GeV 2 .

ePIC

The EIC, the next generation DIS collider, has a wide kinematic range √ s = 20 -140 GeV and will be constructed in BNL (Brookhaven National Laboratory). Thanks to the large technological improvements on both the accelerator and the detector sides, the EIC will reveal a new world on the nucleon structure, with high luminosity collisions up to 10 34 cm -2 s -1 and also with highly polarized electron and ion beams in the wide kinematic region shown in figure 1.13. The high luminosity configuration will offer high precision measurements of the DVCS cross section and BSA in fine bins. The transversely polarized proton beam will allow to access the GPD E q . More generally, the unique features of the EIC will allow us to answer several questions at the limit of our current understanding QCD: [START_REF] Khalek | Science Requirements and Detector Concepts for the Electron-Ion Collider: EIC Yellow Report[END_REF] • How do the nucleon properties such as its mass and spin emerge from partons and their underlying interactions?

• How are partons inside the nucleon distributed in both momentum and position space?

• How do color-charged quarks and gluons, and jets, interact with a nuclear medium? How do the confined hadronic states emerge from these quarks and gluons? How do the quark-gluon interactions create nuclear binding?

Currently, two interaction points are planned at EIC and the detector system, called ePIC (electron Proton Ion Collider experiment), will be placed in one of the interaction points. In the following chapter an overview of ePIC will be presented. Chapter 2

Introduction of EIC and ePIC

In 2020 it was announced that the EIC will be built at Brookhaven National Laboratory (BNL) in Long Island (New York, USA), in partnership with Jefferson Lab. The current accelerator facilities in BNL include the Relativistic Heavy Ion Collider (RHIC), the only operating heavy ion collider in the USA, the Alternating Gradient Synchrotron (AGS), the Accelerator Test Facility. . . The maximum luminosity at RHIC can reach 1.6 × 10 32 cm -2 s -1 . RHIC will evolved into EIC by adding an electron ring to the existing ion rings and a new electron injector (RCS), as shown in figure 2.1. The first data taking is expected to be in the 2030s. The electron-Proton-Ion-Collisions (ePIC) detector will be installed at IP6 (the Interaction Point at 6-clock) in EIC. ePIC will be capable of reconstructing the kinematics variables for different deep inelastic processes with high precision. A high resolution and acceptance over a wide coverage of pseudo-rapidity η < |4| is necessary. Many studies are underway using advanced simulation tools, like Fun4all and DD4hep, in order to achieve the requirements outlined in the Yellow Report [START_REF] Khalek | Science Requirements and Detector Concepts for the Electron-Ion Collider: EIC Yellow Report[END_REF] and compare its performance with the different detector proposals. A detailed explanation of ePIC will presented in the following section. The design of EIC and the planned beam configurations for physics running will be described later in this chapter. Also, the simulation framework used for studying the detector proposals will be introduced. Finally, we will give an overview of the sub-detector systems of ePIC.

EIC design

The design of the EIC was guided by the requirements originally expressed in the EIC White Paper, and reinforced by the recommendations of the National Academy of Sciences. EIC has to deliver several requirements as follows in order to fulfill its physics goals:

• EIC needs to offer a wide collision energy range: from 20 to 140 GeV in the center-of-mass frame.

• High luminosity up to 10 34 cm -2 s -1 will offer sufficient statistics while covering a wide kinematic range.

• Highly polarized electron, proton and light ion beams, with >70% polarization.

• EIC needs to provide multiple ion beams, from deuteron to very heavy ions, like gold, to study the properties of dense nuclear matter.

As the ion ring is already existing in the current RHIC, the design of EIC will focus on building a new electron ring, and improving the current facility to provide highly polarized ion beams and interaction region to reach high luminosity. Figure 2.1 shows the bird view of EIC complex. The following sections will present the design of the beam configurations and the interaction region.

Beam configurations at EIC

The collision energy in the center-of-mass frame for polarized electrons and polarized protons ranges from 29 to 140 GeV and for polarized electrons and heavy-ions it can go up to 110 GeV/nucleon. The electron and hadron storage rings can achieve this requirement by operating electrons up to 18 GeV and protons at 41 GeV and from 100 to 275 GeV. Heavy ions energies will be 41 GeV and from 100 to 110 GeV/nucleon. At Figure 2.1: Bird view of the future EIC (3.9-km circumference) in BNL. The relevant electron accelerator facility, which includes an electron source, an electron injector, and an electron storage ring, will be built. The planned interaction regions will be at the 6 and 8-clock positions.

the interaction point there is a 25 mrad crossing angle between the electron and hadron beamlines. Figure 2.2 shows how the crossing angle would imply that the two bunches would not perfectly be overlap, which would result in a loss of luminosity. To avoid this, crab cavities are introduced in order to rotate the bunches and eliminate the loss of luminosity. This will be further explained in the next section. Meanwhile, both the electron and the proton beams need to reach 70% polarization, which is the same level of polarization expected for 3 He beams.

Both electron and hadron storage rings will circulate electrons/hadrons with the same revolution period. The beam parameters and the corresponding luminosity are shown in Table 2.1 for e+p. The RMS ∆p/p stands for the beam momentum spread caused by beam effects, and the RMS h and ν represent the horizontal and vertical beam divergences, respectively, caused by the optics. The high divergence configuration can have a larger luminosity by increasing the RMS h/ν and keeping the RMS ∆p/p unchanged. On the other hand, the high acceptance configuration with the smaller RMS h/ν allows the far-forward detectors to have larger acceptance, resulting in lower luminosity. Both beam momentum spread and beam divergence can potentially impact the precision of measurements, and as impact cannot be correct on an event-by-event basis. The beam momentum spread can be reduced by increasing β, defined as the RMS beam size ratio to the RMS angular divergence. However, by increasing β one pays the price of lowering the luminosity since β ∝ 1/L. For the other beam species Table 2.2 also lists a set of beam energies assuming a polarization of 70% for electrons, protons, and light ions. 

Species

Crab cavity

The 25 mrad crossing angle between the electron and ion beams would decrease the luminosity as the two beams cannot perfectly overlap. To prevent this, crab cavities are introduced in order to rotate both electron and hadron beams before both beams collide at the interaction point and increase the luminosity. Figure 2.2 shows the schematics of how the crab cavities rotate the beams. There are two rotations on each electron and hadron beam, so there are two crab cavities for the electron beam and two for the hadron beam.

The first rotation is performed before the collision, and the second is performed after the collision to let the beam circulate in the ring. As a result, the position of the crab cavity is critical for designing the farforward region detector, especially the one after the collision. For example, if the crab cavity would be placed between the central detector and the far-forward detectors, the crab cavity would completely wash out the first rotated information carried by the scattering particles. The far-forward detectors would lose the information to reconstruct the particles kinematics. 

Polarimetry at EIC

Rapid and precise beam polarization measurements will be crucial for the EIC physics program since the polarization uncertainty propagates directly into the relevant observables, such as beam asymmetries. Additionally, the polarimetry will play an important role in the setup of the accelerator. The basic requirements for beam polarimetry are the following:

• Capability of measuring the beam polarization for each bunch in the ring -in particular, the statistical uncertainty of the measurement for a given bunch should be comparable to the systematic uncertainty on order dP/P = 1% or better.

• Rapid, quasi-online analysis in order to provide timely feedback for accelerator setup.

There are two types of polarimetry in EIC, electron and hadron. For electron beam polarization, the most common method is to measure the asymmetry of the polarized electrons scattered from 100% circularly polarized laser photons. The asymmetry from this reaction is measured via the scattered electrons or high energy backscattered photons. This kind of device is also called Compton polarimeter [START_REF] Aulenbacher | Precision electron beam polarimetry for next generation nuclear physics experiments[END_REF]. The advantage of Compton polarimetry is that it is sensitive to longitudinal and transverse polarization. The plans for electron polarimetry installation at EIC include a Compton polarimeter at IP 12 or near IP 6. A Compton polarimeter could be easily accommodated at IP 12, where the electron beam is primarily vertically polarized. However, IP 12 is far from IP 6, where the main physics detectors will be. Although the available region near IP 6 is limited, a Compton polarimeter can still be placed in this area with careful attention to integrating the polarimeter with the beamline elements.

Hadron polarimetry has been successfully performed at RHIC for nearly two decades. A relative systematic uncertainty < 1.5% was achieved for the most recent RHIC's polarized proton run. It is a good starting point for hadron polarimetry at the EIC as this is well-tested in RHIC. In RHIC, the Hadron polarization is typically measured via a transverse single spin asymmetry: ǫ = A N P . Unlike polarized leptons, the proportionality constant (A N ) is not precisely known from theory. Instead, RHIC employs an absolute polarimeter with a polarized atomic hydrogen jet target. In the elastic process pp → pp, the recoiled protons from the target are measured in detectors. The proton polarization vector is alternated vertically up and down. Meanwhile, the RHIC beam has bunches with up and down polarization states. By averaging over the beam states, the asymmetry due to the target polarization can be measured, and vice versa:

ǫ target = A N P target ǫ beam = A N P beam (2.1)
In the purely elastic reaction, the A N in these two relations are equal. A Breit-Rabi polarimeter can precisely measure the target polarization P target . Combined with the measured asymmetries, the beam polarization P beam is determined by:

P beam = ǫ beam ǫ target P target (2.2)
The absolute polarization measurement is independent of the details of A N . Like the electron polarimetry, the hadron polarimetry will be installed near the interaction point for the precise measurements of hadron polarization in EIC. The planned location will be between the interaction point and the crab system. Polarized proton runs are anticipated in RHIC in 2023 and 2024 before EIC construction begins. The polarimeters will be operational for physics measurements during these runs. They will also be available for studies to guide further development of polarimetry for the EIC.

Detector simulation tools

Simulating detector responses for different particles is the best way to investigate the various detector proposals for EIC. The most general and powerful simulation tool is Geant4 [START_REF] Agostinelli | GEANT4-a simulation toolkit[END_REF]. Geant4 is C++ based, with many geometrical shapes available, experimentally verified material properties, and physics models to describe the interaction between particles and matter. Geant4 also has high flexibility to merge with different simulation frameworks, allowing users to parameterize material properties and physics processes. Figure 2.3 shows its class category diagram. The first physical volume created in Geant4 is also called world volume. The world volume defines the global coordinate system, the origin of which is at the center of the world volume. The physical volume of the detectors can be built inside the world volume with respect to the global coordinate system. The physics simulation only processes inside the world volume. The basic simulation process of Geant4 can be categorized as follows:

• Run manages collections of events that share a common beam and detector implementation.

• Event manages the events in terms of their tracks and vertices.

• Track manages their contribution to the evolution of a track's state and provides information in sensitive volumes for hits and digitization.

•

Step is the basic interval between or within geometry for simulating the physics process.

• Hit can offer the desired information from the sensitive detectors.

The full simulation parameters, primary vertex, and detector geometry are initialized at the beginning of a run. The event processes are initiated with the primary vertex. Then, the track will trace the whole particle's life step by step until the particle:

• deposits all its energy in the detector

• reaches the boundary of the world volume • decays to other particles and keep tracing the decay particles until they meet the previous two items

The Run will end when all the events are traced. The sensitive detectors are necessary only when interested in the particle interaction in the specific detectors. Furthermore, sensitive detectors can also achieve electronic digitization and optical photon counting. Combining the digitization, events reconstruction, and data analysis is necessary for the full detector simulation in EIC to investigate the detector performances. The following sections will introduce two different simulation frameworks: Fun4all and DD4hep. 

Fun4all

Fun4all is the simulation software developed for studying the performance of the sPHENIX experiment [START_REF] Pinkenburg | Fun4all simulation tool[END_REF]. The geometry and physics classes are still based on the Geant4 classes. The most important feature of Fun4all is the "node," which segments the full detector into many modules. This feature gives users more flexibility to study the performance by turning the specific modules on/off. The nodes can also handle the digitization process and save the digitized or raw hits information into evaluator format, including the information of the primary vertex. Afterburners are the reconstruction and analysis tools for the Fun4all output, which can perform the clustering and track reconstruction from the information of evaluators. Fun4all is a helpful tool for EIC simulation without building everything from scratch. It already contains many developed detector modules, such as trackers, calorimeters, RICH detectors, and test beam data. Moreover, the analysis tools also combine the basic reconstructed algorithm and the detector performance analysis. One of the full detector proposals, called ECCE, was developed with Fun4all. The detector configuration of ECCE and its acceptance study through the simulation of the DVCS channel on nuclei will be presented in chapter 4. However, Fun4all is unsuitable for long-term simulation developments, which requires to unify the simulation, reconstruction, and analysis into a single framework. The following section will introduce another simulation framework called DD4hep, which is a preferable framework for long-term simulation development.

DD4hep

The experience of detector description systems shapes the design of the DD4hep toolkit. DD4hep aims to widely reuse existing software components, particularly the ROOT geometry packages and the Geant4 simulation toolkit [START_REF] Frank | DD4hep: A Detector Description Toolkit for High Energy Physics Experiments[END_REF]. To give long-term support of future experiments, DD4hep was designed to have the following requirements:

• Full Detector Description: full detector geometry, the materials used when building the structures, visualization attributes, detector readout information, alignment, calibration and environmental parameters.

• The Full Experiment Life Cycle: supports all stages from design, optimization, construction to operation and enables easy transition from one stage to the next.

• One single source of detector information: provides a consistent detector description, for simulation, reconstruction, analysis.

• Ease of Use: delivers a simple and intuitive interface, with minimal external dependencies. Combining the existing tools, ROOT and Geant4, and describing the detector geometry in a markup language can modulize the subsystem and give an organized geometry interface. Meanwhile, DD4hep offers useful tools such as material scans and geometry overlap checks for developing the detector. The material scan will calculate the total radiation length between two specific points. The geometry overlap check allows one to scan a specific geometry with a given tolerance. An event display is also available in DD4hep. All these features make DD4hep suitable for the long-term development of the EIC. • how many times that request was made • the total amount of time spent satisfying the request • the fraction of the overall job time that represents In this example, 100 events were processed, so the request was made 100 times at each stage. Similarly, the numbers in the boxes indicate the total time spent in the algorithm and the total job fraction it represents. Note that the only algorithm specified in the above example was for the EcalEndcapNMergedClusters collection. All other algorithms shown in figure 2.5 were activated to satisfy the request for the EcalEndcapNMergedClusters objects. If we had specified only the EcalEndcapNRecHits instead, then only the EcalEndcapNRecHits and EcalEndcapNRawHits factories would have shown up in the plot.

Central region of ePIC

Considering the basic physics process in an eA or ep collision in EIC, which is DIS, there are three types of particles that can be quantitively defined in the final state: The central detector region of ePIC is designed to measure type a and c particles corresponding to different x and Q 2 regions. The measurements relate to the spatial resolving power ∼ 1/Q 2 and the quark/gluon density ∼ 1/x in the phasepace diagram. Figure 2.6 shows the schematics of the central region detector, where η < 0 is called backward direction and η > 0 is called forward direction. The barrel region is defined as -1.0 < η < 1.0, and the endcap region is defined as |η| > 1.0. The central detector with the pseudo-rapidity (η) region -4 < η < 4 can be divided into three sections, the backward endcap, the forward endcap, and the barrel. The final state particles from diffractive or very low-Q 2 processes cannot be detected in the central region but in the far-forward and far-backward regions, defined as |η| > 4.0.

Each region has tracking systems, PID (Particle Identification Detectors), and calorimeters for particle identification and kinematic reconstruction. Two proposals, ECCE (EIC Comprehensive Chromodynamics Experiment) and ATHENA (A Totally Hermetic Electron-Nucleus Apparatus) were designed to be an EIC detector at IP6. Different technologies and performance studies were proposed. ePIC is the final design, which merges and adapts the detector configurations from ECCE and ATHENA. At the moment of writing, the overall design of ePIC was mostly determined. The following parts will provide a brief overview of the solenoid, the tracking systems, PID detectors and calorimeters in the central detector region.

Superconducting solenoid magnet

A superconducting solenoid magnet will be developed for the central region, and the field strength will operate from 1.7 T up to 2 T. The leakage of the magnetic field outside the central detector is required to be below 10 Gauss to reduce the impact on other beamline sub-systems. The warm bore of the magnet between 2.5 to 3 meters would be able to accommodate the RICH and barrel calorimeters for EIC. Meanwhile, a uniform magnetic field in the central region, which is 200 cm in length and 80 cm in radius, is important for the RICH and tracker systems. The barrel region drives the length of the magnet between a pseudo-rapidity of -1 to 1. The total length of the magnetic system will be around 3.8 m, including the cryostat. The new magnet will also consider the material budget to reduce the impact on the barrel hadron calorimeter outside the magnetic system.

Tracking system

The tracking system is a crucial detector system in ePIC to provide precise momentum measurements and vertex reconstruction. The precise momentum and vertex measurements are also important for other subsystems, such as RICHes and calorimeters, to perform particle identification and kinematic reconstruction. For the tracker performance, the momentum resolution σp p is determined by the standard deviation of the ∆p/p distribution. The ∆p/p can be expressed as:

∆p/p = (p truth -p reco )/p truth , ( 2.3) 
where p truth and p reco represent the generated and reconstructed momenta, respectively. The approximated formula for the momentum resolution is given by:

σ p p = A • p ⊕ B . (2.4)
The requirements of momentum resolution from the backward to the forward regions are 0.05 ∼ 0.1%•P ⊕0.5 ∼ 2%. The measurements of the low-energy pions and kaons down to 100 MeV determine the minimum P t cutoff. The material budget is limited to 5% or less of radiation length to reduce the impact on the energy resolution of the calorimeters. There are two main tracking technologies: gaseous and silicon detectors. Different types of gaseous detectors work in the same way. A charged particle or a photon ionizes gas atoms/molecules along its track. The strong electric field in the gaseous detector will transport electrons or ions towards electrodes. The electrons are amplified along the electric field. The amplified electrons/ions will induce a signal once they reach the electrode readouts. The advantages of gaseous detectors are:

• Well understood technology, and so less R&D needed,

• more sampling points, dE/dx, useful for PID.

Silicon detectors have been widely used in recent years. Silicon detectors are solid state detectors made of semiconductors with different types of doping materials. Their working principle is similar to that of gaseous detectors. Charged particles or high energy photons will ionize the carriers in the semiconductor. The carriers can be electrons or holes, depending on the type of doping material. The energy gap for the ionizing material also depends on the doping materials and their concentration. A high voltage is applied to the semiconductor to amplify the ionizing signal. The advantage of silicon detectors are:

• more compact than gaseous detectors and have faster readout,

• high granularity and better momentum resolution at high momentum. MAPS is a type of silicon sensor which integrate the very front-end readout into the silicon sensors, so a complex technique is not necessary for connecting the sensor to the readout, such as bump bonding. ALPIDE, a type of MAPS, is currently used as vertex detectors in the STAR Heavy Flavour Tracker and the ALICE ITS2. The main novelty of this device is the possibility to partially deplete the substrate and thus collect part of the charge. These features have improved MAPS charge collection properties, radiation hardness, and signal processing capabilities. The mechanical design for the silicon tracking detector, especially for the stave and disk layout and assembly, and the reduction of the material budgets for the supporting structure of tracking systems are studied as part of an EIC R&D project. Micromegas detectors are a cost-effective solution for large-area tracking systems requiring a low material budget (∼0.5% X 0 ). Cylindrical Micromegas will be installed between the barrel tracking and the barrel time projection chamber. Micromegas are a mature technology used in many nuclear and high-energy physics experiments, including COMPASS and the upgrades of ATLAS, CMS, ALICE, and LHCb at CERN, and CLAS12 at Jefferson Lab. In general, MPGDs are gaseous devices for electron amplification with a high granularity strip or pad anode readout to provide good 2-D space point resolution (better than 100 µm), fast signals (∼10 ns), high rate capability (up to 1 MHz per 1 cm -2 ).

PID systems

Particle identification detectors are important for separating the electrons from the pions, kaons, and protons. Figure 2.8 shows the simulation yields of DIS electron and SIDIS charged pions for 18 GeV electron and 275 GeV proton collisions. In the low-Q 2 region, most of the electrons and charged pions go to the backward endcap region. A pion suppression factor is required up to 10 3 for the PID detectors in this region. For Q 2 between 10 to 100 GeV 2 , most electrons go to the backward endcap, but the charged pions distribute over the barrel and forward region, which lowers the requirement on the PID detector in the barrel region. For Q 2 > 100 GeV 2 , electrons have wide distribution and relatively high momentum in the barrel region. PID detectors are required to separate the high momentum electrons and charged pions up to 15 GeV. The common method to identify particles is to measure the energy loss along their path, dE dx , and the particles velocity. For the dE dx measurement, each ionization is independent of its neighbors, and the rate of primary ionizations follows Poisson statistics. This rate is typically captured by the parameter N p , which counts the primary ionization sites per unit length (usually expressed primary cm ). Meanwhile, primary ionizations are often released with sufficient energy to generate several secondaries making a so-called "cluster" of ionization. The number of events per cm characterizes the total ionization and follows a probability distribution with a long "Landau tail". The particle velocity measurements usually relate to the Cherenkov detectors, the so-called RICH detector. RICH detectors separate charged particles by the angle of their Cherenkov radiation:

cos(θ) = 1 n • β (2.5)
where n is the refractive index of the material, and β is the speed of the charged particle. Cherenkov radiation is only produced for β > 1 n . One can accomplish PID at the highest momentum using the lowest index of refraction, n. However, there are disadvantages to the low n material. Firstly, the Cherenkov threshold β = 1/n goes up, resulting in the non-detection of low momentum particles. Secondly, the photon yield also goes down, resulting in the need for long radiators. Many simulation studies are being performed on the different PID technologies and configurations. At the moment of writing, the PID detectors for the ePIC are determined and shown in figure 2.9. They will be presented in the following subsection. Figure 2.9: PID systems in the central detector region: the DIRC is between the barrel TOF and barrel ECAL and the pfRICH is between the tracking systems and the backward endcap ECAL.

dRICH

The dRICH (dual RICH) utilizes two radiator indices to cover its full momentum range. The design optimized for EIC is shown in figure 2.9. An aerogel and gas radiator (C 2 F 6 ) are filled in a single device to cover the full momentum range. In the current design the photo sensors are located outside the acceptance, which has multiple effects and drives the device performance. The design may require to recover and purify the radiator gas to avoid release to the environment, which implies a significant cost and complexity.

pfRICH

In the backward direction, -3.8 < η < -1.5, the particle ID is provided by an aerogel radiator proximityfocusing RICH with a 40 cm proximity gap as shown in figure 2.9. The 40 cm gap between the aerogel and the sensor plane is sufficiently long for a threshold-based electron identification. This technology choice maximizes acceptance while minimizing material in front of the backward endcap ECAL, with uniform performance across its entire aperture. The baseline aerogel and photon detector technologies for the pfRICH are identical to those for the dRICH, which minimizes the number of PID technologies used in ePIC.

