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Abstract

The Compressed Baryonic Matter (CBM) experiment is an upcoming fixed-target experiment
being constructed at the Facility for Antiproton and Ion Research (FAIR) at GSI, Darmstadt.
The CBM experiment is designed to characterize the QCD medium at high net-baryon densities
and moderate temperatures. Di-electrons interact electromagnetically and are unaffected by the
strong medium. They are therefore used as a penetrating probe for understanding the QCD
medium produced in the initial stages of heavy-ion collisions. Efficient identification of the elec-
trons with minimum pion contamination is paramount for the di-electron analysis. The CBM
experiment uses a Ring Imaging Cherenkov detector (RICH) as the primary electron identifica-
tion detector. The focus of this thesis is to improve the identification performance of the RICH
by characterizing its readout electronics and restructuring its software reconstruction scheme
for electrons. The first part of the thesis describes the dedicated lab setup characterizing the
DIRICH front-end electronics of the RICH. This study aims to evaluate the performance of the
DIRICH electronics at high photon rate and high simultaneous photon occupancy in the sensor.
Furthermore, supplementary measurements including the neighboring channel charge sharing
crosstalk, the timing precision of the DIRICH front-end board, and the electronic noise-emitting
characteristics of the power module are described. In the second part of this thesis, the devel-
opment of a novel reconstruction scheme for electrons is described in detail. Conventionally, an
artificial neural network based on a single-layer perceptron is used for electron identification in
RICH. This thesis discusses the replacement of the conventional ANN with tree-based ensemble
models. Furthermore, the performance of the upgraded model is further improved by exploiting
the tracking capability of the transition radiation detector (TRD) situated downstream of the
RICH. One major reason for pion misidentification in the RICH is Cherenkov rings from un-
tracked electrons stemming from photon conversion in the detector material after the tracking
stations. The latter sections of this thesis describe a robust method for reducing the contribu-
tion of these conversion electrons in the reconstruction algorithm. In the concluding section of
this thesis, the reconstruction of the omega mesons via its di-electron decay channel, using the

enhanced electron identification scheme developed during this thesis, is presented.






Kurzfassung

Das Compressed Baryonic Matter (CBM)-Experiment ist ein geplantes Fixed-Target-Experiment,
das derzeit an der Facility for Antiproton and Ion Research (FAIR) der GSI in Darmstadt aufge-
baut wird. Das CBM-Experiment dient dazu, das QCD-Medium bei hohen Netto-Baryonendichten
und moderaten Temperaturen zu charakterisieren. Di-Elektronen interagieren elektromagnet-
isch und werden vom starken Medium nicht beeinflusst. Sie werden daher als durchdringende
Sonde verwendet, um das QCD-Medium zu verstehen, das in den Anfangsphasen von Schwerion-
enkollisionen entsteht. Eine effiziente Identifizierung der Elektronen mit minimaler Pionkontam-
ination ist fiir die Di-Elektronen-Analyse von grofiter Bedeutung. Das CBM-Experiment ver-
wendet einen Ring Imaging Cherenkov Detektor (RICH) als priméren Elektronidentifikationsde-
tektor. Der Schwerpunkt dieser Arbeit liegt auf der Verbesserung der Identifikationsleistung des
RICH durch die Charakterisierung seiner Ausleseelektronik und Umstrukturierung des Software-
Rekonstruktionsschemas fiir Elektronen. Der erste Teil der Arbeit beschreibt einen spezi-
ellen Laboraufbau zur Charakterisierung der DIRICH-Frontend-Elektronik des RICH. Diese
Studie zielt darauf ab, die Leistung der DIRICH-Elektronik bei hoher Photonenrate und hoher
gleichzeitiger Photonenlast im Sensor zu bewerten. Weiterhin werden ergénzende Messungen
beschrieben, darunter die Vermessung des Ubersprechens durch Ladungsaufteilung zwischen
benachbarten Kanélen, die Bestimmung der Zeitgenauigkeit des DIRICH-Frontend-Moduls und
das, durch das Power-Modul induzierte, zuséatzliche elektronische Rauschen. Im zweiten Teil
dieser Arbeit wird die Entwicklung eines neuartigen Rekonstruktionsschemas fiir Elektronen
detailliert beschrieben. Herkémmlicherweise wird fiir die Elektronenidentifizierung im RICH
ein kiinstliches neuronales Netzwerk auf Basis eines einfaches Perzeptrons verwendet. In dieser
Arbeit wird der Ersatz des herkdbmmlichen ANN durch tree-based Ensemble-Modelle diskutiert.
Dartiber hinaus wird die Leistung des verbesserten Modells durch die Nutzung der Tracking-
Féhigkeit des Transition Radiation Detectors (TRD) weiter verbessert, der sich strahlabwérts
vom RICH befindet. Ein Hauptgrund fiir die Fehlidentifizierung von Pionen im RICH sind
Cherenkov-Ringe von Elektronen die nicht in der Spurrekonstruktion erfasst wurden. Diese
Elektronen stammen hauptséchlich aus der Photonenumwandlung im Detektormaterial nach
den Spurrekonstruktions-Stationen. Die letzten Abschnitte dieser Arbeit beschreiben eine ro-
buste Methode zur Reduzierung des Beitrags dieser Umwandlungselektronen im Rekonstruktion-
salgorithmus. Im abschliefenden Abschnitt dieser Arbeit wird die Rekonstruktion der Omega-
Mesonen iiber ihren Di-Elektronen-Zerfallskanal unter Verwendung des in dieser Arbeit entwick-

elten, verbesserten Elektronidentifizierungsschemas vorgestellt.
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1

Introduction

Ancient civilizations across the globe understood the importance of the forces of nature for their
everyday use. The understanding of the fundamental forces of the universe has since evolved.
The Gravitational force is the rst known force to be theorized. Sir. Isaac Newton conceptualized
his ideas of gravity in his book Principia Mathematica to explain the moon's trajectory around
the Earth in 1687. During the 19th century, scientists progressed in understanding the hidden
nature of magnets and electricity, fuelled by Michael Faraday. He proposed that the alternating
current induced a change in the magnetic eld and vice versa. Prof. James Clarke Maxwell
proposed his theory of electromagnetic elds (1864-65), unifying electric elds and magnetic
elds. The Maxwell equations indicated that light is an electromagnetic wave. Richard Feynman,
Sin-Itiro Tomonaga, and Julian Schwinger formulated a Quantum Field Theory called Quantum
Electro Dynamics (QED) to generalize the electromagnetic interactions with photons as the
exchange particles of electromagnetic force. In the 20th century, the strong nuclear force which
holds the protons and neutrons inside the nucleus was discovered. The fundamental charge
carriers involved in the strong force are called quarks, and the exchange particles are called
gluons. A eld theory approach to formulate the strong interaction is called Quantum Chromo
Dynamics (QCD). Around the same time, the weak nuclear force that facilitates radioactive
decays was discovered. The exchange particles in weak nuclear decays are Z and Wnifying
the weak nuclear force with the electromagnetic force was postulated independently by Sheldon
Lee Glashow, Abdus Salam, and Steven Weinberg during the 1960s. The puzzle of unifying
the strong interactions with the electroweak theory resulted in the standard model of particle
physics we know today.

This thesis focuses on the QCD interactions. The QCD predicts two important characteristics
for the underlying charges asymptotic freedom and con nement. At smaller distances or
high momentum transfer (both being correlated by the uncertainty principle, x p %) the
interaction strength of the partons reduces. This phenomenon is called asymptotic freedom.
Conversely, at larger distances or low momentum transfer, the interaction strength increases and
the partons con ne themselves into hadrons (a system of quarks and gluons). The transition
between the hadronic degrees of freedom and quark degrees of freedom can be controlled by
the energy of the underlying system either by varying the temperature, the baryonic density, or
both. The conditions required for such transitions can be found in the initial stages of the Big
Bang, at the core of neutron stars and their mergers, and in the initial stages of collisions of
heavy ions (HIC) at various accelerator facilities. The Relativistic Heavy-lon Collider (RHIC)
and Large Hadron Collider (LHC) facilities extensively probe the QCD phase diagram at low
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baryonic chemical potentials g (a proxy for net baryon density). It was found experimentally
that at low net baryonic densities, there is a smooth crossover between the phases. The crossover
in the temperature scale is around156 MeV (T.) for near-zero baryonic chemical potential, and
these results could be explained theoretically using Lattice QCD methods. A rst-order phase
transition is predicted to occur between hadron degrees of freedom and quark-gluon degrees of
freedom at moderate to high net baryon densities. This implies the existence of a critical point
at which the rst-order transition ceases. Multiple experimental facilities, including STAR and
NICA are probing the phase diagram at moderate baryonic potential in the QCD phase diagram.
The CBM experiment at the SIS100 accelerator is proposed to probe the phase diagram at high
baryonic density and moderate temperatures.

The accessing of the QCD medium directly, which is produced only for a few femtometers in HIC,
is impossible. Hence, the medium has to be probed by using its signatures. One such signature
is the in-medium modi cation of the spectral function of Low Mass Vector Mesons (LMVM)
(quark-anti quark particles with integral spin). We are interested in the leptonic decay, especially
the electron decay of LMVMs, because electrons are not a ected by the strong medium e ects.
The electron decay of LMVMs (;!; I e"e ) is very rare, with a decay branching ratio
(fraction of particles that decay into an individual decay mode with respect to the total number
of particles that decay) in the order of 10 °. Hence, a clean sample of electrons is required.
This can only be achieved in an experiment with excellent electron / pion discrimination, due
to the overwhelming background of pions (as compared to electrons) in heavy ion collisions.
Pion suppression factor (inverse fraction of pions misidenti ed as electrons) in the order ofl0*
is necessary for reconstruction of the rare LMVM decays, which in CBM is achieved by using
multiple electron identi cation detectors. The key detector for identifying electrons in CBM

is the Ring Imaging Cherenkov Detector (RICH), which is employed in conjunction with the
Transition Radiation Detector (TRD) and a Time of Flight (TOF) detector.

The RICH electron identi cation is based on the Cherenkov e ect, which occurs when a particle
with a velocity greater than the speed of light in a medium produces Cherenkov photon radi-
ation. The Cherenkov photons emitted by the particles are captured by the photon sensors based
on Hamamatsu MAPMTs. The signals from the MAPMTs are measured by an FPGA-based
readout chain named as DIRICH readout chain (developed jointly for CBM RICH and PANDA
DIRC detectors). Here, the readout electronics of RICH are crucial to fully exploit its capability.
The CBM experiment is designed to eventually collect data at an unprecedented high collision
rate of up to 10 MHz. This high collision rate results in a high single photon hit rate per pixel
in the RICH detector, which is in the order of few 100kHz To understand the e ect of these
high hit rates on the performance of the readout chain and to benchmark the MAPMT-DIRICH
readout (photon sensor and readout board) a high-rate test was performed in a controlled envir-
onment at the University of Wuppertal. The Cherenkov photons produced by the particle reach
the photon detector quasi-simultaneously (T  60p9. At CBM RICH, the expected average
simultaneous hits are approximately nine hits per MAPMT, which translates into 15% of total
occupancy of the MAPMT. Another laboratory measurement was commissioned to measure the
operating e ectiveness of the MAPMT-DIRICH readout chain under such high simultaneous
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occupancies. Furthermore, dedicated measurements were conducted to evaluate the time meas-
urement capability of the DIRICH readout chain. In addition to real photon hits, crosstalk
hits are produced in MAPMT due to either charge leakage into adjacent channels or parasitic
conduction in the common dynode system. A measurement was systematically conducted to
estimate crosstalk hits. Moreover, the latest variant of the power modules, which features an
onboard DCDC converter that regulates the low-voltage supply to various components of the
backplane, was tested for its noise-emitting characteristics.

The second part of the puzzle is improving the electron identi cation capabilities of the RICH in
the CBM software simulation framework (CBMROOT). The electron reconstruction algorithms

of the RICH are studied in detail using the CBMROOT framework. A signi cantly longer
lifetime and consequently a sharp spectral function are characteristic of the omega meson, as
opposed to the rho meson, which has a su ciently short lifetime to decay still within the medium.
This renders the omega meson a suitable candidate for evaluating reconstruction algorithms. In
the electron reconstruction algorithms, ine ciencies are observed in the track propagation from
the tracker to the RICH. Data-driven methods are implemented to counter these ine ciencies,
and their e ectiveness is studied with electrons from the decay of omega mesons as the reference.

The di erentiation between electrons and pions within the RICH detector was previously done
using a single-layer perceptron with di erent ring and track variables as features. This scheme
has now been modied to use the advanced gradient-boosted decision trees. A new concept
of Backtracking in CBM is introduced to more e ciently include the information from the
downstream detectors into an overall electron reconstruction framework, in addition to the RICH
standalone reconstruction of the electrons. Furthermore, a method based on the backtracking
concept is developed in order to assign the RICH rings with a probability that they might stem
from electrons produced via photon conversion in the detector materials. This allows us to
further reduce the hadron contamination in the electron sample. Ultimately, the novel electron
reconstruction scheme, which incorporates all the improvements, is utilized to reconstruct the
invariant mass spectrum of the omega mesons.

