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Gabriele Romolini

Abstract

An amplitude analysis of the BY — 7,.(15) K "7~ decay channel, with n.(15) — pp,
is performed using a sample corresponding to an integrated luminosity of 9 fb=!
of pp collision data collected by the LHCDb detector at centre-of-mass energies of
Vs =7, 8, and 13 TeV. The motivation for this study lies in the exploration of the
resonant structures in the 7.(1S)7~ system, searching for the possible existence
of exotic hadronic states beyond the conventional quark model. The data are
described with a model including only intermediate contributions from known K*
resonances, and no evidence is found for an exotic resonance in the n.(15)7~
system, previously reported in an earlier analysis of this decay channel. The
inclusive branching fraction of the B® — 7,.(18)K+ 7~ decays is measured to be

B(B® = n,(18)K ™) = (5.82 + 0.20 + 0.23 & 0.55) x 10~*,

where the first uncertainty is statistical, the second systematic, and the third arises
from the limited knowledge of external branching fractions.

The LHCDb Upgrade I, designed to operate at an instantaneous luminosity five times
higher than in previous runs, introduces major improvements in hadron identifi-
cation through upgraded Ring Imaging Cherenkov detectors. To maximise this
performance, a dedicated software framework is developed to monitor and eval-
uate online particle identification during data taking, ensuring stable calibration
and optimal operations under high-luminosity conditions.

A major upgrade planned for 2034-2036 will further increase the instantaneous lu-
minosity in LHCb beyond £ = 1.0-103* cm™2s™!, requiring a complete redesign of
the Ring Imaging Cherenkov detectors. Within this framework, the 4DPHOTON
project is developing next-generation photon detectors capable of single-photon
counting with superior spatial and temporal resolutions, based on a vacuum tube
containing a photocathode, a microchannel plate (MCP), and a Timepix4 CMOS
application-specific integrated circuit as its readout anode. The first prototype
is characterised through laboratory measurements, showing dark count rates be-
tween ~ 1 Hz/cm? and ~ 30 Hz/cm?, depending on the MCP bias, with gain
values ranging from O(10%) to O(10%). A non-uniform dark count distribution is




observed across the matrix, and further studies are underway to investigate its
origin. The timing resolution yields a single-pixel resolution of 103 + 3 ps and a
cluster resolution of 88 £ 9 ps when operating the MCP at 2400 V. The results of
a testbeam campaign carried out at the end of 2024 confirm the laboratory mea-
surements, showing agreement with the Geant4 simulation, and yielding a time
resolution of 283 + 7 ps when operating the MCP at 2100 V.

ii
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Chapter 1

Introduction

Hadrons beyond conventional gg mesons and gqq baryons have been proposed
since the introduction of the Quark Model. Quantum Chromodynamics allows for
the existence of nonstandard states composed of quarks and gluons, such as glue-
balls, hadronic molecules, and tightly bound multiquark states like tetraquarks
(qq3q) and pentaquarks (gqqqq) [1, 2]. The first of these so-called exotic hadron
candidates, the x.1(3872) meson, was discovered in 2003 3|, followed by many
charmonium- and bottomonium-like states [4, 5, 6, 7|]. Some of their proper-
ties challenge the conventional ¢g picture. Competing models attribute these ex-
otics to different binding mechanisms and internal structures [8, 9, 10, 11, 12,
13]. Progress in their understanding requires exploring new production and decay
channels, as well as searching for additional candidates. Ch. 3 outline a theoretical
overview of exotic hadrons , together with the current experimental evidences of
non-conventional candidates.

During my PhD, I worked on this topic by performing an amplitude analysis of
the B® — n.(1S)K+7~ decays, with the 7.(1S) reconstructed via its pp decay
mode. Alongside the amplitude analysis, the branching ratios of these decays
were measured. The full available dataset was used, corresponding to Run 1
(2011-2012) at /s = 7 and 8 TeV, and Run 2 (2015-2018) at /s = 13 TeV,
for a total integrated luminosity of 9 fb~!. This analysis, presented in Ch. 4,
contributes to the understanding of exotic hadron spectroscopy by probing new
decay channels of charmonium-like states. The LHCb detector during Run 1 and
Run 2 is described in Chapter 2.

A key tool enabling such analyshese decays provide powerful and complementaryes
at LHCb is high-performance hadron identification (PID) over a wide range of mo-
menta, provided by two Ring Imaging Cherenkov (RICH) detectors. Following the



LHC second long shutdown (LS2), the RICH1 optical system was fully redesigned,
and the opto-electronics chains of both RICH1 and RICH2 were upgraded to sup-
port continuous 40 MHz readout and single-photon counting at hit densities up
to approximately 100 MHz/cm?. These improvements restore the excellent Run 1
and Run 2 performances, allowing precise separation of long-lived charged hadrons
with momenta ranging from 2.6 GeV to beyond 100 GeV, even in events with up
to seven visible interactions. To support these advances, 1 developed a tool for
quasi-online evaluation of the PID performance of the LHCb RICH detectors, as
discussed in Ch. 5.

Looking further ahead, the LHCb Upgrade II, described in Chapter 6, planned
between 2034 and 2036 aims to operate at instantaneous luminosities above £ =
1.0-103* em™2s~!, more than five times higher than the current £ = 2x1033 cm =251
. As the RICH detectors are central for flavour-physics measurements, they will
be fully redesigned and equipped with advanced photon detectors and upgraded
front-end electronics. In this context, the 4ADPHOTON project is developing a
novel photon detector based on a vacuum tube housing a photocathode, a mi-
crochannel plate, and a Timepix4 CMOS integrated circuit as the readout anode.
This technology aims to detect up to one billion photons per second over a 7 cm?
active area, achieving spatial resolution of 5-10 pym and timing resolution better
than 50 ps, as detailed in Ch. 7. I contributed to this project through software
development, laboratory measurements, a testbeam campaign, and the simulation
of the testbeam setup.8.




Chapter 2

The LHCb experiment at CERN

The Large Hadron Collider (LHC) is currently the world’s highest-energy particle
accelerator. Located at CERN, it collides protons and ions within a 27 km tunnel
beneath the Franco-Swiss border, the same tunnel that previously housed the
Large Electron-Positron Collider (LEP). The LHC achieved its first proton-proton
collisions in 2009, observed by its four major experiments: ALICE, ATLAS, CMS,
and LHCDb.

The primary objective of the LHC experiments is to explore physics beyond the
Standard Model (SM), commonly referred to as new physics (NP). In particular,
the LHCD experiment is optimised to search for indirect signatures of NP by con-
ducting high-precision measurements of processes involving beauty (b) and charm
(¢) quarks. Deviations from Standard Model predictions, such as unexpected decay
patterns or enhanced production rates caused by hypothetical particles appearing
in quantum loops, could signal contributions from NP. This makes LHCb especially
sensitive to phenomena that might elude direct detection at current LHC energy
scales. Some anomalies that hint at potential departures from SM predictions have

already been observed.

An introduction to the LHC accelerator complex and the four large experiments
is given in Sec. 2.1. The LHCb experiment is described in Sec. 2.2.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [14] is a pp and ion collider. The choice of
hadronic collisions is driven by two main advantages with respect to an electron-
positron collider: the significantly higher event rates resulting from larger inter-
action cross-sections, and the ability to reach higher energies, thanks to the lower
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Figure 2.1: The cross-sections for various processes from pp or pp collisions as a
function of the centre-of-mass energy. The vertical dotted lines indicate the centre-
of-mass energy of Tevatron and of the LHC.

synchrotron radiation emitted by massive particles (oc 1/m*). The cross-sections
of several processes as a function of the centre-of-mass energy are shown in Fig-
ure 2.1. This comes at the cost of a large QCD background for electroweak and
rare SM processes posing challenges in the design of the experiments. The two
beams are bent and focused by a repeating structure of dipole magnets and higher-
order multipole magnets, respectively. The 1323 NbTi dipole magnets generate
magnetic fields up to 8.3 T. LHC uses eight radiofrequency (RF) cavities for each
beam to accelerate the particles, each delivering 2 MV and operating at 400 MHz.
Protons in the LHC are accelerated to an energy of 6.8 TeV per beam, resulting
in a center-of-mass energy of /s = 13.6 TeV for pp collisions.

The CERN accelerator complex consists of a series of machines that successively
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increase the energy of a particle beam before transferring it to the next stage in
the chain. A schematic representation of the CERN accelerator complex is shown
in Figure 2.2.

The proton source is hydrogen gas. An electric field is applied to separate electrons
from protons. The first stage of acceleration is carried out by LINAC 4, which
boosts the protons to an energy of 160 MeV before injecting them into the Proton
Synchrotron Booster that accelerates the protons to 2.0 GeV, followed by the
Proton Synchrotron (PS), which increases their energy to 25 GeV. Next, the Super
Proton Synchrotron (SPS) accelerates the beam to 450 GeV. Finally, the protons
are injected into the LHC, where they reach their maximum energy of 6.8 TeV
per beam. The LHC is also capable of accelerating ions, extracted from different
sources. In this case, ions are first accelerated by LINAC 3 and then injected into
the Low Energy Ion Ring (LEIR). From there, they follow the same acceleration
chain as protons—passing through the PS, SPS, and finally the LHC, reaching a
center-of-mass energy of 5.36 TeV per nucleon pair for lead-lead collisions.

ALICE LHCb

SPS

T/ AWAKE
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Lo NN
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CLEAR

LEIR

LINAC 4
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Figure 2.2: Schematic view of the CERN accelerator complex.

There are four large experiments designed to exploit the collisions delivered by the
LHC: ALICE, ATLAS, CMS and LHCb.

e ALICE (A Large Ion Collider Experiment) [15]: A specialised detector fo-
cused on studying the quark-gluon plasma and the early stages of matter
through heavy-ion collisions. By colliding lead ions at a center-of-mass
energy per nucleon pair of /sy = 2.76 TeV and a peak luminosity of
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L = 10%" cm™2s~!, ALICE explores the conditions of extreme energy den-
sity thought to have existed shortly after the Big Bang.

e ATLAS (A Toroidal LHC ApparatuS) [16]: A general-purpose detector de-
signed to perform precision measurements within the SM, search for and
study the Higgs boson, and investigate potential new physics phenomena.
With a length of 44 m, a diameter of 25 m, and a weight of approximately
7,000 tonnes, ATLAS is the largest experiment at the LHC in terms of phys-
ical size.

e CMS (Compact Muon Solenoid) [17]: Another general-purpose detector sim-
ilar in scope to ATLAS. It features a powerful internal magnetic field of 3.8 T
generated by a superconducting solenoid. CMS is characterised by its com-
pactness relative to its mass: it weighs about 14,000 tonnes, with a diameter
of 15 m and a length of 28.7 m.

e LHCDb (Large Hadron Collider beauty experiment) [18]: Dedicated to preci-
sion flavour physics, the primary goal of LHCD is to perform indirect searches
for physics beyond the Standard Model by studying decays of b- and c-
hadrons. Its detector is a single-arm forward spectrometer, optimised based
on the production cross-section properties of bb pairs in high-energy pp col-
lisions. A detailed description of the LHCb experiment follows in the next
section.

2.2 The LHCDb detector

The primary objective of the LHCb experiment is to search for signatures of new
physics through the study of CP-violating processes and rare decays of beauty
and charm hadrons. Some of these phenomena are precisely predicted within the
SM, and potential contributions from new physics may manifest via loop-level
processes, leading to measurable deviations, in angular distributions, decay rates
or production cross-sections. Rare decays mediated by flavour-changing neutral
currents play a central role in this field, offering an exceptionally sensitive probe
of physics beyond the SM. Since these transitions are forbidden at tree level, they
proceed only through higher-order quantum loops, which makes their rates and
angular distributions both strongly suppressed and sharply predictable within the
SM. This suppression enhances their susceptibility to potential contributions from
new heavy particles that could modify the loops or effective couplings. As a
result, precision measurements of branching ratios, angular observables, and CP
asymmetries in these decays provide powerful and complementary tests alongside
direct high-energy searches. Figure 2.3 shows the Feynman diagram corresponding
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Figure 2.3: Feynman diagram for (top) SM contribution and (bottom) NP contri-
bution to flavour changing neutral currents decays.

to SM and NP contribution to these decays. By exploiting the copious production
of beauty and charm hadrons at the LHC, LHCb achieves world-leading precision
on key observables such as the Cabibbo-Kobayashi-Maskawa (CKM) angle v, the
mixing phase ¢ in the By system, and the ratios |Vy|/|Vep| from semileptonic
decays. These quantities are predicted with minimal theoretical ambiguity, making
them especially clean probes of the unitarity of the CKM matrix. Any deviation
from the Standard Model expectations would signal new sources of CP violation
or flavour-changing dynamics, with profound implications for our understanding
of matter—antimatter asymmetry. The current constraints on the CKM triangle
are shown in Figure 2.4.

To achieve its physics goals, the LHCb detector must be able to separate the b-
hadrons produced by the LHC from the background, since the charm (2369 + 3 +
152 £ 118 ub [20]) and beauty (144 £ 1 £ 21 pb |21]) cross-sections are orders of
magnitude smaller than the total pp cross-section (75.4 & 3.0 £ 4.5 mb [22]). The
LHCD detector [18] is designed as a single-arm forward spectrometer, optimised for
the kinematics of heavy-flavour production at the LHC, dominated by the gluon-
gluon fusion, given the acceptance in pseudorapidity, the corresponding Bjorken
variable and the proton probability density functions. It covers a polar angular
range from 15 mrad to 300 mrad (250 mrad) in the bending (non-bending) plane
of the dipole magnet, corresponding to a pseudorapidity range of 2 < n < 5. The
pseudorapidity n is related to the polar angle # (measured with respect to the
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Figure 2.4: The CKM unitary triangle with global average constraints on param-
eters as determined by the CKM Fitter group [19].
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Figure 2.5: Distribution of the polar angle of the bb quark pairs at a collision

energy of /s = 14 TeV. The red part of the distribution represents the geometrical
acceptance of the LHCb detector.

) o

This angular coverage was specifically chosen to maximise the acceptance for b-

beam axis) by:

hadrons, as bb cross-section at high energies is large at small polar angles relative
to the beam direction, as illustrated in Figure 2.5.

The layout of the LHCb detector is shown in Figure 2.6.

* The coordinate system adopted by the LHCb experiment is defined with its ori-
gin at the pp interaction point. The z-axis is aligned with the beam direction and
points downstream, toward the end of the detector. The y-axis points vertically
upward, while the xz-axis points horizontally outward from the LHC center. The
plane in which the magnetic field bends charged particles is the x—z plane. Due to
their relatively long lifetimes (O(1 ps)), b- and c-hadrons typically decay at mea-
surable distances from the production vertex, namely the primary vertex (PV),
resulting in displaced decay vertices, referred to as secondary vertices (SV). To
identify these decays, excellent vertex resolution is essential, and precise proper-
time resolution is required to resolve oscillations in time-dependent CP-violation




2.2. The LHCDb detector

Yl o TR S
& ‘\\\\
/ O\
/ N
/ NN\
// // \ \\\
7 N X
/ EcaL HCAL M4 M5 \ A\
// SPD/PS M3 B \\ \

Magnet M2
T3

Figure 2.6: Schematic view of the LHCb detector in the non-bending vertical plane
with the subdetectors labelled

measurements. To suppress combinatorial background, events arising from random
combinations of tracks that imitate the signal, common in hadronic environments,
a precise invariant-mass reconstruction is essential. This demands high momen-
tum resolution. Furthermore, since many decay modes share similar or identical
topologies, a robust particle identification (PID) system is crucial, especially for
separating charged hadrons. In order to efficiently collect large samples of rare
decays with small branching fractions, the experiment employs a flexible and high-
performance trigger system. These stringent requirements are met by the various
subdetectors that make up the LHCb apparatus. The LHCb experiment operates
at a lower luminosity compared to the ATLAS and CMS experiments. It maintains
an approximately constant instantaneous luminosity to minimise pile-up, i.e. the
number of primary vertices per bunch crossing. This is particularly important for
flavour physics, which requires precise and stable performances, something that
becomes significantly more challenging in high pile-up conditions. To achieve a
luminosity about two orders of magnitude below the LHC design value, LHCb em-
ploys a luminosity-levelling technique. This method introduces a controlled offset
between the two colliding beams. An automated procedure continuously realigns
the beams throughout the duration of an LHC fill to keep the luminosity stable,
guided by online luminosity monitoring as displayed in Figure 2.7.

10



2.2. The LHCD detector

—_
o
M

- LHC Fill 2651

ATLAS & CMS

10

Instantaneous Luminosity [10%? cm? 571

) LHCb
L Beam 2 >
Beam 1
1! T R \ I T B [ I G I | |
0 5 10 15

20
Fill duration [h]

Figure 2.7: Time dependence of the instantaneous luminosity for ATLAS, CMS
and LHCb during LHC fill 2651. After ramping to the desired luminosity value for
LHCDb, the luminosity is kept stable in a range of 5% by adjusting the transversal
beam overlap. The difference in luminosity towards the end of the fill between
ATLAS, CMS and LHCb is due to the difference in the final focusing at the
collision points.
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Figure 2.8: Impact parameter of a track in relation to the primary vertex. The
figure is drawn in the plane containing the track and the PV.

The LHCb apparatus described below refers to the detector configuration used
during Run 1 (2011-2012) and Run 2 (2015-2018). The upgraded apparatus for
Run 3 will be presented in Sec. 5.1.

2.2.1 The Tracking system

The tracking system is designed to reconstruct charged particles trajectories by
analysing the positions where particles interact with the tracking detectors, re-
ferred to as hits. A particle momentum (p) is determined from the angle of its
deflection as it traverses the magnetic field produced by a warm dipole magnet.
In order to achieve a momentum resolution of dp/p = 4-1073 for 10 GeV parti-
cles, chosen to ensure the precise measurements of b-hadrons, an integrated field
of 4 Tm is required. The first component of the system is the Vertex Locator
(VELO), a silicon microstrip detector surrounding the interaction point. VELO
provides precise measurements of the primary and secondary vertex positions and
the track impact parameters (IP) a scheme of the IP definition is shown in Fig-
ure 2.8. Upstream of the magnet, a second silicon microstrip detector, the Tracker
Turicensis (TT), improves the momentum resolution of reconstructed tracks and
helps suppress fake, duplicate tracks originating from a single particle. Down-
stream of the magnet, the T stations further refine the determination of a particle
momentum and flight direction. These stations integrate two detection technolo-
gies, with silicon microstrips placed near the beamline and strawtube detectors in
the outer regions.

All tracking detectors are characterised by high spatial resolution (in one or two
dimensions) and a minimal material budget to reduce scattering. Tracks recon-
structed using the full LHCDb tracking system achieve a momentum resolution
between 0.5% and 1% for momenta in the range 5 < p < 200 GeV.

12
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The magnetic field polarity is periodically reversed during data-taking, so that
LHCD collects approximately equal integrated luminosity for both magnet config-
urations. This procedure helps identify and correct for detection asymmetries, in
order to reduce systematic uncertainties, particularly important in measurements
of CP violation.

The LHCD reconstruction software defines five standard track categories, illus-
trated in Figure 2.9, each based on the specific sub-detectors involved in the re-

construction process:

e VELO Tracks: these tracks consist of hits in the VELO detector and are not
associated with hits in other tracking stations. They are primarily used for
primary vertex reconstruction.

e Long Tracks: comprising hits in both the VELO, T-stations and can addi-
tionally have hits in TT. Long tracks are the most critical for physics analyses
due to their superior momentum resolution.

e Downstream Tracks: these originate from long-lived charged particles that
decay significantly downstream of the interaction point. They produce hits
only in the TT and T-stations, lacking VELO information. Consequently,
the absence of a long lever arm results in reduced momentum resolution
compared to long tracks.

e Upstream Tracks: created by low-momentum particles that are strongly de-
flected by the magnetic field, these tracks do not reach the T-stations. They
are reconstructed using information from the VELO and T'T, and are used
to improve RICH1 reconstruction process.

e T Tracks: reconstructed solely from hits in the T-stations, these tracks typ-
ically originate from interactions with detector material or from decays of
very long-lived particles.

The Vertex Locator

The Vertex Locator (VELO) [23] is a silicon-strip detector that provides high-
precision measurements of particle trajectories near the interaction point, with an
IP resolution varying from 10 to 80 pm. Its primary function is to determine the
positions of the PVs and SVs with high accuracy, enabling precise reconstruction
of the flight paths of heavy-flavour hadrons. The VELO consists of 42 silicon
strip modules arranged in planes perpendicular to the beam axis. Each module
measures the radial coordinate r and the azimuthal angle ¢. To maximise spatial
resolution, the VELO is positioned as close as possible to the interaction region,
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Figure 2.9: A schematic illustration of the various track types: long, upstream,
downstream, VELO and T tracks

approximately 7 mm from the beam line, while also meeting strict radiation tol-
erance requirements due to the intense radiation environment (~ 104 neq/ Cm2).
During injection, the LHC beams have a larger aperture and can be susceptible
to instabilities, therefore the VELO is designed to be retractable. It is divided
vertically into two symmetric halves, each containing an equal number of mod-
ules on either side of the beam pipe. Before beam injection, the VELO halves
are retracted by 30 mm to protect the sensors. Once stable beam conditions are
achieved, they return to their nominal closed position, centered around the in-
teraction region. Each VELO half is housed in a lightweight aluminium vacuum
vessel. The inner faces of these vessels, known as RF-foils, isolate the VELO vac-
uum from the machine primary vacuum and shield the sensors from RF-induced
backgrounds. The aluminium RF-foils are designed to minimise material in the
path of traversing charged particles, reducing multiple scattering and preserving
tracking performance. The average contribution of the VELO detector to the ra-
diation length is 0.175 Xg [18]. Their geometry also ensures that the two VELO
halves overlap slightly when in the closed position, maximising coverage and vertex
resolution. A schematic of the VELO is shown in Figure 2.10.

The r-sensor strips of the VELO are concentric rings with a variable pitch, in-
creasing linearly from 38 pum at the inner edge to 102 um at the outer edge. The
¢-sensor strips are wedge-shaped and segmented into two radial regions, separated
at r = 17.25 mm, to control occupancy and avoid excessively large pitches that
would degrade hit resolution. In the inner region, the pitch varies from 38 pwm to
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Figure 2.10: Top left: photograph of an half of the VELO detector. Top right:
sketch illustrating the r¢ geometry of the VELO sensors. Bottom: cross-section
in the xz plane at y = 0 of the sensors and a view of the sensors in the xy plane.
The detector is shown in its closed position. 7 (¢) sensors are shown with solid
blue (dashed red) lines. The modules at positive (negative) x are known as the
left or A-side (right or C-side).
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2.2. The LHCD detector

78 wm, while in the outer region it ranges from 39 um to 97 um. To reduce pattern
recognition ambiguities, the ¢-strips are skewed with respect to the radial direction
by 20° in the inner region and 10° in the outer region. The VELO covers the an-
gular acceptance of the downstream LHCb detectors, detecting charged particles
emerging from the PV within the longitudinal range |z| < 10.6 cm and pseudo-
rapidity range 1.6 < n < 4.9. Reconstructed tracks are required to pass through
at least three VELO modules. The resolution on the PV position achieved by the
VELO depends on the number of tracks used. For the transverse (z, y) coordi-
nates, it varies between 9 um and 35 pm, while for the longitudinal (z) coordinate,
it ranges from 50 pm to 280 um. For a typical event with 25 PV-associated tracks,
the average transverse and longitudinal resolutions are approximately 15 pum and
71 wm, respectively. An additional key quantity measured by the VELO is the
impact parameter, defined as the distance of closest approach between a parti-
cle extrapolated trajectory and the PV. The IP is a critical observable in LHCb
physics analyses, allowing discrimination between signal tracks from displaced ver-
tices, such as those originating from b-hadron decays, and background tracks pro-
duced directly at the PV. The VELO, being the detector whose sensitive material
is the closest to the interaction region above all the LHC experiments, provides
the highest IP resolution among all major LHC experiments, with values ranging
from 10 pm to 80 pum, depending on the transverse momentum (pr) of the track.
The dominant source of uncertainty on the IP measurement is multiple scattering
as the particles traverse the VELO material.

The Tracker Turicensis

The tracking stations located upstream of the magnet are known as the Tracker
Turicensis (TT). Positioned immediately before the dipole magnet, they provide
a reference for charged particle trajectories. This improves the precision of mo-
mentum measurements, reduces the rate of spurious track reconstructions from
random hits, and enables the reconstruction of long-lived particles that decay out-
side the VELO detector [24], such as K and A. By extrapolating reconstructed
track segments from the VELO to the corresponding energy deposits in the TT
detectors [25], a preliminary estimate of the particle momentum can be obtained.
This allows a prediction of its path through the magnetic field, allowing to restrict
the search for matching hits in the downstream tracking stations to narrow tol-
erance windows. As a result, the data rate from the reconstruction algorithm is
reduced, and overall performance is improved. The TT detector consists of two
stations separated by approximately 30 cm, each comprising two detection layers.
All layers are equipped with 512 silicon strips featuring a pitch of 183 um, covering
the full LHCb acceptance. The first and last layers measure the track coordinate
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Figure 2.11: Layout of the four detection layers of the TT station. The different
readout sectors along a silicon ladder are indicated by different shading.

along the x-axis, while the two intermediate layers are tilted by £5° in the © — y
plane, defining the v and v axes. By combining the signals from all four layers,
ambiguities in track reconstruction are effectively resolved. This structure allows
a spatial resolution of ~ 50 pym in the x coordinate. The layout for each of the

four detection layers is shown in Figure 2.11.

The Inner and Outer Tracker

Downstream of the magnet, three additional tracking stations, each composed of
four detection planes, are used to reconstruct the trajectories of particles after they
are deflected by the magnetic field. Two distinct tracking technologies are imple-
mented to address the varying detector environments, as illustrated in Figure 2.12.
In the inner region, where particle flux and detector occupancy are higher, silicon
strip detectors are employed due to their high radiation tolerance, fine granularity,
and excellent spatial resolution. These strips are arranged in the same configura-
tion and installed with the same pitch as those in the TT detector. Although the
Inner Tracker (IT) [26] covers about 2% of the total LHCb acceptance, it handles
approximately 20% of the total particle flux because of the increased track density

17



2.2. The LHCDb detector

19.8

T[]
ANl

36.35 52.9 36.35

21.8
41.4
450

'

e 595 .

Figure 2.12: Front views of one station of the IT (left) and OT (right) detectors.
Dimensions are indicated in centimetres.

at high pseudorapidity.

Beyond the radial region where occupancy drops to around 10% , the IT is replaced
by the Outer Tracker (OT) |27, 28|, which uses drift tubes. These tubes are 2.4
meters long, have an inner diameter of 4.9 mm, and are filled with a gas mixture
of Ar/CO2/02 (70% /28.5% /1.5% ), ensuring a drift time below 50 ns. The
achieved spatial resolutions are approximately 50 pum for the I'T and 200 pm for
the OT [29].

Tracking system performance

A Kalman filter model [30] is employed for track fitting, effectively accounting
for multiple scattering effects. The resulting x? per degree of freedom (x?/ndof)
from the fit is used as a quality metric for the reconstructed tracks. To eliminate
redundancies caused by overlapping reconstruction strategies, a clone killer algo-
rithm [31] is applied to remove duplicated tracks. Additionally, a neural network
classifier estimates the probability that a track was formed from hits belonging to
multiple different particles. The output of this classifier is referred to as Ghost-
Prob [32] and is used in subsequent selection algorithms.

The tracking efficiency for long tracks is evaluated using a tag-and-probe method
based on J/v — ptp~ decays [33]. One muon is fully reconstructed and acts
as the tag. The second muon, the probe, is only partially reconstructed, using
a subset of the detector. After fitting J/¢ candidates via their invariant-mass,
a search is conducted for a long track match corresponding to the probe muon.
The tracking efficiency is then calculated as the ratio of matched candidates to
the total number of probe candidates. As shown in Figure 2.13, the reconstruction
of long tracks achieves an efficiency of over 94% across a wide range of momenta.
The figure also displays the momentum resolution, which remains below 1% for a

broad momentum interval.
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Figure 2.13: (a) Long track reconstruction efficiency as a function of momentum.
(b) Momentum resolution as a function of momentum in Run 1 [34].
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Figure 2.14: (a) The primary vertex resolution along the x-axis during the Run 1
and Run 2 data collection periods, as a function of the number of tracks comprising
the vertex. (b) The distribution of impact parameter resolution along the x-axis
in relation to the inverse transverse momentum, measured during the Run 1 and
Run 2 data acquisition phase [35]
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2.2. The LHCD detector

The PV reconstruction algorithm determines the event main interaction points by
analysing the spatial distribution of tracks. The process involves two key steps:
seeding and fitting. During seeding, candidate PVs are identified by locating clus-
ters of track intersections. Then, these candidates are refined using a weighted
least squares fit, applied in order of decreasing track multiplicity to avoid secondary
vertices capturing tracks from true PVs. After fitting, the algorithm checks the
separation between new and existing vertices to prevent false PV identifications.
This cycle of seeding and fitting repeats until no new PVs are found. While higher
track multiplicity generally simplifies PV reconstruction due to increased track
coverage in the VELO detector, challenges arise when multiple PVs are present in
the same event. Figure 2.14 shows the primary vertex and IP resolutions. The
linear dependence of IP resolution on 1/py arises from multiple scattering and de-
tector geometry. At high pr, IP resolution is dominated by PV resolution rather
than track precision, as tracking accuracy improves but PV resolution depends on
the number of associated tracks.

o, [MeV/c?]

IOE_ E 0.2

1 1] 0 1 1 4
10* 10° 10* 10°
m [MeV/c?] m [MeV/c?]

Figure 2.15: Mass resolution o, (left) and relative mass resolution (right) are
shown as functions of the dimuon resonance mass m. The muon mass is negligible
in the invariant-mass calculation for these resonances. The mass resolution is
extracted from fits to the mass distributions, with the overlaid curve representing
an extrapolation based on an empirical power-law fit.

For tracks originating from the same vertex, the invariant-mass is calculated and
fitted. The resolution of this invariant-mass measurement for di-muon resonances
is shown in Figure 2.15, ranging from approximately 0.5% to 2% for masses between
3 and 100 GeV. The momentum measurement is calibrated, referred to as the
momentum scale calibration, by comparing the measured masses of well-known
resonances to their world-average values [36]. This procedure utilises large samples
of decays, such as J/1) — puTp~ and BT — J/¢K*. A systematic uncertainty of
0.03% is assigned to the momentum scale.
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2.2. The LHCD detector

2.2.2 The Particle Identification System

To precisely identify different particle species across the momentum range of in-
terest (approximately 2-150 GeV), a combination of complementary experimental
techniques is required. At the LHCb experiment, several dedicated sub-detectors
are employed for Particle IDentification (PID). Two Ring Imaging CHerenkov
(RICH) detectors are used to mainly discriminate between charged pions, charged
kaons and protons. The Calorimeter system, designed to measure the energy of
incoming particles by absorbing the showers produced when particles interact with
the detector material. It consists of the Electromagnetic Calorimeter (ECAL), op-
timised for reconstructing the neutral pions, through the 7° — ~+ decay, photons,
electrons, and positrons, and the Hadronic Calorimeter (HCAL), which absorbs
hadronic showers. Two additional scintillator planes, Scintillating Pad Detector
(SPD) and PreShower (PS), are placed upstream of the ECAL. These assist in
triggering by providing a fast estimate of detector occupancy, help initiate particle
showers before the calorimeters and discriminating e™ /e~ from . Finally, a Muon
system is employed to identify muons, by matching extrapolated track information
with hits in these detectors.

