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Abstract

The aim of the 2025/26 RICH Testbeam is to investigate the advantages of the SiPM
and the FastRICH chip, which will be implemented in future LHCb upgrades. This
thesis created simulations for two of the Testbeam setups used to investigate these
components.
Initially, a simulation of the October 2025 Testbeam was created. The resulting
occupancy plots of this show that SiPMs (75% occupancy) outperform the currently
used MaPMTs (50% occupancy). Then a different, larger lens was simulated to compare
to the current lens in the setup. The larger 200 mm lens had a greater angular
resolution of 4.68 mrad, compared to 4.85 mrad, but caused the occupancy to decrease
by 14% for all detectors. The differences between the lenses were insufficient to justify
buying a new lens and therefore it was recommended to stick with the smaller 150 mm
lens. To complete the October study, timing data were simulated for the Testbeam. At
thresholds of 9.8 uA and lower, there was negligible time walk. However, at thresholds
above 17.5 A, a time walk of 350 ps was observed, which increased with threshold.
Next, a design for the April 2026 Testbeam was simulated. This Testbeam will use a gas
radiator instead of a lens, as this will drastically improve the Cherenkov angular
resolution. Several different designs were investigated, but in the end a 1000 mm gas
chamber of C4Fyg, with the optical components aligned along the beam line, was
proposed to the Testbeam team. This setup had occupancy of 35% along the ring arc
and Cherenkov angular resolution of 0.315 mrad. When a beam width of 6 mm was
included, there was no impact on the results. Unfortunately, replacing the radiator
material with C'Fy, a gas with a lower refractive index, did not work in the proposed
design and would require a chamber of 1700 mm in length. Finally, the design was
tested at low momenta in proton synchrotron conditions of 8 GeV'. This produced an
angular resolution of 0.398 mrad and an occupancy that remained at 35%, which was
good enough to justify using proton synchrotron conditions. The results demonstrated
that the design can use non-saturated tracks and opens the possibility of particle
identification in Testbeams.
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1 Introduction

CERN has the world’s largest particle accelerator with a circumference of 26.7 km [1]. In
this ring are four independent experiments, LHCb, ATLAS, ALICE and CMS, which aim to
complete or reinvent the standard model. Unlike both the ATLAS and CMS experiments,
the LHCDb was designed as a specialist detector for flavour physics, searching for why there is
more matter than antimatter in the universe. Here beauty quarks are produced in high-energy
Proton-Proton (pp) collisions, within energy ranges of v/7 TeV and /13 TeV. Knowledge
of b-quark yield is important for calculating the sensitivity of experiments measuring CP-
violation and rare decays [2]. It was the first detector to observe the mixing of neutral charm
mesons (D « DO) within a single measurement [3]. To measure and observe these collisions,
the LHCD has specialist detectors. The key detectors are the Vertex Locator detector (VELO)
and its Ring Imaging Cherenkov (RICH) detectors, which measure charged particle tracks and
identify different types of particles, respectively [4].

With improving understanding and technology, these detectors need to be upgraded to
enhance the precision of the results. However, before an upgrade is installed into the massive
experiment, rigorous testing on the new upgrade must be completed to verify that it will work
as intended in the high-luminosity environment. This testing is completed in a Testbeam,
which is a highly controlled beam that exposes the upgrades to extreme conditions similar to
those in the actual experiment.

The aim of this thesis was to produce simulations of the 2025/26 Testbeam, to simulate
the expected spatial and timing data using the SiPM and FastRICH chip upgrades. The
October 2025 Testbeam setup will use a lens to create Cherenkov photons and focus them
onto the photodetectors. By plotting the hits detected and verifying their efficiencies, the new
SiPM was compared to the current MaPMTs to determine whether the SiPM was a better
candidate for the RICH detector. An alternative lens was also investigated to determine
whether this would improve Testbeam results. Furthermore, by plotting ToA against ToT,
the time walk of the system was simulated. Next, a new design for the Testbeam setup was
investigated. The current lens design does not exploit the full potential of the SiPM detectors.
Instead, a cryostat and gas chamber setup will be designed and used in the 2026 Testbeam.
A gas radiator produces a much smaller Cherenkov angular resolution which can be utilised
by the SiPM. Several designs were investigated, and using reconstruction, the spatial data
and resolution of each design were calculated to determine which gas chamber setup was
best. Some final variations to this design were also investigated including alternative beam
parameters and radiator materials.

Acronym | Definition Acronym | Definition

LHC Large Hadron Collider ROC Radius of Curvature

LHCb Large Hadron Collider beauty experiment | L.S3 Long Shutdown 3

HL-LHC High-Luminosity Large Hadron Collider LS4 Long Shutdown 4

VELO Vertex Locator QE Quantum Efficiency

RICH Ring Imaging Cherenkov FPGA Field Programmable Gate Arrays
CPT Charge, Parity, Time symmetry TTS Transit Time Spread

CKM Cabibbo-Kobayashi-Maskawa VL Versatile Link

SiPM Silicon Photomultiplier ToA Time of Acquisition

MaPMT Multi-anode Photomultiplier Tube ToT Time over Threshold

HPD Hybrid Photon Detectors CFD Constant Fraction Discriminator
PID Particle Identification HPE Hits Per Event

CyFyg Perfluorobutane PS Proton Synchrotron

CFy Tetrafluoromethane SPS Super Proton Synchrotron

Table 1: Table of Acronyms




2 Background

2.1 CP Violation

Charge-Parity violation occurs when physical laws do not remain the same under a CPT
symmetry; the combined transformation of charge conjunction, C, parity inversion, P, and
time reversal, T. CPT theory states that under mild technical assumptions any unitary, local,
Lorentz-invariant quantum field within flat Minkowski space is CPT invariant [5], and this
should apply to the Standard Model.
Quarks can transition between flavours with probabilities outlined by the Cabibbo-Kobayashi-

Maskawa (CKM) matrix. The entries of the CKM matrix roughly follow a power scaling in

A = 0.22, so a popular approximation is the Wolfenstein parametrization,

Vid Vus Vi 1—2\2/2 A AN (p —inm)
Verm = | Vea Ves Vo | = —A 1—)\%/2 AN? +0(\Y. (1)
Vie Vis Vo AN —p—in) —AN 1

The Wolfenstein approximation has three real parameters, A, A, p and an imaginary n. The
complex phase 7, within the CKM matrix, gives rise to processes that decay at different rates
for particles and antiparticles that would violate the charge-parity symmetry.

The LHCb experiment found evidence of CP violation of statistical significance in decay
Ag — pr~ ™, which showed a difference between matter and antimatter baryons [6].

2.2 RICH detectors

To detect these imbalances between matter and antimatter the LHCb uses RICH detectors,
designed around Cherenkov radiation, a discovery made in 1934 by the Russian scientist Pavel
Alekseevich Cherenkov, in which he observed luminescence in solutions when under gamma
radiation. Cherenkov had observed a conical wavefront with normal at an angle 6 to the
velocity of the particle moving in the solution.

c
cos(f) = — 2

0= )

where v is the speed of the charged particle, n is the refractive index of the medium and c is

the speed of light. Given cosf cannot exceed one, for any real angle, it follows that a moving

charged particle in a medium would only create a conical wave when,

c
v> . (3)
or when the particles speed exceeds that of the phase speed of light [7].

High quality Particle Identification (PID) is essential for almost all precise flavour physics
measurements. Cherenkov radiation is used in high energy detectors at the LHCb, because it
can provide a clear way to identify particles in a large momentum range of about 2-100GeV.
Plots of Cherenkov angle and particle momentum are made, with different particle types
creating different and distinguishable plots which are used to verify them.



Cherenkov Angle (rads)

Momentum (G‘anwc)

Figure 1: Cherenkov angle vs track momentum in a CyF( radiator [8]

Given that the relationship between Cherenkov angle and a particle’s velocity is limited by
the refractive index, and hence the material in which the particle emits the Cherenkov radia-
tion, material choice is very important when it comes to detectors. An ordinary transparent
dielectric would not work for conventional Cherenkov detectors as these materials have re-
fractive indexes much higher than 1, where the Cherenkov angle would saturate and become
independent of the velocity of the particle [9]. Instead aerogel, C4Fiy and C'F, gas radia-
tors are/have been used in detectors and have refractive indexes of 1.03, 1.0013 and 1.0004
respectively, for visible light ranges [10].
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Figure 2: (a) RICH 1 and (b) RICH 2 schematic side view [11]

Each RICH detector has a single gas radiator, C4Fi9 and C'Fy for RICH 1 and RICH 2
respectively. The beam is aligned in the Z-axis direction. Upstream of the dipole magnet is
RICH 1 which is optimised for low momentum particles within the range 10GeV — 65GeV
where as RICH 2 is located downstream of the magnet and optimised for high momentum
ranges up to 100GeV. From [Figure 2|, it is clear that both detectors have two mirrors on
either side of the beam line, one a spherical mirror and the other a flat mirror. The RICH 1
spherical mirror has a Radius Of Curvature (ROC) of 2700 mm. The RICH 2 has an ROC of
8600 mm that is tilted £450 mrad with respect to the X-axis, with the aim of focusing the
particles into a ring. The flat mirror has a tilt of +140 mrad with respect to the X-axis and
aims to focus the particles onto the detectors [12].

