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Abstract

The increase in instantaneous luminosity expected for the High-Luminosity LHC (HL-LHC)
will significantly rise track multiplicity and hit occupancy in the LHCb detector. To preserve the
excellent particle-identification (PID) performance of the LHCb Ring-Imaging Cherenkov (RICH)
detector, the integration of sub-nanosecond photon hit-time information has been identified as a
key strategy for the detector upgrade. This thesis presents studies supporting the RICH detector
upgrade programme, covering both the Long Shutdown 3 (LS3) Enhancements and the Upgrade II
phase. The work focuses on implementing and validating sub-nanosecond timing capability in
the RICH system through detailed photodetector characterisation, hardware design and software
development. In the first part of the thesis, analogue and digital measurements were performed
on Multi-anode Photomultiplier Tubes (MAPMTs), the photodetectors used in the current RICH
detector, to characterise their single-photon response. A single-photon time resolution (SPTR) of
145 ps was measured for the 1-inch MAPMT and 125 ps for the 2-inch MAPMT. These results define
the intrinsic timing performance of the sensors and serve as a reference for the development of a novel
time-resolved optoelectronic readout chain for the RICH detector. Based on these measurements,
a novel method for the estimation of the primary vertex time (PV tg) was developed using only
RICH reconstruction information. The PV tqy provides the event time reference required to apply
a software time gate on RICH photon hit times, which has been demonstrated to improve the
detector PID performance during LHC Run 4. A precision of 85ps (FWHM) was achieved for
94 % of reconstructed PV in a sample of ten thousand simulated bunch-crossing events, marking a
first-time measurement for the LHCb experiment. The final part of the thesis describes the design
and testing of a flexible PCB (flex-PCB) for the readout of Silicon Photomultiplier (SiPM) arrays,
the main photodetector candidate for the RICH Upgrade II detector. The main challenge with
SiPMs is their high dark-count rate (DCR), which increases with radiation. DCR can be mitigated
by operating SiPMs at cryogenic temperatures (~100K). The flex-PCB features ~15cm analogue
traces, enabling SiPM operation at cryogenic temperatures while keeping the readout electronics at
room temperature. Laboratory measurements and particle-beam tests at room temperature have
demonstrated stable signal integrity and sub-100 ps single-photon time resolution, confirming the
suitability of this flex-PCB design for future RICH detector upgrades. These studies are important
for the ongoing and future developments of the LHCb RICH detectors as well as the integration of

sub-nanosecond timing information into the detector readout system and the event reconstruction.
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Introduction

In this thesis, I present studies supporting the upgrade of the Ring-Imaging Cherenkov (RICH)
detectors of the LHCb experiment at the Large Hadron Collider (LHC). The work has been carried
out in preparation for the LHCb Long Shutdown 3 (LS3) Enhancements (2026-2030) and the
long-term Upgrade II programme (2034-2035). It focuses on the integration of sub-100ps time
information in the RICH detector, an essential element to address the increased detector occupancy
expected during High-Luminosity LHC (Run 5, 2036 onward).

The timing information will be integrated in the RICH detector during the LS3 Enhancements
by coupling the current photodetectors, the Multi-anode Photomultiplier Tubes (MAPMTS), with
novel readout electronics based on the 25ps time-resolved FastRICH ASIC. During LHC Run 4,
this timing information will be used to improve the detector particle identification performance
by including the photon hit time in the RICH reconstruction algorithms. The integration of such
precise time information requires a detailed understanding of the intrinsic timing performance of
the MAPMTSs and their coupling with the new time-resolved electronics. The first part of this thesis
addresses these aspects through analogue and digital characterisation of the MAPMT single-photon
response.

The RICH detector will be the only LHCb sub-detector with sub-nanosecond timing precision
during LHC Run 4, making it essential to develop reconstruction algorithms to fully exploit this
capability. It has been demonstrated that a software time gate around the predicted time of arrival
of the photons at the RICH detector reduces the combinatorial background in the reconstruction,
improving the detector PID performance. The primary vertex time (PV tg) is a key element in the
prediction of the photon time of arrival. I therefore developed a novel method for the estimation
of the PV tg using the RICH reconstruction only in LHC Run 4, which represents a first-time
measurements for the LHCb experiment.

For the Upgrade II phase, the RICH detectors will rely on new photodetector technologies with
improved timing performance and spatial granularity to cope with the increased photon occupancy
expected for LHC Run 5. Silicon Photomultipliers (SiPMs) are a promising candidate due to

their excellent single-photon detection efficiency, time resolution and fine granularity. Their main



challenge is the high dark-count (DCR) rate, which increased with radiation damage. The SiPM
DCR can be mitigated by operating the sensors at cryogenic temperatures. I designed a flexible PCB
(flex-PCB) to transmit analogue signals over centimetre-scale distances between an SiPM array at
cryogenic temperatures and the readout electronics at room temperatures. I also characterised the
flex-PCB under pulsed-laser illumination and in beam test at the CERN SPS North Area facility
to measure the SiPM array signal integrity and timing performance.

The studies and the results presented in this thesis serves as a reference for the current and future
development of the LHCb RICH detectors, particularly for the integration of sub-nanosecond timing

information into the detector readout system and reconstruction.



Chapter 1

The upgrades of the LHCb
experiment at the LHC

This chapter presents the Large Hadron Collider beauty (LHCb) experiment at the Large Hadron
Collider (LHC), with emphasis on its upgrade programme. Section introduces the European
Organisation for Nuclear Research (CERN) and its main facility, the LHC. Section summarises
the key physics concepts studied by LHCb and provides an overview of the detector. Section
outlines the upgrades of the LHCDb sub-detectors, where the use of a precise hit-time information
and single-photon detection technologies are of particular interest to the Ring-Imaging Cherenkov
(RICH). Section describes the main ongoing R&D activities for the RICH detector upgrade.

1.1 CERN and the Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle accelerator [1].
It is located at CERN (the European Organization for Nuclear Research), beneath the Franco—Swiss
border near Geneva, and represents a landmark achievement in the field of high-energy physics. The
machine spans 26.7 km in circumference and lies between 50 and 175 metres underground. Housed
in the tunnel originally constructed for the LEP (Large Electron—Positron Collider), the LHC is
designed to probe the fundamental constituents of matter by colliding protons or heavy ions at
unprecedented energies.

Over the past seven decades, CERN has led the field of high-energy physics, producing some of
the most significant experimental discoveries and technological innovations in the discipline. Among
its many scientific milestones are the first observation of anti-nuclei in 1965 [2], the detection of

neutral currents in 1974 [3], and the Nobel-Prize-winning discovery of the W and Z bosons in 1983 [4]
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5]. The LEP collider [6] allowed precision electroweak measurements, including the determination of
the number of light neutrino families in 1989 [7]. Further landmark results include the synthesis of
antihydrogen atoms in 1995 [8], the discovery of pentaquark states in 2015 [9], and the observation of
the Higgs boson in 2012, which confirmed mechanism of electroweak symmetry breaking predicted
by the Standard Model and earned the Nobel Prize for Peter Higgs and Frangois Englert |10 [11].

CERN has also been a driver of technological innovation, with several technologies originally
developed for particle physics now widely used across other fields. One of the most notable examples
is the World Wide Web, first proposed and implemented at CERN to facilitate information sharing
among scientists [12]. Moreover, advances in accelerator, magnet and detector technology have had
a profound impact on medical applications, including cancer therapy with particle beams |13] and
medical imaging techniques such as PET [14] and MRI [15]. These cross-disciplinary contributions
underscore CERN’s broader role as a hub for cutting-edge research and innovation.

To maintain CERN’s leadership in particle physics well into the next decades and to continue
pushing the frontiers of fundamental research, an ambitious upgrade programme has been launched

for the LHC and its experiments.

1.1.1 The LHC and its main experiments

The LHC is the final stage of a complex accelerator chain, illustrated in Figure The injection
chain begins with protons extracted from hydrogen atoms or lead ions from heated samples. These
particles are initially accelerated by LINAC4, a linear accelerator. The beam then passes through a
succession of synchrotrons: the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS),
and the Super Proton Synchrotron (SPS), where energies reach up to 450 GeV. The final stage of
acceleration occurs in the LHC, where particles are accelerated up to multi-TeV energies. Looking
further ahead, CERN is developing plans for the Future Circular Collider (FCC), a proposed 90 km
tunnel that would accommodate both a high-luminosity electron—positron collider (FCC-ee) and,
eventually, a 100 TeV proton—proton collider (FCC-hh). The FCC is currently in the feasibility
study phase, with the aim of delivering a comprehensive strategy in time for the next update of the
European Strategy for Particle Physics [16, [L7].

In the LHC, the particles are boosted by radiofrequency (RF) cavities operating at 400 MHz. A
total of 1232 superconducting dipole magnets bend the particle beam in a circular trajectory, while
392 quadrupole magnets focus the beam. Each magnet is cooled with liquid helium and produces
fields up to 8 T' [1]. The particle beams are structured into bunches circulating in opposite directions
within two separate beam pipes. These bunches, each containing over 10! protons, are spaced by
25ns and brought into collision at four interaction points. These collisions occur at a design rate of
up to 40 MHz and at a peak centre-of-mass energy of 13.6 TeV, as achieved during 2024 operation.

At the heart of the LHC’s scientific mission are four main experiments:
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Figure 1.1: Schematic view of the CERN accelerator complex, showing the individual stages of
acceleration and main experiments. Edited from .

e ATLAS and CMS , two general-purpose detectors located at diametrically opposite
points of the ring, were designed to explore a broad range of phenomena, including the
discovery of the Higgs boson and searches for new physics beyond the Standard Model. ATLAS
is the largest detector ever built, while CMS is the heaviest due to its dense superconducting

solenoid.

e ALICE focuses on the study of strongly interacting matter under extreme conditions,

particularly the quark—gluon plasma created in lead—lead collisions.

e LHCD [21], the experiment most relevant to this thesis, is a forward spectrometer, optimised
for the study of beauty and charm hadron decays. LHCb investigates the matter—antimatter

asymmetry in the universe by studying rare charge-parity (CP) symmetry-violating decays.

1.1.2 The LHC and LHCDb future programme

This section provides a summary of the future programme of the LHC and the LHCb experiments,
using the timeline in Figure The LHC began delivering data in 2010 with an initial proton—
proton collision energy of 7TeV (LHC Run 1), later increased to 8 TeV, collecting over 25fb~!
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of data across multiple experiments. LHC Run 2 (2015-2018) operated at 13 TeV and saw the
LHC reach its nominal luminosity design goals. The subsequent long shutdown (LS2, 2019-2021)
prepared the accelerator and its experiments for higher data rates, higher pile-up, and extended
physics capabilities.

The current operation phase, LHC Run 3, began in 2022 and features proton—proton collisions
at a centre-of-mass energy of 13.6 TeV. After LHC Run 3, the accelerator will enter the Long
Shutdown 3 (LS3) phase, scheduled between 2026 and 2030, during which the High-Luminosity
LHC (HL-LHC) will be installed. The HL-LHC aims to reach peak luminosities of up to 5 x
103 ecm 257! and to deliver an integrated luminosity of approximately 3000 b~ by the end of its
operational lifetime [23]. This requires extensive upgrades to the injector chain, new beam optics
and manipulation technologies, and substantial detector upgrades to cope with increased radiation
levels, pile-up, and data throughput [24].

During LS3, the ATLAS and CMS experiments will undergo major upgrades to cope with
the increased event multiplicities and detector occupancies expected in the HL-LHC. In order to
spread the available resources to experimental updates, major upgrades for LHCb and ALICE are
planned for Long-Shutdown 4 (LS4, 2034-2035). During LHC Run 4, the luminosity at LHCb will be
actively levelled to match LHC Run 3 conditions, limiting event pile-up in the detector and radiation
damage near the interaction point. Luminosity levelling is achieved by dynamically adjusting beam
parameters such as transverse separation, crossing angle, 8*, and crab-cavity voltage [25].

As described in this chapter, the LHCDb experiment will be completely revised (LHCb Upgrade II)
in preparation for the luminosity increase of a factor of 7.5 from LHC Run 5 onwards. A total
integrated luminosity of around 300fb™! is expected by the end of LHC Run 5. The increase
in luminosity leads to a substantial rise in primary vertex multiplicity, track density, detector
occupancy, and radiation fluence. To cope with these challenges, LHCb sub-detectors will implement
detector hit time information and higher detector granularity in Upgrade II to reduce combinatorial
background and improve reconstruction in high-occupancy regions. LHCb Upgrade II is a major
task. The limited duration of LS4 poses a challenge for installation and commissioning. Therefore,
some LHCb sub-detectors will profit of the three years of LS3 to anticipate part of their upgrade

programines.

1.2 The LHCDb experiment

This section introduces the LHCb experiment. Section provides a brief overview of the physics
case behind the LHCD experiment and its upgrades. A general overview of the LHCDb detector and
its structural changes for LHCb Upgrade II is given Section [1.2.2
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Figure 1.2: Timeline of the LHC and LHCb experiment. Although the HL-LHC will start operation
in 2030, the luminosity in the LHCb experiment will not be increased until LHC Run 5. LHCb
Upgrade II will be installed during 1.S4, while some sub-detectors will introduce some enhancements
already during LS3. Edited from .

1.2.1 The LHCDb physics case

One of the most profound open questions in modern physics is the observed imbalance between
matter and antimatter in the universe. This disparity has been the focus of several generations of
physicists since the first observation of antimatter in 1932 . This imbalance, known as the baryon
asymmetry, implies that matter and antimatter do not behave identically under all interactions.
The Standard Model (SM) allows for violations of charge—parity (CP) symmetry through complex
phases in the weak interaction [28]. However, the magnitude of CP violation predicted by the SM
is too small to explain the observed asymmetry. Additional sources of CP violation beyond the
SM are needed. Understanding the origin of this asymmetry remains one of the primary goals of
flavour physics, and a central motivation for the LHCb experiment.

The unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix describes quark flavour transitions
in weak interactions :

d, Vud Vus Vub d
s 1= Vea Ves Vu|ls (1.1)
b’ Vie Vis Vi

The CKM matrix connects the mass eigenstates for the quarks (d, s, b) with their weak eigen-
states (d', s’, b'). A widely used parametrisation is the Wolfenstein [30], which expands each element
as a power series in the small parameter A ~ |V, 5| ~ 0.22, thereby reflecting the hierarchical structure
of the CKM matrix elements:

1—§ A ] AN (p—in)
Vokm = -\ -2 AN? + O\ (1.2)
AN (1-p—in) -AN? 1

The four Wolfenstein parameters A, p, A, and 1 determine all flavour-changing transitions in the

quark sector. A non-zero value of 7 introduces CP violation. The CKM matrix elements are not
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defined by the SM but are constrained by the unitarity condition. The unitarity condition requires
that >; Vi; V.3 = 0 for j # k, from which six constraints arise. Each constraint can be represented
by a closed triangle in the complex plane. Of particular interest is the triangle resulting from j = d
and k = b, often referred to as the Unitarity Triangle:

VauaViy + VeaViy + ViaViy = 0 (1.3)

The Unitarity Triangle applies directly to beauty decays and is shown in Figure The three
angles of the Unitarity Triangle are defined as:

ViaVs Vc Vi Vu v
o =arg —M , ﬁ:arg _M , v =arg _M (14)
VaaViy ViaVi; VeaVy,

and the sides can be written as:

VUqu*b
VedVyg,

ViaViy
VeaVy

=V (1-p)?+n? (1.5)

R, =

Measurements of the Unitarity Triangle are therefore directly related to the CKM matrix and CP
violation. Any deviation from the expected values of the Unitarity Triangle parameters would
indicate physics beyond the SM. Decays of beauty hadrons, in particular B mesons, provide a
sensitive probe for potential deviations from the SM. The relatively long lifetime of B mesons
offers a clear experimental signature, enabling efficient selection of signal decays and suppression
of background.

The LHCb detector is specifically optimised for the study of the decays of heavy beauty and
charm hadrons produced in the LHC high-energy collisions. It builds on results from previous B-
physics experiments, such as BaBar and Belle |31}, 32]. Using the data collected during LHC Run 1,
Run 2 and Run 3, the LHCb experiments has already placed some of the most stringent constraints
on the parameters of the CKM matrix. However, the obtained results remains statistically limited,
demonstrating that further reduction in uncertainty can be obtained with the LHCb Upgrade II
detector.

Beyond CKM studies, the LHCb experiment plays a crucial role in testing lepton flavour uni-
versality, a fundamental prediction of the SM. The prediction states that all leptons have identical
couplings to gauge bosons (photon and W and Z bosons) [34]. The LHCb experiment can test the
lepton universality by measuring ratios of purely leptonic or semi-leptonic decays that involve the
same quark transition but different lepton flavours (e.g. Rk, Ri+, Rp ). Given the wide spectrum
of beauty hadrons produced in the LHC collision, a large variety of lepton universality tests can
be performed. Any deviation from the unity in the ratio is a clear sign of new physics beyond

the SM. Another key strength of the LHCb experiment is the study of rare and very rare decays.
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Figure 1.3: Constraints from the dominant CKM observables to the apex of the Unitarity Triangle
(p, 7) with global inputs as of 2023 (left) and the projection after LHCb Upgrade IT measurements
in LHC Run 5 with 300fb~! of data (right) .

These processes are mediated by flavour-changing neutral currents, which are forbidden at tree
level in the SM and proceed only via higher-order loops. Because of this, even small contributions
from new particles can affect their rates or angular distributions. Therefore, the LHCb precision
measurements of these rare decays can reveal indirect signs of physics beyond the SM. The LHCb
experiment has also contributed to the discovery and study of exotic hadrons. Observations of
states such as tetraquarks and pentaquarks have provided evidence for hadronic structures beyond
the conventional meson and baryon classifications ﬂgﬂ

Despite the increasing experimental precision, all the results remain consistent with a sole CP
violation predicted by the SM, which is insufficient to explain the matter-antimatter asymmetry of
the universe . This discrepancy motivates LHCb long-term programme to continue probing the
SM with increased precision. The LHCb flavour physics programme will greatly benefit from the
increase of statistics obtained during LHC Run 5 . Figure (right) shows the expected gain
on the CKM parameters estimation precision. The precision bands at 300 fb~! set tight constraints
on the SM predictions. In addition, similar improvements are expected in lepton universality tests
and searches for rare decays and exotic hadrons. These predictions are based on the assumption
that the LHCb Upgrade II detector will maintain the excellent detector performance of LHCb under
HL-LHC conditions. The increased luminosity results in a higher track multiplicity and detector
occupancy, which is a major challenge for the detector performance. The detector upgrades foreseen

for LHCDb Upgrade II to cope with these harsh conditions are described in Section [1.3

1.2.2 Overview of the Detector

The LHCDb detector is a single-arm forward spectrometer with a length of approximately 20m
and a height of 7m. It covers an angular region between approximately 10 and 300 mrad in the

horizontal plane and 10 to 250 mrad in the vertical plane, corresponding to a pseudorapidity range
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of 2<n <5 [37], defined as

7= —1n[tan(g)], (1.6)

The LHCD detector is designed to detect beauty hadrons boosted in the forward direction due to
their relatively large mass.

A schematic of the current LHCb detector is shown in Figure The LHCb detector is com-
posed of several sub-detectors, each with a specific function, such as tracking, particle identification
and energy measurement. The tracking system is composed by the VErtex LOcator (VELO),
the Upstream Tracker (UT) and the Scintillating Fibre tracker (SciFi). The VELO is the closest
detector to the particle interaction region. It is a silicon pixel tracker that reconstructs the pri-
mary vertices with micrometre precision and the initial segment of charged particle tracks. VELO
tracks are combined with the segments from the Upstream Tracker (UT) and the Scintillating Fibre
tracker (SciFi) to form the charged particle track vector. The momentum of the charged particles
is measured using the LHCb dipole magnet, located between the UT and the SciFi detectors. The
magnet creates a field with an average bending power of 4 Tm, allowing momentum measure-
ment with a resolution of about 0.5 %-1%. Charged hadron identification is provided by two Ring
Imaging Cherenkov (RICH) detectors (RICH 1 and 2). RICH 1 is located upstream, between the
VELO and the magnet, and operates in a high track-density environment. RICH 2 is positioned
downstream of the SciFi tracker. Electromagnetic and hadronic calorimeters (ECAL and HCAL)
are placed downstream of RICH 2. They measure the energy of photons, electrons, and hadrons.
Behind the calorimeters are the muon stations. Most particles are absorbed before reaching this
stage, making the muon system highly effective at identifying muons from signal decays.

The LHCb Upgrade II detector layout is shown in Figure The VELO will introduce precise
hit time information, with a resolution of 50 ps. This capability will reduce combinatorial back-
ground from multiple vertices by assigning tracks to the correct interaction in time. The upstream
tracking systems will be redesigned. The inner region of the SciFi tracker will be replaced by a
silicon tracker. Together, the new silicon region and the outer SciFi form the Mighty Tracker (MT).
The current UT will be replaced by the Upstream Tracker (UP), with higher granularity. UP will
play a critical role in reducing incorrect matches of the VELO and MT track segments. In addi-
tion, scintillating fibre trackers are foreseen on the side of the magnets, hence Magnet Stations, to
track low-momentum (p < 5GeV/c) charged particles exiting the detector. The Time of Internally
Reflected CHerenkov Light (TORCH) detector may be installed between the MT and RICH 2.
TORCH extends charged hadron identification in the low momentum region (1-10 GeV/c), where
standard RICH reconstruction is less effective. The electromagnetic calorimeter will be replaced by
the PicoCal, a system with finer granularity and picosecond-order time resolution. The hadronic
calorimeter will be removed and replaced by an iron wall thicker than 1m, positioned in front of

the muon stations.
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Figure 1.4: Schematic view of the current LHCb detector. Source: .

The LHCb sub-detectors are described in detail in Section with focus on their main design
characteristics and the modifications for Upgrade II

1.3 The LHCb detector upgrades

This section describes the LHCb sub-detectors together with their upgrade plans for Upgrade II.
Section [1.3.1] presents the tracking detectors, Section the particle identification system, and
Section [I.3.3] the trigger and data acquisition. For each sub-detector, the current design is sum-
marised, followed by the improvements required to cope with the HL-LHC challenges.

At the LHC Run 5 instantaneous luminosity of 1.5 x 103* cm™2s7!, the multiplicity of primary
vertices, track density, detector occupancy and radiation fluence will increase substantially. To
address these challenges, two common strategies are adopted across the sub-detectors: the intro-
duction of timing information to reduce combinatorial background, and higher detector granularity
to mitigate the increase of detector occupancy. These measures will maintain (and improve) the
overall reconstruction performance in the harsh environment of the HL-LHC. A baseline design
of each sub-detector has been proposed for LHCb Upgrade II. In addition, alternative scenarios
have been evaluated that assume a reduced instantaneous luminosity in LHC Run 5 or accept

compromises in detector performance in order to lower cost \\
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1.3.1 Tracking system upgrades

The LHCD tracking system provides precise measurements of charged particle trajectories, enabling
the reconstruction of primary vertices (PVs), displaced secondary vertices from long-lived hadrons,
and momentum determination through deflection in the dipole magnet. In the current LHCb
detector, the system consists of the Vertex Locator (VELO) surrounding the interaction point,
the Upstream Tracker (UT) placed before the magnet, and the Scintillating Fibre (SciFi) tracker
downstream of the magnet. The schematic of the LHCD tracking system is shown in Figure [I.0]
Tracks in LHCDb are classified according to the detectors they traverse. Long tracks traverse the
full spectrometer and generate hits in the VELO, UT and SciFi. They are the most important for
physics analysis. Downstream tracks originate from the decays of long-lived particles, such as K%
and A hadrons, downstream of the VELO, and have hits in the UT and SciFi only. Finally, upstream
tracks traverse the VELO and UT, and enhance the detector acceptance at low momentum.

For LHCb Upgrade II, the increased luminosity and harsher radiation environment of HL-LHC
will require significant modifications, including improved radiation hardness, enhanced granularity,
and the introduction of timing capabilities. The VELO will introduce hit time information with
50 ps precision, while UT and SciFi detectors will be replaced by detectors with higher granularity:
the Upstream Precision Tracker (UP) and the Mighty Tracker (MT), respectively. An additional

tracking element, the magnet side stations, will extend coverage to low-momentum tracks. The

Side View
Magnet & X Muon
Magnet Stations TORCH PicoCal _ —mm
Mighty RICH2
Tracker -
RICH1 il
UP

VELO

LHCb Upgrade Il

Figure 1.5: Schematic view of the proposed LHCb Upgrade II detector. Source: \|
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Figure 1.6: Schematic of the tracking system in the current LHCb detector (left) [39] and in the
LHCb Upgrade II (right) [33]. A sketch of the different types of track is shown in both figures.

schematic of the LHCb Upgrade II tracking system is shown in Figure [1.6] (right).

Vertex Locator (VELO)

The VELO is the innermost sub-detector of LHCb, providing precise measurements of charged
particle trajectories close to the interaction point. Its main functions are the reconstruction of
primary vertices, the identification of secondary decay vertices, and the measurement of track
impact parameters with a resolution of a few micrometres. The detector consists of two retractable
halves, each equipped with silicon pixel sensors arranged to form a diamond-shaped acceptance
around the beam [40} 41|, as shown in Figure A 150 pm aluminium RF foil separates the
sensors from the beam vacuum. During operation, the halves close to a distance of 5.11 mm from
the beam. The sensors have a pixel pitch of 55 x 55 um? and are read out by the VeloPix ASIC,
derived from the Timepix3 ASIC design [42]. The system operates at the full LHC bunch crossing
rate of 40 MHz without pixel hit time information. The non-uniform radiation field at the VELO
location results in an integrated fluence of up to 8 x 10! neq/em? during its lifetime [40).

The HL-LHC running conditions will increase the instantaneous luminosity and pile-up by an
order of magnitude compared to LHC Run 3. For the VELO detector this implies unprecedented
data rates, pattern recognition challenges, and a radiation fluence up to 5 x 10! neq/ecm?. To cope
with these conditions while maintaining current tracking performance, the VELO will introduce
hit time information, forming a 4D tracking system, and possibly reduce the pixel size. The
fundamental role of timing in suppressing pile-up is illustrated in Figure (left), where an LHC
Run 5 event reconstructed in the VELO is shown, with and without a time selection of tracks.

By adding the time dimension, vertices can be separated in both space and time. This reduces
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combinatorial background and preserves the PV reconstruction efficiency of LHC Run 3 under HL-
LHC conditions, as shown in Figure (right). Timing information will also reduce the CPU usage
in the online selection, improve track matching with UP and MT and provide a PV timestamp to

other sub-detectors that use time information.

Figure 1.7: (Left) The current VELO design . (Right) Illustration of the VELO stations for the
Upgrade II baseline detector . In both figures only one half of the detector is shown.
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Figure 1.8: (Left, top) Tracks produced in a bunch crossing with 42 pp collisions, as seen from a
detector with no timing capability. (Left, bottom) Tracks selected in a 30 ps time window, showing
a drastic reduction of the vertex multiplicity to O(1). Tracks are coloured according to time of
production. (Right) PV reconstruction efficiency as a function of track multiplicity for the VELO
Upgrade II detector, and for the current VELO in both LHC Run 3 and HL-LHC conditions.
Source: [33].

12



Chapter 1. The upgrades of the LHCb experiment at the LHC

The baseline specification requires a track timestamp precision of 20ps, corresponding to a
per-hit time resolution of about 50 ps when combining multiple measurements, and a track spatial
resolution of 10 um. A new detector technology is needed to meet such requirements. The chosen
baseline sensor technology is 3D silicon, which combines high spatial and temporal resolution with
radiation tolerance for the full detector lifetime. Associated with a dedicated ASIC, this technology
is expected to reach a hit efficiency of 90-95 % [33]. Candidate ASIC developments include designs
based on 28 nm CMOS technology, a highly-radiation hard technology which offers sufficient inte-
gration density for pixel-level digital processing. Ongoing R&D includes the PicoPix ASIC [43],
based on the Timepix4 [44], targeting sub-35ps time-stamping with a 4855 um pitch, and the
TimeSPOT ASIC [45], developed within the IGNITE project, aiming for a 45 ym pitch and similar
timing performance. Both approaches are being qualified for high-rate operation and high-pile-up
environments, with future developments exploring scalable multi-wafer prototypes and high-rate
readout architectures [33]. A possible combination with silicon photonics is also being investigated.

The VELO Upgrade II design is shown in Figure (right). The detector will have 32 stations
covering 2.0 < i < 4.8, each equipped with 150 pm thick sensors. A cylindrical RF shield with
75 um thickness will reduce the material budget in front of the sensors. Only minimal descoping
of the VELO is possible without a significant loss of performance. A small cost reduction can be
obtained at lower instantaneous luminosity by reducing the number of optical links and readout
boards. More substantial savings would require removing the first two and last two stations, but

this comes at the expense of reduced acceptance and lower tracking efficiency.

Upstream Tracker (UT), future Upstream Precision Tracker (UP) and magnet stations

The UT is located between the RICH 1 detector and the LHCb dipole magnet. It provides an early
momentum estimate and charge determination by combining hits with VELO tracks and exploit-
ing the magnetic field between the two detectors. This information is used in the software trigger
to speed up matching with the downstream SciFi Tracker and to suppress fake tracks formed by
mismatched VELO and SciFi segments. The UT is also important for the reconstruction of down-
stream tracks. The UT detector consists of four planes of silicon microstrip detectors arranged in
two stations, with vertical and stereo strip orientations to provide 3D space points, as shown in
Figure The geometry ensures full coverage within the LHCb acceptance, using finer segmenta-
tion near the beam pipe to limit track occupancy. The sensors are mounted on lightweight, actively
cooled carbon-fibre staves to minimise the material budget. The detector is designed to maintain
high efficiency and low noise under the radiation conditions for an integrated luminosity of at least
50, fb7L.

In the HL-LHC environment, the higher luminosity and pile-up will lead to unacceptably high
occupancies in the UT if it remains based on silicon strip technology. It will therefore be replaced

by the Upstream Pixel (UP) detector, composed of four planes of fine-pitch silicon pixels based on
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Figure 1.9: (Left) Drawing of the four UT silicon planes with indicative dimensions. Different
colours (green, yellow and pink) designate different sensor granularities .

DMAPS technology . The pixel layout reduces occupancy and provides precise, unambiguous
y-coordinate measurements, enabling stand-alone tracking in this region. The UP fulfils the role
of the UT in linking VELO and downstream tracks, with improved greater robustness against
ghost tracks and improved momentum resolution for long tracks. In combination with the Mighty
Tracker and the Magnet Stations, it also extends the acceptance for reconstructing downstream
and upstream tracks.