The RICH system

The LHCb experiment employs two RICH detectors [37] which provide highly
efficient charged hadron identification. As illustrated in Figure 2.16, Cherenkov
radiation is emitted when a charged particle traverses a dielectric medium, referred
to as the radiator, at a speed [ exceeding the velocity of light in that medium,
corresponding to ¢/n, where n is the refractive index of the material [38]. This
phenomenon can be qualitatively understood as a result of asymmetric polarisation
in the medium, induced by the passage of the charged particle. The medium
becomes polarised ahead of and behind the particle, resulting in a time-varying net
electric dipole moment. For particles fast enough, this polarisation exhibits axial
symmetry, forming a region in which atoms or molecules behave like microscopic
electric dipoles. As these dipoles return to equilibrium, they emit electromagnetic
radiation. When 8 > 1/n, the emitted radiation from different points along the
particle trajectory interfere constructively, leading to the formation of a coherent
wavefront. This wavefront propagates in the form of a cone at a fixed angle relative
to the particle path, known as the Cherenkov angle. The cosine of this angle is

given by:
1

~np
A RICH detector uses spherical mirrors to focus the emitted Cherenkov light

cos(f,) (2.2)

cones into approximately circular rings on a photon detector plane, positioned
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Figure 2.16: Diagram illustrating the process of Cherenkov radiation emission.

outside the acceptance employing a system of planar mirrors. The radius of each
Cherenkov ring is proportional to the Cherenkov angle 6. and the focal length (f)
of the spherical mirror, defined as f = R./2 with R, the radius of curvature of
the mirror, according to the equation R ~ 6. - f. By precisely measuring the ring
radius, one can determine the particle velocity. When these rings are matched to
charged particle tracks, whose momentum has been independently measured by
the tracking system, the mass of the particle can be calculated using the relativistic
relation between mass, momentum, and velocity:

_r
Bye

The minimum particle velocity required to produce Cherenkov radiation in a given

p=mpyc—m= (2.3)

medium corresponds to a Cherenkov angle of §. = 0°, which occurs when the
particle speed exactly equals the velocity of light in the medium. This threshold
condition corresponds to f = 1/n. The maximum Cherenkov emission angle occurs
when the particle speed approches the speed of light in vacuum (5 — 1). In this

limit, the Cherenkov angle reaches its maximum value, corresponding to §7"** =

arccos(1/n). Cherenkov radiation is emitted promptly as charged particle traverse
the radiator. The radiation has a continuous frequency spectrum, and the number
of emitted Cherenkov photons per unit path length dz and per unit wavelength
d\ is given by the Frank-Tamm formula [39]:

dN _27r22a( 1 )
dzd\ N2 n2 32

(2.4)
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Figure 2.17: Typical Cherenkov radiation spectrum for a charged particle. The
intensity follows a A~2 dependence, showing stronger emission at shorter wave-
lengths.

Here, Z is the charge of the particle in units of the elementary charge, « is the
electromagnetic fine-structure constant and A is the photon wavelength. This
equation shows that shorter wavelengths dominate the Cherenkov spectrum due
to the 1/A? dependence, leading to a higher intensity in the ultraviolet region.
From Eq. 2.4 one can derive that, in 1 cm of material with refractive index n, the
number of photons emitted in the range of 1 eV, by a particle of charge Ze with
af~1,is:

N(ecm™teV™1) = 3702%(1 - %) = 37022 sin?(6..) (2.5)

n

so, in general, the number of emitted photons per unit length and unit energy
can be considered constant. The typical Cherenkov emission spectrum is shown
in Figure 2.17. The refractive index n = n(r) varies with photon frequency due to
dispersion. An implication of dispersion is that the Cherenkov angle 6. becomes
frequency-dependent. As a result, Cherenkov photons produced by a single charged
particle may have slightly different emission angles depending on their wavelength.
This angular spread introduces a chromatic uncertainty in the measurement of 6.,
which must be considered when selecting radiator materials and designing RICH
detectors to ensure optimal resolution and particle identification performance.

The LHCb RICH detectors, illustrated in Figure 2.18, operate within gas-tight
enclosures filled with fluorocarbon gas radiators. Both RICH detectors share a
similar optical design. Each employs a tilted, spherical primary mirror for focus-
ing Cherenkov light, along with a secondary flat mirror that redirects the photons
toward photodetector planes located outside the main acceptance region. This
two-mirror configuration allows the detector to remain compact along the beam
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axis. The optical systems are split into two halves symmetrically arranged around
the beam pipe: RICHI is divided vertically, while RICH2 is divided horizon-
tally. The mirrors achieve an average reflectivity of approximately 90% across the
relevant wavelength range (200-700 nm), ensuring efficient photon collection for
precise Cherenkov angle measurements. RICH1 is situated between VELO and
TT. A magnetic shield surrounds the detector to protect the photodetectors from
residual magnetic fields that could compromise their performance. During Run 1,
RICHI1 utilised two Cherenkov radiators: silica aerogel and C4F1g. Silica aero-
gel, with a refractive index of n = 1.03 at A =400 nm and standard temperature
and pressure (STP), enabled positive identification in the low-momentum range
of approximately 2 — 10 GeV. C4Fig, with a refractive index of n ~ 1.0014 at
A = 400 nm and STP, extended PID capabilities to higher momenta. In Run 2,
aerogel was removed because its low clarity caused photon self-absorption, wide
rings with few photons hindered pattern recognition, and it partially absorbed
C4F10, reducing radiator performance. Removing it improved RICH1 performance
by increasing the C4F1p volume. RICH1 covers the intermediate momentum range
of approximately 3—40 GeV and angular acceptance 25-300 mrad. RICH2 is lo-
cated downstream of the third tracking station and upstream of the first muon
station. It uses CFy gas as the Cherenkov radiator, with a refractive index of

24



2.2. The LHCD detector

n =~ 1.0005 at A = 400 nm and STP. To suppress scintillation in the gas, approxi-
mately 5% COy is added [40]. RICH2 is optimised for PID in the high-momentum
range, covering approximately 15-100 GeV. Cherenkov photons in both RICH de-
tectors are focused onto photodetector planes located outside the LHCb geometric
acceptance. These planes in Run 1 and 2 are instrumented with Hybrid Photon
Detectors (HPDs), vacuum photodetectors with an active diameter of 75 mm a
quartz entrance window, and a multialkali photocathode. The photodetector vol-
umes are isolated from the radiator gases by quartz windows and are maintained
in a COq environment to ensure detector stability by avoiding condensation.

For two particles of momentum p and masses m; and ms the condition for sepa-
ration with n, standard deviation is:

m? — m3|VN

== (2.6)

2p%cg tan(6,)
where N is the mean number of photon and oy is the Cherenkov angle resolution.
Eq. 2.6 shows that the Cherenkov angle resolution, which sets the particle dis-
crimination power of RICH detectors, is improved by maximising the photon yield
and minimising both single—photon angular uncertainty and tracking error. This
becomes especially critical at high particle momenta, where the Cherenkov angles
approach saturation and the separation power between particle types diminishes.
Several factors contribute to the overall resolution.

e Chromatic dispersion;

e Optical aberrations and geometric effects, which cause uncertainty in the
emission point;

e Pixel size of the photodetectors, which introduces granularity in the angle
reconstruction;

On average, the Cherenkov angle resolution during Run 1 and 2 was approximately
1.65 mrad for RICH1 and 0.67 mrad for RICH2, reflecting their different geometries
and optics. The mean photon yield is measured to be 30 = 2 and 18.5 £ 1.2 for
RICH1 and 2, respectively [41]. Figure 2.19 illustrates the dependence of the
Cherenkov angle on particle momentum for various particle species across the
different radiators used in the LHCb RICH system. For all tracks, under a given set
of mass hypotheses (e.g., pion, kaon, proton), the expected Cherenkov photon hit
distribution on the detector is calculated, based on trajectory information, optics
and mass hypotesis. The consistency of the observed HPD hit pattern with each
hypothesis is quantified through a global likelihood calculation. These likelihood
values, when combined with information from other subdetectors, form the basis
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Figure 2.19: a) Cherenkov angle as a function of particle momentum for the RICH
radiators (including aerogel) for different particle masses. (b) Cherenkov angle for
isolated tracks, defined as tracks where the Cherenkov ring does not overlap with
any other ring, in the C4F( radiator.

of PID criteria used in physics analyses. This particle estimators are calculated
from the difference in log-likelihood between different mass- hypotheses for a given
track, for example ALL(K, 7). In addition to this likelihood-based method, an
alternative and more powerful approach is employed in certain analyses. This
method uses multivariate techniques to integrate PID information from multiple
subsystems, while also accounting for correlations and incorporating tracking data.
The output is a single, unified probability score, called ProbNN, for each particle
hypothesis, significantly improving PID performance.

The performance of the RICH system is calibrated and validated using control
samples of A — pr~ and D** — D%(— K~7t)rT. These decays can be selected
using purely kinematic selections, providing clean samples of pions, kaons, and
protons for evaluating PID efficiency and misidentification rates across a range of
track momenta. Figure 2.20 presents an example of performance study.

The Calorimeter system

In the calorimeter system, particles are identified based on the characteristics of the
showers they produce when interacting with the detector materials. The system
comprises two scintillator planes, the Scintillator Pad Detector and the Preshower,
separated by a lead converter, as well as two calorimeters: the Electromagnetic
Calorimeter and the Hadronic Calorimeter. The primary functions of the calorime-
ter system are to differentiate between hadrons, electrons/positrons, and photons
through the distinct shower patterns they generate, as illustrated in Figure 2.21.
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Figure 2.20: PID efficiency and misidentification rates performance in Run 2 for
the discrimination of kaons from pions (a), protons from pions (b) and proton from
kaons (c) as a function of the momentum. Two different ALL requirements have
been imposed on the samples, resulting in the open and filled marker distributions,
respectively

The SPD and PS detectors [42] consist of polystyrene-based scintillating planes.
Positioned between them is a lead converter, with the total material correspond-
ing to a radiation length of 6.5 Xy (2 Xy from each scintillator plane and 2.5 X
from the lead). The SPD helps distinguish showers produced by charged parti-
cles from those initiated by photons and improves the correlation with tracking
information. The PS facilitate the discrimination between electromagnetic and
hadronic showers exploiting the different energy deposition. The ECAL [43] is
a shashlik-type sampling calorimeter composed of 66 modules, each consisting of
alternating layers of 2 mm lead and 4 mm scintillator, summing to a total thick-
ness of 25 radiation lengths. To improve the measurement of the longitudinal and
transverse development of showers and to improve separation between adjacent
showers, the calorimeter layers are transversely segmented. The transverse cell
size increases with radial distance from the beamline to account for decreasing
occupancy: 4.0 x 4.0 cm? in the inner region, 6.1 x 6.1 cm? in the middle, and
12.1 x 12.1 cm? in the outer region. The ECAL achieves an energy resolution of:

9.0 0.003
o _ 0% o0 g9 e 2003 (2.7)
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Figure 2.21: Scheme for the shower development in the LHCb calorimeter system
for different particle hypotheses

where @ denotes the sum in quadrature and the energy is measured in GeV.

The HCAL is also a sampling calorimeters, but unlike the ECAL, it uses alternating
layers of iron and scintillating tiles aligned parallel to the beam axis, enhancing

angular resolution. It also features transverse segmentation, with cell sizes of
13.1 x 13.1 cm? in the inner region and 26.2 x 26.2 cm? in the outer region. The
HCAL has a total thickness of 5.6 hadronic interaction lengths, constrained by the
physical space available in the LHCD cavern. As this is insufficient to fully contain

hadronic showers, the resulting energy resolution is:

og _ 67%

E - VE

@ 9% (2.8)

The calorimetry system is shown in Figure 2.22.

Outer section :
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2688 ct
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608

Figure 2.22: Left: segmentation of the SPD, PS and ECAL. Right: segmentation

of the HCAL.
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The Muon system

Five muon stations are used by the LHCb detector, labeled M1 through M5, ded-
icated to muon identification and reconstruction [44], as depicted in Figure 2.23.
Station M1 is positioned upstream of the calorimeters, after RICH2, and enhances
the early measurement of muon transverse momentum for hardware level trigger
purposes. Stations M2 to M5 are located downstream of HCAL and are interleaved
with iron absorbers 80 cm thick, corresponding to around 20 nuclear interaction
lengths, to absorb hadronic showers. The muon system covers an angular accep-
tance of |20, 306] mrad horizontally and [16, 258] mrad vertically. To fully traverse
all five stations, muons must have a minimum momentum of 6 GeV. Each muon
station is segmented into four regions (R1-R4), with areas increasing in a 1:2:4:8
ratio to evenly distribute particle flux. A total of 1368 MultiWire Proportional
Chambers (MWPC), filled with an Ar/COy/CFy (40/55/5 %) gas mixture, are
used in regions R2-R4 of stations M2-M5, and in the outer region of M1. In the
high-occupancy innermost region of M1, Gas Electron Multiplier (GEM) chambers
are employed instead, offering higher radiation tolerance, granularity, and spatial
resolution. The GEM chambers use a different gas mixture: Ar/CO3/CF4 in a
45/15/40 ratio.

Muon identification [45] is based on a likelihood function, evaluated for both the
muon and non-muon hypotheses by matching the energy deposition patterns in the
muon stations to the associated track. The resulting discriminant, is defined as
the logarithm of the likelihood ratio between the muon and non-muon hypotheses.
This scorer is further combined with information from the RICH and calorimeter
systems to yield combined classifiers for improved particle identification. Using
this combined likelihood approach, LHCb achieves an average muon identifica-
tion efficiency well above 95%, with hadron misidentification rates below 0.6%,
depending on momentum [45].

2.2.3 The LHCb Trigger system

Raw detector signals must undergo a series of processing steps [46, 47, 48] to re-
construct high-level physics objects such as tracks, vertices, and particles, and to
identify events of interest based on their physics signatures. A graphical overview
of the LHCb data processing workflow, executed within the Gaudi software frame-
work [49] is shown in Figure 2.24. This diagram outlines the sequence of processing
stages along with the corresponding software applications responsible for each step.
The LHCb trigger system operates in two stages: the Level-0 (LO) trigger and the
High-Level Trigger (HLT). The LO trigger is implemented in hardware and re-
duces the detector readout rate to 1.1 MHz, which corresponds to the maximum
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Figure 2.23: Scheme for the muon chambers location in the LHCDb detector.
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Figure 2.24: Scheme for the LHCb data processing sequence

rate supported by the front-end electronics of all subdetectors, but for the muon
and calo systems having frontend electronics working at 40 MHz. The HLT is a
software-based trigger system that performs full event reconstruction on a com-
puting farm comprising approximately 25000 CPU cores distributed across around
1600 physical nodes, each equipped with at least 1 TB of local storage. The pri-
mary function of the trigger system is to reduce the raw proton-proton collision
rate to a manageable output rate of 2 and 12.5 kHz, respectively for Run 1 and
Run 2 [18, 35|, which is suitable for permanent storage. Each individual condition
or selection criterion within the trigger system is referred to as a trigger line. If
an event satisfies the criteria of any trigger line, it is passed to the next stage of
processing or written to storage.

The LO Trigger

The LO trigger is implemented using custom hardware synchronised with the
40 MHz proton-proton collision rate. It operates with a fixed processing latency of
4 ps. The LO system is divided into two independent subsystems: the calorimeter
trigger and the muon trigger, both designed to exploit the typically high trans-
verse energy (Er) and prof decay products from b-hadron decays. Each subsystem
contributes to the final trigger decision, which is made by the L0 decision unit,
determining whether the full event is forwarded to the HLT. The LO-calorimeter
trigger utilises signals from the SPD, PS, ECAL, and HCAL detectors to identify
high-E electrons, photons, and hadrons. E is calculated independently for each
subdetector by summing over clusters of 2 x 2 cell. The transverse energy is defined

as:
4

ET = Z Eceusineceu (29)
cell=1

where Ec is the energy deposited in the i-th cell and 6y is the angle between the
beam axis and the line from the interaction point to the cell center. The clusters
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with the highest Er are selected, and, using SPD and PS information, they are
classified as follows:

e LOHadron: the HCAL cluster with the highest E. If this also corresponds
to the ECAL highest-Er cluster, the hadron Er is taken as the sum of the
HCAL and ECAL contributions.

e LOElectron: the ECAL cluster with the highest Er that is matched to one
or two hits in both the SPD and the corresponding PS cells.

e LOPhoton: the ECAL cluster with the highest E1 that is matched to one or
two hits in the PS but no hits in the SPD.

An event is accepted by the LO-calorimeter trigger if the E1 of any of these can-
didates exceeds a predefined threshold that can in general differ year by year of
data-taking. To limit processing time in the HLT, high-multiplicity events are
vetoed using the total number of SPD hits.

The LO-muon trigger searches for the two highest-pr muon candidates in each
detector quadrant. The muon system performs standalone track reconstruction,
using hits that form straight-line tracks across all five muon stations and are con-
sistent with originating from the interaction point. Stations M1 and M2 provide
the pr measurement. Events are retained if the highest-pr muon exceeds a prede-
fined threshold (LOMuon), or the product of the pp values of the two highest-pp
muons exceeds another threshold (LODiMuon).

The High Level Trigger

The High-Level Trigger is a software-based trigger system that operates asyn-
chronously with respect to the 40 MHz LHC bunch-crossing rate. The HLT re-
duces the event rate from 1.1 MHz to 2-12.5 kHz. All events accepted by the HLT
are written to permanent storage as raw data. Events reaching the HLT stage
contain at least one L0 candidate and are processed by merging information from
all relevant subdetectors. The HLT is structured in two stages: HLT1 and HLT2.

HLT1 performs a partial, rapid event reconstruction aimed at inclusive selections
of interesting physics signatures, reducing the rate to around 50 kHz. It refines
LO candidates using tracking information from the VELO and tracking stations,
retaining events that include at least one high-quality track with minimum re-
quirements on IP, momentum, pr and overall track quality. The L0 decision unit
provides information about which L0 trigger conditions were satisfied, guiding
HLT1 to execute only the relevant algorithm sequences. If multiple LO candidates
are found, their corresponding HLT1 sequences run independently. To optimise
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processing, HLT1 avoids reconstructing the same track or vertex more than once.
In Run 1, the most efficient HLT1 selection for hadronic decays of charm and
beauty hadrons was the Hlt1TrackAllLO line. It selected high-pt (pr> 1.6 GeV)
tracks with good quality and significant displacement from the primary vertex.
In Run 2, this was improved by two new selections: HIt1TrackMVADecision and
Hlt1TwoTrackM VA Decision.

The HLT2 stage operates at a significantly lower input rate and therefore has
the resources to run a more refined selections with respect to HLT1. It begins
with complete pattern recognition to reconstruct all tracks in the event, followed
by a series of inclusive and exclusive selection algorithms. Inclusive selections
target generic b-hadron decays or known resonances. Exclusive selections focus on
specific decay channels, aiming for maximal efficiency. Of particular importance
are the inclusive topological trigger lines of HLT2. These are designed to trigger
on partially reconstructed b-hadron decays with at least two charged final-state
particles forming a displaced secondary vertex. Candidate tracks are selected based
on fit quality, impact parameter, and in Run 2 also by using PID information.
Vertices are built from combinations of two, three, or four selected tracks, and a
multivariate algorithm is used to discriminate signal candidates based on kinematic
and isolation variables.

The TIS and TOS categories

Trigger decisions at LHCb are categorised into three types: Triggered On Signal
(TOS), Triggered Independently of Signal (TIS) and Triggered On Both (TOB).
An event is classified as TOS if the signal under study alone is sufficient to satisfy
the trigger requirements and retain the event. Conversely, an event is classified as
TIS if it would have been triggered and recorded regardless of the presence of the
specific signal being analysed. TOB events require the combined presence of both
the signal and the rest of the event, with neither being sufficient on its own.

2.2.4 The LHCb data processing

To manage the data collected, LHCb employs a multi-stage data-processing pipeline
designed to maximise data quality and acquisition efficiency. Each stage is con-
trolled by specialised software processing events sequentially. The stages are:

e Triggering (Moore): Raw detector data is filtered by the High-Level Trigger
(HLT), implemented via the Moore application as described in Sec. 2.2.3).
During Run 1 only events passing the trigger are retained, written to tape as
raw banks, containing both trigger and subdetector data. Run 2 introduced

33



2.2. The LHCD detector

the Turbo method [50] where only the objects involved in the trigger decision
plus all the primary vertices are persisted.

e Reconstruction (Brunel): Raw data are copied and distributed across the
LHC Computing Grid (LCG) and reconstructed in parallel using the Brunel
application. Detector hits are converted into physics objects (e.g., tracks,
clusters), with PID information assigned via likelihoods.

e Stripping and Selection (DaVinci): FullDST files, undergo further filtering in
the stripping step via DaVinci. Here, physics candidates are reconstructed.
Data can be written in DST format, storing the candidates created during
the stripping along the full reconstructed event, or uDST, only storing the
candidates identified by the stripping algorithms.

e User Analysis (DaVinci): Users analyse uDST /DST files with custom DaVinci
algorithms to extract variables, perform vertexing, flavor tagging, decay an-
gle computation, and momentum smearing.

An essential aspect during physics analysis is data simulation. Simulation is crucial
for background subtraction, efficiency estimation, and systematic studies. It repli-
cates the real data chain, simulating pp interaction and the detector response in the
reconstruction of a decay. The generation of pp collisions, the hadronisation and
the decay of the resulting particles are controlled by the Gauss application [51] re-
sponsible for calling the various Monte Carlo (MC) generators such as Pythia8 [52]
(the default in LHCb), and for controlling EvtGen and Geant4. EvtGen [53] is
used to describe the decays of simulated particles, while Geant4 [54, 55| is used
to simulate the propagation and interaction of particles within the detector. The
simulated interaction of particles with the detector and the corresponding energy
depositions, are converted to signals (digitisation) that mimic the real detector
electronics channels response by the Boole application [56]. In addition the Boole
application allows to encode data in raw banks that have the same format of data.
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Chapter 3

Theoretical and Experimental
Overview of Exotic Hadrons

This chapter provides an overview of the SM with a focus on the quark model,
Quantum Chromo-Dynamics (QCD) and exotic hadrons. A brief introduction
to the SM is given in Sec. 3.1. Sec. 3.2 introduces the constituent quark model
that was the first phenomenological framework capable of classifying, describing,
and predicting hadrons composed of light quarks. In Sec. 3.3 an overview of the
QCD and its connection with the quark model is presented. Sec. 3.4 introduces
quarkonium states. Finally, the current understanding of exotic hadrons and the
theoretical approaches developed to interpret their internal structure and forma-
tion mechanisms are reported in Sec. 3.5.

3.1 The Standard Model of Particle Physics

In the SM of elementary particle physics, the fundamental building blocks of matter
are quarks and leptons, which are Spin% particles, called fermions, organised into
three generations. Fach generation includes particles with different flavours. Every
particle has a corresponding antiparticle with the same mass, spin, and lifetime,
but with opposite quantum numbers. In quantum field theory, all fundamental
interactions between particles derive from the principle of local gauge invariance.
This principle states that global symmetries of the Lagrangian, associated with
the conserved quantities, must also hold locally, meaning that the symmetry trans-
formations depend on space-time coordinates. To preserve this local invariance,
additional spin-1 fields, known as gauge bosons, must be introduced. These fields

mediate interactions between particles and are associated with the symmetries of
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Figure 3.1: The Standard Model particles

certain unitary groups. The coupling constant, whose intensity depends in gen-
eral on the scale of energy under consideration, quantifies the strength of each
interaction and is linked to the gauge parameter of the symmetry. The SM is a
chiral gauge theory based on the symmetry group SU(3)c® SU(2),®@U(1)y, that
describe the strong, weak, and electromagnetic interactions via the exchange of
spin-1 gauge bosons. Figure 3.1 schematically illustrates the SM particle content,
including these mediators.

The Electroweak theory unifies the electromagnetic and weak interactions and is
built upon the SU(2),®U (1)y symmetry. The subscript L indicates that the weak
interaction only affects left-chiral fields, which correspond to left-handed (right-
handed) helicity fermions (antifermions) in the massless limit. All SM particles
experience weak interactions, but neutrinos only interact via the weak force. The
leptons of each generation form SU(2);, doublets, such as (v,e™ )z, while their
right-chiral counterparts (e.g., ve,r and ey) are singlets and do not participate
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in the weak interaction. The inclusion of U(1)y, associated with hypercharge Y,
enable the unification of the electromagnetic and weak forces. Since right-handed
neutrinos carry no electric charge, have zero hypercharge, and do not interact via
the weak or strong forces, they are not considered in the SM. Local gauge invari-
ance under SU(2)r, ® U(1)y requires the introduction of four gauge fields, which
after electroweak symmetry breaking correspond to the W+, W~ and Z bosons
(mediators of the weak interaction), and the photon (mediator of the electromag-
netic interaction). The gauge symmetry forbids explicit mass terms for the gauge
bosons. Instead, masses are generated through spontaneous symmetry breaking, a
mechanism where the Lagrangian remains symmetric, but the vacuum state does
not. The introduction of the scalar Higgs field allows the W, W~, and Z bosons
to acquire a non-zero longitudinal polarisation and therefore a mass, while the pho-
ton remains massless. The same mechanism also gives mass to fermions, except
for neutrinos. Quarks and leptons are grouped into three generations, each with
the same gauge structure under SU(2);, ® U(1)y, differing only in mass. Within
each generation, fermions are arranged in doublets. While the SM do not include
direct interactions between quarks and leptons, charged current weak interactions,
mediated by the W* and W~ bosons, allow flavour changes within each dou-
blet. Experimental results from the decays of strange mesons revealed that flavour
changing neutral currents, mediated by the Z boson, are instead suppressed in the
SM and forbidden at the tree level. The Glashow-Ilioupolus-Maiani (GIM) mech-
anism, stating that the quark flavour eigenstates differ from their weak interaction
eigenstates and predicting the charm quark, explained these experimental obser-
vations. Therefore, SU(2);, doublets of quarks are written in the form (u,d)r,
where d is a linear combination of down-type quarks from different generations.
This relationship is described by CKM matrix [57, 58|, when at least three gener-
ations are included in the SM, which introduces a complex phase responsible for
CP violation in the SM. In contrast, lepton mixing is absent in the SM due to
the assumption of massless neutrinos. Consequently, lepton flavour universality
holds: the couplings of leptons to W* are flavour-universal charged-current inter-
actions, while those to the Z are flavour-universal neutral-current interactions with
distinct coupling constants The strong interaction is described by SU(3)c gauge
symmetry, where the mediators are gluons. Only quarks participate in strong in-
teractions, and each quark flavour appears in three colours, the quantum number
associated with SU(3)c. Due to the confinement property of QCD, quarks are
never observed as free particles but only in bound states known as hadrons, which
are colour-singlets. These bound states differ significantly from electromagnetic
systems like atoms due to gluon self-interactions.
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3.2. The Quark Model

3.2 The Quark Model

The quark model was introduced in 1964 by Gell-Mann [59] and Zweig [2] to
explain the spectrum of strongly interacting particles, which had been discovered
since the late 1940s [60]. According to this model, hadrons are not fundamental
particles but are instead composed of more elementary constituents called quarks.
Initially, three types of quarks were proposed, up (u), down (d), and strange (s),
which are now referred to as the light quarks. To distinguish between these quark
types, a new quantum number called flavour was introduced.

3.2.1 Light-flavour quarks

Assuming an approximate symmetry among the u, d, and s quarks in the strong
interaction there is an approximate invariance under unitary transformations that
mix these light quark flavours. This symmetry is described by the flavour SU(3) ¢
group and it is approximate because the degeneracy between quark flavours is
broken by their different mass. In this framework, the quarks (u, d, s) are treated
as components of a three-dimensional irreducible representation (denoted as 3),
while the antiquarks (@, d, 5), carrying opposite quantum numbers, transform
under its conjugate, denoted as 3.

Hadrons can then be classified according to irreducible representations formed by
the direct product of quark and/or antiquark multiplets. Particles belonging to
the same SU(3)y representation must share the same spin and parity, and the
presence of one such particle implies the existence of its SU(3)s partners within

that representation.

The SU(3) group has eight generators, commonly represented by the Gell-Mann
matrices [61]. Two of these matrices commute with each other, meaning that within
each irreducible representation, particle states can be labeled by two corresponding
quantum numbers. These are I3, the third component of isospin and Y, the
hypercharge, defined as:
yomag CoBET o)
where B is the baryon number, S is strangeness, C, B, and T represent charm-
ness, bottomness, and topness, respectively. Mesons, composed of a quark and an
antiquark, fall under the tensor product of the 3 and 3 representations, resulting
in a direct sum of a one dimensional representation 1, and a eight dimensional
representation 8:
303 =15 &8s (3.2)
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where the suffixes A and S stand for antisymmetric and symmetric, respectively,
and indicate the properties of the flavour wave function in the interchange of
the constituents. The SU(3); multiplets can be visualised in a two-dimensional
plane using the axes I3 and Y. When only u, d and s quarks are considered, the
hypercharge coincides with the strangeness (up to a normalisation related to the
baryon number). For ground-state, with zero orbital angular momentum (S-wave),
mesons two different J configurations are allowed: the pseudoscalar mesons are in
a spin-singlet configurations and have J* = 0~. The vector mesons have JZ' =1,
corresponding to a spin-triplet configuration. The SU(3) octet representation of
the pseudoscalar mesons is depicted in Figure 3.2.

K° S K+
sd . su
\
/N XR
12| a5 12 (= 1
tud —T gsdd du "
XN
A
US ds
K~ K°

Figure 3.2: SU(3)¢ diagram showing the octet representation for the pseudoscalar
mesons made of u, d and s quarks as a function of the isospin component I3 and
the strangeness S.

Baryons, made of three quarks, fall under the tensor product:
3®3®3=10s © 8ms © 8ms G 1a (3.3)

The flavour-space wave functions are anti-symmetric in the one-dimensional repre-
sentation 1, symmetric in the ten-dimensional representation 10 and with mixed
symmetry in the eight-dimensional representations 8. An example of baryon clas-
sification into the octet and decuplet representations is shown in Figure 3.3. The
discovery of the Q~ [62] a baryon composed of three strange quarks, was a ma-
jor success for the quark model. However, since the AT™", A~ and Q~ consist of
three identical quarks and are spin-3/2 particles, their wavefunctions could only
be made antisymmetric by introducing an additional degree of freedom: colour,
with the assumption that each quark flavor comes in three different colour charges.