1.1 Aim of the thesis

The aim of this thesis is twofold: The rst part is more hardware related, aiming to perform
benchmark measurements of the MAPMT-DIRICH read-out chain for the CBM RICH detector.
This includes the measurement of crosstalk in MAPMT, high rate, and high occupancy measure-
ments. The second part of the thesis is focused on new reconstruction methods in data analysis,
it proposes and optimizes the reconstruction algorithms to improve the electron identi cation
performance of the CBM experiment using the RICH detector as basis.
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1.2 Thesis overview

This thesis is organized into 8 chapters as is depicted in the following owchart.

Chapter 2
Theoretical overview of the QCD medium produced in the initial stages of the heavy-
ion collisions with discussions on strong interaction. The latter part of the chapter
focuses on the electromagnetic signatures of the QCD medium and its properties.

!

Chapter 3
Focuses on the FAIR facility that hosts the CBM experiment. In addition, the CBM ex-
periment and its sub-systems with their role in di-lepton spectroscopy are brie y described.

/

Chapter 4
Briefs the concepts of the CBM RICH front-end electron-
ics. The rst high rate and high occupancy measurements Improved electron recon-
of the MAPMT-DIRICH readout chain are presented. struction in simulation

Additionally, description and evaluation of crosstalk
signals are presented. Furthermore, the time measure-
ment capabilities of the DIRICH front-end boards are
examined. Finally, the characterization measurements
of the latest iteration of powering modules is discussed.

Chapter 5
Introduces the di-electron analysis chain in the CBMROOT framework. This chapter contains the
status quo of electron reconstruction and methods for solving ine ciencies in electron track propagation.

i

Chapter 6
Applying advanced machine learning algorithms for electron identi cation is discussed. Further-
more, the description of the "backtracking” method which utilizes tracking features from down-
stream detectors and its impact on electron identi cation performance in the RICH is included.

l

Chapter 7

This chapter includes a description of an approach based on the modi ed backtracking method,

which utilizes both electron identi cation and tracking capabilities of downstream detectors. Fur-
thermore, the use of this modi ed backtracking approach to assign each ring in RICH with a prob-
ability measure, indicating that these rings are produced by electrons resulting from photon pair-
production after tracking stations, is discussed. Finally, the derived conversion probability is used
as additional input feature for the electron identi cation machine learning models. This chapter de-

scribes the performance of the added conversion probability on the electron identi cation performance.

l

Chapter 8
Di erent electron identi ers that incorporate distinct stages of advancements as described in the
preceding chapters are employed for the reconstruction of the omega mesons. This chapter dis-
cusses the impact of di erent ML models on the e ciency of the reconstruction of omega mesons.

!

A summary of the various aspects and results of the thesis along
with an outlook on possible future developments is presented.
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Electromagnetic probes

This chapter provides a brief overview of the theoretical framework of Quantum Chromo Dynam-
ics (QCD) with the possibility of forming a decon ned state of quarks and gluons. The formation
of hot and dense matter (henceforth referred to as Fireball) in heavy-ion collisions is discussed,
as well as the distinct signatures of such a reball in a heavy-ion experiment. In particular, the
di-lepton production stemming from the decay of virtual photons as the probe to understand the
reball properties is highlighted in the latter sections of this chapter. Furthermore, the di-lepton
emission during the evolution of the reball in heavy-ion collision experiments is discussed.



2 Electromagnetic probes

2.1 Standard model

The description of the standard model is given in [1, 2] and references therein. The standard
model is a successful quantum eld theoretical approach that aims to achieve a uni ed description

of strong, weak, and electromagnetic forces. All elementary particles in the standard models
are classi ed into half-integral spin particles called fermions and integral spin particles called

bosons. Quarks and leptons are fermions, which are particles that interact with one another.
Their interactions are mediated by so-called gauge particles, which are bosons. The pictorial
representation of the standard model is shown in gure 2.1.

Elementary particles

/\

Fermions (Spin= 1 Bosons
/\ /\
Quarks Leptons (Spin=0) (Spin=1)
u s t e W z g H

d c b e e

Figure 2.1: A owchart that depicts the elementary particles within the standard model.

There are three generations of quarks, namely {up, down}, {strange, charm}, and {top, bottom}
and three generations of leptons, which are {e,¢},{ , }, and{ , } which are described in
the standard model. Each fermion in the standard model has an anti-fermion with the same mass
and non-identical intrinsic quantum numbers (like charge and strangeness). The generations of
fermions are characterized by a hierarchy of masses.

Field theories are governed by their Lagrangian densityL, from which action, S = tht RV LdVv
can be derived. The equation of motion that explains the dynamics of the particles is described
as the consequence of the principle of least actiorS = 0. It is inferred from the particles in
the standard model 2.1, the Lagrangian densityL s is composed of multiple parts,

Lsm = Locp + Lew + LHiggs (2.1)

The Higgs sector of the standard model addresses the interaction of the Higgs boson with all
the charges and gauge particles. The electroweak part describes the electromagnetic and weak
interactions. In this thesis, we focus on the QCD part of the standard model.
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2.2 Quantum Chromo Dynamics (QCD)

The theory that explains the interaction of quarks and gluons is called Quantum Chromo Dy-
namics (QCD). The Lagrangian density of the QCD is given by [3, 4],

. 1
LQCD = Q(I D M)q ZFa Fa (2.2)

Here, g = column(cg; Og; Gs), 4= row(cr ;0s; Gc) is the color quark eld. Each component
of the quark eld qis a 4-element Dirac spinor. The summation over avors (N = 6) in the
equation 2.2 is implicit. Thus, the mass termM corresponds todiag(my; mq; ::; my, ) with m;
being the mass of an individual avor. The QCD Lagrangian is invariant under the local color
transformation symmetry group SU(3), i.e., the Lagrangian is invariant under q! e ' 2Taq
transformation, where T2 = -2 are generators of SU(3) rotation, , are in nitesimal rotational
angles, and , are Gell-Mann matrices [5]. The indexa runs from 1 to N2 1 (for SU(3)
gauge symmetry) which implies there are eight kinds of gluons.D = @ igT,A? is the
gauge covariant derivative that introduces a coupling between the quark eld with the gluon
eld A2. The term %Fa F2 encapsulates both kinetic and gluon-gluon interactions, where
F2 = @A2 @A? igf @C°APAC s the gluon eld strength tensor and f 4 is the structure
constant for the SU(3).

It is apparent that in both interaction terms in the Lgcp the coupling strength g appears.
For the completely renormalizable QCD theory [6], the coupling strength (usually referenced

s = 2—2) should depend on the 4-momentum transfer Q of the interaction. In leading order, it
is parameterized as follows,

s()

s(Q) = 1 (2.3)
1+ 5() oln(%)
Where ¢ = 33122'\“ and is the energy scale up to which the perturbative expansion of QCD

Lagrangian holds (simply termed as renormalization scale , usually referenced as the mass of W
boson). The equation 2.3 implies that an inverse logarithmic dependence of the coupling strength
s on momentum transfer Q2 of the interaction. The momentum transfer can be related to the

spatial separation of the quarks using the uncertainty principle asrq = % For the smaller

Q?Z (in the order of few GeV) or large values of therq (order of 1fm), the coupling is stronger.
This implies that a system of quarks is always con ned as hadrons (i.e., a bare quark cannot be
observed in nature). This phenomenon is usually referred to as con nement [7]. Therefore, the
QCD processes at low energies that involve low momentum transfer interactions are typically
characterized by the hadron degrees of freedom. However, at the high€? (Q2  1GeV?=c?)
the coupling strength reduces asymptotically, hence referred to as asymptotic freedom [8]. This
leads to the possibility of observing a decon ned system of quarks and gluons, where the degrees
of freedom are essentially quarks. Understanding the transition between the phases is a corner-
stone of QCD research because it sheds light on the physical properties of the hadrons. The
best example is the famous mass de cit problem [9], that the mass of hadrons is signi cantly
higher than the sum of masses of the constituent quarks. For instance, in the case of protons
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2.3 Recipes for the reball

The QCD reball can be produced in the system having either highQ? (> 1 GeV?=c?) interac-
tions or having a smaller inter-particle distancer (  1fm) or a combination of both. The high
Q? can be achieved by increasing the system's temperature, whereas the smalis achieved by
increasing the baryon chemical potential of the system at constant volume [10]. Within a few
microseconds following the Big Bang, the high-temperature conditions were present to produce
the reball. The high baryonic density environment can be found in the cores of neutron stars
and in neutron star mergers.

Similar conditions can be created by controlled collisions between relativistic hadrons and heavy-
ions or a combination thereof at di erent particle accelerator facilities around the world. See for
example, ALICE at LHC [11], STAR at RHIC [12], NA61 at SPS [13], and HADES at SI1S18 [14].
The di erence between the LHC (largest energy, TeV range) and the CBM (moderate energy,

GeV range) energies manifests in the collision dynamics. At LHC energies ( TeV), the
overlap phase space essentially has vanishing baryon density and extremely high temperatures,
re ecting the conditions of the early universe. However, at CBM energies ( GeV) there is a
high net baryon density environment and moderate temperature that resembles the conditions
found in the core of neutron stars.

The decon ned quark-gluon phase is commonly referred to as the Quark-Gluon Plasma (QGP).
The expansion of QGP is usually modeled as a low viscous uid [15] (at LHC energies, the
viscosity is estimated to be; < 0:2, where is the shear viscosity ands is the entropy density [16,

]). The decon ned phase of quarks and gluons can be achieved by collisions with fe@eV
center of mass energy (CM). The nature of a phase transition from the hadron to QGP is still
unclear, particularly, the order of phase transition and ultimately the critical point(s) (depending
on its order).

At vanishing net baryon chemical potential ( g) the phase transition is a crossover type. It is
well understood theoretically by state-of-the-art lattice QCD calculations [18]. Experimentally,
ALICE at LHC probesthe g 0Oregimes exhaustively for all temperatures, where the crossover
temperature is measured for di erent systems. However, at higher g, the lattice QCD su ers
from its famous sign problem [19], making it hard to impossible to obtain rm predictions
from the lattice calculations in this regime of the phase diagram. Although, extensive work in
this eld is carried out by di erent groups across the world [20]. At these regimes, we have only
very few experiments, for instance STAR at RHIC and the CBM at FAIR. Hence, there exist
limited avenues to probe the high g region, both theoretically and experimentally.

After the initial collision phase, the reball expands, and as the reball expands, it cools down.
Consequently, the mean free path of constituents becomes larger. The increased inter-particle
distance forces the quarks to recombine to form di erent hadrons (con nement). Hence, a
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2.4 Signatures of QGP

transition from a decon ned phase to a con ned phase of quarks and gluons is achieved. The
production of dierent avors of particles ceases after a certain temperature, called chemical
freezeout temperature [21]. The statistical hadronization model predicts the yield of di erent
particles for orders of magnitude in the energy of the system [22]. By calculating the ratios
of di erent particle yields (which cancels the volume e ect) one can estimate the temperature
of the system at chemical freezeout equilibrium T). After chemical freezeout, the particles
continue to do elastic scattering, but this scattering ceases after a characteristic kinetic freezeout
temperature [21, 23]. The freezeout system is better described by the blast wave approach based
on hydrodynamics. The patrticles at the kinetic freezeout after decays of resonances (if any) will
reach the detectors as nal state long-lived hadrons (pions, kaons, and protons) and leptons
(electrons and muons). The entire reball evolution is in the order of a few Fermi length scales.
Hence, the reball produced in the initial stages of the collision is probed using its signatures on
the nal state particle spectrum. Many observables are proposed over time to probe the dense
reball and to establish the equation of the state of the matter. In the next section, a few of
the signatures relevant to CBM are discussed.

2.4 Signatures of QGP

The pressure gradient in the collision zone drives the expansion of the reball. Non-central col-
lisions typically have elliptically formed overlap regions, resulting in azimuthal angle dependent
particle production, referred to as particle ow. Understanding the equation of the state of QGP
is possible by characterization of such ow [24].

At CBM, for larger center-of-mass energies of about GeV per nucleon, charm production sets
in, allowing for production of cc pairs in the initial, hard collisions. Due to the presence of
decon ned quarks and gluons, the produced charm quarks undergo a color screening. Color
screening leads to a separation of and c quarks, and hence to an enhancement of open charm
production (D-Mesons), on the other hand, production ofJ= particle (hidden charm, cc meson)
is suppressed. Thus, an enhancement of open charm production and suppression of ttemeson
production in heavy-ion collisions compared to the elementary proton-proton collisions (absence
of QGP) acts as the signature of the QGP [25].

The conserved quantities of the system uctuate near the critical point(s). For heavy-ion colli-
sions, these conserved quantities include the charge, baryon number, and strangeness. Therefore,
estimating the uctuations of these conserved quantities as a function of the center of mass en-
ergy of the collisions may provide clues regarding the location of the critical point [26].

During all stages of the evolution of the reball, both real and virtual photons are produced. The
latter decays into di-leptons. The produced di-leptons undergo electromagnetic interactions only
and are least a ected by the strong interactions in the medium and subsequent hadron phase,
and hence it is a relatively pure signature to probe the QGP. The virtual photons and their
subsequent decay to di-leptons will be the focus of this thesis.

11



2 Electromagnetic probes

2.5 Di-lepton production in a thermal medium

The di-lepton production in thermal medium is extensively explored in [27, 28, 29, 30, 31, 32,
] and references therein. Consider a system with N initial quarks and gluons interacting to
produce M nal state quarks and gluons plus a di-lepton pair'.