Previously in the LHCb RICH detectors, Hybrid Photon Detectors (HPDs) were used to
capture 200-600nm wavelength photons. HPDs had a window of 2.5 x 2.5 mm?2, a 32 x 32
pixel array, and high speed, with a 25ns timing resolution. Electron-hole pairs are created on



average 1 for every 3.6eV deposited from incoming photons [13]. Although HPDs provide a
number of advantages, such as signal definition and linearity, they are complex and have a
huge number of readout channels that require cost-optimized solutions [14]. Long Shutdown
2 of the LHC brought upgrades to the RICH detectors, which was important in improving the
readout rate from 1 MHz to 40 MHz. The additional challenging requirements and conditions
of this upgrade required a new type of sensor, Multianode Photo Multiplier Tubes (MaPMT).
These have an 8 x 8 array of 64 dynode chains that are enveloped by vacuum [15]. MaPMTs
are smaller and have a simpler readout than HPDs. During Run3 the detector readout
chain consisted of MaPMTs read out by CLARO ASIC chip which were then connected to
the Versatile Links (VL) by the digital board interface. Field Programmable Gate Arrays
(FPGA) capture the digital signals from the CLARO chips, formats the data, and transmits
it to the VL at a rate of 320Mb/s. Run3 is limited by the clocking resource as well as the
radiation hardness of the design. FPGAs have a poor radiation hardness, which means that
the use of logic resources in Run3 is limited to reduce the probability of radiation upsets [16].
Malfunction or disturbance of electronics in a system due to the effect of ironizing radiation
is referred to as radiation upset and can be minor, such as causing bits to flip in memory to
major with total electronic burnouts.

2.3 LHCD detector Upgrades and Testbeam

Between 2026 — 2030 there is a planned shutdown of the LHC, Long Shutdown 3 (LS3)
[17], during which many of the detectors and sub-detectors will receive improvements and
overhauls. The main aims of LS3 are to introduce fast timing and prepare the detectors for
High Luminosity LHC (HL-LHC) where the LHC will operate at much higher luminosities
with an increased number of collisions. Then after some more data taking, there is another
period for maintenance and improvements during Long Shutdown 4 (LS4), which will be
2034 — 2035. LS4 will introduce Upgrade II which is expected to increase luminosity to more
than 7 times that of Run3 and turn the system into HL-LHC. To align with the increase in
luminosity, a significant improvement in the design readouts will also be required. The aim
is to reach a 1Gb/s sampling rate within the electronics.

Improvements to any hardware require rigorous testing before it is installed. To complete
these tests, a Testbeam is setup. Testbeams are highly controlled beams of particles that
are used to expose components to LHC environments. The component can then be tested,
validated and calibrated for use in true high energy collisions. To maintain performance
with the increase in luminosity expected after upgrade II, an improvement in the precision of
both the spatial and time coordinates of the RICH detectors is required. The RICH 2025/26
Testbeam is tasked with testing two main new components which should help to provide this
increase in precision; Silicon Photomultipliers (SiPM) and the FastRICH readout chip.

2.4 Silicon Photomultipliers

The spatial improvement will hopefully come with upgrade II in LS4, as there is no current
device that meets all requirements of the LHCb. However, it is anticipated that the SiPMs un-
der development will be suitable when it is time to make the change. Given the large increase
in luminosity that is expected to come with the general upgrades to the LHC, components
with much better radiation hardness and durability are being investigated. Compared to cur-
rent MaPMTs, the SiPMs seem more suitable for this high luminosity environment [18] with
greater radiation hardness. Additionally, SiPMs have a quantum efficiency (QE) spectrum
which can be shifted into longer wavelengths, which can reduce the chromatic error from the
Cherenkov radiation. They also have a high average QE then both MaPMTs and HPDs and
work within magnetic fields, meaning there is no need for magnet shielding which could reduce



weight and costs. The RICH teams are hoping for a reduction in pixel size to 1 x 1 mm?

that would improve pixel error. Increased luminosity will require extremely fast detectors,
to handle the larger volume of hits, with LHCb setting a requirement that all new detectors
must have a work rate of at least 40 M H z, and ideally a timing resolution of 100ps or better
[19].

The SiPMs improvements will help with the development of timing coordinates; however,
true development will come from the installation of the FastRICH chip.

2.5 FastRICH Electronic Chip

the FastRICH Chip is readout ASIC, planned to be integrated within LS3, and would allow
the new systems to timestamp each individual photon into 25ps time bins [17], within a 2ns
time gate. This improvement comes with limited cost and prepares for Upgrade II.

Including timestamping will allow smaller time gates to be chosen and combining this
with the MaPMT Transit Time Spread (TTS) of o ~ 150 ps gives an optimal time gate of
600 ps. A narrower gate reduces performance by removing signal photons but a wider gate
would increase the amount of background noise detected.

2.6 Time Walk

Electronic chips read the signal from the photomultipliers to create an amplitude curve where
a threshold is then applied. The ”Delay time” is the time at which the threshold is crossed,
whilst the time walk is how this Delay time varies with signal amplitude. Time walk introduces
another spread in timing data that increases time resolution and can cause signal loss [20].
Currently, with the CLARO chip, and using an external resistor, the input bias current can
be increased which can reduce the effect of time walk by a factor of 2 at the cost of a greater
power consumption of 1.5mW per channel.

CLARO can take the Time-over-Threshold (ToT), and use it to perform a time walk cor-
rection which is fed into the FPGA as it has flexible logic. Alternatively, With FastRICH,
time walk can be corrected by using Constant Fraction Discrimination (CFD), which would
therefore mean that no ToT information would need to be transmitted and the hardware shut-
ter time could be narrower than that of the current CLARO chip, further reducing bandwidth
requirements.

CFD works by taking the threshold at a constant fraction of the maximum pulse height,
resulting in a delay time which is independent of the pulse height removing time walk.

Signal amplitude

Threshold

Time

Figure 3: Time walk is introduced by the variation of the amplitude curve for a fixed
threshold



2.7 Simulations

At the LHC simulations are used from CMS to ATLAS to LHCD, often being utilized in
similar ways, by allowing a deep understanding of the complex detectors performance before
runs take place. Simulations are used at the LHC to provide a detailed theoretical reference,
which experimental data can be compared too and models of known and new physics can
be tested against [21]. In high energy particle physics, simulations are used to simulate
particles from single events and then running over this thousands of times to get a distribution.
Physical parameters and construction conditions will be stored within a database that allows
for identical simulation and reconstruction processes [22].

At CERN, the simulation software used is Geant4, a powerful and flexible toolkit which
can be tailored for a wide range of applications. Researchers can extend Geant4 with custom
features and integrate it with other software tools such as ROOT. The software has built-in
support for modelling particle interactions of a large energy range and was optimized for high
performance simulations. It is capable of running in parallel across multiple processors, which
is important when scaling up simulations to larger datasets, necessary for LHC simulations.
CERN was instrumental to the development of Geant4, combining with physicists from KEK
to create the software back in 1993 [23], and so it is deeply integrated into the culture, support
and improvement of the organization. In fact a main motivation behind the initial creation
of Geant4 was the heavy ion experiment at the LHC and the large functionality it required.



3 Methodology

The 2025/26 RICH Testbeam has 3 slots. The first is in late May 2025, the second is in
October 2025 and the third and final is in April 2026.

This thesis is Split into two main parts, the first is a simulation study for the October
2025 slot. This study is to simulate the current setup, which will look at testing the SiPM and
FastRICH chip using a lens setup, and is covered in sections: (3.1), (3.2), (3.3). The second
part is to design a gas chamber for a new setup which will use a gas radiator and cryostat
and will be used in the April 2026 slot. This is covered in section (3.4).