The Upgrade II tracking system includes magnet stations to extend the physics reach for low-
momentum tracks (p < 5GeV/c) by instrumenting the sides of the dipole magnet with scintillating
fibre detectors . In the current LHCb detector, most of these tracks are absorbed into the magnet
iron and are reconstructed with low efficiency and poor momentum resolution (dp/p ~10-20 %). The
magnet stations will improve the resolution to about 1% and significantly increase the efficiency,
yielding important gains for decays with soft tracks, such as D** - D%z* . Each magnet station
consists of four quadrants, and each quadrant into three panels. A quadrant measures 350x 100 cm?,
covering y € [10,95]cm and z € [400,750] cm, optimised for tracks with 0.5 < p < 5GeV/c and
1.5 <1 < 5.0. Each panel contains four layers of scintillating bars with a parallelogram cross-section
of 5mm side and wrapped in 100 pum Tyvek. Light is collected via 1 mm wavelength-shifting fibres

embedded in the bars and transported outside the magnet with clear fibres.
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SciFi tracker and Mighty Tracker (MT)

The SciFi Tracker is located downstream of the LHCb dipole magnet and provides charged-particle
tracking and momentum measurement in conjunction with the upstream tracking detectors. It
consists of twelve detection planes arranged in three stations (T1-T3), each with a particular
orientation to reconstruct the horizontal and vertical position of track interactions . The
active medium is 250 pm diameter plastic scintillating fibres, arranged in six staggered layers to
form fibre mats approximately 2.4m long, as shown in Figure (left). Scintillation light is
detected by 128-channel Silicon Photomultipliers (SiPM) arrays at the end of each module. SiPM
technology is described in detail in Section [1.4.2

The SciFi achieves a single-hit resolution better than 100 ym and > 99 % tracking efficiency. The
detector is designed to operated in the radiation and occupancy conditions expected for at least
50fb~! of integrated luminosity . Radiation damage to fibres and SiPMs is mitigated through
shielding and cooling. The SiPMs are mounted on a cooling bar at -40°C and electrically connected
to the readout electronics via a custom flexible PCB, shown in Figure The flex-PCB-based
readout is a key feature of the SciFi design, allowing high-density channel routing from the cooled
SiPM to the readout electronics at room temperature [46]. This solution is directly relevant to this
thesis. SiPMs are a promising candidate as photodetectors for the RICH Upgrade II detector, but
they require cryogenic cooling to operate in a high-radiation environment. As part of this work,
a flex-PCB prototype for the readout of SiPM arrays at cryogenic temperature was designed and
tested. Design and results are presented in Chapter [4

In the HL-LHC environment, the SciFi technology alone cannot sustain the required performance

due to the higher particle flux, integrated radiation dose, and lack of y-segmentation, which increases
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Figure 1.10: (Left) Front and side views of the 3D model of the SciFi Tracker detector [38]. (Right)
Front view of the Mighty-Tracker detector modules [33].
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Figure 1.11: A 128-channels SiPM array bonded to a flex-PCB used in the SciF1i tracker detector .

the probability of hit overlaps and fake tracks. The Mighty Tracker (MT) will replace the SciFi with
a hybrid system: a high-granularity silicon pixel detector around the beam pipe and scintillating-
fibre modules in the outer regions, as shown in Figure (right). As for the UP, the MT uses
DMAPS silicon pixels to cover the high-occupancy central region, surrounded by “Mighty-SciFi”
modules for the outer area. Radiation damage in the fibres and the tracking performance define
the region that must be covered by silicon, and hence the boundary between the two systems .
Originally, the MT detector design assumed six silicon pixel layers of 3m? each, corresponding to
18m? in total. However, the expected performance of the Mighty-SciFi has improved, driven by
cryogenic operation of the SiPMs and improvements from the latest generation of SiPMs. These
advances, together with a better understanding of track reconstruction, reduce the radiation damage
requirements. As a result, the pixel coverage in the baseline Upgrade II scenario has been lowered
to 2.1 m? per layer, 12.6 m? in total. The cost and complexity of the MT can be reduced by limiting
the pixel coverage to about 1.3m? per layer. Additional savings are possible by decreasing the

detector height or removing outer modules, although at the expense of physics performance.

1.3.2 Particle identification system upgrades

Particle identification (PID) is of fundamental importance for the reconstruction of the invariant
mass of beauty and charm hadrons with multi-body final states in LHCb. It plays a major role in
flavour tagging and in the LHCb trigger decisions. At present, PID relies on three subsystems: the
RICH detectors, the calorimeter system, and the muon stations. The HL-LHC environment, with
its higher detector occupancies and harsher radiation conditions, will challenge the performance
of all these detectors. To preserve, and where possible extend, their capability, each subsystem
will undergo a dedicated upgrade. These upgrades share the common goal of improving resolution,
efficiency, and robustness, ensuring that LHCDb can continue to deliver high-precision flavour-physics

measurements during LHC Run 5.
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RICH detectors

The RICH system provide charged hadron identification at LHCb. In particular, the RICH detectors
are able to distinguish pions (), kaons (K) and protons (p) across a momentum range of 10 to
100 GeV/c, and even down to 2.6 GeV/c for 7—K separation. In beauty and charm decays, most of
the products are pions, making hadron identification essential to reduce background and distinguish
between different final states. For instance, the RICH detectors play a critical role in measuring
CP asymmetry in the two-body hadronic decays B — h*h™, where h is a charged hadron [48].

The operation of the RICH detectors is based on the Cherenkov effect. When a charged particle
travels through a medium with a speed higher than the speed of light in the medium, it polarises
the surrounding atoms. The constructive interference of electromagnetic waves from the polarised
atoms results in the Cherenkov radiation, emitted at a characteristic angle relative to the particle

direction. This angle, known as the Cherenkov angle 6., is given by:

1

T(e)ﬂ (1.7)

cosf, =
where n(e) is the refractive index of the radiator medium for a photon of energy €, and 8 = v/c
is the particle velocity in units of the speed of light in vacuum. The minimum particle velocity
required to emit Cherenkov light is obtained for 6. = 0, which defines the Cherenkov threshold:

1

Bin = () (1.8)
Figure [[.12] shows the reconstructed Cherenkov angle as a function of the particle momentum for
different radiators. Different particle types cross the Cherenkov threshold at different momenta,
while at high momenta (8 — 1) the Cherenkov angle saturates. The principle of the RICH detector
is to measure the Cherenkov angle, and hence the particle velocity, and to combine it with the
particle momentum from the LHCD tracking system to determine the particle mass. The RICH
reconstruction algorithm is described in detail in Chapter

The RICH system consists of two detectors. The RICH 1 detector is placed upstream of the
LHCb magnet while the RICH 2 detector is downstream. The Cherenkov radiator used in the
RICH 1 detector is C4F1 gas for a particle momentum range of 10 to 65GeV/c. The RICH 2
detector contains CFy gas for a momentum range of 15 to 100 GeV/c. Cherenkov photons emitted
in the gas radiator are focused onto a plane of photodetectors by the RICH mirror system, composed
of a tilted spherical mirror and a planar mirror. The resulting pattern from a single charged track is
a characteristic Cherenkov ring on the photodetector plane. The photodetector plane of RICH1 and
the inner region of RICH2 is equipped with 1-inch multi-anode photomultiplier tubes (MAPMTSs),
while the outer region of RICH2 uses 2-inch MAPMTSs. The schematic layout of the two RICH
detectors is shown in Figure [I.13] Although their designs are very similar, the RICH 1 detector is
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Figure 1.12: Cherenkov angle dependence on momentum for different kind of particles in different
Cherenkov radiators. Source: .
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Figure 1.13: Schematic view of the RICH 1 (left) and RICH 2 (right) detectors. Source: .

more compact and operates with higher track multiplicity and detector occupancy.
With the increased luminosity expected for LHC Run 5, the performance of the RICH recon-
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struction will significantly degrade given the ten times larger track and photon densities. In the
high occupancy regions, information is lost when more than one photon hit the same photodetec-
tor pixel. The increased rates also put strong demands on the readout electronics. To cope with
these conditions, the RICH system requires finer photodetector granularity and the addition of
precise photon timing. These improvements reduce occupancy and remove background, thereby
preserving PID performance at the LHC Run5 instantaneous luminosity. In particular, the time
information on the photon hits can be used to reduce event complexity by removing combinatorial
background from track-photon misassociations. This strategy and its implementation in the RICH
reconstruction are described in Chapter

To meet these requirements, the RICH detector will introduce a complete-new optoelectronic
readout system, including a novel front-end readout electronics, based on the FastRICH ASIC [49]
and capable of timestamping a photon hit with 25ps precision, and new photodetectors, with
higher granularity and sub-100 ps time resolution. The characteristics of the FastRICH ASIC, the
photodetector candidates and the R&D in preparation for the novel optoelectronic readout chain
are described in Section[I.4 The benefits of the photon hit time information on the RICH detector
performance are described in Section [3.1.2

Other key parameters to improve the RICH detectors performance are the photon yield, i.e. the
number of Cherenkov photons emitted by a track detected on a Cherenkov ring by the photodetec-

tors, and the Cherenkov angle resolution. The latter is affected by several contributions:

e Emission point uncertainty: optical aberrations of the mirrors introduce an error on the
Cherenkov angle reconstruction, as the photons emitted along the particle trajectory follow
different paths to the photodetector plane.

e Chromatic dispersion: the unknown energy of the Cherenkov photons results in an error due
to the variation of the refractive index of the gas radiator and the gas enclosure quartz window

as a function of the photon wavelength.

e Pixel size: a commonly used rule for a good pattern reconstruction is that the Cherenkov
angle resolution oy should not smear the ring over more than one pixel, i.e. og-f < Ay, where

f is the focal length and A, the pixel area.

e Track-direction measurement: uncertainties introduced by the tracking system and the non-

linearity of the particle trajectories through the radiator.

The reduced photodetector pixel size foreseen for RICH Upgrade II detector improves the pixel er-
ror on the Cherenkov angle resolution. In the baseline scenario for Upgrade II, the photodetectors
in the high occupancy regions of RICH 1 and RICH 2 have a pixel area of 1.4 x 1.4 mm?, compared
to the 2.8 x 2.8 mm? of the MAPMTs currently used. In addition, choosing a photodetector with
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Figure 1.14: The RICH 1 optical system in the current (left) and Upgrade II (right) configuration.
The flat mirror is brought into the detector acceptance to reduce optical aberrations during Up-

grade II. Source: .

higher sensitivity in the green region reduces the chromatic error. The main photodetector candi-
dates to replace the MAPMTSs are SiPMs and MicrochannelPlate Photomultipliers (MCP-PMTs).
Both technologies offer sub-100 ps single-photon time resolution (SPTR) and higher pixel density,
but present different challenges in terms of radiation hardness, dark count rate, and rate capability.
A dedicated description of these photodetector technologies and their possible integration into the
RICH Upgrade II detector is discussed in Section[I.4.2] For RICH Upgrade II, the planar mirror will
be replaced with a lightweight composite mirror and placed inside the acceptance, as shown in Fig-
ure[T.14] This configuration reduces optical aberrations in the RICH system and lowers the emission
point error. Table summarises the improvements expected on the Cherenkov angle resolution
with the RICH Upgrade II detector. Different scenarios are considered for Upgrade II, varying in
photodetector granularity and detector geometry. The table reports the resolution contributions
only for the highest-performance scenario, corresponding to the most advanced and cost-intensive
option [33].

As discussed in Section the limited duration of LS4 poses a challenge for the installation
and commissioning of the RICH Upgrade II detector. For this reason, the RICH collaboration will
anticipate the installation of the novel FastRICH-based readout electronics during LS3, while the
photodetectors and the mirrors will be replaced in LS4. With the so-called LS3 Enhancements,
the photon hit time information can be integrated in the RICH reconstruction and used during
LHC Run 4 to improve the detector PID performance. An additional benefit is the opportunity
to develop and validate timing-based reconstruction algorithms ahead of LHC Run 5. The photon

hit time information in LHC Run 4 will also enable the estimation of the primary vertex time with
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Table 1.1: Expected contributions to the Cherenkov angle resolution for RICH 1 and RICH 2 in
the current and Upgrade II configurations. Source: [33].

RICH 1 RICH 2
Current Upgrade II | Current Upgrade II
Npe 62 52 39 25
Chromatic 0.59 0.28 0.33 0.19
Pixel 0.46 0.22 0.20 0.10
Emission 0.38 0.13 0.37 0.05
Total [mrad] 0.82 0.22 0.45 0.13

the RICH detectors. This represent a first-time measurement for the LHCb experiment and it is
one of the central topics of this thesis. Chapter [3] describes the integration of the photon hit time
in the RICH reconstruction and presents an algorithm to estimate the primary vertex time based

from RICH reconstruction information only.

TORCH

The Time Of internally Reflected CHerenkov light (TORCH) detector has been proposed as an
additional PID system for LHCb Upgrade II. Its purpose is to extend /K and K/p separation into
the low-momentum region (2-15 GeV/c), where the standard RICH reconstruction becomes less
effective because the kaon threshold in the C4F1¢ radiator is 9.3 GeV/c and in CFy is 15.6 GeV/c.
TORCH combines time-of-flight and Cherenkov imaging, providing hadron identification below
these thresholds [33]. The detector is located upstream of the RICH 2 detector and is made of
18 highly-polished 1 cm-thick quartz plates, covering the full LHCb acceptance. Charged particles
crossing the quartz generate Cherenkov photons, which propagate by total internal reflection to the
edges of the plate, as shown in Figure [I[.I5] A focusing block with a cylindrical mirror projects the
photons onto an array of photodetectors. The photon hit time and position, combined with the
reconstructed track vector, allow reconstruction of both the photon path and the Cherenkov angle.
To achieve 7/K and K/p separation in the 2-20 GeV /¢ momentum, a time-of-flight resolution of
around 15 ps is required [51]. This translates into a SPTR below 70 ps for an expected yield of 30
photons per track. To reach this performance in the HL-LHC environment, the detector occupancy,
which peaks in the central region of the detector near the beam line, is required to be below 20 %.
This sets the granularity of the photodetectors and the electronics, resulting in about 225,000
readout channels.

Baseline photodetectors for TORCH are the Micro-Channel Plate Photomultiplier Tubes (MCP-
PMTs), developed in collaboration with Photek H MCP-PMTs offer excellent intrinsic SPTR of
20-30 ps and low dark-count rate (DCR). Beam tests with prototype modules achieved single-photon

!Photek (https://www.photek. com)
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Figure 1.15: (Left) Layout of the 18-module (quartz bar) TORCH detector. (Right) A single
TORCH module with the focusing block. Source: [33].

resolutions in the range 80-115 ps, approaching the target performance [52,[53]. The main challenge
for MCP-PMTs is the limited lifetime with high integrated anode charge. Therefore, alternative
technologies, such as SiPMs, are also under investigation. These two technologies are described in
detail in Section as they are also candidate photodetectors for the RICH Upgrade II detector.
Many considerations made for the RICH detector and the Upgrade II environment are valid for
TORCH as well. Different scenarios for the integration of TORCH in the LHCb Upgrade II detector
are under evaluation. The baseline design maintains full acceptance, while reduced-coverage options
remove several central and outer bars to limit cost and complexity. However, even with 75%
coverage, significant impact on the physics reach is expected [33]. Beyond low-momentum PID,
TORCH also serves as a downstream timing layer. By comparing its measurements with the VELO
prediction, ghost tracks can be suppressed and the reconstruction of long-lived particle decays

improved [54].

Calorimeters and muon stations

The LHCb calorimeter system follows a classical layout of an electromagnetic calorimeter (ECAL) [55]

followed by a hadronic calorimeter (HCAL) [56]. Its main purpose is to measure the energies and
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the positions of clusters deposited by electrons, photons and hadrons . The ECAL is 25 radiation
lengths thick to ensure full containment of electromagnetic showers, while the HCAL is 5.6 inter-
action lengths thick, limited by the available space . Both detectors are sampling calorimeters
based on plastic scintillator tiles, with wavelength-shifting (WLS) fibres transporting the light to
the readout system. To cope with the different particle fluxes across the detector surface, the ECAL
is segmented into three regions (inner, middle, outer) with increasing cell sizes moving outwards
from the beam pipe, for a total 6016 cells. The ECAL cells have a shashlik structure, as shown
in Figure with alternated scintillator and lead layers. The scintillation light transported by
the WLS fibres is readout by dedicated PMTs. Radiation damage studies indicate that the inner-
most ECAL cells, exposed to doses up to 25kGy at the shower maximum, will need replacement
during LS3 . The HCAL is segmented in two regions with a larger granularity with respect
to the ECAL, given the typical spread of hadronic showers. The HCAL is composed of 1488 with
interleaved iron and scintillator tiles. The same PMT type as in ECAL is used for the readout.
At the Upgrade II luminosity of 1.5 x 103* cm™2s7!, the expected particle flux and accumulated
radiation dose will exceed the capabilities of the present calorimeter modules. A new electromag-
netic calorimeter, named PicoCal, has been proposed . Its design aims to preserve or exceed
the performance of the current ECAL by introducing both higher granularity and timing infor-
mation at the level of tens of picoseconds. The detector modules are arranged in rhombic-like
regions, as shown in Figure which follow the profile of the radiation dose and occupancy

downstream of the LHCb magnet. The inner region, subject to the highest occupancy and radia-
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Figure 1.16: Schematic of an ECAL cell. Source: .
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Figure 1.17: (Left) Boundaries between regions with different module segmentation for the PicoCal
design. Technology used in each region is also indicated: SpaCal-W and SpaCal-Pb for the inner
regions, and Shashlik for the outer regions. Source: |33]. (Right) Schematics of a SpaCal and a
shashlik module in double-sided readout configuration. Source: .

tion, will be equipped with high granularity tungsten—-GAGG SpaCal modules, with small Moliere
radius. The surrounding region will employ lead—plastic SpaCal modules with relaxed granularity
requirements . The modules are rotated by a few degrees relative to the beam axis to optimise
energy resolution. A mirror is placed near the depth of the shower maximum to divide the mod-
ules, which are read on both sides by fast photodetectors. This provides access to the longitudinal
shower profile, improving both timing resolution and cluster reconstruction. The outer region will
use a combination of refurbished Shashlik modules, upgraded with new WLS fibres, and newly built
SpaCal modules. The total number of channels increases to about 31,000, compared with the 6100
in the current ECAL, making the PicoCal a major cost driver. In addition to the baseline configu-
ration, a potential down scoping option has been evaluated. In this scenario, most of the detector
modules would use single-sided readout, except for the 176 innermost modules. This reduces the
number of channels by about 30 %, but at the cost of losing longitudinal shower profile information
and degrading the timing resolution over most of the detector area .

As mentioned in Section [I.2.2] the hadronic calorimeter will be removed and replaced by an iron
wall thicker than 1 m, positioned in front of the muon stations. In the Upgrade II conditions, the
HCAL does not provide sufficient resolution for hadronic energy measurements, while its role as an
absorber becomes more critical to suppress background in the downstream muon detectors. The
new shielding improves muon identification performance by reducing punch-through from hadrons

and provides a more uniform response across the acceptance [54].
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Muon system

The LHCb muon detector provides muon identification and contributes to the global event recon-
struction. In LHC Runs 1 and 2 it consisted of five stations (M1-M5) [60]. Station M1, located
upstream of the calorimeters, was used in the hardware Level-O trigger but is no longer needed
in the trigger-less architecture, and has been removed for LHC Run 3 [61]. The current system
therefore consists of four stations (M2-M5), located downstream the calorimeters and interleaved
with 80 cm thick iron absorbers to filter low energy particles [38]. Each station is divided into four
regions (R1-R4) of increasing area from the beam pipe outward. The stations instruments with
multi-wire proportional chambers (MWPCs), for a total of 1104 MWPCs covering about 385 m?.
The MWPCs are made up of four independent layers (or gaps), each consisting of anode wires be-
tween two cathode planes, to achieve a high efficiency and a high redundancy. The MWPCs are read
out by radiation-tolerant front-end ASICs (CARIOCA and DIALOG), digitised and transmitted
at the 40 MHz bunch crossing rate. The major Run 3 upgrade consisted of new readout electronics
(nODE boards) to make the system compatible with the trigger-less DAQ (see Section, while
keeping the detector modules themselves unchanged [38].

In Upgrade II conditions, particle fluxes in the innermost regions (R1, R2) will approach
1 MHz/cm?, far beyond the sustainable rate of the present MWPCs [54]. The baseline scenario
for the muon system upgrade consists of a substantial increase in granularity and the replacement
of MWPCs in R1 and R2 with micro-Resistive WELL (uRWELL) chambers, which can withstand
MHz/cm? fluxes. In R3 of stations M2 and M3, the MWPCs will be replaced by higher granularity
versions, while in the outer regions (R4 and large parts of R3) the existing MWPCs are expected
to perform adequately. Additional shielding will be installed upstream of M2, replacing the present
hadronic calorimeter. This adds about four interaction lengths to reduce the flux in the most crit-
ical regions. The readout scheme will also change: instead of combining analogue signals from two
consecutive gaps into a single channel, each gap will be digitised independently and a coincidence
logic applied in the back-end, suppressing noise from uncorrelated low-energy particles. This re-
quires new front-end ASICs for both pRWELLs and MWPCs. The number of readout channels
will increase to about 720,000, compared with 120,000 in the current system [33].

1.3.3 Data processing upgrades

From LHC Run 3 onwards, the LHCb detector operates in a trigger-less configuration. All sub-
detectors are read out synchronously at the LHC bunch-crossing rate of 40 MHz, corresponding to
about 30 MHz of visible pp collisions. This represents a major departure from the previous design,
where a hardware Level-0 trigger reduced the event rate to 1 MHz before software processing [61].
The trigger-less architecture allows the full event information to be available for software recon-

struction and selection at the earliest stage [62, 63]. The LHCb readout architecture in the current
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Figure 1.18: Scheme of the upgraded online system. The data received from each sub-detector is
combined in the event builder farm before being processed by the trigger system. Source: .

LHC Run 3 detector is shown in Figure [[.18] while the dataflow scheme is presented in Figure [[.19]

The front-end electronics of the sub-detectors transmit data continuously through radiation-
hard optical links (the Versatile Links) using the GBT protocol at 100 Gbit/s. FPGA-based PCle40
boards , configured as TELL40 for data acquisition, receive the fragments, align them by bunch-
crossing ID, and forward them into the event-builder network. PCle40 boards, in a different config-
uration, are also used to provides the bi-directional fast- and slow-controls communication channel
to the front-end electronics through the Versatile Link. Complete events are assembled at the full
30 MHz rate by a farm of event-builder servers, each hosting both CPUs and GPUs. The LHCb
software trigger operates in two software stages. The High-Level Trigger 1 (HLT1) runs on the
GPUs and performs a fast, partial reconstruction. It uses information from the VELO, UT, SciFi,
and muon detectors to reconstruct tracks and reduce the 30 MHz input rate to about 1 MHz [66].
The accepted events are written to a disk buffer while real-time alignment and calibration of the
VELO, UT, muon system, and RICH optics are performed. The second stage (HLT2) then pro-

cesses the buffered events on a CPU farm. At this stage a full, offline-quality reconstruction is
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Figure 1.19: LHCb dataflow, from the LHC bunch crossing of 40 MHz down to the offline processing
and analysis production. Source: .

carried out using the updated alignment constants. Unlike HLT1, HLT2 includes all sub-detectors,
such as the RICH, allowing both inclusive and exclusive selections. The final output is written to
permanent storage at a rate of 2-5 GB/s, either in full or in reduced “Turbo” format, which stores
only the physics candidates and their associated primary vertices . In both the online and offline
chains, VELO tracks are reconstructed first. In the offline reconstruction they are extrapolated to
the SciFi as part of the third forward-tracking stage, while online the intermediate UT requirement
reduces CPU time. PID in the RICH detectors relies on the momentum measurement from tracking,
obtained with a Kalman fit.

At the Upgrade II luminosity of 1.5 x 103*cm™2s™!, LHCb detector is expected to produce
up to 200 Tb of data per second. This volume must be processed in real time and reduced by
about four orders of magnitude before being sent to permanent storage . The trigger system
will remain two-staged, but its algorithms must evolve to exploit time information from the sub-
detectors and to cope with the higher occupancies. GPU acceleration will be extended to large
fractions of the HLT2 reconstruction. The event-filter farm is foreseen to expand to several thousand
heterogeneous nodes, including GPUs and potentially other architectures such as FPGAs or ARM-
based processors, depending on their cost and energy efficiency . The software frameworks (Allen
for GPUs and Gaudi for CPUs) are being unified to allow for flexible scheduling of reconstruction
and selection across different processors. This flexibility will be essential to balance throughput,
energy consumption and performance.

The trigger-less model introduced in Run 3 has proven to be robust and scalable. For Upgrade II,
the addition of timing information, extended GPU utilisation, and flexible heterogeneous computing

resources will be crucial to sustain the physics programme in HL-LHC. With these developments,

27



Chapter 1. The upgrades of the LHCb experiment at the LHC

Sensor FE ASIC FPGA < SOpticallink  LIaSHE =F:1e ¢
LHC Run 3 MAPMT CLARO Kintex 7 GBT Versatile Link PCle40

Sensor [2l¢] Optical link " ISR :7:1- ¢ 16|
LHC Run 4 MAPMT FaStRICH EGBTIVH PCle40 / PCle40++

Sensor DC ol iEIRflle bc i Back-end
HL-LHC Run 5 SiPM / MAPMT / MCP FastRICH IpGBT / VL+ PCle40++

Figure 1.20: Schematic of the optoelectronic readout chain evolving from LHC Run 3 to Run 5
Source: [67].

LHCDb will continue to record a broad spectrum of beauty, charm, and exotic signatures with offline-

quality reconstruction available directly in real time.

1.4 The pathway for the RICH Upgrade II detector

The increased luminosity foreseen for the LHC Run 5 poses significant challenges for the RICH
detectors. Higher event rate and track multiplicity result in a greater detector occupancy. To
maintain, and possibly improve, the excellent PID performance of the RICH detectors, two key
improvements are required: the introduction of the photon hit time information and an increase
of the photodetector granularity. As discussed in Section these improvements necessitate an
entirely new optoelectronic readout system, including novel readout electronics and new photode-
tectors. Figure [I.20] shows the evolution of the optoelectronic readout chain for the RICH detector
from the current LHC Run 3 to Run 5. The new readout electronics will be introduced already
during LS3, while the photodetectors will be replaced in LS4.

The readout electronics of the current RICH detector is based on the CLARO ASIC at
the front-end and on an Kintex 7 FPGA for the hit digitalisation. Their functionalities have been
integrated into the novel FastRICH ASIC , designed to meet the requirements for the RICH
detector upgrades. The FastRICH is a 65 nm CMOS technology chip built on the existing FastIC
ASIC [69), with an integrated TDC of 25ps bins and a radiation hardness up to 10'® neq/cm?.
Among other specifics, the FastRICH features advanced data compression schemes and bandwidth
optimization capabilities with limited power consumption. The FastRICH main characteristics and
the design choices behind them are described in Section [1.4.1

For LHC Run 5, new photodetectors will replace the MAPMTSs used in the current RICH
detector. The MAPMTs offer limited granularity and time resolution, which restrict their suitability
for Upgrade II. Although no single replacement technology has yet met all requirements, several
promising candidates are under active evaluation. Section [1.4.2] reviews the characteristics of the
current MAPMTs and presents the main alternatives under investigation: SiPMs and MCP-PMTs.
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Both technologies offer sub-100 ps time resolution and higher pixel density, but each presents specific
challenges in terms of radiation hardness, DCR and rate capabilities.

In parallel, the RICH collaboration has developed several prototype optoelectronic readout
chains with picosecond-timing capabilities over the past few years. These chains are based on the
FastIC ASIC coupled with an external TDC and include the photodetector candidates for the RICH
upgrades. The chains were extensively tested in beam test campaigns at the CERN SPS facility
over the past few years, providing valuable inputs for the design of the FastRICH ASIC and the final
RICH Upgrade II optoelectronic readout. Section documents the evolution of the prototype

chains.

1.4.1 The FastRICH ASIC

The FastRICH is an ASIC developed in 65 nm CMOS technology and specifically designed for the
requirements of the LHCb RICH detectors upgrades. The FastRICH integrates the functionalities
of both the CLARO ASIC and the Kintex 7 FPGA used in the current RICH detector into a single
ASIC, with ~ 25 ps time resolution and additional features to cope with higher detector occupancies
and data rate. The chip is an evolution of the FastIC ASIC [70, 69], with its architecture adapted
to tolerate the radiation levels expected in LHC Run 5 (210" 1MeV neq/cm? and 12kGy) [67].
The FastRICH has 16 analogue input channels with a input current range from 50 A to 2mA. The
doubled number of channels compared to the CLARO chip supports the increased of granularity
foreseen for the RICH Upgrade IT detector. A configurable analogue front-end stage allows operation
with appropriate speed, stability, and input current range for different photodetector characteristics
and impedances, making the ASIC compatible with MAPMTs, SiPMs and MCP-PMTs. This
flexibility is required because the FastRICH-based readout will operate with MAPMTSs during
LHC Run 4 and with new photodetectors from Run 5 onward.

Each analogue input channel includes a constant-fraction discriminator (CFD) to minimise
time-walk effects and eliminate the need to transmit time-over-threshold (ToT) information to the
back-end, thereby reducing the output data volume [49]. In addition, the ASIC can provide a non-
linear ToT energy signal using a Leading-Edge Discriminator (LED). Analogue studies on MAPMT
single-photon response described in Chapter [2] provided key input on the expected analogue pulse
shape. CFD or LED pulses are digitised on-chip using a time-to-digital converter (TDC) with a bin
size of approximately 25ps. The digital output therefore includes the timestamp of each photon
hit. This additional information is a powerful tool to improve RICH reconstruction performance.
However, it increases the volume of data to be transmitted by the detector. To address this, the
FastRICH ASIC includes several features to optimise the data throughput. A configurable hardware
shutter is implemented to discard out-of-time photons within the 25 ns of an LHC Bunch Crossing

(BX), as Cherenkov photons produced in a BX are expected in a window of only a few nanoseconds
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(see Section . Data are zero-suppressed and encoded into variable-length packets, which are
transmitted through one of four independent SLVS output links, compatible with lpGBT/VTRx+
optical link chipset. This gives the chip a total maximum output bandwidth of 5.12Gbps. In
addition, the number of active output links is configurable, allowing the optimisation of the chip
for different photon-occupancy regions of the detector. The digital circuitry is implemented using
triple-modular redundancy (TMR) to improve radiation tolerance, making the chip robust by design
against single-event upsets. Despite these features, the power consumption of the chip is kept below
16 mW per channel, easing the cooling requirements for the operation in the experiment.

As introduced in Section the integration of the FastRICH-based readout electronics dur-
ing LS3 allows to exploit the photon hit time information in the RICH reconstruction during
LHC Run 4. Simulation studies have demonstrated that the photon hit time and the hardware
shutter are essential to reduce the combinatorial background and improve the RICH detector per-
formance [67]. This is described in more detail in Chapter [3] which also presents a novel method
to use the RICH photon hit time for the reconstruction of the primary vertex time in LHC Run 4.

The first FastRICH chips have been produced and tested, showing encouraging results in terms
of operability and stability. A first batch of ASICs has been assembled onto front-end boards, to be
coupled with different photodetectors. At the moment of the writing, the first particle-beam test

with FastRICH-based readout electronics is ongoing.

1.4.2 Photodetector candidates for Upgrade II

The photodetectors currently used in the RICH detectors are MAPMTs. These will remain in use
during LHC Run 4, coupled with the novel FastRICH-based readout electronics. However, due
to their intrinsic limitations in granularity and timing, MAPMTs will be replaced in the RICH
Upgrade II detector. The main candidates to replace them are SiPMs and Microchannel Plate
Photomultiplier Tubes (MCP-PMTs). Both technologies offer sub-100 ps SPTR, and higher pixel
density, but present different challenges.

This section describes in detail the MAPMT technology, as well as the SiPM and MCP-PMT
options under consideration for the RICH Upgrade II detector.

Multi-Anode Photomultiplier Tubes (MAPMTSs)

The photodetectors currently used in the RICH system are MAPMTs produced by HamamatSLﬂ
Two custom models are used: the 1-inch R13742 and the 2-inch R13743, both with an 8x8 pixel
array [38]. The two models are shown in Figure (left). The 1-inch MAPMTs have a pixel
size of 2.88x2.88mm? and are installed in RICH 1 and in the central region of RICH 2. The

2Hamamatsu (https://www.hamamatsu.com/))
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2-inch MAPMTSs, with 6x6 mm? pixels, are used in the outer regions of RICH 2, where the occu-
pancy is lower. Both models use a UV-glass entrance window and a super-bialkali photocathode,
which provides a quantum efficiency (QE) of 30-35% around a 350 nm wavelength, as shown in
Figure (left).

Figure (right) shows the photoelectron multiplication scheme of an MAPMT. Photoelec-
trons emitted from the photocathode are accelerated towards one of the 64 independent dynode
chains, each corresponding to a single MAPMT pixel. The electron strikes the first dynode and
produces multiple secondary electrons through impact ionisation. These are then accelerated to
the next dynode stage, repeating the multiplication process. The signal is amplified over 12 stages
in the 1-inch MAPMTs and 10 stages in the 2-inch versions, reaching a nominal gain of 10° at
1kV. This process leads to a relatively long transit time of 5.1 to 5.3 ns for the 1-inch and 2-inch
MAPMTs respectively . Having per-pixel multiplication chains results in gain spread between
pixels within the same array. In addition, statistical fluctuations in the multiplication process cause
gain variation even within a single pixel, as shown in Figurright). This gain variation, typical
of MAPMTSs, motivated the design of the on-chip CFD in the FastRICH ASIC, as described in
Sectionl.4.1] The CFD minimises time-walk effects induced by gain fluctuations, eliminating the
need to transmit ToT information for this purpose.