P1; P2 Py ! PLiP2; Pt PP (2.4)
Initial state quarks and gluons Final state quarks and gluons dileptons
The number of di-leptons produced per unit volume can be written as [28, 34],
Z 1 0 5 1
LN PR SR - - S i PN S
% o (2 )32E; i @ )31251.0 (2 )32EQ(2 )32ES
2) @ p PPt PP <PunNiiemiPim ><P LmliemiPin > (2.5)
i=1 j=1
¥ 1
fi @+ f)u(p) V(pz)aV(pz) u(p1)

Where q (go;g) = p 1+ p o is the four-momentum of the virtual photons that decay into
di-leptons. The function f is either the thermal Fermi-Dirac distribution for quarks or the Bose-
Einstein distribution for gluons, assuming that di-leptons arise from a thermalized medium with
temperature T and baryon chemical potential g. The di-leptons however do not thermalize
with the medium because they leave the medium faster and e ectively undisturbed compared
to the time for the system to thermalize [28].

According to McLerran-Toimela [28], by further simplifying the equation 2.5, the di-lepton
emission per volume and 4-momentum of the virtual photons is expressed as,

dN"T 2L
d4xd4q 3

(i T) %M ( am(@ G T3 8)): (2.6)

where. L(g) is the lepton phase factor [28], this quantity is essentially unity for the larger mo-
mentum of the virtual photons or vanishing lepton mass. Also note,>=qq = @ g°>= M?,
where M 2 is the invariant mass of the di-leptons. Hence, the equation 2.6 can be written in
terms of invariant mass as [33],

dN ! Z d4xM d3q dBN '

dMm G d*d4q

(2.7)

It is clear from equations 2.6 and 2.7 that by measuring the invariant mass of the di-lepton pairs
in the experiment, we can access the imaginary part of the spectral function  of the virtual
photons.

1Each 4 momentum has Energy (E) and the momentum vector (p). The vector sign is dropped for simplicity.
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2.5 Di-lepton production in a thermal medium
On a similar footing to equation 2.6, one can write the real photon emission from the thermal-
ized medium as [33],

d7N I*1
P d*xd3q

- e;fb(qO;T)gTim( em(M =0;GT; 8)) (2.8)

The photons have zero invariant mass, and hence it can be experimentally described only by its
momentum distribution. Consequently, it is challenging to distinguish between distinct sources
generating photons purely based on the momentum distribution. Therefore, the virtual photons
are preferred over the real photons for understanding the QGP phase. Compared to the produc-
tion of hadrons, the photon production is suppressed by the leading order factor of ¢ %
while di-lepton production is further suppressed by the factor of 2,, 104 ( ! I*l ver-
tex) [35], and hence they are rare probes to understand the QCD medium.

Let us review the importance of the spectral functions to understand the phase transition. The
spectral function of the virtual photons is expressed in terms of the electromagnetic currents
as [23], Z

= 0 d'e 19 < [Ig(X); Jem(0)] > : (2.9)

Here, < :: > represents the thermal expectation value. The equation 2.9 is often referred to as
the current-current correlation function. The electromagnetic current is de ned as,

Jem = gf f (2.10)

Where f = (u;d;s) is the relevant quark avors at lower CBM energies (which is below charm
threshold Mge < 2 m.  3GeV=c?), g; is the electric charge of the quark avorf . In the relevant
qguark basis, the equation 2.10 can be expanded as follows,

2 1 1
Jopy==U u =d d =s s 2.11
The virtual photons have a spin of 1 and odd parity J® =1 , similar to that of vector mesons.
Thus, in the hadron degrees of freedom, i.e., at low-temperature the virtual photons couple to
the low mass vector mesons. At the low invariant mass regimeMee < M guai Where M gual

1 GeV=c?-1:5 GeV=c? one can rearrange the equation 2.11 in the hadron basis a$,
J 2.12
3 (2.12)

WhereJ = p5u u d d,J =p5u u+d d,J =s sare the respective rep-
resentations of currents of LMVM in their constituent quark basis. The equation 2.12 enters
guadratically into the ¢m, thus giving rise to relative contributions from vector mesons as
1. =91 2. Hence, the is the dominating contribution in the lower invariant mass
spectrum. However, at the high invariant mass/ high-temperature regimeM ¢e > M gual, due to

the dominance of quark degrees of freedom the virtual photon production can be attributed to

2The term dual arises from the Parton-Hadron duality described in [36] and references therein, description of
which is beyond the scope of this thesis.
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2 Electromagnetic probes

the annihilation of qgg, leading to a perturbative qq continuum. These processes are illustrated
by the Feynman diagrams 2.2.

g e e
Figure 2.2: QCD Feynman diagrams of leading order virtual photon production in hot dense
medium which further decays into di-electrons. Left panel: Quark-antiquark

annihilation in QGP. Right panel : Pion annihilation in hadronic medium, pro-
ducing a virtual photon coupled to a meson.

2.6 Theoretical estimation of di-lepton production in medium
and vacuum

The production of di-lepton in medium and vacuum is described in [37, 38, 31, 30, 39, 40] and
references therein. The vector meson dominance model [37] states that hadronic currents are
saturated by the light vector mesons. VMD directs to further rewrite the spectral function 2.9

in terms of the meson propagators at hadron degrees of freedom as,

X m2
im = (—£)2imDy: (2.13)
V=l 9
Here g is the relative contribution factor and Dy is the propagator function of the vector
mesonV. We will focus on , since it has the dominating contribution to the spectral function.
In vacuum, a simple modelling is introducing the meson as a gauge boson into the +
Lagrangian [38], giving rise to a propagator that has contribution from only its self energy term

1

PLe =07 Mmooz My

(2.14)

where m® denotes the bare mass of the meson. This scenario is best recreated in the QCD
vacuum, for example in the € e annihilation, where the relative production of hadrons are
measured with respect to muons for various collision energies as depicted in gure 2.3. The
quantity R is a ratio of cross-sections of e into hadrons and muons, which is related to the
vacuum EM spectral function as,

R = eel hadrons / im vaczcuum: (2.15)
eel M
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2.6 Theoretical estimation of di-lepton production in medium and vacuum

Figure 2.3: Blatio of cross-sectionsR (Equation 2.15) as a function of center of mass energy
s of e" e collisions (Blue). Th% data depicts the abundance of the low mass

vector r[‘gesons ;I and upto s  1L:1GeV transitioning into perturbative
regime s & 1:5GeV described by pQCD (Red) with light quark avors (u, d,
and s) [41].

In vacuum the di-electron annihilation is precisely explained by combination of hadron resonance
production at lower collision energies € 1 GeV) and perturbative gq continuum of light quarks
at higher energies ¢ 1.5 GeV).

To comprehend the dynamics of the in medium meson, we introduce them into the hadronic
medium. According to the hadronic many body theory [29], the propagator modi es as follows,

1

P (e)= i (mO)2 (M; B) B W (216)

Figure 2.4: Left panel: Imaginary part of the spectral function calculated in hadron many
body theory for mediums with di erent temperature and baryon density, includ-
ing vacuum. The resonance width increases at higher temperature and baryon
density [30]. Right panel: Di-electron emission rate calculated using hadron gas
model at vacuum (Green) and in-medium (Red) compared to the pQCD cal-
culations with free non-interacting quarks (Blue) and with medium interactions
(Violet).

In this scenario, the self energy of is modied by the in-medium pion cloud [39], and direct
interactions with mesons and baryons [40, 31]. The relative contributions of various components
indicated in equation 2.16 are discussed in [29], wherein the modi cations to the self energy
are predominantly attributed to baryons. The key point here is that at high temperatures or at
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high baryon densities, the abundant hadrons interact strongly with the mesons. Consequently,
an extreme collision broadening occurs, where the width of the resonance equals its free mass.
This phenomenon is loosely termed as the melting of , it is depicted in the gure 2.4 (Left).
The bottom-up pQCD calculations of the thermal di-electron emission from QGP agree with
the hadron many body theory, as depicted in the gure 2.4 (right). The spectral function of
merges into the quark-gluon description by pQCD at high invariant mass. This indicates
the transition from the hadronic to the quark-gluon degrees of freedom. We now comprehend
that the meson is the primary contributor to the dilepton spectrum in the low invariant mass
regime, whereas at high invariant mass, the emission of di-leptons results from in-mediurgg
annihilation.

2.7 Di-electron productions from heavy-ion collisions

The di erent stages of a heavy-ion collision are shown in the gure 2.5 (left). Di-electrons are
emitted at all stages of a heavy-ion collision. Initially, we have so-called rst chance inter-

Figure 2.5: Left panel: Di erent stages of evolution heavy-ion collision [42] (Credits: Florian
Seck) generated using UrQMD for Au-Au system. Right panel: Pictorial repres-
entation of di erent components of the di-electron invariant mass spectrum, with
time and temperature ordering (adopted from Kampert, et. al. [32]).

actions, where the primordial gg annihilation takes place via nucleon Drell-Yan type process,
NN ! e"e X. The resultant di-electron pair typically has a large invariant mass. This portion
cannot be experimentally isolated because it has a broad spectrum (due to missing mass X1,
hence their contribution is simulated accordingly in theory estimations. The interesting part is
the thermal radiation of the di-electrons, this includes the radiation from QGP (qq! e*e )and
from the hot and dense hadron medium. As explained in the previous section, the mesons are
the dominant hadronic component. Although non-dominant, the contribution from ! and still
exists, since their lifetime is signi cantly longer than that of a typical reball, such that their
contributions should be calculated and carefully subtracted. In the same manner, the contribu-
tion from other long-lived hadron decays, including Dalitz decays of °! e'e , | ete |
and! ! e*e 0 should be subtracted. As a result, the background subtracted spectrum has
the contribution only from thermal di-electrons. This exercise has been performed in several
experiments [44, 45, 43]. The gure 2.6 depicts the di-electron spectroscopy from HADES at
2:42 GeV Au-Au collisions. After subtracting the background contributions, the excess invariant
mass spectrum can be obtained. According to equations 2.6 and 2.7, 'ﬁ‘vgﬂ is constant, then
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Figure 2.6: Di-electron spectroscopy at HADES for the Au-Au system at pm =
2:42 GeV [43]. Left panel: Di-electron invariant mass spectrum, with various
contributions described in the text. Right panel: Excess di-electrons after sub-
tracting background components. The vacuum and in-medium theoretical pre-
dictions for the excess spectrum are included, indicating that the in-medium
calculations describe the excess data reasonably well.

the excess spectrum‘ﬂ\'ﬁ can be completely explained by the Boltzmann thermal distribution.
Hence, the resultant excess spectrum can be tted with a Boltzmann type distribution to ob-
tain the source temperature. The temperature obtained from HADES data in the example is
71.8 MeV, indicated in gure 2.5 (right).

2.8 Challenges in di-electron reconstruction

In general, the detectors measure electron-positron tracks. From each track, the information on
momentum (g), and charge and its identity (massm) can be derived using the tracking stations
and particle ID detectors. Using p and m the energy of the particle E = = mZ2+ £ can be
calculated. Finally, the invariant mass of the pair of leptons, from the electron track (E1, p1)
and from the positron track (E2, pp) asMgro = P (E1+ E2)2+(pL+ p)? is derived. Forming
all possible combinations from all identied e and all identied e* tracks within the same
event leads to a large / certain combinatorial background due to mismatched pairs, which in
theory can be estimated by event mixing techniques [46]. In heavy-ion collisions, pions are an
abundant nal state particle besides proton. The protons are heavy and hence can be eliminated
by measuring their velocity (using time of ight detector in CBM). Whereas pions usually have

a velocity close to the speed of light, similar to electrons. Hence, it is highly probable that pions
may be mistakenly identi ed as electrons. The presence of pions in the electron sample further
increases the combinatorial background. Increased misidenti cation leads to forming a distinct
fake resonance also possibly extending towards the signal region of invariant mass. Hence, in
order to e ciently reconstruct the rare di-electrons, a signi cant suppression of misidenti cation

of pions as electrons is required.
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3

CBM experiment

This chapter provides an overview of the FAIR facility, which hosts the CBM experiment and
other major nuclear and particle physics experiments. The second part of the chapter emphasizes
the CBM experiment itself, particularly it's di erent sub-detectors with their role in di-electron
spectroscopy and the data acquisition infrastructure. A dedicated section of this chapter de-
scribes the working principle and technical construction of the RICH detector. The latter section
provides an overview of the simulation and analysis framework of the CBM experiment, and in
particular of the RICH. Throughout this thesis, the beam traverses along the +Z direction.
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3 CBM experiment

3.1 FAIR

The Facility for Anti-proton and Ion Research is one of the world's largest accelerator com-
plexes, which is being built in Darmstadt, Germany. FAIR will have the unique ability to produce
beams of ions of all known elements, and in the medium term possibly also anti-protons [47].
The already existing facilities at GSI will be complemented by the FAIR facility. The UNIversal
Linear ACcelerator (UNILAC) and SIS18 (beam rigidity, B r = 18 Tm) accelerator at GSI
will act as the beam injector and booster for the FAIR. The injected beams are accelerated
to relativistic speed (up to 99% speed of light for the heavy ions) by the superconducting ring
accelerator (SIS100) of circumferencel100m The SIS100 (beam rigidity, B r = 100 Tm)
ring accelerator is located17 m below the ground. A combination of multipole superconducting

Figure 3.1: FAIR laboratory at the GSI complex, Darmstadt, Germany.

magnets accelerate and guide the beam. Liquid helium cools the superconducting magnets to
269 C. The available kinetic energy per nucleon E=A) in the dipole eld is given by the
equation [23],

E=A = ) 03 B r Z=A)2+mZ m (3.2)
where Z and A are the mass number and atomic number of the nuclei being acceleratedy is
the mass of the accelerated nucleon, an8 r is the beam rigidity. In the SIS100 synchrotron
the protons (Z=A = 1) can be accelerated up to kinetic energies 029 GeV and Au beams
(Z=A 0:4) up to 11 AGeV. The accelerated beams can be used for experiments either directly
or for the production of other secondary particles that are themselves then used as projectiles.