3.0.1 RICH Errors

There are 3 main sources of error that affect the Cherenkov angle measurements made in
RICH detectors. These errors must be minimised and made equal in order to attain the
highest performance from the setup.

_ 2 2 2
Otot = \/achr + iz + Oomp (4)

where oy, is the total resolution of the Cherenkov angle, o.p, is the resolution due to chromatic
eITOT, Temyp 1S Tesolution due to emission point error, and oy, is the resolution due to pixel
error [24].

The chromatic error is caused by different wavelengths of light having different refractive
indices for the same medium [25]. And given that the Cherenkov angle depends on the
refractive index, as seen in (equation 2), different wavelengths will have different Cherenkov
angles, producing a spread in the data with a value o,

Pixel error is due to the size of the pixels of the detectors. Photodetectors cannot identify
where within the detector the actual hit is, but instead assume that the hit was detected in
the centre of the pixel. Therefore, there is an error on that hit depending on the size of the
pixel, which produces a spread in the data equal to op;,.

Lastly is the emission point error, which is dependant on the optical geometry of the setup.
The position of the emission point of the Cherenkov photon will have an error associated with
it. This is because photodetectors not in the focal plane; mirrors with large tilt distorting
rings into ellipticities; mirrors with small ROC causing spherical aberrations, all produce a
spread in the data, characterised by cepp.

The aim is to reduce these independent resolutions so that the overall resolution is min-
imised and the measurements are more precise. Because of (equation 4), if the errors are
not of equal size, the larger error will dominate and cause almost all the uncertainty in the
readings.

3.1 Simulating the Current 2025 Testbeam

A simulation of the October 2025 Testbeam will provide expected data for the experiment to
compare with. Simulating different setups will also allow us to optimise the Testbeam design.

3.1.1 Building Simulation Objects

To begin, measurements supplied by manufacturers or made precisely within the laboratory
on site were taken, and accurate reconstructions of the components were made inside the
simulation. Testbeam schematics were then used to replicate the setup, traditionally the
beam line runs along the Z-axis, with the components also sat along this axis in the 2025
setup. Important geometries in this setup included the radiator, which consisted of a lens
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and a mirror, the overarching support structure which encased the 3 Elementary Cells (EC)
and of course the 5 photodetectors themselves. The lens was made of N-BK7 substrate, a
type of borosilicate crown glass with a refractive index of 1.516 [26], which meant that there
was poor resolution between particle types. This was not an issue, as the Testbeam study is
not concerned with PID but rather testing the capabilities of the SiPM and FastRICH. The
positioning of these components in the simulation can be seen in [Figure 4]. The setup for 2025
includes two SiPMs, two 1-inch MaPMTs and a single 2-inch MaPMT. In the 2025 Testbeam,
the main option is to use a plano-convex lens to create and direct the Cherenkov radiation,
as it is cheap and easy to implement, and has been used previously in prior Testbeams from
2014. The lens, as seen in [Figure 5|, was created by combining both a radiator component
and a mirrored surface. Within the radiator, the particle, which was a pion in this simulation,
undergoes Cherenkov radiation, which was then totally internally reflected off the flat surface,
remaining inside the lens. This radiation then reflects off the mirror component and was
directed out of the lens and towards the detectors which are placed within the focal plane.

viewer-0 (OpenGLStoredXm)
Style fictions Miscellany Special

“\5/-‘
Figure 5: Manufacturers
Figure 4: looking down the beam Schematic drawing of the
line, Radiator lens (pink) with plano-convex lens, Cherenkov
the 2-inch MaPMT (navy left), radiation is totally internally
the 1-inch MaPMTs (navy right) reflected of the flat surface and
and the SiPMs (green). then reflected out[27].

3.1.2 Cherenkov Production

Cherenkov radiation produced photons of varying energy and therefore varying wavelength
as well. Within the simulation these photons are produced using a Poisson distribution
with a mean value of 400 nm. The plot of these wavelengths, seen in [Figure 6] resembles
the distribution in which they are created. As highlighted in section(3.0.1), this variation
in wavelengths will cause a chromatic error in the results. It was therefore important to
understand the distribution of the wavelengths of the photons to understand the impact this
had on the results.
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Figure 6: Plot indicated the wavelengths of the produced Cherenkov Photons, with 590,000
photons produced in 100 events.

This plot showed that photons were produced within the range 300nm to 2500nm, this was
because any photons smaller than this are absorbed by the radiator material. The majority
of the photons fall within 300nm — 900nm and therefore this was the most important range
to consider. These photons were mainly of the visible light range.

3.1.3 Quantum Efficiency and Hit Acceptance

It was important to know where the peak mean wavelength of the distribution was because
the photodetectors each have a Quantum Efficiency (QE),

QE: Iem

I abs

()

where I, is the number of photoelectrons emitted by the detector, and I,,s is the number
of photons absorbed by the detector [28].

The QE is the fraction of photons that are converted into photoelectrons in the photode-
tector, and is an intrinsic property of each detector and supplied by the manufacturer, and
additionally tested and measured in the laboratory on site at CERN. Once a hit was detected
in the simulation, the corresponding QE curve for that detector was sampled to check if that
hit was accepted or not.

Along with QE acceptance, the simulation would also test another trigger that determined
if a hit was accepted or not. In a given event, each pixel of a photodetector had a binary
response, either it had detected a hit (1) or it had not detected anything (0), therefore, it does
not matter if one or three photons hit a single pixel in a given event, the response would still
be a single hit (1). This was coded into the simulation so that for any pixels consecutively hit
in a single event, the consecutive hit would not be accepted. This had been coded as a flag
so that it could easily be turned on or off, which allowed observations of how many true hits
(all accepted) reach the detector plane compared to how many the simulation accepts (only
first hit).

Given that the geometries had been created and placed inside the simulation, the physics
had been encoded and the hit criteria was established, The simulation could then replicate
and return spatial data that would be expected from the Testbeam. For timing data, the
transit time and readout must also be added, which is covered in [section 3.3].
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3.1.4 Beam Width

Additionally, a 5 mm beamwidth was added, which created a variation in the direction the
action particle follows based on a normal distribution. The aim of which was to more accu-
rately simulate the initial conditions of the Testbeam as the beam does not enter the lens
perfectly along the axis every time, and this addition should reduce any discrepancies between
the simulated data and Testbeam data because of this effect.

Y coordinate [mm]

X coordinate [mm]

Figure 7: Plot shows the XY position in which the beam enters the radiator, The bright
yellow indicates a high number of hits whilst blue is a low number of hits

3.2 Alternative Lens Options

The Testbeam team worked closely together and discussions had begun about whether a
larger lens would be a better option. This was because a larger lens should produce a larger
Cherenkov ring which would move the components further away from the beam line, which
could reduce noise and error. Additionally, a larger lens should have reduced aberration and
therefore greater Cherenkov resolution. The current lens 27-509, which had been used in
previous Testbeam setups, had a radius of 150 mm. The next lens, 27-513, had a radius of
200 mm. Both are seen in the schematics [Figure 8]. To test this theory, the team wanted a
simulation of the lens to be completed and compared with the smaller lens to see which would
make a better choice for the 2025 Testbeam.

#27509 (*KangaBox") #27513

Figure 8: The current lens being used in the simulation, lens 27-509 (left), then the
suggested larger lens 27-513 (right) [29].
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3.3 Timing Data and Readout

The 2025 Testbeam aims to demonstrate the effects of the SiPM and FastRICH chips imple-
mentations; which includes the improvements to both spatial and timing data. So far, the
thesis has only investigated the improvements to the spatial data through the use of the SiPM.
There is also an improvement to timing data that needs to be included in the simulations.
These improvements come from both, the SiIPM and its increased work rate over the MaPMTs
as well as from the new FastRICH chip and its ability to place hits into narrow bins allowing
tighter time cuts and reducing noise. This section will cover how these improvements to the
timing data were implemented.

3.3.1 Time-of-Acquisition against Time-over-Threshold

Plotting Time-of-Acquisition (ToA) against ToT showed the amount of time walk within the
system. ToA was the time from when the hit was detected to when it had been fully processed
by the readout chain, and as such there were several independent timing steps which make
up the ToA value for a given hit:

ToA = Deposit time 4+ Transit time + Delay time (6)

Firstly, Deposit time, which refers to the initial time in which the Cherenkov photon hit the
photodetector.