The observed pattern of a J¥ = %Jr octet and a J¥ = %Jr decuplet arises from the
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antisymmetry of the colour wavefunction, a fundamental feature of QCD.

n d p A_ AD A+ A++
uUU
éu Y % d\ ddu 1.:111. /u #
/ ; \ - dd ud uu
dsd usd uu o @y b Jiaas
5 A 0t \ /
\ / sd su
8 s
80 . SU - \\// =
S S
=— =0 i
= — s

Figure 3.3: SU(3); diagram showing the octet (left) and the decuplet (right)
representations for the ground state baryons made of u, d and s quarks.

3.2.2 Heavy-flavour quarks

In addition to the light quarks, there are three heavier quark species, charm (c),
beauty (b), and top (t) collectively known as heavy-flavour quarks. In 1964,
Bjorken and Glashow [63] proposed the existence of a fourth quark flavour, mo-
tivated by the observation of four leptons at the time. This theoretical predic-
tion gained strong support in 1970 through the GIM mechanism [64]. Hadrons
formed by the quarks (u, d, ¢, s) can be grouped into irreducible representa-
tions of the SU(4) symmetry group. These representations are characterised by
quantum numbers such as isospin I3, hypercharge Y, and charm number C' For
mesons, the quark-antiquark combination 4 ® 4 decomposes into a singlet 1 and
a fifteen-dimensional representation 15:

404 =15 ® 155 (3.4)

One of the corresponding diagram is shown in Figure 3.4.

For baryons, the combination 4 ® 4 ® 4 yields to:
4044 =205 D 200ps @ 20vs P 4a (3.5)

corresponding to a twenty-dimensional representation 20g with symmetric states,
two twenty-dimensional representations 20n;s with mix-symmetric states and a
four-dimensional representation 4, with anti-symmetric states [65]. One of the
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Figure 3.4: The 16-plets of the SU(4) flavour group for the pseudoscalar mesons
with J¥ = 0~ (left) and the vector mesons with J* = 17 (right) made of (u, d, c,
s) quarks.

Figure 3.5: The 20p representation corresponding to spin 5 baryons (left) and

1
2
the 20g representation corresponding to spin % baryons (right).

corresponding diagram is shown in Figure 3.5. The same applies to b-quarks,
while t-quarks decay before hadronisation.

3.3 Quantum Chromodynamics

In the quark model, the wave function of a hadron is expressed as a direct product
of wave functions corresponding to different degrees of freedom, including position,
flavour and spin. Since quarks are fermions, the total wave function of a system
of identical quarks must be antisymmetric under particle exchange, in accordance
with the Pauli exclusion principle. As discussed previously, the AT A~ and Q~
baryons have symmetric flavour wave functions, and their spin quantum number
implies a fully symmetric spin wave function. When spatial wave functions are
also symmetric (as in ground-state baryons), the total wave function appears to be
symmetric overall, which contradicts the required antisymmetry for fermions. This
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Figure 3.6: Ratio R(y/s) from the Particle Data Group [66]. The green dashed
line is the prediction from the quark model.

apparent inconsistency strongly indicates the presence of an additional internal
quantum number that provides the necessary antisymmetric component. This
degree of freedom is now known as colour charge. One of the most strongest
experimental evidence for colour charge comes from measurements of the ratio of
cross sections in electron—positron annihilation experiments:

R — O¢+e——hadrons _ NC Z 622, (36)

Oete——sptp—
erem—puTp flavour

where N¢ is the number of colours, the sum runs over the number of flavours over
threshold corresponding to the centre-of-mass energy /s of the collision and e; is
the charge of the quark of flavour 7. If only quark flavour and electric charge were
to be considered, the expected value of R would be Eiql-z where g; is the electric
charge of each kinematically accessible quark flavour. Figure 3.6 shows that the
experimental result are in agreement with No = 3. These results, together with
the explanation of the 7 — v decay amplitude provided by the introduction of
the colour degree of freedom, led to the interpretation of the colour as the charge
of the strong interaction.

QCD has two fundamental properties that define the behavior of strong interac-
tions. The first one is asymptotic freedom which describes that, at high energy
scales, the strength of the strong force decreases, allowing quarks and gluons to
behave almost as free particles. This enables the use of perturbative techniques
for high-energy processes. The second property is colour confinement, that de-
scribes that all free particles are colour singlets, and coloured particles (quarks
and gluons) cannot be observed as isolated objects. Instead, they are confined
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3.3. Quantum Chromodynamics

within colour-neutral hadrons. Both features are deeply connected to the running
coupling of QCD, which characterises the behavior of the strong interaction as a
function of the energy scale. The intensity of the strong interaction is characterised
by the coupling constant g, in the QCD Lagrangian, with an equivalent expression
of ag = g% The effective value of o is determined through renormalisation, a tech-
nique used to regulate and absorb divergencies that appear in loop-level quantum
field theory calculations. To analyse the scale dependence of «, the assumption
that it is small enough is made, in order to allow a perturbative expansion. The
evolution of o with the renormalisation scale p is governed by the QCD beta
function B(as) = u%as. This function can be expressed as a power series in g,

giving the renormalisation group equation (RGE):
5(%):—6%—20@[ Bo+( )ﬁ +( ) B2+ .., (3.7)
if the value of p is taken as the momentum transfer Q? of a given process, the

effective coupling of strong interactions is given by the value of as(p).

Setting € = 0 for simplicity, the one-loop approximation of the RGE becomes:

2
as
i ——27Tﬁo (3.8)

i
du °
Solving this differential equation yields the one-loop running coupling constant:

2T 1
as(p) = BO

(3.9)

AQCD

here By = 11 — %n t, where ny is the number of active quark flavours contributing
at the scale pn. Aqcp is an integration constant known as the QCD scale, marking
the transition between perturbative and non-perturbative QCD regime. Its value
depends on the renormalisation scheme and typically lies in the range of 300 to
1100 MeV for ny = 3 [67]. When Q% > Aqcp, s becomes small, leading to
asymptotic freedom. In the other case, Q — 0, s grows rapidly, entering a
non-perturbative regime. This increase is responsible for colour confinement, as
it prevents the isolation of individual quarks and gluons. Figure 3.7 shows the
variation of ;s as a function of the energy scale.

Since the mass differences between hadrons and their constituent quarks are gen-
erally comparable to the QCD scale Aqcp, an accurate description of hadron
spectroscopy cannot be obtained directly from the QCD Lagrangian using pertur-
bative methods. Instead, non-perturbative approaches such as lattice QCD and
effective models have been developed to describe and predict hadron properties.
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Figure 3.7: Variation of a; depending on the energy scale Q

Lattice QCD is a non-perturbative technique in which space-time is discretised
into a lattice, allowing hadron spectrum to be computed through numerical simu-
lations [68|. Phenomenological models have been formulated to effectively describe
the interactions between quarks and gluons within hadrons. One such example
is the potential model, which incorporates both short- and long-range features of
strong interactions, as well as spin-spin interactions at the quark level. This model
has successfully predicted the spectrum of hadrons containing charm—anticharm
(ce) quark pairs [69]. Experimental studies of hadron spectroscopy provide es-
sential tests for theoretical understanding of strong interactions at the hadronic
energy scale, as obtained from lattice QCD or effective models.

3.4 Quarkonium states

A special class of mesons, called quarkonia, consists of a quark and its corre-
sponding antiquark of the same flavour. Specifically, a quarkonium composed
of a charm-anticharm pair (c¢) is referred to as charmonium, while one made
of a beauty-antibeauty pair (bb) is called bottomonium. Quarkonium states are
commonly labeled using spectroscopic notation n2°t'L;, where n is the radial
excitation quantum number, S the total spin, L the orbital angular momentum
between the quark and antiquark and J = L & S the total angular momentum.
The allowed quantum numbers JZ¢ = 0=+, 01+, 17~ ... where the parity is de-
fined as P = (—1)X*! and the charge-coniugation parity is C' = (—1)*+5. Each
quarkonium system has multiple states with different masses and quantum num-
bers. The ground state has L = S = 0 and no radial excitations. It is denoted
as 1:(15) for charmonium and 7;,(1S) for bottomonium. The next higher states,
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with S = 1 and L = 0, are the vector mesons J/v¢ for charmonium and Y(15)
for bottomonium. Higher-mass states differ due to variations in spin couplings,
orbital angular momentum, and radial excitations. The study and classification
of these states is known as quarkonium spectroscopy. Quarkonium states with
masses below the threshold for decays into open-flavour hadrons are typically nar-
row states, decaying via electromagnetic or strong interactions into lower-mass
quarkonia, light hadrons, or charged leptons. This behavior can be well under-
stood through the Okubo-Zweig-lizuka (OZI) rule, which states that decays where
the initial and final quark lines are connected are favoured, whereas those with
disconnected quark lines are suppressed. In QCD terms, hadrons are color singlets,
so such decays require at least two gluons, with the number depending on the J*¢
quantum numbers of the decaying quarkonium. States above the open-flavour
threshold, however, tend to have much larger widths dominated by strong decays
into open-flavour hadrons. Because the charm and bottom quarks are much heav-
ier than Aqcp (mpy > me > Aqep), charmonium and bottomonium provide an
important system for studying the strong interaction, bridging perturbative and
non-perturbative QCD. The large quark masses also allow for a non-relativistic
treatment, such as using potential models where the quark-antiquark interaction
is modeled by a radial potential. A widely used example is the Cornell poten-
tial [70]:
4 o

V(r)= 3 + or + constant (3.10)
where r is the effective radius of the quarkonium state, a; is the QCD running cou-
pling, ¢ is the QCD string tension and is a constant of ~ 0.18GeV? [71]. Starting
from this simple potential, numerous models have been developed and refined to
match experimental data. Incorporating relativistic corrections further improves
the accuracy of predictions, resulting in excellent agreement with observations as
shown in. This makes the quarkonium system one of the most precisely under-
stood examples within the non-perturbative regime of QCD. The mesons with a
minimal ¢ and bb quark content are shown in Figure 3.8.

3.5 Exotic hadrons

The quark model, phenomenologically successful, cannot be rigorously derived
from QCD. The hadron spectrum predicted by the quark model does not neces-
sarily coincide with that of QCD, which may allow for a much richer spectrum
of hadronic states. In QCD, gluons not only mediate the strong force between
quarks but also interact with each other, as they carry colour charge. These
self-interactions can give rise to bound states of gluons, known as glueballs. Fur-
thermore, gluons can participate as valence constituents by coupling with a quark-
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3.5. Exotic hadrons

antiquark pair to form hybrid mesons. Both the proponent of the quark model
introduced not only the existence of mesons and baryons, but also suggested the
possibility of more exotic configurations such as qgqq and qqqgqg. This early recog-
nition of the possibility of multiquark states predates the formal development of
QCD. Multiquark states can be further categorised into tetraquarks (¢gqq), pen-
taquarks (ggqqq) and others. Charged quarkonium-like states cannot be described
by conventional quark-antiquark mesons. Also, certain quantum numbers, such
as JPC =077, 077, 17", and 27—, cannot be achieved either. States possessing
these so-called exotic quantum numbers are clear indicators of non-conventional
structures. These exotic quantum numbers can, however, be realised by hybrid
mesons, tetraquarks, or glueballs. In contrast, three-quark baryons can accommo-
date all possible J combinations such as %i, %i, %i, and so on. The past 15 years
have seen a huge number of evidence suggesting the existence of hadrons that fall
outside the simple ¢¢ framework. Notable among these are the discoveries of two
pentaquark candidates reported by the LHCb Collaboration [72], the discovery of
one of the narrowest exotic state observed |73] and a series of charmonium-like and
bottomonium-like states, that cannot be accommodated within the conventional

spectra |74].

A new naming scheme for exotic hadrons is under development by the Particle
Data Group with input from LHCb. In this thesis, the most recent names of the
exotic hadrons will be used, in line with the PDG prescriptions.

3.5.1 Observations of exotic candidates

The x.1(3872) was the first firmly established exotic hadron and remains the most
extensively studied to date. It was discovered by the Belle collaboration in 2003
in the J/ymT 7w~ system originating from BT decays [3], as shown in Figure 3.9.
Subsequent analyses by CDF [75], Belle [76], and LHCDb [77, 78| determined its
quantum numbers to be JP¢ = 1+ consistent with the x.1(2P) charmonium as-
signment. However, its measured mass is about 100 MeV lower than quark model
expectations [79], and its unusually narrow width is puzzling for a state lying above
the DD threshold. Further anomalies arise in its decay pattern. The observation
of comparable branching fractions to p(770)J /v, w(782)J /v, and 7%y.1 (1P) indi-
cates isospin violation at the ~0.3 level, much larger than the ~0.05 typically seen
in conventional charmonia [80]. This enhanced violation is plausibly linked to the
8.7 MeV splitting between the D°D*® and DT D*~ thresholds. The .1 (3872) lies
extraordinarily close to the D°D*? threshold (—0.04 +0.12 MeV) and dominantly
decays into D’ D*? strongly suggesting a D D* molecular nature [81]. At the same
time, the preference for v1)(2S) over .J/¢ decays observed by BaBar [82| and
LHCb [83, 84], though contested by Belle [85] and BESIII [86], points to a sizable
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3.5. Exotic hadrons

charmonium mixture [87]. Such a component, however, does not preclude a pre-
dominantly molecular structure [88|. An alternative interpretation is a compact
tetraquark. The absence of an experimentally observed charged partner chal-
lenges this picture, but it could be reconciled if production of the isovector states
is suppressed relative to the isoscalar x.1(3872) [89]. Production properties of the
Xc1(3872) in pp and pp collisions have also been invoked to argue for the presence
of a compact component [90, 91|, though these arguments remain debated [92, 93,
94].
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Figure 3.9: (Left) J/v 7t 7~ invariant-mass distribution from Belle with the results
of the unbinned fit superimposed. (Right) x.1(3872) — J/¥ntn~ observed at
LHCb [95].

Several exotic hadron candidates share the quantum numbers of x.; states (J*T),
most notably the x.1(3872) discussed earlier. Belle first observed the x0(3915)
and x2(3930) in BT — wJ/9K™* [5] and vy — DD [96], with confirmations by
BaBar |97, 98]. Both collaborations also reported signals of the x.0(3915) in
vy — wJ/1Y 99, 100], shown in Figure 3.10, while Belle claimed evidence for
either x.0(3915) or x.2(3930) in vy — v (2S) [101]. BESIII found hints of the
Xc0(3915) in ete™ — qwJ/1 [102]. LHCD observed the x2(3930) in prompt

production decaying to both D* D~ and D D° [103], shown in Figure 3.10. LHCb
also found contributions from both x.0(3915) and x2(3930) in B* — D*D-K*
decays [104]. Belle also reported the x.(3860) in ete™ — J/9DD [105], with a
much larger width than x.(3915) and x2(3930), 100-400 MeV and 20-35 MeV
respectively. LHCb, however, saw no evidence in BT — DY D~ K™. Interpreting
these states as the x.7(2P) multiplet is problematic. The small mass gap between
Xc0(3915) and x.2(3930), plus the OZI-suppressed x0(3915) — wJ/1, disfavors
their assignment as x.o(2P) and x.2(2P). The x.0(3860) may be a better x.o(2P)
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Figure 3.10: (Top left) x.0(3915) — J/¢w at BaBar. (Top right) The x.2(3930) —
D™D~ at LHCb (bottom) and X (3940) in ete™ — J/X at Belle.

candidate but remains unconfirmed. No solid x.1(2P) has been established, the
X (3940) observed by Belle [106], shown in Figure 3.10 could be a candidate, but
its J is unknown and no other experiment has confirmed it. Since the y.1(2P)
mass should fall between y.0(2P) and x.2(2P), further clarification is crucial. A
recent LHCD report of a possible h.(2P) near 4 GeV [107], if confirmed, would
make conventional assignments of x.0(3915) and x.2(3930) even more difficult.

A broad peak observed in ete” — ~ygpmwJ/t¢b by BaBar [108|, was later re-
solved by BESIII [109] into two structures, ¥ (4230) and (4360). The latter
had already appeared in eTe™ — qgrmm(2S) at BaBar [110] and Belle [111].
Their spin-parity is fixed by the production process. Many e*e™ — (c¢)(qq) pro-
cesses show large structures between 4.2-4.4 GeV, often involving intermediate
T,z states, suggesting decays like ¥(4230) or (4360) — T,zm, though resonance
parameters vary by final state. In collision systems other than eTe™, the DO col-
laboration sees a T.z1(3900)* 0 signal in inclusive b-decays for J/¢m 7~ masses
4.2-4.3 GeV [112, 113|, unconfirmed by LHCDb or Belle. If (4040), 1 (4160),
and 1(4415) are assigned to ¥ (3S5), ¥(2D), and ¥ (45), the 1)(4230) and (4360)
cannot be conventional charmonia [114], consistent with their prominence in OZI-
suppressed hidden-charm decays. Better understanding of vector states above
open-charm thresholds is needed, and coupled-channel analyses [115, 116, 117,
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Figure 3.11: (Left) ete™ — mt7n~1)(2S5) cross-section measured at BESIII. (Right)
ete™ — 7tm~J/9 cross-section at BESIII [130].

118, 119, 120, 121] could help. The (4230) may unify several exotic states,
given its decays to 75 Tz1(3900)F and yx.1(3872), potentially interpretable as a
D1(2420)D molecule [122, 123]. Higher-energy ete™ structures are usually at-
tributed to (4660), seen in 77 (2S) by Belle [111], BaBar [124], and BE-
SIIT [125], shown in Figure 3.11. A near-threshold AT A_ peak seen by Belle [126]
is unconfirmed by BESIII [127], while recent BESIII data on K K.J/ [128] and
D**tD*~ [129] indicate additional structures near 4.5-4.7 GeV.

In 2009, CDF observed a near-threshold J/1¢ structure at 4140 MeV in BT —
J/Yp KT, the x.1(4140) [131], later confirmed by CDF[7], CMS [132], and DO [133],
along with a possible second state near 4270 MeV. DO also reported a similar struc-
ture in prompt pp production [134], with hints from BaBar [135], though mass and
width measurements varied. Early searches by Belle [136, 137]|, BESIII [138], and
LHCb [139] did not confirm the x.1(4140). High-statistics amplitude analyses by
LHCD [140, 141] than observed both x.1(4140) and x.1(4274), with different masses
and widths and determined quantum numbers, as shown in Figure 3.12. Additional
states were found: x.0(4500) and x.0(4700) (JP¢ = 0+F), X(4630) (JPC =1+
or 271), xc1(4685) (JPC = 171), evidence for X (4150) [142] (J¥ = 27), and a
potential X (4740) [143]. LHCb also observed x.1(4274) and x0(4500) in the final
state J/1¢ in diffractive processes in proton-proton collisions [144]. Some of these
may correspond to conventional charmonia: x.1(4140) or x.1(4274) as x.1(3P),
and x.0(4500) or x.0(4700) as x.0(4P/5P), though decays to J/¢w remain unex-
plored. Molecular interpretations have been suggested: D Dy (JP¢ = 0%F or
2++) is ruled out for x.1(4140) by its J¥ = 17, while D} D~ molecules [145] or
kinematic cusps [146, 147| remain possible.

The T.z1(3900)F was first observed by Belle and BESIIT in e*e™ — Tz (3900)F 7T [148,
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Figure 3.13: (Left) T,z (3900) and (right) 7,.:(4200) signal at BESIII.

149|, with Belle using initial state radiation. CLEO-c soon confirmed and re-
ported evidence of the neutral partner[150], later established with high statistics
by BESIII [151, 152]. BESIII amplitude analysis determined J"(©) = 1+(=) [153].
Its mass lies near the (D* D)™ threshold, its dominant decay|[154, 155|. Since
it is electrically charged , it is manifestly exotic, requiring c¢ plus light quarks.
A related state, T.:(4020)%0 is found near the (D*D*)®° threshold, decaying
to her™0 [156, 157] and (D*D*)*0 [158, 159], and is likely connected to the
T,z1(3900)*0, as shown in Figure 3.13. Both are often interpreted as hadronic
molecules, though diquark—antidiquark models and triangle-singularity explana-
tions remain viable [160, 122, 161, 162, 163, 164, 165, 166, 167|.

The first charged charmonium-like state, the exotic T,z (4430)~, was discovered
by Belle in B — 1(25)7~ K as a peak in ¥(2S)7~ [168]. A later Belle ampli-
tude analysis favored J© = 17 at 3.40 [169]. LHCb confirmed the state with
much larger data, measuring a width of ~ 180 MeV and J¥ = 17 shown in Fig-
ure 3.14, supported by clear Argand phase motion [170]. In the same study, LHCb
reported a second resonance, T.z(4240)", at 4240 MeV with width ~ 220 MeV
and preferred J© = 0~ [170]. Belle also observed the broad T,z (4200)" in
B — J/yat K~ [171], which interferes with T,z (4430)%, producing a dip in the
J/yrT spectrum. Further candidates include T,z(4050)" and T.z(4250)" in yqm ™
from Belle[172], and a possible T¢z(4100)~ in ner~ from LHCD [173], with signif-
icance just above 3¢ and favored J¥ = 0% or 17. While the T,z (4430)" shows
resonant phase motion [170], such effects may also arise kinematically. Resolving
their true nature will require independent tests, e.g. photo-production.

First open-strange hidden-charm candidates were reported by BESIII in ete™ —
D*DyK and DD?K [174] and by LHCb in B — J/¢¢K [141]. BESIII ob-
served an enhancement near the Dy D*? and D}~ DO thresholds in the KT recoil
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Figure 3.14: T,z1(4430)" and T,z(4240)" signal at LHCb.

mass, named T,z5(3985)" [174]. Fitted with a relativistic Breit~Wigner, it has
a width of ~ 13 MeV. Spin-parity is assumed 17 due to S-wave dominance,
though other assignments are not excluded. A neutral partner was later seen in
ete™ = (DFD*" K% and ete™ — DT D™ KY) [175], strengthening but not prov-
ing a resonant interpretation. In BT — J/9¢K™, LHCD identified two states,
Trzs1(4000) T and Ti.z61(4220) 1, with > 50 significance [141], shown in Figure 3.15.
Amplitude analysis established J* = 1% for the T,z51(4000)", while 17 is preferred
over 17 for the Trz51(4220). An isospin partner of Tpz51(4000)™ was later observed
in BY — J/9¢K2 with 4o significance [176], with consistent mass and width. De-
spite similar masses, the T.z(3985)" and T,.z51(4000)" differ greatly in width,
~ 10 and ~ 130 MeV), possibly indicating distinct states or coupled-channel ef-
fects [177]. In the diquark model, they correspond to different but mass-degenerate
JPC =17+ and 17 states [178)].

The Y(10860) and Y(11020) were first observed as structures in the ete™ —
hadrons cross section by CUSB [179] and CLEO [180]. They were later seen in
exclusive decays to 77 ¥ (nS) (n = 1,2,3) and nrhy(nP) (n = 1,2)[181, 182],
see Figure 3.16. In ete” — w77~ T(nS), Belle reported an additional struc-
ture, Y(10753), near the Y(10860) [181], confirmed by Belle II with higher preci-
sion [183]. Belle II also observed Y(10753) in wxs1,2(1P) production [184], sug-
gesting that earlier signals attributed to Y (10860) — wxp1 2(1P) [185] may have
been due to its tail, shown in Figure 3.16. A coupled-channel analysis indicates
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Figure 3.15: T,z5(4000)" and T.z5(4220)" signal at LHCD.

that large fractions of Y(10860) and Y(11020) decays remain unobserved, with
B*B®) 7 likely dominant[186]. Above threshold, conventional bottomonia are ex-
pected to decay mainly to BB-type final states. The Y(10753), YT(10860) and
Y(11020) dominate the eTe™ — 7Y (nS) cross sections. While YT(10860) and
Y (11020) are usually identified as T(55) and YT(65), alternatives remain. The
T (10753) could be a T(nD) [187, 186] or a tetraquark[188]. Hybrid bottomonium
states are also predicted in this mass range, with all three structures suggested as
candidates [189, 190, 191, 192].

The T;;(10610) and T;;(10650) were first observed by Belle in ete™ — T(nS)r T~
and ete™ — hy(nP)rTn~ [4], as shown in Figure 3.17, with a neutral partner of
the T;;(10610) identified soon after [193]. Partial-wave analysis at /s = 10.866
GeV favors J© = 17 [194]. Like the T.5(3900) and 7,.z(4020) at the D*D and D* D*
thresholds, the T;;(10610) and T;(10650) lie at the B*B and B* B* thresholds and
decay mainly into these channels [195]. They also correlate with the Y(10860) and
Y(11020) structures in ete™ — T(nS)rw and ete™ — hy(nP)rm [182], though
these are usually assigned as YT (55) and Y(6S). A molecular picture is commonly
favored [196, 197, 198, 199, 167], though it predicts spin partners not yet ob-
served [200, 201, 202]. Compact tetraquark interpretations remain possible [203,
204|. Compositeness studies suggest strong molecular components [205], and lat-
tice QCD finds attractive B* B interactions consistent with this picture [206, 207,
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section as measured by BaBar and (right) in the ee™ — Y(25)7 7~ cross-section
with also the T(10753) measured by Belle and Belle II.

208].

Resonant structures in J/4.J /1) were first reported by LHCb in 2020 [209], with a
clear peak at 6.9 GeV and hints near 6.5 and 7.2 GeV. CMS [210] and ATLAS [211]
later confirmed the 6.9 GeV state; CMS additionally observed a second resonance
around 6.6 GeV (> 60) and evidence for another at 7.29 GeV (~ 40). ATLAS
also reported hints of these states. The J/1.J/1 spectra of the three experiments
are depicted in Figure 3.19. Masses, widths, and yields of the T,z candidates
might be highly sensitive to interference effects in one-dimensional fits, and theory
predicts a richer spectrum of possible resonances [212, 213, 214, 215].The experi-
mental values, especially for the 6.6 and 7.3 GeV structures, remain with pending
confirmation in other channels. The states have been interpreted as compact
tetraquarks, molecular states, or more exotic configurations [216, 214, 215, 217,
218], with early predictions dating back to 1975 [219] and 1982 [220]. A broader
overview can be found in Ref. [221]. CMS recently measured the spin and parity
of these structures [222].

The D*,(2317)* and D (2460)" were first observed by BaBar [223, 224| and
CLEO [225], and later confirmed by Belle [226] and BESIII [227]. Both have
positive parity and could be conventional P-wave D, excitations, but their masses
are 50-200 MeV below expectations and their widths remain unusually small,
< 3.7 MeV, [228|. This has motivated exotic interpretations as tetraquarks|229, 9|
or DK™ molecules [230], though conventional assignments influenced by nearby
DK™ thresholds [228] and suppressed, isospin-violating decays remain viable.

The T.s and T,z states have been identified at LHCb in amplitude analyses of
Bt - D*D™K™* and B — DD, decays [231, 104, 232, 233, 107, shown in Fig-
ure 3.20. The decays of Tcso,1(2900)O — DK, Te5(2900)" — Dfrt, and
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T.50(2900)° — Df 7~ establish minimal quark contents of [csud], [c5ud], and
[c8du], respectively, making all manifestly exotic states with open charm. The
Te50(2900)%/++ may be SU(3) ; partners of T,50(2900)°, though differences in mass
and especially width suggest a more complex relation [234]|. Proposed interpreta-
tions include compact tetraquarks [235, 236|, hadronic molecules such as D* K* or
D1 K|237], and kinematic effects like threshold cusps or triangle singularities [238,
239).

LHCb observed a narrow structure, the T,.(3875)", in the D° D7 " spectrum from
pp collisions [240, 241|, as shown in Figure 3.21. The measured binding energy
is 0m = —359 + 40fg keV, corresponding to a width of 48 + 2f?4 keV, orders of
magnitude narrower than typical exotic hadrons. The analysis assumes I(JF) =
0(1%), consistent with expectations for a [ccud] ground state, decaying via DD**
and DTD* with an off-shell D*. The data strongly support the interpretation
of the T:f as the [cctid] ground state with I(J¥) = 0(1F), in agreement with
theoretical predictions [242, 243, 244, 245, 246, 247|. The excellent fit with a pure
DD* decay model, combined with the tiny binding energy, favors a molecular
interpretation [243|, though a compact component cannot be excluded. Finally,
models predict that the [bciid] partner may lie below strong and electromagnetic
thresholds, rendering it long-lived, with realistic prospects for discovery in the near
future [248].

The first pentaquark candidates were reported by LHCb in 2015 in Ay, — J/¢, pK~
decays [72], requiring a minimal quark content of ccuud. An amplitude analysis
revealed two resonances, P.z(4380)% and P.;(4450)", with widths of 205 + 18 4+
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3.5. Exotic hadrons

86 MeV and 39 4+ 5 £ 19 MeV and preferred combination J¥ = (3/27,5/2%),
though alternative assignments were not excluded. A 2019 update with the full
9 fb~! dataset resolved the 4450 peak into two states at 4440 and 4457 MeV and
uncovered a new state at 4312 MeV [249], as shown in Figure 3.22. Their masses
lie just below EjD(*)O thresholds, suggesting a molecular nature {250, 251, 8, 252|,
though compact pentaquarks 253, 254, 255, 256] or triangle singularities [257] have
also been discussed. LHCb disfavors the cusp interpretation for P.z(4312)" and
P.:(4440)T [249]. A further candidate, P.z(4337)", was observed in BY — J/vpp
decays with a mass of 4337 MeV and width of 30 MeV [258], as displayed in
Figure 3.22. This state does not match those seen in A decays. Its mass, lying
20-40 MeV above nearby thresholds, disfavors a molecular picture; instead, it
may be a compact pentaquark [259, 260] with J = 1/2% or a cusp [261] with
JP = 1/27. Future LHCb amplitude analyses can discriminate between these
options. Complementary searches are performed via photoproduction, yp — J/vp,
at GlueX [262, 263, 264, 265, 266].

SU(3)s flavour symmetry implies that hidden-charm pentaquarks should also ap-
pear with strangeness [251, 267, 268, 269, 270, 271|. The first such candidate,
P.:5(4338), was observed by LHCDb in B~ — J/yAp decays [272], as shown in
Figure 3.23. An amplitude analysis revealed a narrow resonance in J/¢A at
4338.2 MeV with width ~ 7 MeV and preferred J© = 1/27, located just below the
EF D~ threshold. Its proximity to threshold and narrow width support a molecu-
lar interpretation [273], though a triangle singularity has also been proposed [274].
A second candidate, P.z5(4458), was reported in = — J/¢pAK ™ with ~ 30 signif-
icance [275], displayed in Figure 3.23. The structure lies 19 MeV below the Z0D*°
threshold and is consistent with a possible two-peak pattern with J* =1 /2~ and
3/27, as predicted by molecular models [268, 269, 270, 271, 273|, analogous to the
P.z(4440/4457) doublet. In this picture, Pees(4338) could be the SU(3) partner
of P.z(4312). Current statistics, however, are insufficient to confirm the two-peak
structure.

In Table 3.24 is reported the list of exotics hadron candidates up to date.