Despite their high QE, high gain, and low dark count rate, MAPMTSs are not suitable for the
RICH Upgrade II detector. Their granularity is limited by the geometry of the internal photo-
electron multiplication chain, which prevents scaling to smaller pixel sizes. The most advanced
Upgrade II scenario foresees pixel sizes of 1.4x1.4mm? in the high-occupancy regions, a dimension
incompatible with MAPMT technology. In addition, their time resolution is limited by the transit-
time spread (TTS), which is expected to be approximately 150 ps . MAPMTSs will remain in

INCIDENT LIGHT

PHOTO ELECTRON PHOTOCATHODE
FOCUSING MESH
R S
S =
| R J
608 Eah
=] 2 )
— MULTIANODE  , W, "Ll e S R

Figure 1.21: Left: the MAPMTs used in LHC Run 3 RICH detectors with the 2-inch model on the
left and the 1-inch model on the right. Right: scheme of the internal structure of the MAPMT .
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Figure 1.22: (Left) QE curves for a batch of 1-inch MAPMTs from the production: the ultra bi-
alkali photocathode allows to reach excellent QE values. (Right) Typical signal amplitude spectra
for an MAPMT channel as a function of the HV value. The first peak correspond to the noise
pedestal while the second to single-photon signals. The width of the single-photon peak is due to
the gain variation. Source

use during LHC Run 4. For this reason, understanding their single-photon response and timing
behaviour is important both for their coupling with the FastRICH ASIC and for defining the ex-
pected SPTR of the RICH detector in LHC Run 4. This thesis includes a dedicated study of their
single-photon response, with particular focus on the TTS, presented in Chapter2}

Silicon Photomultipliers (SiPMs)

SiPMs are currently used in the LHCb SciFi detector as described in Section[I.3.1] These detectors
offer several attractive features for the RICH Upgrade II detector, including small pixel size, high
and green-shifted QE and adequate SPTR. They also represent a cost-effective solution for the
RICH Upgrade II detector.

Silicon Photomultipliers (SiPMs) are solid-state photodetectors composed of an array of Single-
Photon Avalanche Diodes (SPADs) operating in Geiger mode . To illustrate the functioning
of the SiPMs, it is useful to first describe the functioning of Avalanche Photodiodes (APDs) and
SPADs. As shown in Figure [1.23] an APD is a p-n photodiode biased in reverse direction below
the breakdown voltage, i.e. the voltage beyond which the current in the diode increases exponen-
tially. In this configuration, a photon hitting the diode in the depletion region can generate an
electron—hole pair. These charge carriers are then separated and accelerated in opposite directions
due to the strong electric field applied. Their velocity increases to the point that, upon colliding
with the crystal lattice, they generate additional electron—hole pairs, initiating a chain reaction

known as the avalanche effect. In APDs, the resulting current signal is proportional to the number
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of incident photons, amplified by a multiplication factor typically ranging from 50 to 300, depending
on the applied voltage. SPADs are essentially APDs biased above the breakdown voltage. In these
conditions, the absorption of even a single photon in the depletion region can trigger a self-sustained
avalanche with an internal gain of the order of 10° . In this regime, known as Geiger mode, the
SPAD output signal saturates, regardless of the number of incoming photons. To reset the SPAD
after the saturation and restore normal operation, a quenching circuit is required . The SPAD
dimensions range from 10 to 100 um?. An SiPM is commonly composed of thousands of SPADs,
each able to detect individual photons and trigger a local avalanche . The summed response
from multiple SPADs gives the SiPM photon-counting capability, while the saturating avalanche
process of the SPADs ensures high gain with limited fluctuations and low sensitivity to magnetic
field. Furthermore, SiPMs require a much lower bias voltage than MAPMTs and MCP-PMTs,
which simplifies the powering requirements in the RICH detectors.

SiPMs can be manufactured with dimensions below the millimetre scale, meeting the granular-
ity requirements for the RICH Upgrade II detectors. In addition, the QE of SiPMs peaks in the
visible spectrum, especially in the 450-500 nm region, and can reach above 45 % . As discussed
in Section [1.3.2] the reduced pixel size, combined with the Upgrade II optics, and the high, green-
shifted photon sensitivity improve the Cherenkov angle resolution. In terms of timing performance,
intrinsic SPTR, between 70 and 200 ps full width half maximum (FWHM) have been reported for
commercially available devices [76]. Simulation studies have demonstrated that such time resolu-
tion, combined with the aforementioned detector upgrades would preserve the excellent RICH PID
performance in the high-luminosity environment of Upgrade II .

The main challenge for the use of SiPMs in the RICH detectors is radiation-induced DCR.
Neutron fluence damages the silicon lattice, creating generation-recombination centres that trigger

spontaneous avalanches, increasing the DCR . The expected fluence is ~ 3 x 102 neq/cm2 for

reverse bias voltage
-

+|)-
= 'j]’ 1 reverse bias voltag
—_—
n p
s afE
) election hole I I
o L -—0 B - -
2 Geiger-mode Ld
o avalanche g
S 2
z Se- 98
§ photodiode range : APD range SiPM range ;';;&:;"‘ 5
3 b A
v v propomional (APD) mode Geiger-APD (SIPM) mode

app ek dewn

reverse bias voltage

Figure 1.23: (Left) Operation regimes of solid state p-n junction, i.e. photodiode, avalanche pho-
todiode (APD) and SPAD or SiPM range. (Right) In the APD only electrons can sustain the
avalanche, whereas in a SPAD holes perform impact ionization as well .
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Figure 1.24: (Left) DCR measurements of FBK SiPMs at room temperature after the irradiation
with different fluences. (Right) DCR measurements on the same SiPMs repeated at liquid nitrogen
temperature [81]. Note: in the plot on the left the DCR is limited by the rate capability of the
system.

RICH 1 detector. Studies have shown that SiPM irradiated at such a fluence can reach DCR value
of the order of 100 MHz/mm? . At this rate, it becomes impossible to distinguish in-time
Cherenkov photons from dark-counts. The DCR increases linearly with fluence but decreases expo-
nentially with temperature, making cryogenic cooling the primary strategy to mitigate DCR .
Operation at cryogenic temperatures (down to approximately 100K) has been shown to highly
suppress the DCR even after radiation damage . Figure (left) shows the DCR of five FBKEl
1 x 1mm? SiPMs before and after irradiation with fluences ranging from 10° to 10'3 1 MeV neu-
tron equivalent per cm? (neq/cm?). For fluences > 10'° ny/cm?, the DCR saturates at few MHz,
reaching the limit of the acquisition system . Figure (right) shows the DCR from the same
irradiated FBK SiPMs measured at liquid-nitrogen temperature. For fluences up to 10*2 neq/ch,
the DCR is restored to the non-irradiated level (or even lower), indicating that cryogenic cooling
is an effective solution for DCR mitigation. However, implementing a cryostat solution for large
photodetector areas presents several challenges. One of the main challenges is the transmission of
signals from cryogenic-cooled SiPMs to room-temperature readout electronics. To address this, a
dedicated flexible PCB (flex-PCB) for the readout of SiPM array at liquid-nitrogen temperatures
has been designed and tested as part of this thesis. Details are presented in Chapter [4 including
the flex-PCB design, signal integrity simulations and measurements, and the SPTR of the SiPM
array. Additional strategies to mitigate the DCR in SiPMs are also under evaluation. For exam-
ple, annealing reduces radiation damage . Therefore, periodic annealing cycles at 40°C during
long shutdowns may help restore performance . Micro-lenses installed on SiPMs to focus the

3Fondazione Bruno Kessler (https://www.fbk.eu/)
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light onto a smaller SiPM area have demonstrated improvements in the SiPM detection efficiency
and time resolution [82]. This technique allows to operate the SiPMs at lower voltages, reducing
the DCR. Neutron shielding using polyethylene is another option to reduce exposure to secondary
particles, hence limiting the radiation damage.

Another possible challenge for SiPMs is their signal shape. Due to the large number of SPADs
in parallel, the SiPM has a large input capacitance, typically of the order of hundreds of picofarads.
This results in a recovery time between 20 and 100 ns, which can lead to inefficiencies in the high
occupancy regions of the RICH detector. While the input capacitance reduces with smaller pixel
dimensions, further R&D is needed. In parallel, simulations studies are ongoing to quantify the

effect of the recovery time on the detector performance.

Micro-Channel Plate PMTs (MCP-PMTs)

MCP-PMTs are valid candidates for the photon detection system in the RICH Upgrade II, par-
ticularly due to their excellent SPTR, high gain and granularity, and low dark count rate. These
characteristics match well with the needs of a time-resolved RICH detector operating in a high-
occupancy environment. An MCP-PMT consists of a photocathode, one or more microchannel
plates, and a segmented anode. The principle of an MCP-PMT is shown in Figure A photo-
electron emitted at the photocathode is accelerated by an electric field towards the MCP and enters
a microchannel — a microscopic, tilted glass capillary coated with a secondary emissive layer. As
the photoelectron traverses the channel, it generates secondary electrons through multiple collisions
with the channel walls. This cascade process results in a gain of up to 10® Me, analogous to the
amplification in the dynode chain of MAPMTs. To increase gain and suppress ion feedback, two
MCPs are typically stacked in a Chevron configuration. The time resolution improves with reduced
spacing between the MCPs and increased inter-plate bias voltage. The amplified signal is collected
at the anode, which can be segmented to provide spatial resolution [83]. In addition, MCP-PMTs
are radiation hard and have low sensitivity to the magnetic field. Flexibility in the choice of pho-
tocathode, MCP structure, and anode layout has led to several MCP-PMT designs, tailored for
different applications. In the context of LHCb Upgrade II, MCP-PMTs developed by Photek have
been evaluated extensively for the TORCH detector, as described in Section Many of the
considerations made by the TORCH collaboration are compatible with the requirements of the
RICH Upgrade II detector. These devices have demonstrated a time resolution of 23-30ps [84}
85] and quantum efficiencies in the range of 20-25 % in the visible spectrum [86]. In addition, the
MCP-PMTs are radiation hard and have a low sensitivity to the magnetic field due to the MCP
design.

Two other interesting families of the MCP-based detectors are the hybrid detectors [87] and the
Large-Area Picosecond photodetectors (LAPPD)[88|. The charge collection in the hybrid detector
is performed by the TimePix 4 ASIC, developed for the VELO Upgrade II. This solution provides
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Figure 1.25: Schematic of the cross section of an MCP detector, showing the photo- cathode, two
micro-channel plates in chevron orientation and the anodes. The photoelectron current is illustrated
in red. Similar to the MAPMT, a resistor network is used to (negatively) bias the photocathode
and MCPs. Source [26].

a spatial resolution of 10 um and has a TDC with a bin size of approximately 200 ps. The time
resolution can be further improved by collecting the charge from multiple anodes. LAPPDs are
developed by Incom and are characterised by their large MCP area with atomic layer deposition
(ALD) coating. They have an active area of 195x195mm?, but R&D is still ongoing to reach anode
granularity of ~l mm? over the full area. A new version, the High-Rate Picosecond photodetector
(HRPPD), has been recently produced. The HRPPDs have a pixel size of 3.25 mm? over an active
area of 104x104 mm?. The anodes are directly coupled to the MCPs, leading to a time resolution
of ~20ps and improved charge sharing [89).

Despite these advantages, MCP-PMTs face challenges in terms of lifetime and rate capability.
Their ageing is driven by the accumulated anode charge, which degrades the gain and quantum
efficiency over time. Although ALD coating applied to the microchannels reduces this effect and
increases the lifetime of the MCP-based detectors, this is still work in progress. Studies have
shown undesired side effects of ALD coating, including lower saturation current and increased gain
recovery time after saturation [90]. In addition, MCPs exhibit gain saturation at high instantaneous
currents, which leads to recovery times and potential dead-time effects under continuous high-rate
operation [72]. For these reasons, while MCP-PMTs offer outstanding timing performance, further
improvements in lifetime and rate tolerance are required before large-scale deployment in the RICH

Upgrade II can be confirmed.
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1.4.3 A prototype optoelectronic readout chain with sub-nanosecond

time capabilities and its evolutions

The development of timing capabilities for the RICH detectors required an intermediate step before
the availability of the FastRICH ASIC. The RICH collaboration developed a prototype optoelec-
tronic chain to study the timing performance of different photodetector technologies and to validate
multi-channel readout electronics with sub-nanosecond precision. The scheme of the prototype op-

toelectronic chain and its evolutions are shown in Figure [T.26]

The first prototype and the 2022 LHCb RICH beam test

The first prototype of the readout chain is built around the FastIC ASIC , an 8-channel
front-end chip designed in 65 nm CMOS technology, predecessor of the FastRICH. FastIC processes
signals in current mode with a low input impedance of about 16 €2 and includes a fast discriminator
stage with nominal time jitter of 25ps. The leading edge of the comparator output encodes the
time-of-arrival (ToA), while the pulse width retains non-linear ToT information . This design
allows off-chip correction for time-walk and provides flexibility to couple the ASIC to different
sensor types, such as MAPMTs, SiPMs or MCP-based photodetectors. The ASICs are mounted
on custom front-end boards (FEBs), each hosting up to eight chips. The FEB layout is compatible
with the CLARO-based FEB of the current RICH detector and optimised for short analogue trace
lengths between the sensor and the FastIC inputs. Digital outputs of the FastIC are routed to
a dedicated digital board carrying a Xilinx Kintex-7 FPGA. The FPGA is used for configuring
the FastIC registers, transmitting data to the back-end, receiving a read-out trigger signal and an
external clock, and providing a gate signal that can be used for flow control. To provide the hit
timestamp, a custom multi-channel time-to-digital converter (TDC) is implemented in the FPGA
using a multi-phase clock sampling architecture . This TDC uses 16 sampling flip-flops (FFs).
Each FF is clocked by one of eight phase-shifted copies of a 420 MHz clock, giving a theoretical bin

Beam test Sensor
2022 SiPM / MAPMT DAQ PC
Beam tests Sensor astic = pi oS oc ! Back-end
2023 -2025 SiPM/MAPMT / LAPPD F pents IpGBT /VL+ MuDAQ / miniDAQ
Beam tests Sensor | FastRICH bc [2]¢) Back-end
2025 - onward MAPMT gt PCled0(0)

Figure 1.26: Schematic of the prototype optoelectronic readout chain and its evolutions. Source .
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Figure 1.27: First prototype of optoelectronic readout chain with a 2-inch MAPMT. Source .

width of 148.8 ps. In practice, the bin widths within each 16-bin block are non-uniform and span
in the range 60-250 ps . The number of input channels of the TDC-in-FPGA is limited to 34.
Figure shows the first prototype optoelectronics chain assembled with a 2-inch MAPMT.
The first prototype was tested at the CERN SPS in 2022 with a beam of 180 GeV/c charged-
hadrons, mainly pions and protons. The optoelectronic chains were placed inside a light-tight box
in the beam line, as shown in Figure (A). MAPMT and SiPM photodetectors were used during
the beam test campaign. A borosilicate lens was used both as Cherenkov radiator and to focus
the Cherenkov photons onto the photodetectors. Figure (B) shows the photodetector with the
nominal Cherenkov-ring position indicated by the orange dotted-line and the hitmaps from data.
The schematic of the setup is illustrated in Figure (C). A crossed-finger scintillator detector and
a MCP-PMT placed on the beam line were used as trigger source. The coincidence of the two was
performed by the trigger-logic unit in the FPGA and distributed to the readout boards, marking the
start of the TDC readout window [91]. A SPTR of 182424 ps was obtained for the 1-inch MAPMTs,
comparing the MAPMT signals to the MCP-PMT reference, and correcting for time-walk and non-
uniformities in the TDC bin width. The result is consistent with the expected 150 ps and was
validated with analogue and digital measurements presented in Chapter [2| This result represented
the first demonstration of sub-nanosecond timing with a full prototype optoelectronic chain in the
LHCb RICH beam tests. The study concentrated on the 1-inch MAPMTSs, which will be the main
photodetector in the RICH detector during LHC Run 4, while later campaigns have broadened the
programme to include 2-inch MAPMTs, SiPM arrays and MCP-based photodetectors.

Evolution of the prototype and a novel data acquisition system

The experience gained with the first prototype chain in 2022 highlighted some limitations. The
optoelectronic chain was therefore redesigned for the 2023 beam test campaign onward, providing
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Figure 1.28: (A) Image of the light-tight box mounted on a remotely-operated translation table for
alignment with the beam. (B) Image of part of the beam test setup viewed from the beam direction.
The orange-dotted line represents the position of the Cherenkov photon ring and the integrated hit
maps are overlaid on the MAPMT and SiPM sensors. Source .

improved modularity, finer TDC resolution, higher number of channels and optical link readout.
These features were achieved with an ASIC-only solution and a new modular carrier board, as
shown in Figure [[.29] The carrier board hosts dedicated plug-ins for each key component of the
readout chain. Two FastIC plug-ins, with four FastICs each, allow the readout of 64 channels of
the sensor connected to the prototype. The picoTDC plug-in hosts the picoTDC, a 64-channel
TDC ASIC in 65nm CMOS technology . It enables high-precision timing measurements with
selectable bin sizes of 3ps or 12ps and an intrinsic jitter below 1ps. The data transmission is
handled by the IpGBT plug-in, based on the Low-Power Gigabit Transceiver ASIC, a radiation
tolerant serializer/deserializer device designed in 65nm CMOS technology . The 1pGBT is
the baseline chip adopted for data transmission in the LHCb Upgrade II. Its integration in this
prototype allows thorough testing of its operation and compatibility with the readout electronics.
Its output signals are sent to the back-end via optical links, using either a Versatile Link Plus
transceiver (VTRx+) [95] or a small form-factor pluggable (SFP) module. This plug-in meets the
high standard of future HL-LHC LHCDb detector operation with 10 Gbps bandwidth. This data
transmission configuration will already be deployed in LHC Run 4 together with the FastRICH

readout. Its use in this system provides important integration advantages and long-term benefits
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Figure 1.29: Second prototype of optoelectronic readout chain consisting of a carrier board with
(from left to right) the photon sensor board, FastIC ASIC plugins, picoTDC plugin and optical link
plugin.

for the experiment. The successful implementation of this communication chain can serve as a
model for other LHCb sub-detectors in view of Upgrade II. At the back-end, the data streams are
received by the MuDAQ system. The MuDAQ consists of a lightweight environment developed for
beam tests that provides clock distribution, trigger synchronisation, and multiplexed data readout
for up to seven carrier boards, with event building and monitoring functionalities similar to the
LHCb MiniDAQ . Data transmission to the acquisition computer is performed via a Gigabit
Ethernet link. The prototype chain thus combines the precise photodetector pulse discrimination
of the FastIC with a stable, high-resolution TDC ASIC and reliable optical data transmission to
the back-end. Figure [I.30] shows a picture of the described data acquisition system.

This upgraded prototype was used in the beam test campaigns of 2023, 2024 and 2025. The 2023
campaign represented the first successful coupling of the FastIC to the PicoTDC and IpGBT /VTRX+
operation, establishing the foundations for stable multi-channel operation of the chain. The subse-
quent campaigns built on this basis, consolidating the setup and extending the characterisation of
different photodetectors. The 2024 campaign focused on the MAPMTSs, which will continue to be
the photodetector for the RICH detector during LHC Run4. In 2025, the emphasis shifted to Up-
grade II photodetector candidates, in particular SiPM arrays and MCP-based photodetectors. For
these campaigns the setup was similar to that used in 2022 and is described in detail in Chapter []
with particular focus on the 2025 beam test where the custom flex-PCB developed for SiPM arrays
was also tested.

The design and operation of this second-generation prototype chain placed the collaboration in
a strong position for the integration of the FastRICH ASIC in 2025. At the time of writing, work is
ongoing on a third prototype in which the FastRICH replaces both the FastIC and the PicoTDC,
integrating their functions into a single ASIC, as illustrated in Figure[1.26] With this development,
the optoelectronic chain takes the form that will be used in the RICH detectors during LHC Run 4.
The forthcoming beam tests in late 2025 and 2026 will therefore be of central importance: the first
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Figure 1.30: Connection in between the different system components reproduced in the laboratory.

will test the coupling of the FastRICH to MAPMTs, while the second will focus on the integration
and stable operation of multiple boards.
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Chapter 2

Analogue and digital studies on

MAPMT single-photon response

Multi-anode photomultiplier tubes (MAPMTs) are the photodetectors used in the current LHCb
RICH detectors. They will remain in use for LHC Run 4, coupled to the new FastRICH-based
readout electronics. This system provides a timestamp for each detected photon, adding timing
information that can improve particle identification (PID) performance. A full characterisation of
the MAPMT single-photon response is therefore required to quantify their intrinsic timing per-
formance and to optimise the coupling to current-mode front-end electronics such as the FastIC
and FastRICH ASICs. This chapter presents such a characterisation with analogue and digital
readout systems under pulsed-laser illumination. Section reports analogue measurements of
single-photon pulse shape and time resolution in individual channels of the two MAPMT types
described in Section Section describes multi-channel digital measurements on MAPMT
time resolution performed with the time-resolved readout electronics prototype developed for the
LHCb RICH beam tests.

2.1 MAPMT analogue single-photon response

This section presents the analogue measurements performed on the MAPMTSs to study their single-
photon response. The measurements were performed on a single channel of both the 1-inch and
a 2-inch MAPMT. These measurements provided key input for coupling MAPMTSs to the FastIC
ASIC, used in the time-resolved readout prototype for the LHCb RICH beam tests. The pulse shape
also served as an input for the design of the FastRICH analogue chain. In addition, they define the
intrinsic single-photon time resolution (SPTR) from a fully illuminated MAPMT channel, setting
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a reference for multi-channel digital readout with both laser illumination and in beam tests. The
setup for single-photon illumination, its electrical simulation and the waveform analysis method
are presented in Section 2.1.1] Section [2.1.2] describes the analysis and results on the pulse shape
characterisation. The focus was on key parameters such as amplitude, rise time, and gain, which
were then used to estimate the expected current at the front-end electronics. Section [2.1.3| presents
the measurement of the transit-time spread (TTS), which quantifies the fluctuations in the photon

arrival time at the anode defining the MAPMT time resolution.

2.1.1 Experimental setup and waveform analysis

This section describes the setup used to measure the single-photon analogue response of an indi-
vidual channel of the two MAPMT types used in the RICH detector. The setup was used to record
single-photon waveforms and extract pulse parameters such as amplitude, rise time, charge, and
TTS. Figures and show the setup and the corresponding connection scheme overview. The
illumination was provided by a picosecond pulsed laserﬂ which delivers light pulses at a wavelength
of 405nm. The laser optical power was set to approximately 200nW with an illumination rate of
10kHz. This configuration ensured a time jitter of ~50ps (FWHM) for each pulse, corresponding
to the best timing performance of the laser. Laser pulses were guided by a single-mode optical
fibre to a to a microscope objectiveﬂ The lens was used to spread the light over the MAPMT
surface. A neutral-density filter with optical density 3.00 was placed before the MAPMT for single-
photon illumination. The MAPMTSs were covered by a mask with 2mm and 4 mm holes aligned
to a single channel for the 1-inch and 2-inch sensors, respectively, to minimise crosstalk effects.
The MAPMTs were mounted on the same baseboards used in the current RICH system [97]. Each
MAPMT anode was routed to a multi-pin output connector through the custom fanout board
shown in Figure (left). Each output line included a termination resistor between an output pin
and a ground pin, allowing the analogue signal to be probed directly across the two. The fanout
is shown in Figure with the multi-pins connectors on the front and the termination resistors
on the back. Analogue signals were acquired with a differential probeﬂ equipped with a solder-in
tiﬂ As shown in Figure (right), the probe tip was soldered into a custom two-pin plug-in
connector. This configuration simplified the connection to the fanout board, although it may have
introduced additional noise in the analogue readout. Analogue signals were then sampled with a

12 GHz oscilloscop The synchronisation output (Sync-out) signal from the laser driver was sent

IPicoQuant TAIKO pulsed laser (https://www.picoquant.com/products/category/picosecond-pulsed-driver/
taiko-pdl-ml#specification.)).

?Edmund Optics, 40x DIN 0.65 Achromatic Commercial Grade Objective (https://www.edmundoptics.com/p/
40x-din-achromatic-commercial-grade-objective/5383/).

FAgilent 1169A 12 GHz probe (https://www.keysight.com/pd-11694).

4 Agilent N5426A ZIF tip (https://www.keysight .com/pd-N5426A).

5 Agilent DSA91204A 12 GHz oscilloscope (https://www.keysight.com/pd-DSA912044).
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Figure 2.1: Experimental setup for single-photon illumination and analogue readout of the 1-inch
MAPMT. A cover is placed on the MAPMT with a 2mm hole to illuminate a single channel and
reduce crosstalk effects. Same setup is used for the for the 2-inch MAPMT, applying a mask with
a 4mm hole.

BASEBOARD

FILTER ND 3.00

Mask with
2 mm hole

SIGNAL FANOUT BOARD

OPTICS

ACTIVE
DIFF.
PROBE

MAPMT

ANALOGUE
SIGNAL

LASER DRIVER

LASER SYNC. OUT

Figure 2.2: Overview of the experimental setup connections for the 1-inch MAPMT.

to the oscilloscope. The Sync-out signal was used as the oscilloscope trigger and as a time reference
for the time resolution measurements, as described in Section

The termination resistor value was chosen based on circuit simulations. The setup equivalent
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Figure 2.3: (Left) The signal fanout board routes analogue signals from individual MAPMT chan-
nels through dedicated trace lines. The top side (upper image) includes high-density connectors
to allow individual channel readout. The bottom side (lower image) provides solder pads for ter-
mination resistors. (Right) Agilent N5426A solder-in ZIF tip soldered in a custom two-pin plug-in
connector.

MAPMT anode and Fanout board
base-board trace equivalent trace equivalent
ugo1 weoz .. ,
1
1637 1617 I |
MAPMT an. A J3_26 2 3 |
— ! 1 SCOPE

1 1
' i
at : S L
Linput 1 50k 0.33p :
® | -
1
Gaussian input : 1
current pulse ! :
: 1
. i
[ e H

4 Differential probe

Figure 2.4: LTspice simulation schematic of the readout system.

circuit was implemented in the LTSpiceE] and it is shown in Figure The equivalent circuits of
the MAPMT anode, the baseboard trace, and the fanout board trace were provided by the board
designers. These were modelled as RLC circuits reproducing the impedance and parasitic effects
of the connections and vias from the MAPMT anode to the termination resistor. The current
collected at the anode for a single-photon pulse was modelled as a Gaussian pulse with a standard
deviation of 350 ps. The amplitude was selected to obtain a total charge of 2 Me. The simulated
waveforms for three termination resistor values (30, 100, and 510 (2) are shown in Figure They

SLTSpice: https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html

45


https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html

Chapter 2. Analogue and digital studies on MAPMT single-photon response

>’
g
g 0
2
E
< =10
-20
-30
= || = 3OQ
-40 e 1000
‘ 5100
0 > 10 15 20
Time [ns]

Figure 2.5: Voltage response of the simulated readout system to a Gaussian current input (o = 350 ps
and 2Me charge) for 30, 100, and 510 termination resistor.

illustrate the effect of the termination resistor on the pulse shape. Table summarises the results
for the three termination values. The rise time is measured as the 10-90 % interval of the pulse
leading edge, while the charge is obtained from the integrated area of the voltage pulse divided
by the termination value. The simulations show that the termination resistor had no measurable
effect on the pulse leading edge: the rise time remained consistent within a few picoseconds for all
resistor values. This behaviour is expected, since the rising edge is determined by the MAPMT
capacitance and the shape of the input current pulse, rather than by the external load. In contrast,
the termination value strongly affected the pulse amplitude and decay time. Higher resistances
produced larger amplitudes and longer tails, as the same current flowed across a higher impedance.
Nevertheless, the integrated charge, normalised to the resistance, remained constant within 3 %,
confirming that the MAPMT gain is independent of the termination choice. For the 30 and 510 2
terminations, the simulated waveforms show additional peaks on the trailing edge of the pulses.
These peaks originate from reflections due to the impedance mismatch between the termination
resistor and the trace impedance, estimated to be 98 ). This interpretation is confirmed by the
absence of such peaks in the 100 €2 case, where the termination matches the trace impedance and
reflections are suppressed. Importantly, these reflections appear only on the trailing edge and do
not affect the leading edge of the pulse. For this reason, although 1002 provides better matching,
the final measurements were performed with a 5102 termination. The higher termination value
increases the pulse amplitude for the same input current, improving the signal-to-noise ratio and
facilitating waveform fitting. The ringing from the impedance mismatch on the trailing edge was

considered acceptable, as it did not affect the timing performance of the MAPMT response.
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Table 2.1: Simulated rise time and charge for different termination resistor values. The input
current pulse was a Gaussian with 350 ps standard deviation and a total charge of about 2 Me.

Termination R [Q] Rise time (10-90 %) [ps] Charge [Me]

30 732+ 3 1.99 £0.01
100 733 £ 3 1.99 +0.01
510 735 + 3 1.95 +0.01

Amplitude [mV]

Amplitude [mV]

Raw signal
—go | Baseline corrected
Crystal ball fit

=5 0 5 10 15 -100 -5 0 5 10 15 -100 -5 0 5 10 15
Time [ns] Time [ns] Time [ns]

Figure 2.6: Examples of crystal-ball fit on the MAPMT single-photon pulses after baseline correc-
tion. The pulses were recorded with the MAPMT biased at —1000 V.

Fifty thousand waveforms were recorded for both MAPMT types at bias voltages of —900V
and —1000V. Typical waveforms recorded from the 1-inch MAPMT channel at —1000V are shown
in Figure As expected, the noise level is relatively high, with a peak-to-peak amplitude of
about 10 mV, which most likely originates from the probing system described above. The recorded
waveforms agree with the simulated ones, including the reflections on the trailing edge observed
for the mismatched termination values. Each waveform was first baseline-corrected and then fitted
with a Crystal Ball function, consisting of a Gaussian leading edge and an exponential tail. The
fit was iterated, and the best result was selected based on the reduced x? value. The fit primarily
suppresses high-frequency noise and allows extraction of the relevant parameters from a smooth
analytical function instead of raw data points. The amplitude, rise time, total charge, and time-
of-arrival (ToA) used for the TTS analysis were all extracted from the fit parameters, ensuring

consistency across measurements.

2.1.2 Results on single-photon pulse shape

This section presents the results on the single-photon pulse shape obtained from the waveform
analysis introduced in Section The discussion focuses on the pulse amplitude, rise time, gain,
and expected input current at the front-end electronics. Figure shows the pulse-height spectrum
for the 1-inch MAPMT channel at —-900V. The spectrum agrees with the studies conducted in the
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Figure 2.7: pulse-height spectrum of a 1-inch MAPMT channel at —900V. The distribution is
fitted with four Gaussian components describing the noise pedestal (green), the single-photon peak
(purple), the double-photon peak (yellow), and events with one missing multiplication stage in the
dynode chain (magenta). The local minimum between the noise and single-photon peaks defines
the amplitude cut for single-photon selection.

Quality Assurance commissioning phase for the current RICH detector [98], shown in Figure m
Since the oscilloscope was triggered by the laser Sync-out signal and the light intensity was highly
attenuated to ensure single-photon operation, only ~3 % of the triggers contain a photon pulse. The
most populated peak at low amplitude corresponds indeed to the noise pedestal. Its width of a few
millivolts reflects the high-frequency noise observed in Figure 2.6] The second peak, or plateau,
originates from single-photon pulses. Its spread results from the gain fluctuations in the MAPMT
dynode chain. The valley between the noise pedestal and the single-photon peak is caused by events
in which one multiplication stage is skipped in the dynode chain [98]. A smaller contribution at
higher amplitudes arises from double-photon pulses, where two photons hit the same pixel within
a few picoseconds. All four contributions were modelled with Gaussian functions to fit the pulse-
height spectrum, as shown in Figure This is a simplified approach compared to the procedure
adopted in the MAPMT Quality Assurance [98]. The fit simplifies the pulse-height spectrum and
provides a straightforward way to discard noise pulses applying an amplitude cut. The cut value is
defined as the local minimum between the noise peak and the single-photon peak. Figure 2.8 shows
the pulse-height spectra for the two MAPMT types at =900V and —1000 V. The same fit strategy
is applied to all spectra. The average single-photon amplitude increases with the applied voltage,
reflecting the higher gain achieved at larger bias values. Additionally, the 1-inch MAPMT shows a
higher average single-photon amplitude than the 2-inch MAPMT, due to its typically larger gain
compared to the 2-inch device. For the 2-inch MAPMT, the ratio between the single-photon peak
and the noise pedestal is higher than for the 1-inch. This is because the same laser illumination
settings were used for both MAPMT types to preserve the laser timing performance. With identical
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Figure 2.8: Pulse-height spectra of a single channel for the 1-inch (left) and 2-inch (right) MAPMTs
at =900V and -1000V with the fit superimposed. The arrows indicate the amplitude cut, defined
as the local minimum between the noise and single-photon peaks in the fit.

illumination, the larger 2-inch channel collected more photons, resulting in a higher occupancy.
Nevertheless, the occupancy remained ~10 %, ensuring single-photon operation with double-photon
probability below 10 %. The arrows in Figure indicate the amplitude cuts applied to the fitted
waveforms for selecting photon pulses.