DIRC

The original application of the DIRC (Detection of Internally Reflected Cherenkov) technology was in the BaBar experiment. ePIC will reuse the DIRC bars from the BaBar experiment. Thin rectangular bars of synthetic fused silica serve as Cherenkov radiators and guide the photons to the readout section. The Cherenkov photons are focused by a lens and recorded by pixelated photon sensors. An interesting aspect of Cherenkov detectors emerges at a high refraction index. The saturation Cherenkov angle (β = 1) and the angle for total internal reflection depend on the refractive index. The hpDIRC uses the unique advantage that Cherenkov light will be internally reflected by any material whose index satisfies the condition n > √ 2. So long as the sides and corners of the radiator are made with high precision, the light can be propagated to the end of the radiator while preserving the Cherenkov angle. Furthermore, due to the in-medium light propagation length depending upon the Cherenkov angle, timing can also aid in refining the Cherenkov angle determination. The DIRC includes three-layer spherical lenses, photosensors in small pixels, 3×3 mm 2 , and fast readout electronics placed on the back surface of a fused silica prism expansion volume. The expansion volume is positioned in the backward region for better detector integration. The bar box radius was decreased to match the size of the barrel ECAL. The number of bars per box was tuned to optimize the azimuthal coverage of the DIRC detector and to be consistent with the reuse of the BaBar DIRC bars in ePIC.

Barrel and end-cap TOF

The measurements of the Time-Of-Flight (TOF) have an intrinsic advantage which is no limiting threshold in performance (e.g. Cherenkov radiation is only produced when β > 1 n ). Modern TOF technologies can be generally divided into two categories. One is to use light scintillating material to generate a fast signal. The other one is to detect ionization directly. The former needs more space than the latter to accommodate the scintillating material and the sensors. ePIC uses strip silicon sensors, AC-LGADs, for the TOF detector. The AC-LGAD technology is intrinsically insensitive to magnetic fields and provides fast timing measurements. Figure 2.9 displays the current configuration of TOF detectors in the ePIC simulation. Two parts make the TOF detectors: one is in the barrel region between the DIRC and the central tracker, and the other one is in front of the dRICH. As a result, the TOF detectors can provide the timing measurements and PID for the barrel and forward regions. The main challenge of the TOF is the timing resolution from the electronics, such as the jitter, which needs to be sufficiently small compared to the intrinsic detector resolution. Appropriate R&D for the TOF detector is currently ongoing.

Calorimeter systems

Nearly all physics processes require the detection of the scattered electron for momentum or energy reconstruction and particle identification. The tracker will provide precise 3-momentum and energy information will be provided by measuring the electromagnetic shower in the electromagnetic calorimeter (ECAL). Figure 2.10 shows results of particle production from event generators and collisions of 18 GeV electrons and 275 GeV protons. Excellent calorimeter systems are needed in the region -4 < η < 4. Meanwhile, the calorimeter needs to identify charged pions and two-photons decays from neutral pions. Other than the ECALs, hadron calorimeters (HCAL) are needed in ePIC to reconstruct jet energies precisely. A jet in the final state consists of charged particles, photons, and neutral hadrons, such as neutrons and kaons. Figure 2.11 shows the jet and electron yields from the DIS process in the different kinematic regions. The jet fragments in the final state populate the range -3.5 < η < 3.5. EIC will adapt energy-flow methods, combining the tracker and calorimeter information for precise jet measurements. Since the hadron showers are wider and more complicated than the electromagnetic showers, jets would not deposit all of their energy on the ECALs. Both ECALs and HCALs are needed for calorimeter information in energy-flow methods.

The calorimeter technologies can be generally divided into homogeneous and sampling detectors. The former uses the uniform high-density scintillator to create and detect the shower. The latter uses high-density passive material to trigger the shower. The shower in the passive material can not be detected. However, the shower will spread and be detected by the scintillators between the passive material. This is why it is called a sampling detector. Different technologies are employed in the different η regions (backward, central, and forward). Their performance is studied by simulation, with the goal to achieve the overall performance requirements outlined in the EIC Yellow Report (YR) [START_REF] Khalek | Science Requirements and Detector Concepts for the Electron-Ion Collider: EIC Yellow Report[END_REF]. Figure 2.12 shows the calorimeter systems in the ePIC. The following will present the calorimeter systems in the central region. 

Backward end-cap calorimeters

An ECAL and an HCAL are placed in the backward endcap region for measuring DIS electrons, hadrons and jets. The ECAL is placed in front of the HCAL as shown in figure 2.12. The space of about half a meter between the ECAL and HCAL is for accommodating the cables and the cooling system of the ECAL. The acceptance region of the backward endcap ECAL is -3.7 < η < -1.8. The backward endcap calorimeter is a homogeneous calorimeter composed of about 3000 lead tungsten crystals. The radiation length of the crystals is about 22 X0 in order to contain the energy deposition of electrons up to 18 GeV. The cross section of the crystals is 2×2 cm 2 , which is the Moliere radius of the lead tungsten crystal. The ECAL is placed inside the solenoid, so the photosensor uses will be SiPMs as they have great resistance to magnetic fields. The detailed simulation of the backward endcap calorimeter will be presented in chapter 3. The backward endcap HCAL uses a sampling technology. The acceptance region of backward endcap HCAL is -3.5 < η < -1.1. The current design consists of 10 layers, each composed of scintillators and high-density passive materials. The exact number of instrumented layers is under optimization. Reusing components from the STAR detector (magnet steel, cradles, scintillation mega-tiles) significantly reduces the cost of this subsystem. The acceptance of backward endcap HCAL overlaps with those of the backward and barrel ECALs, so that the energy resolution for hadrons and jets can be improved by combining the information from the backward endcap ECAL.

Forward end-cap calorimeters

The forward endcap region has an ECAL and an HCAL for scattered leptons, hadrons, and jets illustrated in figure 2.11. The ECAL is placed after the central tracking and dRICH detectors as shown in figure 2.12 and comprises two half disks with a radius of about 1.83 m. The ECal will be a sampling calorimeter. Its towers have an active depth of 37.5 cm with an additional 5 cm readout space. Each tower consists of 66 layers of alternating 1×1×0.16 cm 3 Pb and 1×1×0.4 cm 3 scintillators, also called a "shashlik" calorimeter. Due to the high occupancy of the detector at large η and the collimation of the particles in this area, the tower size will vary depending on its radial position with respect to the beam axis. Towers with a radius < 0.8 m will have an active tower size of 1×1×37.5 cm 3 . The granularity requirement at the outer radius is relatively low; thus, the tower size increases to 1.65×1.65× 37.5 cm 3 . The longitudinally segmented forward HCal is a Steel-Tungsten-Scintillator calorimeter. The steel in the LFHCAL (Longitudinal Forward Hadronic Calorimeter) serves as flux return for the solenoid magnet. Thus a significant force is exerted on the calorimeter, which needs to be compensated for by the frame and internal support structure. It comprises two half disks with a radius of about 2.6 m. The LFHCAL towers have an active depth of 1.4 m with additional space for the readout of about 20-30 cm, depending on the radial position. Each tower consists of 70 layers of 1.6-cm-thick absorber and 0.4-cm-thick scintillator material. The cross section of the tower is 5×5 cm 2 . In each scintillator, a loop of wavelength shifting fiber is embedded. For the first 60 layers, the absorber material is steel, while the last 10 layers serve as tail catchers and are thus made out of tungsten to maximize the interaction length within the available space. The towers are constructed in units of 8-, 4-, 2-and 1-tower modules to ease the construction and reduce the dead space between the towers and the active detection area. The integrated ECAL and HCAL design reduces the dead material in the detector acceptance and allows for an easier installation in the experimental hall. The region between the ECAL and HCAL is foreseen for the ECAL readout section.

Barrel calorimeters

The design of the barrel ECAL is hybrid by using light-collecting calorimetry based on SciFi embedded in lead, and imaging calorimetry based on the AstroPix monolithic silicon sensors. The particle showers are triggered by the five Pb/SciFi layers (thickness = 1.59 cm/layer). The layer of silicon sensors will capture the image of the shower. The outer layer is the thick Pb/SciFi calorimeter resulting in a total radiation thickness of about 20 X0. This hybrid design measures the energy and position of the incident particle cascade in 3-D. Utilizing Artificial Intelligence (AI) techniques for pattern recognition of the 3-D shower images, this calorimeter will provide pion-electron rejection and identification of 2 decay photons from neutral pions better than the traditional sampling calorimetry. The barrel ECAL is inside the solenoid and composed of 12 staves. The barrel ECAL will have the acceptance at -1.8 < η < 1.1 with full azimuthal coverage. The barrel HCAL will be reused from the sPHENIX HCal. The basic concept is a sampling calorimeter with absorber plates tilted in the radial direction. This design provides more uniform sampling in azimuth and provides information on the longitudinal shower development. Extruded plastic scintillator tiles with an embedded wavelength shifting fibers are interspersed between the absorber plates and read out at the outer radius with SiPMs. The tilt angle is chosen so that a radial track from the center of the interaction region traverses at least four scintillator tiles. Each tile is read out by a single SiPM, and the analog signal from each tile in a tower is ganged to a single preamplifier channel to form a calorimeter tower. The barrel HCAL is at the outermost layer of the center region, so it needs to offer mechanical support for the whole inner detector system.

Far-forward region of ePIC

The crucial information on hadron structure is carried by particles which are type b in section 2.3. In general, type b particles are generated from these two scenarios:

• the beam particle receives a large transverse momentum kick and fragments into many parts,

• beam particle that stays intact during the collision, only loses a small fraction of its longitudinal momentum, and acquires a small transverse momentum.

The forward detectors can measure the particles from the first scenario in the central region. Still, the particles in the second scenario do not emerge from the beam envelope within the coverage of the central detector. In any e+A collision event, protons and other charged particles can appear in the final state with very small scattering angles. Extended far-forward detectors away from the interaction point up to 30 m can detect protons and ions with small scattering angles. Figure 2.14 shows the layout of the far-forward region. Figure 2.13 also shows the simulation study of the acceptance of the far-forward detectors from BEAGLE and MILOU. BEAGLE is a general-purpose event generator that simulates eA collisions with the production of exclusive final-state particles, including the fragments from the nuclear remnant breakup process [START_REF] Chang | Benchmark eA generator for leptoproduction in high-energy lepton-nucleus collisions[END_REF]. MILOU is an event generator for the DVCS process based on the formalism of GPDs evolved at next leading order [START_REF] Perez | MILOU: A Monte-Carlo for deeply virtual Compton scattering[END_REF].

The B0 detector plays the transition role between the forward and far-forward regions. And the Zero Degree Calorimeter, Roman Pots, and Off Momentum Detectors after the beam final-focusing elements can cover the whole kinematic region in the far-forward direction. The following sections will briefly overview the design of the far-forward detector systems.

B0 spectrometer

The current design of the B0 spectrometer contains a tracking system and a lead tungsten ECAL. The B0 tracker can detect charged particles in the transition region between the central detector and the Roman Pots. The EMCAL system in B0 can provide low-energy photon measurements and cover the transition region between the central detectors and the ZDC. Since the electron and hadron beamline are also inside the B0 magnet, integrating the EMCAL with the tracking system in the limited space shown in figure 2.15 (left) is the biggest challenge. There are four tracking disks in B0, composed of AC-LGADs. The hole in the center of each disk is for the hadron beam line, and another opening hole at one side of the disks is for the electron beam line. The B0 ECAL is composed of 130 lead tungsten crystals. The arrangement of the modules is similar to the B0 tracking disks for accommodating both beamlines.

ZDC

The Zero Degree Calorimeter (ZDC) plays an important role in distinguishing coherent and incoherent processes by detecting the intact nucleus and nucleus break-up, by and tagging neutral particles such as photons and neutrons. The design of the ZDC requires high acceptance, good efficiency for the neutrons and low-energy photons, and good energy and position resolutions. Figure 2.16 shows the current design of the ZDC. It is 30 meters away from the interaction point. It is a hybrid detector for multitask purposes with a silicon tracker for charged particles tracking, a lead tungsten calorimeter for measuring the electromagnetic showers, and a sashilyk design for measuring the hadron showers. The overall design of the ZDC is finished in the simulation, and the study of its performance is ongoing in order to optimize its design. in the right-hand side of figure 2.15. In the coherent DVCS channel off nuclei the protons or light nuclei can enter through the windows on the pots and be measured by the silicon detectors. The silicon detectors will leave a hole with a specific size for the beam to pass through, so Roman Pots can detect the scattered charged particles that are very close to the beam. The hole size depends on the transverse size of the beam profile. The Roman Pots have two stations away from the interaction point, at 26 and 28 m, respectively. Considering the physics requirements and the electronic design, the silicon sensors will be pixelated AC-LGADs (AC-coupled Low Gain Avalanche Diode) with a size of 500x500 µm 2 . Details on the Roman Pots will be presented in chapter 4.

Roman Pots

Off-Momentum detectors

In e-A collisions the Off-Momentum Detectors (OMDs) can tag charged particles from the breakup nucleus and the products of Λ decays since the rigidity of these particles differs from that of the beam. The rigidity of a particle can be defined as:

rigidity = pc q , ( 2.6) 
where p is the particle momentum and q is the particle charge. For example, a proton with 100 GeV/c of total momentum arising from an e+deuteron collision where the deuteron beam has 200 GeV/n has a rigidity which is half of that of the deuteron beam, causing it to be kicked out from the original beamline by experiencing a more severe magnetic deflection. There are two stations of OMDs placed inside the beam pipe as shown in figure 2.15. Each station contains 2 layers of silicon detectors with an area of 10×20 cm 2 . The silicon detectors that the OMDs will use are of AC-LGAD technology.

Far-backward region of ePIC

Most leptons from ep or eA collisions will be detected and stopped in the central detector region. Leptons with η < -4 will follow the downstream pipe to the far-backward region shown in figure 2.17. These leptons are predominantly from bremsstrahlung or low Q 2 processes. The photons from the bremsstrahlung process can be used for the luminosity measurements. The electrons from bremsstrahlung and low-Q 2 processes have momenta slightly below the beam energy. The taggers can detect these electrons after being bent out of the beam by lattice dipoles. This section will present the luminosity monitors and the tagger for electrons from bremsstrahlung and low-Q 2 events.

Luminosity measurements

The luminosity measurement provides the required normalization for all physics studies:

• It determines absolute cross sections, needed for the structure function F 2 and derived PDFs.

• It is also required to combine different running periods, such as the different beam energies for F L measurements, or the different beam species for studying the nuclear structure.

• The relative luminosity of the different beam states is necessary for normalizing the event rates.

The luminosity can be obtained by measuring the final state particles from the bremsstrahlung process e + p → e + p + γ at the interaction point. The bremsstrahlung process is a precisely known QED process, the cross section of which is large and has small theoretical and statistical uncertainty. It was used successfully to measure luminosity by the HERA collider experiments. The systematic uncertainties of counting bremsstrahlung events determine the uncertainty of the luminosity. The electron and proton/light ion beams will be polarized in the EIC, in contrast to HERA, where only the electron beam was polarized. In EIC, the cross section of bremsstrahlung can be expressed as:

σ brems = σ 0 (1 + aP e P h ) , ( 2.7) 
where P e and P h are the electron and hadron beam polarizations, respectively. Thus, the precision of the luminosity measurement is limited by the precision of the polarization measurement, which is especially important for relative luminosities and asymmetry measurements. The bremsstrahlung process is used for normalization Leptons from bremsstrahlung or low-Q 2 processes after each bunch crossing will go to the -Z direction.

and has different cross sections for different spin states. The precision needed for the relative luminosity measurement is driven by the magnitude of the physics asymmetries, which can be as low as 10 -4 ; the uncertainty on relative bunch luminosities must exceed this level of precision. The luminosity detector is placed at the far-backward region to measure the bremsstrahlung photon as shown in figure 2.17. The magnetic dipole is placed downstream of the bremsstrahlung photon. The converted electron-positron pairs are split and incident to the spectrometers. The non-converted photon will incident to the calorimeter as shown in figure 2.18. The main background for this kind of measurements comes from the low-energy synchrotron photons, which will impose the low-energy cut-off on the detector. When the luminosity of electron-proton collisions is at 10 33 cm -2 s -1 in EIC, the mean number of bremsstrahlung photons per bunch crossing is over 20. The number of bremsstrahlung photons increases with heavier elements in the hadron beams. 

Low-Q 2 tagger

Tagging of low-Q 2 processes extends the kinematic range of DIS processes measured with electrons in the central detector. It crosses the transition from DIS to hadronic reactions with quasi-real photons. Application of the electron taggers for low-Q 2 physics will face a challenge from the high rate of bremsstrahlung electrons. The current design of taggers includes two stations with multiple silicon layers, as shown in figure 2.17. The distance between these two stations is around 20m. The taggers can provide acceptance in the range of Q 2 < 10 -2 GeV 2 . The calorimeter geometry is not yet determined for the tagger. The calorimeter can be the trigger and also provide energy measurements. As a result, the taggers can reconstruct the kinematic variable Q 2 and x B by combining the measurements of the tracker and calorimeter.
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Chapter 3

Simulation and hardware study of backward End-cap ElectroMagnetic Calorimeter

This chapter will detail the backward endcap electromagnetic calorimeter, called NEEMC (Negative Endcap ElectroMagnetic Calorimeter). The NEEMC will cover the pseudo-rapidity region -2 to -4, where the high-energy scattered electrons at low Q 2 and photons generated from the DIS process cannot be well reconstructed and tagged by the trackers and RICH detectors. The tracker momentum resolution deteriorates at the high η and momentum region. As a result, the NEEMC plays a crucial role in the ePIC experiment to detect leptons. The following sections will explain the current design of the NEEMC and present the results of hardware tests and the simulation study of its design.

Design of the NEEMC

The simulation of e + p collisions at 18 x 275 GeV 2 shows the lepton energies and spatial distributions shown in figure 3.1 and 3.2. The main tasks of the NEEMC are measuring the high-energy electrons from the DIS process, the high-energy photons from the DVCS process, distinguishing the photons from π 0 decays, and identifying charged pions. The items below summarize the several requirements for the NEEMC: • Two-photon separation: The angle between two photons from π 0 decays decreases as the π 0 momentum increases. The two photons would generate the shower in the same cell when the π 0 momentum is very high. By analyzing the shower profile, the calorimeter design should separate the one-photon shower from the two-photon shower.

• Electron/pion separation: The pion has less energy deposition in the electromagnetic calorimeter than the electron, a fact that can be used for separating the pion from the electron and is referred to as pion suppression. The energy resolution determines the quality of the pion suppression.

• Lowest detectable energy: The high energy lepton will emit low energy photons (∼hundreds of MeV) on its way to the NEEMC. These low energy photons are close to the primary lepton. The NEEMC should be able to detect these low-energy particles and aggregate them into the cluster for better energy reconstruction.

Requirements of the NEEMC

Regarding the design of the NEEMC, we can start with the most important parameter of the calorimeter, its energy resolution, which can be approximately expressed as:

σ/E = α ⊕ β/ √ E ⊕ γ/E (3.1)
where ⊕ is the quadratic sum symbol. α is the constant term that depends on several factors: the calorimeter thickness (related to the leakage of showers outside of the active area)1 and the quality of the detector calibration. For calorimeters with hundreds of channels or more, typically α > 1%. The stochastic term β depends on the technology used (the sampling ratio2 , the signal size observed, etc.). For example, typical light yield of a classic lead glass calorimeter is about 1000 photoelectrons (p.e.) per GeV providing fluctuations around 3% at 1 GeV. The light yield should be higher for better resolution calorimeters of β < 3%. The term γ depends on the noise level, which the high-gain sensor can improve. The term α and γ can be improved by increasing the detector's active area and choosing higher signal/noise ratio sensors. The stochastic term β is the critical value to decide the suitable technology for the calorimeter. The EIC yellow report gives the energy resolution requirements (stochastic term) of the backward endcap calorimeter to be 2%. A homogeneous calorimeter design with heavy active area inducing the shower and the least passive area possible, in order to maximize the sampling factor, can fulfill the criteria of β at 2%. The scintillating material uses lead tungsten (P bW O 4 ), which has high density and is a mature technology widely used in many experiments. The details of the lead tungsten crystals will be presented in the following section. Table 3.1 shows the basic geometrical parameters of the NEEMC.

Outer radius Thickness of outer support Inner radius Thickness of inner support 63.5 cm 0.8 cm 6.0 cm 0.5 cm Table 3.1: Size of the supporting structure of the NEEMC.

The inner and outer size of NEEMC is limited by the beam pipe flange and the supporting structure of the DIRC bars, respectively. The inner radius of NEEMC have to larger than the size of the beam pipe flange for installation reasons. Figure 3.3 shows the current mechanical design of the NEEMC. The space at the back of the NEEMC is left for the cabling and the cooling systems, which uses air cooling to keep the readout system and the modules at room temperature.