Then Transit time, which is defined as the time interval between the photon hitting the
cathode, creating a photoelectron, and the readout of the output signal [30]. Transit Time
Spread (TTS) is the deviation in the Transit time of a photomultiplier and is important
because it is TTS that impacts the jitter of the Transit time and therefore ToA. Readings of
the Transit time and TTS for the specific PMTs that are used in the Testbeam were taken
at CERN in the lab. The laboratory reported an average Transit time of 3.7ns and a TTS
of 150ps for the 1-inch MaPMT and 140ps for the 2-inch MaPMT. Within the simulation, a
Gaussian distribution was created using the laboratory measurements and can be sampled to
apply a Transit time to each individual hit.

Finally, a Delay time is required and as seen within section (2.6), the electronic chips were
fed an amplitude curve, from the photodetectors, which had a threshold value cut across it,
creating a Delay time and ToT value. Both were dependant on the amplitude curve, which
will vary for each channel of a photomultiplier, given its relation to the gain of a given hit.
Gain measurements within the lab demonstrated a channel with a gain of 140 uA + 60 pA.
For simplicity within the simulation, only this single channel was taken to create a Gaussian
distribution, from which gains were sampled. Using the gain of each hit, two models were
created to simulate the curve.

3.3.2 Amplitude Curve Models

The gain curves seen in section (2.6), had exponential tails. To accurately create this curve,
the first model used a difference-of-exponentials function which took rise time and fall time
parameters to replicate the shape. However, if the threshold was above the section of the
curve that begins to tail off, then the curve followed a Gaussian shape. Therefore, the second
model used a Gaussian function to replicate the gain curves. For this second model, additional
adjustments were made to ensure that each curve started at 0 rather than centred around a
common mean value.
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3.3.3 2024 Testbeam Readout Data

To compare and verify which of the models was better, ToT readings were taken from a
previous Testbeam in 2024. The values of 2.35ns at a threshold of 2.45 uA and 2.15ns at a
threshold of 9.8 uA were recorded. These recordings were from the same channel from which
the gain measurements were taken. The ToA-ToT plots for both of these readings are shown
in [Figure 9] and [Figure 10], respectively.
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Figure 11: ToA vs ToT plots from previous 2024 Testbeam data at p-5 and p-20 threshold
[31]

In the lab, a single pedestal value is 0.49 pA. Therefore, 2.45 pA and 9.8 A refer to p-5
and p-20, respectively. From [Figure 11] it was obvious that most of the hits were located
within a small area around their respective mean values, with the deep purple structures
forming from a low density of hits. The vertical structures that are high in ToA and low
in ToT were likely dark counts, which have thermal origins and can appear later than the
expected signal [32]. The hits small in ToA but larger in ToT, causing the horizontal structures
are probably noise. Both were unwanted effects and can be reduced by using higher threshold
values. Therefore, the study focused on the high density core and its structure.

3.4 Simulating a Gas Chamber and Cryostat Testbeam

The primary aim of the design was to reduce the reconstructed Cherenkov angle resolution
of the detected hits. Secondary to this was also the aim to reduce the size of the design so it
can be kept as small and cheap as possible, as well as the aim to make a design which would
work with different radiator materials, and hence was easily adjustable.

3.4.1 Benefits of a Gas Chamber and Cryostat

The cryostat will reduce the temperature of the SiPM to liquid Nitrogen temperatures (77K).
Cooling the SiPM has multiple benefits, the first is that dark counts, thermally generated
carriers, and noise is reduced at low temperatures. Additionally, the SiPM has better gain
stability and reduced fluctuations improving efficiency [33].

The most obvious reason to use a gas chamber over a lens is the difference in refractive
index, where a gas chamber’s is much lower than the lens setup. A smaller refractive index
will result in a Cherenkov ring with greater angular resolution, which will push the capabilities
of the SiPM to limits similar to those of the actual RICH detectors and allowing the team to
utilise the cooling effects of the SiPM.
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3.4.2 Fixed Parameters and restrictions

When designing the new Testbeam setup for 2026, there were several restrictions and/or
requirements set in place which would limit the flexibility of the designs. Importantly, the
Cryostat was being designed in tandem with an engineering team and therefore was heavily
restricted. This meant that the size of the cryostat, a cylindrical shape of radius 150 mm that
was 600 mm long with a borosilicate glass window 10 mm thick and with a radius of 100 mm,
was fixed. Moreover, the position, of the SiPMs within the Cryostat; placed 120 mm from
the window into the cryostat, and occupying the corners of a square 110 x 110 mm?, were
also fixed. The material properties for the Borosilicate glass window had to be implemented,
including absorption lengths and refractive indices [34]. These SiPMs had the same QE
curves as outlined in Section (3.1.3). The initial dimensions of the chamber were set to
500 x 500 x 1000 mm?. As always, the beam line runs along the Z-axis with the structure of
the setup rotating around this accordingly. Outside of the request to minimize the sizes of
the apparatus, there was a lot of freedom when designing the gas chamber.

3.4.3 Proposed Setup Models

Several models and designs were investigated for this study, the first being a basic design where
the photodetectors sat perpendicular to the beam, which moved through the gas chamber to
create Cherenkov photons that would be reflected into the sensors. This model can be seen
in [Figure 12], the mirror had a Radius of Curvature (ROC) of 3800 mm and the normal of
the mirror was tilted 0.785 rad! with respect to the Z-axis.

Subsequently, after this initial design, the approach to angle the gas chamber box to the
entering beam was also investigated, with both [Figure 13] and [Figure 14] using this method.
The ’short angled beam’ only differs slightly from the prior basic design, using a mirror with
a ROC of 2100 mm and tilt of 0.570 rad; however, the gas chamber box was also rotated
0.448 rad relative to the Z-axis and beam. Similarly, the 'Long angled beam’ also had the gas
chamber box rotated, this time 1.244 rad with respect to the Z-axis. The ROC of the mirror
increased to 2130 mm and was at a 0.174 rad tilt relative to the beam line.

Finally, the ’two mirror’ setup, which uses both a spherical and a flat mirror. The ROC
of the spherical mirror was 2100 mm and was tilted 0.08 rad from the Z-axis. The flat mirror
was 164 x 120 mm? and tilted 0.865 rad with respect to the Z-axis. The centre of the flat
mirror was placed 129 mm from the beam line. The gas chamber box had no rotation for this
design.

Figure 13: ’Short

Figure 12: 'Basic’
Angled’ Testbeam

Cryostat setup

Figure 14: 'Long Figure 15: "Two
Angled’ Testbeam Mirror’ setup

Figure 16: The geometric setups. The Z-axis aligned horizontally. Beam travels right to left.

LFor this mirror and all subsequent mirrors, the rotation was clockwise when viewed from above and looking
at the XZ plane, and the angle was between the Z-axis and the normal of the mirror
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3.4.4 Two Mirror: Research and Development

The Models were put forward to a board that included the project supervisors, the head
engineer, and the Testbeam project manager. During the meeting, the 4 initial designs were
discussed, and the 'long angled’ and the two mirror’ setups were suggested. The head engineer
explained how having the gas chamber box at an angle to the beam would make the 'long
angled’ setup much more awkward to use and showed favour to the ’two mirror’ design instead.
Following this, further development suggestions for that design were discussed.

Firstly, the ’two mirror’ design could be improved by moving the flat mirror 113 mm past
the beam so it was on the far side [Figure 17]. Because this increased the focal length between
the circular mirror and the sensors, the gas chamber size was reduced to 900 mm, but the
ROC of the curved mirror still increased to 2360 mm. Reducing the size of the gas chamber
was one of the secondary objectives when designing. Therefore, this modification would be
an improvement even if the resolution remained the same.
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Figure 17: Two Mirror ’Opposite’ setup with the flat mirror placed on the far side of the

beam.

A secondary aim of these designs was to create a Testbeam setup that was easily adjustable.
The easiest way to do this would be to align all the apparatus along the beam line [Figure 18].
Therefore, having a circular mirror with no tilt and ROC of 2320 mm while having the flat
mirror sit in the beam line; reducing emission point error. Of course, to achieve this, the flat
mirror had a hole cut into its centre, to allow the beam to pass through and stop secondary
particles from disrupting the result. The hole had a 25.4 mm diameter.

Figure 18: Two Mirror "Aligned’ setup with the flat mirror placed on the beam line.
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Additionally, having all the mirrors aligned along the beam line meant that different
gases could be investigated, to be used as radiators. Different gases would have different
Cherenkov angles and therefore would require the mirror to be moved forwards or backwards.
By installing a rail along the beam line axis (Z-axis), the mirror position could easily be
adjusted. A lens in front of the Cryostat window would allow for focusing adjustments so
that the photodetectors always sat within the focal plane.