For each selected pulse, the rise time was extracted as the time interval between 10 % and 90 %
of the leading edge of the fitted waveform. Figure[2.9)shows the rise-time distributions for the 1-inch
and 2-inch MAPMT channels at =900 V and —1000 V. The distributions were fitted with a double-
Gaussian function: one Gaussian for the core and another to account for the tails. The average
rise time was extracted from the peak position of the fit. The widths of the distributions reflect
event-to-event fluctuations in the multiplication process and in the initial photoelectron trajectory.
No significant dependence on the bias voltage was observed for the rise time. The average rise time
is approximately 640 ps for the 1-inch MAPMT and 300 ps for the 2-inch. The faster rise time in
the 2-inch MAPMT is likely due to the reduced number of dynodes (ten compared to twelve in the
1-inch device), resulting in a shorter overall electron transit time across the multiplication chain.
The numerical values extracted from the fits are summarised in Table

In the MAPMTSs, the single-photon gain is defined as the total charge collected at the anode
when a photon hitting the photocathode is converted into a photoelectron and amplified through
the multiplication chain. In this study, the total charge of each pulse was obtained by integrating
the fitted waveform and dividing the area by the termination resistance. This value was then
expressed in Me for comparison with the gain values from Quality Assurance campaign [98] and
Hamamatsu datasheet. Figure shows the charge distribution for the 1-inch MAPMT channel
at =900 V. Following the fit strategy used for the pulse-height spectra, the distribution is fitted with
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Figure 2.9: MAPMT single-photon rise time for =900 V and -1000 V.

Table 2.2: Average single-photon rise time for the 1-inch and 2-inch MAPMT channels at —900 V
and —1000V. The uncertainties represent the standard deviation of the distributions.

MAPMT type Bias [V] Rise time [ps]

Linch -900 635 + 60
-1000 640 + 65
9-inch -900 315+ 50
-1000 290 + 45

Gaussian functions. A main Gaussian corresponds to single-photon events, and its peak position
is taken as the average single-photon gain, while a second Gaussian accounts for double-photon
pulses. The third component, describing events in which one multiplication stage of the dynode
chain is skipped, was neglected in this gain analysis. Because of the large electronic noise in the
readout system, most of these low-amplitude events fall below the amplitude selection threshold
and are therefore excluded. The omission of this component has no impact on the results, as its
expected contribution is an order of magnitude lower than the single-photon distribution.

Figure show all four charge distributions, where the double-Gaussian fit is applied. As
expected, the measured gain increases with the applied bias voltage. For the 2-inch MAPMTs,
the distributions exhibit a more pronounced tail at high charge values, caused by the higher pho-
ton occupancy and resulting double-photon probability. The average single-photon gain values are
summarised in Table along with the results from the Quality Assurance campaign [98] and the
values provided by Hamamatsu. The three sets of measurements are broadly consistent: the present
results show a slight overestimation compared with the QA values in some cases, but remain com-
patible within uncertainties with the Hamamatsu ones. It should be noted that gain measurements

are particularly sensitive to the experimental setup and to the analysis method. The three values
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Figure 2.10: Charge distribution for the 1-inch MAPMT at —900V with the fit model superimposed.
The two Gaussian components describe single-photon and double-photon pulses. The peak position
of the single-photon Gaussian defines the average single-photon gain.
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Figure 2.11: Charge distributions for single-photon pulses recorded from the 1-inch (left) and 2-
inch (right) MAPMT channels at —900V and —1000V. The distributions are fitted with a double
Gaussian function to account for the tail at high charge values from occasional double-photon events.
The single-photon gain is extracted from the peak position of the main Gaussian component.

reported in Table were obtained using different acquisition chains and analysis procedures. For

instance, during the gain calibration campaigns on the current LHCb RICH detectors, aimed at

the gain uniformity across the full detector plane, gain values were found to be slightly lower than

the Hamamatsu ones [99].

As an independent validation of the analysis chain, a known input pulse was injected into the

system, and the output charge was measured using the same procedure described in this section.
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Table 2.3: Average single-photon gain for the 1-inch and 2-inch MAPMT channels at —900V and
—1000V. Results are compared with the values from the Quality Assurance (QA) campaign and
those provided by Hamamatsu. Uncertainties represent the standard deviation of the distributions.

MAPMT type Bias [V] Measured [Me] QA [Me] Hamamatsu [Me]

Linch -900 1.4+04 1.1+£0.2 —
-1000 3.0£0.6 24+£0.5 2.6+0.5
9-inch -900 1.2+0.3 0.7+0.2 —
-1000 1.8+£0.5 1.6+04 1.9+0.5
Base-board Fanout board
200mv trace equivalent trace equivalent
i- _____ y ;g:;- E ‘;é nnnnn AI:m R Ja_z:m)ts"; E- ________ i
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Figure 2.12: Schematic of the setup used for injecting a 1.25 Me pulse into the system.

The schematic of the setup for this test pulse measurement is shown in Figure A 200mV
step pulse was generated with an Active Technology Pulse RIDER PG-1072 pulse generator [100]
and sent through a 1pF capacitor to generate a 1.25 Me MAPMT-like pulse. The pulse was then
injected into the baseboard anode pin and measured across the termination resistor on the fanout
board, following the same path as for the MAPMT measurements. Waveforms were also recorded
and analysed with the same procedure. The resulting charge distribution is shown in Figure
The distribution mean of 1.22 Me agrees with the injected charge. This measurement demonstrated
that the full acquisition and analysis chain accurately reconstructs the injected charge and validated
the gain extraction method.

The measured gain and rise time values can be combined to estimate the peak current expected
at the input of current-mode readout ASICs, such as FastIC and FastRICH. The nominal input
impedance of such ASICs is approximately 30-50( depending on the input frequency [69]. Using
Ohm’s law I(t) = V(t)/R, the expected current pulse can be obtained by converting the simulated
voltage pulse across the 302 termination resistor, shown in Figure As a first approximation,

the pulse across the 302 termination can be modelled by a Gaussian function:
t2
I(t) :Ipeak exp (_W)7 (21)
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where Ipeak is the peak current. The total charge of the pulse, i.e. the gain, is obtained by

integrating the current:

Q= fl(t) dt = Tpearc 0 \/27. (2.2)

The rise time (10-90 %) is obtained by solving I(t) = 0.9 Ipeax and I(t) = 0.1 I eax for tgo and ¢19

respectively, yielding
10
Atgo_10 = ﬂo(\/lnlo—\ /mE) ~1.687 0. (2.3)

From Equation o can be expressed in terms of the total charge and peak current as

Q

0= ——. 2.4
Ipeak\/ 2 ( )
Substituting Equation [2.4] into Equation [2.3] gives
1.687Q
Atgg_10 = ——, 2.5
20710 Ipeak\/ﬂ ( )
and therefore the peak current can be written as
1.687 @ Q
Tpeak = —— ~ 0.673 . 2.6
Pes T V2m Atgo-1o Atgo-10 (26)
=
£ 800
S}
O
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Figure 2.13: Distribution of the measured charge from the charge injection measurement.
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This relation provides a simple estimate of the expected input current based solely on the measured
gain and rise time. The expected input currents listed in Table are obtained from the measured
gain and rise time values in Tables 2.2 and 2:3] As expected, the shorter rise time of the 2-inch
MAPMT results in a higher peak current for the same gain. In addition, this analytical estimate is
consistent with the circuit simulations presented in Section The simulated 30£2 output pulse
has a peak voltage of about 11 mV, corresponding to a current of approximately 366 A. Using the
Gaussian approximation with the simulated pulse gain of 2 Me and rise time of 732 ps, the expected
peak current is about 300 uA. The two values are in good agreement, showing that Equations |2.6]
provides a reliable first-order estimate of the input current.

This estimate provided a useful reference for the FastRICH development, supporting the defini-
tion of the lower bound of the input-current dynamic range. In the current RICH detector, dedicated
gain-calibration scans are performed to ensure uniform response across the photon-detector plane.
For each group of 16 MAPMTsS of 1-inch (or 4 of 2-inch) sharing the same bias line, the average
anode gain is adjusted to about 1.2 Me. This value was used as a reference value to estimate the
lower bound for the FastRICH input-current dynamic range. The peak current for a gain of 1.2 Me
corresponds to ~ 200 pA for a 1-inch MAPMT channel. However, the gain can vary significantly
between different MAPMTSs, between anodes within the same device, and even from event to event
within a single channel. To account for gain fluctuations, a safety margin was therefore included in
the FastRICH design. From the gain distribution measured in this study, the standard deviation
was found to be approximately 0.3 Me for a gain of 1.2 Me. This spread was used to define a conser-
vative lower limit on the expected current. A 3o variation below the nominal gain corresponds to
1.2-3x0.3 = 0.3 Me. For this lower-limit gain value, the estimated peak current is about 50 A. This
estimated current value supported the definition of the lower bound of the input-current dynamic
range of the FastRICH. In addition, it provided an important reference for the coupling between
the MAPMTSs and the FastIC ASIC, employed in the time-resolved readout chain developed for
LHCb RICH beam tests.

Table 2.4: Summary of rise time, measured single-photon gain, and estimated peak current for the
1-inch and 2-inch MAPMT channels at different bias voltages.

MAPMT type Voltage [V] Rise time [ps] Gain [Me] Ipear [¢tA]

Linch -900 635 + 60 1.5+04 255 + 65
-1000 640 + 65 3.0+£0.6 510 + 100
9-inch -900 315+ 50 1.2+£0.3 430 + 100
-1000 290 + 45 1.8+£0.5 650 + 170
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2.1.3 Results on the single-photon transit-time spread

The intrinsic time resolution of the MAPMTs will be the dominant contribution to the SPTR of the
RICH detectors during LHC Run 4. Quantifying this resolution requires measuring the T'TS, which
reflects the statistical fluctuations in the photoelectrons transit time from the photocathode to the
anode. Experimentally, the TTS is obtained by measuring the spread of the single-photon ToA with
respect to a reference time. The analysis presented in this section was performed on the data sets
described in Section[2.1.1] The ToA was extracted from the fitted waveforms passing the amplitude
selection, while the laser Sync-out signal was used as the time reference. To accurately measure
the pulse ToA, an in-software constant-fraction discriminator (CFD) was applied. For each fitted
waveform, the pulse height was determined, and the ToA was defined as the time at which the signal
reached a fixed fraction of this height. Using a CFD rather than an absolute threshold removes the
dependence on pulse amplitude and suppresses the time-walk effect. This effect is caused by gain
fluctuations in the electron multiplication chain. Pulses with different amplitudes would otherwise
cross a fixed threshold at different times, introducing an artificial spread in the measured ToA, as
shown in Figure 2.14] Figure (left) illustrates the procedure on a representative waveform,
showing the ToA extracted for CFD fractions of 10 % and 90 %. The corresponding laser Sync-out
signal and its ToA are shown in Figure (right). For the MAPMT pulses, the ToA values are
obtained from the Crystal-Ball fit to minimise the impact of noise. The time difference between
the MAPMT channel and the laser reference, ToA, — ToAgync.ous, is computed for each event to
build the time-difference distributions used for the TTS extraction. Figure shows the resulting
distributions for the 1-inch MAPMT at —900V and for CFD fractions of 20 %, 40 %, and 80 %.

Amplitude [a.u.]

Threshold

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

I I [

/ K‘ Time [a.u.]
ToA high-  ToA low-
gain pulse  gain pulse

Figure 2.14: Time-walk effect on the MAPMT signal ToA.
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Figure 2.15: (Left) In-software CFD method used to extract the ToA on a single-photon MAPMT
pulse. The CFD is applied to the fit of the waveform. (Right) Laser Sync-out waveform and its
ToA used as time reference.
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Figure 2.16: Time difference distributions for the 1-inch MAPMT at -900V with different CFD
fractions.

As expected, the mean of the distribution shifts to later times for higher CFD fractions, since
the threshold is crossed closer to the pulse peak. For the CFD at 80%, the right-hand tail is
slightly more pronounced because the fit does not always reproduce the waveform accurately near
the pulse peak, while the leading edge is fitted more reliably. Each distribution is then fitted with
a double Gaussian function. The main Gaussian component describes the core distribution, while
the secondary one accounts for the tails. The TTS is extracted as the FWHM of the fit.

The same analysis was performed for both MAPMT types at bias voltages of =900V and
—-1000V. The resulting TTS values as a function of the CFD fraction are shown in Figure 217}
Operating at —1000V yields better time resolution than at —-900V, with optimal performance
for CFD fractions between 10-20%. The 2-inch MAPMT shows better timing performance than

the 1l-inch device, in agreement with the Hamamatsu specifications. This is likely due to the
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Figure 2.17: TTS as a function of the CFD fraction for the two MAPMT types at —900V and
-1000V.

Table 2.5: Best TTS values for the two MAPMT types at =900V and —1000V. The values corre-
spond to the optimal CFD fractions of 20 % for the —900V and 10 % for the —1000V.

MAPMT type -900V (20% CFD) -1000V (10% CFD)

1-inch 155 + 6 ps 145 + 5ps
2-inch 132 + 5ps 125 + 5ps

smaller number of multiplication stages in the 2-inch MAPMT. For comparison with the nominal
values, the FWHM from the fits was converted into the equivalent Gaussian standard deviation
(0meas = FWHMneas/2.355). Then , the contribution from the laser time jitter was subtracted in

quadrature:
/52 2
Och = \/ O2ieas ~ Tinser - (2.7)

The best time resolutions were obtained at —1000V with a CFD fraction of 10 %, yielding 145+ 5 ps
for the 1-inch MAPMT and 125 + 5ps for the 2-inch device. The best results for both MAPMT
types and bias voltages are summarised in Table 2.5

Finally, the stability of the timing performance was investigated by monitoring the TTS of
the 2-inch MAPMT channel over more than one month, including periods of continuous operation
lasting multiple days. The measurements were performed at a bias voltage of —900V, and the
TTS was extracted using a CFD fraction of 20 %. Figure shows the measured TTS values as a
function of time. The results demonstrate that the TTS remains stable within uncertainties over the
entire measurement period, with no indication of degradation even after extended operation. This
confirms the reliability of the MAPMT time response, a key requirement for stable performance of
the RICH detectors throughout LHC Run 4, where continuous high-rate operation is expected.

The analogue measurements presented here define the intrinsic single-photon timing performance
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Figure 2.18: TTS of a 2-inch MAPMT channel at —900 V, measured over more than one month
time period.

of the MAPMTSs, obtained under controlled illumination and single-channel readout conditions.
These results provide reference values for the multi-channel TTS measurements performed with the

time-resolved readout electronics developed for the LHCb RICH beam tests.

2.2 Digital measurements on MAPMT single-photon time

resolution

This section describes the digital measurements for the SPTR of a 1-inch MAPMT. The measure-
ments were performed using the multi-channel readout electronics developed for the LHCb RICH
beam test and presented in Section [1.4.3] They provided the TTS across multiple channels to
assess the uniformity of the MAPMT timing performance and served as a direct validation of the
results obtained in the LHCb RICH 2022 beam-test campaign [91]. The measurements validated
the working point used during the 2022 beam test campaign and delivered a reference value for the

TTS under controlled laser illumination conditions.

2.2.1 Experimental setup

This section describes the setup used for single-photon illumination and multi-channel readout
of the 1-inch MAPMT. The setup is shown in Figure m (left). Same laser system as for the
analogue measurements was used. The MAPMT signals were read out using the multi-channel
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chain developed for the 2022 LHCb RICH beam test shown in Section The chain includes a
front-end board (FEB) with eight FastIC ASICs and a digital board with a Kintex-7 FPGA. Each
MAPMT anode was connected to one FastIC channel, operated in leading-edge time-over-threshold
(ToT) mode. Due to the 34 available readout channels, only half of the MAPMT was read out,
corresponding to the same half illuminated in the 2022 beam test, as shown in Figure m (B).
The comparator output from each FastIC channel was sent to a time-to-digital converter (TDC)
implemented in the FPGA. The TDC provided timestamps for each photon event with a nominal
bin size of about 150 ps. Each event contained the ToA and ToT of the pulse, enabling off-chip
time-walk correction. Data were transmitted via USB2 to the DAQ PC for storage and offline
analysis. A graphical user interface (GUI) running on the DAQ PC provided the operator with a
flexible configuration and run control environment. In this laser setup, the FPGA was also used to
generate the laser trigger at 20 kHz rate. A copy of this trigger signal is stored in a TDC-in-FPGA

channel to include the laser reference time in data.

BASEBOARD Di

FILTER ND 3.00

DIGITAL BOARD

OPTICS

LASER
HEAD

LVDS — TTL

LASER DRIVER

TTL — LVDS

Figure 2.19: Setup for the digital measurements of a 1-inch MAPMT SPTR with picosecond-pulsed
laser illumination. (Left) Photograph showing the optical chain with neutral-density filters, fibre
coupling, and the 1-inch MAPMT connected to the FastIC front-end and the digital board with
FPGA. (Right) Schematic of the setup with all the connections. The FPGA provides the trigger
signal to the laser driver and stores a copy of it in the TDC as time reference.

2.2.2 Single-photon time resolution analysis method

The SPTR was extracted following the procedure developed in Refs. . The analysis accounts
for the main effects that contribute to the ToA measurement: variations of the TDC bin width and
time-walk due to signal amplitude fluctuations. The non-uniform bin widths of the TDC in FPGA
impacts both the time reference channel and the MAPMT channel under study. To control this
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contribution, the data are first grouped according to the time reference TDC bin. In this way,
each subset contains events with the same TDC uncertainty arising from the time reference ToA
estimation. To mitigate the time-walk effect, the data in each reference-bin subset are further
divided according to the ToT of the MAPMT signal. Within a ToT bin the pulse amplitude
is approximately constant, and the residual time-walk is negligible. For each pair of (reference
bin, ToT bin), the distribution of the time difference between the MAPMT channel and the time
reference is computed. These distributions are fitted with a CrystalBall function, where the time
resolution is extracted as the Gaussian sigma parameter. Several fits are performed changing the fit
range in order to account for parameter fluctuations, as shown in Figure[2.20] A subset of Gaussian
sigmas is obtained selecting only the fits with parameters satisfying some minimum requirements to
assess the good quality of the fit. Once corrected for the reference ToA bin uncertainty, the Gaussian
o closest to the average o of the subset defines the time resolution for that bin. The results from
all reference ToA bins are recombined using a weighted average, with the individual uncertainties
as weights, to obtain the SPTR for each MAPMT channel ToT bin. This procedure is repeated
for a range of +3 ToT bins around the most populated one. The final SPTR for the MAPMT
channel results from the average sigma of the ToT bins, weighted by their statistics. This two-step

binning procedure ensures that the extracted resolution reflects the intrinsic timing performance
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Figure 2.20: Example distribution of the time difference between a MAPMT channel and the time
reference. These data are a subset for one reference ToA bin and one ToT bin. The CrystalBall-
based iterative fit procedure (red lines) is used to extract the Gaussian o, which defines the SPTR,
for the selected reference ToA and ToT bin. The distribution is obtained for beam test data, where
an MCP-PMT was used as time reference, as described in Section[I.4.3] It is shown for the purpose
of illustrating the analysis method, applied also to the laser measurements. Source [91].
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of the system, minimising the effects of time-walk and digital readout. Nevertheless, the measured
Gaussian opeas still includes contributions from the laser illumination and the readout chain. The
intrinsic SPTR of the MAPMT channel is obtained as

OMAPMT = \/Ugmeas - Ur26f - U%DC - U%‘E ) (28)
® 0.t ~ 21 ps: laser jitter;
e orpc ~ 150/+v/12 ps: contribution from the TDC, estimated from the nominal TDC bin width;

e opg ~ 25ps: intrinsic jitter of the FastIC discriminator.

2.2.3 Data sets and working point selection

The MAPMT working points were established using reference datasets at a low laser intensity. For
each channel, the noise pedestal at the FastIC discriminator was found with a dedicated threshold
scan procedure [91]. The relative single-photon detection efficiency (PDE) and the SPTR were
measured as a function of the FastIC discriminator threshold offset from the noise pedestal. Fig-
ure (left) shows the fraction of detected photons per laser trigger event, which is used as a
measure of the relative PDE, for a typical 1-inch MAPMT channel. The low laser intensity results
in approximately 3 % of the events containing a photon, which defines the occupancy for the channel
under study. The PDE follows a typical S-curve due to the typical wide signal amplitude spectrum
of the MAPMT. The working point was chosen at an offset of 20.3 uA above pedestal, consistent
with the beam test settings. Figure (right) shows the SPTR a function of the threshold offset.
The SPTR is obtained with the method described in Section and shows good timing perfor-
mance of the MAPMT for a broad range of threshold. The red mark in Figure [2.21] highlights the
optimal working point at which the following data sets were recorded. This working point is suffi-
ciently close to the noise pedestal, allowing to have the best time resolution without being affected
by the noise. This measurements also validated the threshold used in the 2022 LHCb RICH beam
test.

At the selected working point, data sets with ten million events each were recorded for three

different photon occupancies, defined as:

N,
Occupancy = ~—photons (2.9)
Ntriggcrs
Here, Nphoton is the number of photons detected in one channel and Nyiggers the number of gener-
ated triggers. The photon occupancies were adjusted by inserting neutral-density filters of optical
densities 3.00, 2.70, and 2.30, yielding 2+1%, 10+5 %, and 20+ 10 %, respectively. The uncertainty

represents the minimum and maximum average occupancies on the sensor due to non-uniform illu-
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Figure 2.21: Fraction of events with a recorded hit (left) and SPTR (right) of a single MAPMT
channel as a function of the threshold offset. The red mark represents the optimal operational
threshold. Source .

Figure 2.22: MAPMT hitmap obtained with the picosecond pulsed laser setup in condition of peak
occupancy approximately 2%, 10 %, 20%. The occupancy is defined as the percentage of trigger
events for which the channel registers a hit. Source [91].

mination of the laser light spot, as shown in Figure[2.22] Laser intensity and trigger frequency were
maintained to ensure identical laser timing performance. A MAPMT bias of —1000V was used in
all three datasets. Figure [2.23] shows the number of channel hit per event in the 1-inch MAPMT
for the three photon occupancy conditions. As the occupancy increases, more channels record a
photon hit per event, adding workload on the electronics and potentially affecting performance.
The SPTR results obtained with these data sets are described in Section [2.2.41
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Figure 2.23: Number of hits per event in the 1-inch MAPMT for the three photon occupancy
conditions. Source [91].

2.2.4 Results on single-photon time resolution

The SPTR results are shown in Table[2.6]and Figure[2.24] The SPTR results are generally consistent
within uncertainty with the analogue TTS value of 145+5ps for the 1-inch MAPMT at -1000V
shown in Section These results are also in good agreement with the beam test SPTR, with
182 +24 ps during beam test and 202 + 24 ps with the laser dataset with 20+ 10 % photon occupancy.
While this photon occupancy reproduces most closely the beam test conditions, the illumination
pattern differs. In the beam test the MAPMT was exposed to a focused Cherenkov ring, while in
the laser setup the light from the single-mode fibre and optics produces a diffuse spot over several
channels. At higher occupancies, the increased hit rate enhances electronic switching noise from the
CMOS outputs of the FastICs, as well as cross-talk between adjacent channels. This effect leads to a
degradation in the measured time resolution, from 162+19 ps at 2% occupancy to 202+24 ps at 20%,
as reported in Table When a mask is applied to illuminate only one channel, the contribution

of switching noise from neighbouring channels is removed. With the mask, the resolution at 20 %

Table 2.6: SPTR of the 1-inch MAPMT measured with laser illumination at different occupancies.
Results are reported as the average of all the illuminated channels and for a single channel for
masked measurements where only a single channel is exposed. Source [91].

Photon Occupancy [%] Iluminated channels oy [ps]

2+1 All 162+ 19
10+5 All 178 £27
Single channel (mask) 173 +25

2010 All 202 + 24

Single channel (mask) 170 + 24
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Figure 2.24: SPTR of the illuminated MAPMT channels as a function of the peak occupancy of
the corresponding data set. Source [91].

occupancy recovers to 170 £ 24 ps, close to the value obtained at lower occupancy. This suggests
that the observed degradation originates from cross-talk and/or increased electronic noise in high-
multiplicity events rather than intrinsic limitations of the MAPMT. In addition, when the mask is
applied, most photons hit the photocathode near the centre of the illuminated channel rather than
the edges. The uncertainty in the photon impact position within a channel can worsen the SPTR
for two main reasons. First, the average transit time of the photoelectron depends on the emission
point: electrons produced near the centre follow a shorter path to the dynodes than those generated
at the edges. Second, the electric field is less uniform near the channel boundaries, causing larger
fluctuations in the electron transit time. By concentrating the illumination at the channel centre,
the mask therefore reduces both the systematic offset and the spread in transit times, improving
the timing performance of the MAPMT channel. In order to study this, a setup for high-precision

characterisation of single-photon sensors was built and it’s described in Section [2.2.5

2.2.5 High-precision illumination setup for single-photon characterisa-

tion of photodetectors

The setup described in this section was developed in collaboration at CERN for the high-resolution
characterisation of single-photodetectors. The setup enables illumination of a photodetector with
a sub-100-um laser spot that can be scanned across the sensor area with motorised XY translation
stages This allows measurements of PDE and SPTR uniformity within a single channel. Figure

shows the main components of the setup. The light source is a picosecond pulsed laselﬂ which

"Photonics PILAS pulsed laser (https://www.nktphotonics.com/products/pulsed-diode-lasers/pilas/).
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Figure 2.25: Setup for high-precision, single-photon characterisation of photodetectors.

delivers 20 ps (FWHM) pulses at 403+2nm. Laser pulses are delivered through single-mode fibres to
the focusing optics, after passing through a digital attenuator to ensure single-photon illumination.
The optics are mounted on motorised XY stages that can scan the focused spot over an area of
about 45cm?. The stages are controlled remotely via USB connection. Python scripts have been
integrated into the acquisition software to automate scan&data-taking runs. Photodetectors are
mounted on a dedicated mechanical support in front of the optics. Readout is provided by the
second version of the prototype electronics chain for the LHCb RICH upgrade, based on FastIC
and picoTDC (see Section [1.4.3)).

Preliminary scans performed with this setup on MAPMTSs have revealed characteristic features
of their response. Variations in detection efficiency and timing performance were observed within
individual channels, with effects more pronounced near pixel edges. These first studies confirm
the sensitivity of the system and its suitability for systematic characterisation of photodetectors
at the sub-pixel level. A summary of the initial results is available in the summer student project
report [101]. A more detailed investigation, including full scans of both 1-inch and 2-inch MAPMTs,
has since been carried out and a publication is in preparation.. The flexible design of the setup also
allows its adaptation to other photodetector technologies, such as SiPMs and MCP-PMTs. The
measurement campaign will therefore be extended to these devices, providing essential input for the
photodetector R&D programme of the LHCb RICH community in view of the Upgrade II detector.
In addition, the entire setup is placed inside a cold room that can operate at a stable temperature

of —20°C. This is particularly important for SiPMs characterisation at cold temperature, which
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reduces the dark-count rate and improve the performance.

2.3 Chapter conclusion

In this chapter, analogue and digital measurement of the MAPMT single-photon response were
performed under picosecond-pulsed laser illumination. The analogue measurements provided a
detailed characterisation of the single-photon pulse shape and time resolution for the 1-inch and
2-inch MAPMTs. The TTS was found to be 145 ps for the 1-inch MAPMT and 125 ps for the 2-inch
sensor, defining the intrinsic timing capability of the two MAPMT types. Digital measurements
on the 1-inch MAPMT were performed with the first time-resolved readout electronics developed
by the LHCb RICH group as a prototype for the LHC Run 4 optoelectronics system of the RICH
detector. These tests yielded a SPTR of 162 ps, representing the first time resolution result obtained
with this optoelectronics prototype under controlled laser illumination. The results presented in
this chapter provided a reference for subsequent beam-test campaigns with the same sensors and
contributed to the collaboration upgrade strategy for the LHCb RICH detectors in view of the
LHCb LS3 enhancements and the Upgrade II programme.
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Chapter 3

Simulation studies on primary

vertex time reconstruction with
the LHC Run 4 RICH detectors

This chapter presents simulation studies of a novel method to estimate the primary vertex time
(often referred to as PV tg) using the LHCb RICH detectors during LHC Run 4. The estimation is
possible due to the introduction of picosecond time information in the LHCb RICH detector LS3
Enhancements, as discussed in Chapter [I} The method is integrated into the RICH reconstruction
algorithm and uses the intrinsic picosecond-timing capabilities of RICH detectors to estimate the
PV tg. The PV t( plays a key role for applying a time gate around the predicted photon hit time
for each track. The time gate reduces combinatorial background from other tracks, improving the
particle identification (PID) performance of the RICH detector. This PV ty estimation will be a
first-time measurement for the LHCb experiment, setting a milestone for the use of time information
ahead of LHCb Upgrade II. The proposed method uses the photon-objects (POs) produced in the
RICH reconstruction for each track-hit association. Each PO is, in turn, associated with a PV,
based on the track—PV association from tracking information. The hit time information contained
in the PO can be used to estimate its PV ty. However, only a fraction of POs result from a correct
PO-PV association. The resolution of the estimated PV tg strongly depends on this fraction, which
can be improved with high-quality PO selection. The results in this chapter demonstrate that the
PV tg can be estimated with a precision of 85 + 3ps FWHM (66 + 2 ps RMS) for 94 % of the PVs
in LHC Run 4 conditions.

Section [3.1] introduces the RICH reconstruction. It describes how time information can be

integrated into the RICH reconstruction to improve the detector PID performance. The method
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developed for the PV t( estimation is described in Section |3.2] The section also demonstrate
the importance of high-quality POs for improving the PV tg resolution. Section [3.3] introduces
different PO selection criteria, compares their impact on the PV t( resolution, and discusses how
event topology influences the result. The possible implementation of this algorithm in the LHCb

experiment and the chapter conclusions are described in Section [3.4] and Section [3.5] respectively.

3.1 Fast-timing information in the RICH reconstruction for
LHC Run 4

Simulation studies have shown that photon hit time information combined with the excellent intrin-
sic time resolution of the RICH detector can improve the PID performance [67]. In high-multiplicity
events, overlapping tracks generate photons in the same region of the detector. This produces a high
combinatorial background and the RICH reconstruction may fail to separate Cherenkov rings using
only the spatial information on the photon hits. The photon hit time is a powerful tool to remove
combinatorial background from out-of-time photons and improve the detector PID performance.
In this context, the PV tg is a key element, providing the time reference to predict the photon hit
time for each track. This enables an efficient reduction of combinatorial background by applying a
time gate around the predicted time.

Section describes the RICH reconstruction currently used in the LHC Run 3, which relies
only on the spatial information of the photon hits. Section [3:1.2] introduces the improvement on
the PID performance achievable with the use of time information, highlighting the role of the
PV ty. It also describes how the hit time information can be integrated into the LHC Run 4 RICH

reconstruction, including the PV ty estimation algorithm.

3.1.1 LHC Run 3 RICH reconstruction

The RICH PID reconstruction algorithm is implemented in the LHCb High-Level Trigger [102].
The algorithm exploits the reconstructed trajectories of charged particles to predict the expected
photon hit positions on the photodetector plane for a given particle mass hypothesis. Based on this
prediction, the algorithm calculates the likelihood of the observed photodetector hits and looks for
the set of mass hypotheses that maximise the overall likelihood.