Lead tungstate and electronics

The scintillator plays an important role in nuclear physics experiments. Inorganic scintillators are usually crystals grown in high-temperature furnaces, which feature a relatively long decay time (dozen of ns to µs), high density, and easy mechanical processing. Common inorganic scintillators such as NaI(Tl), CsI(Tl), and CsI have a high light yield and are widely used in detectors at electron-positron colliders. However, the low granularity and long decay time do not fit the EIC requirements. Lead tungstate (PbWO 4 , PWO) has become the most commonly used scintillator material for electromagnetic (EM) calorimetry in medium and high-energy physics experiments. The first mass production of lead tungstate crystals was used for the electromagnetic calorimeter of the CMS detector at LHC. The technology of mass production was optimized to obtain a high radiation hardness but under less severe requirements in the light yield, which the high energy photons can balance. This type of PWO is also called PWO-I, and its specification has been optimized after decades of development by the experiments at the LHC at CERN. The next generation of lead tungstate, PWO-II for the PANDA EMC, was optimized to increase the light yield without degradation of the radiation hardness compared to the PWO-I. The PWO-II features a relative light output of 0.6% at room temperature (2.5 at -25 • C), as compared to 0.3 (0.8 at -25 • C) for lead tungsten from CMS. PWO-II reveals that radiation hardness becomes a very sensitive parameter when operating temperatures are below T=0 • C. Table 3.2 lists the basic material properties of PWO-II. The modified and optimized technology has already produced full-size samples of PWO-II quality [START_REF] Borisevich | New Start of Lead Tungstate Crystal Production for High-Energy Physics Experiments[END_REF]. The Moliere radius is a material characteristic constant, giving the scale of the transverse dimension of the average 90% contained electromagnetic showers. The 2 cm Moliere radius of the lead tungsten drives its transverse size: 2×2 cm 2 . The radiation length (X 0 ) is a characteristic constant of a material. X 0 is usually defined as the mean distance over which a high-energy electron loses its energy by 1/e through bremsstrahlung. To cover the shower generated by electrons up to 18 GeV, the 22 X 0 requirement of the NEEMC determines the longitudinal size of the lead tungsten crystals to be 20 cm. The estimated radiation dose rate in the NEEMC is 3 kRad per year. The radiation hardness of the lead tungsten is sufficient for the ePIC radiation environment. Density(g/cm 3 ) X 0

Moliere Radius (cm) Melting point ( Table 3.3 shows the optical properties of lead tungsten. The relatively high light yield reduces the fluctuations in the energy measurement. The fast component of the decay time carries most of the light yield, and the ns scale is sufficient for the timing measurements. The light yield decreases when the temperature increases, contributing to the fluctuations of the energy measurements. This section will present the lead tungsten optical properties and radiation hardness characterization. There are two mass-production vendors of lead tungsten crystals in the world: SICCAS (Shanghai Institute of Ceramics, Chinese Academy of Science) and CRYTUR (Crystal Turnov). CRYTUR specializes in developing and producing many types of inorganic scintillators. CRYTUR started the mass production of PWO-II based on the Czochralski method, which is a method of crystal growth used to obtain a single crystal. Table 3.3: Optical properties of lead tungsten. For the decay time, the fast component is 10 ns and the slow component is 30 ns.

Photo Multiplier Tubes (PMTs) are the traditional photosensor for the particle physics experiments. The working principle of a PMT is based on the photoelectric effect and electron multiplication. A photon strikes the cathode and liberates an electron through the photoelectric effect. This electron is then accelerated toward the first dynode, triggering the emission of multiple secondary electrons. High voltage is applied between dynodes, so these secondary electrons are further accelerated and amplified as they pass through a series of dynodes, creating an electron cascade. Finally, the electrons reach the anode, generating a measurable electrical signal proportional to the incident light intensity. The high voltage (few kV) applied on the PMT can offer a high gain up to 10 6 . PMTs have a wide dynamic range and are sensitive to single photons detection, which provides calorimeters with excellent detection and energy reconstruction. However, their bulky size and low magnetic resistivity when placed inside strong magnetic fields limit the design of the current calorimeter. Silicon photomultipliers, also referred to as SiPMs or MPPCs (Multi Pixel Photon Counters), are the preferred choice for modern detectors because of their compact size (area < 1cm 2 , thickness of ∼ few mm), relatively low operating voltages (dozen of volts), and the resistivity to magnetic fields. SiPMs are composed of twodimensional arrays of 100 to several 10000 SPAD (Single Photon Avalanche Diodes), called pixels, with typical dimensions between 10×10 µm 2 and 100×100 µm 2 . As a result, the working principle of a SiPM is based on the concept of a SPAD operating in Geiger mode. Each pixel consists of a reverse-biased pn-junction, generating electron-hole pairs when a photon interacts. When a photon is absorbed in a pixel, it creates an electron-hole pair, which initiates an avalanche breakdown in the pixel. This breakdown leads to a rapid discharge of stored charge, resulting in a significant current pulse. The gain of SiPMs can achieve the scale of 10 5 . The collective response of all pixels in the SiPM provides an amplified electrical signal proportional to the incident light intensity. This also implies that the number of pixels limits the dynamic range of the SiPM. The most important parameter of the photosensor is its PDE (PhotonDetection Efficiency). For a SiPM, it is defined as the ratio of the primary Geiger discharges due to photons to the number of photons hitting the SiPM:

P DE = N G N total , ( 3.2) 
where N G is the number of electrons generated in Geiger mode, and N total is the number of photons that hit the SiPM. Furthermore, the PDE can be expressed with the parameters:

P DE = F F × QE (3.3)
where FF is its Fill Factor, which is the ratio of the sensitive and passive areas of the SiPM. The Quantum Efficiency (QE) is the efficiency of the photon-to-electron conversion. The trench width between each pixel limits the FF for the SiPMs. The QE for the SiPMs is usually around 20 to 30%, which depends on the design of the semiconductor layout. The PDE of SiPMs is usually within the blue and green light region. Like other semiconductor detectors, the DCR (Dark Count Rate) induced by thermal fluctuations produces the main background signals. Another noise of SiPMs is the cross-talk from the secondary photons produced during the Geiger discharges. The generated electron-hole pair causes a cross-talk in an adjacent pixel, resulting in a double signal at the output, called prompt cross-talk. Alternatively, the secondary photons generate an electron-hole pair in the non-depleted silicon layer, and the charge carriers can diffuse into the amplification region of a neighboring pixel, resulting in delayed noise, called delayed cross-talk [START_REF] Klanner | Characterisation of SiPMs[END_REF]. Due to the high magnetic field environment of the NEEMC (∼ 1T) and the limited space available, the S14160-6015PS from HAMAMATSU is chosen. Each crystal will be equipped with 4 SiPMs in a 2×2 configuration. The main parameters of this SiPM are listed in table 3.4. The planned readout chip for the NEEMC will be adapted from the HGCROC (High Granularity Calorimeter ReadOut Chip) for the High Granularity Calorimeter (HGC) of CMS (Compact Muon Solenoid collaboration). A major challenge of the high luminosity of the LHC is the large pileup rate, with up to an average of 200 simultaneous proton collisions. Therefore, the requirements for the front-end electronics include a high dynamic range in the measured charge (0.2 -100000 fC), good timing resolution (∼30 ps) in order to mitigate the pileup effect, and low power consumption (∼15 mW/channel). Even though the calorimeter technology of the NEEMC is different from that of the HGCAL, these general requirements can match the needs of the NEEMC in EIC. HGCROC is in the final R&D stage. HGCROC-v2 is the second prototype of the front-end ASIC. It has 72 channels of the full analog chain: low noise, high gain preamplifier and shapers. The low-noise preamplifier converts the input charge from the sensor into an output voltage. The preamplifier gain is programmable, so the ADC range covers an energy range corresponding to 100 times the energy deposited by a MIP. A 10-bit ADC provides the charge measurement, and two TDCs provide the timing information of TOT (Time Over Threshold) over a 200 ns dynamic range and TOA (Time Of Arrival) with 25 ps accuracy. Both charge and time information are kept in a DRAM memory waiting for a further trigger decision. The I2C protocol is used to set or read the more than 7900 slow controls of the chip. The Fast Command block allows the chip configuration in the operating mode to perform the link synchronization, reset, and calibration [START_REF] Thienpont | Performance study of HGCROC-v2: the front-end electronics for the CMS High Granularity Calorimeter[END_REF]. We used two radiation doses in these measurements: 30 Gy is the estimated annual dose in the NEEMC at EIC, and 10000 Gy was also used to test the transmittance of the lead tungsten crystals under extreme doses. The attenuation coefficient is used to quantify the radiation hardness of the crystals. The absorption coefficient (k) is obtained from the following:

S14160-6015PS parameter value

dΦ(z) dz = -k(z)Φ(z) . (3.4)
If k stays constant as a function of z, one can get the degree of the change in the absorption coefficient dk as:

dk = ln(T b /T a )/l , ( 3.5) 
where T b and T a are the transmittances before and after irradiation, respectively. The variable l is the length of the crystal in meters. The requirement of dk < 1.1m -1 means that the transmittance cannot be lower than 80% of the one before irradiation. Since the crystals can recover their radiation damage spontaneously after the irradiation, the transmittance scan of all crystals was done 30 minutes after being irradiated. Figure 3.7 show the changes in the transmittance and the attenuation coefficient value after 30 (red) and 10000 (blue) Gy radiation doses, respectively. The absorption coefficients of all crystals are smaller than 1.1 m -1 after 30 Gy, and 9 out of 10 absorption coefficients are larger than 1.1 m -1 after 10000 Gy, as shown in the appendix B.

The spontaneous recovery speed of crystals depends on the damage level and crystal composition. One can speed up the crystal recovery ability by exposing it to blue light or by heating it up [START_REF] Dormenev | Stimulated recovery of the optical transmission of PbWO4 scintillation crystals for electromagnetic calorimeters after radiation damage[END_REF]. Figure 3.8 shows the setup that uses blue light to recover a crystal transmittance and the result of the curing. The blue light method is also limited to damages produced by low to medium doses. For the 10000 Gy case, there is no noticeable recovery after 2 days of exposure to blue light. The heating method works for low or high irradiation doses. The crystals were placed into the environmental chamber for baking for 9 hours to recover. The baking process is in three stages. Firstly, we increase the temperature slowly from room temperature to 250 • C, and keep the temperature at 250 • C for 3 hours. Finally, we cool down the temperature to room temperature slowly. Figure 3.9 shows the change in transmittance under the different methods.

Light yield of lead tungsten crystals

At the moment of conducting the tests, the choice of the SiPM was not determined, so we used a calibrated PMT to measure the light yield of the crystals. A single photo-electron (p.e.) signal can be amplified through the electrodes inside the PMT, so the single p.e. distribution can be used to calibrate the PMT gain. The PMT used is Hamamatsu R2023. Its peak sensitive region is at 425 nm (blue light), and the corresponding QE (Quantum efficiency3 ) is 25%. We used the waveform analyzer (DT5730S Digitizer), which has eight channels with high ADC resolution (14-bits) inputs. The waveform analyzer can display the input signal and integrate every waveform within the specified time window. We used a blue light LED with an emission peak at 430 nm and the signal generator Agilent 33250A. The generator drove the LED with a fast (∼20 ns) and small amplitude pulse. The generated optical photons were carried through a fiber to the PMT, creating a single to few photo-electrons on the PMT cathode. The high voltage module ORTEC 556 applied 3000 V on the PMT. The calibration started after the high voltage was turned on for 30 minutes on the PMT to ensure the PMT gain was stable. Figure 3.10 shows the setup of the PMT calibration and the setup for the single p.e. distribution measurement.

One can calibrate the gain of the PMT through the amplified charge carried by a single p.e. :

Gain P M T = Q/1p.e. , (3.6) 
where Q is the amplified charge of a single p.e. The value of Q can be calculated by:

Q = ADC p.e. × (f C/LSB)/V DM /q , ( 3.7) 
where ADC q.e. is the number of ADC channels between a single p.e. and pedestal4 , which is 53.5 deduced from figure 3.11. The value of (f C/LSB) is the charge (fC) per LSB (Least Significant Bits) which can be expressed as:

LSB = V DM /2 ADCresolution , ( 3.8) 
where V DM is the dynamic range of the digitizer input: 0.5V. The constant q is the elementary charge. As a result, the calibrated PMT gain under 3000 V is 1.67 × 10 6 . Then, the light yield of the lead tungsten crystals can be obtained from the following:

Lightyield(p.e./M eV ) = N p.e. /O ef f i /T /RE , (3.9) 
where N p.e. is the number of p.e. generated on the PMT electrodes, O ef f i is the optical efficiency (∼ 90%) considering the optical photons scattering, refraction, and reflection, T is the transmittance of crystals at 425 nm shown in figure 3.5 (∼70%), and RE is the irradiation energy in MeV. We used the radiation sources 137 Cs with a γ emission peak at 0.661 MeV, and 22 Na with a γ emission peak at 0.511 and 1.275 MeV, respectively. Figure 3.11 shows the p.e. distribution of the 137 Cs source with a Gaussian fit. We used equation 3.9 to calculate the crystals light yield shown in figure 3.11. The light yield of the ten crystals are consistent within one another and the average values are around 30 p.e./MeV as expected.

Simulation study of the NEEMC

This simulation study has the goal to evaluate the calorimeter performance in view of the the physics requirements outlined in the EIC Yellow report. The NEEMC geometry was built in the dd4hep simulation framework. This section will present the current design of NEEMC in dd4hep, the clustering algorithm, the energy and spatial resolution results, and the detector performance on electron efficiency, pion rejection, and two-photon separation.

Simulation configuration of NEEMC

The implementation of the NEEMC geometry was carried out in the dd4hep framework. The lead tungsten crystals have the size 2×2×20 cm 3 , as in the YR. VM2000 reflector with a thickness of 0.05 mm wraps the crystals and leaves one end uncovered for the optical sensor. A 0.4 mm thick carbon fiber frame serves as the supporting structure, which only covers both ends of the crystal with 2 cm in order to reduce the material budget. As a result, the passive material between two crystals is 0.5 mm (0.05 mm × 2 + 0.4 mm). Figure 3.13 shows the schematic layout of the single module.

The front face of the NEEMC is located at -174 cm from the interaction point. The outer supporting structure of the NEEMC is the 12-side polygon made in copper with an average thickness of 5 mm. The inner supporting structure is a box with an elliptical hole for letting the beam pipe go through. The four corners of the box are replaced with crystal modules to increase the acceptance. The crystals are placed between the outer and inner supporting structures. Copper fills the gap between the modules and the outer supporting structure because the modules can not perfectly fit the outer supporting structure. The electronics and the photo-sensors are not implemented in the simulation. Figure 3.14 shows the front view of the NEEMC in the simulation and the event display of a 20 GeV photon hitting the NEEMC.

Cluster reconstruction

An electromagnetic shower generally develops over multiple modules. The magnitude of this effect depends on the module size relative to the Moliere radius of the material used and the energy scale of the incoming particles. The clustering algorithm goal is to group the modules with energy deposition into so-called clusters. The showers from single electromagnetic particles are easy to reconstruct. Overlapping particle showers pose a significant challenge. For example, high energetic neutral meson decays, e.g., the showers from high energy π 0 decays to two γ's. The clustering procedure always starts with the highest energetic module in the calorimeter, which is required to contain an energy deposit above a seed energy threshold (E seed ). The neighboring modules are added to the cluster if their energy exceeds a certain aggregation threshold (E agg ).

The threshold E seed depends on the lowest detectable energy in the NEEMC, 100 MeV, and E agg depends on the low-energy background noise, 10 MeV. The total energy of the cluster can be expressed as:

E = i E i , ( 3.10) 
where E i is the energy deposition in each module. Typically, the optical and electronic signal processes are not simulated when thousands of modules are in the configuration. E i can be obtained by adding the white noise and smearing it with the energy expected resolution. There are two main algorithms for aggregating the E i : island clustering and MA clustering (Modified-Aggregation) [START_REF] Bock | Design and Simulated Performance of Calorimetry Systems for the ECCE Detector at the Electron Ion Collider[END_REF]. The island clustering applies the Depth-First Search algorithm. The algorithm loops all the modules in NEEMC to find the module with highest energy (M 0 ) and aggregate all modules around M 0 until no further modules above E agg can be found. There would be multiple local maxima in a single cluster when two clusters overlap. The island clustering splitting method finds the local maxima in each cluster first. If multiple local maxima are found, the algorithm calculates the weights of each module relative to the local maxima. The module has a larger weight when the module is closer to one of the local maxima and has larger energy deposition. The algorithm will split the cluster according to the weight of each module. The MA clustering works similarly to the island clustering. The difference is that the MA clustering stops the aggregation when a neighboring module with larger energy than the already aggregated module is found. The cluster position can be calculated through the energy and position of the aggregated modules:

X j = i w i x j i w i , ( 3.11 
)

w i = max(0, W 0 + ln E i E ) , ( 3.12) 
where x j i are the module x and y position, E i is the aggregated module energy, E is the cluster energy, and W 0 is a weighting constant for clustering aggregation. The w i of the module is zero, which means the module has negligible contribution to the cluster's position, when the E i is smaller than Ee -W0 . The value of W 0 is set to 4.6 for the cluster position reconstruction, which means that we can ignore the module contribution when its energy is smaller than 1% of cluster energy. The cluster z position is not on the surface of the NEEMC, as shown in figure 3.15, when we use equation 3.11 to calculate the cluster position. The shower depth depends on the incoming particle energy as: a = 0.3E 0.28 + 4.862 , (

where a (cm) is the depth of shower, E (MeV) is the incoming particle energy and the parameters 0.3, 0.28 and 4.862 were optimized by a Monte Carlo simulation [START_REF] Mazouz | Determination of shower central position in laterally segmented lead-fluoride electromagnetic calorimeters[END_REF]. We need to correct the cluster position obtained from equation 3.11, as it is convenient to set the z position of all clusters at the face of the NEEMC. The correction can be done through: where X j corr is the corrected cluster position, X j is the cluster position from equation 3.11, and L vc is the distance between the calorimeter front face and the interaction point. 

X j corr = X j (1 - a L 2 vc + X j × X j ) , ( 3.14) 

Energy and spatial resolutions of the NEEMC

In order to evaluate the energy and spatial resolutions of the NEEMC we used a single particle gun generator in the dd4hep framework. For the energy resolution study, the generated particles are γ's with different energy: 0.5, 1, 2, 5, 10 and 20 GeV. The particle directions are uniformly distributed across the NEEMC surface. Particles deposit some energy on other sub-systems between the NEEMC and the interaction point, such as the beam pipe, the tracker, and the RICH detector. The X 0 of those sub-systems obtained from the material scan tool in dd4hep is smaller than 1% of the X 0 of a single crystal. The simulation output is the collection of the hit information. The output will be fed into the EICrecon to reconstruct the energy of the photons by the island clustering method. A sampling fraction was applied to correct for the loss of cluster energy due to the material in front of the NEEMC. The energy resolution of each energy bin is extracted from a fit to the energy distribution. We compared two fit functions: a Gaussian and the Crystal ball function. The Gaussian fit is given by:

F Gaussian (x) = N e x-x 0 2σ 2 , (3.15)
where N is the amplitude of distribution, x 0 is the mean of the distribution, and σ is the resolution of that energy bin. The Crystal ball function can be regarded as the combination of a Gaussian function with a polynomial decay function:

F Crystalball (x; α, n, x 0 , σ) = N • e x-x 0 2σ 2 , x-x0 σ > -α A • (B -x-x0 σ ) -n , x-x0 σ ≤ -α , (3.16)
where α is the common point between these two functions, n is the decay speed of the polynomial function, x 0 is the mean value of the Crystal ball function and σ is the resolution of the Crystal ball function. The coefficients A, B and N can be parameterized by α, n, and σ as outlined in appendix B. Figure 3.16 shows the fits of the Gaussian and Crystal ball functions for the energy bin at 20 GeV in log scale. The Crystal ball and Gaussian functions fit the distribution well within the 2σ region around the mean value. However, the Crystal ball function can describe the tail of the energy distribution better than the Gaussian function, so we used the energy resolution from the Crystal ball function for the following study. We use the equation 3.1 without the γ term to fit the energy resolution of the NEEMC shown in figure 3.16. The stochastic term is 1.81%, better than the requirements from the Yellow Report. The constant term is 1.22%, related to the noise level applied in the simulation. The spatial resolution of the calorimeter can be approximately expressed as:

σ x = δ ⊕ ǫ/ √ E ⊕ ∆ • sin θ , (3.17)
where ⊕ represents the quadratic sum, the coefficients δ and ǫ are approximately proportional to the cell size and the coefficient ∆ is approximately X 0 . From the first and the second terms, the spatial resolution relates to the granularity and the energy resolution of the calorimeter. The third term describes the dependence on the angle θ between the incoming particle direction and the longitudinal axis of the calorimeter cells. The sin θ range of the NEEMC is 0.046 -0.326, so one can expect the incident angle to dominate the spatial resolution rather than the incident particle energy. As a result, the spatial resolution study can be broken into two parts. First, one keeps the particle energy constant and vary the incident angle. Later, one keeps the incident angle constant and vary the particle energy. For the spatial resolution versus the incident angle, three incident angles (sin θ) were simulated: 0.057, 0.17, and 0.3 rad , in order to ensure the calorimeter fully contains the shower. The corresponding hit position on the NEEMC plane is 10, 30, and 55 cm in radius, respectively. The simulated particle is a photon with a fixed energy of 5 GeV. The reconstructed position is corrected following equation 3.14. The simulation results are shown in figure 3.17a. The distribution of ∆ X is the difference between the reconstructed and true positions, which is fit with a Gaussian function. Smaller incident angles (higher η) have better spatial resolution, as expected from equation 3.17. Four energies are simulated for the spatial resolution versus the incident energy: 1, 5, 10, and 20 GeV. The incident angle (sin θ) is fixed at 0.17 to guarantee that the calorimeter fully contains the shower. The result of the different incident energies is shown in figure 3.17b. The worse energy resolution at low energy translates into a worse spatial resolution also. The spatial resolution for the medium and high energy particles are the same: around 10% of the crystal size.