3.5.2 Models for the exotic candidates

Many models have been proposed to explain the exotic nature of such states [8,
9, 10, 11, 12, 13| but a coherent and complete picture for these states is not yet
available. Different theoretical approaches have successfully described some of
the observed states but fail or become inapplicable for others. This inconsistency
comes from an incomplete understanding of the underlying nature of these states.
It is possible that an underlying mechanism, not yet observed, governs their be-
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3.5. Exotic hadrons

Category

States / Candidates

Hidden Charm

Meson-like
(incl. tetraquarks)

x—like: xe1(3872),
Xc0(3860), xc0(3915), xc2(3930), X (3940)

—like: (4230), 1(4360), ¥(4660)

with s5: x.1(4140), x1(4274),
Xe1 (4685), Xe1(4500), x1(4700)
X (4150), X (4630), X (4740)

seen in eTe™: T.z (3900)T/0,
T,(4020)+/0 T.=(4055) "

seen in B decays: T,z(4050)T, T.z(4100)*,
Tez1(4200) 1, Tez(4240)F, Tee(4250)F, Teer (4430) T

Tezs (3985) ™, Tozs1(4000) =70, Tz (4220)

Hidden Bottom

Hidden Double Charm

T(10753), T(10860), T(11020)

T3, (10610) ", Typ, (10650)*

Tezez(6550), Tezez(6900), Tezz(7290)

Open Single Charm

Open Double Charm

D2-like: D%(2317)%, Dy (2460)F

Tesjes: Tesn(2900)°,
Tes0(2900)/+F, Tee1(2900)°

T..(3875)F

Baryon-like

(incl. pentaquarks) T e

1=13(3/2)

Pz(4312)%, Pz(4440)1, Pz (4457)T
Pz(4380)T, Pz (4337)"

1=0(1)

Pozs(4458)0, Poz4(4338)°

Figure 3.24: Known exotic hadron candidates up to date. Underscored candidates

are well-established states.
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3.5. Exotic hadrons

havior, or alternatively, that multiple, unrelated mechanisms are responsible. A
key feature of these exotic candidates lies in their distinctive decay patterns. For
example, while several known charmonium states lie above the open-charm thresh-
old and predominantly decay into open-charm pairs approximately twice as many
charmonium-like states are found in the same mass region but decay preferen-
tially into hidden-charm final states. This discrepancy indicates that conventional
charmonium models are effective only below the open-charm threshold and fail
at higher masses, where new degrees of freedom likely become relevant. Identi-
fying and understanding these additional degrees of freedom remains one of the
most pressing challenges for theoretical models of hadronic structure. Although
bottomonium spectroscopy is more experimentally demanding and requires larger
data samples, several unconventional states have been observed in the bb system
as well. These states exhibit properties similar to those seen in the c¢ sector, con-
sistent with expectations from heavy-quark symmetry. Several theoretical frame-
works aim to explain the internal quark structure of these exotic states:

e Hadronic molecules [8]: These states are proposed to be loosely bound me-
son—antimeson molecules, with a spatial separation greater than ~ 1 fm.
Their binding arises from nuclear-force-like interactions, mediated by pion
and light meson exchange.

e Diquark—antidiquark configurations|9, 10]: QCD allows for the formation
of diquarks, quark pairs in a spin 0 configuration, with a binding strength
roughly half that of a quark—antiquark pair. These diquarks can pair with
corresponding diantiquarks to form compact tetraquark states through gluon
exchange.

e QCD hybrids [276]: These are exotic hadrons composed by a quark—antiquark
pair and a valence gluon. The gluon contributes to the quantum numbers,
enabling combinations such as J¢ = 0~~,0%7~,1~F, which are forbidden in
conventional quarkonia.

e Hadroquarkonium [11]: In these models the heavy quark pair forms a com-
pact, colour-singlet core resembling a conventional quarkonium state, em-
bedded in a cloud of light-quark matter. The interaction between the core
and the light mesonic field is similar to a QCD analogue of the van der Waals
force. This framework provides an explanation for the prevalence of hidden-
flavour decays in many states lying above the open-flavour thresholds.

e Threshold effects [12, 13]: In three-body decays, a virtual S-wave meson
pair can produce a sharp enhancement or cusp—mnear the threshold in the
final-state invariant-mass distribution. These effects have in general a small
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3.5. Exotic hadrons

coupling but can mimic resonances.

If a resonance-like structure is confirmed to be a genuine hadronic state, its wave
function is likely a quantum admixture of several configurations, including a con-
ventional quarkonium component. The key distinction between competing models
lies in the assumed dominant configuration, while the others contribute smaller
admixtures. Determining the leading component can yield valuable insights into
the strong dynamics governing multiquark systems. A notable example is the
Xc1(3872), whose internal structure is widely believed to be a superposition of a
compact c€ core in the 2Py configuration and a loosely bound DD* S-wave molec-
ular component. The molecular part accounts for the observed isospin violation,
while the charmonium core explains the prompt production and production via
B decays. Also, the compact interpretations expects the existence of multiplets,
similarly to what occurs for conventional hadrons.

Distinguishing between genuine exotic hadrons and kinematic artifacts demands
further experimental input. In this thesis, a search for charged charmonium-like
mesons is conducted using the dataset collected by the LHCDb detector, as described
in the following chapters.
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Chapter 4

Amplitude analysis of
B = n:(18)Ktn~ decay

This chapter reports the analysis of B — 7.(1S)K 7~ decay. In Sec. 4.1 are
summarised the motivations for this analysis, while the analysis strategy is briefly
described in Sec. 4.2. The data samples used, corresponding to the full Run 1 and
Run 2 dataset, are described in Section 4.3. In the same Section are also described
the MC samples used for the selection procedure. The selection procedure is
described in Section 4.4. The fit procedure to extract the B® — n.(1S)K n~
candidates is described in Section 4.5. Sec.4.6 reports the measurements of the
branching fraction of the B® — 7.(1S)K*7~ decays. The strategy to take into
account efficiency variations across the phase space is described in Section 4.7. The
Laura++ package [277] has been utilised to perform the amplitude fit. The Dalitz
plot fit using a default model only comprising the K* contributions is described
in Section 4.8. The addition of exotic amplitudes and the determination of their
significance is reported in Section 4.9. Finally, the study of systematic effects have
been reported in Section 4.10 .

4.1 Physics motivation

BESIII reported the observation of a distinct peak [149]|, named Tz (3900)~, as
shown in Figure 4.1, in the J/¢7 final state. This structure was subsequently
confirmed by the Belle [148] and CLEO [150] collaborations. In a related anal-
ysis of efe™ — DD*mw, BESIII observed a prominent near-threshold enhance-
ment [154]. Although its measured mass was approximately 20 lower than that of
the Tiz1(3900)~, this discrepancy may be attributed to potential biases from the
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Analysis strategy

simple one-dimensional fitting method. This state is likely the same Tz (3900)~,
observed in an alternative decay mode. The strong signal observed in this new

decay mode, shown in Figure 4.1, enabled BESIII to determine the spin-parity of
the state as J& = 11,

Theoretical studies of this state, that manifestly require the presence of two quarks
and two antiquarks in its composition, lead to the prediction of some states that
can decay to 7.(1S)r~! . The authors of [278] interprets the T.z(3900) as
a hadrocharmonium state, where the J/ is embedded in a light-quark excited
state. This interpretation leads to the prediction of a isovector four-quark res-
onance where the embedded J/i is replaced with the 7. with dominant decay
mode to 7.7~ . A feature of this model is the relation of the Tz (3900)~ with the
Tez1(4430)~ , which decays into 1(25)7~. One can suppose that the Tz (4430)~
is a radial excitation of the c¢ core over the Tz (3900)7, like the 1(2S) is a radial
excitation over the J/1. The mass difference between T,z (4430)~ and Tz (3900)
is ~ 55 MeV lower than the mass difference between 1(2S) and J/1: this devia-
tion can be attributed to the different interaction with the light-quarks and gluons
cloud due to a larger spatial size of the 1(25) meson. In the limit of heavy quark
spin symmetry, the mass splitting between the T,z (3900)~ and the state decaying

!The simplified notation 7. to refer to the 7.(1S) meson is used throughout.
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Figure 4.2: The n.m~ mass distribution collected by LHCb in the 2011-2012-2016
data taking.

to mem~ should be the same as between the J/i and 7. masses: the expected
mass of this resonance would be therefore ~ 3785 MeV while its quantum num-
bers would be I¢(JP) = 17(0%). This state should decay strongly into a DD
pair, but in the hadrocharmonium model the decay into open charm mesons is
suppressed because the probability of the reconnection of the bindings between
heavy and light quarks is suppressed. The authors of [279] interpreted states like
the T¢z1(3900)~ as analogues of quarkonium hybrids. The excitation of the gluon
field (the valence gluon) is replaced by an isospin-1 excitation of the gluon and
light-quark fields. This interpretation is based on lattice QCD and predicts dif-
ferent multiplets of charmonium tetraquarks, some of these states allowing the
decay into the n.m~ system. The mass of these charmonium tetraquarks are esti-
mated from lattice QCD calculations for the energy splitting between charmonium
mesons [280]. The masses of these states are 4025+49 MeV for the quantum num-
bers I(JF) = 17(0%), 3770442 MeV for I¢(JF) = 17(17) and 4045444 MeV for
I9(JP) = 17(2%). The diquark model [9] also predict a possible exotic candidate
~ system. The diquark model predicts a J = 07 candidate
below the open-charm threshold that could decay into the n.7~ final state.

decaying to the n.m

An LHCD analysis searching for this state has been performed, using data collected
in 2011, 2012 and 2016. The evidence of a state decaying to n.m~ has been found
in the B® — n.K ™7~ decay [173], see Figure 4.2. The mass and width of this
resonance are M, = 4096 £+ 20%3 MeV and I'},- = 152 & 58+gg MeV. After this
evidence has been found various theoretical studles have been done to understand
its nature. The authors of [281] calculated the mass, width and coupling of this
resonance treating it as a scalar four-quark system with a diquark—antidiquark
structure. The calculated mass and width are respectively mz,_ 4100y = (4080 +
150) MeV and I'r,_(4100) = (147 4= 19) MeV.

Other studies found the T.z(4100) compatible with the tetraquark hypothesis
favouring the quantum number J7¢ = 0¥+ considering the measured width [282].
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Figure 4.3: Feynman diagrams for the (a) B — 7.K** and (b) B —
T.z(4100)~ K decay modes.

The study [283] suggest that this is a four quark state of the hadrocharmonium
type where the charmonium core 7. is embedded in an S-wave inside the excited
light-quark state X with the quantum numbers of a pion I¢(JF) = 17(07), sug-
gesting also that the difference of the mass between T,:(4200) and T¢z(4100) should
be close to that between the J/1 and 7. and that the widths of their dominant
decays, into J/¢m and 7.7 respectively, should be the same. There are also stud-
ies |284] proposing that T,z(4100) is the charge conjugate state of T.z(4050)" found
by the Belle collaboration [285]. It could also be a kinematic effect arising from
an S-wave D*D* rescattering with I¢(J7¢) = 17(0%) or a resonance produced
by the P-wave D*D* interaction [286].

The B° — n.K*t7n~ decay can proceed through the Feynman diagram shown
in Figure 4.3 and it is expected to be dominated by the K*(892)° — K*m~
resonance, with some contributions from other K*° — K17~ resonances. The
decay could also proceed through exotic intermediate states, as indicated by the
diagram shown in Figure 4.3, which could result in resonant structures in the n.7~
system. Therefore, conducting a new study of the B — 5. K+t7n~ decay with
the full Run 1 and Run 2 dataset, approximately twice the size of the one used
in [173], will lead to more precise assessments about the presence and eventually
the properties of exotic contributions in this decay.

4.2 Analysis strategy

In order to investigate possible exotic contributions in the n.m~ spectrum, an
amplitude analysis of the BY — n. K7~ decay channel is carried out. The B? —
n.KK "7~ channel is reconstructed with the 7. decaying to a proton-antiproton pair,
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in order to remove the need to distinguish between kaons and pions originating from
the B decay, reducing associated systematic uncertainties. The B® — n. K7~
involves pseudoscalar mesons in the initial and in the final state. The phase space
of the decay of a spin-zero particle to three spin-zero particles can be completely
described by the Dalitz plot of any pair of the two-body square invariant-masses.
Therefore the decay is fully described by two independent variables. An angular
analysis is not needed since it would not add any discriminant power to the results.
A Dalitz plot analysis of the B® — 1. K7~ decay channel is carried out.

The kinematics of three-body decays involving spin-0 particles are completely de-
termined by two variables. These are typically chosen to be two of the three
possible squared invariant-masses of the two-body subsystems, which then form
the coordinate axes of the Dalitz plot (DP). The third squared invariant-mass is
not independent but constrained by energy and momentum conservation:

miy +mis + mss = M? +mi +m3 +mj (4.1)

2
ij
the final state particles, and M is the mass of the decaying parent particle.

Here, m?; are the squared invariant-masses of particle pairs, m; are the masses of

In terms of these variables, the differential partial decay width is given by:

1 1

TI2722 2
(@) 32017 |A|“dmiodmis (4.2)

Here, [A|? is the squared matrix element (or squared decay amplitude), averaged
over the initial and summed over final states, containing the dynamics of the
decay. If |A|? is constant, the DP is uniformly populated, the event density per
unit area dm?ydm3, is uniform. However, if |A|? varies with momenta and angles,
the event density reflects the underlying decay dynamics. Thus, the DP provides
a comprehensive picture of the decay, including intermediate resonant or non-
resonant states, their spins, and possible interference patterns. The Dalitz plot is a
powerful tool to visualise and study decay sequences. Intermediate resonant states,
which are often produced via weak decays followed by strong decays, manifest as
bands on the DP, as can be seen from Figure 4.4. Decays may also proceed through
non-resonant or quasi-resonant intermediate states, often characterised by final
state interactions in a given two-particle subsystem. All contributions with the
same spin J in the same pair of children can be grouped into a partial wave of spin
J. The DP is essentially a scatter plot in the m?, — m%3 plane, where each point
represents a single decay event. The distribution is confined within a kinematic
boundary defined by the available phase space, as illustrated in Figure 4.4.
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Figure 4.4: Left: examples of the resonances which may appear a the Dalitz plot,
in this case: (red) DZ,(2573), (orange) K*(892)°, (green) Km S-wave. Right:
kinematic boundaries of the three-body phase space for the decay BY — DOK—nt.
The insets indicate the configuration of the final-state particle momenta in the
parent rest frame at various different DP positions.
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4.3 Data samples

The data sample used has been collected by LHCD at /s = 7 TeV in 2011, at /s =
8 TeV in 2012 and /s = 13 TeV in 2015-2018, corresponding to an integrated
luminosity of about 9 fb=1.

Monte Carlo samples have been used to optimise the event selection, evaluate the
efficiency and to validate the parameterisation of the components in fit to the data.
The decay modes have been generated with Pythia 8. Run 1 MC samples used
in the analysis have been summarised in Tab. 4.1 for B® and B? decay modes.
Run 2 MC samples have been summarised in Tab. 4.2. All the samples have been
generated uniformly in the phase space, with the exception of the 11134004 event
type, where the events have been generated uniformly in the square Dalitz Plot
(SDP) space.

Decay mode Event type Num events
BY — ppKTm~ 11104070 12009296
B — pprta~ 11104076 12005998
BY — ppK+ K~ 13104061 12003999
BY — ppKtrn~ 13104060 9177632
BY - n Ktn~ 11134003 12017998
B — n.K*m~ (SDP) 11134004 24017996
BY = J/yKtr~ 11134010 12015997

Table 4.1: Run 1 MC samples with the B® and BY meson as initial state. 7, and
J /1 decay into pp final state. SDP stands for events generated flat in the Square
Dalitz Plot.

Decay mode Event type Num events
BY — ppKTr~ 11104070 28019948
B — pprtn~ 28089947 12005998
BY — ppK T K~ 13104061 28023967
BY — ppKtrn~ 13104060 16142545
B —» n.Ktn~ 11134003 28035961
BY - n.K*n~ (SDP) 11134004 56221916
BY — J/pKtr— 11134010 28039965

Table 4.2: Run 2 MC samples with the B® and BY meson as initial state. 7, and
J /1 decay into pp final state. SDP stands for events generated flat in the Square
Dalitz Plot.

From the hardware level trigger responses the logical OR between the LOHadronDecision
TOS (Trigger On Signal) and the LOPhysics TIS (Trigger Independent of Sig-
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nal) lines, where LOPhysics is the OR between LOElectron, LOPhoton, LOMuon,
LODiMuon and LOHadron lines, is chosen. Events that passed the L0 lines are also
requested to pass the logical OR between the B Hlt1TrackM VADecision TOS line
and B HIt1TwoTrackMVADecision TOS. At the HLT2 trigger level the events are
required to satisfy at least one of the topological B decay trigger lines.

A dedicated stripping line has been developed in order to study B?S) — pﬁhth_
decays, where h12 = K, m. The B2pphh_ KpiLine whose requirements are listed in
Tab. 4.3 is used. There are common cuts on the momentum p and the transverse
momentum pp of the children. The track quality is ensured by cutting on the
track x?/ndf and on the ghost probability associated to the track. In Run 2, the
ghost probability classifier became faster and it was then implemented directly in
the reconstruction. A combined cut on the track x?/ndf and on the ghost prob-
ability at the reconstruction level has been implemented, improving the tracking
performance and the background rejection. Loose PID requirements are applied
to each final state particle. In order to exclude particles originating from the PV
there are requirements on the IP y? for the bachelors with respect to the PV. Cuts
are also applied to the pp pair and to the ppK ™ combination. The particles in the
combinations are required to come from the same vertex through a requirement
on the x? distance of closest approach (DOCA). There are requirements on the
invariant-masses of the combinations. Specific kinematic cuts are applied to the
pp pair. A further requirement is applied to the product of the PID quantities of
the proton and antiproton candidates. The reconstructed B® mesons are selected
with topological requirements as the maximum DOCA of the bachelors, the cosine
of the angle (DIRA) between the momentum of the BY and the direction of flight
from the PV to the secondary vertex (SV), and the minimum IP to the PV. A good
fit quality of the vertex is required too. There are also kinematic requirements on
the reconstructed BY and a global cut on the maximum number of long tracks
reconstructed in the event.
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Variable Run 1 Run 2
Kaons
P > 1500 MeV
pT > 300 MeV
Track x? / ndof < 3.0 < 4.000
Track Ghost Prob < 0.35 < 0.4
ProbNNk > 0.05
IP 2 > 4.0 > 5.0
P > 1500 MeV
pr > 300 MeV
Track 2/ ndof <30 < 4.000
Track Ghost Prob < 0.35 < 0.4
ProbNN7 > 0.05 > 0.1
IP 2 > 6.0 > 8.0
Protons
P > 1500 MeV
pr > 300 MeV
Track x2/ ndof < 3.0 < 4.0
Track Ghost Prob < 0.35 < 0.4
ProbNNp > 0.05
IP 2 > 2.0 > 3.0
pp combination
My < 5000 MeV
Spr > 750 MeV
¥p > 7000 MeV
Minimum prp > 400 MeV
Minimum p > 4000 MeV
ProbNNp - ProbNN p > 0.05 > 0.01
x? DOCA < 20
ppK+ combination
M5+ < 5600 MeV
x? DOCA < 20
BO
Max DOCA <03mm < 0.25 mm
x?’DOCA <20
DIRA > 0.9999
Vertex 2 < 30 < 25
Min IP > 0.2 mm
pT > 1000 MeV
Ypr of the bachelors > 3000 MeV
Mass [5.05,5.55] GeV

Number of long tracks < 200

Table 4.3: Stripping line cuts. The Track Ghost Probability and Track x?/ndf in
Run 2 (marked with (*)) are set a priori of the stripping line at the reconstruction
level.
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4.4 Offline selection

In order to obtain the optimal signal to background ratio an offline selection is
applied. Preliminary cuts are applied to the particle momenta and on the pseudo-
rapidity as described in Sec. 4.4.1. Multivariate analysis (MVA) based selection
has been applied on Run 1 and Run 2 separately as described in Sec. 4.4.2. Due
to the limited size of the available sample, PID resampling cannot be applied on
Run 1 PID variables: a dedicated optimisation is described in Sec. 4.4.3. The
optimisation of the selection for Run 2 is described in Sec. 4.4.4. Other particles
that can be identified as signal have been vetoed as described in Sec. 4.4.5. In
Sec. 4.4.6 the elimination of the multiple candidates and of the clones is described.

4.4.1 Preselection

The preselection applied on the final state particles used in this analysis is de-
scribed in the following. A fiducial cut is applied on the pseudorapidity requiring
for the final state particles to lie in the RICH acceptance with 2.0 < n < 4.9.
Cuts on the particle momenta have also been applied to take into account the
radiator momentum thresholds and to avoid a suboptimal discrimination from the
RICH system at high momenta, requiring therefore 10 GeV < p,/;; < 150 GeV
and 3 GeV < pg+ /- < 150 GeV.

4.4.2 MVA selection

A multivariate based selection to optimise the purity of the sample using the
TMVA package [287] is used. MC samples of BY — ppK+7~ events are utilised,
generated according to the phase space of the decay, as signal training and test
samples. The region [5450, 5550] MeVof the invariant-mass m,sp+,- is used as
background training and test sample, to avoid regions containing partially recon-
structed or BY events. Preselection, trigger and stripping requirements have been
applied on the events used for the training and testing. Several distributions have
been studied in order to find the set of variables that better discriminate between
signal and background. The variables used are:

e minimum IP x? of the B to the PV;
e maximum DOCA of the tracks to the B? vertex;
e the x? distance of the BY vertex from the PV;

e pointing variable, defined as:

| pB | sinfprra
| pB | sinbprra + i | p; | siné;
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where pp is the momentum of the B? candidate, Oprra is the angle between
the direction of pp and the displacement vector from PV to SV, p; is the
momentum of particle i, 6; is the angle between the direction p; and the
displacement vector from PV to SV and the sum runs over the candidate B°
children;

o 2 of the BY vertex;

e the minimum pp between the two protons;
e the maximum pt between the two protons;
e the minimum p between the two protons;

e the maximum p between the two protons;

Only for Run 2:
e ProbNNp variable for the proton candidate;
e ProbNNp variable for the antiproton candidate;
e ProbNNk variable for the kaon candidate;
e ProbNNpi variable for the pion candidate;

Since there are discrepancies between data and MC on the PID response, data
driven tools are available at LHCb within the PIDCalib package [288] in order to
obtain variables distributed as in data. For this analysis the PID resampling is
used, where the PID response on the MC is completely replaced by one randomly
generated from calibration probability density functions (PDF). The PID resam-
pling is applied on the Run 2 data sample but cannot be applied on the Run 1
data sample because the sample available for the generation of the PDFs of the
proton and antiproton does not cover the full kinematic region needed (very low
statistics for pp > 4 GeV), as shown in Figure. 4.5. The usage of the ProbNN
to train the MVA is not possible for the Run 1 sample due to the fact that the
resampling technique cannot be applied in this sample. The calibration sample
used are:

e D' » K7t from D*t — D%t decays for kaons and pions ProbNN.
e A — prn~ decays for protons and antiprotons ProbNN.

show no significant differences between 2011 and 2012 and between 2015-2016-
2017-2018. The subsamples have been merged in two samples corresponding to
Run 1 and Run 2, training a different MVA for each sample to take into account
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Figure 4.5: The calibration sample (left) and MC (right) distribution of n VS pr

differences in the kinematics due to the different centre of mass energy and sub-
stantial changes at the reconstruction level between Run 1 and 2. The comparison

are shown in Figure 4.6.

The comparison between signal and background discriminating variables for Run 1
and Run 2 is shown in Figure 4.7, 4.8 respectively. The correlation matrices for
signal and background variables for Run 1 and Run 2 are shown in Figure 4.9,
4.10 respectively.

BDT and MLP classifier have been tested. The corresponding Receiver Operating
Characteristic (ROC) curves are shown in Figure 4.11 for Run 1 and in Figure 4.12
for Run 2. The result of the Kolmogorov-Smirnov test are reported in Figure 4.13
for Run 1 and in Figure 4.14 for Run 2. There is no evidence of over-training.
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Input variable: B_AMAXDOCA Input variable: B_BPVVDCHIZ
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Figure 4.9: Correlation matrices for Run 1 signal (left) and background (right)
MVA input variables.
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Figure 4.11: ROC curves for the algorithms used in the Run 1 MVA analysis, BDT
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Figure 4.13: Results of the Kolmogorov-Smirnov test for the BDT to check for
possible over-training in Run 1 MVA analysis, BDT (left) and MLP (right).
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Figure 4.14: Results of the Kolmogorov-Smirnov test for the BDT to check for
possible over-training in Run 2 MVA analysis, BDT (left) and MLP (right).
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4.4.3 PID and MVA optimisation for Run 1

The background sample has ~ 300000 events, while the signal sample has ~ 200000
entries. Following the usual procedure, the samples have been randomly split in
two equal parts as training and testing samples. The training sample comprising
both the signal and background events contains approximately 250000 events.
PID cuts are applied alongside the MVA selection to improve the rejection of
combinatorial background. These PID cuts are kept loose to minimise potential
biases arising from discrepancies between the MC simulation and data, as described
before. The MVA and PID cuts combination providing the best performance in
terms of a figure of merit (FOM) is chosen. The FOM is defined as:

Nsig - emc
fo i (4.4)
v/ Nsig - €Emo + B

where Ny, and B are respectively the number of signal before the MVA cut and

background events from the data and ep;¢ is the efficiency of the cut obtained
from the MC of BY — ppK 7~ defined as:

cut
NMC

tot
NMC

eEMc = (4.5)
where Nz‘{}fé is the number of MC events after the cut and N}f\/ol% is the number of
MC events before the cut.

Different cuts in the p, K and @ ProbNN variables have been tested. The proton
and antiproton cuts are the same. After selecting the PID cut, a scan on the MVA
output between 0 and 0.18 for the BDT and 0.6 and 0.98 for the MLP has been done
by fitting the mypx, distribution from the data in the range [5.2, 5.36] GeV. The
BV signal has been parameterised with a gaussian for the signal and an exponential
for the background. The signal yield Ny, and background yields were extracted
within the 4+30 region around the mean of the Gaussian. The procedure has
been repeated for every combination of the ProbNN cuts shown in Tab. 4.4. The
combination of MVA and PID cuts that provided the best performance is:

BDT> 0.04 & pProbNNp> 0.225 & kProbNNk> 0.225 &
piProbNNpi> 0.125

The BDT is chosen for consistency with what used in the Run 2 sample, as reported
in Sec. 4.4.4, also considering that the difference with respect to the optimal point
when using the MLP algorithm is negiglible, as shown in Figure 4.15.
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Figure 4.15: Run 1 FOM for BDT (left) and MLP (right) obtained for different
PID cuts shown in the legend. Only the combinations of PID cuts with best
performance are shown.

Variable Cut
pProbNNp > 0.225, > 0.25, > 0.2
kProbNNk > 0.225, > 0.2, > 0.175
piProbNNpi > 0.15, > 0.125, > 0.1

Table 4.4: Cuts studied for the ProbNN variables during PID selection.

4.4.4 Optimisation of the selection for Run 2

The background sample has ~ 6000000 events, while the signal sample has ~
750000 entries. The sample are randomly split in two equal parts as training and
testing samples. The training sample comprising both the signal and background
events contains ~ 3300000 events. The strategy is similar to the one used for
Run 1. The ProbNN variable are also used to train the MVA. The FOM is the
same used for Run 1, described in Eq. 4.4. The B signal is parameterised with
a gaussian for the signal and an exponential for the background. The background
and signal yields are extracted in the £30 region around the mean of the gaussian.
The MVA choosen is the BDT and the cut that provides the best performance is:

BDT> 0.19

The BDT is choosen over the MLP because, as can be seen in Figure 4.16, the
FOM have similar values but the MLP maximum is near an abrupt change of the
values (above 0.95).

4.4.5 Other background vetoes

After the application of the MVA cut, the invariant-mass distribution of the
combination of the child particles of the B? have been studied. DY — K7,
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Figure 4.16: Run 2 FOM of the BDT (left) and MLP (right).

Af — pK~ 7t and ¢ —+ K™K~ candidates are still present in the sample, as can
be seen in Figure 4.17.

The cuts applied in order to veto these particles are the following:

Mpin < 1835 MeV || mys,— > 1880 MeV
Mprctn- < 2250 MeV || mygp- > 2305 MeV

<1010 MeV || > 1028 MeV

mKT"Kmass hypothesis mKﬂ-Kmass hypothesis

The range of the cuts are chosen by applying fits on the distribution shown in
Figure 4.17 and selecting the interval (u — 30, pu + 30), the distribution are pa-
rameterised with gaussians.

4.4.6 Multiple candidates and clones

Multiple candidates, sequential events in the ntuples having the same values for the
topological variables used in the MVA selection, have been found in the samples.
Multiple candidates differ for the swapping in the assignment of momenta between
tracks. Multiple candidates are mainly due to an ambiguous K/m or K/p mass
hypothesis assigned to a track. In case of multiple candidates for the same event,
randomly, one event is retained. For Run 2 the number of multiple candidates
vetoed is 5366, which corresponds to 2.6% of the events up to that point of the
selection. For Run 1 the vetoed events are 1731, which correspond to 3.9% of the
events up to that point of the selection.

In LHCDb the tracking pattern recognition sequence comprises a series of algo-
rithms. Some of these pattern recognition algorithms use information output by
others in order to "build” more complete tracks. As a result, it may happen that
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Figure 4.17: Distribution of the background particles, D° — K~z (top left),
A} — pK~m" (top right) and ¢ — KTK~ (bottom). The red lines represents the
veto borders.

the set of tracks made at the end of the pattern recognition sequence contain in
fact clone tracks. Two tracks are considered clones of each other if they share at
least 70% of the hits in the VELO and at least 70% of the hits in the T-stations
seeding region. These events can be eliminated by reconstructing the angles be-
tween tracks and by applying cuts on them. The angles between tracks have been
reconstructed as the angle between the 3-momentum of the two particles. In Fig-
ure 4.18 and 4.19 are shown the distribution of the angles between the tracks for
Run 1 and Run 2 respectively. The peak at Orad in each distribution is due to the
presence of the clones in the sample. A cut is applied at 0.5 mrad to eliminate the
clones.
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Figure 4.19: Distribution of the angles between tracks for Run 2. K7~ (top left),
pK™ (top right), pK* (mid left), pr~ (mid right), pp (bottom left) pr~ (bottom
right).
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4.5. Mass fit models and extraction of the B® — n.Kt 7~ candidates

4.5 Mass fit models and extraction of the B® — n. K+t~
candidates

The mys+,~ spectra for the Run 1 and Run 2 data samples after the selection
procedure previously described are shown in Figure 4.20. The B peak is clearly
visible. The events on the right sideband are due to the B? — ppK T~ [289],
BY — pprtr~ and B? — ppK+ K~ events, where the positive pion is misiden-
tified (MisID) with a kaon and the negative kaon is misreconstructed as a pion,
respectively.