Figure [3:T] illustrates the schematic of the LHC Run3 RICH reconstruction. Photodetector hits
are stored in the RICH SmartID, which provides the interface between the photodetector and the
RICH reconstruction algorithms. The SmartID contains any event information required by the
reconstruction, such as the RICH detector, photodetector panel, column, row and MAPMT pixel
involved in the event [26]. The RICH SmartID and reconstruction algorithms are identical for

simulation and experiment data. In the first stage of the reconstruction, hits are clustered and the
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Tracking information ‘

A ‘photon object’ (PO) is created for each combination
of a track and a pixel hit within spatial constraints.
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based on spatial information: Cherenkov angles. PID

Figure 3.1: Schematic of the workflow of the RICH reconstruction algorithm in LHC Run 3.

cluster coordinates are calculated, assuming hits occur at the centre of the MAPMT pixel. Using
tracking information, the algorithm reconstructs the segments of particle tracks within the RICH
radiators. For each track segment, the algorithm calculates the expected Cherenkov-ring radius
for every track mass hypothesis. A spatial acceptance in the photodetector plane is defined from
these radii, including a small tolerance to account for angular resolution. Hits outside this spatial
acceptance are discarded to limit the number of possible photon associations in later stages [103].
The algorithm then combines track segments and detector hits into Cherenkov POs (POs) for
each possible hit—track association within spatial constraints. Each PO is a candidate for a true
combination and contains all the required information about the track and the hit, including the
parameters needed to reconstruct the corresponding Cherenkov angle. For each PO, the algorithm
calculates the Cherenkov angle by solving the equation of the photon trajectory through the RICH
optical system [104]. Because the exact emission point is unknown, and can be anywhere along
the particle trajectory in the radiator, the segment mid-point is taken as the emission point. The
reconstruction algorithm assumes that there are N sources of hits in the photodetector and defines
the event hypothesis h = (hq,...,hy), where h; is either the mass-hypothesis for track j or a

parameter associated with background j. For each h;, the algorithm defines the signal amplitude
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a;j(hj), which describes the probability that source j produced a photon hit in pixel :
aij(h;) = €ibij (hy) (3.1)

where ¢; is the photodetector efficiency and b;;(h;) is the expected number of Cherenkov photons

arriving at pixel ¢ that are emitted by track j:
bis(hy) = N (hy) [ | I, (0.0) d0do (32)

Here \;(h;) is the expected total number of photons emitted by track j and the integral gives the
fraction of them that arrives at pixel i. The probability density function fy,;(6,¢) of the emitted
photons is taken to be a Gaussian 6, with expected Cherenkov angle 6.(h;) and Cherenkov angle

resolution ¢(6), and uniform in the angle ¢:

. 1 1(0-0:(h)\
fhf<9’¢>‘wwexp[‘2( a0 )] o

For each PO, the signal amplitude is calculated for all possible mass hypotheses of track j and and
stored for the likelihood maximisation step. Once the signal amplitude is computed for all POs, the

expected signal in pixel i is the sum, over all the sources, of the signal amplitudes for that pixel:
. N
vi(h) = aij(hy) (3.4)
j=1

Finally, the event likelihood is the product, over all pixels M'°t, of the Poisson probability to to

observe n; hits given the expected signal VZ(B)

I\/[tot

‘C(B) = 11 ,Pyi(ﬁ)(ni)a (35)

where n; can be either 0 or >=1, corresponding to the absence or presence of a hit, respectively.
The algorithm maximises the likelihood by determining the optimal set of mass hypotheses for the
event tracks. Initially, all tracks are assumed to be pions, as they are the most abundant particle
type in LHCb. The algorithm then evaluates the change in log-likelihood, A ln L, by modifying the
mass hypothesis of one track at a time while keeping all others fixed. The change that gives the
largest increase in likelihood is selected, and the track mass hypothesis is updated if Aln L exceeds
a predefined threshold. This iterative process continues until no further improvement is possible,

meaning all tracks have been assigned their optimal mass hypotheses.
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3.1.2 Time information in the RICH detector

As discussed in Section the LHCb RICH detector will be equipped with the novel FastRICH
ASIC, which will add a timestamp to the photodetector hits during LHC Run 4. While tracking
resolution, RICH spatial resolution and luminosity remain the same from LHC Run 3 to Run 4, the
addition of time information offers a new dimension to the RICH detector. According to simulation
studies, the time information on the photodetector hits and the intrinsic time resolution of the RICH
detector provide a powerful tool to enhance the PID performance of the RICH detector, especially
in high-multiplicity processes [38]. In addition, the time information can also be used to obtain an
estimate of the PV ty using the RICH reconstruction. A novel method for the PV tg is presented
in Section [3.2] marking a first-time measurement for the LHCb experiment. The development of
algorithms including time information is an important step for LHC Run 5. The use of timing in
LHC Run 5 will be a necessity rather than an enhancement and the experience gathered during
LHC Run 4 will greatly help in the transition.

Because of the nature of Cherenkov photons and the RICH detector optics, photons from tracks
produced in a given PV arrive at the photodetectors within a picosecond-scale time interval [54].
It has been demonstrated that the hit time of Cherenkov photons produced by a given track can
be predicted with a precision of 10ps [26]. The prediction uses the LHCb tracking information,
the reconstructed photon paths in the RICH detector and the PV time. The hit time prediction is
defined as

tored = tpy + dp%A 1+ (ﬂ;c)2 + dA7’E ncosfc + [dp,a + dar, vz + darz,mir ] % (3.6)
where ., is the PV time, dyy 4 is the distance from the PV to the RICH entry point, d4 g from
the RICH entry point to the photon emission point, dg a1 from the photon emission point to the
spherical mirror reflection point, das1 a2 from the spherical to the flat mirror reflection point and
dpyr2,mrr from the flat mirror to the photodetector hit. In addition, p is the particle momentum
from the LHCD tracking detectors, n is the refractive index at the average photon emission energy
and m is the mass hypothesis for the particle. For RICH 2, a track curvature correction is applied to
this formula to compensate for the curved trajectory of the particles through the magnetic field [26].
The PV timestamp ¢,, and the PV z-position (contained in dpy, 4) are often combine into the PV to,
defined as:

to = tpy — Z% (3.7)

Zpv

where is the time displacement given by the PV z-coordinate. The time dependence on the
x and y coordinates of the PV is not included, since the PV spread on x and y axes is negligible
compared to o, ~ 50 mm. The PV ty uniquely defines at which time the particles in the event

are assumed to originate, and is therefore the main quantity of interest in this chapter. PV tg
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Figure 3.2: Simulated hit time distribution in the RICH 1 detector, showing the signal peak (’S’)
and a front-end hardware gate to exclude background hits [38].

uncertainties arise from both the intrinsic PV time spread and the PV Z distribution:

2
Oz
Ot =\/ Otpy + (?) : (3.8)

For nominal LHC Run 4 conditions, oy, =~ 200ps and o, ~ 50mm, yielding a total spread of
ot ® 260 ps for the PV ty.

Figure[3:2shows the simulated photon hit time distribution for the RICH 1 detector from several
LHC bunch crossings. Given the bunch crossing at t = 0, the Cherenkov signal peak for RICH 1 (”S”)
is at ~13ns. The spread of a few nanoseconds observed in the Cherenkov signal peak is dominated by
the PV tg. Additional contributions come from variations in track and photon path lengths through
the detector. Background hits originate from various sources, including beam interactions, sensor
noise, and certain photon paths. For example, particles and photons travelling directly towards
the photodetectors cause early hits, while photon trajectories with extra reflections in the mirror
system produce late hits [38]. To exclude out-of-time background hits, a hardware time shutter
can be implemented in the front-end electronics, as shown in Figure [3:2] This shutter, centred on
the signal peak, does not rely on reconstruction information. It provides a first-level suppression of
out-of-time background hits, lowering the CPU load required for the reconstruction. Taking into
account the PV tg spread and the range of possible track and photon paths through the experiment,

an optimal shutter width is about 2ns [38]. A similar shutter has been already implemented in
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Figure 3.3: (Left) PID curves at L = 2.0 x 10**cm™2s7! for different software time gate applied
to the photon hits, considering the MAPMT TTS of ~150ps [38]. (Right) PID curves at L =
3.0 x 10*33ecm™2s! and opapvr ~ 150ps, comparing 6.25ns (Run 3) and 600ps (Run 4) time
gates [67].

FPGA during LHC Run 3, but limited to 6.25ns by the CLARO ASIC constraints [68]. The
FastRICH ASIC will allow implementation down to 2 ns around the signal peak, as described in
Section [[L4.1]

The photon hits selected by the shutter are timestamped for finer software selection. In the
RICH reconstruction, the photon hits are combined with tracks to form POs. Given the PV ty,
these objects contain all the information needed to calculate the time-of-flight of the tracks and the
time-of-propagation of the photon candidates. This allows the prediction of the expected hit time
for each PO using Equation3.6] A software time gate can then be applied around the predicted hit
time to discard out-of-time photons. POs within the gate are more likely to be correct hit—track
associations, while the remaining objects are considered fake and excluded from the log-likelihood
maximisation.

The impact of different software time gates on the detector performance has been evaluated
using the LHCb Simulation Framework. The LHC Run 3 RICH detector was simulated with added
timing information under different luminosity scenarios. Figure [3.3] shows the PID curves obtained
from these simulations with different software time gates. The PID curves are a standardised and
sensitive probe of RICH performance, where the bottom right corner represents the ideal case of
high kaon identification and low pion misidentification [102]. Figure (left) shows the PID curve
at a luminosity of 2.0x1033 cm™2s7!. The MAPMT transit-time spread (TTS) (oaraparr) of ~150 ps
is included as a spread to the photon hit time. The curves show that the optimal software time gate
is £20 ~ 600 ps. Narrower time gates cause loss of signal photons, while wider gates increase the

combinatorial background. In both cases, the result is a worse PID performance than the 600 ps
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Figure 3.4: Kaon efficiency for 1% pion misidentification versus momentum, for the LHC Run 3
and the three RICH Upgrade II options at different luminosities, for (left) 300 ps and (right) 150 ps
time windows [33].

time gate [|38]. Figure (right) compares the expected PID performance for LHC Run 3 and
Run 4. Here, the simulations were perform at a luminosity of 3.0 x 103 cm™2s7! in order to provide
a safety margin for additional tracks and the corresponding increase in photon occupancies in the
RICH detectors [38]. The PID curves show that a software time gate of 600 ps applied for LHC
Run 4 results in better PID performance than Run 3.

During Upgrade II, the increased luminosity will pose significant challenges for the RICH re-
construction and its performance. As discussed in Section.4] new photodetectors with improved
timing performance and higher granularity will be installed to maintain PID performance under
these conditions. Figure shows simulation results for the kaon identification efficiency requiring
a pion misidentification probability below 1%. The results were obtained for three Upgrade II
scenarios with different combinations of detector granularity and luminosity [33]. Two software
time gates are considered in each case: 300 ps, corresponding to a nominal single photoelectron
time resolution of 75 ps, and 150 ps, corresponding to a time resolution slightly below 40 ps. The
results demonstrate that reduced sensor time resolution and optimal time gating mitigate the per-
formance degradation from higher occupancy. At high momenta, all configurations deliver better
performance than in LHC Run 3, with the largest gains seen for finer granularity and better timing.
At low momenta, the performance falls short of the LHC Run 3 level in all cases, but increases
steadily as the photodetector time resolution improves. These results justify the strong focus of the
RICH R&D programme on improving the timing performance of the photodetectors.

The PID performance results presented above assume a perfect knowledge of the PV ty from
simulation truth. In real data, the PV ty must be measured, and any uncertainty on its value will
reduce the effectiveness of the software time gate. The next subsection describes how the RICH

reconstruction in LHC Run 4 can be adapted to estimate the PV ty directly from the detector

74



Chapter 3. Simulation studies on primary vertex time reconstruction with the LHC Run 4 RICH
detectors

information.

3.1.3 The LHC Run 4 RICH reconstruction

The PID performance results in Section [3.1.2] were obtained using the PV ty from truth-matched
simulation events. As shown in Equation the PV tg is a key ingredient in the prediction of
the photon hit time. Any uncertainty on the PV tg propagates into the predicted photon hit time,
ultimately reducing the efficiency of the software time gate. The LHCD tracking system will provide
the PV ty only in Runb, when track hit time information becomes available in the VELO. During
LHC Run 4, the PV ty can be estimated using only RICH reconstruction information. A novel
method for this estimate is introduced in Section [3:2} The method uses 3D spatial reconstruction
to find the correct associations between POs and PVs. Intrinsic PO properties are used to identify
high-quality PO candidates, allowing the PV t( estimate from a selected subset of POs, which are
more likely to originate from correct PO-PV associations.

Figure [3.5 summarises the changes introduced by the integration of photon hit time information
in the LHC Run 4 RICH reconstruction. Compared to the LHC Run 3 workflow (Figure ,
the LHC Run 4 reconstruction includes three additional stages before the likelihood calculation.

A hardware time gate at the front-end level rejects a large fraction of out-of-time background hits

~ Ve
Tracking information
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Figure 3.5: Workflow of the RICH reconstruction algorithm in LHC Run 4, integrating the time
gates and the PV tg estimation algorithm.
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before they enter the reconstruction chain, reducing the CPU load of the subsequent reconstruction
steps. The accepted photon hits are combined with tracks to form POs. The RICH PV t( estimation
algorithm is integrated at this point. A subset of the POs is used to estimate the PV tg, which is then
applied as input to the software time gate on the full PO set. The same log-likelihood algorithm
described in Section is then run on a PO sample with reduced combinatorial background,
improving PID performance. Although developed for the RICH reconstruction, the estimated
PV tg can also benefit other sub-detectors, such as the LHCb tracking system.

3.2 Primary vertex time with the RICH detectors

As discussed in Section the RICH reconstruction during LHC Run 4 will apply a software
time gate to the reconstructed photon hits to reduce combinatorial background and improve PID
performance. The software time gate is centred around the predicted predicted photon hit time. A
key element of the prediction is the PV tg, described in Equation This section introduces a novel
method to estimate the PV ty using only the RICH reconstruction information during LHC Run 4.
The method was implemented in the LHCD simulation framework. It relies on the picosecond timing
of photon hits provided by the novel FastRICH-based readout and the association between POs
and PVs. This represents a first-time measurement for the LHCb experiment and sets a milestone
for future time-based applications in the LHCb Upgrade II detector. Section describes the
simulation setup used for developing and testing the PV ty estimation method. Section [3.2.2
explains the algorithm used to reconstruct the PV ty from the time information in the POs, using
a representative LHC Run 4-like event. Finally, Section [3.2.3]investigates the role of PO purity in

determining the PV tg resolution.

3.2.1 Simulation setup

For the studies presented in this chapter, the LHCb Simulation Framework was used. A sample of
ten thousand bunch-crossing events was generated using the LHCb GAUSS framework [105], which
interfaces with the Geant4 simulation toolkit [106]. The GAUSS framework is responsible for
simulating particle trajectories and momenta, energy loss, and interactions with the sub-detectors
and magnetic field. The Gauss version used is v56r5, which includes a detailed model of all LHCb
Run 3 sub-detector geometries and materials. The sample was produced at the expected LHC Run 4

-1 with an average of 5.3 PVs generated per bunch

instantaneous luminosity of 2 x 1033 cm™2s
crossing. The events are 'minimum bias’, meaning that no bias or filter was applied to favour
specific physics processes of interest. The sample was then processed through Boole, the LHCb
digitisation framework, which simulates the detector responses to the hits produced in Gauss [107].

Boole version v45r0 was used. The output of Boole closely resembles the real experimental data
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and is used as input to the RICH reconstruction algorithms for PID. The RICH SmartID and
reconstruction algorithms are identical for simulation and experiment data. The PV t( estimation
algorithm is integrated into the RICH reconstruction framework. In addition to the reconstructed
track parameters and detector hit information, the RICH reconstruction has access to the full Monte
Carlo (MC) event history stored by the Gauss framework, which allows for performance evaluation.
In this study, the RICH reconstruction was performed for both RICH detectors using ‘long tracks’,
that are reconstructed in all LHCD tracking stations. Given that the FastRICH characteristics were
not yet implemented in the Boole framework, an emulation tool was used to propagate the MC
information on the hit time from Gauss to the reconstruction. Uncertainties on the hit time, such
as the FastRICH TDC bin size of 25 ps and the sensor time jitter, were implemented a posteriori

in the reconstruction.

3.2.2 PV t; estimation method

This section describes how the RICH detectors alone can provide a PV tg estimate during LHC
Run 4, using the RICH reconstruction. The proposed method exploits the intrinsic time capabilities
of the RICH detectors. With the novel FastRICH ASIC, the photodetector hits will be timestamped
with a precision of ~25 ps. The time information will be stored for each photodetector hit and used
in the RICH reconstruction. As discussed in Section [3.I.1] a PO is created in the reconstruction for
each combination of a photodetector hit and a particle track within some geometrical constraints.
Using the LHCb tracking system, each track can be associated with a PV, resulting in hundreds of
signal photons per PV. This creates a multitude of POs per PV that can be used to estimate the
PV toy with high precision.

Figure (left) shows the PO hit time distribution in the RICH 1 detector for an event with
five PVs, which corresponds to the average number of PVs expected during LHC Run 4. A bin size
of 25 ps has been chosen to simulate the FastRICH TDC sampling. Each peak in the distribution
corresponds to one PV in the event. In this case, the photon hit time could be directly used to
determine the PV to. Figure (right) shows the PO hit time distribution in the RICH 2 detector
for the same event. RICH 2 is located further downstream and is physically larger than RICH 1,
resulting in poorer separation between the PVs. For each PO, the PV time ty can be calculated by
inverting the photon hit time prediction (Eq. , where the PV time was taken from Monte Carlo
(MC) information, and replacing the predicted hit time by the detected hit time tpj;:

2
|74l mc da,g
to = thit — — 1+ (*p ) -, neos Oc — [de,m, +dary v, + dasy hit]

(3.9)

o3

Here, |r4| is the reconstructed track path from the PV to the RICH entrance window, d4 g is the
reconstructed track path inside the RICH gas radiator from the entrance window to the Cherenkov

7



Chapter 3. Simulation studies on primary vertex time reconstruction with the LHC Run 4 RICH
detectors

= 1000F T T T = > F T T T ]
= r 1 2 1e0F 3
e r RICH1 ] a E RICH2 T
Q gool 4 >~ 140F E
X C 1 = £ E
= . 1 4 12F 3
8 oor 78 100f E
S 4003 1 € sof 3
g C ] 5 60 =
5] C ]l © E E
£ 200F 1 & #F E
C [[L ] 20F =

L Ll . I 1 E 1 Lo a1 ]

12 125 13 135 14 52 525 53 535 54
Hit time [ns] Hit time [ns]

Figure 3.6: Distributions of the PO hit times in RICH 1 (left) and RICH 2 (right) for an event with
five PVs .
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Figure 3.7: Distributions of the tg calculated for each PO in RICH 1 (left) and RICH 2 (right) for
an event with five PVs.

emission point, and dg ar,, dar,, m, and dag, nit are the reconstructed photon paths from the emis-
sion point to the photodetector plane through the mirror reflection points [26]. Since the Cherenkov
emission point cannot be precisely determined, it is approximated as the midpoint of the recon-
structed track segment within the radiator. In addition, p is the particle momentum from the
LHCb tracking detectors, n is the refractive index at the average photon emission energy and m
is the mass hypothesis for the particle. Since the RICH PV tg is calculated prior to the likelihood
maximisation, the mass hypothesis is set to the pion mass. Figure [3.7] shows the distribution of
the PV tg calculated for each PO in RICH 1 and RICH 2. The combined information provides a
direct estimation of the tg of the PVs in the event. These figures, however, do not yet reflect real
experimental conditions, as the photodetector time jitter has not been included.

During LHC Run 4, the RICH detectors will still use MAPMTs as photodetectors. The MAPMT
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Figure 3.8: Distributions of the tg calculated for each PO in RICH 1 (left) and RICH 2 (right) for
an event with five PVs with the addition of the MAPMT TTS to the photon hit time. The TTS
is modelled as a Gaussian distribution with a o of ~145 ps for the 1-inch MAPMT and ~125 ps for
the 2-inch MAPMT.

TTS was measured to be ~145ps for the 1-inch MAPMT and ~125 ps for the 2-inch MAPMT, as
shown in Chapter Figure shows the ty for RICH 1 and RICH 2 with the addition of the
MAPMT TTS to the photon hit time. The TTS is modelled as a Gaussian distribution with a
standard deviation corresponding to the measured spread for the 1-inch and 2-inch MAPMTs. The
PV peaks overlap, making it difficult to identify the RICH PV t( directly from the photon hit time
alone. A dedicated approach is therefore required for the PV ty reconstruction.

The dedicated approach is based on the association between POs and PVs. The RICH PV ¢t
can be obtained by averaging the reconstructed PV time (o ;) over the N POs associated with the
PV:

1 N
RICH PV to = ) to, (3.10)
i=1

A key consideration for this summation is that the number N does not need to include all the POs
produced for the PV, but can instead contain only those POs that are considered highly likely to
be correctly associated with the PV. This selection strongly improves the resolution of the RICH
PV ty. Especially in high pile-up events, a significant number of POs is incorrect, with the pixel
hit not associated with the right track and PV. Including them in the summation would increase
the spread of the RICH PV tg.

Figure (left) shows the hits produced by three tracks in a low occupancy region of the RICH 1
photodetector plane. The hits arrives in the characteristic Cherenkov ring pattern, as described in
Section[I.3:2} The hits in green are associated with a single track by the RICH reconstruction. The
hits in yellow are associated with two different tracks, because they are located at the intersection of

two Cherenkov rings, and the reconstruction cannot geometrically distinguish which track generated

79



Chapter 3. Simulation studies on primary vertex time reconstruction with the LHC Run 4 RICH
detectors

them. As a consequence, two POs are created for these hits, but only one corresponds to a correct
hit-track association. For the incorrect POs at the intersection of track 1 and track 2 rings, the
association is still with the correct PV because the two tracks originate from the same PV. Since
such tracks reach the RICH detector within a few picoseconds of each other , the tg estimated
from the incorrect POs is close to the correct PV ty value. On the contrary, the incorrect POs
generated at the intersection of track 2 and track 3 rings are associated with a wrong PV. The tg
estimated from these incorrect POs can differ from the correct PV ty by hundreds of picoseconds,
increasing the spread of the RICH PV ty. This remains close to an ideal scenario, as the rings
are located in a low-occupancy region of the detector and their overlap is minimal. Therefore, the
RICH PVtg estimates for the two PVs in this example are expected to be close to the correct PVty.

In the high occupancy region of the detector, the situation is significantly more complex. Fig-
ure (right) shows the photon hit distribution in the high-occupancy region of RICH 1 for an
event with five PVs. Cherenkov rings from multiple tracks overlap and a single photon hit can
be associated with more than ten tracks. This generates many incorrect POs per PV which can
significantly worsen the RICH PV t( estimate. Figures and show the PV tg distributions
for the five primary vertices in the event, for RICH 1 and RICH 2 respectively. In both figures,
the plots on the left are obtained using all POs associated with each PV, while those on the right

RICH 1 high-occupancy region

Trackl

PVl

PV2

Figure 3.9: Left: spatial distribution of the photon hit produced by three tracks in the RICH 1 low
occupancy region. The hits in green are associated with a single track generating a PO. The hits
in yellow are associated with two tracks producing two POs. Right: photon hit distribution in the
high-occupancy region of RICH 1 for an event with five PVs, where a photon hit can be associated
with more than ten tracks.
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use only the correct POs, identified with MC truth information. In each plot, the reconstructed
RICH PV t; (given by the mean of the distribution) is indicated by a vertical dotted line and the
MC PV tg by a plain vertical line. When all POs are used, the estimated RICH PV ty can deviate
from the MC value by tens of picoseconds. In contrast, when only the correct POs are used, the
difference between the RICH and the MC PV tq is reduced to just a few picoseconds. These exam-
ples illustrate that PO mis-associations are the main limitation in the RICH PV t; estimation and
underlines the need for effective PO selection criteria. In the next section, the method is extended
to the full sample of ten thousand events and the RICH PV tq resolution is evaluated with focus
on the effect of the quality of POs.

3.2.3 Purity of photon-objects and PV t; resolution

The RICH PV tg reconstruction method was studied using the simulation sample of ten thousand
bunch-crossing events at LHC Run 4 beam conditions, described in Section[3.2.1] Figure [3.12]shows
the distribution of the difference between the RICH PV tg and MC PV tg for all the PVs in the
sample. The RICH PV t( resolution is extracted as the FWHM of a double-Gaussian fit to the
distribution. The RMS of the distribution is also considered as an indicator of the spread from the
tails. In Figure (left), the RICH PV tq is calculated using all POs associated with each PV.
The resulting FWHM is ~400 ps with an RMS of approximately 200 ps, consistent with the intrinsic
spread of the PV ty. Figure (right) shows the result using instead only the correct POs from
MC information. The spread is ~25 ps, with a fitted FWHM of approximately 30 ps, representing the
best RICH PV tj resolution achievable with ideal PO selection. The strong improvement observed
between the two distributions emphasises the critical role of the PO selection. Each PV produces,
on average, more than 15 tracks, yielding hundreds of POs per PV in each RICH detector. This
provides sufficient PO statistics to enable for such a selection.

A figure of merit, PV purity, has been introduced to quantify the impact of PO selections on
the RICH PV tg resolution. It is defined as:

Ncorrect POs associated with PV
Nall POs associated with PV

PV purity = (3.11)

Figure shows the RICH PV tg resolution as a function of the PV purity and the number of
POs associated per PV. The purpose of this plot is not to measure an absolute PV tg resolution,
but it illustrates the trend between PV purity, the number of POs per PV, and resolution. The
RICH PV tg resolution improves as PV purity increases. A higher number of POs per PV also
improves the resolution by reducing statistical fluctuations. However, at low PV purity, incorrectly
associated POs degrade the resolution and limit the benefit of having more POs. Increasing PV
purity typically reduces the number of POs per PV. Under LHC Run 4 conditions, the average
PV purity without selection is approximately 25 % for RICH 1 and 29 % for RICH 2. High-quality
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Figure 3.10: to distribution of all the POs associated with each PV (left column) and only the
correctly associated POs (right column) for an event with five PVs in RICH 1. On each plot, the
vertical dotted line represent the reconstructed RICH PV tg (hence the average of the distribution),
while the vertical plain line is the Monte Carlo PV tg.
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Figure 3.11: to distribution of all the POs associated with each PV (left column) and only the
correct POs associated with the PV (right column) for an event with five PVs in RICH 2. On each
plot, the vertical dotted line represent the reconstructed RICH PV ty (hence the average of the

distribution), while the vertical plain line is the Monte Carlo PV tq.
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Figure 3.12: Difference between the RICH PV ty and MC PV tg for all the PVs in a sample of ten
thousand bunch crossing events at LHC Run 4 beam conditions. The RICH PV ¢t is estimated
using all the POs (left) and selecting only the correct POs using MC information (right).

PO selection is therefore essential to improve purity without reducing the PO sample too strongly.
During LHC Run 4, PV purity will not be available, as it contains MC information, but it serves
as a useful metric to assess and compare different selection criteria in simulation. Instead, an
uncertainty will be assigned to each estimate of the PV ty based on the event topology and applied
selections. This uncertainty will be useful for the subsequent application of the software time gate
on the POs, described in Section [3.1.2

Two approaches have been evaluated to improve PV purity and consequently the PV ty resolu-
tion. These are described in Section 3.3l

3.3 Photon-object selection criteria and PV t; resolution

High-quality POs selection is crucial for improving the PV purity and consequently the RICH
PV tg resolution. This section evaluates two approaches for the PO selection. The first approach is
described in Section and consists of selecting tracks, and their associated POs, based on global
track properties such as momentum and pseudorapidity. This method has limitations, since each
track can contain POs of different quality, and this level of details is lost selecting all POs associated
to a track. For this reason, Section [3.3.2] introduces selection criteria based on PO properties and
achieves significant improvements in PV purity and PV tg resolution. Section [3.3.3]shows how the

PV tg resolution is affected by the event topology and the number of PVs in the event.
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Figure 3.13: The RICH PV tg resolution as a function of the PV purity and of the number of POs
per PV.

3.3.1 Selection criteria based on track properties

This section investigates tracks properties for the selection of tracks that are likely to yield high-
purity POs. Analogous to PV purity, track purity is defined as the number of correct POs divided
by the total number of POs associated with the track:

Ncorrect POs associated with the track

12
Nall POs associated with the track (3.12)

Track purity =

As with PV purity, track purity contains Monte Carlo information and can only be used as a
figure of merit in simulation to evaluate the effectiveness of selection criteria. Since track purity
contributes directly to PV purity, selecting POs from high-purity tracks only can improve PV
purity and, consequently, enhance the PV ty resolution. Two track properties have been studied:
momentum and pseudorapidity. Figure (left) shows the average track purity as a function of
momentum. The momentum distribution of all tracks (right) for the ten thousand bunch-crossings
sample is shown in Figure (right). No significant dependence on momentum is observed for
track purity in either RICH 1 or RICH 2. The average purity remains relatively constant across
the full momentum range. Only for low-momentum tracks in RICH 2 the average purity reaches
35 %, which is still insufficient to significantly improve the PV tq resolution. This indicates that
track momentum is not a discriminator for selecting high-purity POs.

The second track property explored in this section is the track pseudorapidity (1), defined in
Equation [I.6] Pseudorapidity is a spatial coordinate that describes the displacement of a particle

relative to the beam axis. High n values correspond to tracks travelling at small angles relative
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Figure 3.14: (Left) Average track purity as a function of track momentum. (Right) Distribution of
track momentum for all the tracks in ten thousand bunch-crossing events.

to the beam direction, whereas low values correspond to tracks that diverge more from the beam
axis. Figure (left) shows the average track purity as a function of n for both RICH 1 and
RICH 2. The average PV purity exceeds 50 % for tracks with 7 lower than 2.25 in RICH 1. These
tracks, being more transverse, produce Cherenkov rings in the outer region of the detector, where
the occupancy is lower. In this region, isolated rings and reduced overlap with other tracks are more
likely, resulting in higher track purity. As shown in Figure (left), the fraction of tracks with
1 lower than 2.25 is approximately 5% of the total, from which the PV tq estimation for ~25% of
the PVs in the sample can be performed. The objective remains to develop selection criteria that
enhance the PV tg resolution for as many PVs as possible. Therefore, this selection alone is therefore
not sufficient. However, this result points to the presence of isolated tracks in low-occupancy regions
of the detector. Isolated rings from isolated tracks could be geometrically identified in the event
hitmap and directly used for the estimation of their PV tqg. This would provide a quick method for
the ~25 % of PVs mentioned above, reducing the load on the tg estimate of the remaining PVs. A
similar effect is not observed in RICH 2, possibly because its low-occupancy region is instrumented
with 2-inch MAPMTSs, whose larger pixel size increases the likelihood of rings overlap.
Track-based cuts cannot achieve high PO purity across a large fraction of PVs in the sample, as
the quality of POs within a track depends on several factors beyond main global track parameters.

This motivates a different strategy, based on per-PO selection rather than per-track.
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Figure 3.15: (Left) Average track purity as a function of track pseudorapidity. (Right) Distribution
of the track pseudorapidity for all the tracks in ten thousand bunch-crossing events.

3.3.2 Selection criteria based on PO properties

As discussed in Section PO selection plays a key role in the PV tq resolution. Track-based
selection criteria have shown limited effectiveness in isolating correct POs and are therefore not
sufficient. This section presents two selection criteria based on PO properties. Both demonstrate

clear improvements in PV purity and, as a result, in the PV t( resolution.

Photon-objects uniquely associated with a pixel hit

The first criterion selects POs that are uniquely associated with a pixel hit. An example is shown
by the green hits shown in Figure (left). These hits come from portions of Cherenkov rings that
do not overlap with others. They are associated with only one track, that is most likely the one
from which they originated. The resulting PO has a higher probability to be a correct association
and to produce a correct estimate of the PV tg.

Figure (top-row) shows the hitmap of pixel hits in RICH 1 and RICH 2 for an event with
five PVs. Overlapped Cherenkov rings cause a single pixel hit to be associated with more than ten
tracks in the high-occupancy regions of the detectors. This can be seen in the hitmap of POs in the
middle row of Figure [3.16] where more than ten POs can be generated from the same pixel hit in
both detectors. The bottom row of Figure [3.16] shows the same hitmaps after the selection criterion
is applied, with the correct POs highlighted in red. As expected, the effect of the selection is more
pronounced in the high-occupancy regions, where track multiplicity is high, while outer regions

remain largely unaffected. Most of the remaining incorrect POs originate from secondary particles
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Hitmaps of photon objects uniquely associated with a pixel hit
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Figure 3.16: Hitmap distribution of the pixel hits (top), of the POs (middle), and of the POs
uniquely associated with a pixel hit (bottom), in RICH 1 (left) and RICH 2 (right) for an event
with 5 PVs.
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Figure 3.17: Fraction of PV reconstructed as a function of the minimum number of POs required
per PV, using RICH 1 (blue) and RICH 2 (red).

produced in interactions of primary particles with the LHCb tracking stations or with the RICH
detector entrance window. These secondary particles are mainly electrons with a momentum from a
few MeV to hundreds of MeV, enough to produce Cherenkov photons in the RICH detectors. Given
the low mass compared to hadrons, the electron Cherenkov threshold corresponds to a momentum
of 20 and 40 MeV/c in the gas radiators of RICH 1 and RICH 2, respectively. The resulting photon
hits from these secondary electrons are spread across the entire photodetector plane, with a higher
concentration in the high-occupancy region. When one of these hits falls within the geometrical
constraints of a reconstructed track, it may be incorrectly associated with that track, resulting in
a fake PO.