Pion rejection and electron efficiency of NEEMC

The momentum spectra of the DIS electrons/photons and charged pions are shown in figure 3.2. Electrons are crucial for reconstructing the kinematics of many physics processes. However, the pion flux exceeds the flux of scattered electrons by orders of magnitudes in the lower momentum region. The ECAL (Electromagnetic Calorimeter) systems are expected to be the main tools for electron identification. The rest mass of a charged pion is roughly 260 times heavier than that of an electron, so it has a smaller energy deposition in the ECAL than an electron of the same momentum. Based on this fact, one can select electrons by applying the cut:

E/p > 1 -∆ , (3.18)
where E is the energy measured in the ECAL, p is the momentum measured by the tracker, and ∆ is c times the energy resolution (σ E /E) of the ECAL. If the ECAL response can be described by Gaussian distribution, a 90% or 95% electron efficiency would be retrieved when c equals 1.6 or 2.0, respectively. Table 3 One can calculate the charged pion rejection from the E/P cut as:

pion rejection = N pp N p.e. , ( 3.19) 
where N pp is the number of pions with E/p < 1 -∆, and N p.e. is the number of pions with E/p > 1 -∆. In this study, we varied the value of c from 1.0 to 2.4 with a step of 0.2 in order to study the pion rejection versus the electron efficiency. The simulation used charged pions of constant energies: 0.5, 1, 2, 5, 10, and 20 GeV. Also, the single photon simulations of the previous section were used, instead of generating another one with electrons, as an electron has a very similar response in the calorimeter as a photon of the same momentum.

The island clustering was applied to reconstruct the energy of the charged pions and photons. We used the same sampling fraction for both particles. This study used the truth momentum from the simulation instead of that of the tracker. deposition in the NEEMC in not Gaussian. Imposing a E/p cut will remove the electrons in the tail shown in figure 3.18. Only a few charged pions would deposit all of their energy in the calorimeter. The number of these events would be smeared out when the energy resolution of the calorimeter is relatively poor. The falling edge of low energy pion E/p distribution drops quickly, as shown in figure 3.18 (left and center). However, the falling edge of the high energy pions E/p distribution stops dropping when E/p is very close to 1, as shown in figure 3.18 (right) because the energy resolution mitigates the smearing effect. The pion rejection reaches a maximum when the pion energy is around 5 GeV because the trend of NEEMC energy resolution turns flat after 5 GeV, as shown in figure 3.16 (right).

Two photon separation of the NEEMC

The high energy π 0 identification is an important role of the NEEMC. The life-time of a π 0 is very short (∼ 10 -16 s), and its main decay channel is 2 photons (∼99%). As a result, π 0 's will decay into two photons at the interaction point. In the pion COM (Center Of Mass) frame, the two decay photons have equal energy and are emitted on opposite directions. In the lab frame, the photons will have an angle θ between their directions, as shown in figure 3.20.

The decay distribution is uniform in the angle ϕ ∈[-π, π], which is the angle between the photons and the y-axis in the COM frame. The minimum angle (θ min ) between the two photons in the lab frame occurs when ϕ = 0 o in the COM frame and can be written as:

θ min = 2 × sin -1 1 γ , (3.20)
where γ is the Lorentz factor of the pi 0 in the lab frame. For the case of 20 GeV pions in the lab frame, γ will be around 149, and the corresponding θ min is around 0.8 o . For comparison, a single crystal width is around 0.7 o degree relative to the interaction point, which means the showers generated by 20 GeV π 0 's almost overlap. As a result, it is difficult to distinguish the showers generated by 20 GeV π 0 and a 20 GeV photon.

We made a study with the goal of determining the two photons separation efficiency of the NEEMC for small values of θ. A simple π 0 generator was used to produce the decay photons, following the procedure illustrated in figure 3.20. The generated events are selected with θ smaller than θ min + 0.5 o . Each event has two photons generated on the NEEMC plane. The two-photon separation efficiency can be defined as:

ef f iciency = N 2clusters N generated , (3.21)
where N 2clusters is the number of events with two clusters, and N generated is the number of events generated in the simulation. The efficiency is smaller than 1 when two photons are so close that the island clustering algorithm cannot split the clusters. For this study π 0 's with different momenta are generated: 1, 4, 7, 10, 15, and 20 GeV. Figure 3.21 shows the efficiency as a function of the π 0 energy. The efficiency stays at 100% up to 10 GeV as the angle between the two photons is large enough to separate them. For higher energies, the efficiency drops up to 30% for 20 GeV.

Summary

The transparency of PWO-II crystals produced by CRYTUR meets the requirements of EIC, which were also established for PANDA. The crystals show good radiation hardness under a 30 Gy radiation dose. The 10000 Gy radiation damage on the crystals can be recovered by heating them up to 250 o C. The average light yield of the PWO-II crystals is 30 p.e./MeV. These ten PWO-II crystals also show high uniformity in these properties.

The primary geometry of NEEMC design was implemented in the dd4hep simulation, and 3000 lead tungsten crystals were used. The energy resolution study shows the stochastic term and constant term are 1.81% and 1.22 %, respectively. The spatial resolution of NEEMC is roughly 10% of the crystal size. The pion rejection of the NEEMC can reach 10 3 with electron efficiency > 85% for energies above 1 GeV. The two-photon separation efficiency is nearly 100% for π 0 energies below 10 GeV, but drops to 30% at 20 GeV. The efficiency for high-energy π 0 can be further improved by considering the shower profile. The transverse profile of the cluster caused by the two photons would be different from the cluster caused by one photon with the same energy. 

Simulation and readout electronics of the Roman Pots

The Roman Pots are a critical detector system in the EIC far-forward region. The will measure the recoiled proton and ion from the coherent DVCS channel in nuclei. This chapter will present in detail the R&D on the Roman Pots readout. The first few sections will describe the physics motivation and requirements for the Roman Pots. We will also introduce the properties of the silicon sensor, AC-LGAD (AC couple Low Gain Avalanche Diode), and the corresponding readout chip, EICROC (EIC Read Out Chip). Later, the simulation of the silicon sensor and its characteristic measurements will be presented in the final sections.

Physics motivation

In the DVCS channel the recoil proton and nuclei are scattered at very small angles (∼few mrad) relative to the hadron beamline. Therefore, the recoiled proton is within the far-forward acceptance -specifically in the Roman Pots or the B0 spectrometer. Far-forward detectors close to the beam pipe are necessary to perform such measurements. The Roman Pots are a set of silicon detectors placed away from the interaction point at 26 m in order to measure the position and momentum of recoiled protons and nuclei. In the EIC configuration the hadron beamline has a 25 mrad angle with respect to the electron beamline. The crab cavity will rotate the electron and hadron beams in order to have a head-on collision before the beams enter the central region. The crab rotation will smear the beam transverse momentum. The two configurations of the beam, high acceptance and high divergence, will also give different smearing of the transverse momentum. These smearing effects are simulated and studied in the Geant4 simulation and the EICrecon analysis framework. The DVCS events were produced by the event generator MILOU, with three beam energy combinations of e-p collision: 5×41, 10×100, and 18×275 GeV 2 .

The Roman Pots in EIC are potless structures, as described in section 2.4.3. Silicon detectors without pots are inserted into the beam pipe and held by mechanical arms, allowing the detection of scattered charged particles very close to the beam. Figure 4.1 shows the recoiled proton p T and polar angle acceptance under different beam configurations. The Roman Pots can detect recoiled protons with polar angles between 0 to 6 mrad relative to the hadron beamline, according to the simulation results. Roman Pots will play an important role in the high energy beam configurations: 10×100 and 18×275 GeV 2 . Figure 4.2 shows the hit positions of the recoiled proton on the Roman Pots. The size of the central hole is given by the σ x,y of the beam profile, in order to significantly reduce the background from the beam gas. σ x,y is the transverse size of the beam in x and y.

Requirements and design of Roman Pots

The Roman Pots must have the necessary acceptance and resolution to carry out the diffractive physics program at the EIC. The transverse beam size drives the acceptance at the Roman Pots location and thus the sensor size. From the simulation studies of DVCS in e+p collisions, the sensitive area of the sensors needs to be about 25×10 cm 2 to detect the majority of the recoiled protons within the required 6 mrad acceptance. Table 4.1 shows the Roman Pots position and size parameters. There are two stations and the distance between them is 2 m. Each station has two detection layers. The detection layer is composed of several planes held by the mechanical arms. Each plane comprises several modules, with silicon sensors on one side and the readout chip on the other. Each plane is planned for 128 readout modules, so there will be 512 readout modules in the Roman Pots. Figure 4.3 shows the current layout of the Roman Pots. The central hole size is based on the size of the beam profile. The movable mechanical arms provide the sensor precise movement under the beam profile real-time status [START_REF] Jentsch | Far-Forward Detector Working Group Update[END_REF]. AC-LGADs (AC-coupled Low Gain Avalanche Diodes) are new silicon sensors adapted from LGADs (Low Gain Avalanche Diodes) and will provide precise position and momentum measurements. AC-LGADs can be produced in pixels or strips. The Roman Pots will use the pixelated type of AC-LGADs. Three pixel sizes were considered: 250, 500, and 1300 µm. The smallest pixel size minimizes the smearing effect on the transverse momentum of detected particles. Considering the layout of each detection plane the smallest pixel size also means more pixels under a given area, which would cause more power consumption, and the readout module needs to be larger to accommodate all the pixels. As a result, the sensor of the Roman Pots was decided to be with pixels of 500x500 µm 2 in size. The spatial resolution provided by 500 µm pixels is given by:

σ pos = 500µm/ √ 12 ∼ 140µm , (4.1)
where the 1/ √ 12 factor is simply the RMS of a flat distribution. It is worth noting that the spatial resolution can be easily improved to dozens of µm by the position reconstruction algorithm and the charge sharing of AC-LGADs.

The following section will present the estimated spatial resolution from the approximated electronic model of the silicons sensors. The additional transverse momentum smearing from the beam rotation of crab systems drives the time resolution requirements. The crab system will rotate the beams to make head-on collisions. Assuming the bunch size is around 1 cm. The vertex smearing can be calculated as follows:

1cm × 12.5mrad ∼ 1.25mm , (4.2)
where 12.5 mrad is 1/2 of the crossing angle between the electron and hadron beamlines. The contribution from the vertex smearing on the transverse momentum is 1.25 mm, which is sufficiently small to be neglected. The high energy hadron beam is close to the speed of light, so the Roman Pots need a 35 ps timing resolution (bunch size 1 cm/speed of light) to mitigate the effect from the beam rotation [START_REF] Jentsch | eRD24 Progress Report[END_REF].

Introduction to AC-LGADs and read-out chips

In the 1980s silicon sensors started to serve in particle physics experiments. Their compact size and fast timing features quickly made the silicon technology play a major role in particle detectors. There are several parameters critical for the silicon sensors performance.

• The capacitance is the critical parameter to study as the pulse shape depends on the capacitance value.

The induced noise from the parasitic capacitance value of the sensor also needs to be addressed when we design the readout chip. Typically, the thickness of the sensor, doping density, and type could affect its intrinsic capacitance value.

• The S/N (signal/noise) ratio is a critical parameter for the performance of the silicon sensors. The main background for a silicon sensor is its white noise, which is related to the temperature and the excitation energy of the doping material.

• The radiation hardness is the essential to evaluate the performance of the silicon sensor over the detector running time. A thick silicon base or hardly ionizing material can improve its radiation hardness.

Several different silicon technologies were proposed in the design stage of the Roman Pots. The 3D pixel technology in ATLAS has fast timing and a small dead area, but its high capacitance results in a high noise rate.

LGADs are n-on-p diode silicon sensors with fast timing and low-gain features.

LGADs are already used in several detectors, such as the HGTD (High-Granularity Timing Detector) in ATLAS at LHC. Another option is AC-LGADs which are adapted from LGADs. The main difference between them is the segmentation at the conduction layer. The charge deposition among the n-type layer will share part of the signal with neighboring pixels. By aggregating these signals, one can use the barycenter method to reconstruct the position of charge deposition. AC-LGADs can be produced in a pixel or strip shape. The Roman Pots will use pixelated AC-LGADs as their silicon sensor. The readout chip is the front-end data acquisition system, whose specifications depend on the physics goal and external factors such as occupancy and power consumption. Other tracking systems besides the Roman Pots in ePIC chose AC-LGADs as a possible candidate, so flexibility of the readout chip design is necessary.

A prototype of a readout chip for AC-LGADs, called EICROC, has 1 TDC and 1 ADC in order to perform timing and charge measurements. The following sections will present the study and the design of AC-LGADs and EICROC.

LGAD and AC-LGAD

Under the fast timing requirement of particle physics experiments, a new silicon sensor type was developed, called LGAD. The low gain feature reduces the noise and jitter, and increases its S/N ratio. The main structure of LGADs is a P-N junction, a p-type substrate (bulk) with a highly n + doped layer 1 . On top of the n + doped layer, a thin aluminum layer connects to the read-out electronics by wire or bump bonding. The depletion layer is formed near the junction between the p-type and n-type layers, depleting all the free charge carriers. Then, the depletion layer acts as an insulator, preventing current flow until ionizing radiation interacts with the detector. This type of silicon detector is usually biased in reverse voltage, meaning the positive terminal is connected to the detector's cathode (n-type layer). This bias voltage creates an electric field within the semiconductor material used for controlling the size of depletion layer. Once the ionization happens in the depletion layer, the electron-hole pairs will gain energy from the electric field and drift to the electrodes, so the depletion layer is also called the gain layer.

LGADs do not work in Geiger mode to have a huge gain (∼ 10 5 ) by an avalanche effect but in the linear region, where the signal is mildly amplified, as electric fields are low enough, to prevent the onset of avalanche breakdowns. Like any other silicon sensor, it is necessary to isolate each channel because the charges are also induced at the oxide/silicon interface, which would short-circuit the channels. The solution for LGADs is to introduce a p-type layer for compensating the charge accumulation between the channels. This p-type layer can be done by either patterning a p-type layer surrounding the n-electrodes (p-stop) or using a uniform layer (p-spray) over the entire surface. An additional implant is placed at the border of the pixel, defined by the shallow n + . It is a low-dose implant called the JTE (Junction Termination Edge). Its goal is to reduce the electric field at the edges of the n-type layer so that the maximum electric fields develops within the gain layer. Figure 4.4 shows the schematic structure of LGADs. Minimum Ionizing Particles (MIPs) are particles which deposit their energy on the thin material through the ionization mechanism. The mean energy loss for a MIP follows a universal curve described by Bethe-Bloch formula, which depends only on γβ2 of the particle. The energy deposition on a thin detector (thickness ∼ hundred to dozen of µm) follows the Landau distribution. The most probable value of the Landau distribution is usually smaller than the mean energy deposition by ionization. A thinner detector has smaller Landau fluctuations, so a thin and large surface sensor is suggested. For example, the current size and thickness of pixelated LGADs in the HGTD are 1.3×1.3 mm 2 and 50 µm, respectively. However, spatial resolution in LGADs is poor due to the no-gain region, which acts as a dead area between the pixels or strips. An evolution from the LGAD geometry was proposed in order to reduce the dead region between channels and also keep its fast timing. The capacitive-coupled LGAD changes the geometry of the n-type layer and replaces the top thin single metal plate with segmented dielectric thin pads, as shown in figure 4.4. The metal electrodes create coupling capacitances over the resistive n-type layer in a similar fashion as in an AC-coupled silicon sensor, so it is also called AC-LGAD. The n-type layer is uniformly distributed over the entirety of the active area. There is no interruption in the n-type layer (except at the device termination) in AC-LGADs. The n-implant in AC-LGADs has a higher density than in standard LGADs, so the resistivity of the n-type layer is much larger than the n-type layer in LGADs. The n-type layer will behave like a resistor to deliver part of the charge deposition to the nearby dielectric pads in AC-LGADs, which will improve the position reconstruction of the charge deposition. The whole AC-LGAD can be thought of as a distributed RC network, where R is given by the n-type layer and C by the the capacitances towards the back and towards the metal electrodes. As the oxide is very thin, the coupling capacitance dominates over the capacitance towards the back. At the moment of writing, the study of AC-LGAD parameters, such as thickness, pad sizes. . . is in progress. Currently, a few research facilities worldwide are involved in developing AC-LGADs, such as BNL (USA) and Hamamatsu (Japan). Figure 4.5 shows the different configurations of AC-LGAD on a single wafer in the BNL silicon fabrication center [START_REF] Giacomini | on the facilities for (AC-)LGAD design and fabrication[END_REF]. 

Readout chip

ALTIROC is a readout ASIC designed for DC-LGADs, and it will be used in both the HGTD and the forward tracker system of ATLAS. ALTIROC has been developed to its second version and is equipped with two TDCs for timing and charge measurements. One TDC is dedicated to the TOA (Time Of Arrival), and the one one to the TOT (Time Over Threshold). TOT is roughly proportional to the signal amplitude and thus the charge deposition can be extracted from the TOT information. A fast rising time is critical for TOA measurements, and a linear falling edge is essential for the TOT. There are two different preamplifiers included in ALTIROC, VPA and TZ, in order to study the waveform effects on the timing measurements. The analog-to-digital conversion and the time measurements are triggered once the input signal passes a given threshold value. The electronic contribution to the time resolution can be expressed as:

σ 2 electronic = σ 2 jitter + σ 2 time-walk + σ 2 T DC , ( 4.3) 
where σ jitter represents the uncertainty in the time measurement due to the presence of noise in the signal, which can be expressed as:

σ jitter = N dV /dt , ( 4.4) 
where N is the noise and dV /dt is the slope of the signal. Assuming that dV /dt is constant along the rising edge of the signal, σ jitter can be approximated as:

σ jitter ∼ N A/t rise , ( 4.5) 
where t rise is the rising time of the signal and A is its amplitude. σ time-walk is an uncertainty in the time measurement of the pulse when a constant threshold is involved. A larger signals cross a given threshold value earlier than smaller signals. This effect produces a dependence of the measurement on the signal amplitude. The σ time-walk is defined as the Root Mean Square of the crossing time:

σ time-walk = [t cross ] RM S , (4.6) 
where t cross is the time when the signal crosses the threshold. Supposing that the signal slope is constant, then σ time-walk can be approximated as:

σ time-walk ∼ [ t rise V th A ] RM S . (4.7)
Finally, the digitization of the time measurement introduces an error due to the binning of the TDC circuit.

Assuming an ideal TDC with bins of equal size, this contribution is equal to ∆T / √ 12, where ∆T is the bin size.

ALTIROC v1

The preamplifiers and TDCs of ALTIROC will be presented in this section as they are the most important parts of the measurements. From the electronic viewpoint, the silicon sensor can be regarded as a current source with capacitance. The choice of the preamplifier can optimize the electronic design. Two different preamplifiers, VPA (Voltage Preamplifier) and TZ (Transimpedence Preamplifier) are used in the same ASIC in order to study its timing performance. The charge sensitive preamplifier is a common choice in particle physics for its low noise and stability. This type of preamplifier can detect the peak in the noise and amplify it. Another type of preamplifier was developed for generating the signal directly on the detector capacitance without a critical reduction of its amplitude. This type of preamplifier is also suited for particle physics experiments as it produces a fast and steep signal.

The preamplifier design can be further optimized by the choice of the input impedance value (Z s ). For the preamplifier with Z s of the order of ∼ 10 3 Ω, the input end becomes sensitive to the input voltage, and the resulting output signals tend to be longer and larger. This type of preamplifier is called VPA (Voltage sensitive Preamplifier). In contrast, for the preamplifier with small Z s , typically ∼ 10Ω, the input end is sensitive to the input current. This type of preamplifier is called TZ. The output of TZ preamplifiers is typically short-duration steep signals of small amplitude. After the input signal is amplified and shaped by the preamplifier, the following discriminator will decide whether to trigger the digitization process. Two discriminators trigger the time measurements, one is the TOA, and the other one is the time of the end, where the falling edge crosses the threshold value.

The combination of these two measurements provides the TOT. The discriminators use the fixed threshold configuration instead of CFD (Constant Fraction Discriminator) for triggering. The discriminators are built with high-speed leading-edge architecture to avoid re-triggering effects and ensure low jitter for large signals. Following the discriminators, the time measurements are provided by two TDCs. The TOA TDC processes the time information in the window of the bunch crossing. The bin size of the 7-bits TOA TDC is 20 ps to minimize its contribution to the time resolution. For the 9-bit TOT TDC, the measurement is performed in a much larger range of 20 ns in order to cover the whole falling edge of the pulse. The bin size of TOT TDC is 40 ps in order to minimize the conversion time and the power dissipation. The working principle of both TDCs is similar. We will take the TOA TDC as an example. There are two delay lines in the TDC, a short delay line and a long delay line, called Vernier delay configuration. When an event is detected in the measurements window, the start signal enters the short delay line, and the stop signal enters the long delay line. The start signal is closer to the stop signal after each iteration. The digital output flips when the stop signal surpasses the start signal, as shown in figure 4.8. One can also notice that the difference between the two delay lines achieves the 20 ps precision of the TOA TDC. 

EICROC

The Roman Pots will use AC-LGADs with pixels 500×500 µm 2 in size. The estimated occupancy rate of the Roman Pots is < 30 hits/pixel/sec. The AC-LGADs will connected to the readout chips through bump bonding. As a result, a critical aspect for the readout development is to achieve a timing performance and a physical size compatible with those of the sensors. AC-LGADs are adapted from the LGADs, and using the existing readout systems is a good starting point for the R&D of EICROC. Most of the design effort would concentrate on how to sample and integral the signal, and the integration of the signal processing by TDC and ADC. The raw data processing of EICROC would be similar to ALTIROC except for the charge measurement, which is performed by adding an ADC to the ASIC.

The prototype of EICROC, called EICROC0, has 16 channels equipped with TZ preamplifiers. The purpose of EICROC0 is to evaluate the readout of AC-LGADs sensors with a dedicated ASIC. One TDC and one ADC read out each channel. EICROC0 uses the TDC from HGCROC of HGCAL in CMS, which performs similarly to the one for ALTIROC. The 8-bit ADC used in EICROC0 is also from the HGCROC. EICROC0 is based on TSMC 130 nm technology. Figure 4.9 shows the microscopic view of EICROC0. The first submission had 10 EICROC0. At the moment of writing, work on EICROC0 is focused on the characterization of the chip performance, such as the working voltage of each component and the output of the TDC, ADC, and the internal charge pulser. 