With the introduction of lenses to focus the Cherenkov photons onto the sensor plane,
the circular curved mirror could be removed altogether and replaced by a second flat mirror.
Leaving the focusing entirely to the lens [Figure 19]. Both flat mirrors were 200 x 200 mm?,
and meant that the photons would continue moving at the Cherenkov angle until the lens.
The lens used was Bi-Convex and had an ROC of 450 mm and was 300 mm across. The
advantage of this setup was that the gas chamber size can be drastically reduced to 700 mm
in this case.

Figure 19: Two Mirror 'Lens’ setup with two flat mirror and a lens used to focus the light
on top the detectors instead of a circular mirror.

3.4.5 Additional Implications

Along side implementing Lenses to aid in the focusing of photons on the sensor plane, a beam
width and beam divergence were added as options and explored to observe their impact.
These types of beam modification should make the simulation more accurate to the real 2026
Testbeam, improving the data. Furthermore, alternative radiator materials, removing the
1-Hit protocol and Proton Synchrotron (PS) conditions, were investigated.

Beam width used a Gaussian spread to give the beam a probability of moving the starting
position of the beam in the simulation. This moved the pencil beam so that over many events
there was a simulated width.

Where as, beam divergence is the amount the beam is angled off the axis. With 0 diver-
gence the beam line is always along the axis, this is the ideal condition; however, in experiment
the beam line is not always exactly along the axis. Therefore, a divergence should be included
in the simulation to mimic this effect. A Gaussian spread of angle in both the X and Y axes
were sampled, the angles were then transformed into Cartesian directions which become the
initial particles momenta values for X, Y and Z.

Being able to use alternative radiator materials and gases was one of the secondary goals to
consider when designing the gas chamber. Therefore, the setup was tested using an alternative
gas other than CyFiy. To do this CF; was encoded in Geant4 and then placed inside the
chamber instead. A range of refractive indices and absorption lengths were produced so that
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different wavelength photons were simulated correctly. This would also impact the Cherenkov
production as the expected Cherenkov angle would shift from 0.051 rad to 0.033 rad [35].

The effect of turning of the 1-hit protocol was also investigated to see what impact this
had.

Lastly, PS conditions run at much lower momentum relative to the Super Proton Syn-
chrotron (SPS). Particles move at momenta such as 8 GeV instead of 180 GeV. Here, the
Cherenkov radiation was no longer saturated, and PID may be possible as different particles
could form different tracks. Assuming the design was unmodified under the PS conditions,
observing the effect it had told if the design could be used in such environments.

Also mentioned was that occupancy along the ring arc could be as low as 35% without
causing serious problems to the results. So this was set as the new marker and aim for any
occupancy plots.

3.4.6 RICH Reconstruction

Reconstruction algorithms are used to accurately determine the Cherenkov angle of each hit,
as well as the resolution of that Cherenkov angle. By utilising this reconstruction algorithm
the resolution can be split into the three components and the amount that each one contributes
can be calculated.

The algorithm works by using the fact that three unique points can create a plane. There-
fore, by assuming the emission point of the Cherenkov photon as the mid point of the track,
taking the centre location of the pixel that was hit, and the centre of curvature of the mirror,
a plane can be formed. By using a fourth order equation, the location on the mirror where
the particle reflects can be found. although the equation will have four results, two will be
imaginary, and the third will be on the other side of the mirrors centre of curvature, leaving
a single solution which will be the location that the particle reflects off the mirror. Know-
ing the point in which it hits the mirror, and assuming the start location as the mid point,
trigonometry can be used to calculate the Cherenkov angle.

To determine how much each error affects the resolution, certain characteristics in the
reconstruction are changed. For pixel error, the specific hit location is taken instead of the
centre of the pixel, then the reconstruction is completed the same as before. The difference
in the resolution is because of pixel error. Then using the simulation, the exact location of
Cherenkov photon emission can be used instead of estimating and using the tracks mid point.
Again the reconstruction is repeated and the difference in resolution is due to the emission
point error. This assumes that the sensors are in the focal plane of the mirror. Finally, by
applying both of these changes at the same time, the resolution can only be a contribution of
the chromatic error.

Ideally, each of the individual errors resolutions should be minimised but, more impor-
tantly, equal. If none of the errors dominate the other two, then the setup is in its ideal
state.
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4 Results and Discussion

The Results follow the methodology sections laid out throughout section (3).

4.1 Results from the 2025 Testbeam Study

Within the first study, where the October 2025 Testbeam setup was simulated, the QE curves
of the different photomultipliers are plotted and compared. Two types of occupancy plots are

then made and observed to understand and justify if SiPMs are a suitable upgrade over the
current MaPMTs.

4.1.1 Quantum Efficiency Curves of Different Photodetectors
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Figure 20: Quantum Efficiency against wavelength curves for 1-inch MaPMT (red), 2-inch
MaPMT (blue) and SiPM (green) [36].

As expected, the 2 MaPMTs have very similar QE curves, with the 1-inch detector having
a slight increase in efficiency especially around the 300nm range, while the SiPM curve was
larger and shifted to longer wavelengths.

In fact, the SiPM curve started at 300nm cutting off all photons with smaller wavelengths,
This was not a problem, however, as from [Figure 6] it was obvious that the photon production
was from 300+ nm and therefore the MaPMTs have an increased inefficiency in the setup as
much of their efficiency was below this 300 nm boundary. Returning to the SiPM, [Figure 20]
also demonstrated the superior efficiency of the SiPM detector, which had a peak efficiency of
~ 54% at 450 nm compared to ~ 40% and ~ 32% for 1-inch and 2-inch MaPMTs, respectively.
Furthermore, the MaPMTs stopped around 650 nm whilst the SiPM continued until 900 nm
which again was significant, as identified earlier, the majority of photons created by the
Cherenkov radiation were within the 300 — 900 nm range. A photodetector that can capture
that entire range would be better suited for the RICH detector as it would not miss out on
any crucial data. These QE curves were the first insight into why the SiPM would be a good
replacement for the MaPMTs.
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4.1.2 Occupancy of the Setup

To understand the simulation data, many types of plots were created, and an important plot
for spatial data is a pixel occupancy plot. The aim of a pixel occupancy plot is to show what
the probability of a photon hitting each pixel within an event would be. The pixel occupancy
plot for the 2025 Testbeam simulation is below;
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Figure 21: 2D histogram plot of the Pixel occupancy over 10,000 events.
The colour scale indicates the percentage chance a pixel detects a photon in a single event.
2-inch MaPMT (bottom left), 1-inch MaPMT (top right two), SiPM (bottom right two).

From [Figure 21] the 2-inch MaPMT and SiPM had much higher average occupancy at
~ 70% and 75% respectively, while the 1-inch MaPMT was lower at ~ 50%, along the arc
of the Cherenkov ring. These occupancies were much larger than those observed in LHCb-
RICH, where occupancy is limited to < 30% [37]. However, occupancy is closely related to
the optical geometry setup of a system. The October 2025 Testbeam geometry is aimed at
testing the photodetectors in the setup, this means there are more hits per pixel in the 2025
Testbeam configuration when compared to the current RICH, and therefore occupancies of
2-3x are not surprising to see and are expected for this simulation.

Although the SiPM and 2-inch MaPMT had relative occupancies of 75% and ~ 70%, the
two types were not equally good candidates in this setup. This was because the pixel size of
the 2-inch MaPMT was 4x larger than that of the SiPM and 1-inch MaPMT, which explains
the increased occupancy of the 2-inch MaPMT. Furthermore, using (equation 7) and knowing
that the focal length was equal for each detector in this setup, the pixel error was then only
dependent on the pixel size. Therefore, the 2-inch MaPMT had a pixel error 4x larger than
the other two photodetectors.

P
f

Opiz is the pixel error, P, is the pixel width and f is the focal length.

(7)

Opix ~
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This data was recast as occupancy per pixel for each type of photodetector individually.
Doing this highlighted the average occupancy for each detector more clearly and allowed for
a better measurement of it. The 1D occupancy plots also showed how only pixels along the
Cherenkov ring arc get consistent hits, as pixels not along this arc have almost no occupancy.
The knowledge of which pixels were on the ring arc and which were not allows for finer tuning
of the Testbeam setup. This allows the position of the detectors to be adjusted so that they
are in optimum places that cover the most ring, and where the most pixels are activated.