The selection has been applied to the simulation sample of ten thousand bunch-crossing events
at LHC Run 4 beam conditions. As a result of the selection, the average PV purity increases to
53% in RICH 1 and 55% in RICH 2. The selection has a strong impact on POs statistics. The
total number of POs in the sample is reduced by approximately 80 %, retaining on average 160 POs
per PV in RICH 1 and 100 in RICH 2. Figure [3:17 shows the percentage of the PVs reconstructed
as a function of the minimum number of POs per PV required for the PV ty. Despite the reduction
in the number of POs per PV, 84 % of the PVs in the sample retain more than 20 POs in RICH 1
and 81 % in RICH 2. Combining the POs from the two detectors, the fraction of PVs with more
than 20 POs increases to 95 %.

Figure shows the distributions of the difference between the estimated RICH PV ty and
MC PV tg after the PO selection is applied. The distributions are obtained using the POs from
RICH 1 (left) and RICH 2 (right), including PVs with at least 20 POs per PV. As per Figure
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Figure 3.18: Difference between the RICH PV ty and Monte-Carlo PV ty using the POs uniquely
associated with a pixel hit in RICH 1 (left) and RICH 2 (right). In red the double-Gaussian fit
applied to the distribution to extract the FWHM as the PV tg resolution.

the PV tg resolution is extracted as the FWHM of a double-Gaussian fit, and the RMS is also used
as an indicator of the spread, accounting for contributions from the tails. The PV ty resolution
is 151 + 3ps FWHM (128 + 1ps RMS) for RICH 1 and 169 + 3ps FWHM (123 + 1ps RMS) for
RICH 2. This demonstrates already a significant improvement compared to the distribution without
PO selection (~400 ps FWHM), shown in Figure[3.12| (left). In addition, the values indicate that the
RICH 1 distribution has a narrower core than RICH 2, although the overall spread is comparable
between the two detectors. The narrower core of RICH 1 can be attributed to the higher average
number of POs per PV compared to RICH 2. In some cases, the lower PO multiplicity in RICH 2
may limit the PV tg resolution, even for high PV purity.

Figure shows the PV tg resolution, expressed as FWHM (left) and RMS (right), as a
function of the minimum number of POs required per PV. As the threshold on the number of POs
increases, the PV tg resolution improves for both detectors. With minimum of 300 POs per PV,
the PV tg resolution reaches approximately 100 ps, although for only 20 % of the PVs in RICH 1
and 5% in RICH 2. This shows that the selection criterion is effective, but the achievable PV tg
resolution is limited by the available PO statistics. A compromise is therefore needed between the

fraction of PVs that can be reconstructed and the resulting PV t( resolution.

Signal amplitude cut

The second selection criterion is based on the PO signal amplitude, which is computed as part of
the RICH reconstruction. Defined in Equation the signal amplitude is calculated for each PO
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Figure 3.19: PV {¢; resolution as a function of the minimum number of POs required per PV. The
resolution is shown as FWHM (left) and RMS (right) for RICH 1 (blue) and RICH 2 (red).

and for every mass hypothesis. It represents the probability that the pixel hit associated with the
PO originates from the associated track with the given mass hypothesis. Since this selection is
applied before the likelihood maximisation stage of the reconstruction, the mass hypothesis is set
to the pion mass, the most abundant particle type in the LHCb experiment. Therefore, the signal
amplitude selection consists of discarding all the POs with pion signal amplitude below a chosen
value.

Figure shows the average PV purity (left) and the number of POs per PV (right) as a
function of the signal amplitude cut. As the cut becomes more stringent, the PV purity increases
while the number of POs per PV decreases. Notably, even a cut of 0.005 leads to a significant
improvement in purity for both detectors. Due to differences in detector geometry, hit occupancy
and background level, RICH 2 achieves higher PV purity than RICH 1. The PV purity can reach
up to 83 % in the RICH 2 detector, while it saturated at approximately 50 % for RICH 1 However,
the gain in the PV purity results in a stronger reduction in POs per PV for RICH 2 compared to
RICH 1. A signal amplitude cut of 0.1 for RICH 1 and 0.05 for RICH 2 increases the PV purity
to 51 % and 61 %, respectively. These cuts represent a reasonable trade-off between improving PV
purity and preserving PO statistics, as they retain an average of 450 POs per PV in RICH 1 and
170 POs in RICH 2.

Figure (top) shows the percentage of PV reconstructed as a function of the signal amplitude
cut for RICH 1 (left) and RICH 2 (right). The figure includes curves for different thresholds on
the number of required POs per PV, ranging from 0 to 100. As the signal amplitude cut increases,
fewer POs are retained per event, and the fraction of reconstructed PVs gradually reduces. This

reduction is more pronounced for RICH 2 due to its lower average number of POs per PV. The
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Figure 3.20: Average PV purity (left) and average number of PO per PV (right) as a function of a
PO signal amplitude cut.

reduction also becomes more significant when the minimum number of POs per PV is increased.
For example, requiring 100 POs per PV, the fraction of reconstructed PVs already shows a sharp
drop even at a signal amplitude cut as low as 0.005.

The middle row of Figure[3.21] show the PV t( resolution, expressed in FWHM, as a function of
the signal amplitude cut for RICH 1 (left) and RICH 2 (right). The PV t resolution is consistent
with the behaviour observed for the PV purity in Figure (left). As the signal amplitude cut
becomes more stringent, the resolution improves for both detectors due to the increased of PV
purity, and even a cut of 0.005 results in a significant improvement of the PV tg resolution. RICH 2
achieves better PV tg resolutions than RICH 1. A plateau of approximately 170 ps is observed for
RICH 1, where the FWHM stabilises beyond a signal amplitude cut of 0.1. This is consistent with
the saturation of the PV purity observed in Figure (left). In RICH 2, a resolution of 80 ps
can be achieved with a signal amplitude cut of 0.125 and a threshold of 50 POs per PV, although
for only 15 % of the PVs. For most cut values in both detectors, the number of POs per PV has
no statistical effect on the PV t( resolution. The curves corresponding to different PO thresholds
overlap closely, except for signal amplitude cuts above 0.1 in RICH 2. This behaviour is explained
by the average PO statistics. In RICH 1, the number of POs per PV is above 100 for all cuts, while
in RICH 2 this is valid only for cuts below 0.1. In addition, the PV t( resolution trends observed
with the FWHM are confirmed by the RMS of the Atq(RICH - MC') distributions, as shown in
the bottom row of Figure [3.21

Figure[3:21]confirms that a signal amplitude cut of 0.1 for RICH 1 and 0.05 for RICH 2, combined
with a minimum of 5 POs per PV, provide the best balance between PV t; resolution and fraction
of PVs reconstructed. With this selection, a PV t resolution of 173 + 4ps FWHM (132 + 1ps
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RMS) is obtained in RICH 1 for 94 % of the PVs, and 154 =+ 3ps FWHM (115 + 1ps RMS) in
RICH 2 for 88 % of the PVs.

These results are similar to those obtained from the pixel-based PO selection. Both approaches
alone do not achieve a PV tg resolution below 100 ps for a large fraction of PVs. In the next
paragraph, the combination of the two selection criteria is evaluated to further improve the PV tg

resolution.

Combination of the two PO-based selection criteria

In order to combine the two selection criteria described above, it is important to show first that the
two selections do not target the same subset of POs. Figure [3.22shows the PO hitmaps in RICH 1
for the ten thousand events after the two selections: on the left only POs uniquely associated with
a pixel hit, on the the right POs with a signal amplitude greater than 0.10. The two selections
affect the spatial distribution of POs in different ways. As seen in Figure selecting POs
uniquely associated with a pixel hit has a significant impact in the high-occupancy region, where
track multiplicity is large. By contrast, the effect signal amplitude cut is less pronounced in this
region. In areas where many rings overlap, an incorrect PO may still have a high signal amplitude
under the pion hypothesis if its associated track is indeed a pion with adequate momentum. The
signal amplitude cut, however, effectively removes POs generated by photon hits from secondary
electrons. These POs typically have a high signal amplitude under the electron mass hypothesis, but
a much lower value under the pion hypothesis. The two selection criteria therefore act on different
subsets of POs and are complementary. Applying both selections simultaneously — POs uniquely
associated with a pixel hit and a signal amplitude cut of 0.1 for RICH 1 and 0.05 for RICH 2 — the
average PV purity increases to 83 % in RICH 1 and 81 % in RICH 2, without excessively reducing
the number of usable POs.
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Figure 3.22: PO hitmap in RICH 1 for ten thousand events: (left) selecting POs uniquely associated
with a pixel hit, (right) applying a signal amplitude cut of 0.10.
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Figure shows the same set of plots as Figure with the additional selection of POs
uniquely associated with a pixel hit. With this combined selection, the PV ty resolution improves
significantly. A small signal amplitude cut already provides a large improvement in PV tq resolution,
after which the performance gradually reaches a plateau beyond 0.05, with no further gain for higher
signal amplitude cut values. With a minimum of 5 POs per PV, the PV tg resolution reaches 88+3 ps
FWHM (70 +2ps RMS) for 85 % of PVs in RICH 1, and 93 + 3 ps FWHM (69 + 2 ps RMS) for 81 %
of PVs in RICH 2.

Combining the two selection criteria has a significant impact on the available POs statistics,
limiting the achievable PV tg resolution. This limitation is shown by the resolution curves for
different thresholds on the minimum number of POs per PV in Figure[3:23] Increasing the required
POs per PV further improves the PV t; resolution but significantly reduces the fraction of PVs
reconstructed. For example, requiring at least 100 POs per PV yields a PV t( resolution of about
50 ps, but only for 20 % of the PVs in RICH1 and 5% in RICH2.

A possible solution to improve the PO statistics is to combine the POs associated with the
same PV from both detectors. Given the similar behaviour of the two detectors in terms of PV t
resolution, this solution could increase the fraction of PVs reconstructed and possibly further im-
prove the PV t( resolution. Figure shows the fraction of PVs reconstructed combining the POs
from both RICH detectors. The curves are obtained with the two criteria applied and for different
thresholds on the minimum number of POs per PV. This combination clearly improves the fraction
of PVs reconstructed compared to treating the detectors separately, as in Figure [3.23] For a signal
amplitude cut of 0.05, the fraction of PVs reconstructed with at least 5 POs increases to 94 %. In
addition, the PV tg resolution improves to 85+3 ps FWHM (66+2 ps RMS), as shown in Figure
This configuration represents the optimal balance between PV tg resolution and number of PVs
reconstructed. Although combining information from both detectors increases the number of PVs
reconstructed, the available POs statistics remains a limitation for the PV tg resolution. With a
signal amplitude cut of 0.10 and a minimum of 100 POs per PV, the PV tg resolution reaches
54 + 3ps FWHM (34 + 2 ps RMS) for 25 % of the PVs in the sample. This result is significant, as
it approaches the PV tg resolution of 25 ps (RMS) obtained using only correctly associated POs
from MC information (Figure right). Figure shows the Ato(RICH-MC) distributions
obtained with the optimal selection (left) and the stricter cut (right). Comparison with Figure
highlights the improvement with respect to the case without any PO selection (Figure left),
while approaching the ideal PV tg resolution obtained using only correct POs from MC information
(Figure right).

These results show that the PO selection strategy based on PO properties is effective in isolating
correctly-associated POs. They demonstrate that the PV tg can be estimated using only RICH
information under LHC Run 4 conditions, achieving a sub-100 ps PV ty resolution for almost all

PVs in the sample. These results provide the basis for the application of the software time gate
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Figure 3.23: Fraction of PVs reconstructed (top), PV to resolution expressed as FWHM (middle)
and PV tg resolution expressed as RMS (bottom) as a function of the signal amplitude cut for
different minimum number of POs per PV, with the selection of POs uniquely associated with a
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Figure 3.24: Fraction of PVs reconstructed as a function of the signal amplitude cut for different
minimum numbers of POs per PV. The selection of POs uniquely associated with a pixel hit is also

applied. For each PV, POs from both RICH detectors combined.

Z 200 T T ] Z 200 T T ]
= 180 >0POs >5POs 3 = 180 >0POs >5POs
S 160F >10POs  >20P0s v 160F >10POs  >20P0s -
T 40F >50POs  >100POs E 140F >50 POs 100POs
é 120 3 = 120F 3
g 100 3 2 100F 3
g E E = = E
ER: ECE: ]
o 60F = o 60F =
] E E a7 E E
¢ 40F ERA 3 E
5 20F = > 20F E
> 0 E 1 L E A 0 E 1 L E
[ 0 0.1 0.2 0 0.1 0.2
Signal Amplitude Cut Signal Amplitude Cut

Figure 3.25: PV t( resolution expressed as FWHM (left) and PV tg resolution expressed as RMS
(right) as a function of the signal amplitude cut for different minimum number of POs per PV,
with the selection of POs uniquely associated with a pixel hit. For each PV, the POs are taken
from both RICH detectors.

described in Section Since MC information on the PV tg will not be available during LHC
Run 4, an uncertainty margin may be assigned to each PV t( estimate. This margin would then
propagate to the software time gate width. Possible strategies for the definition and implementation
of this margin are discussed in Section [3.4] These results were obtained using the full sample of
ten thousand bunch-crossing events with minimum bias. However, the event topology can have

a significant impact on the PV tgy resolution. For example, the number of PVs per event is an
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Figure 3.26: Distributions of Atg (RICH-MC) for the optimal PO selection (left) and for a stricter
cut (right). In the first distribution each PV tg is reconstructed with at least 5 POs with a signal
amplitude greater than 0.05. In the second, the required POs are 100 with a signal amplitude
greater than 0.10. In both cases, the POs are uniquely associated with a pixel-hit. With the
optimal selection the PVs reconstructed are 94 % of the total, while with the stronger selection
25 %.

important factor. Events with many PVs have higher track and photon occupancy, which could

affect the PO selection and, as a consequence, the PV ty resolution.

3.3.3 PV t; resolution and event topology

The PV tg resolution strongly depends on event topology, in particular on the number of PVs in
the event. More PVs result in higher number of tracks and photons, which raise PO statistics but
also the probability of incorrect hit—track associations. In addition, the selections described in this
section rely on spatial information, and their efficiency may decreases as occupancy grows.

Figure (left) shows the distribution of events as a function of the number of PVs per
event. The average number of PVs per event at LHC Run 4 luminosity is 5.3. The fraction of
PVs reconstructed as a function of the number of PVs in the event is shown in Figure (right)
for two PO selections. The first selection (red) corresponds to the optimal solution discussed in
Section Each PV tg is reconstructed with at least 5 POs, uniquely associated with a pixel hit
and with signal amplitude greater than 0.05. With this selection, the fraction of PVs reconstructed
decreases only slightly with PV multiplicity, and remains near 85 % even for events with 10 PVs.
The second, stricter selection (green) requires at least 100 POs per PV, uniquely associated with
a pixel hit and with signal amplitude greater than 0.10. This selection rejects more incorrect POs,
improving the PV tg resolution but also reducing the number of PVs reconstructed. In this case,

the fraction of reconstructed PVs shows a strong dependence on PV multiplicity. On average only

98



Chapter 3. Simulation studies on primary vertex time reconstruction with the LHC Run 4 RICH
detectors

2000 ——————————

ol C ] ) [ H T T T T T T T T T i
= 1300f E S 100k b4 3
Z E ] = C - ]
S 1600F 3 3 - P
> o 3] Q 80 - ]
M 1400 e E g Eo W Signal amplitude > 005, |
1200 :_ _: g 60 -_ | E(z I)(F:‘;Ie]:ll‘:i; 0.10. _-
F = L Signal amplitude > 0.10, B
1000 F ; g - PO pixci ]
800 F 3 = 40 - 100 POs per PV —
- - w2

600 = > s .
- ] A 20F =
400F- 3 - ]
200F 3 ok ]
0 1 A ] C 1 . . . . L]

0 5 10 15 5 10

PVs/Event [#

—

Number of PVs per event [#]

Figure 3.27: (Left) Distribution of events as a function of the number of PVs per event with the
LHC Run 3 luminosity. (Right) Fraction of PVs reconstructed with the PV t algorithm as a
function of the number of PVs per event for two different PO selections: the optimal selection (red)
and a stricter one (green).

25% of PVs are reconstructed, with the fraction reaching about 50 % for events with 2 PVs and
falling to 12 % for events with 10 PVs.

Figure |3.28| shows the PV t( resolution as a function of the number of PVs per event for the
two PO selection solutions and for the case without any selection. The resolution is shown as
FWHM (left) of a double-Gaussian fit and the RMS (right) of the At(RICH - M C) distributions,
as described in Section For events with a single PV, the PV t( resolution is approximately
25ps RMS in all three configurations, consistent with the resolution obtained using the correct
POs from Monte Carlo. This result is expected given that tracks from the same PV arrive almost
simultaneously to the RICH detector. Without PO selection, the resolution degrades rapidly with
PV multiplicity. For events with more than two PVs, the PV tg resolution exceeds 200 ps FWHM
(and 150 ps RMS) and rapidly saturates at the level of the intrinsic PV tg spread in the sample.
This confirms that, without PO selection, the PV ty estimate is highly sensitive to the detector
occupancy and PV purity, even in relatively simple events. With the optimal selection (red), the
dependence of the PV tg resolution on the PV multiplicity is significantly reduced. The resolution
stays below 120 ps FWHM (85 ps RMS) for events with up to 10 PVs. This demonstrates that the
selection is not merely identifying PVs from simple events, but it is also effective in high-multiplicity
events. This confirms the selection as optimal compromise between PV tg resolution and fraction of
PVs reconstructed. With the stricter selection (green) the resolution improves further and remains
below 90 ps FWHM (50 ps RMS) at 10 PVs. However, this improvement is obtained at the cost of

a substantial reduction in PVs reconstructed, as shown in Figure|3.2
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Figure 3.28: PV t( resolution as a function of the number of PVs per event, expressed as FWHM
(left) and RMS (right). Results are shown without PO selection (blue), for the optimal selection
(red), and for a stricter one (green).
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Figure 3.29: Fraction of PVs reconstructed (left) and PV tg resolution (right) as a function of the
number of PVs per event extended to pile-up 40. In order to make such extension, two additional
simulations samples were produced at the luminosities of 5.7 x 1033 and 1.5 x 1034 cm™2s7!. Results
are shown without PO selection (blue), with the optimal selection (red), with the stricter selection
(green), and for the subset of PVs reconstructable with the optimal selection but re-evaluated using
all POs (orange).
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Figure[3.29 extends the study to higher event multiplicities, up to 40 PVs per event, correspond-
ing to the average pile-up expected for LHC Run 5. Two additional samples were produced with
luminosities of 5.7 x 10?3 and 1.5 x 103 cm™ 57!, using the same detector geometry described in
Section3.2.1} The latter corresponds to the baseline luminosity for LHC Run 5. As expected, the
fraction of reconstructed PVs decreases with PV multiplicity, while the PV tg resolution worsens.
With the stricter selection the reconstruction efficiency drops below 10 % already at 15 PVs and
vanishes by 25 PVs. With the optimal selection, instead, more than 50 % of PVs can still be recon-
structed at LHC Run 5 luminosity with a PV tg resolution better than 150 ps RMS. The orange
curve in Figure (left) shows the PV tg resolution for the subset of PVs reconstructable with
the optimal selection, but re-evaluated using all POs instead. In this case the resolution degrades
to nearly the no-selection level. This demonstrates that the optimal selection enhances PO purity
for these PVs, rather than simply selecting the intrinsically clean ones. In addition, these results
at high luminosity are obtained with the Run3 RICH detector geometry. The upgraded geometry,
finer segmentation, and enhanced photodetector timing foreseen for the RICH Upgrade II detector
are expected to further improve the performance of the PV ty estimation. However, the reduced
fraction of PVs reconstructed represents a limitation for these PO selections in high multiplicity
events. During LHC Run 5, the PV time will be provided by the tracking system, while the RICH
estimate can serve as a complementary input.

It is important to remark that the present study is based on minimum-bias events, without
targeting specific physics interactions. The PV tg resolution reported here therefore represents a
general performance across all event types. As discussed in the introduction, however, LHCb is
optimised for the study of beauty hadron decays. A natural continuation of this work will be to
investigate the PV tg resolution in physics-specific samples, such as selected B-decay channels, in

order to assess whether the event topology influences the performance of the algorithm.

3.4 Implications for real experiment application

The PV ty estimation algorithm will be integrated into the RICH reconstruction sequence. The
algorithm is applied on a selected subset of photon objects (POs). The PV ty estimate is then
used for a software time gate based on the predicted time of arrival of the photons and applied to
the original set of POs. Finally, a likelihood maximisation is performed on the final set of POs to
compute the PID.

As demonstrated, the PO selection plays a key role in the PV t( estimate resolution. The two
PO selection criteria identified in Section serve as fast indicators of PO quality for the PV tg
estimation, and improve significantly the PV tg resolution. A possible strategy to further improve
the selection is using the information from an initial likelihood maximisation. Performing a first

likelihood maximisation allows the identification of the most probable mass hypothesis for each
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PO. This enables a more accurate signal amplitude cut, tailored to the most probable particle mass
rather than assuming all tracks as pions. Moreover, knowledge of the mass hypothesis allows a
more precise prediction of the photon hit time, increasing the effectiveness of the software time
gate in suppressing background POs. To implement this strategy, the likelihood maximisation
must be run twice: once to extract the optimal set of POs, and a second time, after the software
time gate, for final PID. However, given the limited CPU resources available in the LHCb HLT,
both approaches requires careful evaluation. A pre-likelihood PO selection based on PO properties
increases moderately the CPU load, while running the likelihood maximisation twice has a much
larger impact on the HLT resources. Part of this overhead can be recovered through the software
time gate, which reduces the number of POs entering the final likelihood step and therefore lowers
the CPU load. Quantitative studies will be carried out to assess the computational cost of the two
approaches and to identify the optimal balance between PV t( resolution and CPU resources.

Another crucial aspect of this study is that the uncertainty associated to the PV ty estimate
propagates to the predicted time of arrival of the photons. An addition width must be included
to the software time gate to account for this uncertainty. This width can be defined in two ways.
The first option is to use a global value, equal for every PV and derived from the overall resolution
of the PV tg algorithm. An alternative strategy is to assign an uncertainty value to each PV tg
estimate, based on the event topology, the applied PO selection criteria, and the number of POs
used in the PV ty estimate. This approach requires storing additional information for every PV,
and increases the CPU resources needed for the PV ty algorithm. However, a per-PV uncertainty
on the PV t( allows for a tailored time gate, which improves its efficiency and reduces the CPU
required for the subsequent likelihood maximisation. Both strategies will be investigated within
the RICH reconstruction framework, with particular attention to their impact on the detector PID
performance and CPU resources.

An additional source of uncertainty may arise from the association between tracks and primary
vertices. In the present study, this association is performed using Monte Carlo truth information,
which provides an unambiguous matching. In the real experiment, however, the association relies on
the tracking reconstruction, which may introduce mis-associations depending on the event topology
and tracking performance. These mis-associations can degrade the accuracy of the PV tg estimate.
They are not included in the present study, as the focus is on assessing the intrinsic capability of
the RICH detector to estimate the PV tg. The impact of tracking performance will be evaluated
and, if necessary, accounted for in the software time gate.

During LHC Run 5, the expected pile-up in LHCb will reach about 40 PV per event, leading
to a substantial increase in detector occupancy. As shown in Sectio under these conditions,
spatial information alone cannot provide PV tq estimates for all PVs with sufficient resolution. In
the LHCb Upgrade II baseline, the PV ty will be provided by the tracking system. Nevertheless, the
experience gained by integrating timing information into the RICH reconstruction already in LHC
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Run 4 will be of great value. It will allow the optimisation of the software time gate, the validation
of PO-based selection strategies, and the development of algorithms that can exploit RICH timing

as an additional source of information for the event reconstruction during LHC Run 5.

3.5 Chapter conclusions

The method presented in this chapter for estimating the PV tq during LHC Run 4 represents a first-
time measurement for the LHCb experiment. The method relies solely on the RICH reconstruction,
exploiting the photon hit time information that will be available in the LHC Run 4 RICH detectors.
The PV tq is estimated using a selected subset of reconstructed photon objects (POs) associated
with each PV. The selection is based on PO properties, among which the signal amplitude and
the unique association to a pixel hit proved most effective. Using these criteria, the PV ty can be
reconstructed with a precision of 85 + 3ps (FWHM) and 66 = 2ps (RMS) for 94% of the PVsin a
sample of ten thousand bunch-crossing events. The number of selected POs was identified as the
main limiting factor to the final PV ty resolution. For a smaller subset of PVs (about 25%), the
PV to uncertainty reaches 34 ps (RMS), consistent with the intrinsic resolution obtained from Monte
Carlo truth information. Studies performed at different instantaneous luminosities demonstrated
an approximately linear dependence of both the PV t( resolution and reconstruction efficiency on
the event pile-up.

The presented method is a crucial step towards the use of timing information in the RICH
reconstruction during LHC Run 4. The PV tq is a key ingredient for applying a software time gate
on the photon hit times, which suppresses combinatorial background and improves the detector
PID performance. In addition, the PV ty information may also benefit other sub-detectors, such as
the LHCD tracking system.

103



Chapter 4

Flex-PCB prototype for operating
SiPM arrays at cryogenic

temperatures

Silicon Photomultipliers (SiPMs) are a promising photodetector candidate for the LHCb RICH Up-
grade IT detector, as discussed in Section The increased luminosity foreseen for LHC Run 5
implies higher event rate and particle multiplicity, resulting in greater hit occupancy for the RICH
detectors. To cope with these challenges, Upgrade II RICH detectors will require time informa-
tion, improved rate capabilities and increased granularity. SiPMs arrays meet these requirements
due to their excellent single-photon detection efficiency, time resolution and fine granularity. How-
ever, their high dark-count rate (DCR), which increases after irradiation, raises concerns about
their operation in the detector environment. Operation at cryogenic temperatures (~100K) can
significantly mitigate the SiPM DCR, as discussed in Section [[.4.2] Building a cryogenic system
for large photodetector areas presents significant challenges. One of these consists of transmitting
fast analogue signal from the SiPMs at cryogenic temperatures to the readout electronics at room-
temperature, maintaining signal integrity and limiting heat transmission. A possible solution is to
use a fully flexible Printed Circuit Board (flex-PCB) [108, [109] with high-density, centimetre-long
traces from the SiPMs to the readout electronics. This approach raises concerns about the impact
of such traces on signal integrity and timing performance.

To address this, a flex-PCB prototype has been produced for the readout of a 64-channel SiPM
array. This chapter presents its design, characterisation and testing. Section illustrates the
design of the flex-PCB and the rationale behind the main choices. Section [4.2] presents the signal
integrity measurements, while Section describes the full characterisation of the flex-PCB SiPM

104



Chapter 4. Flex-PCB prototype for operating SiPM arrays at cryogenic temperatures

array under single-photon illumination, with particular focus on time resolution. Section .4 reports
the performance of the flex-PCB SiPM array under beam conditions, obtained within the LHCb
RICH beam test campaign at the CERN SPS North Area facility. Finally, Section [4.6] discusses
prospects for future iterations of the flex-PCB.

Before diving into the chapter it is important to mention that, while the design of the flex-PCB
targets operation in a cryogenic system, all measurements reported in this chapter were performed
at room temperature. These measurements were essential to demonstrate the correct operation of
the flex-PCB prototype, assessing the SiPM array signal integrity and timing performance, and pro-
viding a strong reference for future measurements at cryogenic temperatures. These measurements
are planned for 2026, integrating the flex-PCB into a dedicated cryostat demonstrator currently
under development at CERN, as described in Section [.1.3]

4.1 Flex-PCB prototype design

This section describes the design of a flex-PCB prototype developed to transmit fast analogue sig-
nals from an SiPM array at cryogenic temperature to the readout electronics at room temperature
through high-density, centimetre-long traces. The flex-PCB solution was adopted to meet several
requirements: preserving the integrity of the analogue signals, limiting heat transfer from the read-
out electronics to the SiPM array, and ensuring efficient thermal coupling between the SiPMs and
the cryogenic cooling system. The flexibility of flex-PCBs allows operation in compact or confined
environments, while the use of centimetre-long traces minimises thermal exchange between the two
temperature regions and avoids mechanical stress in some directions as a result of CTE mismatches.
The SiPM array is directly soldered onto the flex-PCB, removing the need for intermediate con-
nectors that could degrade signal integrity. All aspects of the design — from trace geometry to
layer stack-up and mechanical integration — were optimised to balance electrical, thermal, and
mechanical performance. These features are introduced and discussed in the following sections.

Figure shows a top view of the flex-PCB prototype, with the main features and components
annotated. A 64-channels SiPM array is placed on the left side of the flex-PCB. The array is
negatively biased via an on-board biasing circuit, which includes per-channel decoupling RC filters.
The SiPM analogue signals are routed through traces ranging from 14 cm to 16 cm, depending on
the channel position, to the connectors for the readout electronics. Additional features, such as
test pulse injection circuits, a temperature monitoring sensor, and mechanical mounting holes, are
included in the flex-PCB to facilitate its testing and integration into different setups.

The flex-PCB stack-up and layout are described in Section 4.1.1} Section describes the
SiPM array and its biasing scheme. Finally, Section describes the integration of the flex-PCB
into a cryostat demonstrator, currently under development at CERN.
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Figure 4.1: Top-view of the flex-PCB prototype with the main features annotated.

4.1.1 Layer stack-up and layout

This section presents the stack-up and layout of the flex-PCB prototype. The flex-PCB prototype
has three copper layers. The top layer is mainly used for the SiPM array analogue signals traces,
while the bottom layer contains the copper planes for the SiPM bias distribution. An inner layer,
consisting of a ground plane, separates the two active layers and provides isolation between the signal
traces and the biasing circuit. The copper thickness of the top and bottom layers is 35 um, while
for the inner layer it is 17 um. These values correspond to standard copper weights, commonly used
in flex-PCB fabrication. They were chosen to ensure the compatibility with standard fabrication
processes and to simplify the production. The total copper thickness was however kept sufficiently
low to preserve the flexibility of the flex-PCB prototype. Layers of Epoxy glue and Kapton
polyimide are used as dielectric between the copper layers. This combination of materials
provides the mechanical flexibility typical of flex-PCBs. The thickness of the Epoxy glue is 50 pum,
while for the Kapton is 100 um. Logically, lower thickness of the dielectric corresponds to higher
flexibility. However, the dielectric thickness plays also a crucial role in determining the impedance
of the SiPM analogue signal traces. Therefore, these thickness values were the result of a trade-off
between the board flexibility and the signal traces impedance. Given that the trace impedance
depends also on the trace width, this will be discussed later in the section. The stack-up of the
flex-PCB is summarised in Table The total thickness of the flex-PCB is 450 pm, resulting in a
bending radius of 20 mm.

The layout of the three copper layers is shown in Figure[.2} in red the top layer, in gold the inner
layer and in blue the bottom layer. All components are placed on the top layer of the flex-PCB.
Restricting the component placement to a single side of the board simplifies the assembly process
and reduces the likelihood of errors. The SiPM array is placed on the left side of the top layer.
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Table 4.1: Layer stack-up of the flex-PCB.