Simulation of the ADC resolution

EICROC will use one TDC and one ADC for precise timing and charge measurement. However, a higher resolution ADC has a larger size and power dissipation. To find the most economical ADC, we have studied the position resolution with different ADC resolutions in a pixelated AC-LGAD. We built the simulation to reconstruct the hit position and studied the position resolution under the different noise levels, injected energy, and ADC resolution (number of bits).

Charge sharing study of AC-LGADs

The charge sharing in the n-type layer of AC-LGADs is based on its resistive property. The electronic model of AC-LGADs can be approximated as a series of resistors, as shown in figure 4.10. The preamplifier in this model is TZ. A single sensor pad is segmented into 30 pixels, arranged in 6 rows and 5 columns, shown in figure 4.11. The size of each pixel is 0.5×0.5 mm 2 . Each pixel is connected to a neighboring pixel through a given resistor, which can be regarded as n-type doping layer. A higher resistor value imply less charge sharing. Five resistor values were simulated: 100, 1k, 2k, 5k, and 10k Ω.

Besides the resistor value, the injected charge position between pixel 14 and pixel 15 is also a variable in the simulation. As the resistor value is uniformly distributed over the single pad, the charge sharing is symmetric with respect to the injected position along either the y or x-axis. Therefore, we chose to simulate the injected position along the x-axis, and seven ratios (injected positions) are simulated: 0, 0.25, 0.3, 0.5, 0.75, 0.8, 1. The corresponding x position in the pad will be 3.0, 3.25, 3.3, 3.5, 3.75, 3.8, and 4.0. For example, ratio=0 means that the injected point is at the center of pixel 14 and ratio=1 means that it is at the center of pixel 15.

Figure 4.12 shows the charge sharing result with a 19 fC charge injection in the 2D map and for different resistor values and injected positions. As the charge sharing in the 10k Ω case is very small, the amplitude of the channels far away from the injection point can be regarded as the noise from the front-end electronics in the simulation. We assume the white noise is the same for all values of the resistor. As a result, one can retrieve the pure signal by subtracting this white noise. The following simulation will use this subtracted sharing map. This map shows that the resistor value plays an important role on the charge sharing. The high values of the resistor keep more of the initial injected energy, as shown in figure 4.13a. The reason why the total energy in the case of a resistor value of 100 Ω is significant lower than in the other cases is due to the fact that the whole charge sharing cannot be totally included in a single pad, as illustrated in figure 4.12. In principle, one can reconstruct the same injected charge (19 fC) by aggregating all the charge shared among the different cells. A compensation factor was applied in the cases with low values of the resistor in order to normalize the reconstructed charge to the injected value.

Because of the uniformity of the n-type doping layer in this model, the charge sharing is linear with the injected charge position, as shown in figure 4.13b. As a result, we can calculate the amplitude of each pixel for any ration between 0 and 1 by interpolation. The calculation can be expressed in the following way:

v i,ratio = (v i,1 -v i,0 ) × ratio + v i,0 , (i = 1...30) . ( 4.8) 
As we look carefully into the 2D charge sharing map, the charge sharing pattern is not perfectly symmetric around the injection point, especially in the 100 Ω case. Fortunately, the distribution shift is linear with the injection position, so we can correct for this effect easily, as will be explained in the next section.

Adding Gaussian noise

A Gaussian distribution is the typical function to describe the white noise behavior of an AC-LGAD. The mean value of the Gaussian is set to 0 with a width of 1 mV. To quantify the impact of the noise we need to calculate the position resolution σ with different noise levels in the following way:

V i = Amp i + Gauss i (0, noise level) , (i = 1...30) (4.9) Reconstructed position = X i V i V i , ( 4.10) 
where the injected position is reconstructed by the barycenter method. And the spatial resolution of the AC-LGAD can be calculated from the root mean square of the ∆pos distribution, which can be expressed as:

∆pos = Reconstructed position -Injected position . ( 4.11) 
The position resolution in the following is always calculated as the root mean square of the distributions. Figure 4.14 shows the distribution of the reconstructed position when ratio = 0.5, resistor = 10k Ω, and the noise level is 1 mV. Figure 4.15a shows the position resolution for all resistor and ratio values. Appendix C also shows the comparison for different noise levels. As expected, the position resolution worsens as the noise level increases.

The energy deposition

As a high energy particle goes through a thin material, the charge deposition in it can be described by a Landau distribution. In this section we smear the charge deposition with a Landau distribution and add the white noise to study the position resolution. The Landau distribution is from the ROOT random3 class [START_REF] Kolbig | A Program Package for the Landau Distribution[END_REF]. The distribution can be described by the location (x 0 ) and width (ξ) parameters:

f (x) = 1 ξ φ(λ) , (4.12) 
where λ = (x -x 0 )/ξ. The parameter x 0 is not the most probable value of the Landau distribution. As its width goes to 0, x 0 becomes very close to the most probable value of the Landau distribution. The parameter x 0 of the Landau distribution is set to 19 fC, and its width is around 30% of the charge deposition. The tail of the Landau distribution extends to infinity. The charge saturation is related to the dynamic range of electronic design, for which we choose 500 mV here. The charge deposition smearing on each pixel can be done in the following way:

Lan(1., 0.3) × Response i (i = 1...30) , ( 4.13) 
where the first argument of the Landau function is the x 0 parameter, and the second one is its width. The response of each pixel with the white noise at 1 mV would be:

V i = Lan(1., 0.3) × Amp i + Gauss i (0, 1) (4.14) 
We can then use equation 4.10 and 4.11 to calculate the position resolution. Figure 4.14 shows the distribution of the reconstructed position when the noise level = 1 mV and the injected charge is smeared by a Landau function. Figure 4.15b shows the position resolution when the injected charge is smeared by the Landau function.

Shift Correction

As mentioned in the section 4.4.1, we can see a shift between the injected and reconstructed positions in the simulation, especially in the 100 Ω case. Table 4.2 shows the differences between reconstructed position and the position where the charge is injected. Figure 4.16 shows the superposition of the reconstructed position for different ratios. The distribution peaks are not centered at 0, especially in the 100 Ω case. Fortunately, these differences are linear with the injected position, so the reconstructed position can be corrected. The lower row in figure 4. [START_REF] Soffer | Summary of the workshop DUBNA-SPIN 07[END_REF] shows the position resolution after the correction.

Resistance value

Analog to Digital Conversion

After performing a smearing by a white noise and a Landau distribution, we can convert our analog signal into a digital one and compare the position resolution under different assumptions for the number of bits in the ADC. Five numbers of bits will be simulated here: 4, 6, 8, 10, and 12. The calculation of the LSB (Least Significant Bit) for the different ADCs is as follows:

LSB = DR/2 n , n = 4, 6, 8, 10, 12 (4.15) 
The DR (Dynamic Range) here is 500 mV in all cases. Therefore, the calculation of the number of ADC channels for each pixel is as follows:

Ceil(Amp analog /LSB) = Amp digi , (

where the Ceil function rounds values to the nearest integer towards positive infinity. For example, the LSB for a 10-bit ADC is 0.488 mV. If the amplitude from a single pixel is 1 mV, then the digital amplitude would be:

Ceil(1/0.488) = 3 (4.17)

and for those negative value from the noise like, -1 mV Ceil(-1/0.488) = -2 which is rounded to 0 . (

The smallest value for the digital part is 0, so all negative ones coming from white noise will rounded up to zero. The charge injection position, ratio, is uniformly and randomly chosen between pixels 14 and 15, so the analog response of each pixel can be expressed as:

Amp i analog = [(v i,1 -v i,0 ) × ratio + v i,0 ] × Lan(1, 0.3) + Gauss i (0., 1.) (4.19) 
Then we can convert the Amp i analog to Amp i digital with equation 4.16 and 4.17. Finally, the position resolution can be derived from equation 4.10 and 4.11 by replacing V i with Amp digi . Figure 4.17a shows all the position resolutions as a function of the number of bits in the ADC and for different resistor cases. No significant difference in position resolution is observed between 12, 10, and 8 bits. This study indicates that the position resolution is around 4% of the pixel size, around 20 µm for a pixel size = 500 µm. The position resolution worsens as we go to ADC resolution lower than 8 bits. A threshold is necessary to remove the white noise from the sensor, but it would also kill the charge sharing if it is too high. We apply a threshold at 1 fC in the simulation. However, this threshold differs in mV for different resistor cases. Table 4.3 illustrates the difference. Since the charge sharing is induced from the n-type layer, the same charge results in a different value in mV due to the resistor value. In the 1 kΩ case, 1 fC is large enough to kill some lateral sharing, significantly impacting the position resolution. Figure 4.17b shows the position resolution result after applying the threshold. 

Performance study of ALTIROC and an AC-LGAD

The study on AC-LGADs will be presented in this section. A 3x3 pixelated AC-LGAD sensor was wirebonded to ALTIROC. The slow control of ALTIROC and data acquisition is achieved by an FPGA (Field Programmable Gate Array) board and the DevGui software. We will show herein the timing performance obtained by injecting a given charge, as well as the charge sharing measurements done by using a radioactive beta source.

ALTIROC and IV-curve of an AC-LGAD

The ALTIROC is the second iteration of its prototype, which the OMEGA group has designed in CMOS 130 nm technology. An ALTIROC was mounted in the central region of a test board. An L-shaped HV pad is beside it, providing space for the HV wire bonds. A reversed high voltage is provided. The chip consists of 25 channels organized in 5 columns and 5 rows. The channels in the first three columns are equipped with VPA preamplifiers. The rest of the channels in the remaining two columns are equipped with TZ preamplifiers.

To study the effect of the parasitic capacitance, an additional capacitor is added to the preamplifier input of the last channel in each column, ranging from 0 to 7 pF. Two types of analog probes, one for the analog output of the preamplifier and the other one for the digital output of the discriminator, are integrated into each channel. An internal pulser, common to all channels, is integrated into the ASIC for calibration. The internal pulser has a programmable DC current control with a 6-bit DAC. The pulser can generate a charge to the preamplifiers from 0 to 50 fC. The test board also provides a trigger output for synchronization with other devices. The test board communicates with the FPGA via a PCIe cable. The system can be switched into either self-trigger mode when the ASIC receives a hit, or the slave mode by receiving an external trigger. The FPGA is responsible for the transmission of the clock and slow control data to the ASIC and the digital data acquisition. It can calibrate the TDC when the ASIC works in the slave mode. There are 8 out of 25 channels selected for testing the AC-LGAD sensor, 4 channels with VPA preamplifiers, and 4 channels with TZ preamplifiers. These channels are selected by checking their analog output as a function of the injected charge and their TDC functions. An AC-LGAD sensor with 3x3 pixels is wire-bonded to these 8 channels, 1 pixel in the sensor is floating. The size of each pixel is 1x1 mm 2 . Figure 4.18 shows the overall view of the test board and the channels map to the 3x3 AC-LGAD sensor.

IV-curve is a critical feature for an AC-LGAD in order to know its working range and the scale of leakage current. First, we compared IV curve we measured with the same measurements done at BNL on the same sensor. The high voltage varied from 0 to -190 V on the sensor and we measured the current in nA with a Keithley current meter. The test board was placed into a box to reduce the additional charge generated by external light on the sensors. The FPGA board was placed outside the box. The same measurements were repeated after a week to check the reproducibility of the results. The results of the I-V curve are shown in figure 4.18. The optimized high voltage to drive the sensor is around -170 V. If we apply a high voltage larger than -170 V on the sensor, the leakage current will increase quickly. The difference between BNL and IJClab measurements mainly comes from the environmental setup such as the grounding, light exposure. . .

Response of the injected charge and preamplifier coupling measurements

A charge from 0.8 to 48 fC (0 -60 DAC) was injected into the preamplifier. The discriminators were turned off, and we used the analog probe to examine the amplified signal of the injected charge. Figure 4. [START_REF] Airapetian | Beam-helicity asymmetry arising from deeply virtual Compton scattering measured with kinematically complete event reconstruction[END_REF] shows the amplified signal by the VPA and TZ. The VPA signal has a longer tail than the TZ, and the amplified amplitude is linear with the injected charge.

The preamplifier is connected to the internal pulser and the AC-LGAD so that the cross-talk would happen through the wire between the sensor and the preamplifier. To characterize the cross-talk between the preamplifier and the AC-LGAD sensor, we inject A charge into a given preamplifier with the rest preamplifiers off. The analog probe was used to record the waveform of the amplified signal, called W 1 . The discriminator output was also off to avoid additional coupling. Then, we turn on the preamplifiers of all channels and record their waveforms W i 2 when injecting charge into a given channel. W i 2 /W 1 gave the value of the cross-talk of the wire-bonded sensor.

Figure 4.20 shows the 2D map of the cross-talk. The scale of the cross-talk in the VPA channel is ∼ 20%, and in the TZ channel is ∼ 10%. 
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TDC characterization

The time resolution of the detector is given by the quadratic sum of several contributions: the nonuniform energy deposition along the sensor (σ Landau ), fluctuations in the global clock signal in the whole detector system σ clock and fluctuations from the electronics (σ electronic ). The time resolution of the detector can be defined as:

σ T = σ clock ⊕ σ Landau ⊕ σ electronic , ( 4.20) 
where the Landau term σ Landau can be reduced by using thinner sensors, and the electronics noise σ electronic is driven by:

σ electronic = σ jitter ⊕ σ time walk ⊕ σ T DC bin . (4.21)
For a uniform TDC binning distribution across the electronics system, σ T DC bin is T DC bin/ √ 12, which can be improved using a high-resolution TDC. Therefore, σ electronic is dominated by two effects: jitter (σ jitter ) and time-walk (σ time-walk ). Both jitter and time-walk depend inversely on the signal slope dV/dt and have been discussed in section 4.3.2. The pulser embedded in the ASIC can be used to characterize the electronic performance. The charge injector can generate a fixed-width pulse of variable amplitude. By varying the amplitude of the injected charge, we could determine the time-walk and jitter scales as a function of the charge.

Threshold optimization

The discriminator uses a fixed threshold value as the trigger criteria to distinguish the signal from background. An external 10-bit DAC commonly sets the discriminator threshold to all channels. An additional 7-bit DAC is used for fine corrections in order to compensate for the different baseline levels in each channel. To optimize the threshold value so that we reject most noise while keeping most of the signal we proceeded as follows. We injected a given charge, 1 DAC ∼ 0.8 fC, and increased the threshold value by steps until the threshold is larger than the injected signal. The hit information is true when the signal crosses the threshold value and vice versa. One hundred times scans are used for each threshold value, and we recorded the number of hits for each scan as shown in figure 4.21. Then, the number of hits drops to zero once the threshold value exceeds the amplitude of the injected charge, which means that the signal does not cross over the threshold. The falling edge in figure 4.21 is the optimized threshold. The falling edge can be obtained by fitting with an error function. 

LSB of TDCs

The ideal LSB for each TOA is around 20 ps, and 120 ps for the TOT, which varies channel by channel. The characterization method is based on the Vernier delay configuration as shown in section 4.3.2.1. The digital signal is delayed by a given interval, which will move towards the "gate" edge of the clock, resulting in a smaller TOA value. The characterization method increases the delay value step by step. Then the TOA value will decrease from its maximum to zero (DAC: 127 to 0). The delay step (9.55 ps) is the calibrated signal. Then, we can get the LSB of the TOA by fitting the result as shown in figure 4.22. We could also get the LSB of the TDC (TOT) by changing the slope of the rising edge with the given step. Using an external trigger signal can eliminate the effect of the discriminator. The corrected LSB for each TDC is listed in table 4.4. 

Waveform scan by TDCs

Once the LSB of both TOA and TOT are well determined, one can scan the waveform by using the TDCs, which is an indirect way to examine the performance of the discriminator and the TDCs. To do this, a given charge was injected and the threshold value was changed step by step. One can then get the TOA and TOT values for each threshold value, so that the rising edge (TOA) and falling edge (TOA+TOT) can describe the waveform. Figure 4.23 shows the result of the waveform scan by the TOA and TOT. The electronic coupling between the preamplifier and the discriminator causes the odd oscillation behavior in the falling edge.

Time-walk and jitter

The time-walk is a well-known issue for a fixed threshold discriminator. Under a given threshold, a larger signal has an earlier arrival time. We fixed the threshold value and measured the TOA with charge injections from 0.8 to 48 fC (0 -60 DAC) to determine the time-walk effect. Figure 4.24a shows the time-walk effect, which is obvious in the low charge region (Q = 0 -12 fC). There is no significant time-walk effect in the larger charge region. The charge is injected with values from 0.8 to 48 fC (0 -60 DAC) in order to measure the jitter. The jitter can be calculated from the root mean square value of the TOA distribution.

With the corrected LSB of the TOA, we can calculate the jitter with different charge injections, as shown in figure 4.24b. When the injected charge is large enough (Q > 4 fC), the jitter is around 20 ps, regardless of the value of the injected charge.

Parasitic capacitance determination

It is important to know the parasitic capacitance of each channel as it relates to the electronic noise and pulse shape. The total capacitance C of one channel can be expressed as:

C = Q V , ( 4.22) 
where Q is the injected charge and V the amplitude of the waveform. The total capacitance value can be further expressed as:

C = C p + C SC , ( 4.23) 
where C p is the parasitic capacitance of that channel and C SC is the slow control capacitance of the channel.

The slow control capacitance is connected in parallel at the end of each column, which means that only the capacitor value in the last channel of each column can be tuned. C p relates to the electronics element, which is constant over the input charge. As a result, we could extract parasitic capacitance of each channel by measuring the value of Q V . The amplitude of the waveform decreases as the capacitance value increases. Figure 4.25 shows the amplitude versus the different capacitance values and under the same charge injection.

Meanwhile, the injected charge attenuates along the column. This attenuation effect is shown in table 4.5 and needs to be considered before calculating the parasitic capacitance value. 

Charge sharing of 3x3 AC-LGADs

The charge sharing of the sensor can be quantified using a radioactive source. The radiation from radioactive sources can penetrate the sensor and deposit energy in the gain layer. The amplified charge will be shared in the n-type layer. If the readout system is fast enough or the radiation rate is relatively low, the readout system can resolve every single event. We used a 90 Sr radioactive source to perform such measurements. Considering the size of the sensor and the emission angle of the 90 Sr, the radiation source was placed above the sensor at around 10 cm to ensure a uniform exposure. Figure 4.26 shows the source and the test board placed inside the box. The FPGA board is placed outside for control and data transmission.

Unfortunately, the discriminator coupling distorted the signal, as shown in figure 4.27a. We used the analog probe to acquire the waveform and recorded the corresponding TOT value. Figure 4.27 shows the TOT as a function of the waveform amplitude. The saturation is due to the distorted signal. Meanwhile, to remove amplitude attenuation along the row, we normalized the amplitude to the maximum amplitude of each channel. We could then extrapolate the normalized signal by measuring the TOT. Channels 19, 18, and 24 are chosen as they are adjacent to each other. We used a Lecroy scope to measure the waveform amplitude and recorded the TOT value when channels 19, 18, and 24 (see figure 4.18) were triggered. The sharing was calculated when channel 24 had the maximum TOT value among the three channels. The sharing is calculated as follows:

sharing = amplitude i amplitude 24 , ( 4.24) 
where i is channel 19 or 18. Figure 4.28 shows the sharing from channel 24 to 18 or to 19, respectively. The sharing to adjacent channels is around 30% and equal. One should also consider the cross-talk between the sensor and the preamplifier:

sharing = crosstalk + chargesharing (4.25)
where crosstalk is the signal shared through the wire-bond between the sensor and the preamplifier, as discussed in section 4.5.2. Therefore, one can deduce that the charge sharing in this type of AC-LGAD is around 20%. From the approximated model in the simulation described in section 4.4.1, 20% of charge sharing indicates that the resistive value of the n-type layer is between 100 to 1 kΩ.

Summary

An EICROC prototype was submitted, and ten boards are currently being tested. Measurements of the electronic noise and linearity on EICROC0 are ongoing. The simulation study of AC-LGADs leaves some freedom to choose different ADC resolutions to design the ASIC since there is no significant impact on the position resolution for 8, 10 or 12-bit ADCs.

A series of TDC characterization measurements shows that ALTIROC can be the template for the EICROC R&D. The jitter for both preamplifiers is 20 ps, and the time-walk effect is mild for Q > 12 pF. The beta source radiation measurements quantified the signal sharing of the 3×3 pixelated AC-LGAD (∼20%). However, the beta source measurements cannot quantify the spatial resolution as the injected position is unknown. As a result, an IR laser test-bench for AC-LGAD characterization will be built to measure charge sharing and spatial resolution of AC-LGADs.

Chapter 5

Simulation analysis of coherent DVCS

This chapter will present the simulation study of the coherent DVCS process in the ECCE (EIC Comprehensive Chromodynamics Experiment) detector proposal. The coherent DVCS is a golden channel to understand the nuclear structure, as discussed in chapter 1. The goal of this study is to examine the ECCE detector design and benchmark its performance with the coherent DVCS channel. The following sections will go over the introduction of the simulation environment, including the event generator, the detector simulation configuration and the reconstruction of the coherent DVCS particles. The final sections will show several performance and cross-section results under different beam energy configurations.