The PDFs used to build the fit model have been validated on the corresponding MC
sample, as described in Sec. 4.5.1. Run 1 and Run 2 are fitted separately with
the extended unbinned maximum likelihood formalism provided by the RooFit
package [290]. First the B? distribution is fitted, as described in section Sec.
4.5.2 to extract the BY yield and to validate the model. The nonresonant pp
For this reason a 2D fit is
performed to the my;x+,- and my; invariant-mass distributions and to use the
corresponding joint PDF as discriminant variable to compute sWeights, through
the sPlot technique [291], to unfold the B® — n.K 7~ events, as described in Sec.
4.5.3. The extracted signal and background yields are used in the fit to the Dalitz
plot variables.

contribution under the 7, region is not negligible.
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Figure 4.20: The m,zx+,- Run 1 (left) and Run 2 (right) spectra after selection
requirements.

4.5.1 Validation of the model components with MC sample

The PDFs used to build the fit model rely on the corresponding simulated sample.
All the samples are reconstructed as B — ppKtm~ and the selection is applied
to each MC sample. The fit on the MC sample are used not only to validate the
PDF for the single component but also to extract the shape parameters that will
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4.5. Mass fit models and extraction of the B® — n.Kt 7~ candidates

be fixed in the fit on the data sample. The m,; distribution has also been studied
in order to validate the model used to fit the components corresponding to the 7.
and J/1 mesons.

For all the samples a truth-matching check have been applied requiring that:

e All the bachelor particle are the product of the same particle. If there is
a intermediate resonance (7. and J/1) the p and p are required to be the

product of that resonance and their grandparent has to be the parent of the
KT and 7.

e All the particle true ID are required to be equal to their PDG code value.

The functions used to describe the components, together with their fit results are
presented in Appendix D.
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4.5.2 Fit to the ppKTn~ invariant-mass data distribution
The fit model consists of:

o BY — ppK 7~

o BY = pprtr—

e BY - ppK T K~

o B — ppK 7~

e combinatorial background

The B® — ppK+t7n~ and B! — ppK 7~ components are parameterised with a
Hypatia [292] PDF while the B® — pprt 7~ and B? — ppK "7~ are parameterised
with a Crystal Ball function [293]. The combinatorial background is parameterised
with an exponential function. Firstly, the fit is applied in the range 5200 <
Mppk+o— < 5360 MeV, as shown in Figure 4.21. In order to get the full BY —
ppK T~ distribution to improve the fit performance the range has been extended
to 5200 < myspc+,- < 5480 MeV. The fit with the extended range are shown in
Figure 4.22 In this fit the yields of the misID components are constrained to be

Niisip = Npo_spprc+n— €[ fmisiDs (4.6)

where Npo_, 55+~ 1s the yield of B? — ppKtn~ and ef fiisip is defined as

*Cmis 'Bmis
f €misiD D ( 4.7)

9

ef fmisip =
€BO sppK+m— 'BBO—>pﬁK+r
where f takes into account the different fragmentation factor between B° and
BY [294], ¢; is the acceptance of the selection calculated from the MC and B; is
the branching ratio of the decay channel. In Table 4.5 are listed the values used
to calculate €,,;5;p for all the backgrounds. In Table 4.6 are listed the extracted
parameters of the fit on the B® spectrum.

To suppress the backgrounds, the fit is applied only on the events that satisfy
the condition 2700 < my, < 3300 MeV. This cut is also useful, as a fit will be
applied to the mp, spectrum in the range of 1. and J/v, in order to select the
events coming from 7. — pp. With this new configuration the acceptances of
the background are very small so the yields are left floating. The fits obtained
with this last configuration are shown in Figure 4.23, the parameters extracted are
listed in Table 4.7. The my;x+,- distribution is used as discriminant variable to
compute the sWeights of the B — ppKTm~ signal component. These sWeights
are then used to fit the my, sPlot.
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Parameter Value [MeV]
Bpo_yppic+a-  (6.3£0.5)-107°
Bpopprtn-  (2.940.2)-107°
Bpo_ypprctr-  (1.4£0.3)- 10 6
Bpoppr+x-  (4.5% 0.5)-107

Run 1 in range (5200,5360)M6V

€po_sppic+n—  (1.18£0.01)- 1072
€50 pprtn—  (7.53£0.08)- 10 4
€pyppta—  (3.94£0.02) -1
€p0pprti—  (4.23320.02) - 1

Run 2 in range (5200,5360)MeV
2.00£0.01) - 102

€BO sppK+m—

(
€B0pprtn-  (2.35£0.01)- 1073
€p0sppictn-  (9.73£0.02) - 10 3
EBoﬁpﬁKJFK* (756i001) 10~

Run 1 in range (5200,5480)1\/[6\/
€p0_sppic+n—  (1.18£0.01)-1072
€50 pprtn—  (1.01£0.01)-1073
(1.4440.01) - 10~
(4.3240.02) - 1073

€BOppK+n—
€BOppK+K—

Run 2 in range (5200,5480)MeV
€B0_sppicta—  (2.00£0.01) 1072
€B0_spprtn—  (3.2240.01)- 10—
(3.6840.01) - 10~
( )-

€BY—ppK+n—

EBOHpﬁK‘*K_ 771i001 10

Table 4.5: Values used to constrain the backgrounds yields. The branching ratios
are the ones reported by the PDGI66].
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Parameter Value

Run 1 in range (5200,5360)MeV
5283.60 + 0.09

W

o 14.73 4 0.09
Npoppkpi 99894136
NB2pppipi 42948
Npsoppkk 35146
NBsoppkpi 15447

Npkg 9014 + 186

Thkg (-4.73 £ 3.72)-10~*

Run 2 in range (5200,5360)MeV
5283.60 + 0.09

o
o 14.73 4 0.09
Npoppkpi 55147 + 349
N Bopppipi 2951 + 12
Npsoppkk 3789 + 32
NBsoppkpi 1020 4 119
Npkg 32685 + 413
Thkg (-2.37 £ 0.20) - 103

Run 1 in range (5200,5480)MeV
7 5283.60 + 0.19

o 14.97 + 0.23
NBoppkpi 10121+£137
NBQpppipi 394441
NBSprkk 627+86
NBs2ppkpi 413461

Npkg 13920 + 177

Thkg (-1.36 = 0.12) - 1073

Run 2 in range (5200,5480)MeV
5280.50 £+ 0.08

7
o 14.50 £ 0.09
NBopphpi 545244295
N Bopppipi 3993+413
NBsopph 38044520
NBsoppkpi 1946126
Npkg 53197 + 358
Thkg (-1.76 £ 0.06) - 1073

Table 4.6: Parameters extracted from the fit on the B® spectrum
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Parameter Value [MeV]
Run 1
L 5283.90 £ 0.32
o 14.75 + 0.38
NBoppkpi 39934102
NBopppipi 04103
NBsoppkk 1594164
Npsopphpi 11429
Nikg 3133490
Thkg (—1.49+0.24)-1073
Run 2
L 5281.00 £ 0.13
o 15.09 £ 0.16
NB2ppkpi 22476+242
NBapppipi 864125
NBsoppkk 264464
NBsopphpi 7384370
Nikg 129354192
Thkg (—=1.91+0.14)-1073

Table 4.7: Parameters extracted from the fit on the B spectrum in the range
(5200,5480)MeVand with 2700 < my, < 3300 MeV
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Figure 4.24: Fit to the weighted Run 1 (left) and Run 2 (right) m,,, invariant-mass
distribution. The pull distribution are also shown.

Fit to the m,, sPlot

The control variable is the m,, DTF (see Appendix B) distribution in the range
[2700, 3300] MeV. The 7, has been parameterised using a relativistc Breit-Wigner
convoluted with a double Crystall Ball PDF, while the J/v has been parameterised
through an Hypatia PDF. The shape parameters of the 7. and J/i) have been
fixed from the MC fits. Also, an exponential PDF is added for the nonresonant pp
contribution. The fits result are shown in Figure 4.24. The parameter extracted
are listed in Table 4.8

Study of the interference between 7. and the non-resonant pp S-wave

The presence of a possible interference term between the 7. and the non-resonant
pp S-wave has been investigated. An amplitude fit is performed where the 7.
amplitude is parameterised as a Breit-Wigner function

1
Ap. = 4.
T me—my, — iy, /2 (48)

and the non-resonant amplitude, AponRres, corresponding to the pp S-wave, is a
real-valued exponential. The probability density function takes the form

P= fJ/w?J/w + fnonRes?nonRes + fnc?nc + (1 - fJ/w - fnonRes - fnc)?inta (4~9)

where P 7, is the Hypatia PDF used to parameterise the J/ip component, Pponres =
|AnonRes|?, Pn. is defined as
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Parameter Value [MeV]

Run 1
/v 3096.6 £ 0.1
o 5.20 = 0.10
Njw 2297 + 49
N, 828 + 38
Iy, 33+2
Fe 2986.4 £+ 0.9
Npig 881 + 40
Thig —0.0016 £ 0.0001
Run 2
Jn 3096.52 4+ 0.05
o 5.01 = 0.04
Njw 12958 £ 115
Ny, 4514 £+ 89
Iy, 30.7+ 0.9
fe 2082.2 + 0.4
Npkg 4978 + 94
Thig —0.0023 £ 0.0001

Table 4.8: Parameters extracted from the fit on the my, spectrum in the range
(2700,3300)MeVweighted with sWeights.

Py = ler Pl Ay * © G(0,0), (4.10)

where ¢ = me® is the isobar coefficient incorporating the relative phase between
the 7. and the non-resonant contributions while G(0, o) is the gaussian PDF pa-
rameterising the resolution. Finally, Piy¢ is the function corresponding to the
interference term defined as

fPint = 2[-AnonRes(CF-AWC)*]- (411)

Taking into account the normalisation of the coefficients and functions/PDFs en-
tering the RooRealSumPDF method in RooFit, this parameterisation allows to

define the fit fractions as

fi [ dm(pp)®;
FF; = S amon? (4.12)
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Figure 4.25: Fit to the m,; for the combined Run 1 and Run 2 including the
interference term. The right plot is a zoom on the my; region used in the Dalitz
plot analysis.

Figure 4.25 shows the fit results. The fit parameters, listed in Tab. 4.9, are con-
sistent with the ones determined in the previous subsection. The fit fractions,
determined as reported above, are reported in the same table. The interference
term, whose fit fraction is determined to be 0.8%, does not help to improve the
description of data. The negative log-likelihood value is -132852, to be compared
with the value -132917 when not including the interference term, despite the largest
number of free parameters in the former case. The interference fit fraction is there-
fore not significant and not considered in the remainder part of the analysis.

Parameter Value
7 3096.80 4+ 0.05 MeV
e 2988 + 41 MeV
J 0+ 50
m 09+6.7
TnonRes —0.0012 +0.0019 1/MeV
o 5.15 4+ 0.20 MeV
FF,, 19.4 %
FFint 0.8 %
FFnonRes 21.5 %
FF 58.3 %

Table 4.9: Parameters extracted from the fit on the my, spectrum for the combined
Run 1 and Run 2 with interference.

Background studies using B? — ppK Tr~ sWeight

A check for possible intermediate states is performed, in any invariant-mass combi-
nation of the final state particles (with the exception of the K7~ system), falling
in the nc-J/i) region, defined in the 2700 < m,; < 3300 MeV range. After having

97



4.5. Mass fit models and extraction of the B® — n.Kt 7~ candidates

applied the vetoes reported in Sec. 4.4.5, there are no evidence for intermediate
states as it can be seen in Figure 4.26 except in the m;+ invariant-mass where the
A(1520) peak is visible. This contribution is removed once the 2D fit, described
in subsection 4.5.3, is applied as can be seen in the signal reweighted distribution
shown in Figure 4.27.

4.5.3 2D fit to mypr+.- and my;

The B — n.K 7~ events have been unfolded performing a two dimensional fit
to the mysp+,- and the DTF my; invariant-mass distributions. Using this pair
of masses as discriminant variables, it is possible to use the sPlot technique to
compute the sWeights for the B — n.K+7~ component. The sWeights can then
be used to build the corresponding Dalitz plot and to build the combinatorial and
non-resonant background histograms to be used later on the amplitude fit. The fit
is applied in the [5220, 5340] MeVm, 5+~ range and in the [2908, 3058] MeVm,;
range. The components used are:

e B — n.K*r~ signal (BY-n.);
e B — ppK 7~ non resonant (B expl);
e Combinatorial background component (exp2 - exp3);

The component describing 7. combined with spurious K and 7~ has been inves-
tigated and added to the fit (exp -7.). Since the yield is compatible with zero, it is
then removed from the nominal fit model, the results from this fit are shown in G.
The B and 7, signal have been parameterised with the same PDF described in the
previous section, with their shape parameter fixed. The combinatorial background
and the non-resonant component have been parameterised using exponential func-
tions (exp2 in the myzx+,- projection and expl, exp3 in the m,; projection). In
figures 4.28 are shown the projections on the two invariant-masses of the fit for
Run 1 and Run 2.

The extracted parameters are listed in Table 4.10.

To investigate the goodness of the 2D mass fits, a 2D pull plot has been computed.
The 2D pull histogram are computed from the data histogram and the histogram
filled with the values obtained generating Nfg; = 1000 Ny;; events (where Ngj
is the total yield from the fit) from the PDF resulting from the fit. An adaptive
binning algorithm has been used to build the 2D histogram from the data in order

to have at least 20 events per bin. The pull plot has been computed as:

Ntoy - Ndata

(4.13)
Ndam
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Figure 4.26: Distribution of all the invariant-mass combination of the final state
particles reweighted with the sWeights.

where Ny, is the number of events on the corresponding bin of the generated
histogram and Ny, is the number of events on the corresponding bin of the data
histogram. The pull distributions are shown in Figure 4.29. From the 2D pull plot
1D pull plot have been computed from the bin content, a gaussian fit have been
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Figure 4.27: Distribution of the mjx+ invariant-mass reweighted with the signal
sWeights from the 2D fit described in subsection 4.5.3.

Parameter Value [MeV]
Run 1

[0 5283 + 1

opo 15+ 1

[ 2983 + 1

Ty, 34+ 4

2 (2.82+1.76) - 1073
Tike (-1.014+1.78) - 1073
Tt (=7.8845.13)-107°
Naig 772 £ 70
NjR 168 + 69
Nipmb 361 + 34

Run 2

10 5281 + 1

opo 15+ 1

L. 2986 + 1

Ty 31+ 2

3 (=5.74 +8.13) - 10~
Tike (4.62 +8.13)-1074
Tt (=7.6242.34)-1077
Naig 4266 + 139
NjE 823 + 139
Nipmb 1665 + 68

Table 4.10: Parameters extracted from the 2D mass fit.

applied to them. The result of the fit are shown in Table 4.11. From the 2D fit
sWeights are extracted, these are going to be used in the next section. In figure
4.30 the Dalitz plot computed using the sWeights is shown.
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Figure 4.28: Results of the two-dimensional mass fit to the (left) m, ;x+,- and

pp.

(right) my; distributions for the (top) Run 1 and (bottom) Run 2 datasets.

Parameter Value
Run 1
o -0.01 4+ 0.28
o 1.19 £ 0.2
Run 2
7 -0.04 £ 0.06
o 0.95 £ 0.05

Table 4.11: Parameters extracted from the 1D pull plot.
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Figure 4.30: B® — n.K+7~ Dalitz plot for the combined Run 1 and Run 2 sample.
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4.6. BY — n.K*m~ branching ratio measurement

4.6 BY — n. K7~ branching ratio measurement

The measurement of the branching ratio of the B® — n.K+7~ decay is measured
in order to also calculate the branching ratio of the various B® — n.K*(— K7 ™)
decays. The normalisation channel used is B® — J/v(— pp)K+7~. The branch-
ing ratio of the B® — n.K+7~ decay can be calculated using the following:

B(J/Y — pp) Ny. €5/
B(me — pp) Ny €ne

B(B? - nKTn") =B(B - J/yK n™) . (414)
where B(BY — J/YK*tn~) = (1.15 £ 0.05)- 1073, B(J/v» — pp) = (2.12 +
0.029) - 1073 and B(n. — pp) = (1.33 £0.11) - 10~3 are previously measured [36].
Ny, and Ny, are the number of 7. and J/1 candidates respectively. €/, and €,
the selection efficiencies of the signal and normalisation channel calculated from
the MC. The Run 1 and Run 2 dataset are elaborated separately throughtout the
entire process.

4.6.1 7. and J/1 yields measurement

The strategy used in order to extract the yields is the same described in sec. 4.5.3.
The fit is applied simultaneously to the my;x+,- and my; invariant-masses. The
sample used is obtained after vetoing the regions 1835 < my+,- < 1880 MeV,
2250 < mpg+r— < 2305 MeV and 1010 < M K700 nypotness < 1028 MeV. The
yields obtained for the 7. candidates are the one reported in sec. 4.5.3 in Table 4.10.

For the B® — J/+(— pp)KTm~ 2D fit the components used are :
e BY — J/y)(— pp) K Tn~ signal (BY-J/¢)
e Combinatorial background component (expl - exp2)

Non resonant B — ppK 7~ and J/¢YK+tn~ — ppKTn~ components have been
found negligible the fits. The m,; is fitted in the range [3072, 3122] MeV. The fit
result of the J/1 are shown in figures 4.31, the extracted parameters are reported
in Table 4.12. The ratio ]\J,\;’ﬁ is calculated, corresponding to 0.355 + 0.031 for
Run 1 and 0.334 4+ 0.012 for Run 2.

4.6.2 Efficiency calculations

The efficiency for the two channels are calculated by using the MC samples 11134003
and 11134010. The efficiency has been calculated as the ratio of the number of
events at the end of the selection reported in the previous sections, after been
truth matched, and the total number of events generated, reported in Table 4.1
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Figure 4.31: Results of the two-dimensional fit to the (left) m,sx+,- and
(right) myp distributions for the (top) Run 1 and (bottom) Run 2 datasets in
the region of the J/1 resonance.

and 4.2. Before applying the selection the MC samples are reweighted in order to
correct for the B production kinematics and the number of tracks per event. The
GBReweighter tool is trained on the data in order to obtain a reweighting scheme
for the nominal MC samples. The variables used are:

e Bp.;
e BY pseudorapidity;
e Number of tracks in the event.

A reweighting of the Dalitz plot variables has also been performed in order to take
into account for possible influences of the resonances to the efficiencies. Due to the
limited statistics of the data samples, especially for Run 1, the resampled variables
show some discrepancies. The effects of the reweight on the training variables are
shown in Appendix O.
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4.6. BY — n.K*m~ branching ratio measurement

Parameter Value [MeV]
Run 1
[L50 5284.2 & 0.3
0o 14.7 £ 0.3
o 3096.2 + 0.1
5 (—1.7£2.0)-1073
T (=7.1+4.0)-1077
Nsig 2258 + 50
Nigm? 306 + 24
Run 2
R0 5281.0 £ 0.1
o0 14.9 £ 0.1
1L/ 3096.73 + 0.05
O 5.03+ 0.05
i, (—2+9)-1074
T (—2.,5+2.0)-1073
Nsig 12787 £ 119
Nipm? 1496 + 54

Table 4.12: Parameters extracted from the 2D mass fit for the candidates of the
B® — J/y(— pp)KT7~ decay.

The efficiencies, and their ratio, have been calculated to be, for Run 1:

€

en, = (749 £0.03) 1073, €,y = (7.08 £ 0.02) - 1073 — 2 — 0.945 + 0.004
e /v o
(4.15)

and for Run 2:

€

€n. = (1.357£0.002) - 1072, €10 = (1.287£0.002) - 1072 — /L 0.948-+£0.002
fhe /v €ne

(4.16)

4.6.3 Systematics

The possible sources of systematic uncertainties taken into account are:
e Shape parameters;
e PDF for signal and background;

e [nvariant-mass windows.
In the following subsections are descripted the strategies used to take into ac-
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4.6. BY — n.K*m~ branching ratio measurement

count these sources. The systematic uncertainties are reported at the end of this
subsection.

Shape parameters

The shape parameter of the signal PDFs are fixed in the nominal fit. To take into
account this possible source of systematic uncertainty new shape parameters can
be generated, using the covariance matrix from the MC fit. New fits have been
performed varying the shape parameters with respect to the distribution obtained.
The yield ratio distributions obtained are reported in appendix M. The systematic
uncertainty is taken as the difference between the nominal value and the value
corresponding to o of the yield ratio distributions.

Signal and background parameterisation

Different PDF are used to take into account possibile sources of error from the
choice of the PDFs chosen. The PDF used to describe the signal are Hypatia
for the BY and J/¢ candidates and the convolution of a relativistic Breit-Wigner
and a Crystal Ball function. The backgrounds have all been parameterised using
RooExponential. New 2D fit have been performed, using as new PDF :

e B and J/+: Crystal Ball function;
e 7.: RooVoigtian;
e Bkgs: RooPolynomial (1st order);

The fit results are shown in appendix M. New values of branching ratio have been
calculated from the results of the 2D fits. The systematic errors associated to this
source is calculated as the difference between the central values.

Mass windows

Different mass windows for the my, and mg,g+,- variables have been used to
perform the 2D fit. The new mass windows used for the 7. candidate is 2924 <
mpp < 3044 MeV, for the J/v candidate is 3082 < my, < 3112 MeVand for the
BY candidate is 5235 < Mppk+r— < 5325. The fit results are shown in appendix
M. New efficiencies from the MC are also recalculated. The results are:

€ = (3.7440.02)-1073, ;) = (3.5440.02)- 107 Zﬂ = 0.945 £ 0.006
Te
(4.17)
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and for Run 2:

-3 -3 €J/y
en = (6.79£0.02) 1073, €y = (6.44 £0.02) - 107 — L = 0.948 £ 0.003

€ne
(4.18)
The yield obtained are used to calculate the new branching ratios. The systematic
errors associated to this source is calculated as the difference between the central
values.

Systematic results

Systematic source Resulting branching ratio - 1072

Run 1
Shape parameters +0.05
PDFs +0.18
Mass windows +0.41
Run 2
Shape parameters +0.05
PDFs +0.22
Mass windows +0.15

Table 4.13: Systematic uncertainties on the BY — n.K 7~ branching ratios.

4.6.4 Results

Using the values calculated in the previous sections the two branching ratios are:

Run 1:B(B° = n.KTn~) = (6.10 £ 0.53 + 0.45 + 0.58) - 10~* (4.19)

Run 2: B(B® = n. K 7)) = (5.77£0.22 4+ 0.27 + 0.55) - 104 (4.20)

So, combining the measurements together as weighted sum:

B(BY — 0K 77) = (5.82 % 0.20,101 = 0.23 45 & 0.5504) - 10 (4.21)

This results is in agreement with the state of art measurement B(B° — n.K+t7~) =
(6.540.7) - 10~* [36]. The statistical uncertainty of the current analysis is improved
by a factor ~ /2 with respect to the previous measurement, while the systematical
uncertainties is higher, since new sources are considered.
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4.7 Efficiency evaluation

In order to perform an amplitude fit of the B® — n.K+7~ decay channel, the
efficiency and resolution variations across the phase space of the decay must be
taken into account. Variations in efficiency arise from detector effects impacting
candidate reconstruction and the selection procedure. In the amplitude analysis
context, the focus is not on the absolute efficiency value but on relative variations
within the Dalitz Plot area. To establish the efficiency map and mitigate issues
related to the curved DP boundaries MC sample is utilised requiring that the
events were uniformly generated in the square Dalitz Plot coordinates. The SDP
coordinates are defined as:

, Mg — mmin
m = — arccos (2 n]j;rx kr:;,zn —1) (4.22)
Q Mpgre™ = Mg
ro 1
6 = —0k- (4.23)
™

where O+ is the helicity angle defined as the angle between the K and the 7, in
the KTm~ rest frame, as shown in figure 4.32. The cosine of the helicity angle has
been calculated as:

2 2 2
mg +my —me g+ 2(Ex) ka(Ene) kn
cos(fc) = ——" gc|KﬁH 7 n” (4.24)

where (Ex) iy and (E,c)kr are respectively the energy of the K* and the 7. in
the K7~ rest frame, and ¢ and p are the K+ and 7. momenta in the K7~ rest
frame, respectively. ijTm and mj** are the phase space boundaries of the K -
invariant-mass and their values are respectively 0.63 GeVand 2.3 GeV. Using the

SDP coordinates, the ranges of the phase space are 0 < 8 <1 and 0 <m’ < 1.

The efficiency distribution has been computed in the form of a 2D histogram
in the 0 vs m’ distribution. Using the expressions 4.22 and 4.23 one can build
the distributions starting from the simulated proton, antiproton, kaon and pion
momenta resulting by the fit to their B® parent vertex with its mass constrained to
the PDG [66] value and its direction pointing to the primary vertex. The efficiency
variations have been calculated by applying step by step the selection described
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Figure 4.32: Helicity angle 0+ for the B® — n.KTn~ decay. It is defined as the
angle between the K momentum ¢ and the 7. momentum p both evaluated in
the rest frame of the K™ resonance. Note that the 7. is produced directly from
the B-decay vertex.

Figure 4.33: Efficiency of the trigger, stripping selection and preselection across
the B — n.K*7~ Run 1 (left) and Run 2 (right) SDP space.

in the previous sections. In figure 4.33 are shown the ' vs m’ distributions for
Run 1 and Run 2 from the MC after the trigger selection, stripping selection and
preselection.

In figure 4.34 are shown the 8" vs m’ distributions for Run 1 and Run 2 from the
MC after the BDT selection.

In figure 4.35 are shown the 6 vs m’ distributions for Run 1 and Run 2 from
the MC after the veto of the A, and ¢. The D veto is not implemented in the
efficiency map because it is an explicit veto in the phase space and it will be taken
into account during the amplitude fit.

The distribution shown in figure 4.36 are going to be used in the amplitude fit.
In particular they are going to be passed to Laura++ and undergo a smoothing
procedure through a cubic spline interpolation. The efficiency drops at m’ = 0 and
at m’ = 1 are related mainly to the stripping line and trigger cuts. The drops are
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Figure 4.34: Efficiency of the BDT selection across the B® — 1. K7~ Run 1 (left)
and Run 2 (right) SDP space.

Figure 4.35: Efficiency of the veto of the A, and ¢ across the B® — 1. K+t7~ Run 1
(left) and Run 2 (right) SDP space.

m m

Figure 4.36: Efficiency after the elimination of the clones and multiple candidates
and after the selection of the events in the range 5220 < mp;x+,- < 5340 MeV
and 2908 < m,; < 3058 MeV across the B — 7.KT7~ Run 1 (left) and Run 2
(right) SDP space.

110



4.7. Efficiency evaluation

also due to the neglection of the 7, width during the generation phase by EvtGen,
that uses the PDG value of the 7, mass instead of the m,; mass to compute m/
and 6’ values.
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4.8 Dalitz Plot Analysis

Usually, in searches conducted through amplitude analysis, the model must include
all known possible states to check whether the observed patterns in the invariant-
mass distributions are actually reflections of already established states seen in other
views. In this specific scenario, elaborated in Sec. 4.8.1, the K7~ spectrum
is abundant with well-established resonances. Following an introduction to the
formalism utilised in this analysis, the Sec. 4.8.9 outlines the amplitude fit to the
data samples. Within this chapter, an exclusive K* model that incorporates only
significant K* contributions is introduced, the default model.

4.8.1 K* contribution

In the B — n.K+t7~ decay, the KT~ system mass range is up to ~2.3 GeV.
This means that all the neutral K* resonances known to decay to K7~ should
in principle be included in the model. They are listed in Tab. 4.14. Their mass,
width and quantum numbers, taken by [66], are reported as well.

State Mass [MeV]  Width [MeV] J” B(K* — Ktn)

K*(800) 682 + 29 547 £ 24 0" ~ 100%
K*(892) 895.55 £+ 0.20 47.3+0.5 1~ ~ 100%
K*(1410) 1414 + 15 232 £ 21 1~ (6.6 +£1.3)%
K;(1430) 1425 £ 50 270 £80 0t (93 £10)%
K3(1430) 14324+13 10945 2%  (49.9+1.2)%
K*(1680) 1717 £ 27 322+ 110 1~ (38.7+2.5)%
K3(1780) 1776 £ 7 159 £ 21 3- (18.8 £1.0)%
K§(1950) 1945 + 22 201 +£90 0" (52 +14)%
K} (2045) 2045+9 198 £+ 30 4+ (9.9 +£1.2)%
BY — n.(1S)K* 7~ phase space limit
K?(2380) 2382 + 24 178 £ 50 5 (6.1 +1.2)%

Table 4.14: Known neutral K* resonances seen in the K+7~ final state. The
K}(2045) width is such that it could contribute to B — n. K7 ~.

4.8.2 Three-body decays and Dalitz Plot formalism
4.8.3 Isobar model

The isobar model describe the amplitude across the DP phase space as result-
ing from a coherent sum of resonant and non-resonant terms. As such the total
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amplitude is given by:
N
A (m?j’ m?k) = Z chIn (m?jy m?k) (4.25)
h=1

where J7}, (mgj, m?k) is the dynamical amplitude whose contribution is associated

with the complex coefficient ¢p, (isobar coefficient). In this analysis m?j = miﬁw,

2

2
and My, =My

. The dynamical amplitudes used are described in the following
sections.

4.8.4 Dynamical amplitudes

For a resonance of spin J formed in the variable m?j the dynamical amplitude is
given by:

?(mfj,m?k) =T (m?j) X X] (‘ﬁITBW) X XJ (|q‘|7”BW) X Zj(ﬁ,(f) (4.26)

where p'and ¢ are the momenta of the bachelor particle and of one of the resonance
bachelors, respectively, both evaluated in the rest frame of the resonance, T(m?j)
is the resonance mass term, usually given by the Breit-Wigner amplitude. There
are cases where the Breit-Wigner approximation is not valid, as described later. X
is a Blatt-Weisskopf barrier form factor. Z(p,q) is the Zemach tensor describing
the angular probability distribution.

Each amplitude is normalised such that the integral over the phase space is unity

// }3’ (m%,m?k) ‘2 dm?jdm?k =1 (4.27)
DP
calculated using the Gauss-Legendre integration methods.

Angular distributions

Various methods can be employed to express the angular probability distribution
term. In b-decays, the extensive phase space necessitates a well-behaved descrip-
tion of the resonance amplitude, particularly at masses considerably distinct from
the pole mass. Ensuring transversality in the amplitudes is essential, and this is
accomplished through the utilisation of the Zemach tensor formalism. The angu-
lar distribution terms are presented in Table 4.15. They are proportional to the
Legendre polynominals Py(x), where x is the cosine of the helicity angle (the angle
between p’and §).
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Z5(p,q)
1
~25-q
213 0% - (Illa)?]
8 [5(7-* - 3(7- D(l7)?]
18 [35(5- @) — 305~ )2 (|1]a1)? + 3(|a1la1)*]
~2163(5-9)° — 705 O (B1la)* + 15(7- @) (11| @)"]

Table 4.15: Angular distributions in the Zemach tensor formalism up to J = 5,
where J is the spin of the resonance.

TR W N R Oy

Blatt-Weisskopf barrier form factors

The Blatt-Weisskopf barrier factors in Equation 4.26 correspond to the decays of
both the parent particle X j(|p]rpw) and the resonance X j(|g]rpw ). These factors
are dependent on the spin J of the decaying particle and are listed in Table 4.16,
where z = |p]rpw. The parameter 7y denotes the radius of the barrier, signifying
the size of the decaying particle, set at a value of 4.0 GeV ™! in this analysis. The
parameter zg represents the value of z when the invariant-mass equals the pole
mass my of the resonance. The Blatt-Weisskopf factors, also called orbital angular
momentum barrier factors, take into account the difficulty in creating the orbital
angular momentum .J in the BY decay.