Looking at the 2-inch MaPMT plot in [Figure 22] it also exaggerates the point made pre-
viously about how this photomultiplier had less spatial accuracy with few pixels contributing
to the detector occupancy. This was because it only had 64 pixels, whereas the other two
detectors, seen in [Figure 23] and [Figure 24|, had 128 pixels spread over two separate sensors.
The fact that there were two detectors also allows for finer tuning and positioning to maximise
Cherenkov ring coverage without having additional wasted space.
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Figure 25: 1D occupancy plots showing the percentage occupancy for the pixel ID per
detector: a) 2-inch MaPMT, b) SiPM, c¢) 1-inch MaPMT.
For b) and c) the first 64 ID numbers are for the lower detector whilst the latter 64 are for
the higher detector in the Y plane.

These results from the 2025 Testbeam simulation show that the SIPM would be a better
candidate for RICH than the MaPMTs due to the increased occupancy. However, upgrade
IT requires the chosen detectors to also have a significant work rate and be reliable in high
luminosity environments, such as the HL-LHC, which this study has not shown. Compared
to current 3 x 3 mm? pixels, a pixel size of 1 mm? would be more ideal. However, this would
drastically increase the number of channels and therefore the cost would also significantly
spike.
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4.2 Comparing 25-713 Lens to 25-709 Lens

One Benefit of using a larger lens was that it created a larger Cherenkov ring which meant
electronic components were moved further away from the beam line. When using the 150 mm
lens, as seen in [Figure 21|, the centre of the photodetectors were ~ 50 mm from the beam.
When using a 200 mm lens, the detectors can be moved to between 75 — 85 mm from the
beam, as seen in [Figure 26].

4.2.1 Comparing Occupancies
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Figure 26: 2D histogram plot of the pixel Occupancy of the 27-513 200 mm lens.
The 2-inch MaPMT, top 1-inch MaPMT and bottom SiPM have been moved 20 mm further
from the beam line, whilst the bottom 1-inch MaPMT and top SiPM have been moved
25 mm further from the beam line.

When the larger lens was used, the occupancy of all three detectors decreased by ~ 14%.
The SiPM, 1-inch, and 2-inch photodetectors have occupancies of 70%, 40% and ~ 60%
respectively. Most likely caused by an emission-point error where the larger lens had a greater
focal length. Because of the relatively fixed position of the detectors, they may have sat outside
the focal plane of the lens causing this decrease in occupancy. Interestingly, the number of
detected hits per event remained relatively similar between the two lenses, going from 29 Hits
Per Event (hpe) with the 27-509 lens, to 28 hpe with the 27-513 lens. So, this decrease in
occupancy could also be because there were more pixels along the larger ring arc for the same
number of photons. This would cause a drop in the occupancy percentage.
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4.2.2 Comparing Cherenkov Angle Resolution

Another way the lenses were compared to validate which was better to use in the setup, was
by reconstructing the Cherenkov angle of the detected photon hits in the sensors.

r= %tan(@) (8)

0 = atan @“) , )

here, 6 is the Cherenkov angle, r is the radius of the ring formed on the sensors, whilst R is
the radius of curvature of the mirror used.
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Figure 29: Simple Cherenkov angle reconstruction of each detected hit within the simulated
setup, a)left 27-509 lens b) 27-513 lens.

A smaller Cherenkov angle resolution implies a better geometric setup. [Figure 29] showed
that the 27-509 lens had a resolution of 4.85 mrad. However, the 27-513 lens had a better
resolution of 4.68 mrad. In contrast to the occupancy plot, the resolution was better for the
larger 200 mm lens by 0.17 mrad. This difference was quite small, with only a 4% improve-
ment over the current lens. Unfortunately, without using the full reconstruction algorithm
described in section (3.4.6), there was no way of knowing how much each of the three indi-
vidual resolutions makes up this total resolution. Also notice that the mean values in the
plots above differ slightly from each other. This inaccuracy was caused by using (equation 9),
which was an estimation of the optical geometry of the setup. However, this had negligible
impact on the resolution of the reconstruction and therefore was not a big concern, but rather
something that should be noted.

Provided with both the occupancy plot in [Figure 26] and the reconstructed angle plot in
[Figure 29], there was little difference between the results of the two lenses. Given that the
150 mm lens had been used in previous Testbeams, it was recommended to stay with this
option, as the results are not significant enough to justify spending funding on a new lens.

4.2.3 Beam Width Result

When a 5 mm beam width was added to the simulation, negligible differences were observed;
occupancy remains the same while the angular resolution increases by ~ 1%. Therefore, a
beam width did not cause any problems in the 2025 Testbeam.
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4.3 Simulated Readout and Timing Data

This section demonstrates the effects of the SiPM and FastRICH on the timing data, specifi-
cally, the effect they have on the time walk.

4.3.1 Which of the Models was Better

When comparing the Difference-of-exponentials and Gaussian models, not only was the Gaus-
sian curve easier to implement, allowing better understanding and fine-tuning of the model,
but it also gave more reliable results that were more accurate to the values recovered from
the previous Testbeam data. The Gaussian model got mean times of 2.31 ns and 2.10 ns at
2.45 pA and 9.8 1A thresholds, respectively. The exponential model had 2.08 ns and 1.20 ns
for the same thresholds. Recall from section (3.3.3) that the 2024 Testbeam produced mea-
surements of 2.35 ns and 2.15 ns, respectively, for these thresholds. Clearly, the Gaussian
model was a better fit for the simulation with an average error of 45 ps compared to the error
of the exponential model of ~ 580 ps. Given this, the Gaussian model was chosen for any
further use in the simulation.

4.3.2 Investigating ToA vs ToT plots

The plots in [Figure 11], did not have any visible time walk, which was unexpected. The team
working on the Testbeam believed that this was due to the hardware improvements making
it negligible at thresholds so close to the pedestal, which are just fractions of the maximum
amplitude of the gain curves. In response, the lab tested the channel with increasing thresholds
to try and determine if this theory was right, and if so, at what threshold would time walk
be observed.
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Figure 33: ToA vs ToT plots using measured values from the CERN lab

As shown in [Figure 30], the time walk was first visible around ~ 17.5 A and the effect
became clearer, the higher the threshold was. As expected, the number of low density struc-
tures reduced with increasing threshold. A higher threshold meant that fewer hits passed the
threshold amount and did not trigger the readout. Due to this, each plot in [Figure 33] had a
decreasing number of total hits and a decreasing scale, which would increase any error within
the plots. These laboratory-made plots could also be used to further validate the readout
simulation model. Having more ToA-ToT plots to compare between means that the model
could be better justified.

Given the aim was to calculate the mean ToT and find the time walk within the system,
the low density structures could be ignored. Since neither dark counts nor noise were added
to the simulation, only the high density structure within [Figurell] were created and seen in
the plots below.
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Figure 39: ToA vs ToT plots created using the Gaussian model within the simulation.
each hit detected had a ToA and ToT value calculated and then put in to 35 ps timing bins.

The plots within [Figure 39], had a high hit count core (seen in yellow) with a trailing low
hit count tail. This tail indicated a level of time walk even at lower thresholds, although this
time walk was negligible until around 17.5 yA. The tail was visible in the simulated plots as
they did not have the low density structures.

[Figure 36], [Figure 37] and [Figure 38|, could be compared to the lab-created plots in
[Figure 33|. The simulated data recreated these plots well, reflecting the shape of the core
within each respective plot. As the threshold increased, the shape of the plot became more
elongated and also shifts to a smaller ToT, with an average value of 1.96 ns, 1.71 ns and
1.45 ns respectively. All of these had an error of < 100 ps relative to their matching plot.
The more stretched a plot was, the greater the time walk and the larger the error between
different gain curves. There was a time walk of 350 ps, 400 ps and 550 ps for the 17.5 pA,
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38.5 A and 70 pA thresholds, respectively. Knowing the amount of time walk allows the
chip to make adjustments for the given gain curves to reduce and eliminate the effects of time
walk.

Given the agreement with previous Testbeam data and laboratory data, the Simulated
Gaussian model can be used to create accurate timing data within an error of 100 ps. This
data can then be used to account for time walk within the Testbeam, meaning tighter time
cuts can be made reducing noise.

4.4 Results and discussion of Cryostat and Gas Chamber Investigation

This section covers the April 2026 Testbeam simulation. The results were used to suggest the
optimal design for the gas chamber to the Testbeam team. The study was important because
the construction of the cryostat and gas chamber is based on the final design. Furthermore,
depending on the success of the study, the design could be used beyond the April 2026
Testbeam and in other future projects.