Event generator and detector configuration

An event generator is the common simulation tool for generating the final state particles of specific physics processes by a Monte Carlo simulation. A new event generator tool of coherent DVCS called TOPEG (The Orsay-Perugia Event Generator) [START_REF]The Orsay-Perugia Event Generator (TOPEG[END_REF] was used for this study. The Monte Carlo generator of TOPEG is based on the Foam ROOT library [START_REF] Jadach | mFOAM-1.02: A Compact version of the cellular event generator FOAM[END_REF]. Figure 5.1 shows the flow chart of how TOPEG works based on the Foam generator. The input cross-section distribution used is based on a leading-order chiral even GPD model that describes the 4 He structure [START_REF] Fucini | Coherent deeply virtual Compton scattering off He nuclei[END_REF]. The model reproduces data at JLab kinematics with an electron beam energy of 6 GeV. This study will present the high acceptance beam configuration: an 18 GeV electron with 110 GeV 4 He. The crossing angle between the two beams is 25 mrad. The detector configuration is the preliminary design of ECCE (EIC Comprehensive Chromodynamics Experiment) based on the Fun4all framework. The Fun4all framework was presented in the chapter 2. Figure 5.2 shows the schematic of the central region of ECCE in the simulation. ECCE repurposes selected components of existing experimental equipment to maximize its capabilities within the envelope of planned resources. Notably, the central barrel of the detector incorporates the 1.4 T BaBar superconducting solenoid, and the sPHENIX barrel hadronic calorimeter currently under construction [START_REF]EIC Comprehensive Chromodynamics Experiment Collaboration Detector Proposal[END_REF]. The central region closest to the beam pipe has silicon tracker systems for short-life particle detection and reconstruction. A set of Cerenkov and TOF particle identification systems, mRICH, hpDIRC, and dRICH, are placed outside the silicon tracking system. The projective barrel sci-glass calorimeter (BEMC) covers the wide pseudo-rapidity (η) region for measuring the lepton energy through an electromagnetic shower. The above systems are inside the superconducting solenoid (cryostat). A longitudinally segmented hadronic calorimeter is placed at the outmost for the long-life hadrons detection. The backward end-cap electromagnetic calorimeter (EEMC), and the forward end-cap hadronic calorimeters (FEMC) and LFHCAL, are placed at both end-cap regions for detecting the low-Q 2 lepton and proton/ions. In the far-forward region, the B0 spectrometer and the Roman Pots are a series of plates without structure in the preliminary design, so a manual geometrical cut was applied to simulate their acceptance. 

Coherent DVCS 18 GeV electron with 110 GeV light nuclei

The analysis of the coherent DVCS simulation in ECCE will be presented in this section. The analysis software is ROOT which is based on the object-oriented language developed for large data analysis [START_REF] Brun | ROOT: An object oriented data analysis framework[END_REF]. The beam are a 18 GeV electron beam with a 110 GeV 4 He beam. Both beam are in the high acceptance configuration. For the 110 GeV 4 He beam, the values of horizontal and vertical beam divergences σ h and σ v were not available, so the data from a 100 GeV proton beam was used instead: σ h = 180 µrad and σ v = 180 µrad. Following the coordinate definition in the simulation shown in figure 5.2, the electron beam is along the z-axis in the simulation. The The kinematic range of the event generator in Q 2 is from 4 to 30 GeV 2 and the corresponding luminosity for the one million events simulated is 9.7073 × 10 -5 fb -1 . The kinematic variables of the coherent DVCS reaction will be reconstructed from the simulated detector responses. The following subsections will demonstrate the reconstruction of the different kinematic variables. We will show several detector performances and crosssection results at the end of next section.

DVCS particles and kinematic variables reconstruction

The coherent DVCS kinematic variables can be reconstructed from the four-momenta of final state particles: electron, photon, and recoiled proton/nuclei. All final state leptons go in the backward direction, and they will be detected by silicon trackers and calorimeters. The coverage of the tracking detectors with good momentum resolution is in the |η| ≤ 3.5 region with full azimuth coverage. The EEMC is located inside the universal inner frame and allows the reconstruction of particles with -3.7 < η < -1.8. Due to the beam crossing and asymmetric beam pipe, the sensitive material budget almost reaches η = -4 but slopes rapidly down at η = -3.7. The BEMC is a projective homogeneous calorimeter based on an inorganic scintillator material outside the universal inner frame. Based on an energy resolution study, the coverage of the EEMC (backward end-cap) and BEMC (barrel) is optimal in the region of -3.7 < η < -1.8 and -1.4 < η < 1.4, respectively. In the backward region, each DVCS event will have 2 clusters on the calorimeter systems, originated by an electron and a photon, and 1 track left by an electron in the tracker system. Based on reference [START_REF]EIC Comprehensive Chromodynamics Experiment Collaboration Detector Proposal[END_REF], the tracker can provide better momentum resolution than the calorimeters, except for the very backwards rapidities. As a result, we can use the tracker to reconstruct the four-momenta of an electron and project the electron track onto the calorimeter to identify the clusters. Then, the photon four-momenta can be reconstructed by the calorimeters. The recoiled 4 He from each coherent DVCS event will go to the far-forward region and will be detected by the B0 spectrometer or the Roman Pots. In the ECCE configuration, the B0 spectrometer is composed of 4 thin silicon layers with a lead tungsten calorimeter. The B0 spectrometer is located inside a dipole magnet, so the dipole magnet limits its acceptance. In principle, there is a hole at the center of each B0 tracking plate for the hadron beamline. However, this geometry was not implemented in this version of the simulation. As a result, a manual geometrical cut around the center of the B0 spectrometer is applied during the data analysis. There are two Roman Pot stations in ECCE, each consisting of two doublelayer 25×12 cm 2 sensors. The Roman Pots are located inside the beam pipe, at 26 and 28 m downstream of the interaction point. The real geometry of the Roman Pots, which includes a 10σ h,v cut-off around the center for the hadron beam, was not implemented either. A manual 10σ h,v cut was also applied to the Roman Pots data during the analysis. The goal of the 10σ h,v cut is to avoid the interactions between the sensor and the beam gas. The acceptance of the B0 spectrometer expands the region between 6 and 22 mrad relative to the hadron beam line. The acceptance of Roman Pots expands from 0 to 6 mrad relative to the hadron beam line. There is a small overlap in the coverage between the B0 spectrometer and Roman Pots to avoid an acceptance gap. For this beam configuration, most DVCS 4 He particles were detected by the Roman Pots, and very few 4 He hit the B0 spectrometer. A set of exclusive cuts are applied to the final particles reconstruction in order to have well-reconstructed DVCS events and examine the acceptance of the detector systems:

• At least 1 good track of a DVCS electron in the central tracker systems.

• Total number of clusters in barrel and backward end-cap calorimeters equal to 2.

• The electron track projection onto the calorimeters can geometrically match one of two clusters.

• The 10σ h,v cut on the 4 He direction.

The track is reconstructed from the hit information in the different tracking layers by the ACTS (Acts Common Tracking Software) algorithms. The PID of the track is directly extracted from the simulation information. The BEMC and EEMC use the MA clustering algorithm to reconstruct particle information from the electromagnetic shower. The MA algorithm was introduced in chapter 4. Optical photons are not simulated in the simulation. Instead, the hit energy is smeared based on the the efficiency of the optical sensors and the energy resolution of the scintillators. The cut on the number of clusters can simplify the occassional situation when a additional smaller cluster is generated by a the secondary particle. The projection match between the track and the cluster can be defined as:

∆D = ∆φ 2 + ∆η 2 (5.3)
where ∆φ and ∆η are the φ and η differences between the track and the cluster, respectively. We could confidently associate a track to a cluster if ∆D is smaller than 0.1. The tracking of the outgoing hadron beam was unavailable in the far-forward region in this version of the simulation. To reconstruct the four momenta of the recoiled 4 He, we smeared the truth Geant4 tracks in the B0 spectrometer and in the Roman Pots with the momentum resolution from reference. [START_REF]EIC Comprehensive Chromodynamics Experiment Collaboration Detector Proposal[END_REF]. In this analysis, 51600 out of 300000 coherent DVCS events pass the selection cuts, namely, 17.2% of coherent DVCS events.

In the 18x110 GeV 2 configuration, the η distribution of the final state leptons is between -4.0 to -1.0, and the polar angle of the recoiled 4 He is defined as the angle between the recoiled 4 He and the initial 4 He beam in equation 5.2, which is between 0.4 and 6.5 mrad. Figure 5.3a and 5.4a show the truth and reconstructed information of the final particle versus η and the polar angle.

The acceptance is defined as the number of counts reconstructed in a bin divided by the number of events generated in the bin. Figure 5.3b and 5.4b show the acceptance of final particles versus η and the polar angle. The dotted lines and dashed lines in figure 5.3b indicate the coverage of the EEMC and BEMC, respectively. We can find that the acceptance of leptons has a quick drop between the BEMC and EEMC (-1.8 < η < -1.4) as both calorimeters have limited coverage. This can be observed in figure 5.2. The dashed line in figure 5.4b indicates the 10σ h,v cut for the Roman Pots. The acceptance of the Roman Pots at small angles limits acceptance of the different kinematic variables.

The coherent DVCS kinematic variables, Q 2 , x B , t, and φ can be calculated from the four-momenta of the final state particles as shown in chapter 1. The incoming and scattered electrons determine the Q 2 and x B values. The variable t is reconstructed from the incoming and recoil 4 He. The reconstruction φ needs both scattered electron and photon information. Figure 5.5 shows the truth and the reconstructed values of the kinematic variables. The acceptance of the kinematic variables is shown in figure 5.6. In principle, the central tracker has sufficient acceptance to cover all scattered electrons from coherent DVCS, and the kinematic variable Q 2 and x B can be reconstructed solely from the electron information. However, in the real scenario, to tag the coherent DVCS exclusively and reconstruct all its kinematic variables, we need the coincidence detection of the photon and the recoiled proton, so the gap between the EEMC and the BEMC and the 10σ h,v cut on the Roman Pots cause the main drop in acceptance.

Detector performance and cross section as a function of t

The detection of the electron, the photon, and the proton/ion provides the exclusivity of the coherent DVCS channel. The recoiled proton/ion is very hard to measure and usually missing in many experiments. The missing mass is an important way to tag the DVCS process. Thanks to the configuration of ePIC, the B0 spectrometer and the Roman Pots will provide the measurements on the DVCS recoiled proton/ion in the far-forward region. The missing mass of the coherent DVCS process can be defined as: P e + P 4 He -P e ′ -P photon -P 4 He (5.4) where P e and P 4 He are the four-momenta of the incoming electron and the ion and P e ′ , P photon , and P 4 He are the four-momenta of the scattering electron, the emitted photon, and the recoiled ion. The missing mass distribution will be centered at zero when detecting an electron, a photon, and a recoiled proton/ion. Figure 5.7 shows the missing mass distribution in this simulation.

Other key plots for this reaction are the resolution in the DVCS kinematic variables. One can calculate the difference between the truth and reconstructed kinematic variables for each bin and fit the distribution with the Gaussian function. The resolution of the kinematic variable in each bin is the width of the Gaussian function. Finally, the 4-fold differential cross section of the coherent DVCS process can be obtained from the experiment as follows:

d 4 σ dQ 2 dx B dtdφ = 1 L • Acc bin • ∆Ω (N ± √ N ) (5.5)
where L is the integrated luminosity, 9.7073 × 10 -5 fb -1 for one million events and Acc bin is the acceptance of the bin shown previously. The variable ∆Ω is the multi-dimensional bin size defined as: The bin size in Q 2 is chosen between 4.0 to 4.35 GeV 2 and x B is chosen between 6.2 × 10 -4 to 7 × 10 -4 . This is to avoid integrating over empty bins as shown in figure 5.9. The bin size in t is from -2.0 to -0.01 GeV 2 , and the variable φ is integrated over 2π. Figure 5.9 shows the cross section of the 18×110 GeV 2 coherent DVCS as a function of t. 

∆Ω = ∆Q 2 ∆x B ∆t∆φ (5.6) 5 - 4 - 3 - 2 - 1 - 0 

Summary

This chapter presented the performance study of the preliminary design of ECCE using the high acceptance beam configurations of 18×110 GeV 2 electron and 4 He coherent DVCS process. The acceptance of the leptons shows a gap between the BEMC and EEMC, which had been improved in the final design of ECCE as shown in figure 5.10. The far-forward detectors, the B0 spectrometer and the Roman Pots, perfectly cover the acceptance of the recoiled hadrons. The resolution of the kinematic variables will allow a good identification of the exclusive channel. The DVCS cross section as function of t indicates that the ECCE configuration can provide the enough statistics over the wide range of t. The simulation study in the ECCE configuration provides a good guideline for improving the detector design, especially the acceptance of the DVCS leptons. 

Conclusion

Generalized Parton Distributions provide a wealth of information and have become a powerful tool for studying hadron structure. A recent outstanding success was the ability to perform a preliminary threedimensional tomography of the nucleon for the first time. Deeply Virtual Compton Scattering is the golden channel to access GPDs. Out of all the deeply exclusive processes from which GPDs can be extracted, the DVCS final state is the simplest and thus its cross section offers the least difficult interpretation in terms of GPDs. Nevertheless, DVCS measurements are not easy. The exclusive selection of all final state particles and a small cross section make DVCS measurements challenging. The development of high luminosity and high acceptance detectors allows physicists to overcome the difficulties of DVCS measurements.

The EIC will be a significant milestone in nuclear physics. The outstanding performance of the accelerator will provide eA collisions at a center-of-mass energy between 20 to 140 GeV, while its luminosity will reach 10 34 cm -2 s -1 . The highly polarized electron and hadron beams will enable beam asymmetry measurements to access GPDs. One of the physics goals of EIC is to provide full coverage and precise measurements of the DVCS process. The ePIC detector will be built at the six-clock position of the EIC. The central detector region provides the acceptance at |η| < 4.0 with full azimuth coverage. The new design of a solenoid magnet will provide a uniform magnetic field up to 2 T with a magnetic field at the edge down to 10 Gauss. The backward end-cap homogeneous ECAL (NEEMC) will provide precise energy measurements up to 20 GeV. The NEEMC is also the critical detector for the DVCS process as it will detect most of the scattered electrons and a large fraction of the photons.

This thesis described one of my contributions, dedicated to the R&D of the NEEMC, especially the characterization of the crystals and the implementation of its geometry in the simulation. High-density lead tungsten crystals with a size of 2×2×20 cm 3 will be used in the NEEMC. The optical sensors used will be the SiPMs S14160-6015PS from HAMAMATSU for their high dynamic range. Crystals will be produced by CRY-TUR. Crystals specifications were decided based on long-term studies and experience from other experiments, such us CMS and PANDA. The transparency of PWO-II crystals is required to have a transmittance higher than 70% at 620 nm, higher than 60% at 420 nm, and higher than 35% at 360 nm. The ten crystals produced by CRYTUR that we tested passed these criteria. We measured their optical transmittance with a commercial light spectrometer. The crystals also showed good radiation hardness after an exposure to 30 Gy of radiation, which is the annual dose expected at EIC for the NEEMC. Most crystals lost less than 20% transparency after a dose of 30 Gy, meeting the requirement of EIC. Blue light exposure can easily cure the radiation damage generated by 30 Gy of dose. Also, an extreme radiation damage test at 10000 Gy was performed. The 10000 Gy radiation damage on the crystals can be recovered by heating crystals up to 250 o C, which proves the high quality of the PWO-II from the CRYTUR. I also quantified the average light yield of the PWO-II crystals. The ten crystals have a uniform light yield of about 30 p.e./MeV, providing sufficient light yield to minimize fluctuations in the energy measurements.

I implemented the geometry of the NEEMC in the dd4hep simulation. Near 3000 lead tungsten crystals were constructed inside the 12-side polygon supporting structure. The supporting structure between modules is carbon fiber with 0.4 mm thickness. The distance between the interaction point and the front face of the NEEMC is 174 cm. The outer radius of the NEEMC is 63 cm, and the average inner radius is around 5 cm. The island clustering algorithm was implemented in the simulation. It aggregates the modules with energy larger than a threshold and regroups crystals around a local energy maximum. The simulated energy resolution using a particle gun shows that the stochastic term and constant term are 1.8% and 1.2%, respectively. The spatial resolution of NEEMC varies from 5% to 15% of the crystal size depending on the particle incident angle. The spatial resolution is barely depending on the energy of the incident particle for energies greater than 5 GeV. Another important performance of the NEEMC is the charged pion rejection and the capability for two-photon separation. The pion rejection was determined by cutting on the energy over the momentum of particles. Different values of this cut (1.0 -2.4) were studied. The pion rejection of the NEEMC can reach up to 10 3 with an electron efficiency > 85% when the particle energy is larger than 1 GeV. The efficiency to identify π 0 decays can be defined as the probability to identify two local maxima in the electromagnetic showers originated by the decay photons. Results show that efficiency is nearly 100% for π 0 energies smaller than 10 GeV, while the efficiency drops to 30% at 20 GeV.

The Roman Pots are another critical detector system for DVCS measurements. My work focused on the R&D of the Roman Pots readout. My contribution was first dedicated to the electronic characterization of ALTIROC, which has 25 channels with two types of preamplifiers (VPA and TZ). The signal of each channel is measured by two TDCs for time and charge measurements. The eight selected channels (4 VPA + 4 TZ) of ALTIROC were wire bonded to a 3×3 pixelated AC-LGAD. The pixel width of the AC-LGAD is 1 mm. The cross-talk between the adjacent channels is about 10%, caused by the sensor reflected signal through the wire bond. A series of the TDC measurements show that ALTIROC can be a template for the dedicated EICROC chip. The jitter of both preamplifiers is about 20 ps, and the time-walk effect is mild for injected charges larger than 12 pF. Furthermore, the beta source measurements quantified the signal sharing of the 3×3 pixels of AC-LGADs (∼ 20%).

The future EICROC chip will use one ADC and one TDC, so I also performed a simulation study to investigate the optimal ADC resolution for EICROC and a pixelated AC-LGAD. The simulation model of the pixelated AC-LGAD uses a uniform set of resistors connected to each channel to simulate the charge sharing in the n-type layer. Different resistor values from 100 to 10 kΩ were studied. The charge deposition is smeared with a Landau distribution, and a Gaussian distribution was applied to simulate the white noise caused by heat. Different ADC resolutions from 4 bits to 12 bits were simulated and the dynamic range of the electronics was fixed to 0.5 V. The simulation results show no significant changes in the spatial resolution when the ADC resolution is 8, 10, or 12 bits. A 8-bit ADC was decided to be used in EICROC as it has a smaller size and power consumption than the 10-bit and 12-bit ADCs. The prototype of EICROC was submitted in May 2022, and ten test boards are under test.

ECCE is one of the full detector proposals for EIC. Using the global geometry of ECCE I studied the detector performance for the DVCS process. A new DVCS generator, called TOPEG, was used to generate the high acceptance beam configurations of 18×110 GeV 2 electron and 4 He. The final state leptons were reconstructed by the barrel and backward endcap ECAL. The final state 4 He's were reconstructed by the Roman Pots. The acceptance study shows a -1.8 < η < -1.4 gap between the BEMC and EEMC. A 10σ x,y geometry cut was applied on the Roman Pots, so the acceptance of the Roman Pots quickly drops to zero when the polar angle of the recoiled 4 He is smaller than 2 mrad. The resolution of the detectors is sufficient to provide a good reconstruction of kinematic variables. This primary ECCE simulation study suggested to extend the acceptance of BEMC longitudinally to avoid the acceptance gap between the barrel and the endcap calorimeters, something that later the collaboration decided to do. The acceptance of the Roman Pots is still challenging. The acceptance of Roman Pots would increase rapidly as the sensors get closer to the beam, but the background originated by the beam gas would also increase. The ECCE proposal was published in 2022. In 2023, the overall design of ePIC was finalized by merging two full detector proposals (ECCE and ATHENA) after a series of intensive simulation studies.

Outlook: A NEEMC prototype is under construction. It will consist of an array of 5×5 modules. Each module will be a single PWO-II crystal mounted with a PMT or a 2×2 array of S14160-6015PS SiPM in order to characterize the light yield and the noise. This will provide important information for the design of the NEEMC readout electronics. A test beam will be perform to study the energy and spatial resolution and compare them with ones from simulation. The characterization of the anticipated SiPM will be performed. The linearity, dark count rate, and dynamic range of the SiPM will be quantified. The optical simulation will be implemented and optimized. A more sophisticated clustering algorithm is being studied to improve pion suppression and two-photon separation in the NEEMC. The clustering algorithm will use the cluster shape in order to better identify the particles.

The first batch of EICROC0 was received and debugged. Ten EICROC0 were mounted on test boards. The measurements of the electronic noise and linearity of EICROC0 are ongoing. A more sophisticated electronic simulation of the AC-LGAD will be perform. A detailed structure of the pixelated AC-LGAD will be constructed in the simulation. Finally, an IR laser test-bench for the AC-LGAD will be built for charge sharing and spatial resolution measurements.