The four major pillars of the FAIR facility are:

NUSTAR: The Nu clear ST ructure, A strophysics and nuclearR eactions collaboration is tasked
to study the structure of exotic atomic nuclei and to investigate reactions of these nuclei.
The study results are relevant to understanding the element abundance in the universe. The
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NUSTAR collaboration will use the Super conducting Fr agment Separator (Super-FRS) which
enables the production of secondary exotic isotopes and in- ight separation of the same [48].
Multiple sub-experiments will use these beams in di erent energy regimes within the collab-
oration. The low-energy branch uses the ions of energy betweei 300MeV/u, to probe
excited nuclear states after the collision of radioactive isotopes with the target. It will be
possible for high-precision mass measurements of exotic nuclei. Four collaborations, namely
HISPEC/DESPEC, LASPEC, and MATS, are part of the low-energy branch [49]. The R3B
collaboration is part of the high-energy branch with energies greater than 300 MeV/u [50] and
it is tasked to study the reactions of rare isotopes, focusing on nuclear structure and dynamics.
The Ring branch will use the beams in the storage ring to study ground and isomeric states
of exotic nuclei being limited to radionuclides with a half-life above 10us and to perform elec-
tron scattering o short-lived radionuclides. Major experiments in the ring branch include the
ILIMA, EXL, ELISe, and AIC [51].

APPA: APPA is an ensemble of several collaborations working withA tomic P hysics, Plasma,
and A pplied sciences [52]. The Atomic Physics branch has two large sub-collaborations. One
of them is the Stored Particle Atomic physics Research (SPARC) which will use the beam
from the High Energy Storage Ring (HESR) to probe QED at di erent mean distances of
the electrons from the nucleus [53]. However, the realization of the HESR is not yet fully
established. The other is theFacility for L ow-energy A ntiproton and lon R esearch (FLAIR)

is being designed to study the anti-hydrogen beam by using charged particle traps [54]. Plasma
physics is planned to be conducted by the HED and WDM collaborations, whose program
includes characterizing the warm, high-density matter usually found in the core of compact
stars [55]. The Materials Research and Biomedical group is aiming to create new frontiers in
radiotherapy with high-energy beams. The program also includes the study and synthesis of
new radiation-hard materials for deep-space applications [55].

PANDA: The antiProton AN nhilation at Da rmstadt is a proposed future xed-target proton-
anti-proton experiment with anti-proton beam momentum ranging from 1.5 GeV to 15 GeV that
translates to the CM energy range from2:2 GeV to 5:5GeV [56]. The PANDA experiment is
planned to be placed inside the HESR (if constructed), where the anti-proton beams are collected
and collided with a hydrogen cluster jet or hydrogen pellet target (for open charm physics) [57].
The pp annihilation will provide the theoretical conditions of net zero-baryon density, which
enables a wide physics program including the search for exotic particles, investigating the prop-
erties of hadrons, probing the nuclear structure, measurement of hypernuclei, and measuring
strong medium e ects on hadrons [58}

CBM: The CompressedBaryonic M atter experiment is a general-purpose experiment de-
signed to systematically explore the QCD phase diagram at high baryon density and moderate
temperature. A detailed explanation of the di erent sub-detectors of CBM is given in the next
section.

1The synergy between the PANDA and CBM experiments is overwhelming, particularly concerning the proton
program. Because of this the workshop Physics Opportunities with Proton Beams at SIS100 was held at
the University of Wuppertal [59].
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3.2 CBM detector

The CBM experiment is a future xed-target experiment operating at beam kinetic energies of
up to 11AGeV for heavy ions and up to 29 GeV for proton-ion and proton-proton collisions. At
these collision energies, in heavy ion collisions, baryonic densities up to ve times the normal
nuclear density ( o = 0:17 nucleons=(fm) %) [60] become accessible, which is su cient to observe
quark degrees of freedom. The CBM experiment has broad physics objectives summarized in
the CBM physics book [23] each de ned to study the reball (QCD medium) produced in the
collisions.

A few main physics objectives of the CBM experiment include:

1. Criticality: The event-by-event measurement of the uctuations of conserved charges
(baryon number, charge, and strangeness) can be used to locate the critical point and the
order of phase transition.

2. Vorticity: It is understood that the angular momentum of the o -central collisions mani-
fests as uid vorticity. The spin coupling to the angular momentum results in the global
polarization of the system. This was studied extensively across the HADES [61] and
RHIC [62] experiments at di erent energies. The CBM data of and other hyperons with
high statistics enables the precise study of the vorticity at energies less thad AGeV.

3. Emissivity:  High-precision di-lepton measurements can probe the QCD medium at all
stages throughout the reball evolution. Observables like di-lepton ow, polarization, and
its excess production will shed light on the properties of the produced QCD medium.

4. Hypernuclei: The measurement of multi-strange hyperons and hypernuclei (Nucleus with
bound hyperons, especially lambda hyperon) that might be formed in the dense core of
neutron stars [63]. The measurement of the excitation function of hyperons and hypernuclei
can provide valuable input into the equation of state of nuclear matter found in the core
of neutron stars. Furthermore, it allows studying the hyperon-nucleon interaction, or, in
the case of double hypernuclei, even the hyperon-hyperon interaction, which is again an
important ingredient for the study of the equation of state of baryon-dense matter.

Being a xed target experiment, the particles produced in the collision are boosted in the forward
direction (direction of beam). CBM covers a hemisphere with an aperture of2.5 to 25 in the
laboratory frame for maximum acceptance for CM energies betwee? AGeV to 5AGeV. The
lower cut of 2.5 is due to the beam pipe tunnel. The probes for the QCD phases are often
very rare, for instance, the ! €'e decay channel has a branching ratio o%:72 10 °only.
Even these rare probes can be studied with high statistical signi cance in the CBM experiment.
This is achieved by engaging the detector at a high interaction rate of up to 10 MHz heavy-ion
collisions, which is much higher than ALICE3 ( 10kHz), and STAR ( 1kHz) [64]. This large
rate can be achieved at FAIR using high-intensity beams with up to1  10° beam particles/sec
0.01 interaction probability at the target. The high interaction rate leads to a high particle
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3.2 CBM detector

Figure 3.2: CAD rendering of the CBM detector in the SIS100 cave. Di erent sub-detectors
and the direction of the beam (red) are indicated by the arrows. The forward
spectator detector is located behind the time-of- ight detector (not depicted ex-
plicitly here).

ux of up to 1000 particles/event (central Au-Au collision) through the detector, hence all the
sub-detectors are designed to be radiation-hard. The high collision rate requires the detectors
to be fast to reduce the pile-up of hits from subsequent events. Some sub-detectors have several
thousands of channels for the signal measurement. Since storing the data of each channel
becomes challenging at high rates, a concept of free-streaming readout will be used in CBM,
where each digitized signal is time-stamped and temporarily stored. A simple hardware or semi-
hardware level data selection triggering scheme (like those used in ATLAS and CMS, which
run at up to 1GHz interaction rate) is not available for the CBM physics cases. Instead, an
online real-time event reconstruction will be performed on the time-stamped data on a compute
cluster. Based only on physics-based software triggers (for example, o -vertex decay of), an
event ltering scheme will be employed. The events of interest will depend on the physics goals
of di erent beam campaigns. The gure 3.2, displays the setup of the CBM experiment. The
description of di erent sub-detectors is given in the following section.

3.2.1 Beam Monitor (BMON)

The Time of Flight measurement to determine the velocity of the particle is made possible with
the combination of stop time from the dedicated Time-of-Flight detector and start time from the
TO detector. This is crucial in reducing the misidenti cation of hadrons as electrons. The TO
system is housed as a station in the BMON system in addition to the beam halo station [65] with
a complimentary arrangement. The BMON system is placed before the CBM target system.
A polycrystal chemical vapour deposition diamond technology will be used for the TO system,
with a sensor size oflcm 1cm and 16 strips on both sides. The TO measurement is foreseen
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to have a timing precision of 50 ps[66]. Even at the highest interaction rates, corresponding to
up to 10’ beam particles/s, the BMON system is foreseen to work with an e ciency close to
100% [66].

3.2.2 CBM Magnet

Inside a superconducting (SC) dipole magnet, the target system, vertexing detector, and tracking
stations will be placed. The magnet is of lengthl:5 m and will provide a su cient eld integral

of 1 Tm to bend the charged tracks [67]. The magnetic eld is not homogeneous, being higher
along the vertical Y Z plane. Assuming the particle boost direction along+ Z, the track will
experience maximum bending along theXZ plane and negligible bending along theY Z plane.
The path of the charged track is traced by the tracking stations, thus allowing us to calculate
the momentum-over-charge ratio of the particle.

3.2.3 Micro-Vertex Detector (MVD)

The M icro-V ertex D etector (MVD) consists of four planar stations with large-area monolithic
active pixel sensors placed inside the superconducting magnet [68]. The MVD is designed to
measure the displaced decay vertices of open charm, and weak decays of charged hyperons. The
MVD is used in two con gurations: vertexing and tracking. In the vertexing con guration, the

rst layer is set at 5cm from the target and the subsequent stations are5cm apart, where a
vertex reconstruction precision of pyz =4:1um is achieved. In the tracking con guration, the
rst layer is at 8 cm and subsequent stations ared cm apart. As for di-electron measurement,
the MVD is used as a tracker with four stations. This setup is to reconstruct and thereby reduce
the background from electrons stemming from photon pair production (in the target material)
that do not reach STS tracking system or electron identi cation detectors downstream (so-
called track segments ). Additionally, the MVD is used to apply topological cuts in dilepton
reconstruction. A track pair where one of the legs is only seen in the MVD, not in STS, is
both discarded because of probably conversion processes. Due to the proximity of the MVD to
the target, the probability of reconstruction for such track segments is higher. The é e pair
candidates are selected by charged track separation in the magnetic eld. Since the conversion
pair has a low opening angle, the close distance of these tracks in the rst layer of MVD will
provide the necessary rejection criteria. This is possible because of the excellent single-hit spatial
precision of 5um.

3.2.4 Silicon Tracking System (STS)

The STS is a 3 + 5 stations modular tracking system for the CBM. All stations of STS are
placed inside the SC magnet betwee®:3m to 1 m downstream of the target. The STS uses 876
double-sided silicon strips with a pitch of 58um, enabling a spatial resolution for a hit of about
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25um [69]. Double-sided strips are used for two-dimensional tracking<Y plane. The charged
particles that traverse the sensor generate electron-hole pairs, resulting in the loss of energy.
Electrodes capture the charge that is produced. The signals from the electrodes are captured
by the self-triggering front-end readout electronics with a shaping time of20ns Double-sided
strips (XY coordinates), a modular multi-station design (Z coordinate), and time stamping
precision (T coordinate) allow for the 4D reconstruction of tracks (X;Y;Z;T). With these
settings, a momentum resolution%P of about 1% can be achieved for maximum magnetic eld
operation. The multiple scattering of charged tracks in the detector material is the bottleneck
for the momentum resolution. Hence, the sensors and other components are made lightweight
with a limited material budget within the acceptance. Energy loss in the STS can be used as
an additional particle identi cation feature. Since the energy loss is proportional to the squared
charge, the STS can separate the same momenta-di erent charge number particles, for example
He%+ vs deutron vs proton. Good electron-pion separation cannot be e ciently achieved within
the current STS design.

3.2.5 Muon Chamber (MUCH)

The MUCH detector is placed next to STS in the muon setup for dedicated measurements
of muons from the decays of low mass vector mesons;{; ) and J= [70]. As muons are
penetrating particles, in order for their pure identi cation, the hadrons produced from the
collision need to be absorbed. To prevent the absorption of low-momentum muons, the hadron
absorbers are split into four stations, where each station is equipped with three layers of gaseous
detectors. This setup will enable a momentum-dependent measurement of muons. The latest
optimized design of the MUCH detector [65] foresees the rst station with 28 cm low-density
graphite and 30 cm concrete, and subsequent stations will be equipped with iron absorbers of
20cm, 20cm, and 30 cmthickness. Gas Electron Multiplier (GEM) based detectors will be used
for the rst two stations because they are high-rate capable and can withstand a large ux of
particles (  1MHz=cm?,  0:1 MHz=cm? respectively). Because of the absorbers, the third and
fourth stations will see only 15kHz=cm? and  5:6 kHz=cm? respectively [71]. Hence, the
use of Resistive Plate Chambers (RPCs) is foreseen for the last two stations, providing better
timing precision as compared to the GEM detectors in the rst layers. The MUCH enables
the exploration of di-lepton spectroscopy in the muon channel, which is complementary to the
electron channel.