Layer Thickness Material Target
Soldermask top 30 pm - -

Top layer 35 pum Copper Signal mainly
Dielectric 100 pm Polyimide -

Glue 50 pm Epoxy glue -

Inner layer 17 pm Copper GND plane
Glue 50 pm Epoxy glue -
Dielectric 100 pgm Polyimide -
Bottom layer 35 pm Copper Bias mainly
Soldermask bot. 30 pm - -

Two Samtec HSEC8 connectors [112] are located on the right side, interfacing with the readout
electronics developed for the LHCb RICH beam tests, described in Section [1.4.3]

Analogue signal traces from the SiPM array to the HSEC8 connectors are routed primarily
on the top layer. Half of them transition to the bottom layer through vias for a few centimetres
to reach the farthest connector pins. Each signal trace includes a 0€) series resistor, allowing
individual channels to be disconnected from the readout electronics in the event of malfunction
or excessive noise. Considering the minimum bending radius of 20 mm, the trace length of 15cm
allows the board to be safely bent by 180° without mechanical stress on the copper layers. A
distance of 200 um between signal traces and a trace width of 200 um were initially chosen to
reproduces the constraints of a high-density detector environment. As discussed in Section [4.5
future versions of the flex-PCB are expected to feature even higher channel density, potentially
requiring narrower spacing. This prototype therefore serves as a first step toward that goal, allowing
the investigation of signal integrity in long analogue traces under realistic detector-layout conditions.
The signal trace width was selected together with the dielectric thickness of the Kapton—epoxy stack
to achieve a characteristic impedance close to 50 €2, which matches standard input impedance of
readout electronics for photon detectors. Impedance matching between the traces and the readout
electronics minimises signal reflections and preserves the shape and timing of the analogue pulses.
The dielectric thickness was therefore defined as 50 ym for the epoxy adhesive and 100 ym for the
Kapton layer. The trace impedance (Zg) can be calculated using the Hammerstad—Jensen microstrip
model [113]:

.98h
Zy = 87 n( 5.98 )7 (4.1)
\Veepp +1.41 0.8w+t

where e.py ~ 2.8 is the effective dielectric constant of Kapton, Epoxy glue and solder-mask,
h = 150 pm is dielectric thickness between the trace and the ground plane, w = 200 pm is trace
width and ¢ = 35 um the trace thickness. The resulting ~ 58 Q2 is sufficiently close to targeted 50 2,
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Figure 4.2: Layout of the Flex-PCB with top layer, ground (middle) layer and bottom layer, in
order from top to bottom.
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confirming that the chosen geometry provides adequate impedance matching for the readout elec-
tronics. Additionally, this configuration lies within typical manufacturing tolerances for flex-PCBs
and could be reliably produced at the CERN PCB manufacturing workshop without specialised
processes.

Additional features and components are placed around the SiPM array for biasing, monitoring,
and mechanical purposes. Each of the 64 SiPMs is connected to an individual RC filter, as part of
the biasing circuit. These filters provide per-channel decoupling of the bias voltage. Their design
and function are discussed in more detail in Section A ground plane was introduced around
the SiPM array to locally increase the mechanical stiffness of the flex-PCB and to improve the
structural stability of the array during assembly and operation. The top layer also carries the
transmission lines for two test-pulse injection circuits and the routing for a PT1000 temperature
sensorﬂ The test-pulse circuits are used to measure the signal integrity of the analogue traces and
are described in Section {21

The inner copper layer consists of a continuous ground plane, as shown in Figure (middle).
This layer serves multiple purposes: it provides electromagnetic shielding between the analogue
signal traces on the top layer and the biasing lines on the bottom layer and it ensures controlled
impedance and a low-inductance return path for the analogue signals, essential to minimise high-
frequency noise and preserve signal integrity. In addition, the continuous ground plane improves
the mechanical stability of the flex-PCB, while its impact on flexibility remains marginal.

The bottom layer is mainly used for the SiPM bias distribution. It consists of a copper grid
covering almost the entire layer, as shown in Figure (bottom). This layout balances the copper
between the top and bottom layers, preventing the warping of the flex-PCB during assembly and
thermal cycles. For the same reason, a solid copper plane has been added on the SiPM-side in the
bottom layer to compensate for the RC filter network on the top layer. Additionally, this plane
increases the stiffness of the flex-PCB on the SiPM-side, reducing the risk of mechanical damage

to the SiPM connections during handling or operation.

4.1.2 SiPM array and biasing scheme

This section describes the SiPM array mounted on the flex-PCB prototype and its biasing circuit.
The SiPM array mounted on the flex-PCB prototype is a 64-channel Hamamatsu S13361-3050NE-08
SiPM array with 3 x 3mm? channel size [114]. A close up of the top side of the flex-PCB is shown in
Figure Each SiPM consists of 3584 microcells (SPADs) of 50 x 50 um? with a fill factor of 74 %.
The breakdown voltage is approximately 51 V, with recommended operation at 3V overvoltage. At
this overvoltage, the typical gain is 1.7 x 106 Me, with a peak photon detection efficiency (PDE)
of 40 % at 450nm, in the blue-green spectral region. The nominal DCR at this biasing condition

IPlatinum resistance temperature sensor (1000 at 0°C), supplied by Reichelt: https://www.reichelt.com/
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is 0.5 MHz per channel, but it can vary significantly with temperature. Given the SiPM size of
3 x3mm?, the equivalent capacitance for this SiPM is approximately 320 pF. It is demonstrated
that the timing performance of SiPMs depends on the equivalent capacitance, which increases with
channel area . Higher equivalent capacitance broadens the output pulse and degrades the time
resolution. However, the choice of 3 x 3mm? channel was driven by two factors. First, the area
matches that of the MAPMTSs used in the current RICH detector, ensuring compatibility with
the existing mechanical design and channel density, and enabling a direct comparison of detection
efficiency and timing performance. Second, the same SiPM model had already been used in previous
LHCb RICH beam test campaigns, mounted on a rigid PCB with short analogue traces . This
would allow the comparison of the same SiPM array performance between short and long analogue
traces to the readout electronics. As described in Section [£.5] future iterations of the flex-PCB will
target higher granularity with reduced SiPM dimensions, in line with the RICH Upgrade II baseline
specifications (see Section . This will also result in improved intrinsic timing performance for
the next flex-PCB version.

A negative-polarity biasing scheme was used for the SiPM array, as illustrated in Figure [£:4]
The bias input connector is located on the HSEC8 connector side of the flex-PCB. A common
RC filter at the input suppresses high-frequency noise from the voltage power supply. The bias
voltage is distributed through the copper grid in the bottom layer. An additional per-channel RC
network is placed around the SiPM array, as shown in Figure These filters were added to

decouple the bias line of each SiPM and improve signal quality. To assess their effectiveness, only

s 5%

Per-channel bias ' Hamamatsu
decoupling RC filters: S13361-3050NE-08
- Replaced with 0 Q res. SiPM array with

- Mounted. 3x3mm? channel size.

£
z
z
—
s
=
=

)

Test pulse circuit:
-1 pF capacitance.
- 50 Q termination.
- UMCC connector.

PT1000 temperature
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Figure 4.3: Zoom-in on the SiPM side of the flex-PCB prototype.
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Figure 4.4: Biasing scheme for the 64-channels SiPM array, including per-channel RC filters for
bias decoupling.

half were populated in the prototype, while the others were replaced with 02 resistors. Because
the filters occupy a significant area on the layout, their impact must be evaluated before adopting
a high-density design in future flex-PCB versions. The performance comparison between the two

configurations is discussed in Section [4.3

4.1.3 Integration into a cryostat demonstrator

This section describes the integration of the flex-PCB prototype into a cryostat demonstrator de-
veloped by the CERN RICH group to operate SiPMs at cryogenic temperatures. Cooling SiPMs
to cryogenic temperatures effectively mitigates their high DCR, which increases significantly after
irradiation. However, implementing a cryogenic system for large photodetector areas introduces
several challenges. These include efficient thermal coupling between the SiPMs and a cold vol-
ume, maintaining vacuum insulation, operating multi-channel readout electronics in vacuum, and
transmitting analogue signals over centimetre-scale distances while preserving signal integrity. The
modular cryostat demonstrator developed at CERN is designed to study some of these challenges.
This demonstrator provides a compact and controlled test environment to gain valuable insights
into the scalability of the system to large photodetector areas.

A cross-sectional view of the cryostat is shown in Figure [1.5] The system consists of a vacuum
enclosure that houses a copper cold volume, mechanical supports for the readout electronics and
several service ports. The cold volume is thermally anchored to a liquid-nitrogen cooling circuit
and reaches an operational temperature of ~100 K. The SiPM-side of the flex-PCB is mounted onto
the cold volume using the mechanical holes along the board edge, as shown in Figure [{.6] An
intermediate copper mount is placed between the flex-PCB and the main cold volume. This mount
includes the mechanical mounting holes for the flex-PCB and can accommodate future versions of
the board. As described in Section the overall thickness of the flex-PCB was minimised to
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Figure 4.5: Cross-sectional view of the cryostat demonstrator developed by the CERN RICH group
for operating SiPMs at cryogenic temperatures.

improve thermal contact. In addition, four holes near the SiPM array accommodate a clamping
frame that increases the contact pressure between the board and the cold volume, enhancing heat
exchange and mechanical stability.

On the other side of the cold volume, a mechanical structure supports the readout electronics. An
independent water-cooling system maintains the readout electronics at room temperature. Vacuum
inside the enclosure acts as a thermal insulator, ensuring decoupling between the two temperature
zones. The 15 cm-long analogue traces in the flex-PCB provide sufficient distance to minimise heat
transfer from the readout electronics to the SiPM array. At the same time, the board flexibility
allows a 180° bend. This improves the cryostat compactness by reducing the space required for
signal routing.

The enclosure also includes ports for the liquid-nitrogen pipes, vacuum pumping, electronics
power lines, optical fibre feedthroughs and sensor control. The system allows two test configurations:
one for beam test and one for pulsed-laser illumination. In the beam-test configuration, the front
panel is made of aluminium and a borosilicate lens is placed in front of the SiPM arrays plane.
As in the current LHCb RICH beam test setup , the lens will act as Cherenkov radiator and
will focus the emitted photons onto the photodetector plane. In the laser-test configuration, a

glass window replaces the front panel, and a dark enclosure is mounted externally, as shown in
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Figure 4.6: Close-up of the flex-PCB mounted on the cold volume of the cryostat demonstrator.

Figure A picosecond-pulsed laser delivers light via an single-mode optical fibre mounted on
translation stages, allowing well-controlled, position-resolved illumination of the SiPM array. At the
time of writing, the assembly and commissioning of the cryostat demonstrator are being completed
by other members of the CERN RICH group. First operation of the cryostat demonstrator is
expected in 2026.

4.2 Signal integrity measurements

The flex-PCB includes two identical test-pulse injection circuits. One circuit is located near the
SiPM array (see Figure and routed to the HSEC8 connector through a 15 cm-long trace. The
second circuit is placed on the readout side of the flex-PCB, with a shorter 2.5cm trace to the
connector. Both traces have the same 200 ym width as the analogue traces used for the SiPM
readout. Each circuit consists of a Hirose UMCC connector followed by a 1 pF capacitor. The
two circuits were used to measure the signal integrity of the flex-PCB by injecting identical pulses
and comparing the outputs from the long and short traces. Figure [£.7] shows the setup used for
these measurements. A voltage step of 160 mV with a 70 ps (20-80 %) rise time is produced with a
pulse generator El and injected into the circuit through a 10 cm SMA-to-UMCC coaxial cable with
9 GHz bandwidth. The voltage step is terminated with a 50 resistor in the flex-PCB. Passing
through the capacitor, the voltage step reproduces the main characteristics of a single-photon
signal: sub-nanosecond rise time, amplitude of a few tens of millivolts, and integrated charge of
about 1 Me. A copy of the voltage step is sent to the oscilloscope as time reference. The output

signals are measured across a 56 ) termination, matching the 582 impedance of the flex-PCB

2Active Technology Pulse RIDER PG-1072 pulse generator (https://www.activetechnologies.it/products/
signal-generators/pulse-generators/pg-1000/).
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Figure 4.7: Setup for the signal integrity measurements using the test-pulse circuit on the flex-PCB.
The configuration shown here is for a test-pulse injected into the 15 cm signal trace.
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Figure 4.8: Equivalent electronics circuit of the test-pulse setup implemented in the LTSpice sim-
ulator.
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analogue traces. The waveforms are acquired with an oscilloscopeﬂ using a differential probeﬁ The
differential probe has a bandwidth (BW) of 5.3 GHz, compatible with an intrinsic rise time of ~66 ps
(10-90 %) estimated using ¢, ~ 0.35/BW [117]|. The setup is therefore sensitive to small changes in
the signal rise time induced by the transmission line.

The equivalent electronics circuit of the setup is shown in Figure 4.8 The circuit was im-
plemented in the LTSpiCdEI software to simulate the output pulse including first-order non-ideal
effects. The coaxial cable and signal traces are modelled as lossy transmission lines including re-
sistive losses and parasitic capacitance and inductance. Standard transmission-line models and
manufacturer specifications were used to parametrise the lossy line of the 50 coaxial cable [117]
118]: 100 Q2/km for the DC resistance, 100 pF/m for the capacitance and 200 nH/m as inductance.
The signal traces on the flex-PCB were parametrised using per-unit-length resistance, inductance,
conductance, and capacitance parameters (RLGC model) derived from a microstrip line approxi-
mation [117]. With the trace impedance Zy = 582 and the effective dielectric constant eeq ~ 2.8,
the signal velocity in the trace is v = ¢/\/Zegf # 1.79 x 10°m/s. From the relations

Z 1

=22 ¢

S 4.2
; Zov’ (4.2)

the inductance and capacitance per-unit-length are L ~ 325 nH/m and C ~ 96 pF/m. The resistive

losses were estimated from the copper surface resistance. For a good conductor at frequency f, the

Ro=y T, (4.3)

where g9 = 47 x 1077 H/m is the vacuum permeability and ¢ = 5.8 x 107 S/m is the electrical

surface resistance is given by

conductivity of copper. At f = 5GHz this gives Rs; ~ 18 m). For a microstrip trace width of
200 pm, the resistance per-unit-length can be approximated as
R

R~ % (4.4)
Weff

where weg is the effective width of the trace. Assuming that the current is confined to the bottom
surface of the trace (the closest to the ground plane) and that the contributions from edges and
sidewalls are negligible, weg ~ w = 200 um. This yields a resistance per-unit-length of R ~ 90/m,
which was therefore used as the per-unit-length series resistance in the RLGC model of the flex-PCB

trace. The dielectric loss was considered negligible for the centimetre-scale traces and was omitted

3Keysight Agilent DSA91204A  oscilloscope (https://www.keysight.com/us/en/product/DSA91204A/
infiniium-high-performance-oscilloscope-12ghz.html).

*Agilent 1169A probe with an E2675A differential browser (https://www.keysight.com/us/en/assets/
9018-05040/quick-start-guides/9018-05040.pdf.).

°LTSpice: https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
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Figure 4.9: (Left) Example of a waveform recorded using the test-pulse circuit with the 15 cm signal
trace. The waveform is corrected for the baseline and a threshold is applied at 50 % of the peak
to extract the timestamp. (Right) Average waveforms from data and simulated output pulses for
both trace lengths.

from the simulation model. An equivalent circuit for the differential probe was also implemented,
as shown in Figure using parameters from the probe datasheet [119].

A sample of 1000 waveforms was recorded for each trace length. Each waveform was baseline-
corrected and a threshold was applied at a fixed fraction of the peak to extract the time-of-arrival
(ToA), as shown in Figure (left). Figure (right) compares the average output waveforms
from data with the simulated output pulses for both trace lengths, showing excellent agreement.
The rise time is accurately reproduced by the simulation, while small ripples in the waveform tails
are due to higher-order effects not included in the model. The measured rise time is about 70 ps
(20-80 %) in both cases, as shown in Table This value matches the injected signal rise time,
indicating no bandwidth limitation or signal degradation along the traces. The only noticeable
difference between the two trace lengths is the higher attenuation observed for the 15cm trace,
consistent with the resistive losses predicted by the simulation. According to the simulation model,
longer trace lengths or smaller trace widths lead to stronger attenuation. This behaviour must be
carefully considered in future flex-PCB iterations, especially if thinner traces are adopted to achieve
higher channel density. In that case, the increased resistive losses could lead to additional signal
attenuation, which should be compensated for in the design.

Figure [£.10] shows the ToA distributions for the two trace lengths. A Gaussian fit is applied to
each distribution and the ToA jitter is extracted as the standard deviation of the fit. The resulting
jitters are 10.7 £ 0.5 ps for the 15 cm trace and 10.8 £ 0.5 ps for the 2 cm trace. The two values agree
within uncertainties, demonstrating that the longer trace does not introduce additional timing jitter
relative to the shorter one. Since the oscilloscope was triggered on the reference signal from the pulse
generator, these values include the intrinsic jitter of the readout system. The latter was measured
independently by probing the injected pulse directly at the injection point, yielding 8.8 + 0.5 ps.
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Figure 4.10: ToA distributions of the waveforms recorded with the two test-pulse circuits. The
jitter is extracted as the o of a Gaussian fit applied to the distributions.

Table 4.2: Rise time and jitter for the two trace lengths.

Rise time Jitter
2 cm trace 71+10ps 10.8+0.5ps
15cm trace 69+10ps 10.7+0.5ps

Subtracting this contribution in quadrature gives an intrinsic trace jitter of about 6 ps, negligible
compared to the >50 ps single-photon time resolution (SPTR) of SiPMs. These results confirm that
the 15 cm-long traces preserve signal integrity and can reliably transmit SiPM analogue signals to

the readout electronics.

4.3 Single-photon characterisation of the SiPM array

This section describes the characterisation of the SiPM array on the flex-PCB under controlled
single-photon illumination. Section [4.3.1] presents the experimental setup. Section describes
the procedure used to determine the optimal single-photon working point. Section[4.3.3|outlines the
analysis method used to extract the SPTR. Section [1.3.4 summarises the obtained SPTR results.

4.3.1 Experimental setup for single-photon pulsed-laser illumination

The setup described in this section was used to characterise the single-photon response of the flex-
PCB SiPM array. The setup is shown in Figure while Figure [£.12] presents the schematic of

all connections. The SiPM array is illuminated with a picosecond-pulsed laserﬂ The laser delivers

5PicoQuant TAIKO pulsed laser (https://www.picoquant . com/products/category/picosecond-pulsed-driver/
taiko-pdl-ml#specification.)).
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Figure 4.11: Experimental setup for picosecond-pulsed laser illumination of the flex-PCB SiPM
array. (Left) The setup lies on a bench to better display the components. (Right) the setup is
placed inside the light-tight box where the measurements were conducted.

50 ps (FWHM) pulses, corresponding to a Gaussian o ~ 21 ps, at a wavelength of 405 nm through a
single-mode optical fibre. Neutral-density filters are placed between the fibre and the SiPM array to
attenuate the light and ensure single-photon illumination. The light is directed onto the SiPM array
using a flat mirror. The mirror is covered by a mask with a central aperture to suppress reflections
from the mirror edges that could otherwise affect the timing measurement. The flex-PCB is bent
by 180° and connected to the readout electronics. A mechanical structure holds the mirror, filters,
fibre head, flex-PCB, and readout electronics in fixed positions.

The flex-PCB is coupled to the FastIC + PicoTDC readout electronics developed for the RICH
beam tests and described in Section[T.4.3] Each SiPM in the array is connected to a FastIC channel,
hereafter referred to as a channel for simplicity. The data acquisition is handled by the MuDAQ
system , which also provides the 40 MHz clock distribution and trigger synchronisation. The
trigger signal is internally generated by the MuDAQ at 20 kHz and distributed to the readout board
via the optical link (VITRX+ and IpGBT chipset). In addition, the trigger signal is routed to a
fan-out board to generate three identical copies. One copy is converted to TTL format and used to
trigger laser pulses. The other two copies are sent to separate picoTDC input channels and used as
time reference. The photon signals produced by the SiPM array are shaped and discriminated by
the FastIC. For each signal, the FastIC generates a differential digital output defined by a leading
and a trailing edge. This output is sent to the picoTDC, operated in Full TDC mode with a
12 ps bin size. The picoTDC assigns a timestamp to both leading and trailing edges and stores

them within a configurable readout window. Upon receiving a readout trigger, the content of the
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Figure 4.12: Schematic of the connections for the picosecond-pulsed laser setup.
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Figure 4.13: Time-difference distribution of the two reference signals measured by the picoTDC.

0.38

0.4 0.42
tert - rer2) [1S]

The distribution spread of 11 ps consistent with the picoTDC bin size.

picoTDC readout window is transmitted to the MuDAQ via the lJpGBT interface. For each photon
hit, the leading-edge time corresponds to the photon ToA (ToA.,), while the signal time-over-
threshold (ToT) is obtained from the interval between leading and trailing edges. The average ToA
of the two time-reference channels, ToA,ef = (ToA,er1 + ToA o) /2, is subtracted from ToAg,. The
resulting time difference (ToAq, — ToA.r) is analysed to determine the SPTR, of the SiPM channels,
as described in Section 3.3

The time difference between the two time reference signals is shown in Figure [£.13] The mea-
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sured spread of 11 ps, consistent with the picoTDC bin size, confirms that the trigger distribution
introduces no additional timing jitter. Other intrinsic contributions to the SiPM SPTR, such as
jitter from the FastIC comparator and the laser, are corrected a posteriori. To obtain the best
single-photon timing performance, the optimal working point has to be determined for all the
SiPMs in the array. This requires tuning the SiPM bias voltage, the FastIC comparator threshold
and the laser illumination. The optimisation procedure for single-photon acquisition is described
in Section

4.3.2 Single-photon detection working point

Single-photon timing performance of SiPMs depends on the selected working point. The bias voltage
and the FastIC comparator threshold affect key SiPM parameters such as gain, DCR and time
resolution. Laser intensity is an additional crucial parameter to ensure single-photon illumination of
the SiPM array. A dedicated set of measurements was performed to characterise these dependencies
and to define the optimal operating conditions for the best single-photon timing performance of the
SiPM array.

As a first step, the SiPM array current was measured as a function of the applied bias voltage
to verify the correct operation of the device and estimate the breakdown voltage. The bias voltage
was supplied by a power unitﬂ which also monitored the total current drawn by the SiPM array
with a precision of 0.05 pA. Figure[d.14] shows the measured current as a function of the applied bias
voltage, both in complete darkness and under diffuse illumination. In dark conditions, the current
increases exponentially with the applied bias, as expected for SiPMs. No difference is observed
between SiPMs with and without RC bias decoupling. Under diffuse light, the current rises more
steeply with bias voltage, showing a sharp increase above breakdown. This behaviour indicates
a breakdown voltage of V44 = 51.3V for the SiPM array. Since the measured current is the sum
over all SiPMs, channels with lower breakdown voltages dominate the behaviour. Nevertheless, the
estimated V,q agrees with the average breakdown voltage reported by Hamamatsu and serves as
a reliable reference. This measurement confirms the correct operation of the SiPM array on the
flex-PCB.

As shown in Chapter 2] the threshold level affects the single-photon timing performance. Unlike
MAPMTs, SiPMs produce a discrete response proportional to the number of detected photons.
They are therefore not affected by time-walk, and constant-fraction discrimination (CFD) is not
required. Nevertheless, noise-level variations between FastIC channels must be taken into account.
A scan was performed to characterise all channels, varying the FastIC comparator threshold in
steps of 0.49 uA. At each threshold step, about ten thousand triggers were sent, and the number of
leading edges within an 800ns trigger windows was recorded. With the SiPMs unbiased, leading

TCAEN DT8031 power unit (https://www.caen.it/products/dt8031/).

120


https://www.caen.it/products/dt8031/

Chapter 4. Flex-PCB prototype for operating SiPM arrays at cryogenic temperatures

Z T
=  Half SiPM with RC
b e Half SiPM w/o RC
= !

= «  Full SiPM

g Full SiPM - light

S

n " rd AR T R T T
52 54 56 58

Voltage [—V]

Figure 4.14: SiPM array current as a function of the bias voltage applied. The curves are obtained
in two configurations: complete darkness and with diffuse light in the enclosure. In the dark
configuration, separate measurements for the channels with and without RC bias decoupling are
shown.

edges are produced only by electronic noise when the FastIC threshold approaches the noise pedestal.
Figure m (left) shows the threshold scan output for one channel. The peak corresponds to the
noise pedestal. The relatively large SiPM capacitance broadens this peak over a few threshold
steps. Figure (right) shows the pedestal position for all channels of the eight FastICs on the
readout board. The spread of the pedestal values is about 10 4A, comparable to the expected SiPM
single-photon signal amplitude at —54 V. Determining the noise pedestal is therefore essential to
define the working point of each channel.

Repeating the threshold scan with the SiPMs biased yields the staircase response shown in
Figure In this case, leading edges originate from both electronics noise and dark-count events.
The discrete nature of the SiPM response can be appreciated, with plateaux corresponding to
one, two or more detected photoelectrons (pe). Because dark counts are indistinguishable from
single-photon signals, the width of the first plateau corresponds to the single-photon gain. The
comparator threshold can therefore be set to about 20 % of the single-photon gain, which provides
the best timing performance, as observed for the MAPMTs in Chapter [2] In addition, the number
of leading edges can be used to estimate the DCR using the formula:

Nedges

DCR = (4.5)

b
Nirig twin Asipm

where Negges is the total number of detected leading edges, Niyig is the number of triggers of one
threshold-scan step, twin is the trigger window width and Agipy = 9mm? is the area of an SiPM.
Figure shows the single-photon gain and DCR for all channels at a bias of =54 V. The channel-
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Figure 4.15: (Left) Number of detected leading edges as a function of the FastIC comparator
threshold (1 step = 0.49 pA) for a single channel. The peak represent the noise pedestal level
for the FastIC channel. (Right) Distribution of the noise pedestal values for all the channels of 8
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Figure 4.16: Number of detected leading edges as a function of the FastIC comparator threshold
(1 step = 0.49 pA) for a single channel with the sensor biased at different voltages. The discrete
response of the SiPM can be appreciated, with plateaux corresponding to one, two, or more detected
photoelectrons. These distributions can be used to measure single photon gain and DCR of each
channel of the SiPM array individually, and to estimate the optimal working point for each bias
voltage. The green ”X” marks the optimal working point at —54 V.
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to-channel spread remains below 10 %, indicating uniform gain and DCR. values across the entire
SiPM array. The same analysis was repeated for other bias voltages, and the average single-photon
gain and DCR values are reported in Figure [f.18 Since both parameters depend on temperature,
all measurements were performed at 21°C, monitored with the PT1000 sensor on the flex-PCB.
As expected, both the single-photon gain and DCR increase linearly with the applied bias voltage.
Between -54V and -59V, the gain doubles, while the DCR rises by a factor of approximately
1.5. Although a higher gain generally improves photon detection efficiency and time resolution, the
associated rise in DCR can degrade the performance if not properly controlled.

Once the optimal FastIC comparator thresholds were identified, the SiPM array was illuminated
with the picosecond-pulsed laser. Initial measurements were performed to align the mirror, centre
the laser spot on the SiPM array and ensure operation in the single-photon illumination regime. A
practical figure of merit to verify operation in the single-photon regime is the photon occupancy,
defined as

Occupancy = Nphotons (4.6)

)
triggers

where Nphoton is the number of detected photons and Niiggers is the number of triggers. The

number of detected photons per trigger in a given channel follows a Poisson distribution:
P(n)=—e", (4.7)

where X is the expected number of detected photons per trigger. The probability of detecting two
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Figure 4.17: Gain (left) and DCR (right) for all the channels with a bias of —54 V. The measurement
was taken at 21°C.
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Figure 4.18: Average gain (left) and DCR (right) as a function of the applied bias voltage. The
measurements were taken at 21°C.

or more photons can therefore be calculated as
P(n>22)=1-e*(1+\). (4.8)
For an average occupancy of 10 % (P(0) =0.9), A is obtained from
A = —In(P(0)) ~ 0.105, (4.9)

yielding P(n > 2) ~ 0.5%. This confirms that photon a occupancy of 10 % ensure negligible multi-
photon contamination. The laser intensity was therefore adjusted to achieve this occupancy across
the SiPM array.

To estimate the photon occupancy from the SiPM measurements, the dark-count contribution
must be subtracted. Figure m shows the distribution of leading-edge times (ToA.,) for one
channel. The in-time photon peak is clearly separated from the uniform dark-count background.
The picoTDC readout trigger latency was adjusted to centre the photon peak within an 800 ns
acquisition window. Leading edges in the first 300ns of the window were used to estimate the
DCR, following the approach described in Equation [4.5] The expected number of dark counts

within the signal peak was then subtracted to obtain the in-time photons only:

NTsignal NTDCR . @ (4.10)

N = . i
photon lead lead .
eading eading C

Here, ledsu‘l“g and leggiﬁ‘] g are the numbers of leading edges detected within the signal and dark-

count time windows (Tsignal and Tpcr), respectively. The corrected occupancy is then calculated
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Figure 4.19: Distribution of leading edges recorded in one channel over the 800 ns acquisition
window. The in-time photon peak around 400ns is clearly visible above the uniform dark-count
background.
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Figure 4.20: Occupancy map of the SiPM array obtained with the pulsed laser. The laser spot is
visible with a maximum occupancy of 12% at the centre and an average occupancy of 6 % across
the array. Four channels are absent: CH1 and CH7 (used for time reference), CH47 (disconnected
for test-pulse measurements), and CH30 (non-operational).

using Equation
The resulting occupancy map of the SiPM array is shown in Figure The distribution

reproduces the laser spot profile, with a maximum occupancy of 12 % at the centre and an average
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occupancy of 6% across the array. This confirms operation in the single-photon regime. Four
channels are absent from the map. CH1 and CH7 correspond to the picoTDC channels used for
the time-reference signals. Their associated FastIC channels were therefore not connected to the
picoTDC. CH47 was disconnected by removing its 0§ resistor in the flex-PCB, as its trace was
initially used for the test-pulse measurements. CH30 was not operational, likely due to a faulty
contact between the SiPM and the flex-PCB or damage to the channel. Since the same channel
worked correctly in other flex-PCBs, the problem was attributed to the assembly.

Then, several datasets were then collected under the same illumination conditions. Each dataset
corresponds to a specific combination of comparator threshold and SiPM bias voltage and contains
500 thousand triggers. These data were used to validate the working point and to study the SPTR
of the SiPM array.

4.3.3 Single-photon time resolution analysis method

The SPTR is measured as the spread of the single-photon hits ToA for each channel. The ToA of
each photon hit (ToAy,) is measured relative to the average ToA of the two time-reference signals
(ToA,ct) to compensate for trigger jitter. Figure (left) shows the relative ToA distribution of
all photon hits in a single channel. The distribution is obtained for a central channel of the SiPM
array biased at —54 V. Two distinct populations can be observed. The main population corresponds
to single-photon signals. The second population appears at earlier ToA and with larger ToT pulses,
as shown in Figure (right). This behaviour is consistent with double-photon events, which
produce pulses of higher amplitude and longer duration, as shown in Figure 4.23] The fraction
of these events is less than 1% of the total triggers, in agreement with the expected fraction of
double-photon hits given by Equation for a photon occupancy of 12%. A ToT selection was
therefore applied to remove double-photon events and retain only single-photon hits (Figure .

In addition to the ToT selection, a dark-count veto is applied. This veto discards the trigger
event if a dark count occurs within 100 ns before the signal window (Tsignal in Figure . This
prevents baseline distortions caused by dark counts close to the expected signal time, that would
affect the photon-signal ToA.

After these photon-hit selections, the ToA ., —ToA ¢ distribution is fitted with a double-Gaussian
function. The main Gaussian describes the core of the distribution, while the second accounts for

the tails. An iterative process selects the best fit based on the reduced x? value:

Z(yi— i)2_ (4.11)

2
i 0;

2 _ 1
Xred = Ndof

Here, y; is the measured number of counts in bin ¢, f; is the corresponding value from the fit
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Figure 4.21: (Left) Distribution of the difference between the channel ToA and the average time-
reference ToA for the photon hit registered in 500 thousand triggers. (Right) Difference between
the channel ToA and the average time-reference ToA as a function of the pulse ToT. The main
population arises from single pe pulses, the smaller one from double pe pulses.
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Figure 4.22: Same as Figure with a ToT cut applied to select single pe pulses only. The
relative ToA distribution is fitted with a double-Gaussian function and the SPTR is extracted as
the FWHM of the fit.
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Figure 4.23: Example of 1 pe and 2 pe pulses showing the difference in the expected ToA and ToT.
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Figure 4.24: Distributions of single-photon ToA, —ToA ¢ (left) and ToT (right) for different FastIC
discriminator thresholds at —54 V. The shift of the mean ToA towards later times and the reduction
of ToT with increasing threshold are consistent with the expected comparator behaviour. The ToT
peak position and spread for each threshold was used to define the single-photon selection window.

function, o; is the statistical uncertainty of bin i, and Ngof is the number of degrees of freedom.
The fit with the lowest reduced x?, closest to unity, is used. The SPTR is defined as the FWHM
of the best fit. The uncertainty associated to the SPTR is calculated as:

1 _
ORWHM = Oy + Oy + O + 0y + ¥ > (FWHM, - ). (4.12)

where 012 and p; 2 are the standard deviation and mean values of the two Gaussian components,
N is the number of iterations performed during the fitting procedure, FWHM; is the FWHM of the
ith fit and [ is the average FWHM of the fits. The last term of the sum accounts for the systematic

uncertainty introduced by the fit procedure. The best fit for the channel presented so far is shown
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Figure 4.25: SPTR of all channels at —54 V bias for different discriminator thresholds. Channels
with and without the bias RC decoupling network are shown separately. The horizontal dotted

Flex-PCB prototype for operating SiPM arrays at cryogenic temperatures
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lines define the average SPTR.
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Figure 4.26: (Left) Average SPTR value of the 60 SiPMs as a function of the FastIC comparator
threshold and at a bias voltage of =54 V. The optimal threshold is found to be 2.45 pA. (Right)
Optimal FastIC threshold as a function of the SiPM bias voltage.

in Figure (left), yielding an SPTR of 530+10 ps.