J XJ (Z)
0 1
1 1+22
1422
zé+328+9
24432249
\/ 284+624+45224225
204+62%+4522+225
\/z§+1028+135z3+1575z3+11025
28+1025+13524+157522+11025
\/ 28041528 +31528 4630023 +9922522 +893025
21041528 +31525+630021+9922522+893025

(@2 N G R V]

Table 4.16: Blatt-Weisskopf functions up to J = 5, where J is the decaying particle
spin.z = |plrBw, 2o indicates z evaluated at the resonance peak mass.

Relativistic Breit-Wigner mass term

The relativistic Breit-Wigner (RBW) lineshape can be used for narrow and isolated
resonances and takes the form:

1
T(m) = mZ —m? — imol'(m) (4.28)
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where the mass dependent width is given by:

T(m) =T, (qqo> o (%) X2(qrew) (4.29)

where ¢=| ¢ | and ¢y indicates the parameter evaluated at the pole mass my.
X?,(quW) is the resonance Blatt-Weisskopf function, described previously. The
RBW is used to parameterise the majority of resonances but in the presence of
broad overlapping resonances the RBW is not a good description, since the coher-
ent sum of overlapping resonances in the same partial wave violates unitarity.

LASS mass term

The amplitude parameterisations using RBW can lead to unitarity violation within
the isobar model if there are overlapping resonances or if there is a significant
interference with a non-resonant component. This is the case for the K7~ S-
wave, where the Kj(1430) resonance interferes with a non-resonant S-wave term
component. The LASS lineshape [295] is used to parameterise the K7~ S-wave,
that combines these two amplitudes:

m - mol'o ™2
Tlm) — 205 a0 430
(m gecotdp — iq te m3 —m? — imQFO%% (4.30)
where 1
rq
top = — + — 4.31
cotop g + 5 ( )

mg and Iy are the pole mass and width of the K (1430) and a and r are respectively
the scattering length and the effective range. The parameters a and r depend on
the production mechanism and hence depend on the decay under study. The
first term in Eq. 4.30 is not well described at high masses and a cutoff term is
introduced, in this analysis the cutoff applied is at 1.7 GeV. When the LASS is
used together with higher mass K7 resonances, in particular the K{(1950), the
K S-wave is well described by the LASS PDF, as shown in Ref. [296].

4.8.5 Isobar coefficients and fit fractions

Complex coefficients, which characterise the relative strength of components, are
applied to multiply the dynamical amplitudes. The isobar coefficients are ex-
pressed using real and imaginary components. In order to facilitate comparison
across various experiments with potential differences in normalisation, phase con-
ventions, and amplitude formalism, fit fractions are presented alongside amplitude
magnitudes. The fit fraction for a specific component, denoted as i, is determined
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as the integral of the square decay amplitude ¢ divided by the square coherent
matrix element for the complete DP:

ffDP|cz U, )\Qdm dm
ffDP [A(m ZJ’ ]k)‘ZdWQ dm

In general, the sum of the component fit fractions differs from unity since there

FF, = (4.32)

are interference effects to be taken into account. The interference fit fractions are
defined for ¢ < j as:

ffDPQRe cc *?( U, jzk)sr( 12j7 ?k)*]dmfjdm?k

FF; =
f fDP "A 'Lj’ ]k)’2dm2 dm

(4.33)

4.8.6 Dalitz Plot fitting

The probability density for signal events across the DP, taking into account effi-
ciency effects, can be written as:

G(mﬁﬁﬂ M )IA(mK+,T omy o)
sig(m7, _m? 2

wew ) [ Jppe(mies, —m? men N AMGeoms Pdmie _dm?
(4.34)

where e(mﬁﬁﬂ_,m?7 ) is the efficiency parameterised as described in Sec. 4.7.

P

The Dalitz plot analysis is performed using the unbinned maximum likelihood fit
formalism. The likelihood is given by:

Ne
= e VT | D2 MePhlmien s mi 7)) (4.35)
) k

where N = >, Ny, Ny, is the yield found from the 2D fit performed in sec.4.5.3 for
event category k (signal or background), N, is the total number of candidates in
the data sample, and T}; is the PDF for the category k for event ¢, which consists
of the product of the DP PDF and any other PDFs that are used to discriminate
between signal and background. Similar to how the signal efficiency is imple-
mented, the distribution of background categories in the SDP is depicted through
a 2D histogram with uniform binning. The PDF value is subsequently computed
by dividing the interpolated number of background events by the total integrated
area of the histogram. The function —2log £ is minimised in an unbinned fit to
the data in order to extract all of the parameters.
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4.8.7 Fit quality test procedures

To assess the quality of the fits, a comparison between actual data and simulated
toy events generated by Laura++ based on the fit model, efficiency map, and incor-
porating background probability density functions is performed. These plots dis-
play the K7~ non-resonant component and the K{(1430) collectively as a single
S-wave component, accounting for interference terms between these contributions.
For this analysis, toy experiments with a number of event equal to Ny, - 100 are
generated. The m%(hr,, m?

Nemw ™!

and m% i+ distributions are compared between
data and toys, with Run 1 and Run 2 data combined. A two-dimensional y? test

between data and toys is also performed, as described below.

4.8.8 x? test

Using an adaptive binning algorithm, data and toy distributions are compared in
bins of the SDP phase space to determine the value of the x?/ndf, where ndf =
Npins — Npar — 1, with Np,, being the number of free parameters in the fit. The
binning is constructed to ensure at least approximately 20 events per bin. The
square of the pulls is used as the x? statistic, where the pull in a given bin is
calculated as:

Ndata - Ntoys (4 36)
Ndata

4.8.9 Fit to the joint Run 1 and Run 2 sample

The JFIT framework [297] is used to perform a joint fit keeping Run 1 and Run 2
data and efficiency maps separated. A specific open source implementation of
JFIT has been developed within Laura++.

The joint fitting process employs a master-worker architecture, with the master
coordinating the fit by combining likelihood function values from two distinct
workers. These workers are specific for Run 1 and Run 2 data, and the objective
is to maximise the likelihood simultaneously, derived as the product of likelihoods
from the respective Run 1 and Run 2 datasets. The fit parameters and their values
are shared by the two workers. This approach utilises the cFit method, since the
employment of the sFit strategy leads to unstable fits.

In conventional Dalitz Plot analyses, the natural width of final state particles are
negligible. However, the 7, deviates from this norm with a width of approximately
30 MeV. To accurately consider this, modifications to the Laura++ code are per-
formed. The default fitter typically relies on two pairs of squared invariant-masses
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4.8. Dalitz Plot Analysis

(m%3 and m%?) ) and, using these masses along with parent and child masses, com-
putes all necessary kinematic variables event by event (e.g., m2,, helicity angles,
etc.). This adaptation involves dynamically incorporating the m,; invariant-mass
between cached variables on an event-by-event basis.

This modification ensures that, instead of relying on a hardcoded m,,, value, the
fitter utilises the my; value specific to the event under consideration for the com-
putation of kinematic variables. In the generation of toys used for comparing data
distributions with those resulting from the fit, initially a set of m,,; values is gener-
ated following the probability density functions used in the 2D fit m,; projection
(a relativistic Breit-Wigner convoluted with a double crystall-ball for the 7, sig-
nal and an exponential for the backgrounds). Subsequently, the code has been
adjusted to account for these values during the event generation process. This
approach guarantees consistency in phase space ranges between data and toys.

Input data

The input data to the amplitude fit are the events contained in the m,;x+,- and
myp ranges used for the 2D mass fit, that are the 5220 < mysp+,- < 5340 MeV
and 2908 < mp; < 3058 MeV. The DY veto used in the 2D mass fit is also
applied within the amplitude analysis. This is handled by Laura++ setting the
signal efficiency to zero inside a vetoed region. Since the effect of explicit vetoes
in the phase space is separately accounted for, the D° veto is not applied when
constructing the efficiency histograms as already described in Sec. 4.7.

To mitigate issues arising from imperfect efficiency parameterisation at the DP
boundaries, a 70 MeVveto is applied to both the lower and upper edges of the DP,
effectively excluding regions where any of the invariant-masses, m,, mg, or Mg,
are within 70 MeVof their kinematic limits. The signal and backgrounds yields,
resulting from the 2D mass fit, are scaled accordingly automatically by Laura++.
In order to avoid steep variations in the efficiency parameterisations, this cut is
not applied when building the efficiency histograms. This cut is also introduced
in the fitter vetoing the borders of the DP.

Background parameterisation

The 2D mass fits to the Run 1 and Run 2 data are used to determine the sWeights
corresponding to the combinatorial background and non-resonant background com-
ponents to build the corresponding histograms, parameterised using the SDP vari-
ables. The background histograms are shown in figs. 4.37 for Run 1 and Run 2.
These histograms are interpolated with a cubic spline before the amplitude fit.

118



4.8. Dalitz Plot Analysis
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Figure 4.37: Background histograms for Run 1 (top) and Run 2 (bottom), left:
combinatorial background; right: nonresonant background.

Default model

In the amplitude fit, both signal and background yields are fixed. The construc-
tion of the default model involves systematically incorporating well-established K*
states one by one until no significant improvements in the likelihood are observed.
All the masses and widths of the K™* resonances are fixed to PDG values [66] in
order to define the default model. The fit is repeated 200 times randomising the
values of the isobar coefficients in order to check for local minima, common in
DP fits, and find the absolute minima. In Table 4.17 the negative-log-likelihood
(NLL) of different models, including every time a new K* resonance, are shown.
The K3(1780) and K3 (2045) are not significant and are excluded from the default
model (NLL improvement less than 5).

The parameterisation of the K7 S-wave employs the LASS PDF. The scattering
length and effective range of the non-resonant component are left unconstrained.
The mass and width of the resonant part are constrained to their PDG values [66].
Once the global minimum of the negative log-likelihood is reached, the four pa-
rameters of the LASS function are fixed to their best-fit values. Ensuring a higher
stability and faster convergence of the fit. The fits are then repeated using these
fixed parameters. The resonance used, with the function used to parameterise
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Resonances used in the model NLL ANLL

K*(892), K;(1430) ~40921.4
Added K (1950) -41026.1  -104.7
Added K*(1410) 41059  -32.9
Added K3(1430) -41074.8  -15.8
Added K*(1680) -41089.4  -15
Added K3(1780) -41089.4 0
Added K7 (2045) -41089.4 0

Table 4.17: NLL values of the fit obtained using different K* models.

them, are:

892) - relativistic Breit-Wigner

1410) - relativistic Breit-Wigner

K*(
K*(

e K;(1430) - LASS function
K5 (
K*(

)

)

1430) - relativistic Breit-Wigner

1680) - relativistic Breit-Wigner
)

o K((1950) - relativistic Breit-Wigner

As depicted in Figure 4.30, the KT~ spectrum is predominantly influenced by
K*(892). K*(892) serves as the reference amplitude, with its amplitude and phase
fixed at 1.00 and 0.00, respectively. The isobar coefficients of additional contri-
butions are expressed relative to those of the K*(892) meson. 200 fits using the
default model previously described are performed. The absolute minima is found
to be NLL = -41104.3. The resulting isobar coefficients are shown in Table 4.18.
The full half-matrix of interference fit fractions is shown in Table 4.19. The LASS
parameter are shown in Table 4.20. The errors of the fit fractions are calculated by
generating 1000 toys and fitting them with same model. The standard deviations
of each fit fraction is used as error on the fit fraction.

To check the fit quality, Laura++ is used as generator of events: the BY — n. K7~
events are generated according to the model with the free parameters fixed to the
fit output. Events are generated according to Run 1 and Run 2 efficiency maps and
number of events. The toy events are generated as explained in Sec. 4.8.7. The
three invariant-mass distribution are then normalised accordingly to the number
of data event. The DP projections comparisons are shown in Figures 4.38. The
pull distribution is shown in fig 4.39 and the x?/ndf computed as the square of the
pulls is 425.286/(324—14—1) = 1.38. The comparison of the first six unnormalised
Legendre moments between data and toys is reported in Figure 4.40, 4.41 and 4.42.
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Resonance  Amplitude Phase
K*(892) 1.00 0.00
K*(1410) 0.30+0.04 —0.15+0.13

LASS 0.85+£0.03 2.92+0.07

K;(1430) 0.28£0.03 —0.73+0.10
K*(1680) 0.214+0.04 —2.93+£0.22
K;(1950)  0.22+0.03 —1.61+0.29

Table 4.18: Isobar coeflicients resulting from the amplitude fit using the default
model.
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Figure 4.38: Projections of the data and amplitude fit using the default model

with a JP = 17 onto (a) mg+,—, (c)

mncﬂ

- and (e) m, g+, with the same

projections shown in (b), (d) and (f) on a logarithmic vertical-axis scale. The veto
of BY — ppDO decays is visible in plots (a) and (b).
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Parameter Value Default value [298]
r 4.04+1.05 GeV-!  2.0740.10 GeV !
a 4.34+0.80 GeV™!  3.3240.34 GeV ™!
Mics(az0) 1434+ 22 MeV 1425 + 50 MeV
T 2 (1430) 410 + 44 MeV 270 + 80 MeV

Table 4.20: Parameters of the LASS PDF resulting from the fit using the default
model. In the third column are shown the values quoted by the LASS experiment

for the @ and r parameters and the mass and width of the Kj(1430) reported
in [66].
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Figure 4.39: Top: 2D pull distribution of the fit with the default model . Bottom:
1D pull distribution computed from the bin contents of the 2D pull distribution.
This distribution is fitted with a gaussian obtaining x4 = 0.00 + 0.07 and ¢ = 1.17
+ 0.05.
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Figure 4.40: Comparison of the first six K7~ unnormalised Legendre moments
between backgound subtracted data (black) and the default model generated toys

signal component (red).
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4.9 Addition of exotic amplitudes and significance de-
termination

An exotic contribution, T¢z(4100)~ — n.w—, is added to the default model with
mass and width as floating parameter. Two different hypothesis of quantum num-
bers are tested, J© = 0% and J” = 1=, The LASS parameter are managed as in
the default model, scattering length and effective range are left unconstrained and
mass and width are gaussian constrained and then fixed to results of the best-fit.
This new model is called extended model.

4.9.1 Addition of a J¥ = 0% T.:(4100)~ — .7~ component

The absolute minimum is found at NLL = -41112.4, a variation equal to ANLL =
-8.1. The LASS parameter found are reported in Table 4.21. The isobar coefficients
and the mass and width of the T,z are reported in tables 4.22 and 4.23, respectively.
The full half-matrix of the fit fraction is reported in Table 4.24. The DP projections
comparisons are shown in Figures 4.43. The pull distribution is shown in fig 4.44
and the x?/ndof computed as the square of the pulls is 418.526/(324 — 18 — 1) =
1.37. The comparison of the first six unnormalised Legendre moments between
data and toys is reported in Figure 4.45, 4.46 and 4.47.

Parameter Value Default value [298§]
r 3.88+0.92 GeV' 2.07+0.10 GeV !
a 4.45+0.79 GeV~!  3.32+0.34 GeV~!
40 mye(1a30) 1435 +£19 MeV 1425 + 50 MeV
Tk (1430) 385 + 44 MeV 270 + 80 MeV

Table 4.21: Parameters of the LASS PDF resulting from the fit using the default
model with an exotic T,z(4100)~ — n.m~ component J¥ = 0% added.. In the
third column are shown the values quoted by the LASS experiment for the a and
r parameters and the mass and width of the K(1430) reported in [66].
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4.9. Addition of exotic amplitudes and significance determination

Resonance  Amplitude Phase
K*(892) 1.00 0.00
K*(1410) 0.294+0.04 —-0.97+0.14

LASS 0.81+0.03 2.91+0.07
K3(1430) 0.28£0.03 —0.82£0.11
K*(1680) 0.244+0.04 —2.85+0.20

)

K(1950)  0.2440.03 —1.53 +0.27
T,z(4100)~ 0.10£0.03  2.60 £ 0.39

Table 4.22: Isobar coefficients resulting from the amplitude fit using the default
model with an exotic T.z(4100)~ — 1.7~ component J© = 0* added.

Parameter  Value [MeV]|
Mr, (1100 4067 + 13
I'1.2(4100)- 137+ 78

Table 4.23: Mass and width of the 7,:(4100)~ resonance candidate resulting from
the amplitude fit using the default model with an exotic Tiz(4100)" — nem—
component J¥ = 07 added.
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Figure 4.43: Projections of the data and amplitude fit using the extended model
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4.9.2 Addition of a J' =1~ T.:(4100)~ — .7~ component

The absolute minimum is found at NLL = -41118.8, a variation equal to ANLL
= -14.5. The LASS parameter found are reported in Table 4.25. The isobar co-
efficients and the mass and width of the T,z are reported in tables 4.26 and 4.27,
respectively. The full half-matrix of the fit fraction is reported in Table 4.28.
The DP projections comparisons are shown in Figures 4.48. The pull distribu-
tion is shown in fig 4.49 and the x?/ndof computed as the square of the pulls
is 400.694/(324 — 18 — 1) = 1.31. The comparison of the first six unnormalised
Legendre moments between data and toys is reported in Fig. 4.50, 4.52 and 4.51.

Parameter Value Default value [298]
r 4.55+1.05 GeV-!  2.0740.10 GeV !
a 423 4£0.74 GeV™!  3.3240.34 GeV !
Mpz(az0) 1434 +£19 MeV 1425 + 50 MeV
T s (1430) 359 + 37 MeV 270 + 80 MeV

Table 4.25: Parameters of the LASS PDF resulting from the fit using the default
model with an exotic T,z(4100)~ — n.m~ component J¥ = 1~ added.. In the
third column are shown the values quoted by the LASS experiment for the a and
r parameters and the mass and width of the Kj(1430) reported in [66].

Resonance  Amplitude Phase
K*(892) 1.00 0.00
K*(1410) 0.28+0.03 —0.04+£0.15

LASS 0.80 £0.03 2.94+0.07
K3(1430) 0.28+0.03 —0.86=+0.11
K*(1680) 0.184+0.05 —2.82+0.23

)

K;(1950)  0.21+£0.03 —0.9240.35
T.z(4100)~ 0.154+0.03 —3.14+0.58

Table 4.26: Isobar coefficients resulting from the amplitude fit using the default
model with an exotic T.z(4100)~ — 1.7~ component J© = 1~ added.

Parameter  Value [MeV]
My, o) 4106 +23
Ty a0y 514 %166

Table 4.27: Mass and width of the 7,.:(4100)~ resonance candidate resulting from
the amplitude fit using the default model with an exotic T,z(4100)" — n.w~
component J¥ = 17 added.
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Figure 4.48: Projections of the data and amplitude fit using the extended model
with a JP = 17 onto (a) mp+n—, (¢) my .- and (e) my, g+, with the same
projections shown in (b), (d) and (f) on a logarithmic vertical-axis scale. The veto
of BY — ppD° decays is visible in plots (a) and (b).
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Figure 4.49: Top: 2D pull distribution of the fit with the default model with
an exotic T,.z(4100)~ — n.m~ component J© = 17 added. Bottom: 1D pull
distribution computed from the bin contents of the 2D pull distribution. This
distribution is fitted with a gaussian obtaining 1 = 0.02 £ 0.07 and ¢ = 1.12 +
0.05.
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Figure 4.50: Comparison of the first six K7~ unnormalised Legendre moments
between backgound subtracted data (black) and the default model with an exotic
Z7 — nen~ component JP =17 added generated toys signal component (red).
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Figure 4.51: Comparison of the first six .7~ unnormalised Legendre moments
between backgound subtracted data (black) and the default model with an exotic
Z7 — nen~ component JP =17 added generated toys signal component (red).
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4.9.3 Significances determination

In order to calculate the sensitivity to a T.z(4100)~ state in the data, discrimination
between fits with and without the exotic resonance is of fundamental importance.
Two hypothesis are defined, the first, where the T,:(4100)~ does not exist (null
hypothesis Hy), and the second, where the T,z(4100)~ does exist (alternative hy-
pothesis Hj). The probability to reject a true null hypothesis is called p-value:
the lower the p-value the more significant the 7,:(4100) is, whatever statistical
test is used. The choice of the statistical test is driven by the need to have a low
probability of accepting a false null hypothesis.

The test used in this analysis to distinguish between Hy and H;j is the profile
likelihood ratio test. The profile likelihood ratio is defined as

L(Hy)
L(H)

A= —2log = A(—2log L) (4.37)

To calculate the p-value for the profile likelihood ratio value obtained on data, the
PDF of A must be known under the null hypothesis. Wilks’ theorem states that,
under some regularity conditions, A asymptotically follows a x? distribution with
a number of degrees of freedom equals to the difference of number of parameters
between the null hypothesis and the alternative hypothesis.

The Wilks’ theorem regularity conditions needed are:
e The models must be nested.

e The parameter specified by H; must not be on the boundary of their possible
values under Hy.

e All of the parameters must have values under Hy.

If the Wilks’ theorem is applicable, the significance can be expressed in standard
deviations using:

ne(\) = V2 TMath::ErfcInverse(TMath::Prob(\, ndof)) (4.38)

Wilks’ theorem is correct only asymptotically but usually provides a good approxi-
mation for finite data samples. To check if Wilks’ theorem is applicable, toy exper-
iments must be performed under the null hypothesis. Fitting them with both the
hypotheses allows us to obtain the A distribution. The distribution can be fitted
with a y? allowing to extrapolate the number of degree of freedom. In this case the
null hypothesis Hy is the no-7.z(4100)~ hypothesis (i.e. the default model), while
the alternative hypothesis H; is the extended model. The procedure is repeated
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4.9. Addition of exotic amplitudes and significance determination

for the J¥ = 07 and J¥ = 1™ assignments. In order for Hy to be nested in Hi, as
required by the regularity conditions, the Hy model is built adding the T.z(4100)~
component used in the H; model (same mass, width and quantum numbers) but
fixing its isobar amplitude and phase to zero (if the phase is not constrained it
becomes undefined when the magnitude is fixed to zero affecting the regularity of
the likelihood around the point of constraint). The number of free parameters is 4.
The Wilks’ theorem states that A follow a y? distribution with a number of degree
of freedom equal to the number of additional parameters (Anpar = 4) resulting
from the addition of the 7,:(4100)” component. When the mass and width are
floating as in this case, the Wilks’ theorem does not hold even in the asymptotic
case, since the mass and width are undefined under the null hypothesis, prevent-
ing the likelihood regularity requirement to be satisfied. This effect is known as
look-elsewhere effect {233, 176]. Other LHCb amplitude analyses found out that
the x? distribution still provides a good approximation of the \ distribution but
with an effective number of degrees of freedom that is ~ 2Anpar [233, 176, 299].
To determine the A distribution, 1000 toy experiments are generated according to
the default model, each toy experiment having the same statistics as in the data
sample. The isobar coefficients used for the generation are the ones reported in
Table 4.18. These toys are fitted with both the Hy and H; hypotheses. The NLL
obtained for each toy are then used to calculate A\ = A(—2InL). The H; model is
used setting the starting values of the isobar coefficients to the generated values.
The starting values of the isobar coefficients of the Hy model are randomised. The
A distribution is then fitted using a x? distribution leaving floating the number of
degrees of freedom. As shown in the following sections, the A distribution is well
approximated by a x? distribution. To determine the significance of rejecting one
quantum number assignment in favor of another, toys are generated according to
the null hypothesis and fitted using both the null and alternative hypotheses. In
this case the models corresponding to the null and alternative hypotheses differ
for the quantum numbers assigned to the T;z(4100)~. The null hypothesis is given
by the disfavoured quantum numbers when fitting data, in this case the JZ = 0F
hypothesis.

4.9.4 Significance calculation of the J” = 0" hypothesis

The generated pseudoexperiments are fitted with the default model, adding to
the T,z(4100)~ with mass and width reported in Table 4.23, quantum numbers
JP = 0 and fixing its isobar coefficients to 0.0, and with the extended model
with free mass and width and with the J© = 0T assignment. The X distribution
obtained is shown in Figure 4.53. The fit with a x? PDF with floating ndof gives
ndof = 7.10. Using the NLL values obtained in the amplitude fit to data and the
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Figure 4.53: Distribution of A\ = A(—2InL) for about 1000 toys generated ac-
cording to the amplitude fit to data without the 7,z(4100)~ contribution, each fit
without and with the J¥ = 0% T,.z(4100)~ with floating mass and width. The fit
with a x? PDF with floating ndof gives ndof = 7.10 (blue curve). The red curve
shows the x? PDF with ndof — 8.

eq. 4.38, the significance of the JP = 0 component is 2.27¢. Using ndof = 8, the
significance is 2.050.

4.9.5 Significance calculation of the J” = 1~ hypothesis

The generated pseudoexperiments are fitted with the default model, adding to
the T,z(4100)~ with mass and width reported in Table 4.27, quantum numbers
JP = 17 and fixing its isobar coefficients to 0.0, and with the extended model
with free mass and width and with the J© = 1~ assignment. The X distribution
obtained is shown in Figure 4.54. The fit with a x? PDF with floating ndof gives
ndof = 7.35. Using the NLL values obtained in the amplitude fit to data and the
eq. 4.38, the significance of the J¥ = 1~ component is 3.80. Using ndof = 8, the

significance is 3.60.
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Figure 4.54: Distribution of A\ = A(—2InL) for about 1000 toys generated ac-
cording to the amplitude fit to data without the T.z(4100)~ contribution, each fit
without and with the J¥ = 17 T,.z(4100)~ with floating mass and width. The fit
with a x? PDF with floating ndof gives ndof = 7.35 (blue curve). The red curve
shows the x? PDF with ndof — 8.
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4.9.6 Spin analysis

1000 toys are generated according to the extended model, with J¥ = 0% quan-
tum numbers hypothesis assigned to the exotic amplitude, i.e. the disfavoured
hypothesis in data. The toys are generated with the same statistics as in the data
sample. These toys are fitted with both the J” = 0% and J” = 1~ hypothesis.
The A = 2((—=InL(JF = 0F) — (=inL(J¥ = 17)) distribution is shown in Fig-
ure 4.55. This distribution is fitted with a gaussian obtaining y = —18.3 £ 0.8
and ¢ = 9.9+ 0.3. The X\ obtained from the amplitude fit results to data is
A = A(=2InL) = 12.8, the rejection of the JP = 0% hypothesis with respect to
the J¥ = 1~ hypothesis is 3.20.
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Figure 4.55: Distribution of A = 2((—=InL(JF = 01) — (=InL(J¥ = 17)) for about
1000 toys generated according to the amplitude fit to data with the T;z(4100)~
set to the disfavoured J¥ = 0% (blue points) fitted with the disfavoured J¥ = 07
and favoured J¥ = 1~ spin hypotheses. The red line is the A value obtained from
data.
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4.10 Systematics uncertainties

The systematic uncertainties are evaluated on the fit fractions resulting from the
amplitude fit giving the best NLL value, corresponding to the default model and
the K* + T.z(4100)~ model with J” = 1~ state. The procedure to determine the
corresponding systematic uncertainty is described in more details in the following.

The list of systematic uncertainties that have been carried out is the following:
e background parameterisation
e fixed signal and background yields
e amplitude fit bias
e efficiency parameterisation
e 7. mass value used to build the DP kinematics
e fixed resonance parameters
e K((1430) parameterisation
e addition of T,z(4100)~ candidate (considered only for the default model)

To probe the sensitivity of the significance of the T.z(4100)~ state to systematic
effects listed above the same procedure described in sec. 4.9.3 is used as general
method. The minimum NLL is exctracted for the fits with the default model
and the K* 4 T.z(4100)~ model, the A value is calculated and using eq. 4.38 the
significance is extracted.

4.10.1 Background parameterisation

The strategy to check for this source of systematic uncertainties is to randomly
extract, for each bin of the background maps, a number from the gaussian distri-
bution having the mean equal to the bin content and the standard deviation equal
to the corresponding bin uncertainty. In case of negative bin content two method
have been tested, using the negative value as mean of the gaussian or using 0.
The results have been found compatible in the two cases so the maps generated by
setting the mean to the negative value are used. The procedure to calculate the
error on the fit fractions is repeated 1000 times in order to create new bkg maps
and for each map the amplitude fit is repeated. For each fit fraction, a gaussian fit
is applied to the distribution obtained, and its standard deviation is taken as the
systematic uncertainty assigned to the background parameterisation. To calculate
the significance 1000 backgrounds maps are calculated, for each map the ampli-
tude fit are repeated to the corresponding toy experiment generated, as described
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Figure 4.56: Distribution of A = A(—2InL) for the toys generated according to
the amplitude fit to data without the T.z(4100)~ contribution, each fit without
and with the JP = 17 T,;(4100)~ with floating mass and width and with the
background maps varied as described before. The fit with a x? PDF with floating
ndof gives ndof = 10.5 (blue curve). The red curve shows the x> PDF with ndof
= 8.

in sec. 4.9.3. The NLL are used to calculate A. The A distribution is fitted using
a x2 distribution leaving floating the number of degrees of freedom, as shown in
Figure 4.56. The strategy was to use the new number of degree of freedom to cal-
culate the significance of the candidate once the background parameterisation is
taken into account. Since the fit results is not good and the x? distribution do not
correctly describe the distribution, the significance is calculated using the p-value.
The p-value is calculated as the number of events with a A above the value obtained
in the data, Agqtq = 29, divided by the total number of entries in the of figure 4.56,
i.e. the number of fit that converge. The p-value found is % = 0.0145. Using
eq. 4.38 the signifcance is found to be of 2.440. So the candidate is not significant
once the background systematic is taken into account. Systematic errors on the
mass and width of the T.z(4100)~ have not been calculated since the candidate is

found not significant once systematics uncertainties are taken into account.
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4.10.2 Fixed signal and background yields

The signal and background yields used in the amplitude fit are fixed to the values
obtained from the 2D mass fit. Their uncertainties are propagated to the amplitude
fit by gaussian constraining the yields within their statistical uncertainties.

4.10.3 Amplitude fit bias

A systematic uncertainty related to the fit bias is determined. 1000 pseudoex-
periments are generated with the same statistics as in the data sample and fitted
with the K* + T.z(4100)~ model. A Gaussian fit is applied to each fit fractions
distribution in order to obtain its mean pyf;eq and the error on the mean dp.
The systematic uncertainty associated to the bias introduced by the amplitude fit

procedure is determined as the square root of the mean squared error, given by

0 = \/(pfitted - ptrue)2 + 512) (439)

DPerue 1s the value of the fit fraction used in the generation.

4.10.4 Efficiency parameterisation

The same strategy used for the systematic uncertainty associated to the back-
ground parameterisation is considered. Another systematic uncertainty is asso-
ciated to the cut applied to the DP borders because of concerns about the pa-
rameterisation of the efficiencies in those regions. The amplitude fit is repeated
removing these cuts.