3.2.6 Transition Radiation Detector (TRD)

The transition radiation detector has a single station composed of four detector layers positioned
behind the RICH [72]. The TRD is based on the principle that fast particles traversing between
two media with di erent dielectric constants produce transition radiation (TR) [73]. The energy
deposited by the particle and the TR are the basis for particle identi cation. In this scheme,
the CBM TRD will use foam as the radiator. Relativistic electrons produce TR while pions and
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heavier particles which are slower will not produce TR, enabling the electron/pion separation.
The particle and the TR will then reach the ionizing gas chamber composed of Xe/CQ mixture
(85%:15%) [72]. This gas mixture is chosen since for typical TR with energies less thalD keV
the Xe has an absorption length of10 mm. The electrons from the ionization process drift into
a Multi-Wire Proportional Counter (MWPC) producing a signal which is then shaped by the
readout electronics. PID is performed using the combination of energy losses in the layers (see
chapter 5). In the di-electron setup, the TRD is used to identify electrons with momenta above
1 GeV=cwith an e ciency of 80% at a pion suppression factor of about 20. The TRD geometry
has two types of modules, TRD-1D and TRD-2D pads. The TRD-1D pads are rectangular and
have a good spatial resolution in one dimension while the TRD-2D modules which will populate
the low pr region around the beam pipe, have a good spatial resolution in both dimensions
( x 100um,  800um) [74]. This excellent spatial resolution enables us to use the TRD
as an intermediate tracker (see chapter 6).

3.2.7 Time of Flight detector (TOF)

The TOF uses Multi-gap timing Resistive Plate Chambers (MRPC) for particle detection. The
principle of the MRPC is similar to that of a silicon sensor (section 3.2.4), except the electrodes
are placed around a gas chamber. A charged particle passing through the gas chamber will cause
ionization along the track within the gas. When the voltage is applied to the electrodes, these
free charges accelerate and further ionize the gas, thus resulting in an avalanche of electrons
and holes. These charges then move towards the electrodes, producing a signal. The TOF
detector in CBM is made up of six di erent kinds of modules with varying sizes of multiple
MRPC strips. The thickness of the gas layer determines the timing resolution of the TOF.
MRPCs have an overall timing precision of 60 ps [75]. The TOF will be placed at aboutt m to
10 m downstream from the target. For the maximum acceptance at10m from the target, the
TOF has an active area of120m?. Using the length of the track from the origin to TOF and
the time information, the velocity of the track can be calculated. This can be used for particle
identi cation (Chapter 5).

3.2.8 Forward Spectator Detector (FSD)

The previously conceived forward wall Projectile Spectator Detector (PSD) is re-conceptualized
into the Forward Spectator Detector (FSD) [65]. The FSD is planned as a plastic scintillator
detector where the high-energy particles produce scintillation light. MAPMTs are used to cap-
ture the scintillation light [76]. The DIRICH+TRB readout chain (the same as the RICH) will

be used to process the signals from PMTs. FSD will measure the centrality of the collision and
its event plane [77], hence will play a role in the centrality di erential analysis of the di-electron
spectrum. A proposal under consideration is to add a neutron calorimeter (NCAL) in addition
to FSD for reconstruction of neutrons under small scattering angles.
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3.2.9 Data acquisition (DAQ) infrastructure

The DAQ infrastructure collects the outputs from each sub-detector and bunches them into
micro-time slices. The HTG-Z920 common readout interface (CRI) boards, housing a Xilinx
Kintex FPGA will collect all the time-stamped data from the FEBs connected to Common
Readout Boards (CROBSs) via GBT links and TRB links (for RICH). Sub-nanosecond synchron-
ization is required for the free streaming readout setup. A Timing and Fast Control (TFC)
provides synchronization triggers to the FEE via CRI boards [78]. All data from the CRI is
passed to the First-Level Event Selection (FLES) input nodes via a PCle connection. Thus,
the CRI connects the hardware parts of the readout and the software architecture of the event
building and selection. On the FLES input nodes, the data container from the CRI is bunched
into micro-time slices. The FLES input nodes are dedicated compute nodes for the operation
of CBM and will be present along the DAQ in the CBM cave [79]. The micro slice data is then
passed via In niBand (a high-speed optical connection) to the FLES computing nhodes. The
FLES combines the time-stamped data of aboutl00 msinto a large data format. This data
is then used for online event/track reconstruction and selection. Together with the data pack-
aging, the FLES input nodes provide a connection to the Experimental Control System (ECS)
via Ethernet. The ECS is a high-level control system that interfaces with the front-end boards,
online systems, and monitoring systems of each detector [80].

3.2.10 Compute Cluster

The data from the experiments and the simulations are processed using the high-performance
computing (HPC) facility at GSI. The CBM users use the Virgo compute cluster. Virgo nodes
allow the user to run applications on Linux containers, separating the host and user nodes. The
cluster is housed inside the Green IT Cube. The water cooling concept allows for the IT cube
to be dubbed Green and highly power e cient.

3.2.11 Ring Imaging CHerenkov detector (RICH)

The RICH detector is the prime electron identi cation detector for CBM. The electron identi-
cation in RICH is based on the principle of the Wawilov-Cherenkov e ect. The e ect describes
photon radiation that is emitted when a charged particle traverses a medium at velocities larger
than the speed of light in that medium. Cherenkov proposed the e ect in a paper [81], where
he pointed out that when fast electrons traverse through pure liquids, they produce visible
radiation.

A pictorial representation of the Cherenkov e ect is shown in gure 3.3. Assuming the charged
particle travels through a dielectric medium that has a refractive index n( ) (for the photons
of wavelength ), the electric eld of the charged particle induces momentary dipoles around
the particle trajectory. Given the velocity of the particle v, smaller than the speed of light
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in the medium Wc) this polarization is globally symmetric, meaning the net eld at a large
distance is zero, and hence no radiation is observed. Conversely, if the velocity of the particle,
Vp > WC) then an asymmetry in polarization along the patrticle trajectory is produced. This
results in the production of coherent radiation at an angle with respect to the velocity vector
of the particle [82]. At the Cherenkov threshold, the velocity becomesvy. = WC) therefore

¢ = "2 = ;iy. From the gure 3.3 we see,

ct _ ¢ _ 1

n( )Vpc( )t - n( )VpC - Cn( ): (32)

cos(c( ) =

The Lorentz factor for a relativistic particle is given by the equation,

Figure 3.3: Pictorial representation of the Cherenkov radiation. The particle enters the me-
dium at point A and reaches point C at time t. The Cherenkov photons that
were originating at A reach point B at time t. The outward arrow (Violet) in-
dicates the trajectory of the Cherenkov photons.

r

— +(mﬂc)2; (3.3)

Therefore, the threshold Lorentz factor for the particle to produce Cherenkov radiation is given

by, S
= : (3.4)

Using the above equations, one can nd the threshold momentum ;) for a particle of massm
to produce Cherenkov radiation as,

S S

=) pc=mc n()il ; (3.5)

r_
Peyo
1+(mc)

1 ¢

From equation 3.5, one can infer that by carefully choosing the radiator medium, i.e., by con-
trolling n( ), the Cherenkov threshold for di erent particle species can be controlled, which
enables particle species identi cation. The CBM RICH will use CO, gas with a refractive
index, n(600nm) 1:00045as the radiator. This close-to-unity refractive index provides a mo-
mentum threshold p. of 4:65 GeV=c for charged pions m= 135 MeV=c?) while for the electrons
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(m = 0:5MeV=c?) it is 16 MeV=c thus allowing pion-electron separation? Cherenkov photons
are produced over a wide wavelength range from far UV to infrared, but CQ absorbs light at
wavelengths below180 nm CO, also has a lower probability for uorescence compared to other
gases with similar refractive index (traversing charged particles produce scintillation). The CQ

at 2 mbar over-pressure will be housed inside a hermetically sealed gas vessel (RICH box) made
of steel and aluminium, with thin entry- and exit windows made of composite materials with a
low material budget. The optimization of material compaosition and thickness of the entrance
and exit windows for the RICH box is yet to be performed.

Frank and Tamm who jointly shared the Nobel Prize with Cherenkov, derived the equation
for the Cherenkov photon multiplicity [83] produced per unit length (x) and wavelength ()
(equation 3.6).

®N 2 Z2 1
= 1 ; 3.6
dxd 2 2n2( ) (3.6)
here is the ne structure constant and Z is the atomic number of the radiator. Assuming
a constant refractive index n( = constant), the photon multiplicity falls quadratically with

respect to . One can do a simple transformation from wavelength to energy & = ) to nd

the multiplicity is constant over the energy. Integrating the equation 3.6 for the radiator length

of 2m and wavelength above1l80 nm we get a photon multiplicity of 100 The Cherenkov
photons are produced at an angle with respect to the direction of the charged particle through
the medium. In order to capture the Cherenkov photons with maximum e ciency, a spherical
focusing mirror system is used. The mirror system consists of an upper- and lower half, both
halves are slightly tilted outside (12 degrees) in order to re ect the photons outside the CBM
acceptance, where they are captured by the photon cameras. This scheme helps to avoid the
presence of the photon sensors and read-out electronics within the detector acceptance. A similar
concept of the RICH optical system is also used in other experiments [84, 85].

The two halves of the spherical mirror system are each made of 40 (3) glass mirror tiles
coated with Al + MgF ». Each mirror tile is trapezoidal-shaped with an 40 cm edge length and
a radius of curvature of 3m, hence the focal length isl:5m (f = % for the spherical mirror).

The mirrors have a re ection e ciency of about 85% for the expected wavelengths of Cherenkov
photons [S6].

The spherical mirror has a spherical focal plane, hence to cover all photons ideally one needs
to build a spherical camera. Since building such a camera is unfeasible, a compromise using a
cylindrical design with a tilt with respect to the X axis is made [87]. Using such a setup, the
radius of the rings formed by the electrons originating from the target is nearly constant. The
camera is a 2D array of Multi-Anode Photon Multiplier Tubes (MAPMT) made by Hamamatsu
(see Chapter 4). A box made up of Iron houses the camera, this is to shield the MAPMTs from
the magnetic stray eld of the SC magnet. The placement of the RICH camera, the size of
the mirror, and the selection of the photon sensor ensure a geometrical acceptance of 90% for
electrons with momenta abovel GeV=c emitted within the acceptance of CBM (2.5 to 25).

2The temperature and pressure dependence of the refractive index are not considered.
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3.3 CBM simulation and reconstruction framework

The detector simulation is necessary for understanding the capabilities of the detector, further
optimization of the detector design, and physics performance evaluation. CBMROOT is C++
based simulation and analysis software based on the ROOT data analysis framework. In the
rst generation, CBMROOT encapsulated all the necessary packages for the complete detector
simulation. Since multiple FAIR experiments had similar requirements, the software framework
was split into FAIRSOFT, FAIRROOT, and other detector-speci c software frameworks (CB-
MROOT, PANDAROOT, R3BROOT, etc.). FAIRSOFT includes the backbone packages like
GEANT, Pythia, ROOT, Boost, and Virtual Monte Carlo (VMC) [88]. FAIRROOT [89] uses

all FAIRSOFT packages and builds a framework of base classes on top that the detector groups
can use. This includes the GEANT transport, track classes, and visualization of events.

The components of the simulation are depicted in the owchart 3.4.

Particle information

Event generators (oX.py,pz.E,PID)

MC points, MC tracks,

Transport Energy loss (dE/dx)

‘ Digitization }—~ Digi objects

Hit reconstruction,
: Track reconstruction,
‘ REcanSiHCon }—‘ Event reconstruction,
PID assignment

Flow of hadrons,
‘ Physics analysis }_, di-lepton pro-

duction, etc...

Figure 3.4: The owchart of the CBMROOT analysis framework shows each stage of simu-
lation (Red) and the information from each stage (Blue).

Event generation: Monte Carlo event generators are used to simulate events at a given
energy and collision system. The event generators, which are based on physics models, provide
us with a list of particles with their phase space parameters (vertex, momentum vector, energy,
and type (PID)). The event generators used in this thesis are UrQMD, PLUTO, and FAIRBox
generators.

Ultra-relativistic Quantum Molecular Dynamics (UrQMD): UrQMD is a microscopic transport
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model that treats the nuclei collisions as multiple nucleon collisions [90]. In the context of this
thesis, the UrQMD generator is used to generate complete events from which the background
contributions, mainly the production of pions from the collisions and hadron decays, are derived.
While the other generators are used to produce the electrons or decays of LMVM.

PLUTO: The decay of!; ; into di-leptons is rare. To generate su cient numbers of these
decays, one therefore needs to either simulate more collision events or arti cially enhance decays
in every collision. The PLUTO event generator is used to produce rare decays in the boosted
frame. Embedding the decay into the UrQMD simulated collision event allows enriching the
data samples with particle decays of interest [91].

FAIRBox generator: The FAIRBox generator is used to generate a specic particle species
within a given kinematic parameter range. In this thesis, the FAIRBox generator is used to
generate electrons within the acceptance, either standalone or in combination with UrQMD-
generated collision events. Pure FAIRBox-generated electron samples are used to derive the
geometrical acceptance for the di erent PID detectors.