4.4.1 Model comparisons

This study used occupancy and angular resolutions as the main way to compare and determine
the best designs and setups. Therefore to do this all plots are of the same scale so that they
are easy to compare to one another. Some additional factors, such as engineering feasibility,
can also impact certain decisions.
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Figure 42: Plots for the 'Basic’ design. a) Pixel occupancy plot indicating the percentage
chance each pixel detects a hit in a given event. b) Cherenkov angle Plot showing the
reconstructed angle of each hit detected.

The 'Basic’ setup created a poor result, as seen in [Figure 42], the Cherenkov ring pro-
duced was too small for the SiPM setup within the cryostat. Increasing the mirror size to
accommodate this issue increased the focal length of the mirror far past the position of the
SiPMs. These problems resulted in a reconstructed Cherenkov angle with a resolution of 2.01
mrad. for reference The current RICH detectors have an overall resolution of 0.8 mrad [38].

To improve this design and try to avoid the same problems, [Figure 13|, the ’Short Angled’
model was created. The idea was that by angling the box and moving the mirror further back,
the photon ring reflecting on the mirror would be larger. This meant a smaller mirror could
be used, and it would have a focal length closer to the position of the SiPMs.

27



However, the occupancy plot in [Figure 45] clearly showed that this design had the same
problems as the previous design, with these designs having a max arc occupancy of ~ 7%
and ~ 11%, respectively. The Cherenkov ring was too small for the position of the SiPMs
and yet making the ring larger caused the resolution to increase drastically. The issue was
that the distance between the mirror and the photodetectors needed to be severely increased.
Similarly to the Basic setup, the resolution of the Cherenkov angle was poor, and with 1.60
mrad, this was a magnitude of scale to large.
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Figure 45: Plots for the 'Short Angled’ design. a) Pixel occupancy plot indicating the
percentage chance each pixel detects a hit in a given event. b) Cherenkov angle Plot
showing the reconstructed angle of each hit detected.

This time, to fix the issues in the previous designs, the focus was to increase the distance
between the mirror and the sensors. The solution; rotate the gas chamber box 90° so that
the long side was parallel to the cryostat, as seen in [Figure 14]. To ensure that the track
remained in the chamber for sufficient time, the entire setup was also angled to the beam.
This means that the photons can travel at the Cherenkov angle long enough to create a ring
large enough to form on the SiPMs. The ideal ring radius for the given fixed parameters was
63 mm.
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Figure 48: Plots for the 'Long Angled’ design. a) Pixel occupancy plot indicating the
percentage chance each pixel detects a hit in a given event. b) Cherenkov angle Plot
showing the reconstructed angle of each hit detected.
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These modifications were successful and the changes meant that the Cherenkov ring had a
radius large enough to form on the SiPM detectors, clearly seen in [Figure 48]. This results in
an average occupancy of 35% along the ring arc. The focal plane of the mirror used aligns with
the detectors position in the cryostat. The result of this was a Cherenkov angular resolution of
only 0.34 mrad. This angular resolution was over 4x smaller than that of the ’Short Angled’
design. Furthermore, this was a reduction of 57.5% to the current RICH models.

The last of the initial designs that were investigated used two mirrors instead of only
one. This meant that the chamber would not need to be rotated at all, and could remain
perpendicular to the cryostat as well as parallel to the beam.
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Figure 51: Plots for the 'Two Mirror’ design. a) Pixel occupancy plot indicating the
percentage chance each pixel detects a hit in a given event. b) Cherenkov angle Plot
showing the reconstructed angle of each hit detected.

The addition of a second mirror made the positioning of the setup much easier. With
two mirrors, getting the SiPMs to align with the focal plane of the curved mirror was less
challenging. The downside of having a second mirror was that you had a slightly lower yield
of hits, this was because each mirror was not a perfect reflector and lost ~ 11.7% of photons.
Because of this loss in photons, the hits per event go from 16 hpe for the 'Long Angled’ design
down to ~ 8 hpe for this "Two Mirror’ setup. Despite this, the occupancy actually increased
to 45%, which was an average +10% per pixel along the ring arc relative to the 'Long Angled’
setup. Finally, the Cherenkov angle resolution of the two designs was very similar as well,
with the "Two mirror’ having a resolution of 0.342 mrad; only 2 urad larger than the 'Long
Angled’” which was a negligible difference.

After discussing with the head engineer, the Testbeam project manager and the project
supervisor, The "Two Mirror’ setup was favoured, and further research into this design was
suggested. This was because of the relative angular resolutions between the two latter designs
as well as the significant improvement to the occupancy of the "T'wo Mirror’ setup. However,
the final reason why this model was preferred by the board was because of the easier mechan-
ical logistics, compared to the ’Long Angled’ setup, which, due to its angled box and mirror
tilts, had more chance for errors.
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4.4.2 Further Study into the Two Mirror Setup

By moving the flat mirror to the far side of the testbeam, the size of the gas chamber was
reduced to 90% of the original design size. The major issue with this design was that the ring
occupancy dropped to ~ 25%. This was —10% lower than the new agreed upon limit; 35%.
Unlike occupancy, the resolution had improved using this design, with a Cherenkov angle
resolution of 0.301 mrad. This was the greatest reduction in the Cherenkov angle resolution
of any design and was likely because this design had the spherical mirror with the largest
ROC which would reduce spherical aberration, therefore reducing emission point error [39].
Additionally, the larger mirror had a larger focal length, and from (equation 7) this meant
that the setup would have had a smaller pixel error too.
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Figure 54: Plots for the ’Opposite’ design. a) Pixel occupancy plot indicating the percentage
chance each pixel detects a hit in a given event. b) Cherenkov angle Plot showing the
reconstructed angle of each hit detected.

Interestingly there were 8 pixels in the occupancy plot for the ’Opposite’ design, [Figure
54] which had a suspiciously high occupancy. This was due to the specific size of the ring
and the positioning of the detectors misaligning slightly, and therefore, these pixels got more
photons than surrounding pixels. This created a false occupancy of 35% for these 8 pixels.
To show that this was was happened and that there was no odd photon clumping, [Figure
55] shows the hits recorded in the detectors without any pixels. In this plot, the photons are
clearly uniform along the ring arc.
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Next, the "Aligned’ design was tested and shown in [Figure 58]. This design was a good
balance between the two prior designs. With an occupancy of 35%, this design was better
than the ’opposite’ setup but worse than the 'T'wo Mirror’ model. Where as the Cherenkov
angular resolution, at 3.15 mrad, was better than the 'Two Mirror’ setup but worse than
the "Opposite’ setup. The Advantage of this design was that all the mirror components were
aligned along the beam line. This made the placement of all the components easier and reduces
the emission point error as the curved mirror had no tilt, hence a better resolution than the
"Two Mirror’ design. This design was also best when using different radiator materials as only
the position of the curved mirror needed to be change instead of the whole setup.
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Figure 58: Plots for the ’Aligned’ design. a) Pixel occupancy plot indicating the percentage
chance each pixel detects a hit in a given event. b) Cherenkov angle Plot showing the
reconstructed angle of each hit detected.
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Figure 61: Plots for the 'Lens’ design. a) Pixel occupancy plot indicating the percentage
chance each pixel detects a hit in a given event. b) Cherenkov angle Plot showing the
reconstructed angle of each hit detected.
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Finally, the setup with a lens was simulated. The occupancy using this design drops to
7%, as seen in [Figure 61], this was too small to be considered as a candidate. Similarly, the
Cherenkov angular resolution increases by two magnitudes of orders, to 10.5 mrad. The issue
with the lens model was seen through (equation 11); the radius of the Cherenkov ring required
for the position of the SiPMs was ~ 63 mm and with C4F}y the Cherenkov angle was 0.051
rad, meaning the focal length required for the lens to focus the ring onto the detectors was
1224 mm. Using (equation 13), the distance between the lens and the sensors would need to
be greater than that focal length. This would mean that the lens would sit between the two
flat mirrors and the chamber would need to remain 1000 mm instead of being 700 mm. This
defeats the whole point of using two flat mirrors and a lens, and therefore this design was a
fail and the curved mirror setups were better.

f= 5T (10)

r = ftan(0) (11)

r= —2(nR_ 0 tan(f) or R = —27;231(_9)1) (12)
1 1 1

? - dobj * d’img (13)

The plots in this section have also been fitted using a binned likelihood (in red). The fit
was a Gaussian distribution based on the simulations results. The sigma was determined by
the Cherenkov angular resolution measurement.