4.10.5 7. mass value used to build the DP kinematics

The kinematics variables used in the amplitude fit are computed starting from the
B° K*, 7~ and 7, mass values. In the nominal amplitude fit the 7. mass values
returned by the 2D fit are used, reported in tab 4.10. To estimate the effect of
the 7. width the amplitude fit is repeated varying the 7. mass value. The fit is
repeated two times, once using the m + I'/2 value and once using the m — I'/2
value. In case of same sign variations the highest one is considered.

4.10.6 Fixed resonance parameters

The masses and widths of the K* resonances (except the LASS parameters) and
the Blatt-Weisskopf barrier factor radii are fixed in the nominal amplitude fit.
The uncertainties associated to the fixed masses and widths are determined varying

simultaneously and randomly each parameter within their error, as reported in [66]
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and repeating the amplitude fit 100 times. The systematics due to the fixed
Blatt-Weisskopf barrier factor radii for the K* and the T;z(4100)™ resonances are
determined changing the nominal value of 4 GeV~! to 3 GeV~! and 5 GeV ™.
The assigned systematics to the amplitude fit model fixed parameters are the
combination in quadrature of all the contributions.

4.10.7 K}(1430) parameterisation

The K{§(1430) resonance have been parameterised using the LASS PDF in the
final model, in order to take into account the strong interferes with a non-resonant
S-wave term component, as described in section 4.8.4.

To determine the systematic uncertainty associated to the choice of the LASS
PDF, the fit is repeated replacing the LASS shape with a RBW for the K (1430),
adding the K*(800) amplitude parameterised with a RBW and a non-resonant
S-wave K7~ amplitude as a uniform amplitude.

4.10.8 Addition of 7,:(4100)~ candidate

The model K* + T;z(4100)~ is used to consider a possible T;z(4100)~ candidate
as source of systematic. The systematic associated is calculated as the difference
between the nominal values and the values obtained from the fit under study.

4.10.9 Summary of systematic uncertainties

The systematic errors calculated for the fit fractions are reported in Table 18, 19
and 20. The summary of all systematic uncertainties is reported in Table 21. The
single results are shown in Table 4.29, 4.30 and 4.31. The summary of all this sys-
tematic uncertainties is reported in Table 4.32. The significance of the T.z(4100)~
candidate found for every systematic source studied are reported in Table 4.33.
The systematic uncertainties of the fit fractions using the K* + T,z(4100)~ model
are reported in appendix N.
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Component Nominal value Fixed yields Fit bias Efficiency Ne
K*(892) 0.493 + 0.012 -0.001 £0.006 +0.004 -0.008
K*(1410) 0.045 + 0.014 -0.010 +0.003 +0.003 -0.015

LASS 0.356 + 0.055 +0.004 +0.029 +0.013 -0.023
K3(1430) 0.037 + 0.009 -0.001 +0.002 £+0.004  40.002
K*(1680) 0.021 +0.009  +0.001  +0.004  +0.003  +3901
K (1950 0.024 £+ 0.005 -0.002 +0.022 £0.003  +0.006

K*(892) — K*(1410) -0.021 + 0.018 +0.005 +0.007  £0.004  +0.001
K*(892) — K*(1680)  0.008 + 0.012 +0.008 £0.005 +£0.006  +0.013
K*(1410) — K*(1680) -0.023 £+ 0.015 +0.011 +£0.004  £0.052  40.019

LASS—K§(1950) 0.070 £ 0.103 -0.015 £0.052 +0.010 -0.005

Table 4.29: Systematic uncertainties associated to the fit fractions calculated using
the default model. The nominal value from the amplitude fit is reported in the
second column with its statistical uncertainty. Components labelled like K*(892)—
K*(1410) stand for the interference fit fraction between the two resonances.

Component Fixed parameters Addition of T¢z(4100)~ candidate
K*(892) -+0.002 -0.009
K*(1410) +0.021 +0.013

LASS -+0.030 +0.006
K5(1430) +0.003 -0.003
K*(1680) -+0.003 +0.001
K3 (1950 +0.007 -0.005

K*(892) — K*(1410) -+0.002 -0.008
K*(892) — K*(1680) +0.021 +0.005
K*(1410) — K*(1680) -+0.022 -0.007

LASS—K{(1950) -+0.004 +0.018

Table 4.30: Systematic uncertainties associated to the fit fractions calculated using
the default model. The nominal value from the amplitude fit is reported in the
second column with its statistical uncertainty. Components labelled like K*(892)—
K*(1410) stand for the interference fit fraction between the two resonances.
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Component Background parameterisation K;j(1430) Efficiency veto
K*(892) +0.031 -0.004 +0.021
K*(1410) +0.014 -0.021 +0.015

LASS +0.033 +0.033 +0.008
K5(1430) +0.012 -0.001 -0.012
K*(1680) +0.011 -0.001 -0.011
K (1950 +0.009 -+0.009 -+0.002

K*(892) — K*(1410) +0.013 +0.027 -0.029
K*(892) — K*(1680) +0.022 -0.028 -0.028
K*(1410) — K*(1680) +0.021 +0.005 +0.051

LASS—K§(1950) +0.059 -0.017 -0.018

Table 4.31: Systematic uncertainties associated to the fit fractions calculated using
the default model. The nominal value from the amplitude fit is reported in the
second column with its statistical uncertainty. Components labelled like K*(892)—
K*(1410) stand for the interference fit fraction between the two resonances.

Component Nominal value Total
K*(892) 0.493 £ 0.012 10058
K*(1410) 0.045 + 0.014 19032

LASS 0.356 4 0.055 9062
K35(1430) 0.037 £ 0.009 5533
K*(1680) 0.021 + 0.009 0013
K3(1950) 0.024 £ 0.005 +3:527

K*(892) — K*(1410)  -0.021 + 0.018 0031
K*(892) — K*(1680)  0.008 + 0.012  +3:9%7
K*(1410) — K*(1680) -0.032 + 0.015 *+0:06

LASS—K{(1950) 0.070 + 0.103  +9:07

Table 4.32: Summary of systematic uncertainties associated to the fit fractions
calculated using the default model. The nominal value from the amplitude fit
is reported in the second column with its statistical uncertainty. Components
labelled like K*(892) — K*(1410) stand for the interference fit fraction between

the two resonances.
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4.10. Systematics uncertainties

Source Significance
fixed yields 3.20
bkg parameterisation 2.40
My, 3.00
fixed parameters 3.20

Table 4.33: Significance of the T.z(4100)~ candidate due to the systematic varia-
tions. Only the largest variation are reported.
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4.11 Results

The model with the addition of a T;z(4100)~ candidate is found with a significance
lower than 30 when taking into account the systematic uncertainties. In particular,
the description of the backgrounds lacks sufficient precision to determine whether
the peak observed in the [4,4.2] GeV region of the n.7m~ invariant-mass distribu-
tion is a background fluctuation or an exotic candidate. Therefore the T.z(4100)~
candidate is found to be not significant, this result is in contrast with the result
of the previous analysis performed by LHCb [173]. The disagreement between
the two measurements points toward the possibility that the result of [173] was a
statistical fluctuation, as the present analysis uses a dataset twice as large and an
improved candidate selection. The properties of the candidate, found considering
only statistical uncertainties are in agreement with the candidate reported in [173].
A measurement of the branching ratio of the B® — 7. K7~ decay have been per-
formed, the result is B(B? — n.K*t7n~) = (5.8240.2051a¢30.23 55t £0.55¢¢ ) - 10~%.
The branching fraction of the (B — 7.K*) decays, have been calculated start-
ing from the measured branching ratio of B(B? — n.K ™7 ~) and the fit fraction
obtained from the amplitude fit performed with the default model reported in Ta-
ble 4.34. The results are shown in Table 4.35. The results of this analysis, using a
data sample size that is approximately doubled with respect to the previous study,
supersede those obtained in Ref. [173]|. The results of this analysis, at the time of
submission of this thesis, are submitted to EPJC and can be found in Ref. [300].
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Decay Branching ratio (1079)
BY — . K*(892)(— Ktn~) 28.69+ 1.21 + 1.137 73 £2.71

B — . K*(1410)(— K*n™)  2.6240.82+0.107} 55 +0.25
BY — 1 K5(1430)(— KT7~) 17.92+2.80+0.717525 4+ 1.69

BY = n.K+tn= (S — Wave)  8.96+1.42 4 0.357153 4+ 0.84
B — 1. K3(1430)(— K*n~)  2.1540.53 £ 0.0879-70 £ 0.20
B — . K*(1680)(— K*n~)  1.2240.52 £ 0.057075 +0.12
B® — . K (1950)(— K+n~)  1.40 4 0.29 & 0.067157 +0.13

Table 4.35: Results for branching fractions obtained multiplying the fit fractions
of Table 4.19 by B(B® — n.K*t7~). The uncertainties are statistical, systematics
coming from B(B°® — n.KT7~), fit fraction systematics and PDG uncertainties.
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Chapter 5

Charged-hadron identification
performance in Run 3

Charged-hadron identification is a critical aspect of flavour physics experiments,
addressing challenges such as reducing combinatorial background and distinguish-
ing final states of otherwise identical topology. High-performance charged-particle
identification is therefore an essential component of the LHCb flavour physics pro-
gram in Run 3 (2022-2026). In this context, the development of robust calibration
tools is central to optimising the performance of the upgraded LHCb detector and

maximising its physics potential.

Sec. 5.1 briefly describes the LHCb Upgrade 1. A brief introduction on charged-
hadron identification is provided in Sec. 5.2. The strategy used to extract the
efficiencies of charged-hadron identification is detailed in Sec. 5.3, while Sec. 5.4
presents the early Run 3 performance. Finally, Sec. 5.5 describes the develop-
ment of a tool for real-time monitoring of the RICH detectors charged-hadron

identification performance.

5.1 The LHCb Upgrade I

Although LHCDb achieved excellent performance in Runs 1 and 2, the precision of
key flavour-physics measurements remained limited by statistics [301]. Table 5.1
report the expected errors on key measurements of the LHCb experiment. Collect-
ing larger datasets to significantly improve the uncertainty on several observables
was not feasible with the original experiment design, as the hardware-based L0
trigger, relying on simple transverse-momentum cuts, saturated at higher lumi-
nosities and became inefficient, particularly for hadronic final states as can be seen
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5.1. The LHCb Upgrade I

in Figure 5.1. To exploit the higher luminosities of Run 3 (£ = 2-1033cm=2s71)
and beyond, LHCD required the removal of this bottleneck and the adoption of a
fully software-based trigger, capable of performing selections using full event re-
construction at the online stage. This, together with the need to cope with higher
data rates, pile-up, and increased luminosity, made a comprehensive detector and
readout upgrade essential.

Observable Run 1 and 2 Upgrade 1
(upto 9 fb=1) (23 b~ 1) (50 fb1))

CKM tests

v (B — DK, etc.) 2.8° 1.3° 0.8°

¢s (BY = J o) 20 mrad 12 mrad 8 mrad

Vil [Vs| (A = pa=5,,, etc.) 6% 3% 2%

Charm

AAcp (D° = KYK~= 7tn) 29%x 1075  13x 1075 8 x 1075

Ap (D° - KYK— ntn™) 11x107° 5x 107  3.2x107°

Az (D° = Kontr™) 18x 1075  63x107° 4.1x107°

Rare Decays

B(BY — utu™)/B(BY — ptup™) 69% 41% 27%

AP (B — K*0¢te™) 0.10 0.060 0.043

Alm (B0 — K*0cte™) 0.10 0.060 0.043

Sgry (B = ¢) 0.32 0.093 0.062

ay (A9 — An) A 0.148 0.097

Table 5.1: Uncertainties in key LHCDb physics quantities, derived from Run 1 and
Run 2 data, are compared with projections for the upgrade I, evaluated using a
Run 3 data sample of 23 fb~! and assuming systematic uncertainties are not the
limiting factor.

The VELO was redesigned to handle higher luminosity and a 40 MHz trigger-less
readout while maintaining high track-finding efficiency within CPU limits. Its
optimised layout, similar to the previous design, consists of 52 identical pixel-
based modules arranged perpendicular to the beamline to cover the full LHCb
pseudorapidity range. Each module integrates silicon pixel detectors, cooling,
power, and readout systems. Only the vacuum vessel and motion services were
retained from the old version, while the RF boxes were fully redesigned to reduce

material and inner radius.

The upstream tracker (UT) replaces the TT stations used in Run 1 and 2, with
several improvements. Two stations with four silicon planes each, designed with a
hole for the beam pipe with the staves now incorporate active cooling and support
both sides of the sensors for full vertical coverage. Z-staggered and horizontally
overlapping staves improve acceptance, especially near the beam pipe, reducing
gaps compared to the TT.
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Figure 5.1: First-level trigger efficiency as a function of the B* transverse momen-
tum (left) and decay time (right). Efficiencies are computed using the TIS/TOS
method [302]. In Run 2, the trigger included a hardware stage based on calorime-
ter and muon information, followed by software; in Run 3 it is fully software-based,
leading to improved performance.

The SciFi Tracker replaces the downstream tracking performed by the IT and OT
in Run 1 and 2. SciFi uses plastic scintillating fibres (250 pm diameter) instead
of the silicon strips and drift tubes technologies used by the IT and OT, respec-
tively. 12 detection planes across three stations (T1-T3) in zuvz configuration
provide higher granularity. Modules feature honeycomb-carbon fibre sandwiches
with mirrors and SiPM readout, allowing precise light collection and reduced dead
zones.

The active material of the calorimeters remains unchanged to minimise modifi-
cations in the calorimeter system, but front-end and readout electronics are re-
designed for 40 MHz operation. The SPD and PS subdetectors are removed due
to their reduced role in the full-software trigger.

The M1 station of the Muon system, used in Run 1 and 2 for the hardware L0
trigger, is removed. The remaining stations (M2-M5) retain MWPC detectors with
iron absorbers but feature completely upgraded readout electronics for 40 MHz
operation. The front-end electronics remain radiation-hard and unchanged.

The HLT1 trigger is fully software-based and optimised for GPUs. It performs a
partial event reconstruction using tracking detectors, the electromagnetic calorime-
ter, and muon chambers to select interesting events, reducing the LHC ~ 25 —
30 MHz collision rate (depending on the filling scheme) to about 1 MHz. Selected
events are temporarily buffered while real-time detector alignment and calibration
occur. HLT1 does not use RICH information; this is deferred to HLT2. GPU-
optimised algorithms allow parallel reconstruction of thousands of events, with
each event around 100 kB, efficiently handled within GPU memory (~10 GB).
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5.1. The LHCb Upgrade I

HLT?2 receives events from the buffer after HLT1 selection. It performs full event
reconstruction, incorporating RICH data and reconstructing all tracks. Using over
a thousand lines tailored for specific physics signals, HLT2 applies inclusive and
exclusive selections, reducing the rate to ~100 kHz. Calibration and alignment
constants are updated in real time to optimise selections. The Turbo persistence
model enables flexible data storage, from minimal objects involved in the trigger
decision to full event data, including raw banks for calibration streams.

5.1.1 The RICH upgrade

The overall design and concept of the RICH system from LHCb Run 1 and 2
have been largely preserved. However, key upgrades were required to handle the
higher design luminosity while maintaining performance comparable to previous
runs [303, 37]. To support a 40 MHz readout rate, the photon detection chain in
both RICH1 and RICH2 was completely overhauled, as the previous hybrid photon
detectors [304] had front-end electronics bump-bonded in the vacuum tube limited
to a 1 MHz output.

With a fivefold increase in instantaneous luminosity, RICH1 optics were redesigned
to reduce peak occupancy, the fraction of detected photons per detector channel,
which is critical for maintaining optimal pattern recognition performance. Experi-
ence from Run 1 and 2 shows that occupancy should remain below 30%. To achieve
this, the radius of the spherical mirrors was increased from 2.7 m to 3.7 m, moving
the focal plane backward and enlarging the Cherenkov ring size. Photodetectors
are now positioned deeper inside the magnetic shielding. The upgraded photon
detection system was optimised for the highly non-uniform occupancy expected:
roughly 30% in central RICH1, decreasing to 5% in peripheral RICH2. Hit rates
are highest for Cherenkov photons from numerous tracks at high pseudorapidity.
Detector geometry and channel granularity were optimized to balance mechanical
constraints, readout channel counts, and cost.

HPDs were replaced with multi-anode photomultiplier tubes (MaPMTs) paired
with new FE electronics. Selected MaPMTs feature an 8 x 8 anode matrix. RICH1
and central RICH2 use 1-inch MaPMTs with 2.88 x 2.88mm? pixels for high-
occupancy regions, while outer RICH2 employs 2-inch MaPMTs with 6 x 6mm?.
The coarser granularity in peripheral regions reduces the number of MaPMTs and
readout channels without significantly affecting performance. Figure 5.2 shows
installed MaPMTs. FE boards host custom CLARO ASICs, each with 8 channels,
an analog pulse-shaping amplifier, and a binary discriminator for single-photon
detection. Amplified and digitised signals are sent to an FPGA, synchronized with
the LHC clock, and transmitted via GBT links to the Event-Builder farm [305].

161



5.1. The LHCb Upgrade I

Figure 5.2: The MaPMTs selected for the upgraded RICH detectors with the 2-
inch model on the left and the 1-inch model on the right.

Figure 5.3: (Left) Exploded view of R-type elementary cell and (right) H-type
elementary cell

Photon detectors and CLARO chips are organised into elementary cells (ECs), with
two types for the different MaPMT models: R-type (EC-R) and H-type (EC-H)
(Figure 5.3 [306]). EC-R reads out four 1-inch MaPMTs and includes resistive di-
viders for biasing dynodes. In high-occupancy areas, dedicated supply lines power
the last two dynodes to prevent nonlinear gain effects. Magnetic shielding reduces
stray fields by a factor of ~20. Signals are routed to FE boards, then through a
backboard to photon detector module digital boards (PDMDBs), shown in Fig-
ure 5.4 [306]. Thermal management is achieved via aluminum casings and copper
layers, with temperature monitoring. RICH1 uses 472 EC-Rs, central RICH2 192
EC-Rs, and peripheral RICH2 384 EC-Hs. Four ECs and one or two PDMDBs
form a photon detector module (PDM), the core of RICH columns. PDMDBs
transmit digitised signals to the LHCb readout system, integrating with the FEx-
periment Control System (ECS). FPGA-based logic allows flexible data capture,
formatting, and interface between front-end ASICs and GBT modules.

Prompt Cherenkov photons arrive nearly simultaneously at the detection plane,
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Figure 5.4: (Left) Picture of a fully populated PDMDB-R board. (Right)
Schematic view of the PDMDB-R board main components. The PDMDB-H differs
by having one less FPGA and DTM with respect to the PDMDB-R.

enabling FE time gates to filter out-of-time background while admitting valid
photon signals. Simulations of RICH1 show a ~ 2 ns signal peak, defining the
minimum FE gate width. Considering CLARO time walk, channel variations,
MaPMT transit spread, and digital sampling, a 6.25 ns gate is used to maximise
the signal over noise ratio. This gating effectively reduces background from beam
interactions and sensor noise, improving particle identification [307].

5.2 Charged-hadron identification in flavour physics

A central objective of charged-hadron identification in flavour-physics experiments
is the suppression of combinatorial background. Many interesting decay modes
of hadrons containing b and ¢ quarks involve complex multibody final states. At
hadron colliders such as the LHC, pions dominate the charged-particle yield. Since
the heavy-flavour decays of interest typically produce kaons, pions, and protons,
correctly selecting the relevant charged hadrons during invariant-mass reconstruc-
tion is essential to reduce combinatorial contamination.

Another important role of particle identification is to distinguish between final
states that share the same topology. A clear example is provided by two-body
hadronic decays of B mesons,B — h™h™, where h denotes a generic charged
hadron [308|. Relying only on kinematic and vertex-based cuts results in summing
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Figure 5.5: The effect of applying hadron PID selections to suppress the dominant
kaon mode (a) to measure the CKM suppressed pion mode (b), in rare B decays.
Here 82% of pion events are retained, suppressing the kaons by a factor of 80
relative to the pions, leaving a clear peak from the pion mode.

over all such decays, despite their differing CP asymmetries. Precision studies
of CP violation therefore require separation of the individual contributions (e.g.
BY — ntr=, BY — K*K~). This separation is made possible by the high-
efficiency hadron identification provided by the RICH detectors.

PID also plays a key role in flavour tagging [309]. Heavy-flavoured hadrons are
typically produced in pairs, and studies of CP violation or neutral meson mixing
depend on determining the initial flavour state. One powerful tagging method
exploits the identification of charged kaons from the b — ¢ — s decay chain of
the companion particle. Such kaons, as well as those produced in b fragmentation
when a B? is formed, have relatively low momentum, averaging around 10 GeV.
Extending PID performance down to a few GeVthus provides a substantial gain
in tagging efficiency.

The benefits of PID vary depending on the kinematics of the signal channels and
the structure of background processes. A notable example comes from rare decay
analyses, such as the separation of BT — K+tuTp~ and BT — 77 ptp~ decays
shown in Figure 5.5 [310]. The pion channel is suppressed by a factor of roughly
25 relative to the kaon channel, due to CKM matrix element ratios. By applying
PID, the kaon mode is suppressed by a factor of 80 while retaining 82% of the
pion candidates, enabling a clear pion signal peak, something unattainable without
effective hadron identification.

The momentum distribution of decay products in two-body b-hadron decays peaks
around 50 GeV. Efficient reconstruction of these channels requires PID perfor-
mance up to at least 100 GeV. The lower threshold of about 2 GeVis set by the
need to reconstruct tracks from high-multiplicity B decays and by the fact that

164



5.3. Efficiency calculation strategy

particles below this momentum fail to cross the 4 Tm dipole field of the LHCb

spectrometer.

5.3 Efficiency calculation strategy

For each track, the RICH reconstruction algorithm, running at the second stage
of the software trigger and using tracking information as input, assigns a mass hy-
pothesis. The procedure begins by computing a global log-likelihood value based
on the photon-detector hits and the expected hit patterns from all tracks travers-
ing the Cherenkov radiators [311]. The absolute minimum of this likelihood is
found by iteratively updating the particle hypothesis of each track. Then, while
keeping all other tracks fixed at their configuration corresponding to the minimum
likelihood, a delta-log-likelihood (DLL) value is calculated for each track as the
difference between the log-likelihood of a given mass hypothesis and that of the
pion hypothesis.

The performance of charged-hadron identification at LHCb is evaluated using data-
driven methods with control samples of particles identified through purely kine-
matic selections, thereby avoiding any bias from RICH information. Kaon and
pion samples are obtained from the decay chain D** — DY(— K7 ")r", while
proton samples come from A — pr~ decays.

RICH performance is typically quantified in terms of the identification (ID) effi-
ciency versus the misidentification (misID) rate. The efficiency of a particular PID
requirement for a given hadron species (pion, kaon, or proton) is extracted via a
maximum-likelihood fit to the -mass distribution of the parent particle. This fit
separates the signal from residual background. By performing the fit both with
and without the PID requirement applied to the probe particle, the efficiency is
determined as the ratio of the signal yields in the two fits. By scanning the PID
requirement from loose to tight selections, performance curves are produced that
map the trade-off between identification efficiency (e.g. correctly tagging kaons)
and misidentification probability (e.g. pions misidentified as kaons). The uncer-
tainties shown in all figures are statistical only and are highly correlated across

points on the same curve.

5.4 FEarly Run 3 performance

Studies of charged hadron identification in Run 3 has been performed using data
collected in 2024 [312]. Two complementary strategies were employed to extract
these quantities. In one approach, statistical weights derived from mass fits were
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applied to subtract background contributions prior to studying the response of
the likelihood variables. This method, closely connected to physics analyses, pro-
vides a calibration that can be directly transferred to physics channels of interest.
In the other approach, signal yields were determined from independent fits per-
formed before and after each selection requirement. The resulting ratios provide
a straightforward measure of efficiency or misidentification, serving primarily as a
tool for detector monitoring. Although the methodologies differ in their scope and
intended use, they give results that are broadly consistent. Small variations can
be attributed to differences in selections, fit strategies, and trigger choices, but the
overall picture is coherent. The comparison between the two approaches shows
the expected trade-off between efficiency and misidentification probability, while
more detailed studies reveal the dependence of the identification performance on
kinematic properties and detector conditions.

These early results mark an important milestone, as they establish the first mea-
surements of charged hadron identification with the upgraded detectors in Run 3 at
the nominal luminosity of £ = 2-1033cm™2s~!. The agreement between methods,
together with the observed trends in momentum and occupancy, provides strong
evidence that the new system is functioning reliably and is on track to meet the
demands of the experimental programme. Figure 5.6 shows the particle identifi-
cation and misidentifaction efficiencies as a function of momentum derived from
the sWeight method. Figure 5.7 shows the particle identification performance as
a function of the detector occupancy.

5.5 Quasi-online charged-hadron identification perfor-
mance in Run 3

The ability to monitor charged-hadron identification performance in real time is
vital for ensuring the reliability and efficiency of the RICH detector during Run 3.
While offline calibration procedures ensure long-term stability and optimal PID
performance, they are limited in their ability to provide immediate feedback on de-
tector conditions. The development of an online tool to evaluate PID performance
in real time is therefore of strategic importance. Such a framework would enable
continuous monitoring of key performance indicators, allowing for the prompt
identification of inefficiencies, detector misconfigurations, or degradation in the
detector response. Moreover, it would provide rapid validation of interventions
and configuration changes applied to the detector, thereby reducing latency be-
tween operational adjustments and their physics impact. Real-time performance
assessment thus constitutes an essential component of a robust calibration strat-
egy, ensuring the stability of PID performance.
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Figure 5.6: (Top left) Kaon identification efficiencies and pion misidentifaction
probabilities against momentum, with curves for selection requirements of DLLk >
0 and 5. (Top right) Proton identification efficiencies and pion misidentifaction
probabilities against momentum, with curves for selection requirements of DLL,, >
0 and 5. (Bottom) Proton identification efficiencies and kaon misidentifaction
probabilities against momentum, with curves for selection requirements of DLL,, >
0 and 5 for protons and DLL, — DLLk > 0 and 5 for kaons.
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Figure 5.7: (Top left) Kaon identification efficiency against pion misidentifaction
probability for fill 9986, in different bins of number of primary vertices. The
average momenta of the kaons and pions are both 35 GeV. (Top right) Proton
identification efficiency against pion misidentifaction probability for fill 9986, in
different bins of number of primary vertices. The average momenta of the protons
and pions are 29 GeVand 35 GeV, respectively. (Bottom) Proton identification
efficiency against kaon misidentifaction probability for fill 9986, in different bins of
number of primary vertices. The average momenta of the protons and kaons are
29 GeVand 35 GeV, respectively. The average number of primary vertices is 4.7.
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5.5.1 Data infrastructure

HLT1 does not employ information from the RICH for particle identification while
HLT?2 executes a full event reconstruction, reconstructing all tracks and incorpo-
rating information from the RICH detectors, so it can also be used to compute
data that serves as monitoring data for the RICH detectors. Specific lines have
been developed in HLT2 to select the D** — D%(— K~ 7t)r® and A — prn~
decays without using the information from the RICH detectors to provide unbi-
ased samples. Tables 5.2 and 5.3 report the selection implemented in the HLT?2
lines. The data can be further divided into bin of momentum or pseudorapidity
following the binning scheme reported in Table 5.4, corresponding to six cate-
gories. Each of these bins is subsequently divided into eleven PID bins, cor-
responding to the ranges greater than —1000 that is used as a reference for no
PID cuts, and, above and below —10, =5, 0, 5, and 10. Histograms selected with
PIDX < Y are referred to as fail histograms, whereas those with PIDX > Y
are referred to as pass histograms. Two-dimensional histograms are saved for the
data passing the D*t — D%(— K~7)n* line, with mg— .+ on the z-axis and
ME—ptnt — M-+ on the y-axis. One-dimensional histograms are saved for the
data passing the A — pm~ line, corresponding to the m, - invariant-mass. Fig-
ures 5.8 shows the histograms resulting from the HIt2CalibMon DstToDOPi and
Hlt2CalibMon LOToPPi LL lines, integrated over the full phase space and with
PIDX> —1000. This histograms are calculated for each run of LHCb.
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Figure 5.8: Histogram from the (left) Hlt2CalibMon DstToDOPi and (right)
Hlt2CalibMon LOToPPi LL lines, integrated over the full phase space and with
PIDX> —1000.
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Variable Requirement
K~ and nt
pT > 250 MeV
p > 2 GeV
X12p > 16
X2 /ndf <3
Track Ghost Prob < 0.4
K7t system
‘meﬁ — mg{?G < 95 MeV
pT > 1.5 GeV
DOCA > 0.08 mm
DO
mpo € [1800,1915] MeV
‘meﬁr — mgODG‘ < 25 MeV
X2 /ndf <10
DIRApy >0.99997
XI%D <49
‘mK—*)ﬂ-—’ﬂ--&-HK-F - mgODG < 25 MeV
NumChild(pp> 1 GeV) >1
w
pT > 100 MeV
p > 1 GeV
X2 /ndf <3
Track Ghost Prob < 0.4
Doﬂ';" system
[m oy —mERE| € [135,175] MeV
DOCA > 0.20 mm
D*+
|mpe+ —mbPE € [140, 155] MeV
X2 /ndf <10

Table 5.2: Definition of the HLT2 line Hlt2CalibMon DstToDOPi used for se-
lecting candidates from the D** — D°(— K~7)nt decay channel. With 7 is
represented the pion decaying from the D** while 7 represents the one from the
DY decay.

5.5.2 Strategy and workflow
To calculate the efficiency for each PID cut, the pass and fail method is used:

N, pass
9
N, pass + N fail

€ =

(5.1)
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Variable Requirement
p
pT <1TeV
p > 2 GeV
X%P > 36
x2/ndf <4
Track Ghost Prob <04
p—
X%P > 36
X2 /ndf <4
Track Ghost Prob <04
pr— system
‘mm_ — mKDG‘ < 50 MeV
A
’mA—meG{ < 20 MeV
‘mp_w+ — meG‘ < 20 MeV
x2/ndf < 30
Xip > 50
T > 2 ps

Table 5.3: Definition of the HLT2 line Hlt2CalibMon LOToPPi_LL used for se-
lecting candidates from the A — pm~ decay channel.

Binned variable n p |GeV]
Integrated €[2.0,4.9]  €[pmin,150]
R s
G[pmimSO]

p €[2.0,4.9]  ¢[30,60]
€[60,100]

Table 5.4: Binning schemes used for quasi-online PID analysis, with ranges spec-
ified for pseudorapidity () and momentum (p). The binning over a variable is
obtained by requiring that both particles under study fall within the same interval
of that variable. pp,, is defined as 3 GeV for the pr and K7 comparison and
10 GeV for the pK one.

where Npass denotes the number of signal events in the pass histogram, and Ng,j
denotes the number of signal events in the fail histogram, both corresponding to
the same PID cut. The yields are extracted from fit to the histograms, as described
in the following.
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Figure 5.9: Projections of the two-dimensional mass fit to the (left) mp -+ and
(right) Mg — 4.+ — M-+ variables from the integrated histogram with PIDK>
—1000. The signal yield is 3563678 & 3256 corresponding to a recorded luminosity
of 7561550 pub~*

Two fit models are used to parametrise the D** — D%(— K~7")7t and A — pr—
decays. The D** — D°(— K—7)7+ model has to take into account the shape
of the 2D distribution. It has four components, one to take into account the full
combinatorial background, one to describe a non-resonant background where a
random pion is coupled to a D° meson, one component to describe the D? —
K*tn~ 70 decay, where the ¥ is not reconstructed and a random 77 is selected
and finally the signal component. A typical fit result is shown in Figure 5.9.