Transport: The particles generated by the event generators are transported through the
detectors using the GEANT engine [92, 93]. For each detector and its sub-volumes, the transport
class uses the geometry objects created using TGeoManager. These geometry objects can be
made from active and passive materials (software de nitions, no physical di erence). The tracks
propagated through materials interact with it. The interaction in the active material, which

is usually characterized by its energy deposit, is stored as so-called MCPoints. A single track
can produce multiple MCPoints in each active- or passive material element. By combining the
MCPoints from all detectors, one can form an MCTrack. The MCTrack object encapsulates the
track parameters, including its PID and MCPoints.

Digitization: This step encapsulates the detector response for the MCTracks including the
responses of the sensors and connected readout electronics (transfer function of the sensors, the
e ciency of pixels, etc.). The digitized output is the raw le corresponding to the data readout
from the real experimental setup. The output of the digitization stage (usually referred to as
Digi) contains the time information of the signal generation, the pixel/sensor address, and
signal characteristics.

Reconstruction: The raw data from the digitization is reconstructed to produce hits and
tracks. One or more digis are combined to form hits. The hit reconstruction involves mapping
the pixel address to spatial coordinates and time from the digitized hit with the associated
uncertainties (¥; T, t, t). The container of hits is then used for the reconstruction of tracks.
The track nder is based on a Cellular Automaton algorithm. First, the hits are clustered in time,
corresponding to a single event. CA then nds tracks using clustered hits by separating them
into discrete Z blocks corresponding to di erent tracking stations. A few consecutive stations
of MVD and STS are used as the seed for the CA tracker. The found tracks are then tted
separately in XZ and Y Z (because of the inhomogeneous magnetic eld), and the momentum
and charge information of the tracks is derived. These tted tracks (which will be referred to
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as reconstructed tracks or just tracks) are then extrapolated to the downstream detectors.
At the downstream detectors, apart from the reconstruction of hits and local tracks (usually
referred to as tracklets ), the reconstruction of energy loss, rings, and the PID assignment are
done.

Analysis: The tracks reconstructed are used for di erent physics analyses like di-electron
reconstruction, ow measurement, uctuation measurements, etc. ..

3.4 CBM RICH reconstruction

A owchart depicting the various stages of the RICH reconstruction algorithm is shown in the
gure 3.5. The GEANT-transported MCPoints in the RICH are the Cherenkov photons entering
the active regions of the camera. In the RICH camera, the active region is a group of pixels
that mimics the MAPMT pixel structure. For di erent wavelengths of light, the MAPMT has

di erent quantum e ciency (QE). One can de ne the QE as the fraction of the photons that
produce the signal in the MAPMT cathode. This includes the photo-electric e ciency and
cathode collection e ciency. This combined e ciency is applied to each MCPoints, rejecting
the reconstruction of a corresponding amount of MCPoints. All the surviving MCPoints are

‘ STS tracks ’

‘ Extrapolation ’ ‘

to gas volume RUE s ’

Hough transform

‘ Projection to camera ’ ‘ RICH rings ’

Ring-track matching and electron identi cation

Figure 3.5: The owchart of the RICH reconstruction algorithm (Green: Assumptions,
Brown: Outputs, Red: Algorithms).

considered to be the output from the MAPMT and digitized. The digis carry information about
the arrival time of the MCPoints (which is Gaussian smeared to a timing precision ofl nsin order
to re ect the detector's time resolution) and the pixel address of the incident hit. Currently,
the RICH hit digitizer only delivers photon time-of-arrival. A realistic signal-width (Time-
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over-threshold) reproduction is currently not implemented. ToT plays an important role in the
analysis of real data for separation of real photon signals from the capacitive crosstalk signals
produced in the MAPMT. This kind of cross talk can be e ectively eliminated by requiring a
minimum ToT of the registered pulses (see Chapter 4). Meanwhile, a second type of crosstalk,
namely charge sharing crosstalk, was already implemented in the reconstruction chain, based on
the quantitative results from this thesis (see Chapter 4). Every pixel address is mapped to the
XY Z position. The Hit is created from the information of arrival time from the digi and its
mapped spatial position, taking into account the corresponding precisions. Now for an event,
we have a container of hits. These hits are then used to nd the rings.

Ring- nding is based on a localized Hough transform. The Hough transform is implemented as
a circle ring nder with three parameters: radius and two-dimensional ring center (x;y). This
ring nder implementation does local searches using the knowledge that the rings must have an
upper radius limit because of the limited Cherenkov angle. The found rings withN ;s are tted
using a multi-parameter Taubin t as an ellipse tter F(x) = Ax?+ Bxy + cy’+ Dx + Ey + F.
Combinations of these parameters are then used to derive the semi-major axig), semi-minor
axis (b), and ring tilt angle ( ). The t provides a 2=NDF. Each ring is quality-checked using
an ANN, which is a Single Layer Perceptron (SLP) with the ring parameters as the features :
a; b; , number of hits (Nyis ), and absolute ring center in polar coordinates (radial position
(R) and angle ()).

All the tracks tted in STS are extrapolated to the RICH gas volume assuming an electron mass
hypothesis. This mass hypothesis accounts for the e ect of multiple scattering and track bending
in the magnetic eld. The position in Z to which the tracks are extrapolated, assuming an
electron mass hypothesis, is called the extrapolation layer. The Cherenkov photons themselves
are not scattered and are una ected by the magnetic eld. Hence, after the extrapolation layer,
the tracks are analytically projected to the RICH camera by a straight line. The ring-track
distance, d is calculated as the distance of the closest ring to a track projection. Finally,
the electron identi cation is done by a separate ANN, which is a single-layer perceptron (SLP)
for the ring-track pair with the ring-track distance and the ring quality parameters. The SLP
distinguishes electrons from pions and is trained on FAIRBox-generated electrons and UrQMD-
generated pions.
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Performance and quality testing of CBM RICH
front-end electronics

This chapter describes the laboratory setup at the University of Wuppertal and its use to
measure charge-sharing crosstalk, perform high rate and high occupancy tests of MAPMT-
DIRICH readout electronics using a realistic detector setup. Furthermore, the time measurement
capabilities of the DIRICH front-end boards are presented. The latter part of the chapter
includes the analysis of induced electronic noise characteristics of a new iteration of the DIRICH
power module to be used in the CBM RICH readout chain. Sections of this chapter have been
published in the following papers/reports:

1. M. Becker, et al., corresponding author: P. Subramani, Quali cation of DIRICH readout
chain , Nuclear Instruments and Methods in Physics Research Section A (2024) [94].

2. M. Becker, et al., Status of the development of the RICH detector for CBM including
a mRICH prototype in mCBM , Nuclear Instruments and Methods in Physics Research
Section A (2024) [95].

3. P.Subramani, et al., A new lab setup for studying DIRICH and PMT properties, CBM
Progress report 2020 [96].

4. P.Subramani, et al., Testing of new DIRICH power modules for their noise bandwidth
CBM Progress report 2021 [97].

5. P. Subramani, et al., "Performance and quality testing of CBM RICH front-end electron-
ics", CBM Technical Note.
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4 Performance and quality testing of CBM RICH front-end electronics

4.1 Ring Imaging Cherenkov detector front-end electronics

The CBM RICH uses H12700 multi-anode photo multiplier tubes(MAPMT) manufactured by
Hamamatsu as spatially resolved photon sensors. Each H12700 MAPMT has 64 pixel8 ( 8) of
size6mm 6 mm and has a peak quantum e ciency of 33% and a large e ective area 0f87%
The gain per photoelectron is in the order of 1P, with the dark count rate of < 100 Hz per
pixel. Each set of six photon sensors is connected to a backplane, which also hosts all necessary
front-end readout components. Furthermore, the backplane also provides a light- and gas-tight
seal of the radiator volume and incorporates all connections to power and signal lines.

Signals from the MAPMTs are read out via the DIRICH front-end board (FEB). Each channel
of the DIRICH FEB incorporates a single-stage transistor-based inverter ampli er with a gain
of 10to 20in order to provide su cient ampli cation to the input signal. The native PMT
single photon signal is a short, negative pulse a8 nsto 5 nswidth and an amplitude in the range
of 10 mV per photon (depending on the individual PMT gain). After analog pre-ampli cation,
the signal is directly fed to one of the two inputs of a di erential line receiver port of the onboard
ECP5 FPGA, where it is compared to a channel-individual threshold voltage (connected to the
second input), generated via pulse-width modulation (PWM) using two Mach XO3 FPGAs on
the same DIRICH FEB. In this approach, the di erential line receivers onboard the ECP5 FPGA
are used as signal discriminators, minimizing the need for additional components.

Both threshold crossings (leading- and trailing edges of the signal) are subsequently measured
in a high-precision FPGA-TDC implemented onboard the ECP5 FPGA. The data ow in the
TDC is explained in section 4.7.1. Each DIRICH FEB has 32 analog input channels. A single
backplane can host up to six MAPMTs and twelve DIRICH FEBs (two DIRICH FEBs per
PMT).

The data from all individual DIRICH FEBs on a given backplane are transferred via individual
2 Gbps digital links to the DIRICH combiner/concentrator module hosted on the same back-
plane. The DIRICH Combiner acts as a simple data hub, combining the data stream of the 12
input links to a single 2 Gbps optical output link. The data protocol on all these data links is
de ned by the TRBnet speci cations [98]. The combiner module can also receive external trigger
signals, which are distributed simultaneously via the backplane to each DIRICH module. An
additional, special TDC channel on each DIRICH assigns timestamps to the incoming trigger
signal, needed for later hit assignment and event building across multiple DIRICH backplanes.

The DIRICH-Power module (one per backplane) provides all low-voltage power supply lines
(:1v, 1.2V, 25V, and 3:3V) generated from a single input 8V to 36V) using DC/DC
converters. Special attention is paid to minimizing the amount of electronic noise (EMC) induced
on the analog components on the backplane. In addition, the DIRICH-Power module also
transfers a single HV input supply line ( 1kV, Lemo-01 input connector) via the backplane
to all 6 MAPMTSs. A picture of the backplane with readout components is shown in gure 4.1.
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Figure 4.1: Backplane with MAPMT and readout components. Picture Courtesy: G. Otto
(GSI)

4.2 Motivation

Both the upgraded HADES RICH and the mini-CBM (mCBM) setups at GSI SIS18 use the
same DIRICH front-end electronics, which are also planned for the CBM RICH readout, along
with the already acquired H12700 MAPMTSs. Initial testing and detailed characterization of all
MAPMTs has already been completed; the obtained series data are used for gain matching sets
of six MAPMTs on one backplane sharing the same HV supply channel [99]. The DIRICH FEBs
have already been successfully tested for average input hit rates up td00 kHz per channel [98].
In the CBM RICH, when running at maximum heavy ion interaction rates of up to 10 MHz and

at highest operational energies, one expects maximum hit rates in the order of a fed00 kHz
per pixel (6mm 6 mm) in the hottest regions of the photon detector.

Emission of Cherenkov photons is a quasi-instantaneous process, emitted photons travel basically
with the same speed as the emitting electron (i.e., the speed of light in the radiator medium),
and the track length of all photons emitted from the same lepton is quasi-identical. As a
consequence, all Cherenkov photons belonging to the same Cherenkov ring are arriving at the
MAPMT simultaneously, resulting in larger hit multiplicity ( occupancy if normalized to the

total number of MAPMT pixels) during a very short time duration (typically < 100p9 [100].
The dimension of the active area of an H12700 MAPMT is485mm 485mm. Based on
the average number of photons per ring ( 30) and the expected ring radius R 50 mm) the
number of simultaneous photon hits per MAPMT (i.e., PMT occupancy) is estimated tobe 6 9
simultaneously incident photons per MAPMT. Incident light on one MAPMT channel can induce
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4 Performance and quality testing of CBM RICH front-end electronics

signals in other channels, a phenomenon known as crosstalk. Crosstalk can be of two types,
neighboring channel charge sharing crosstalk and capacitive crosstalk. The neighboring channel
crosstalk is caused by parts of the electron avalanche leaking into neighboring pixels, producing a
signal above the threshold. While the capacitive crosstalk is the result of the parasitic conduction
between the channels due to large signals at the common photocathode These crosstalk signals
are typically short and can be removed by imposing a Time over Threshold cut (discussed in
sec 4.5). Larger occupancies may increase the probability of crosstalk, hence the characterization
of the MAPMT as a function of photon occupancy is paramount.

The large maximum expected hit rate also implies a large data rate at the readout- and combiner
boards. All 12 DIRICH FEBs on a given backplane transmit data to a single combiner, which
forwards it over a single data link to subsequent DAQ readout stages. Therefore, this combiner
upstream link is one of the current bottlenecks for the data ow. In order to maximize the
data performance of the existing hardware chain, individual channel- and event bu er sizes on
DIRICH- and Combiner modules can be optimized (in software). In a second step, also the
uplink speed of the existing combiner modules might be further increased (currently2 Gbps,
FPGA limit is 10 Gbpsg using the existing hardware. Ultimately, a new version of the combiner
module, possibly with more than one output link, might follow. However, the analog part of the
DIRICH front-end modules (2500 modules in total) is xed already and could possibly pose a
hard limit to the achievable maximum hit rates for many years to follow. So a detailed study of
the hardware limitations in terms of hit rate and data quality is of utmost importance and had
to be done before the start of series production. Since HADES and mCBM, in general, both do
not provide the environment for such tests, a laboratory setup was made to study the high-rate
behavior of the DIRICH readout chain and also to de ne the optimal readout parameters. The
results of these studies are summarized in the subsequent sections.