The full simulation campaign of the final design of the ePIC detector is ongoing. Single particles (electrons and photons) with different energies will be studied. Also, the DVCS process in high acceptance and high divergence configurations will be simulated. The goal will be to fine tune the geometry and the algorithms to recontruct the kinematic variables of the different physics processes. 107 Chapter 7

Résumé en Français

Les distributions de Partons généralisées (GPD) fournissent une mine d'informations et sont devenues un outil puissant pour étudier la structure des hadrons. Un récent succès remarquable a été la possibilité de réaliser pour la première fois une tomographie tridimensionnelle préliminaire du nucléon. Deeply Virtual Compton Scattering (DVCS) est le canal privilégié pour accéder aux GPD, comme le montre la figure 7.1. Parmi tous les processus profondément exclusifs à partir desquels les GPD peuvent être extraites, l'état final du DVCS est le plus simple et sa section efficace offre donc l'interprétation la moins difficile en termes de GPD. Néanmoins, les mesures du DVCS ne sont pas faciles. La sélection exclusive de toutes les particules de l'état final et sa petite section efficace rendent les mesures difficiles. Le développement de détecteurs à haute luminosité et à haute acceptance permet aux physiciens de surmonter les difficultés des mesures du DVCS. Cette thèse décrit une de mes contributions, dédiée à la R&D du NEEMC, notamment la caractérisation des cristaux et la mise en oeuvre de sa géométrie dans la simulation. Des cristaux de tungstène au plomb à haute densité d'une taille de 2×2×20 cm 3 seront utilisés dans le NEEMC. Les capteurs optiques seront les SiPM S14160-6015PS de HAMAMATSU en raison de leur plage dynamique élevée. Les cristaux seront produits par CRYTUR. Le cahier de charge des cristaux à été décidé sur la base d'études de long terme et l'expérience d'autres détecteurs, tels que CMS et PANDA. La transparence des cristaux PWO-II doit avoir une transmission supérieure à 70% à 620 nm, supérieure à 60% à 420 nm et supérieure à 35% à 360 nm. Les dix cristaux produits par CRYTUR que nous avons testés ont répondu à ces critères. Nous avons mesuré leur transmission optique avec un spectromètre de lumière. La figure ?? montre les résultats de l'analyse de la transmission de tous les cristaux. Les cristaux ont également montré une bonne dureté aux radiations après exposition à 30 Gy, la dose annuelle attendue à l'EIC pour le NEEMC. La plupart des cristaux ont perdu moins de 20% de transparence après une dose de 30 Gy, répondant ainsi aux exigences de l'EIC. L'exposition à la lumière bleue peut facilement guérir les dommages causés par les radiations générés par une dose de 30 Gy. En outre, un test de dommages causés par les radiations extrêmes à 10 kGy a été réalisé. Les dommages causés par les radiations de 10 000 Gy sur les cristaux peuvent être récupérés en chauffant les cristaux jusqu'à 250 o C, ce qui prouve la haute qualité du PWO-II du CRYTUR. J'ai également quantifié le rendement lumineux moyen des cristaux PWO-II. Les dix cristaux ont un rendement lumineux uniforme d'environ 30 p.e./MeV, comme le montre la figure ??, fournissant un rendement lumineux suffisant pour minimiser les fluctuations des mesures d'énergie (le terme stochastique de la résolution en énergie est d'environ 1% pour un dépôt d'énergie de 1 GeV). J'ai implémenté la géométrie du NEEMC dans la simulation dd4hep. Près de 3000 cristaux de plomb et de tungstène ont été construits à l'intérieur de la structure support à 12 faces, comme le montre la figure 7.3a. La structure porteuse entre les modules est en fibre de carbone de 0,4 mm d'épaisseur. La distance entre le point d'interaction et la face avant du NEEMC est de 174 cm. Le rayon extérieur du NEEMC est de 63 cm et le rayon intérieur moyen est d'environ 5 cm. L'algorithme de clustering d'îles a été implémenté dans la simulation. Il agrège les modules dont l'énergie est supérieure à un seuil et divise les clusters en fonction de leur distribution des maxima locaux. Un canon à particules effectue l'étude de la résolution en énergie. La figure 7.3b montre que le terme stochastique et le terme constant de la résolution en énergie sont respectivement de 1,8% et 1,2%. La résolution spatiale du NEEMC varie de 5% à 15% de la taille du cristal en fonction de l'angle d'incidence des particules. La résolution spatiale ne dépend pratiquement pas de l'énergie de la particule incidente pour des énergies supérieures à 5 GeV. Une autre performance importante du NEEMC est le rejet des pions chargés et la capacité de séparation de deux photons. Le rejet des pions a été déterminé en jouant sur le rapport entre l'énegie et l'impulsion des particules (E/p). Différentes valeurs de cette coupure (1,0 à 2,4) ont été étudiées. Le rejet des pions du NEEMC peut atteindre jusqu'à 10 3 avec une efficacité de détection des électrons > 85% lorsque l'énergie des particules est supérieure à 1 GeV. L'efficacité d'identification des désintégrations π 0 peut être définie comme la probabilité d'identifier deux maxima locaux dans les gerbes électromagnétiques générées par les photons de désintégration. Les résultats montrent que l'efficacité est proche de 100% pour les énergies de π 0 inférieures à 10 GeV, tandis que l'efficacité chute à 30% pour des pions de 20 GeV. Les Roman Pots sont un autre système de détection essentiel pour les mesures du DVCS. Mes travaux se sont concentrés sur la R&D de la lecture des Roman Pots. Mes contributions ont d'abord été consacrées à la caractérisation électronique d'ALTIROC v1, qui dispose de 25 voies avec deux types de préamplificateurs (VPA et TZ). Deux TDC (convertisseurs numérique de temps) mesurent le temps d'arrivée et la charge de chaque canal. Les huit canaux sélectionnés (4 VPA + 4 TZ) d'ALTIROC ont été reliés par fil à un AC-LGAD pixelisé 3x3. La largeur des pixels de l'AC-LGAD est de 1 mm. La diaphonie électronique entre les canaux adjacents est d'environ 10% pour les préamplificateurs TZ et 20% pour les préamplificateurs VPA, provoquée par le signal réfléchi par le capteur à travers le fil de liaison. Compte tenu de la diaphonie électronique, le partage de charge des capteurs 3x3 AC-LGAD à partir des mesures avec une source bêta est d'environ 20%, comme le montre la figure 7.4a. Une série de mesures des TDC montre qu'ALTIROC peut servir de modèle pour la puce dédiée EICROC. La gigue des deux préamplificateurs est d'environ 20 ps et l'effet de marche temporelle est léger pour les charges injectées supérieures à 12 pF. De plus, les mesures de la source bêta ont quantifié le partage du signal des 3x3 pixels des AC-LGAD (∼ 20%). La future puce EICROC utilisera un ADC (Convertisseur Analogique Numérique) et un TDC. J'ai réalisé une étude de simulation pour étudier la résolution de ADC optimale pour EICROC et un AC-LGAD pixelisé. Le modèle de simulation de l'AC-LGAD pixélisé utilise un ensemble uniforme de résistances connectées à chaque canal pour simuler le partage de charge dans la couche de type n. Différentes valeurs de résistance allant de 100 Ω à 10 kΩ ont été étudiées. Le dépôt de charge est tiré d'une distribution de Landau et une distribution gaussienne a été appliquée pour simuler le bruit blanc provoqué par la chaleur. Différentes résolutions de l'ADC de 4 bits à 12 bits ont été simulées et la plage dynamique de l'électronique a été fixée à 0,5 V. Les résultats de la simulation dans la figure 7.4b ne montrent aucun changement significatif dans la résolution spatiale lorsque la résolution de l'ADC est de 8, 10 ou 12 bits. Il a été décidé d'utiliser un ADC 8 bits dans EICROC car sa taille et sa consommation d'énergie sont inférieures à celles des ADC 10 bits et 12 bits. Le prototype de l'EICROC a été soumis en mai 2022 et 111 dix cartes test sont en cours d'étude. En 2021, un appel à propositions de détecteurs a été lancé. ECCE est l'une des propositions complètes de détecteurs pour EIC. En utilisant la géométrie globale d'ECCE, j'ai étudié les performances du détecteur pour le processus DVCS. Un nouveau générateur DVCS, appelé TOPEG, a été utilisé pour générer les configurations de faisceaux à haute acceptance de 18×110 GeV 2 d'électrons et de 4 He. Les leptons à l'état final ont été reconstruits par l'ECAL du bouchon arrière. L'état final des 4 He a été reconstruit par les Roman Pots. L'étude d'acceptance montre un écart de -1,8 < η < -1,4 entre le BEMC et l'EEMC. Une coupure géométrique de 10σ x,y a été appliquée sur les Roman Pots, de sorte que l'acceptance tombe rapidement à zéro lorsque l'angle polaire de l' 4 He de recul est plus petit que 2 mrad. La résolution des détecteurs est suffisante pour fournir une bonne reconstruction des variables cinématiques. La section efficace DVCS en fonction de t est illustrée dans la figure 7.5, ce qui indique que la configuration d'ECCE peut fournir des statistiques suffisantes pour une large plage en t. Cette étude primaire de simulation d'ECCE a suggéré d'étendre l'acceptance du BEMC longitudinalement pour éviter l'écart d'acceptance entre le tonneau et le calorimètre du bouchon arrière, ce que la collaboration a décidé plus tard de faire. L'acceptance des Roman Pots reste un défi. L'acceptance des Roman Pots augmenterait rapidement à mesure que les capteurs se rapprochent du faisceau, mais cela doit être fait avec beaucoup de prudence car les capteurs seront endommagés par le faisceau de hadrons lorsque le détecteur est trop proche du faisceau. La proposition finale d'ECCE a été publiée en 2022, comme le montre la figure 7.6. Apres étude de toutes les propositions de détecteurs, ECCE a été sélectionné comme le détecteur de base pour EIC, incorporant plus tard certains concepts de la proposition ATHENA. La nouvelle proposition de détecteur s'appelle ePIC. En 2023, la conception globale d'ePIC a été finalisée après une série d'études de simulation intensives. 
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 12 Figure 1.2: (a) Inclusive deep inelastic scattering, with an electron and hadrons (X) in the final state. (b) Exclusive deep inelastic scattering, with an electron, a photon or a hadron, and a nucleon in the final state.
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 13 Figure 1.3: Cross section results of electron and proton deep inelastic scattering in SLAC. The long dashed line indicates the theoretical cross section of elastic scattering.

Figure 1 . 4 :

 14 Figure 1.4: Structure function of the proton as measured by different experiments, extracted from [8]. Scaling violations are caused by the quarks radiation in the extremely small x region.

Figure 1 . 5 :

 15 Figure 1.5: Leading-twist DVCS diagram, called handbag diagram due to its shape. The DVCS process can be factorized into a hard and soft parts. A quark with momentum x + ξ interacts with a virtual photon and then returns to the nucleon with momentum x -ξ.

Figure 1 . 6 :

 16 Figure 1.6: DVCS kinematic variable φ between the lepton plane and the hadron plane.

Figure 1 . 8 :

 18 Figure 1.8: Leading-twist diagram of (a) coherent DVCS (the target particle remains intact after the interaction) and (b) incoherent DVCS (the nucleons inside the target are kicked out by virtual photon). The symbol A in the diagram indicates the light nuclei.

Figure 1 . 9 :

 19 Figure 1.9: The different colors represent the different phase space for coherent DVCS in EIC [collider configuration]. The beam configuration shown in the figure is in the laboratory frame. When the electron is boosted to the frame where proton is static, the electron beam energy is 1063.84 [black] and 441.89 GeV [red].
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 1 Figure 1.10: [left]: The leading diagram of DVCS with electron, photon and proton in the final state. [middle and right] The diagram of BH process show the electron emits a photon during the scattering. Both processes have the same initial and final state particles. Figures are extracted from[16].

  Figure 1.10: [left]: The leading diagram of DVCS with electron, photon and proton in the final state. [middle and right] The diagram of BH process show the electron emits a photon during the scattering. Both processes have the same initial and final state particles. Figures are extracted from[16].

Figure 1 .

 1 Figure 1.11: (a) The upper figure shows the DVCS cross section as a function of Q 2 at W = 82 GeV and the lower figure shows the cross section as function of W at Q 2 = 8 GeV 2 . The results from the previous H1 and ZEUS publications based on HERA I data are also displayed. (b) The upper figure shows the DVCS cross section, differential in t, for three values of Q 2 expressed at W = 82 GeV and the lower figure is for three values of W at Q 2 = 10 GeV 2 . The solid lines in the figures represent the results of fits of the form e -b|t| .

Figure 1 . 12 :

 112 Figure 1.12: Results from COMPASS and previous measurements by H1 and ZEUS with different kinematic range on the t-slope parameter B [25].

Figure 1 .

 1 Figure 1.13: (a) Kinematic regions in EIC for different beam energy configurations in ep collisions, along with other DIS experimental data. (b) Kinematic regions in EIC for different beam energies of eA collisions, along with other DIS experimental data.

Figure 2 . 2 :

 22 Figure 2.2: The crab cavities rotate the electron and ion beam before the collision to achieve a complete overlap of both beams (purple ellipse). Then, the crab cavities rotate the electron and hadron beams back to their original orientations. The crossing angle of 25 mrad shown here is exaggerated for visual clarity.

Figure 2 . 3 :

 23 Figure 2.3: The basic Geant4 call graph for a complete simulation. The particle ID and particle position can be extracted at the tracking stage. The physics quantities like hits position, energy deposition, and digitization can be performed in the step stage.

Figure 2 .

 2 Figure 2.4 shows the component of the DD4hep toolkit.Combining the existing tools, ROOT and Geant4, and describing the detector geometry in a markup language can modulize the subsystem and give an organized geometry interface. Meanwhile, DD4hep offers useful tools such as material scans and geometry overlap checks for developing the detector. The material scan will calculate the total radiation length between two specific points. The geometry overlap check allows one to scan a specific geometry with a given tolerance. An event display is also available in DD4hep. All these features make DD4hep suitable for the long-term development of the EIC.

Figure 2 . 4 :

 24 Figure 2.4: DD4hep includes the geometry features from ROOT and Geant. It also provides the flexibility for other extensions to provide complete simulation frameworks.

• a :

 a The scattered electron, • b: Particles associated with the initial state ion, and • c: Particles associated with the struck parton.
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 25 Figure 2.5: EICRecon: the oval at the top is the JEventProcessor making the initial request for objects. The rectangles in the middle represent algorithms. The green trapezoid at the bottom is the object read from the input file.

Figure 2 . 6 :

 26 Figure 2.6: Cross section view of the central region detectors in the simulation. The η and φ coverage are from -4 to 4 and 0 to 2π, respectively. The global coordinate is defined at the bottom right corner. The electron-going direction (-Z) is backwards, and the proton/ion-going direction (+Z) is forward.

  ePIC chose the hybrid setup (gaseous + silicon detectors) for the central tracking system shown in figure2.7. The tracking systems provide the tracking momentum measurements and distance of closest approach in the |η| < 3.5 region with full azimuth coverage. The ePIC tracking detector consists of MAPS (Monolithic Active Pixel Sensor) based silicon vertex/tracking subsystems in the barrel and both endcap regions. The gaseous Micromegas tracking subsystem is located in the barrel region.

Figure 2 . 7 :

 27 Figure 2.7: Simulation view of the central tracking detectors. The backward and forward disks are the silicon trackers. The cylindrical micromegas are inside the barrel time projection chamber. The service cones and cylinders (purple) are the supporting structures for the tracking systems.

Figure 2 . 8 :

 28 Figure 2.8: Collisions of 18 GeV electrons and 275 GeV protons: yields of DIS electron (upper figures) and SIDIS charged pion (lower figures) in different kinematic regions.

Figure 2 . 10 :

 210 Figure 2.10: Calculated momentum spectra of particles in e + p 18×275 GeV 2 collisions. Left: DIS e-from PYTHIA; Center: DVCS γ from MILOU; Right: π 0 from PYTHIA.

Figure 2 . 11 :

 211 Figure 2.11: Jets simulation of 20 GeV electron colliding with 100 GeV protons in Pythia. Polar plots of the kinematic distributions of the particles from jets produced in DIS (in gray) and of the scattered electrons (in blue) for two kinematic ranges [41].

Figure 2 . 12 :

 212 Figure 2.12: Simulation view of the calorimeter systems in the central detector.

Figure 2 .

 2 Figure 2.13: Left: generated particles from BEAGLE (black) and the acceptance of the Off-Momentum detectors (red). Center: generated neutrons (black) and the acceptance of the ZDC (green). Right: protons from MILOU (black) and the acceptance of the Roman Pots (red) and the B0 spectrometer (blue).

Figure 2 .

 2 Figure 2.14: Left: the far-forward region is marked by the red circle. Right: cross section view of the far-forward detectors and the optic systems (the green cylinders) in the simulation. The Roman Pots and Off-Momentum detectors are in the enclosure.

Figure 2 .

 2 Figure 2.15: Left: simulation view of the B0 spectrometer. Right: simulation view of the Off-Momentum detectors, Roman Pots, and the ZDC.

Figure 2 . 16 :

 216 Figure 2.16: Current design of ZDC [44]. The tracker and electromagnetic calorimeters are placed at the front of ZDC to generate the electromagnetic showers. The hadron calorimeter is placed at the back to measure the hadronic showers.

Figure 2 . 17 :

 217 Figure 2.17: Layout of the far-backward region. The green trapezoids are lattice dipoles for the electron beam.Leptons from bremsstrahlung or low-Q 2 processes after each bunch crossing will go to the -Z direction.

Figure 2 . 18 :

 218 Figure 2.18: Schematic of the luminosity detector in the far-backward region. The converted electron-positron pairs will be split by the dipole magnet and go the spectrometers. The non-converted bremsstrahlung photon will go the calorimeter.
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 31 Figure 3.1: Calculated momentum spectra of particles in e + p 18 × 275 GeV 2 collisions. Left: DIS e-from PYTHIA; Center: DVCS γ from MILOU; Right: Neutral pions from PYTHIA [36].

Figure 3 . 2 :

 32 Figure 3.2: Calculated momentum spectra of DIS electrons, photons and pions in e + p 18 × 275 GeV 2 collisions [36].

Figure 3 . 3 :

 33 Figure 3.3: Schematics of the mechanical design of the NEEMCt, including the crystal modules, 12-side outer supporting frame, elliptical shape inner supporting frame, and the beam pipe. The cabling holes on the outer supporting frame are for the cabling of the systems in front of the NEEMC.
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Figure 3 .

 3 [START_REF] Bezginov | A measurement of the atomic hydrogen Lamb shift and the proton charge radius[END_REF] shows the setup of the measurements. The crystals were uniformly placed 15 cm (for 10000 Gy) or 55 cm (for 30 Gy) from the60 Co source. The exposure time for the irradiation dose of 10000 Gy and 30 Gy is 12 hours and 0.5 hours, respectively. We could also compare the radiation hardness of different crystals after exposure by the naked eye, as shown in figure3.6. The color change in the crystals comes from the radiation-induced color centers formed, which reduce the light attenuation length and thus the light output[START_REF] Yuan | Radiation Damage in Scintillating Crystals[END_REF].

Figure 3 . 6 :

 36 Figure 3.6: Setup for the 10000 Gy irradiation measurement: 10 crystals were divided into 3 piles with 3, 4, and 3 crystals in each pile and placed around the 60 Co source at an equal distance of 15 cm. The setup for the 30 Gy irradiation measurement is similar, but the distance between the crystals and the source was 55 cm. The picture on the right shows the comparison before and after 10000 Gy irradiation. The top crystal is a reference and was not irradiated; the bottom left and right are the most / least radiation hard crystals.

Figure 3 . 7 :

 37 Figure 3.7: Black dots show the transmittance results the crystal before irradiation. The red and blue dots are the transmittance of the same crystal measured after 30 and 10000 Gy, respectively. The crosses indicate the transmittance requirement of the lead tungsten crystals. The plot on the right shows the dk of the crystal after 30 (red) and 10000 (black) Gy with the dotted line indicating the requirement of dk < 1.1 m -1 .

Figure 3 . 8 :

 38 Figure 3.8: Left: crystal bleaching with blue light. Right: all crystals placed in the environmental chamber for heating.

Figure 3 . 9 :

 39 Figure 3.9: Green, red, and black circles in the three plots represent the crystal transparency before irradiation, after irradiation, and after healing by blue light or heating, respectively. The left and center plots show the 2 and 24 hours healing results by exposing the crystal irradiated with 30 Gy to blue light. The right plot shows the curing result by heating the crystal, irradiated with 10000 Gy, up to 250 • C for 3 hours.

Figure 3 .

 3 Figure 3.10: Top: setup for PMT calibration. The optical fiber guided the LED light pulse to the PMT window.The end of the optical fiber is fixed on the PMT window with optical glue. Bottom: setup for the light yield measurements of a crystal. The crystal was wrapped with a VM2000 reflector, which can reach 99.5% reflection by its multi-layer structure. The crystal was attached to the PMT window with optical grease to avoid refraction between the two different media. A radiation source was placed on the other end of the crystal.

Figure 3 .

 3 Figure 3.11: Left: photo-electron spectrum of the PMT. The first peak is the pedestal. The second and third peaks are the single and two p.e. signals, respectively. The distance between the peaks is equivalent. Right: light yield of the crystals using the radioactive source 137 Cs and a Gaussian fit.

Figure 3 . 12 :

 312 Figure 3.12: Light yield (p.e./MeV) of ten crystals with different radioactive sources. The average light yield is around 30 p.e./MeV. The light yield measurements from 22 Na [1.275 MeV] are lower than the other two. This effect might be caused by the fitting procedure, as presented in the appendix B.

Figure 3 . 13 :

 313 Figure 3.13: Schematic layout of the crystal modules implemented in the dd4hep simulation. The figure on the left is not to scale. The figure on the right shows the view of a single module in the simulation. The purple part is the carbon fiber, the brown color is air and the green part is the crystal.

Figure 3 . 14 :

 314 Figure 3.14: Front face of the NEEMC in the simulation. The number of modules along x and y is 27 and 28, respectively. The number of modules along the 45 • line is equivalent to 27. The plot on the right shows the event display of a 20 GeV gamma on the NEEMC.

Figure 3 . 15 :

 315 Figure 3.15: Corrected cluster position (X j corr ) due to the depth (a) of the shower.
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 33163 Figure 3.16: Energy distribution (blue) of 20 GeV photons in the NEEMC with a Gaussian (red long dashed line) and Crystal ball (black dashed line) fits. The energy resolution of different bins are in the right figure, fit with energy resolution equation 3.1.

Figure 3 . 18 :

 318 Figure 3.18: E/p distributions of electrons and pions. The momenta of the charged pions and electrons are 0.5, 2, 10 GeV from left to right. The value of c for the E/p cut is 1.6.

Figure 3 . 19 :

 319 Figure 3.19: Pion rejection as a function of the electron efficiency for different energies from 0.5 to 20 GeV. A series of points with the same color correspond to different E/p cuts.

Figure 3 .

 3 Figure 3.20: π 0 decay in the COM and lab frames. The arrow lengths in the lab frame are not scaled.

Figure 3 . 21 :

 321 Figure 3.21: Two-photon separation efficiency of the NEEMC versus the π 0 momentum.
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 41 Figure 4.1: Distribution of p T (top) and polar angle (bottom) acceptance for three different beam energy configurations: 18×275 GeV 2 (left), 10×100 GeV 2 (center), and 5×41 GeV 2 (right). The black lines in each plot represent the MC information from MILOU, the red lines are the particles detected in the Roman Pots, and the blue lines are the particles detected in the B0 sensors. Figures are from the YR [36].

Figure 4 . 2 :

 42 Figure 4.2: Hit map of recoiled protons incident on the first Roman Pots sensor plane. The top row is for the 18×275 GeV 2 beam energy configuration, with the left and right plots being the high acceptance and high divergence optics configurations, respectively. The bottom row is for the 10×100 GeV 2 beam energy configuration. The high acceptance beam configuration has a smaller 10σ x,y region than the high divergence beam configuration. Figures are from YR[36].

  Figure 4.2: Hit map of recoiled protons incident on the first Roman Pots sensor plane. The top row is for the 18×275 GeV 2 beam energy configuration, with the left and right plots being the high acceptance and high divergence optics configurations, respectively. The bottom row is for the 10×100 GeV 2 beam energy configuration. The high acceptance beam configuration has a smaller 10σ x,y region than the high divergence beam configuration. Figures are from YR[36].