To refine the optimal working point, the SPTR was measured as a function of the FastIC
comparator threshold. The corresponding ToA and ToT distributions for different thresholds are
shown in Figure Increasing the threshold shifts the average ToA to later times and reduces the
ToT. This observation confirms the expected correlation between the SIPM response and the FastIC
discriminator, validating their correct operation. The position and width of the ToT distribution
were used to define the ToT cut value for each threshold. Figure [£.25] shows the SPTR measured
for all channels at —54V for different discriminator thresholds. Both the SPTR value and its
uniformity depend on the threshold. Channels with and without the RC bias decoupling network
are shown separately, with their respective averages indicated by the horizontal dotted lines. Since
no significant difference is observed between the two groups, all channels are included in the final
SPTR average, summarised in Figure (left). The SPTR remains relatively stable for thresholds
up to about 4 A, while for higher thresholds the resolution degrades rapidly. The best SPTR for
a bias voltage of —54 'V is found to be 492+28 ps with an optimal threshold of 2.45 yA.

The same procedure was repeated for different bias voltages up to —59 V. The resulting optimal
thresholds are shown in Figure (right). The discrete steps are the result of the minimal
threshold step size, as shown in Figure (right). The values are consistent with the expectations
from the threshold scans described in Section m They correspond to 10-20% of the single-
photon gain for the respective bias voltages, in agreement with the CFD values found to provide

the best timing performance in the MAPMT TTS analogue measurements presented in Section [2.1
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4.3.4 Single-photon time resolution results

The SPTR measured for all channels at different bias voltages is shown in Figure For each
voltage, the FastIC comparator threshold was set its optimal value from Figure (right). The

SPTR improves steadily with increasing bias, as the higher signal amplitude enhances the signal-

to-noise ratio and reduces timing jitter.

The spread among channels also decreases with bias,

indicating more uniform timing performance across the array. No significant difference is observed

between channels with and without the RC bias decoupling, indicating that there is no need to

individually decouple each SiPM in the array for the signal quality or timing performance
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Figure 4.27: SPTR of all channels at different bias voltages for the respective optimal working point.
Channels with and without the bias RC decoupling network are shown separately. The horizontal
dotted lines define the average SPTR.
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The average SPTR as a function of bias voltage is summarised in Figure (left). The
resolution improves from 492 + 28 ps (FWHM) at -54V to 255 + 10ps (FWHM) at —59 V. For
comparison with other studies, the FWHM values are converted into Gaussian standard deviations
using omeqs = FWHM 0a5/2.355. The resulting o,,eqs is corrected for the jitter contributions of the

laser (0jaser » 21 ps) and the FastIC comparator (opastic ~ 25 ps) according to:

Ores = \/Urzncas - Jl2aser - Jr2ef - J]%‘astIC' (4'13)
After correction, the average SPTR at —59V is o5 = 103 + 5ps. The best-performing channel
reaches an SPTR of 220+ 10 ps (FWHM), corresponding to a Gaussian sigma of 88 +4 ps, as shown
in Figure (right).

These results agree with literature values for the same type of SiPM under similar testing
conditions. They represent the first demonstration that the LHCb RICH time-resolved readout
electronics prototype can achieve 100 ps time resolution across multiple channels. These measure-
ments, performed under controlled laser illumination, serve as reference for the flex-PCB SiPM
array performance, allowing direct comparison with charged-particle beam measurements (see Sec-
tion . As described in Section the main limitation to further improve the SPTR is the
intrinsic capacitance of the SiPM, which scales with its active area and the number of microcells

connected in parallel. For this reason, subsequent flex-PCB versions will employ smaller SiPMs,
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Figure 4.28: (Left) Average SPTR value of the 60 SiPMs as a function of the bias voltage. Each
dataset was recorded with the optimal FastIC threshold for the corresponding bias voltage. (Right)
Relative ToA distribution of the most performing SiPM at —59 V. The double-Gaussian fit on the
distribution yields an SPTR of 220+10 ps (FWHM), corresponding to a Gaussian standard deviation
of 88 + 4 ps, after corrections.
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with active areas of 2mm or less, as described in Section 4.5l This choice is also consistent with

the increased granularity required for the RICH photon detector foreseen for Upgrade II.

4.4 The flex-PCB performance at SPS charged particle beam

This section presents the measurements performed with the flex-PCB prototype at the CERN SPS
North Area facility, as part of the 2025 LHCb RICH beam test campaign. The flex-PCB was
operated under detector-like conditions, using an optical setup for Cherenkov photon illumination
and a dedicated track-based time reference system. The goal was to evaluate the SiPM array
performance under realistic operating conditions, focusing on the SPTR.

Section describes the experimental setup used in the beam test. Section presents the
analysis method and the optimisation of the working point. Section [4.4.3|reports the SPTR results
obtained with the flex-PCB prototype.

4.4.1 Experimental setup

The experimental setup used to measure the flex-PCB performance in the charged-particle beam
test is described in this section. The measurements were performed at the CERN SPS North Area.
The facility provides a high-energy charged-hadron beam, primarily composed of pions and protons
with a momentum of 180 GeV/c. The beam profile was measured for each particle spill using multi-
wire proportional chambers positioned a few metres downstream of the test setup. The Gaussian
beam profile has typical spreads of rms, = 8.1 mm and rms, = 8.8 mm. The beam intensity varied
between 5 x 10° and 10° particles per spill.

Two flex-PCB prototypes were integrated in the beam test setup, referred to as Flex-PCB
Top and Flex-PCB Bottom. In addition, a 2-inch MAPMT and four Hamamatsu S13360-3050
SiPM arrays were included in the setup, as shown in Figure (right). The SiPM arrays are
identical to those mounted on the flex-PCB but installed on a RICH baseboard-like PCB [91],
featuring short traces between the sensors and the readout electronics. Since these sensors were
previously used in other beam test campaigns, their performance shows some degradation. A
detailed comparison with the flex-PCB results is foreseen for future studies. The 2-inch MAPMT
was included in the setup as a reference sensor. Extensive datasets were collected with these
MAPMT in previous RICH beam test campaigns, where its integration with the readout electronics
was already well established. Consistent performance from the MAPMT therefore provided a
benchmark for validating the measurement conditions.

The optical system follows the same geometry as in the 2022 LHCb RICH beam test [91],
as shown in Figure Cherenkov photons are produced by the beam particles traversing a
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Light-tight box

Figure 4.29: (Left) Image of the light-tight box mounted on the remotely-operated translation
table for alignment with the charged particle beam. (Right) Photodetectors viewed from the beam
direction. The orange-dotted line represents the expected position of the Cherenkov photon ring.

borosilicate lensﬂ which focuses the emitted light onto the photodetector plane. The expected
position of the Cherenkov ring on the photodetector plane is indicated by the orange-dotted line
in Figure (right). The sensors, readout electronics, and optical system are installed inside a
light-tight box mounted on a translation table. The table allows precise movement in the plane
perpendicular to the beam direction, as illustrated in Figure (left). The temperature inside the
box is maintained at 16 °C by a water-cooling system coupled with air fans. To align the setup with
the beam axis, two pairs of crossed scintillator detectors with a 5x 5mm? active area perpendicular
to the beam are installed inside the box. One pair is placed upstream of the lens, while the second
pair downstream at a distance of 50 cm. The beam position is determined by maximising the
coincidence rate between the upstream and downstream scintillators. The relative displacement of
the two pairs at their respective maxima is used to calculate the beam angle with respect to the
setup, which was found to be below 1 mrad. The coincidence signals from the scintillators are also
used as the trigger to the data acquisition and to monitor the beam alignment during operation.
The data acquisition is based on the MuDAQ system introduced in Section [[.4.3]and and further
detailed for the laser measurement setup. The photodetectors are read out by the FastIC 4+ PicoTDC
electronics chain with the same timestamp processing described in Section Differently from

8Edmund Optics PCX condenser lens n0.27509 with 150 mm diameter and 300 mm focal length.
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Figure 4.30: Schematic of the beam test setup.

the laser setup, the trigger is provided externally by a dedicated FPGA-based Trigger Logic Unit
(TLU). The TLU sends a trigger signal to the MuDAQ upon receiving a coincidence from the
two pairs of crossed scintillator detectors. This ensures that a valid readout trigger is generated
only by particles traversing the full optical system and producing a Cherenkov photon ring on the
photodetectors. To prevent data loss, the MuDAQ issues a busy-veto signal to the TLU whenever its
internal buffer approaches full capacity, temporarily disabling new triggers. The MuDAQ distributes
the 40 MHz system clock both to the trigger board and to the readout electronics.

Since the SPS beam is asynchronous with respect to the DAQ clock, a dedicated time-reference
system is positioned along the beam line downstream of the light-tight box, as shown in Figure
The system consists of two Photonis PP2365Y MCP-PMTs , each optically coupled to a quartz
bar. Particles crossing the quartz produce Cherenkov light detected by the MCP-PMTs. A custom
amplification circuit amplifies the MCP-PMT signals, which are then read out by a CFD module.
The CFD output of each MCP-PMT is fed to separate picoTDC channels of the Flez-PCB Bottom
readout chain and stored in the data as a time reference for each trigger event. In addition, this
system provides an particle detection system. The number of signals detected by each MCP-PMT
is compared with the number of gated coincidences to estimate the efficiency of the trigger system.
The fraction of MCP-PMT signals per trigger remained consistently above 95 % throughout the

beam test duration. The time jitter of the reference system is measured from the time-difference
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Beam
direction

Figure 4.31: Time-reference system consisting of two Photonis PP2365Y MCP-PMTs coupled to
quartz bars. Each MCP—quartz pair is mounted in a dedicated 3D-printed housing.
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Figure 4.32: (Left) Distribution of the time difference between the two MCP-PMTs. The spread of
the distribution extracted with a Gaussian fit is used for measuring the jitter of the time-reference
system. (Right) Trend of the time-reference jitter during the beam test period.

distribution between the two MCP-PMTs. Figure (left) shows the distribution obtained from
a run at the beginning of the beam test. The Gaussian fit yields a standard deviation of ~37 ps,
which corresponds to the combined jitter of the two MCP-PMTs. The intrinsic jitter introduced
by the time-reference system is therefore 36/+/2 ~ 25 ps. This value remained stable throughout the
beam test, as shown in Figure (right).
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Several datasets were collected with the flex-PCBs at different FastIC comparator thresholds
and SiPM array bias voltages. This allowed the chosen working points to be validated and the
results to be compared with those obtained from the laser measurements. In addition, each config-
uration was recorded twice: once during the first days of the beam test and once at the end. This
enabled the study of variations in the SiPM performance caused by beam exposure. The analysis
method followed the same approach used for the laser data, with the main differences highlighted
in Section [f.4.2] The results presented in this chapter concern Flez-PCB Bottom, which was exten-
sively characterised in the laboratory and used for the laser measurements described in Section [£.3]
Flez-PCB Top was installed shortly before the beam test and underwent only limited laboratory
characterisation. The data collected with this board showed signs of a picoTDC misconfiguration
that affected the timing performance. Despite this limitation, the data from Flex-PCB Top were
still used to verify the position of the Cherenkov ring and to monitor the DCR.

4.4.2 Working point and analysis method

The working point definition and SPTR analysis build on the extensive characterisation of the flex-
PCB performed with the laser setup, described in Sections and Figure shows the
distribution of the leading-edge ToA for a single channel. In contrast to the laser measurements,

the in-time photon peak is spread over approximately 25ns. This results from the asynchronous
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Figure 4.33: Distribution of leading-edge times (ToA) for a representative channel during beam
operation. The green region indicates the in-time Cherenkov photon signals, clearly distinguishable
over the dark counts background. The 25ns spread of the Cherenkov photon peak arises from the
asynchronous beam arrival with respect to the 40 MHz acquisition clock. The shaded red region
marks the dark-count veto window: the trigger event is discarded if a dark count is detected in the
100 ns before the expected signal peak.

137



Chapter 4. Flex-PCB prototype for operating SiPM arrays at cryogenic temperatures

nature of the SPS beam with respect to the 40 MHz acquisition clock, which causes the photon
signals to be distributed over one clock period. To correct for this effect, the ToA of each channel
(ToA.r) is measured relative to the time reference, defined as the average ToA of the two MCP-
PMT signals (ToAet = (ToAymcep1 + ToAnmcp2)/2). The SPTR for each channel is then extracted
from the ToAg, — ToA,es distribution. The ToA ., distribution is also used to measure the photon
occupancy. As in the laser data, the number of in-time photons is corrected for dark counts
and normalised to the number of triggers, following Equations [4.6] and For the beam test
configuration, the acquisition window was reduced to 500ns, with photon signals time-aligned
around 200ns. This optimisation reduces the number of dark-count hits per trigger, improving
acquisition efficiency and limiting the data volume. Therefore, the DCR is estimated from the first
150 ns of the acquisition window. A dark-count veto is also applied to the 100ns preceding the
signal peak in this analysis. A drop in the number of leading edges is visible immediately after the
photon peak. This behaviour originates from the relatively long recovery time of the SiPMs, which
translates into large ToT values. After the detection of a hit, the signal remains above threshold
for several tens of nanoseconds, temporarily disabling the binary readout channel. The effect is
more pronounced in the beam test data than in the laser measurements, indicating a higher photon
occupancy in the beam test than in the laser data.

Figure (left) shows the hitmaps for Flez-PCB Top and Flex-PCB Bottom, recorded at
a bias voltage of —-54V and a threshold of 2.94 pA from 500 thousand triggers. The Cherenkov
ring is clearly visible and located in the expected position, as shown in Figure 4.29, The SPTR
analysis focuses on the channels located on the ring, defined as those with an occupancy above 10 %.
The average occupancy of the ring channels is approximately 40 %, while the maximum occupancy
reaches up to 65%. Figure m (right) show the time-difference distribution ToAg, — ToA .t as a
function of the ToT for two representative channels: one located on the ring with 65 % occupancy,
and one on the ring edge with 15 % occupancy. For both channels, multiple populations are observed,
corresponding to one, two, or more than three photon hits. These populations are more pronounced
for the channel on the ring, because of its higher photon occupancy. Table[.3|compares the expected
and measured probabilities of detecting one, two, or more than three photons. The expected
probabilities are calculated using the Poisson distribution described in Equations [£.7) and [£:9] while
the measured ones result from the integration of the two-dimensional distributions around each
population peak. The table shows excellent agreement between the expected and measured values,
confirming the correct operation of the SiPM array and readout chain.

To extract the SPTR of each channel, an iterative double-Gaussian fitting procedure is applied
to the ToA, — ToA s distribution after a ToT selection, as shown in Figure The SPTR is
defined as the FWHM of the fitted distribution, yielding 572+ 18 ps for the representative channel on
the ring at —54 V. The same procedure was applied to all channels on the ring for each combination
of bias voltage and discriminator threshold. Figure m (left) shows the SPTR distribution across
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the channels at a bias voltage of —54 V and a threshold of 2.96 A. The mean and standard deviation
of this distribution define the average SPTR and its uncertainty for this configuration. The average
SPTR values obtained at different thresholds were compared to identify the optimal working point
for each bias voltage, as shown for -54V in Figure (right). The optimal thresholds defined

in this way are consistent with those obtained from the laser data for each bias voltage, within
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Figure 4.34: (Left) Hitmaps of the Flex-PCB Top and Flex-PCB Bottom recorded at a bias voltage
of =54V and a threshold of 2.94 p A from 500 thousand trigger events. The Cherenkov ring is clearly
visible and located in the expected position. (Right) Distribution of the time difference between
the channel ToA and MCP-PMT time reference (ToA,.s) as a function of the ToT for a channel on
the ring (top, 60 % occupancy) and a channel on the edge of the ring (bottom, 15 % occupancy).
Distinct populations corresponding to one, two, or more than three photon hits are visible for the
channel on the ring, consistent with its higher occupancy.
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Table 4.3: Expected and measured photon multiplicity probabilities for channels at different occu-
pancies.

Occupancy P(n) Expected P(n) Measured P(n)

P(1) 0.367 ~0.325

65% P(2) 0.192 ~0.164

P(3+) 0.091 ~0.113

P(1) 0.138 ~0.137

15% P(2) 0.012 ~0.010

P(3+) <0.001 —
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Figure 4.35: (Left) Distribution of the difference between the channel ToA and the average ToA
from the MCP-PMT time-reference after the ToT cut to select single-pe hits. The relative ToA
distribution is fitted with a double-Gaussian function and the SPTR is extracted as the FWHM
of the fit. (Right) Distribution of the time difference between the channel ToA and the average
reference MCP-PMT (ToA,.s) as a function of the signal ToT. The ToT cut isolates single-pe hits.

approximately one threshold step (~0.49 pA).

4.4.3 Single-photon time resolution results

The average SPTR as a function of the bias voltage is shown in Figure The trend follows
the trend observed with the laser data: the SPTR improves with increasing bias voltage. The best
SPTR, 327 +30ps (FWHM), is obtained at —59V, consistent with the laser results. The measured
FWHM is converted to the equivalent Gaussian sigma (0meqs = FWHMpeas/2.355) and corrected

for the jitter contributions from the setup:

_ 2 _ 2 _ 2
ares—\/ameas OfastiC ~ T oot - (4.14)
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Figure 4.36: (Left) SPTR values for all channels on the SiPM ring at a bias voltage of =54V and
threshold of 2.96 pA. (Right) Average SPTR as a function of discriminator threshold for the same
bias voltage.
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Figure 4.37: Average SPTR of the channels on the ring as a function of the bias voltage applied to
the SiPM array.

Here, opastic ~ 25 ps is the FastIC comparator jitter and opef ~ 25/\/§ ps ~ 18 ps is the time-reference
jitter contribution. The corrected SPTR at —-59V is therefore o.s = 134 £ 15ps. This value is
slightly higher than that obtained under controlled laser illumination, likely due to the higher
photon occupancy observed in the beam test. The increased activity in the readout electronics
may introduce additional noise, degrading the timing performance. To support this hypothesis, the

expected number of simultaneously active channels within a 25 ns trigger window is estimated. The
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Table 4.4: Expected number of active channels within a 25 ns trigger window (N, /25 ns), including
dark count and photon contributions. For beam test data the number of channels are weighted for
the on-ring and off-ring occupancy.

Data set DCR [kHz/ch] Occupancy [%] Nen/251ns
Laser data 390 6 4.4
Beam test (day 2) 560 40 (ring) / 4 (rest) 8.4
Beam test (day 14) 2510 40 (ring) / 4 (rest) 11.1

calculation includes both dark counts and photon-induced hits, assuming Poisson statistics for each
process (Equation [4.7)). The probability that a channel records a dark count is

Piac(21) =1 — e BAL (4.15)

where R is the DCR in Hz and At is the 25ns window. The DCR at —59V is measured to be
390 kHz/channel for the laser data and 560 kHz/channel in the beam test (Day 2). This is a first
indication an increased DCR due to beam exposure. The probability for a channel to be hit by at
least one photon is

Pohoton(21) =1 —¢™, A = —In(1 - occupancy). (4.16)

For beam test data, an average photon occupancy of 40 % is considered for the channels on the ring
and 4 % for the remaining ones. For laser data, an average photon occupancy of 6% is considered

for all channels. The total probability to record a pulse in a channel is therefore
P(>1hit) =1 - (1 - Pgark(>1))(1 = Pynoton (> 1)). (4.17)

Multiplying this probability by the 64 channels in the readout chain gives the expected number of
active channels within a 25ns trigger window. The estimated values are summarised in Table [£:4]
The expected number of active channels in the laser data is 4.4, while for the beam test data it is
8.4. These results support the hypothesis that higher occupancy increases the electronics activity
and noise, degrading the timing performance.

To further illustrate the impact of photon occupancy on the optoelectronic timing performance,
Figure compares the SPTR measured for the same channel in the beam test and in the laser
setup. In the beam test, the channel is located on the edge of the Cherenkov ring with an occupancy
of about 18 %, comparable to the 12 % in laser data for the same channel. The two distributions show
comparable SPTR values, both consistent with the 255 + 10 ps average SPTR (FWHM) obtained
with the laser measurements. This comparison confirms that the slight degradation of the timing
performance observed in the beam test is likely due to the higher overall occupancy.

The same SPTR analysis was repeated on data collected at the end of the two-week beam test
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Beam test data — CH39 — Occupancy ~18% Laser data — CH39 — Occupancy ~12%

ey LI SUR AL BN, B vy r . T T T
= C FWHM 1 & 3000F FWHM .
‘g‘ 10001 257 + 15 ps ‘g‘ r 260 + 10 ps ]
2500 ]
S sooF 1 8§77 ]
- 2000F 3
600 ] - ]
L 1500 7
400F ] 1000F E
200f . 500k E
O I AN | o O :. L | L s s L " L ]

-86 -85 -84 -83 26 28 30

ToA, - ToA ; [ns] ToA, - ToA ; [ns]

Figure 4.38: (Left) SPTR distribution for a channel at the edge of the ring in the beam test data,
with an occupancy of ~18 %. (Right) Corresponding distribution for the same channel in the laser
data, with an occupancy of ~12 %. Both measurements yield comparable FWHM values, consistent
with the average SPTR obtained from the laser.
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Figure 4.39: Average SPTR as a function of bias voltage measured at the beginning (days 2-3,
black) and at the end (days 1314, red) of the beam test. A degradation of approximately 70 ps
(FWHM) is observed over the two-week period.

to allow a comparison with the initial measurements. Figure [4.39] shows the SPTR as a function of

bias voltage for the two sets of data. A degradation of approximately 70 ps (FWHM) is observed
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Figure 4.40: Average DCR per channel as a function of beam test day for three bias voltages. The
shaded areas correspond to periods when the beam was off. A linear increase in DCR is observed,
reaching about 2.5 MHz/channel at =59 V by the end of the test.

across all bias voltages between the beginning and the end of the beam test. Since the reference
timing system remained stable (Figure and no significant variations were observed in the
beam size or intensity, the most likely explanation is an increase in the SiPM DCR during the
beam test. Figure [£.40] shows the average DCR per channel as a function of the beam test day for
three bias voltages. All DCR values were measured at a stable temperature of 16 °C maintained by
the cooling system installed in the light-tight box. The DCR exhibits a linear increase over time
for all bias voltages, reaching a final value of approximately 2.5 MHz/channel at =59 V. Applying
this DCR value to Equation [£.17} the expected number of simultaneously active channels per 25 ns
trigger window increases to 11.1. This result supports the hypothesis that the timing performance
degradation is consistent with the higher activity in the readout electronics caused by the increased
DCR.

The rise in DCR is attributed to radiation-induced damage to the SiPM array. Although the
array was not directly exposed to the beam, it was placed only a few centimetres away and was likely
affected by scattered or secondary particles in the 180 GeV/c beam. As discussed in Section
SiPMs are known to be highly sensitive to radiation damage, which explains the observed behaviour.

This observation reaffirms the original motivation behind the flex-PCB concept: the operation of
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SiPMs at cryogenic temperatures to strongly mitigate DCR. The measurements presented in this
chapter will therefore be repeated with the SiPM array at cryogenic temperatures once the flex-
PCB is integrated into the cryostat demonstrator. As an intermediate step, the flex-PCB will be
installed in the high-precision single-photon characterisation setup described in Section [2.2.5] This
will allow laser measurements at higher occupancy and repetition rate for a direct validation of
these beam-test results. In addition, the setup will enable a sub-millimetre characterisation of the
SiPM array SPTR both at room temperature and at —20°C.

4.5 Towards a second flex-PCB prototype

This section discusses the design ideas for the next flex-PCB prototype. The goal is to maximise
the photosensitive area and minimise dead area, making the design suitable for large photodetector
assemblies. Figure [I.41] shows the proposed layout, where the SiPM-side of the flex is populated
with four 8x8 arrays of 3x3mm? SiPMs to extend the active area. This configuration maintains
the compatibility with the present elementary cell geometry of the LHCb RICH detector. However,
as the detector granularity will increase for Upgrade II, prototype versions could be equipped with
arrays of 2x2mm? or even 1.4x1.4mm? SiPMs [33].

Part of the current flex-PCB area in Figure is occupied by RC filters for the per-channel
bias decoupling. The results from Section [£.3] show that these components are not necessary for
stable SiPM operation and have no measurable effect on performance. Their removal frees space
and improves the scalability of the design. A limited number of RC filters may still be retained
for small SiPM groups (8, 16, or 32 channels) to preserve operability in case of damage. If an
SiPM fails, the filter of the corresponding group can be disconnected, disabling only that section of
SiPMs instead of the entire board. The same logic applies to the bias distribution: a single bias line
simplifies the layout, while multiple lines allow selective powering and remote isolation of damaged
regions.

Increasing the number of channels within the same area introduces new challenges for routing the
signals to the readout connectors. In the current version of the flex-PCB, all channels are routed on
the top layer. A possible improvement is to also use the bottom layer. In this configuration, the bias
distribution must be redesigned and analogue traces on the bottom layer must be properly shielded
against interference from the bias lanes. One option to simplify the design is to route signals from
two pairs SiPM arrays in opposite directions, creating two symmetric routing blocks, as illustrated
in Figure An alternative (or complementary) solution is to use 100 um traces instead of
the current 200 um ones. This technology is already employed in the LHCb SciFi detector [46],
which uses flex-PCB technology to transmit analogue SiPM signals for the readout scintillating
fibres. However, reducing the trace width increases both its characteristic impedance and the

signal attenuation. Dedicated tests are therefore required to verify the suitability of such narrow
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Figure 4.41: (Top) Layout of the new flex-PCB version showing the routing optimisation for in-
creased active area. (Bottom) Prototype concept with four 8x8 arrays of SiPMs: 3x3 mm? (yellow),
2x2mm? (green), and 1.4x1.4mm? (red) pixels. This configuration maximises the photosensitive
coverage while maintaining compatibility with the current elementary cell geometry.

traces for single-photon timing in the RICH detector. This solution is particularly relevant for high-
granularity versions of the next flex-PCB, where the space for signal routing is further reduced.
Another important aspect to consider in close-packed SiPM arrays is the clamping of the flex-
PCB to the cold volume. In the current version, dedicated mounting holes accommodate a mechan-
ical frame around the SiPM array, ensuring good thermal contact between the flex-PCB and the
cold surface. In the new flex-PCB, a similar frame might still be used but with a reduced footprint
to minimise the dead area. Part of the loss can be recovered by using micro-lenses, which focus
the incident photons towards the SiPM centre, as shown in Figure [4.43] Micro-lenses have been
shown to enhance both photon detection efficiency and timing performance , also mitigating

the impact of DCR in SiPMs. Although still at an early design stage, this approach represents a

146



Chapter 4. Flex-PCB prototype for operating SiPM arrays at cryogenic temperatures

Lateral view

SiPM arrays
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Figure 4.42: Schematic concept for the new flex-PCB prototype routing strategy.

practical compromise between mechanical stability and optical efficiency, and can serve as a starting
point for future flex-PCB designs.

The next flex-PCB version also aims to improve mechanical flexibility. To scale the design and
make it compatible for a photodetector module, the flex-PCB should achieve a smaller bending
radius, allowing a nearly 90° bend immediately after the SiPM arrays. The Kapton and Epoxy
glue thicknesses used in the current design are standard values, chosen to simplify and speed up the
fabrication of the first prototype. Discussions with the CERN manufacturing service have indicated
that both the Kapton and adhesive layers can be reduced to 25 um, lowering the total thickness of
the flex to approximately 250 yum and significantly improving its flexibility. The thickness of the
dielectric layers and the width of the traces must be carefully chosen to ensure 50€2 impedance
matching. Non-optimised values could degrade the signal integrity and affect the SiPM timing
performance. For this reason, test-pulse circuits should be included in the next version to repeat
the characterisation measurements described in Section [£.2]

The temperature monitoring system should also be revised. The PT1000 sensor must be relo-
cated and its traces should be better shielded from the analogue ones. Moreover, since these sensors
are not radiation-hard, an alternative should be identified for future RICH detector applications.

Finally, the new flex-PCB must be designed to be fully compatible with the cryostat demon-

strator currently under development. This will ensure straightforward integration into the existing
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SiPM array Flex-PCB Microlens SiPM channel

Clamping mechanics Cold volume Clamping mechanics

Figure 4.43: Concept for the clamping mechanism of the new flex-PCB version. (Left) Top view
showing the SiPM array and possible clamping structures between the SiPMs. (Right) Lateral
view illustrating the contact between the flex-PCB and the cold volume, with the potential use of
micro-lenses to recover photosensitive area and enhance optical performance

system for SiPM array measurements at cryogenic temperatures.

4.6 Chapter conclusion

This chapter presented the design, characterisation, and testing of a flex-PCB for the readout of
a SiPM array at cryogenic temperatures. The prototype was designed to transmit fast analogue
signals over centimetre-long traces while preserving signal integrity and timing performance. Lab-
oratory measurements demonstrated that analogue traces of ~ 15cm preserve signal integrity and
timing performance. A detailed single-photon characterisation of the flex-PCB SiPM array was
performed under picosecond-pulsed laser illumination, using the FastIC + picoTDC-based readout
electronics. The SiPM array achieved an average SPTR of o,.5 = 103 ps at a bias voltage of =59V,
with the best channel reaching 88 ps. These results represent the best performance so far achieved
by coupling the LHCb RICH time-resolved readout electronics with a single-photon sensor. The
flex-PCB was subsequently integrated into the LHCb RICH setup for charged-particle beam tests
at the CERN SPS North Area. An average SPTR of 134 ps was achieved under realistic detector-

like conditions. The small degradation compared to the laser measurements was attributed to the
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different photon occupancies of the two configurations. An increase in DCR was also observed over
the beam time, which may have contributed to the performance degradation during the beam test.

These results confirm that the flex-PCB technology is well suited to the transmission of analogue
signals over centimetre-scale distances. They also provide a strong reference for the integration of
the flex-PCB into the cryostat demonstrator currently under development at CERN, which will

enable SiPM operation at cryogenic temperatures in 2026.
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Conclusions

In this thesis, I presented studies supporting the upgrade of the LHCb RICH detectors for the
LS3 Enhancements and the Upgrade II programme. I performed analogue and digital measure-
ments of the MAPMT single-photon response under picosecond laser illumination. These results
demonstrated the intrinsic timing performance of the MAPMTs, provided a reference for subsequent
beam tests results and supported the development of the time-resolved optoelectronic readout chain
for the LHC Run 4 RICH detector. Based on the expected time performance of the LHCb Run 4
RICH detector, I developed an algorithm for the estimation of the primary vertex time (PV tg) using
only RICH reconstruction, a first-time measurement for the LHCb experiment. The PV tg is a key
element for applying a software time gate on the photon hit times, which suppresses combinatorial
background and improves the PID performance of the RICH detector during LHCb Run 4. Finally,
I designed a flex-PCB for the readout of an SiPM array. The board features ~15 cm analogue traces,
allowing operation of the SiPMs at cryogenic temperature while keeping the electronics at room
temperature. Laboratory studies demonstrated stable signal integrity and timing performance of
the centimetre-long traces. Single-photon characterisation of the SiPM array with pulsed-laser illu-
mination resulted in an average SPTR of 103 ps, and an SPTR of 88 ps for the best channel. These
results mark the best SPTR obtained so far with an LHCb RICH time-resolved optoelectronic
chain. The board was also tested on a particle beam at the CERN SPS facility, integrated into the
LHCb RICH beam-test setup. The SPTR values measured under particle-beam conditions were
consistent with those obtained with laser illumination.

This thesis forms part of the ongoing upgrade programme of the LHCb RICH detectors and
supports the future developments, in preparation for the integration of sub-nanosecond timing

information into the detector readout and reconstruction systems.
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