4.3 Laboratory setup

The setup basically consists of a single readout module equipped with a single MAPMT, two
DIRICH modules for readout, and two di erent light sources (a pulsed laser source and a DC
source), enclosed in a light-tight box (originally built for a beam test at the COSY accelerator in
FZ Jilich see [101]). The main goal is to operate MAPMT and DIRICH readout under realistic
high-rate conditions, as similar to the nal CBM RICH high-rate operation as possible. The
schematic and photograph of the setup are shown in gure 4.2.

Readout of the data is done using a TRB3 (Trigger Readout Board: V3), connected to the
upstream optical link of the DIRICH combiner module on the backplane. In this setup, the
TRB3 board, in addition to the pure data transport, is also incorporating a Central Trigger
System (CTS), generating regular readout triggers fed to each individual DIRICH in the setup.
Later in CBM, this part of the readout will be replaced with a CRI-based readout of the CBM
DAQ concept, which will not be studied here. Data is sent via a single GBit Ethernet connection

1The H12700 MAPMT is designed with common dynode grids in combination with a segmented anode
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Figure 4.2: Left panel: Schematic showing components of the laboratory setup. The MAPMT
is illuminated by a LED and a picosecond laser source. The signal from MAPMT
is processed by the DIRICH-TRB3 readout chain. Right panel: Photograph of
the laboratory setup.

from the TRB3 to a DAQ PC for disk storage. A pulsed laser light source produces ultra-short
picosecond pulses (width< 50psin Violet, 400 nm) which are passed through an optical
cable into a collimator with a conically opening slit structure. At the input of the collimator,
the incoming light is di used by using a white glass di user and homogeneously illuminates the
collimator slit. Light from the collimator is then projected onto the MAPMT, generating a ring-
like image of numerous simultaneous photons, mimicking a Cherenkov ring in the real detector.
A pulse-synchronous reference signal, generated by the laser pulser, is measured additionally
using a dedicated TDC on the TRB3, which allows isolating PMT signals generated by the
pulse laser (so-called signal hits) from hits by other sources ( background). The photon
yield per pulse of the laser can be adjusted (0 30 photons/pulse) in order to vary the MAPMT
occupancy. In general, the large interaction rate at the future CBM experiment, and possibly
also uorescence e ects, will produce a large photon background that is not time-correlated
to signal photons in a given event, and which must be incorporated into the setup. This is
achieved by implementing a second light source into the setup: A LED driven by a DC constant
current source, causing an uncorrelated, statistically distributed photon background. Combining
both light sources, the setup provides a controlled signal photon rate together with a controlled
stochastic background noise, which is not possible in normal test beam operation.

4.4 Charge sharing crosstalk measurement

In the rst commissioning measurement, this setup was used to re-evaluate the neighboring-
channel charge-sharing crosstalk of the H12700 MAPMTs in comparison to its predecessor
H8500. A similar study has been done [102] using CERN test beam data but using di er-
ent (nXYter-based) readout electronics and slow signal shaping. The new results presented here
are based on the DIRICH readout to be used in the later CBM RICH detector. The measure-
ment aims to quantify the amount of crosstalk (to be included in Monte Carlo simulations) and

to study the in uence of the noise reduction threshold voltage on crosstalk.
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4 Performance and quality testing of CBM RICH front-end electronics

4.4.1 Measurement principle

The measurement presented here is based on the illumination of the MAPMT with low-intensity
short laser pulses ( 5p9). A reference signal from the pulse generator is fed into the data and
used to select signal hits based on a time cut around the prompt peak. In the setup gure 4.2,
no collimator is used, and also the LED is switched o. The charge-sharing crosstalk into a
neighboring channel is then estimated as follows:

~

Only events with two simultaneous signal hits on the MAPMT are selected (characterized
by a relative time di erence between reference pulse and PMT signal of less than 10ns
and a ToT (Time over Threshold) 3ns).

The distance between the positions of the two hits (counted in the number of pixels) is
histogrammed.

The obtained 1D distance distribution is compared to a simple Monte Carlo simulation
where two hits are randomly thrown on the MAPMT ( 8 8 pixels).

Non-uniform illumination of MAPMTs and e ciency variations of the pixels might distort
the statistical distribution of the measured distances. In order to account for it in sim-
ulation, an e ciency matrix was derived for MAPMT based on the normalized absolute
number of hits in each pixel,

Hit multiplicity in a pixel
Total number of events

e ciency = (4.1)

This is then applied to each pair of hits as a correction factor.

The simulated distance distribution is scaled to the measurement such that optimal agree-
ment for all distancesd 2 is achieved. Any excess yield of measured distancéls= 1 can
now be attributed to the charge-sharing crosstalk.

Finally, the relative crosstalk contribution is quanti ed using the following formula:

Ndata:d=1  Nsim:d=1

I:cross talk —

100% 4.2)

I\lsim;all

where Ngata:d=1 @and Nsim:q=1 are the number of entries in data and simulation histograms
corresponding to distanced = 1. Ngm.an is the total number of simulated pair events.

The procedure is repeated for four di erent PMTs and ve di erent threshold values.

4.4.2 Results and Discussions

The measurement results are shown in gure 4.3. The measured distance distribution matches
very well with the simulation results, with the only sizable di erence being observed in the rst
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bin, corresponding to the crosstalk into neighboring channels. The H8500 MAPMT ( gure 4.3
(left)) shows a sizable amount of crosstalk, which is much reduced in the case of the H12700
MAPMT ( gure 4.3 (right)).

Figure 4.3: Measured distance between two hits for data (blue) and simulation (red) and
the hit multiplicity of detected photons per event. Left: H8500 MAPMT, Right:
H12700 MAPMT. Threshold: 50 mV (after pre-ampli cation).

Results for measurements on four di erent MAPMTs (2 HB8500 and 2 H12700) are summar-
ized in gure 4.4, with relative crosstalk being plotted as a function of applied noise reduction
threshold value (threshold after pre-ampli cation).

Figure 4.4: Neighboring channel charge sharing crosstalk is plotted against noise rejection
threshold voltage. Di erent colors indicate di erent MAPMTs used for measure-
ment. H12700 MAPMTs have signi cantly lower neighboring channel crosstalk
compared to the H8500 variant.

The observed crosstalk for H8500 MAPMTs is in the order of 10-1%, which is in good agreement
with the earlier measurements. In contrast, the crosstalk for both H12700 MAPMTSs is only in
the order of 1-26. This is expected based on the MAPMT series testing results, but could now
be con rmed with the full DIRICH readout chain.

As a second interesting result, the crosstalk contribution does not depend on the applied noise
threshold. This comes as a bit of a surprise, since the total amount of charge generated by
a photon is xed, and sharing this charge over two channels should result in reduced signal
amplitude and thus reduced charge-sharing contribution at higher threshold values. However,
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4 Performance and quality testing of CBM RICH front-end electronics

the range of threshold values covered in this study resembles realistic threshold values as would
be used in the real experiment. All studied thresholds are still well below the average single
photon signal, in the order of 10% to 20% of the typical single photon charge. The expected
reduction of charge sharing would probably be observed at much higher threshold values only.

4.5 High occupancy analysis

A good understanding of possible capacitive crosstalk and time over threshold (ToT) spectra
at high occupancy (as described in sec. 4.2) is required for implementing it properly in the de-
tector simulation and optimal selection of ToT threshold for the operation of MAPMT-DIRICH
readout. It is stipulated that the charge-sharing crosstalk between neighboring channels, as dis-
cussed in the preceding section, is independent of occupancy in MAPMT, as it persists whenever
there is at least a single hit in a pixel. In this section, the measurement principles and results
of the high occupancy test of MAPMTs are presented. The capabilities of the readout chain to
handle possible crosstalk resulting from these higher occupancies are discussed.

4.5.1 Measurement principle

A picosecond laser is used to produce high photon occupancy. To separate the signal from
the background, a reference pulse is used as described in the previous sections. The hits that
are correlated in time ( 10ng are selected. The schematic of the setup used for the study
is depicted in gure 4.5. Photon emission from a laser is a stochastic process. It is quite
challenging to accurately measure the photon ux from the laser (on a few photon level) with a
basic laboratory setup. Hence, in order to have a measurable control over the photon yields, a set
of neutral density (ND) Iters (with well-known attenuation factors) are used as a calibration
device. Using this setup, instead of quantifying the number of photons per single pulse, the
measurement is reduced to counting the number of detected single photons in a large given
number of pulses, with well less than one photon per pulse. Di cult quanti cation is reduced

to simple binary counting.

Figure 4.5: Schematic of setup for high occupancy measurement. No LED is used for the
measurement. A set of neutral density Iters is used for attenuating photon
intensity from the laser.
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4.5 High occupancy analysis

The measurement principle for this analysis is as follows:

1. The neutral density lters to be used are calibrated, i.e., the transmittance T of the ND
Iter is calculated .

2. An ND lter is placed in between the laser and MAPMT, thereby attenuating the laser
yield.

3. With the measured transmittance of the Iter, the expected hit multiplicity without the
Iter is calculated.

4. The measurement is repeated by removing the Iter while maintaining the same intensity
of laser.

5. The observed hit multiplicity is compared with the expected result; any excess measured
is attributed to crosstalk resulting from the high occupancy setting.

6. The intensity-dependent crosstalk contribution is estimated by repeating steps 2 to 5 for
di erent intensities of the laser.

An explanation of the measurement principle is provided in the subsequent sections.

4 5.2 Calibration of lters

In order to calibrate the ND lters, the intensity of the laser pulses is reduced to produce low
hit multiplicity in MAPMT (hits < 3). In this setting the capacitive crosstalk contribution
is assumed to be minimal. The hit multiplicity per event without lter ( Nuwithout filter ) IS
measured and plotted in the X axis . Further, the neutral density lter is placed between the
laser and MAPMT. The resulting reduced hit multiplicity is measured and plotted on the Y axis
(Nwith fiter ). Both the values are subtracted by dark hits (Ngark hits ), Which is the number of
hits measured when the laser is 0 (because of stray light and/or other sources). The procedure
is repeated for 10 di erent laser intensities. The resultant graph (shown in the gure 4.6) is
tted with a straight line,

Nwithout fiter = Nwith fiter T + N(0); (4.3)

whereN (0) isthe Y intercept and T is the slope. The slope derived by line tis considered as the
transmission probability (T) of the ND Iter. To reduce bias, the measurement is repeated using
two di erent lters with di erent transmittance, and the results are tabulated in 4.1. A similar
procedure is repeated by imposing a ToT cut (ToT> 3 ng) on the hit selection (appendix A.1.1).
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Figure 4.6: Hit multiplicity with lter is plotted against hit multiplicity without Iter. The
resultant graph is tted with a line, and the extracted slope is considered as the
transmittance of the lIter.

Table 4.1: Transmission probability and neutral density are calculated for the two di erent
Iters and compared with their nominal value (taken from [103]). The measured
neutral density is in agreement with the nominal value .

Filter Number Transmission Neutral density Nominal ND
probability (T) (ND = logig 1)

1 0.0531+ 0.0004 | 1.2751% 0.0035 | 1.3 0.02

2 0.0137+ 0.0004 | 1.8626+ 0.0126 |2 0.2

4.5.3 Estimation of crosstalk at high occupancy conditions

The calibrated lters are placed in between the laser and MAPMT. The hit multiplicity with
Iter ( Nwith fiter ) IS measured, and the intensity of the laser is adjusted such that multiplicity
does not exceed 2 hits (crosstalk is assumed to be minimal).

The expected hit multiplicity without Iter (adjusted for the dark hits) is calculated as,

1
NExpected = Nuwith filter f Ndark hits N double photons - (4-4)

An additional correction is applied to correct for the increased probability of double photon
hits (two real single photons reaching the same channel) within the same pixel at increasing
occupancy. Such contribution from double photon Ngouble photon) is Simulated (appendix A.1.2)
and subtracted accordingly. Calculated expected hits are plotted in gure 4.7. The expected
hit multiplicity without ToT cut is slightly higher than the same with lIter in gure 4.7, this is
caused by the estimation of transmittanceT with and without ToT cut (appendix A.1.1). The
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4.5 High occupancy analysis

Figure 4.7: Expected number of hits vs. observed hits for Iter 1 (Left) and Iter 2 (Right).
Without any ToT cut, the observed hits increases with increasing hit multipli-
cities. However, the observed hits with the ToT cut are in agreement with the
expected hits. Since the Iter 2 has transmission e ciency close 1%, the error in
estimation of hits in higher multiplicities is higher compared to Iter 1 which is
about 5% transmittance.

di erence in the estimation of the T might be due to the negligible crosstalk associated with
low hit multiplicities, which is assumed to be zero in these studies.