4.4.3 Beam Width and Beam Divergence Results

The 2026 Testbeam is capable of ensuring a beam width between 5 — 10 mm with an average
of ~ 6 mm. Therefore, in the simulation, a beam width of 6 mm was tested to see what its
impact on the data was. With the realistic beam width added, there was no change to the
occupancy or angular resolution for the ’Aligned’ setup, which was used as the base design.

Larger beam widths were also tested and observed in [Figure 65]. There began to be an
artifact forming on the flat mirror within the aligned setup. This artifact was a vertical line
of hits that appeared on the mirror and worsened with increasing beam width.
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Figure 65: Detected hits on the flat mirror of the ’Aligned’ design when the beam width was
increased to a)12 mm, b)24 mm and c¢)60 mm wide.
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As well as beam width, beam divergence was also created. This differs slightly because
beam divergence changed the angle of the incoming beam, not the position. The beam
divergence was tested at 4 different divergence angles; 2.5, 5, 10, and 25 mrad.
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Figure 70: Pixel occupancy plots indicating the percentage chance each pixel detects a
photon in a given event for simulations with a beam divergence added.
a) 2.5 mrad, b) 5 mrad, ¢) 10 mrad, d) 25 mrad.
Based off the ’Aligned’ setup from [Figure 58].

As expected, the more the beam was allowed to diverge, the greater the effect on the end
results. With occupancy along the ring arc as 16%, 10%, ~ 7% and ~ 3%, for the different
divergences, respectively. Even with low divergence there was still a large drop in occupancy,
and this could cause data collection problems.

The smearing effect was also visible when looking at the resolution graphs in [Figure 75].
The resolution peak widens proportionally with the divergence.
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Figure 75: Resolution plots for simulations with a beam divergence added.
a) 2.5 mrad, b) 5 mrad, ¢) 10 mrad, d) 25 mrad.
Based off the ’Aligned’ setup from [Figure 58].

Even with a small beam divergence of 2.5 mrad, the Cherenkov angle resolution increased
nearly 5x to 1.70 mrad. At 5 milliradians it had a resolution of 2.84 mrad and reached
a resolution of 3.78 mrad and 4.46 mrad when there was a deviation of 10 and 25 mrad,
respectively.

The results of this investigation were interesting because even at the lowest divergence
tested, the impact on the results was significant and would affect the Testbeam data. This
was unlike the beam width, which had negligible impact. Because of this study, the Team
now knows to focus on reducing and preventing beam divergence in the Testbeam.
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4.4.4 Testing different Radiator Gases

One of the secondary goals in the design of the gas chamber was to create a design that could
use alternative radiator materials. Therefore, an alternative radiator material was used in the
simulation to measure the effects it had. For this C' Fy was tested, which had a lower refractive
index than C4Fy and therefore had a smaller Cherenkov angle.
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Figure 76: Photon XY position in the photodetector plane. The Cherenkov ring had a
radius of 39 mm.

When the setup was kept as the ’Aligned’ design, a good ring formed in the detector plane
as seen from [Figure76]. The resolution of the ring should be similar to that of C4Fio gas.
However, this Cherenkov ring only had a radius of 39 mm, which was too small to land on
the detectors given their position in the cryostat. Because the SiPM position were fixed, CFy
cannot simply be switched in without changing the design.

It was still possible to obtain a ring that formed on the detectors with a good angular
resolution of 0.873 mrad, however, the occupancy dropped to ~ 12%, which was significantly
lower than the 35% marker set. The large issue with this design change was that it requires
the gas chamber to be made longer, to a length of 1700 mm, which was an increase of 70%.
This increase in size ignored the secondary aim of reducing the size. This was due to the
change in the refractive index causing a smaller Cherenkov angle of 0.033 rad.
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Figure 79: Plots for the ’Aligned’ design but C'Fj is used as the radiator gas. a) Pixel
occupancy plot indicating the percentage chance each pixel detects a hit in a given event. b)
Cherenkov angle Plot showing the reconstructed angle of each hit detected.
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4.4.5 No 1-Hit Protocol

The 1-Hit protocol was turned off so that multiple photons could hit the same pixel in a single
event. When the October 2025 lens setup was used, turning of the protocol caused lots of
Multi-Hits, where 3, 4 or 5 photons would hit a single pixel in a single event. Unlike that,
when using a gas chamber, very few photons hit a pixel that had already been hit. In fact,
the plot below showed that 96% of the detected hits were the first photons for that given pixel
in that run.
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Figure 80: The number of pixels that receive 'n’ number of photons in a single event.

4.4.6 PS Conditions

The aim of testing proton synchrotron conditions was to see if the PS could be used instead
of the SPS and if PID was an option that could be investigated more for the 2026 Testbeam.
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Figure 83: Plots for the ’Aligned’ design but under PS conditions where the momentum was
8 GeV. a) Pixel occupancy plot indicating the percentage chance each pixel detects a hit in
a given event. b) Cherenkov angle Plot showing the reconstructed angle of each hit detected.

It was assumed that reducing the momentum to a fraction of its previous amount would
cause vast affects on the data. However, as observed in [Figure 83] this was not what happened.
Instead, the angular resolution only increased by 0.083 mrad, up to 0.398 mrad. Furthermore,
there was no decline in occupancy, remaining at 35%. The lower momentum caused the
Cherenkov angle to shift down to ~ 0.048 rad, which caused the Cherenkov ring that forms
on the detector to be slightly smaller.

Overall, the difference between the PS conditions and the high momentum beam was very
small, and therefore, the PS conditions could be considered for the 2026 Testbeam.
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5 Conclusion

5.1 Conclusion - October 2025 Testbeam Simulation

The 2025 Testbeam simulation demonstrated that the SIPM photodetector significantly out-
performed the currently used MaPMTs. Due to its superior quantum efficiency curve, the
SiPM yielded an occupancy plot that was 50% more efficient (75%) compared to the 1-inch
MaPMT (50%), indicating a strong case for its future adoption.

A new 200 mm lens was evaluated against the existing 150 mm lens. Although the larger
lens achieved a modest improvement in angular resolution, by approximately 0.17 mrad,
this came at the cost of a 14% reduction in photon occupancy. The trade-off was deemed
insufficient to justify buying a new lens to replace the current one.

Timing studies for the 2025 Testbeam revealed that at low thresholds, consistent with
expected experimental conditions, the effects of time walk were negligible. However, as the
thresholds increased to 17.5 pA, the time walk becomes apparent, reaching 350 ps, and
increasing to 550 ps at 70 pA. This highlights the importance of maintaining low thresholds
in time-sensitive measurements.

5.2 Conclusion - April 2026 Testbeam Simulation

A total of seven distinct optical designs were explored in the 2026 Testbeam simulation. The
optimal design, suggested to the Testbeam team, was the ’Aligned’ setup; which employed a
circular mirror at zero tilt to the axis, a flat mirror angled at 45°, and all optical elements
aligned along the beam axis. This design achieved the second smallest Cherenkov angular
resolution of 0.315 mrad, and an average ring arc occupancy of 35%, which sits on the agreed
occupancy limit. Importantly, it outperformed configurations that incorporated two flat mir-
rors and a lens, which offered no practical advantage over a curved mirror and a single flat
mirror.

The study also examined the effects of beam parameters on detector performance. A beam
width of 6 mm had no impact on the results, while beam divergence introduced significant
degradation. Even a small divergence of 2.5 mrad increased the resolution to 1.70 mrad,
emphasising the need for tightly collimated beams.

Material studies showed that using C'Fy, a gas with lower refractive index, did not work
with the "Aligned’ design. The Cherenkov ring produced had a radius too small to be detected
using the current SiPM positions. To accommodate such a material, the detector would require
a significant increase in its length, to 1700 mm. In contrast, materials with an equal or higher
refractive index to CyF1g were assumed to be compatible with the existing geometries of the
design.

Lastly, the impact of Proton Synchrotron low momentum conditions were assessed. This
was found to have minimal impact on angular resolution and occupancy, suggesting that even
non-saturated tracks may be viable for use in the Testbeam, and Particle Identification could
be applicable.

6 Further Research and Development

Using a full reconstruction algorithm like the one described in section (3.4.6), would indicate
how much each individual error contributes and could allow better optimisation when design-
ing the gas chamber. Furthermore, investigating gas radiator materials such as CO- and gases
with refractive indices similar to CyFig, to verify if they would work in the current design
would be ideal. Lastly, using alternative particle types or combinations of particle types as
the initial particle instead of just Pions, would allow the team to perform and test PID.
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