Far-forward 6 Table 4 . 1 :

 641 detector (x,z) Position [m] (x,y,z) Dimensions [cm] θ coverage [mRad] Roman Pots [2 stations] (0.85, 26.0), (0.94, 28.0) (25.0, 10.0, N/A) 10 σ x,y < θ < Basic geometrical parameters of the Roman Pots. Dimensions means the size of the detection layer. The theta coverage is relative to the hadron beamline.

Figure 4 . 3 :

 43 Figure 4.3: Top-left: schematic setup of the Roman Pots (red boxes). The whole detector is inside the beampipe (blue tube). Bottom-left: design of each layer. Top-right: arrangements of the modules of the top layer. A slight overlap between modules guarantees a full acceptance coverage. Bottom-right: size of each module, which has sensors on one side and a readout chip (ASIC) on the other. Each module thickness would be a few millimeters in order to reduce the material budget.
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 44 Figure 4.4: Schematics of DC-LGADs (top) and AC-LGAD (bottom) [54]. No segmentation among the n-type layer and less JTE in AC-LGADs highly increase their acceptance.

Figure 4 . 5 :

 45 Figure 4.5: Different pitch size of AC-LGADs on a wafer.

  Figure 4.6 show the diagram of the data acquisition of a single channel in ALTIROC.

Figure 4 . 6 :

 46 Figure 4.6: Data flow chart of the front-end readout (1 channel) in ALTIROC.

  Figure 4.7 shows the simplified schematic view of both preamplifiers.

Figure 4 . 7 :

 47 Figure 4.7: Simplified configuration of a transimpedance [left] and a voltage sensitive [right] preamplifier.

Figure 4 . 8 :

 48 Figure 4.8: Schematics of TOA data flow. The position of the window is tunable through slow control parameters to account for any time drifts.
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 49 Figure 4.9: Microscopic view of 16-channels of EICROC before wire-bonding.
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 2 Injected position [ratio]: 0 Injected position [ratio]: 0Reconstructed positions for different positions of the injected charge and different resistance values.

Figure 4 . 10 :

 410 Figure 4.10: Electronic model of AC-LGADs with preamplifiers. The charge sharing among the n-type layer can be approximated as a series of uniform resistors [54].
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 41143 Figure 4.11: Layout of a single pad. The charge is injected between pixels 14 and 15, which are marked by the red rectangle. Each pixel [x,y] position is labeled at the bottom and the left of the layout.

Figure 4 .

 4 Figure 4.16: (Top) Superposition of the reconstructed position for different ratios. Each spike corresponds to each ratio in the 100 Ω case. The lower five plots show the distribution after correction. The x-axis in each plot is ∆x = x reconstructed -x injected , and the y-axis is the number of events.

Figure 4 .

 4 Figure 4.17: (a) Position resolution as a function of the ADC resolution and the different resistor cases. There is no significant difference in position resolution between 8, 10, and 12 bits. (b) Position resolution as a function of ADC resolution when a 1 fC threshold is applied. The 1 fC threshold in the 1 kΩ case kills parts of the sharing, making it have the worse position resolution.

Figure 4 .

 4 Figure 4.18: Top: Test board, interface board and PCI cable from left to right. Bottom left: Zoom of the AC-LGAD sensor wire-bonded to ALTIROC. The channel mapping of the wire bonding is presented in the table. Bottom right: IV curves measured at IJCLab and BNL. The dashed line indicates the high voltage used for all the subsequent measurements.

Figure 4 . 19 :

 419 Figure 4.19: Waveforms of amplified signals from VPA and TZ channels under different charge injections. The unit of Q in the legend is in DAC values. The coupling of the common pulse causes the inverse spike at 15 ns.

Figure 4 . 20 :

 420 Figure 4.20: 2D map of cross-talk through the wire bond. The yellow pad in each sub-figure represents the injected channel.

Figure 4 . 21 :

 421 Figure 4.21: Threshold scan for one channel. The y-axis is the number of hits. The dotted line indicates the falling edge from the error function fit, which is the optimized threshold value for the noise.

Figure 4 .

 4 Figure 4.22: Left: Delay scan of the TOA of one channel. Right: Delay scan of the TOT of one channel. The slope of the fit in both figures gives the LSB of the TDC.

5 :

 5 The amplitude attenuates along one column under the same charge injection.After correcting for the attenuation effect under the given charge injection, we could calculate the parasitic capacitance value from figure4.[START_REF] Akhunzyanov | Transverse extension of partons in the proton probed in the sea-quark range by measuring the DVCS cross section[END_REF]. The parasitic capacitance of 4 channels is shown in table 4.6 ch01 5.38 DAC-unit 3.19 pF ch02 6.03 DAC-unit 3.51 pF ch06 7.29 DAC-unit 4.15 pF ch07 5.93 DAC-unit 3.47 pF Table 4.6: Parasitic capacitance value of 4 VPA channels.
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 425 Figure 4.25: Inverse of the amplitude versus the capacitance value.

Figure 4 . 26 :

 426 Figure 4.26: Setup of AC-LGAD charge sharing measurements with a 90 Sr source. The test board is placed inside a dark box and the 90 Sr source is placed above the AC-LGAD sensor.
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 51 Figure 5.1: The flow chart of the TOPEG. The Foam generator will generate the event based on the crosssection distribution and the input parameters.

Figure 5 . 2 :

 52 Figure 5.2: Mechanical view of the ECCE central region in the preliminary design. The definition of the coordinate system in the simulation is shown in the bottom-right of the figure. The electron beam goes from the right to the left-hand side and vice versa for the proton/ion beam.
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 414 He beam has 25 mrad crossing angle with electron beam. The four-momenta of the electron and 4 He beam before collision are: P e = [0, 0, -18, 18] unit : GeV (5He = [-2.749, 0, 109.928, 110.025] unit : GeV (5.2)

Figure 5 .

 5 8 shows the resolution of the DVCS kinematic variables. The resolution of the different detectors translate into the resolution of the different kinematic variables: • Q 2 and x B : central tracking systems • t: B0 spectrometer and Roman Pots • φ: central tracking systems, barrel ECAL, and backward end-cap ECAL

Figure 5 . 3 :

 53 Figure 5.3: (a) shows the truth and reconstructed leptons as function of η. The truth photon [red] and electron [blue] are presented in the solid circle and the reconstructed photon [red] and electron [blue] are presented in the empty triangle. (b) shows the acceptance of the leptons as function of η. The red solid circle represent the photon and the blue solid circle represent the electron. The dot lines shown in the figure (a) and (b) indicate the acceptance of EEMC (-3.7 < η < -1.8) and the dashed lines indicate the acceptance of BEMC (-1.4 < η < 1.4). We can find the acceptance of electron and photon drop very quickly in the gap between EEMC and BEMC.
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 5455 Figure 5.4: (a) Truth and reconstructed 4 He as function of the polar angle. The truth 4 He and the reconstructed 4 He are shown by the solid circles and the empty triangles, respectively. The 4 He is reconstructed from the first layer of the B0 spectrometer or by Roman Pots. (b) Acceptance of the 4 He (red solid circles) as function of the polar angle. We can see that the 10σ h,v = 1.8 mrad cut in the high acceptance beam configuration for 110 GeV 4 He removes a big fraction of events.

Figure 5 . 6 :

 56 Figure 5.6: Acceptance of kinematic variables in the 18×110 GeV 2 DVCS configuration. The low acceptance of DVCS kinematic variables is mainly caused by the exclusive cut, which requires the full detection of DVCS particles.

Figure 5 . 7 :

 57 Figure 5.7: The missing mass distribution of the 18×110 GeV 2 coherent DVCS process. The missing mass distribution sits at 0 GeV 2 when an electron, a photon, and a recoiled ion are detected.

Figure 5 . 8 :

 58 Figure 5.8: Resolution of the kinematic variables for the 18×110 GeV 2 coherent DVCS process. The resolution is obtained by fitting the distribution of ∆K with a Gaussian function, bin by bin, with ∆K being the difference between the truth and reconstructed kinematic variables.
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 59 Figure 5.9: (a) Reconstructed Q 2 vs reconstructed x B . The integration region, marked by the red box, is from 4.0 to 4.35 GeV 2 in Q 2 and from 6.2 × 10 -4 to 7 × 10 -4 in x B . (b) Four-fold differential cross section as a function of t for a luminosity of 9.7073 × 10 -5 fb -1 , corresponding to one million events in the 18×110 GeV 2 beam configuration.

Figure 5 .

 5 Figure 5.10: Cross-section view of the final design of the ECCE central region extracted from reference [60]. The red dot lines indicate that the gap between the backward barrel and end-cap ECAL is covered by extending the barrel ECAL with additional modules.
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 71 Figure 7.1: Le diagramme DVCS au leading twist est appelé diagramme du sac à main en raison de sa forme. Un quark d'impulsion x + ξ interagit avec un photon virtuel puis retourne au nucléon avec une impulsion x -ξ. Le processus DVCS est un processus exclusif, car l'électron, le photon et le nucléon dans l'état final sont mesurés. L'EIC constituera une étape importante dans le domaine de la physique nucléaire. Les performances exceptionnelles de l'accélérateur fourniront des collisions électron-ion à une énergie dans le centre de masse comprise entre 20 et 140 GeV, tandis que sa luminosité atteindra 10 34 cm -2 s -1 . Les faisceaux d'électrons et de hadrons hautement polarisés permettront d'accéder aux GPD à travers les mesures d'asymétrie des faisceaux. L'un des objectifs physiques de l'EIC est de fournir une couverture complète et des mesures précises du processus DVCS. Le détecteur EIC sera construit à la position IP6 de l'EIC. La région centrale du détecteur fournit une acceptance |η| < 4,0 avec une couverture complète en azimut. La nouvelle conception d'un aimant solénoïdal fournira un champ magnétique uniforme jusqu'à 2 T avec un champ magnétique au bord autour de 10 Gauss. L'ECAL homogène du bouchon arrière (NEEMC) fournira des mesures d'énergie précises jusqu'à 20 GeV. Le NEEMC est également le détecteur critique pour le processus DVCS car il détectera la plupart des électrons diffusés et une grande partie des photons.Cette thèse décrit une de mes contributions, dédiée à la R&D du NEEMC, notamment la caractérisation des cristaux et la mise en oeuvre de sa géométrie dans la simulation. Des cristaux de tungstène au plomb
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 72 Figure 7.2: (a) Les résultats de l'analyse de transmission des dix cristaux. Les exigences de transmission, illustrées par les croix noires, sont de 70% à 620 nm, 60% à 420 nm et 35% à 360 nm. (b) Rendement lumineux (pe/MeV) de dix cristaux avec différentes sources radioactives. Le rendement lumineux moyen est d'environ 30 pe/MeV.
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 73 Figure 7.3: (a) Face avant du NEEMC dans la simulation. Le nombre de modules le long de x et y est respectivement de 27 et 28. Le nombre de modules le long de la ligne 45 • équivaut à 27. (b) La résolution en énergie du NEEMC issue de l'étude du canon à particules.
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 74 Figure 7.4: (a) Les résultats du partage de charge capteurs AC-LGAD 3x3 à partir des mesures de la source bêta. Le partage de charge est d'environ 20% en considérant le 10% de diaphonie électronique dans les canaux VPA. (b) Résolution en position en fonction de la résolution de l'ADC et des différentes valeurs de résistance. Il n'y a pas de différence significative dans la résolution en position entre 8, 10 et 12 bits.
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 1 Figure B.1: Transmittance scan for all orientation and all crystals.

Figure B. 4 Figure B. 4 :

 44 Figure B.[START_REF] Hofstadter | Electron scattering and nuclear structure[END_REF] shows the double-Gaussian fit of the light yield distribution of22 Na. The second peak of radiation energy 1.275 MeV is much smaller than the first peak. The overlap between these two peaks make the second Gaussian fit less precise.

  

  

  

  

  

  

  

  

  Les résultats de l'analyse de transmission des dix cristaux. Les exigences de transmission, illustrées par les croix noires, sont de 70% à 620 nm, 60% à 420 nm et 35% à 360 nm. (b) Rendement lumineux (pe/MeV) de dix cristaux avec différentes sources radioactives. Le rendement lumineux moyen est d'environ 30 pe/MeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.3 (a) Face avant du NEEMC dans la simulation. Le nombre de modules le long de x et y est respectivement de 27 et 28. Le nombre de modules le long de la ligne 45 • équivaut à 27. (b) La résolution en énergie du NEEMC issue de l'étude du canon à particules. . . . . . . . . . . . . . 7.4 (a) Les résultats du partage de charge capteurs AC-LGAD 3x3 à partir des mesures de la source bêta. Le partage de charge est d'environ 20% en considérant le 10% de diaphonie électronique dans les canaux VPA. (b) Résolution en position en fonction de la résolution de l'ADC et des différentes valeurs de résistance. Il n'y a pas de différence significative dans la résolution en position entre 8, 10 et 12 bits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.5 Section efficace différentielle en fonction de t pour une luminosité de 9, 7073 × 10 -5 fb -1 , correspondant à un million d'événements dans la configuration de faisceau 18×110 GeV 2 . . . . . . 7.6 Vue en coupe de la conception finale de la région centrale d'ECCE, extraite de référence [60]. Les lignes en pointillés rouges indiquent que l'espace entre le tonneau et le bouchon arrière est comblé en prolongeant l'ECAL du tonneau avec des modules supplémentaires. . . . . . . . . . .

7.1 Le diagramme DVCS au leading twist est appelé diagramme du sac à main en raison de sa forme. Un quark d'impulsion x + ξ interagit avec un photon virtuel puis retourne au nucléon avec une impulsion x -ξ. Le processus DVCS est un processus exclusif, car l'électron, le photon et le nucléon dans l'état final sont mesurés. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.2 (a) B.1 Transmittance scan for all orientation and all crystals. . . . . . . . . . . . . . . . . . . . . . . . B.2 Value of dk for all crystals after a 30 Gy irradiation. . . . . . . . . . . . . . . . . . . . . . . . . B.3 Value of dk for all crystals after a 10000 Gy irradiation. . . . . . . . . . . . . . . . . . . . . . . B.4 Double Gaussian fit of the light yield produced by a 22 Na source on a PWO crystal. The widths shown in the legend represent the standard deviation of the first and second Gaussian functions.

Table 2 .

 2 

		p e	p e	p e	p e	p e
	Beam energy [GeV] √ s [GeV]	275 18 140.7	275 10 104.9	100 10 63.2	100 5 44.7	41 5 28.6
		High divergence configuration	
	RMS h/ν[µrad]	150 187 119 152 220 105 206 160 380 129
	RMS ∆p/p[10 -4 ]	6.8 10.9 6.8 5.8	9.7 5.8	9.7 6.8 10.3 6.8
	Luminosity [10 33 cm -2 s -1 ]	1.54	10.00	4.48	3.68	0.44
		High acceptance configuration	
	RMS h/ν[µrad]	65 92	65 84	180 86 180 140 380 129
	RMS ∆p/p[10 -4 ]	6.8 10.9 6.8 5.8	9.7 5.8	9.7 6.8 10.3 6.8
	Luminosity [10 33 cm -2 s -1 ]	0.32	3.14	3.14	2.92	0.44
	e + p	18 275 10 100 5 100	5 41	
	e + d	18 135 10 100 5 100	5 41	
	e + He 3 18 110 10 100		5 41	
	e + He 4 18 110 10 100		5 41	
	e + C	18 110 10 100		5 41	
	e + Ca 40 18 110 10 100		5 41	
	e + Cu	18 110 10 100		5 41	
	e + Au	18 110 10 100		5 41	

1: List of the beam profile parameters for the high acceptance and high divergence configurations in e+p collisions.

Beams

Beam energy

E e [GeV], E h [GeV/nucleon] E e E h E e E h E e E h E e E h

Table 2 .

 2 2: Geam configurations for light nuclei and heavy ions in the future EIC.

Table 3 .

 3 2: Main material properties of lead tungsten with mass production capability.
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	Effective photosensitive area	6×6 mm 2
	Number of pixels	159565
	Fill Factor	31%
	Peak sensitivity wavelength	460 nm
	PDE (at 460nm)	32%
	Gain	3.6×10 5
	Breakdown voltage	38±3 V
	DCR (typical/Max.)	3/10×10 6 counts/second

4: Specifications of the S14160-6015PS SiPMs from HAMAMATSU.

Table 3 .

 3 .[START_REF] Bezginov | A measurement of the atomic hydrogen Lamb shift and the proton charge radius[END_REF] shows the electron efficiency under different values of c in the ideal case of a Gaussian ECAL response. 6: Electron efficiency under E/p cuts with different values of c.

	c	1.0	1.2	1.4	1.6	1.8	2.0	2.2	2.4
	Electron efficiency 68.27% 76.98% 83.85% 89.04% 92.81% 95.45% 97.22% 98.36%

Table 4 .

 4 4: Corrected LSB value of each channel.

	Channel ID	01	02	06	07	18	19	21	24
	Corrected TOA LSB [ps] 28.59 29.79 30.02 28.65 28.98 29.9 30.32 26.32
	Corrected TOT LSB [ps]	152	151.7 150.6 151.6 151.7 150.2 150.3 150.5

Roman Pots are called that way because of their shape: vessels with narrow windows. Silicon detectors are placed inside the pot vessel and inserted into the beam pipe. However, the Roman Pots in EIC are "potless" structures, meaning that the silicon detectors are directly inserted into the beam pipe without pots, as shown

In a shorter calorimeter the fluctuations of the shower leakage lead to a higher constant term α and a worse resolution at high energy.

In general, the sampling ratio refers to the ratio of the thickness of the active material (the material that actually detects the energy deposited by the particles) to the total thickness of the calorimeter.

Crystal 010647 Crystal 010667 Crystal 030651 Crystal 040668 Crystal 050658 Crystal 050666 Crystal 080671 Crystal 160669 Crystal 994724 Crystal 994763 Figure3.5: The transmittance scan results of all ten crystals. The transmittance requirements, illustrated by the black crosses, are 70% at 620 nm, 60% at 420 nm, and 35% at 360 nm.

The efficiency of the material to transfer photons to electrons

The pedestal is the electronic offset from the readout system.

-8 -6 -4 -2 -

+ and -in the superscript of p or n-type semiconductors refers to the relative doping density. For example, n + means a higher doped density than n, and n -means a less doped density than n.

β is speed of the particle. γ is the Lorentz factor.

Crystal 010647 Crystal 010667 Crystal 030651 Crystal 040668 Crystal 050658 Crystal 050666 Crystal 080671 Crystal 160669 Crystal 994724 Crystal 994763
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Characterization of the lead tungsten properties

The characterization of 10 PWO-II crystals produced by CRYTUR will be described in this section. A spectrometer was used to measure the longitudinal transmittance of the crystals. A strong 60 Co radiation source was used to measure the crystal radiation hardness. Other calibrated and weaker radiation (dose rate ∼kBq) sources were used to quantify the lead tungsten light yield.

Optical transmittance of lead tungsten crystals

Ten lead tungsten crystals produced by CRYTUR were tested. Their size is 2×2×20.5 cm 3 . We used the commercial light spectrometer Lambda 850 from PerkinElmer, shown in figure 3.4, to perform the transmittance scans. The scanning range is from 300 to 750 nm, the visible light region. The scanning step is 1.5 nm. The transmittance (T) is the ratio of Φ(z)/Φ(0), where Φ(z) is the radiant flux through the material of length z and Φ(0) is the reference. The spectrometer performs a single scanning at the beginning without any sample between the beam. This primary scan would be the reference; any scans later are referenced to this primary scanning result. The crystals were placed carefully to align their axis with the beam. The optical beam did not pass exactly through the crystal centers, so each crystal was scanned eight times with different orientations (two ends of the crystal × four sides of the crystal) to average the effect of their position. Figure 3.5 shows the transmittance scan result of all crystals at one particular orientation, which fulfills the requirements of the EIC. The requirements of the longitudinal transmission are adapted to ensure that the mass production of PWO-II is possible. The crystals used in PANDA and CMS also apply the same transmission requirements. The jump around 500 nm in the spectrum is originated by the width of the scanning step. It disappears when the scanning width changes to the smaller one. The results for all orientations and all crystals are shown in appendix B. 

Radiation hardness of the lead tungsten crystals

Radiation damage on lead tungsten crystals will create color centers and decrease its transmittance. The measurements described herein will determine the radiation hardness of the crystals. The irradiation test facility used is located in the Laboratoire de Chimie Physique (Orsay) and has a 222 TBq 60 Co as the radiation source. The radioactive source is stored inside a steel pillar and placed underground. The source will be pulled up only when used for an irradiation measurement. The test samples can be placed on the platform at a variable distance from the source. Table 3.5 shows the corresponding dose rates versus the distance between the 60 Co source and the samples.

Distance between the 60 Co source and the samples Dose rate [Gy/min] 15 cm 18.00 ± 4.17 60 cm 1.07 ± 0.11 Table 3.5: Dose rate versus distance used for the radiation hardness measurements. 

Appendix A

Some useful formulas for the reconstruction of DVCS kinematic variables:

• photon virtuality

where k and k ′ are the beam and scattered electron 4-momenta respectively.

• Bjorken x B :

where p and q are the hadron beam and virtual photon momenta respectively.

• Momentum transfer t: t = (q -q ′ ) 2 , (A.4)

where q ′ = k -k ′ .

• The azimuthal angle φ in the Trento convention can be calculated in ROOT as below:

TVector3 q=k-kp;//virtual photon TVector3 v1=q.Cross(kp); TVector3 v2=q.Cross(qp); Double phi=v1.Angle(v2); if(q.Dot(v1.Cross(v2))<0) phi=2.*TMath::Pi()-phi;

where kp and qp are 4-momenta of the scattered electron and the photon, respectively.

Appendix B

We presented the results of the characterization of a single PWO crystal in chapter 3. We present in this appendix the measurements for all crystals. 

Appendix C

The position resolution with different white noise levels at 1 and 8 mV is shown in figure C.1. As it can be seen, the noise level is the main factor affecting the position resolution.