The lter is removed, and hit multiplicity Nwithout fiter 1S Measured. Measured hit multiplicities
are adjusted for dark hits as,

NObserved = Nwithout filter Ndark hits - (4-5)

The measurement procedure is repeated for 12 di erent laser intensities; the results are plotted
in gure 4.7. Each data point in the analysis is averaged overl(° regular readout trigger events
(readout trigger 10kHz, laser frequency 10kHz). In the expected range of hit multiplicities
of 6 9 hits/event/MAPMT (8 14% occupancy), the additional hits due to crosstalk are minimal
(less than 1), as shown in gure 4.7. Signi cant crosstalk hits are observed for the expected
hit multiplicities greater than 10 hits. Similar results were observed for both the Iters under
test. As anticipated, the contribution of capacitive crosstalk hits increases with an increase in
hit multiplicity. However, once the ToT cut of 3nsis employed on the hits, the observed hit
multiplicities follow the trend of expected hit multiplicities. This indicates that the ToT cut
plays a vital role in eliminating capacitive crosstalk signals.

Choosing the optimal ToT cut depends on its capacity to eliminate crosstalk hits as well as
preserve true photon hits. Quantifying the impact of the ToT cut on selecting the true photon
hits is quite intricate. As a general rule, a lower ToT is better for the e ciency of selecting
true photon hits. Hence, a minimal ToT cut for maximum rejection of capacitive crosstalk is
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4 Performance and quality testing of CBM RICH front-end electronics

employed as a compromise strategy. In order to test the impact of di erent ToT cuts on the
e ect of the capacitive crosstalk, an extended version of the analysis presented in gure 4.7 is
performed. Here, the expected and observed hit multiplicities are calculated for di erent ToT
cuts. Figure 4.8 displays the excess hits, which are calculated by subtracting observed hits
and expected hits, as a function of expected hits for di erent ToT cuts. The performance of
lower ToT cuts (less than 3 ng) is worse in higher occupancies. More than 30% additional hits
are produced as compared to expected hits for the ToT cut ofl:5ns. For CBM RICH safety
occupancy of 18 hits (9 (maximum) 2) which translates to  28% pixels, a ToT cut of 3nsis
optimal.

Figure 4.8: Excess hits (observed-expected) as a function of the expected hit multiplicity for
di erent ToT cuts for the Iter 1 (left panel) and lter 2 (right panel).

The time over threshold (ToT) spectra for di erent multiplicities are plotted in gure 4.9. One
can observe a rise in the low ToT peak as the hit multiplicity increases, indicating additional
crosstalk. Furthermore, the valley between the lower ToT and higher ToT peaks shifts gradu-
ally towards the higher ToT region and tends to get sharper with the increase in multiplicity,
indicating that the ToT usage for crosstalk signal suppression has certain limitations.

The histogrammed ToT spectrain gure 4.9 are shown in three di erent variants, using di erent
choices of scaling factors of the individual curves of increasing illumination. The rst plot uses
no additional scaling, i.e., the number of entries in each curve increases simply with increasing
hit multiplicity. The second plot is scaled such that all individual ToT distributions have the
same area of the signal peak for ToT> 3ns This is done to visualize the proportional increase
in the left peak (crosstalk). The third iteration of this ToT plot is scaled in order to better
express the single photon contribution. A scaling factor, de ned as,

. 1
Sca“ng factor= Nexpected Ndouble photons = I\lwith filter f Ndark hits 2 Ndouble photons

(4.6)
is used to scale the ToT spectra in the region above ToT> 3ns
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Figure 4.9: ToT spectra for di erent hit multiplicities ( N), left panel - No scaling, middle
panel - Scaled to integral of spectra for ToT> 3ns right panel - Scaled to single
photon contribution.

The e ective charge deposited on the photocathode due to the incidence of two photons is twice
as large as the single photons. Thus, it is expected that the double photon hits will have a
larger ToT. At high occupancies, which are facilitated by the high intensity of laser pulses, the
likelihood of encountering double photons in a pixel is higher. Hence, at higher hit multiplicities,
one would expect distinct peaks of ToT spectra for single photon and double photon hits. On
contrary, gure 4.9 (right) indicates that the separation is weak for discrimination of single
and double photon hits. On comparing the lowest hit multiplicity ( N 0:97) and highest hit
multiplicity ( N 35), the most probable value of the ToT spectra (> 3ng) is about 1 ns Thus,
the DIRICH front-end board is not very well suited to separate single- and double photon hits
within the same channel only based on ToT information.

4.6 Leading edge- and Time-over-Threshold timing
characteristics of the DIRICH FEB

In the CBM experiment, due to the high interaction rate and large track multiplicity, multiple
electron/positron tracks (mostly stemming from photon conversion in the detector materials)
might enter the RICH detector at close vicinity in space and time. Since the emission of Cheren-
kov photons is a rather instantaneous physical process, this can result in multiple simultaneous
single-photon hits into the same readout pixel. The probability of multi-photon hits might be
further enhanced due to additional scintillation light caused by the large charged track multi-
plicity for a given event inside the RICH gas radiator and surroundings.

In this section, we discuss the capability of the DIRICH readout chain to di erentiate simultan-
eous multi-hits (which result in larger PMT pulse charge compared to single photon hits) only
based on the measured leading-edge time and ToT information. The evaluation is based on a
systematic study of the DIRICH FEB response to input pulses generated by a pulse generator,
systematically varying both the amplitude and width of the input pulses. Since the DIRICH
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FEB does not provide a direct measurement of the input pulse charge, its time response is the
only criterion available to distinguish photon multiplicity.

4.6.1 ToT response from DIRICH FEB

Already from gure 4.9, it is evident that the separation of double and single photon hits
using ToT information is rather weak. A detailed characterization of the leading-edge and ToT
response to well-controlled input pulse shapes can help to better understand this behavior.

A pulse generator was used to generate distinct negative pulses withnsrise time (RT) and 1ns
fall time (FT), similar to PMT pulses. The signal from the pulse generator is fanned out into
16 DIRICH input channels in parallel using a resistor divider. The DIRICH threshold (after the
pre-ampli cation stage) is set to 100 mV. Two measurements were conducted, one involving the
variation of the amplitude of the signal at the input of DIRICH FEB at a constant pulse width,
and the other involving the variation of the width of the signal while xing the amplitude of the
signal. Each data point is analyzed for10° regular readout triggers.

Figure 4.10: Left panel: Time over threshold (ToT) distribution measured for di erent amp-
litudes of input signal by maintaining a constant width. Right panel: Same for
di erent widths of input signal at constant amplitude.

In the rst measurement, the input pulse amplitude is systematically incremented in steps of
6 mV, keeping the width of the input signal constant at 2ns The result of this measurement
is plotted in the gure 4.10 (left): Increasing amplitude of the input signal translates to higher
ToT values. However, a clear saturation e ect is observed for signal amplitudes beyond0 mV.

In addition, larger amplitude input signals exhibit a narrower peak in the ToT distribution in
comparison to low amplitude signals. These observations are to be expected given the fact that
the DIRICH time measurement is based on a simple leading / trailing edge discrimination at a
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given threshold. For low threshold (relative to the pulse height), discrimination happens early
in the signal rise-, and late in the signal tail, with low timing jitter due to steep signal rise /
fall. For relatively large thresholds / low pulse amplitudes, discrimination happens in the less
steep top part of the signal waveform, resulting in larger timing jitter and broader ToT peaks.

For the second measurement, the amplitude of the input signals was xed a:5mV while their
width was varied; the result is plotted in gure 4.10 (right). Here, a nice linear dependence
of measured ToT on the input pulse width can be observed, proving the good pulse-width
measurement capability of the DIRICH. The analog DIRICH input stage comprises an inductive
signal transformer for galvanic isolation of the input, which is known to cause a bipolar signal
shaping prior to discrimination. However, for the covered range of pulse widths, this clearly
does not hinder the pulse width measurement.

These results suggest that the PMT pulse itself already exhibits only a weak correlation between
pulse charge (photon multiplicity) and signal width. Combined with the saturation e ects in the
amplitude-to-ToT correlation as observed in the rst measurement, this can explain the limited
capability to distinguish photon multiplicity based on measured ToT alone.

4.6.2 Leading edge timing precision from DIRICH FEB

Another measurement is performed to understand the DIRICH FEB response to distinguish
quasi-simultaneous hits in time. To understand the Leading edge (LE) precision of the DIRICH
FEB, a measurement was made using the same setup as described in the previous subsection.
For a comparative study, two active channels in the same and di erent DIRICH FEBs are used.
The LE time di erence between two hits is calculated to eliminate any path length e ects of the
fan-out module on the signal.

Figure 4.11: Leading edge accuracy measured with two active channels of the same DIRICH
(left) and two active channels of two di erent DIRICHes (right).
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The di erence in the LE time between the hits of the two active channels in the same DIRICH
FEB is plotted in the gure 4.11 (left). The resulting distribution is tted with a Gaussian
pro le, and the width of the prole is the LE spread and a measure of time measurement
precision of the DIRICH. Similarly, the LE time di erence between hits in two active channels
in two di erent DIRICH FEBs is histogrammed and tted with a Gaussian pro le, and the LE
spread is calculated.

For two channels in the same DIRICH FEB,

Le =(22:7377 0:009) ps. 4.7)
For two channels in di erent DIRICH FEBS,

Le =(36:7071 0:013)ps. (4.8)

If the registered time of two hits of the same DIRICH (di erent channels) are measured and
compared, then both time measurements are derived from the same clock signal and can be
directly compared. The time dierence t and the uncertainty ( ) in measuring time for two
hits (t1, to) in di erent channels of the same DIRICH can be expressed as,

t =ty ty (4.9)

same DIRICH = t21+ t222 (4.10)

However, if two hits in two di erent DIRICH modules are compared to each other, then the
time measurement in both DIRICH modules is based on two individual clocks, running asyn-
chronously. In order to derive an absolute time di erence, rst, both measurements have to be
synchronized. This is achieved by measuring the arrival time of the readout trigger signal (dis-
tributed to both DIRICH modules) using a dedicated extra TDC channel (channel 0) on each of
the DIRICH modules. Since each DIRICH measures the time of the hit relative to the measured
trigger arrival time, the absolute trigger arrival time cancels out. Let tg be the absolute time in
channel 0, the time di erence t and the uncertainty ( ) in measuring time for two hits (t1, t2)
in two channels of the di erent DIRICH can be expressed as,

t=(t1 to) (t2 to)=t1 ty (4.11)

different DIRICH = t21+ t22+ t20+ tZOZ (4.12)

As is shown, the absolute value of thetg measurement cancels out; however, the measurement
uncertainty of the reference channel 0 on each DIRICH adds to the overall uncertainty. Opposite,
if both hits were measured on the same DIRICH, there is no additional penalty for thetg
measurement. This explains the lower precision in time di erence measurement, if the two hits
are spread over di erent modules (see gure 4.11). The results (equations 4.7, 4.8), indicate that
the LE timing precision of the DIRICH FEB is an order of magnitude better than the transit time
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spread (TTS) from the MAPMTs (the TTS for the H12700A Hamamatsu MAPMTs is about
350 ps FWHM), indicating that the DIRICH FEB is not the limiting factor in measuring /
comparing photon arrival time of di erent hits.

4.7 Test of DIRICH maximum hit rate capability

The maximum hit rate capability of the DIRICH module, and understanding its limiting factors,

is another important aspect of the DIRICH readout chain quali cation. This section describes
the measurement principle and results of a high rate test of the complete MAPMT-DIRICH
readout chain. Inside the DIRICH FEB, incoming analog input signals are rst ampli ed and
then fed into di erential line receivers of the FPGA for signal discrimination (sec. 4.1). Inside
the FPGA, individual scaler entities are implemented and connected to the output of each
comparator, directly counting the number of detected edges in each channel. These scaler values
can be read out via slow control data stream and allow counting hits and measuring input rates,
completely independent of all further data digitization and transfer. The slow control path is
logically separated from the main data stream, and as such, not a ected by loss of data or data
quality due to data overload, bu er over ows, or high rate conditions in general. This feature
allows for a sensitive test of high rate stability of the DIRICH by comparing the number of
detected hits per channel as obtained from the slow-control scalers to the number of hits found
in the output data stream written to the le.

4.7.1 Data ow in the TRB-based lab setup compared to later (m)CBM
operation

Data measured by the DIRICH TDC is organized in hit messages containing several data words
of 32 bits each. Usually, a single hit consists of a maximum of 3 data words: the leading
edge time, the trailing edge time, and an additional occasional epoch message containing the
absolute time information. For a given readout trigger, each channel can produce several such
hit messages, depending on the number of hits registered since the last readout, and depending
on a possible readout window, which can be de ned relative to the trigger time. Di erent bu ers

in the data ow provide the capability of a quasi-free streaming data-taking operation, despite a
xed-period readout initiated by the regular readout trigger. The rst stage of the data storage
happens at individual DIRICH FEB channel bu ers which (in the present DIRICH rmware)

can store a maximum of up to 123 words. Upon receiving a readout trigger, the data from
all 32+1 channel bu ers are sequentially shifted into the DIRICH FEB main readout bu er,
starting with channel 1. This common readout bu er can store up to 499 words, limiting the
maximum number of individual hits that can be read out by a single readout trigger. The data
from each DIRICH on a single backplane module (containing up to 12 FEBS) are streamed to the
DIRICH combiner module, which is acting as a data hub, combining the individual sub-events
from each FEB into a single output event. The combiner output link is a standard TRBnet
optical link of 2Gbps (2:4 Gbps) in case of the CRI readout used in mCBM and later CBM
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