The A — pm~ model comprises three components, a full combinatorial background
component, one component to account for ghost track contributions and the signal
component. A typical fit result is shown in Figure 5.10.

The fitting strategy is identical for both models and the fit are performed for the
six categories described in Table 5.4. In the initial fit, the parameters are set to
their expected values, and the first histogram fitted is the one with PIDX> —1000.
Subsequently, the pass and fail histograms for the PIDX> —10 cut are fitted, using
the parameter values obtained from the previous fit as initialisation. This proce-
dure is then iterated for progressively tighter cuts until the final histograms are
fitted. Throughout the process, the parameters of the pass and fail histograms
are treated independently. Once all the fit of one categories are performed the
efficiencies are calculated using Eq. 5.1. Figure 5.11,5.12 and 5.13 shows the ROC
curves calculated from a single run of 1 hour. The ROC curves are used to check
if the efficiency of the RICH detectors is stable during the data taking. Another
tool, illustrated in Figure 5.14 for the K= system, display the efficiency and the
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Figure 5.10: Result of the fit to the m,,.- variable from the integrated histogram
with PIDP> —1000. The signal yield is 194585253 4 25612 corresponding to a
recorded luminosity of 7561550 pb~!
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corresponding misidentification efficiency for a fixed PID cut, set to 5. The figure
shows an overall uniform behavior with two notable exceptions. The first, between
run numbers 327000 and 327200, displays a significant decrease in efficiency to-
gether with a smaller but still noticeable reduction in misidentification efficiency.
This effect was due to a change in the RICH detector reconstruction algorithm.
The second, between run numbers 327700 and 327730, shows a clear improvement
in efficiency along with a lower misidentification rate. These runs correspond to
a very long LHC fill, during which the luminosity decreased; the resulting lower
occupancy had a strong impact on the detector performance. Even though the
calculated efficiencies using this online method are in agreement with each other
and their behaviour is stable along the data taking, they have been found to be
not in agreement with the one measured with the offline method. For the K7 sys-
tem the two measurements are in good agreement while for the pK and pm ones
a difference of up to 10% is observed. These discrepancies are currently under
investigation. Discrepancies in low level variables (x?/ndf for example) have been
found between the offline and online sample. These differences are likely due to
variations in how the variables are defined, since both datasets are taken directly
from the HTL2 output.
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Figure 5.11: Efficiency of selecting (top left) kaons, (top right) protons, (bottom)
protons, with the associate leakage from misidentifying (top left) pions, (top right)
pions, (bottom) kaons in the 7 bins defined in Table 5.4 from run 328855.
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Figure 5.12: Efficiency of selecting (top left) kaons, (top right) protons, (bottom)
protons, with the associate leakage from misidentifying (top left) pions, (top right)
pions, (bottom) kaons in the p bins defined in Table 5.4 from run 328855.
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Figure 5.13: Efficiency of selecting (top left) kaons, (top right) protons, (bottom)
protons, with the associate leakage from misidentifying (top left) pions, (top right)
pions, (bottom) kaons in the integrated bin defined in Table 5.4 from run 328855.
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Figure 5.14: Trend of the (black) efficiency of selecting kaons and (red) associated
misidentification of pion for PIDK>5 in the integrated bin as a function of the
LHCb run number. The figure reports data collected by LHCb from June 2025 to
September 2025.
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Chapter 6

The LHCb Upgrade 11

The LHCb Upgrade II is designed to take maximum advantage of the High-
Luminosity LHC (HL-LHC) environment. Operating at an instantaneous lumi-
nosity of 1 x 103%em=2s7! [313], starting with Run 5 in 2036. This enhancement
will enable the collection of an unprecedented dataset of up to 300 fb~!, positioning
LHCb at the lead of a wide range of flavour physics studies [314].

The physics program of LHCb includes searches for new physics in CP violation
phenomena, addressing the still-unresolved matter—antimatter asymmetry of the
universe; precision studies in the charm sector; and the observation of rare decays,
including forbidden tree-level flavour changing neutral current transitions. Other
highlights include stringent tests of Lepton Flavour Universality, the exploration
of exotic hadronic states, and numerous additional probes, where even small devi-
ations from the Standard Model may signal new particles or interactions.

The central objective of LHCb Upgrade II is to achieve world-leading precision
measurements [314] showed in Table 6.1, enabled by its vast datasets and advanced
detector and data-processing capabilities. ATLAS and CMS will also contribute
significantly to heavy-flavor studies at the HL-LHC with very specific decay modes

involving muons in the final state.

In Sec. 6.1 a brief description of the proposed upgrade of the LHCb apparatus
is presented. In Sec 6.2 descriptions of the scenarios, expected performance and
detector candidates for the RICH upgrade are presented.
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Observable Run 1 and 2 Upgrade 1 Upgrade 11
(up to 9 fb=1) (23 fb~1) (50 fb=1) (300 fb~1)

CKM tests

v (B — DK, etc.) 2.8° 1.3° 0.8° 0.3°

¢s (B = J o) 20 mrad 12 mrad 8 mrad 3 mrad

[Vab|/|Veb| (A — pp~1,, etc.) 6% 3% 2% 1%

Charm

AAcp (D - KTK= 7t n™) 29 x 107° 13x107° 8x107° 3.3x107°

Ap (D° - K*K— ntn™) 11 x 107° 5x 1075 32x107° 1.2x107°

Az (D° — Kontn™) 18x107%  63x107° 41x107° 1.6 x107°

Rare Decays

B(B® — utu™)/B(B? — ptu) 69% 41% 27% 11%

Sup (B = ptpm) — - - 0.2

AP (B — K*0¢te) 0.10 0.060 0.043 0.016

Al (BO — K*0cte) 0.10 0.060 0.043 0.016

Spy (BY = ¢ry) 0.32 0.093 0.062 0.025

ay (A) — Avy) oA 0.148 0.097 0.038

Table 6.1: Uncertainties in key LHCDb physics quantities, derived from Run 1 and
Run 2 data, are compared with projections for the upgrades, evaluated using a
Run 3 data sample of 23 fb~! and assuming systematic uncertainties are not the
limiting factor. Upgrade II achieves up to a ~ 90% reduction in uncertainties
compared to Run 1 and Run 2

6.1 The Upgrade II of the LHCb apparatus

The primary objective of Upgrade II of the LHCb apparatus [315] is to sustain and
even enhance the detector performance. Trying to achieve this, several experimen-
tal challenges arise, given the extremely high luminosity foreseen, corresponding to
roughly 40 pp interactions per bunch crossing. This results in much higher parti-
cle multiplicities (~2000 charged particles per crossing) and event rates compared
with those in Upgrade I. Ongoing efforts are focused on developing new tech-
nologies for the detector. Beyond increasing granularity and reducing the overall
material budget, a key innovation of Upgrade II will be the integration of precise
timing information in combination with spatial hit reconstruction. This capabil-
ity is crucial for suppressing combinatorial background in the very high pile-up

environment expected.

In the following the description of the planned upgrades of each LHCb subdetector
is presented, with the exception of the RICH system. The latter will be discussed
in detail in the next section. Figure 6.1 shows the scheme of the LHCb detector
according to the Upgrade II previsions.

179



6.1. The Upgrade II of the LHCb apparatus

magnet
and magnet TORCH ECAL

i _ M2
stations mighty RICH

RICH1

upstream
........ tracker

vertex |

locator

5m 10m 15m 20m 2

Figure 6.1: Scheme of the LHCb apparatus according to the Upgrade II design.
The detector layout is shown in the zy plane. All detector components are indi-
cated. The presence of the new tracking stations inside the magnet is evident, as
are the additions of the TORCH system and the redesigned ECAL.

6.1.1 The LHCD tracking system upgrade

Vertex reconstruction and separation become particularly challenging at high lumi-
nosity, as the average distance between vertices decreases from the current 4.2 mm
to about 1.5 mm. For Upgrade II, two design scenarios have been proposed, both
aiming to maintain performance at the level of the current detector, with the same
sensor layout along the z axis, but with a complete redesign of the mechanics and
material budget.

e Scenario 1: The innermost radius is kept at the current value of 5.1 mm, and
the average hit resolution remains unchanged. However, due to radiation
damage in the sensors closest to the interaction point, regular replacements
will be required.

e Scenario 2: The inner radius is increased to 12.5 mm, using improved sensors
with hit resolutions better than 8 um. This configuration would match the
cluster occupancies of the Upgrade I VELO, while avoiding the need for
sensor replacements.

In both cases, precise timing information is essential. Without it, track recon-
struction efficiency degrades severely at higher occupancies. The key requirement
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Figure 6.2: Comparison between the simulated tracks scatter plot from one bunch
crossing of 42 colliding protons in a timestamp of 1 ns (left), with the one from the
same bunch crossing in a timestamp of 20 ps (right). The comparison emphasizes
the importance of the timing information added to the VELO hits, to not reduce
the particles tracks reconstruction efficiency at the future high luminosity era.

is a per-track timestamp resolution of 20 ps or better (Figure 6.2), which can be
achieved with individual hit timing resolutions of about 50 ps, thanks to multiple
measurements per track [316]. The two scenarios described represent design choices
intended mainly to guide the development of VELO. In practice, intermediate op-
erating points between these extremes can be selected, enabling the detector to
meet performance requirements while optimising aspects such as material budget,
sensor longevity, and overall occupancy.

The current upstream and downstream trackers require significant upgrades to
meet the demands of the future HL-LHC era. Their present designs cannot handle
the expected particle rates. A highly promising technology under development is
the Depleted Monolithic Active Pixel Sensors (DMAPS), foreseen for the upstream
tracking system (UT) and the innermost region of the downstream tracker, referred
to as the Mighty Tracker (MT) in Upgrade II. This technology, already adopted
by other experiments [317, 318], enables readout pixels as small as 30 x 30 ym?
with a time resolution of about 5 ns per pixel. Additionally, alternative sensor
technologies are being explored to achieve time resolutions on the order of 100
ps, which would enable full tracking-time capabilities at reasonable costs. The
proposed UT system layout consists of four planes of DMAPS, arranged in 12
staves with alternating orientations. For the MT system, a hybrid design has been
suggested: three stations with two innermost layers of DMAPS pixel sensors close
to the beam pipe, where high granularity is crucial, complemented by four layers
of scintillating fibre (SciFi) detectors in the outer regions. To meet Upgrade II
requirements, substantial progress is also needed in the development of scintillat-
ing fibres and SiPM photomultipliers, particularly to mitigate radiation damage,
enhance light yield, and suppress noise [319]. A scheme of the proposed trackers is
shown in Figure 6.3. A possible improvement in LHCb Upgrade II is the planned
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Figure 6.3: Layout of a pixel sensor plane planned for the UT tracker in Upgrade
II, including details of the sensor arrangement. Each UT plane will consist of
12 staves, alternately populated on both sides with 36 modules, forming a fully
active area (Left). Schematic of the downstream tracker stations for Upgrade II.
Three stations are planned, each featuring two layers of DMAPS pixel sensors in
the innermost regions (pink and light blue) and four SciFi detection layers in the
outer regions (Right).

installation of Magnet Stations (MS) inside the dipole magnet, as shown in Fig-
ure 6.4. These tracking stations would measure both the position and direction of
particles interacting with the magnet side walls. This addition extends tracking
capabilities to particles with momenta below 5 GeV normally leaving signals only
in the VELO and UT detectors due to magnetic deflection. The design foresees
four panels, each containing four layers of triangular scintillating bars with em-
bedded wavelength shifters. Positioned outside the primary detector acceptance,
the MS introduces no extra material for long tracks.

6.1.2 The LHCDb PID system upgrade

The Time Of internally Reflected CHerenkov light (TORCH) system will improve
the PID at low momentum (2—10 GeV) introducing pK separation below 10 GeV.
The TORCH system consists of 18 modules of innovative time-of-flight (ToF) de-
tectors. Each module features a 10 mm thick quartz radiator plate that generates
Cherenkov photons from charged particle tracks. These photons propagate via to-
tal internal reflection to a cylindrically mirrored surface and are then focused onto
pixelated photon detectors [320] as shown in Figure 6.5. TORCH is specifically
designed to distinguish protons from kaons using ToF measurements from the pp
interaction point. The system is expected to achieve a timing resolution of about
15 ps, taking into account several factors: the positions of the incident photons on
the detectors, their propagation directions, the time distribution of pixel signals

182



6.1. The Upgrade II of the LHCb apparatus

Figure 6.4: Layout of the Magnet Stations (cyan panels) in the LHCb dipole
magnet.

influenced by photon paths within the radiator [321, 322], and track information
provided by the tracking system.

Regarding the ECAL, a finer cell granularity is required for Upgrade II to handle
overlapping electromagnetic showers, which can degrade particle energy resolution
and reconstruction efficiency. This efficiency can be maintained at levels compa-
rable to the current detector by reducing the Moliére radius, which also decreases
the lateral size of the showers. Such improvement is essential for distinguishing the
two photons from 7° decays in heavy-flavour events. Several technological options
are being considered. The most promising approach combines the current ECAL
technology in the outer regions with a new technology in the central region. This
central region would employ a tungsten/lead absorber with an active medium of
longitudinal crystal fibres that serve both as scintillators and as light guides to
the PMTs. Polystyrene plastic fibres are also suitable for the intermediate region.
This design, known as the Spaghetti Calorimeter (SpaCal) [323], does not require
wavelength-shifting fibres and is compatible with the higher radiation doses ex-
pected in Run 5 and beyond. The SpaCal design offers flexibility in defining cell
size according to the fibre readout area, improving spatial resolution. However,
accurate timing information on particle arrival is also required. Studies indicate
that both the current ECAL technology (outer region) and the SpaCal system
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Figure 6.5: Schematics of the TORCH detector design. (Left) a single TORCH
module, (middle) the focusing block, and (right) the 18-module TORCH detector
proposed for LHCD.

(central region) provide excellent light generation and transport, enabling timing
resolutions of up to 15 ps at high energy. High occupancy in the central region
motivates splitting the SpaCal modules longitudinally into two sections at the
shower maximum. The front section, where showers are less developed, reduces
pile-up effects, while the back section provides precise timing information to aid
clusterisation across adjacent cells. Additionally, the possibility of adding a ded-
icated timing layer between the front and back sections, covering both inner and
outer regions, is under evaluation. A scheme of the proposed SpaCal is shown in
Figure 6.6.

The muon system consists of four stations, divided into regions at increasing dis-
tances from the beam line. Under Upgrade II conditions, higher particle fluxes
pose major challenges due to high occupancy and dead time. A higher-granularity
detectors is needed, the inner region of the detector employ u-RWELL chambers
while improved MWPC are used in the outer region. The readout system is also
redesigned, requiring new front-end ASICs.

6.1.3 Upgrade of the readout and trigger systems

Upgrade II studies also focus on improving the LHCb trigger system. A key chal-
lenge for an efficient trigger at high luminosity is the enormous data rate generated,
over 200 Tb/s, which must be processed in real time and reduced by several orders

184



6.1. The Upgrade II of the LHCb apparatus

C——D scintillator @@ mirror
@S absorber c— light guide

front back
—» Beam direction

Figure 6.6: Schematic side view of the SpaCal configuration

of magnitude before permanent storage. While the overall computational architec-
ture will largely follow the Run 3 design, several upgrades are required to handle
the increased data volume. These include the installation of new electronics links
and servers, potential redesigns of readout boards, and the deployment of GPUs
or other high-performance processors. The system must remain reliable, scalable,
and compatible with heterogeneous computing elements. Cost optimisation is also
a priority; unlike Runs 1 and 2, only widely available, mass-produced devices will
be considered, as custom computing technologies would be prohibitively expen-
sive. Data processing is the main challenge affecting trigger efficiency, particularly
due to the high number of hadrons produced in LHCb acceptance from roughly
40 pp interactions per bunch crossing. A conventional trigger based solely on
track topology and vertex displacement is insufficient for Upgrade II, due to the
higher production rates of b and ¢ hadrons. Such an approach would fail to ef-
ficiently select physics events in the crowded Run 5 environment and would not
significantly reduce the data rate at early trigger stages. The Upgrade II trigger
strategy instead aims to suppress hits unrelated to pp interactions of interest as
early as possible. This is made feasible by the improved timing information pro-
vided by the upgraded detectors. Early discrimination of relevant hits accelerates
particle reconstruction and allows precise spatial and temporal separation, which
is essential for identifying heavy-flavour signatures while reducing combinatorial
background. The system will perform initial reconstruction to identify inclusive
beauty and charm signatures and high-pt muons. The trigger lines will largely fol-
low Run 3 designs, including inclusive selections based on displaced tracks, muon
identification, p, or invariant-mass. Additional lines target charmed hadrons and
very rare signals such as diproton or diphoton events. Then it will executes a full,
high-quality reconstruction using calibration and alignment information, analo-
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gous to Run 3.

6.2 The RICH upgrade

The LHCb RICH pattern recognition algorithm matches observed photodetector
hits with expected patterns for each particle type, based on tracking information.
While it has proven robust in Runs 1-3, its performance will degrade at Run 5
due to the higher track and photon densities. In high-occupancy regions, multiple
photons can hit the same pixel, causing information loss due to binary readout
and straining the readout electronics. Performance can be recovered by increasing
detector granularity to reduce occupancy and by reconstructing the Cherenkov
angle more precisely. Further improvements come from associating tracks with
photons in time. Simulation studies for Upgrade II show that photon time-stamps
with < 100 ps resolution are needed, compared to the purely 3D reconstruction
used at Run 3. New electronics under development can provide 25 ps time bins
with a 2 ns gate to suppress out-of-time background and data load. Currently,
RICH1 and central RICH2 use MaPMTs with 2.88 x 2.88mm? pixels, while outer
RICH2 pixels are 6 x 6mm?, corresponding to ~ 200000 channels. Upgrade II
will require smaller pixels, leading to a higher channel count. The Cherenkov
angle resolution depends on several factors: pixel size (detection point error),
chromatic dispersion (chromatic error), optical aberrations (emission point error),
and tracking. Reducing these is essential for improved performance. Chromatic
error can be lowered by shifting the photon spectrum toward the green band, where
dispersion is smaller. Emission point error can be reduced with improved optics.
Tracking is assumed to remain at least at Run 3 performance, having an impact
equal to or smaller than other sources of error

Ongoing work includes a full simulation of the detector and improved reconstruc-
tion algorithms, making full use of precision timing and exploring further optimi-
sations in optics, photon yield, and photodetector technologies, especially in the
lower-occupancy regions of RICH1 and RICH2.

6.2.1 Scenarios

Three detector scenarios with different photodetector granularity and optics are
being studied: Baseline, Middle, and Low. All require a new optical layout for
RICHL1, since simulations show the current design would limit PID performance
even with good timing (35 ps). The new layout includes moving the flat mirrors
into acceptance and slightly increasing the curvature radius of the spherical mir-
rors. Three types of photodetectors are under review: SiPMs, MCP-PMTs (includ-
ing LAPPDs), and MaPMTs. Each has pros and cons, with ongoing studies to ad-
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dress their limits. In all scenarios, finer pixels are foreseen for the high-occupancy
inner regions. The Baseline scenario assigns 1/3 of the detector plane to this re-
gion, while the Middle and Low scenarios use 1/4. The Low scenario also adds a
third, coarser-granularity zone at the outer edges of RICH2 with 5.6 x 5.6 mm?
pixels, reducing channel count but lowering performance.

e Baseline: Adds TORCH and new mirror geometry for both RICH1 and
RICH2 with carbon-fiber mirrors and gas vessels. Occupancy stays well
under control.

e Middle: Adds TORCH and a new RICH2 vessel; occupancy can exceed 30%
in parts of RICH1, requiring further optical optimisations.

e Low: Uses MaPMTs in the outer regions to cut cost and risk, but timing is

insufficient, reducing performance.

6.2.2 Performance

The PID performance of the three detector options was studied using emulation,
since full simulations for the new geometries were not yet available. This approach
allows comparison of detector granularity, timing windows, and quantum efficiency,
assuming one photon per pixel per bunch crossing and ~ 90% hardware efficiency.
Cherenkov angles are smeared according to the expected resolution, and photon
yield is reduced if required by the optical layout. Timing is included, with photons
only associated to tracks if they fall inside the chosen time window. To avoid signal
loss, the window must be at least four times the photodetector resolution; better
timing allows tighter windows and stronger background rejection. Limitations of
the emulation include: fixed photon distributions and spectra, only average photon
yield reductions, and no simulation of electronic saturation (beyond overlapping
hits in one pixel). The Low scenario does not include the reduced granularity at
the RICH2 outer edges, but this has negligible impact due to low occupancy in
that region. Performance was evaluated with 150 ps and 300 ps time windows,
corresponding to single-photon resolutions of 38 ps and 75 ps. Figure 6.7 shows
that improved RICH2 optics are crucial: the Baseline and Middle scenarios perform
similarly at high momentum. With the wider 300 ps window, Baseline performance
drops at low momentum under high luminosity due to occupancy, but this effect
is largely reduced with the narrower 150 ps window.

6.2.3 Upgrade II photon detector candidates

The MaPMTs that are being used during Run 3 and will be used in Run 4 are not
suitable in any region of the RICH detectors, lacking the required pixel granular-
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Figure 6.7: Kaon efficiency for 1% pion misidentification versus momentum, for the
Run 3 and the three RICH Upgrade II options at different luminosities, for (left)
300 ps and (right) 150 ps time windows, assuming the same average photoelectron
yields

ity and timing resolution. Moreover, the current proposal for the RICH1 optics
upgrade does not leave enough space for magnetic shielding, requiring detectors
which are minimally affected by strong magnetic fields. Thus, new photodetectors
are require to meet the requirements on the granularity, the timing resolution and
the magnetic resistance. Currently, the most promising candidates to be used are

SiPMs and MCPs.

Silicon Photomultiplier overview

A Silicon Photomultiplier (SiPM) is a solid-state photodetector composed of an
array of Single-Photon Avalanche Diodes (SPADs). Each SPAD is capable of
detecting individual photons with excellent timing resolution [324].

The avalanche photodiode (APD) is a p—n junction operated under reverse bias
in the depletion region. Incident photons generate electron—hole pairs via the
photoelectric effect, which are separated by the internal electric field. In an APD
the field is strong enough to accelerate carriers so that, through impact ionization,
they create additional electron—hole pairs. This avalanche process amplifies the
primary signal, enabling the detection of weak light intensities. In silicon, electrons
dominate the multiplication process, giving a linear relation between the output
signal and the number of absorbed photons. The device performance is strongly
dependent on the reverse bias voltage. At low voltages, it behaves like a simple
photodiode with no gain. In the linear mode, where only electrons contribute
significantly to impact ionization, the output current is proportional to the light
intensity, resembling the behavior of a photomultiplier tube. At higher voltages,
holes also contribute to the avalanche, leading to non-linear signal amplification.
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Since multiplication is a statistical process, the gain fluctuates and introduces

additional noise.

In an APD, the avalanche process stops once all generated electrons and holes are
extracted without further ionization. If the electric field is strong enough that
carriers undergo impact ionization faster than they are removed, the avalanche
becomes self-sustaining, leading to an exponential increase in charge carriers. This
condition is known as avalanche breakdown, and an APD operated above this point
is called a Geiger-mode APD (GAPD), due to its similarity to a Geiger counter.
The very high electric field results in improved quantum efficiency and excellent
time resolution due to the rapid avalanche buildup and minimal carrier transit time
variations, making GAPDs capable of detecting single photons. However, they
cannot distinguish between one or multiple simultaneous photons, so they behave
as digital detectors. For this reason, GAPDs specifically designed for single-photon
detection are referred to as Single-Photon Avalanche Diodes (SPADs).

A SiPM consists of multiple identical SPADs connected in parallel to form a single
output. This design preserves the high sensitivity and gain of individual SPADs
while providing a wider dynamic range, allowing the detection of higher light
intensities. The main parameters describing a SiPM are:

e breakdown voltage;
e photo-detection efficiency (PDE);

e Primary and Correlated noise, measured by the Dark Count Rate (DCR)
and the Excess Noise Factor (ENF), respectively;

e Single-Photon Timing Resolution (SPTR).

The breakdown voltage of a SiPM is the minimum bias at which the device oper-
ates in Geiger mode, increasing with both the depletion region thickness and tem-
perature. The photon detection efficiency (PDE) depends strongly on the silicon
absorption coefficient, which varies widely with wavelength, so the SiPM struc-
ture must be optimised for the application. PDE is determined by the quantum
efficiency (QE), the probability that a photon generates a primary electron-hole
pair in the active volume, and the avalanche breakdown triggering probability,
as well as the fill factor, which is the ratio of the SPAD active area to its total
area. SiPMs exhibit several noise sources, categorised as primary and correlated
noise. Primary noise arises from thermally or tunnel-generated carriers that trigger
discharges, defining the Dark Count Rate (DCR), which follows a Poisson distri-
bution. Thermal generation dominates, typically following an exponential temper-
ature dependence, but high electric fields and defects increase DCR via tunneling.
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Reducing material impurities and cooling the device lowers DCR, which is critical
after irradiation. Correlated noise includes optical cross-talk, where an avalanche
in one SPAD triggers a neighboring SPAD. Afterpulses, caused by trapped carriers
emitted after the avalanche, produce secondary discharge. SiPMs also offer excel-
lent timing resolution, quantified by the Single Photon Timing Resolution, which
measures the precision of photon arrival time estimation. The timing distribution
typically exhibits a Gaussian peak, arising from avalanche build-up jitter, electric
field non-uniformity, charge collection time variations, transit time spread, and
front-end electronics, along with an exponential tail caused by carriers generated
in the undepleted region.

SiPMs are considered highly promising candidates for the LHCb RICH Upgrade
II for several reasons. They offer excellent photon-detection efficiency, with peak
sensitivity at longer wavelengths compared to MaPMTs, an important advantage,
as shifting the PDE toward the green region helps improve single-photon resolu-
tion. In addition, SiPMs are inherently insensitive to magnetic fields, eliminating
the need for magnetic shielding, and they operate at relatively low voltages. The
main limitation of SiPMs lies in their high DCR, particularly after significant ir-
radiation, expected to reach 6-10'3 1MeV neq/cm2 in the RICH1 region at the
end of Run 5. To mitigate this, techniques such as cryogenic cooling, neutron
shielding, and annealing are necessary [325]. Ongoing studies are exploring addi-
tional strategies to further suppress the DCR, including the use of micro-lenses to
reduce the effective pixel area, as well as time gating at the front-end electronics
stage [316].

MicroChannel Plate overview

A microchannel plate (MCP) is an array of microscopic channels that function as
electron multipliers, utilizing the channel walls as a continuous series of dynodes.
Depending on the bias voltage applied across the MCP, each channel can amplify
an electron signal with a gain ranging from 10 to 10”. The small transit time
spread enables excellent timing resolution of 20-30 ps, while the spatial resolution
is primarily limited by the channel diameter and pitch. Figure 6.8 illustrates the
basic operating principle of an MCP. Two key geometric parameters define MCP
performance. The length-to-diameter ratio largely determines the electrical behav-
ior [326], while the open-area ratio, the fraction of the total MCP area occupied
by pores, affects efficiency. When combined with a photocathode for photon-to-
electron conversion, MCPs enable single-photon sensitivity over large areas with
high spatial and temporal resolution and low dark counts. Additionally, MCPs are
minimally affected by magnetic fields [326].
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Figure 6.8: Schematic of MCP operating principle.

A primary limitation of MCPs is their limited lifetime, largely due to ion feedback.
This occurs when high-charge electron pulses at the MCP output generate residual
gas ions, which are accelerated back toward the channel entrance. These ions can
degrade the photocathode, reduce QE, and produce secondary electrons, resulting
in additional, smaller output pulses. The effect increases channel dead-time and
becomes significant at high gains (order of 10°). The main strategies, illsutrated
in Figure 6.9 to mitigate this effect include:

e Two MCPs with opposite tilt angles reduce ion feedback and achieve gains
of 10 — 107. The charge resolution can be further enhanced by minimizing
the gap between MCPs [327].

e Z-stack configuration: three MCPs stacked with alternating tilt angles can
provide even higher gain.

e Curved channels: prevent ions from reaching the entrance; however, fabrica-
tion of small curved channels is challenging.

Figure 6.9: MCP configuration: a) Chevron MCP stack. b) Z-plate MCP stack.
¢) Curved-channel C-plate MCP.

Electron back-scattering at the MCP input or output anode can generate image
halos, reducing spatial resolution. Initial mitigation involves minimizing the gaps
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between the photocathode and MCP input, and between MCP output and anode.
A more advanced solution is end-spoiling, in which electrode material is evaporated
onto the MCP input and output surfaces, penetrating each channel to a depth des
relative to the channel diameter.d End-spoiling suppresses secondary emission from
channel ends, improving spatial resolution at the cost of some gain. Typical end-
spoiling depths are 1d, 2d, or 3d, representing multiples of the channel diameter.

MCPs exhibit a low DCR and, combined with their excellent timing resolution,
typically on the order of 30 ps represent a very promising option for the LHCb
RICH Upgrade II. The primary limitations of MCPs are their restricted lifetime
and gain saturation at high rates, although substantial improvements have been
achieved through ALD coating [328]. Ongoing detector development aims to fully
exploit MCP advantages while mitigating these drawbacks [316]. Among these
efforts is the design of MCP-PMTs with a pixelated anode, incorporating a CMOS
ASIC capable of reading charge signals at very high rates. This approach could
maintain MCP timing and spatial resolution while operating at lower gain, thereby
extending lifetime. Research is also underway on Large Area Picosecond Photo
Detectors (LAPPDs) [329], which are single-photon detectors typically measuring
20 cm? and composed of borosilicate glass MCPs , achieving timing resolutions
around 50 ps. However, their current spatial granularity, limited by their larger
pore sizes, does not yet meet the requirements for the RICH upgrade.
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Chapter 7

4DPHOTON project

The development of a new photodetector could enable major advances in fields
such as particle physics, life sciences, and optical quantum experiments [330].
Such a device must detect single photons with outstanding timing and spatial
resolution, while operating efficiently at high rates. A detector that combines such
characteristics would therefore represent a breakthrough for both particle physics
and imaging applications. While a four-dimensional charged particle tracker has
already been demonstrated [331], an equivalent single-photon detector providing
simultaneous precise timing and position information, low noise, high rates, and
wide coverage is still lacking.

The 4ADPHOTON project aims to fill this gap by developing a hybrid detector that
integrates complementary technologies, each optimised for specific functions [332,
333]. Its architecture consists of a vacuum tube with a photocathode, an embedded
MCP, and a Timepix4 ASIC serving as a pixelated anode. The ultimate goal is to
produce a compact, large-area photodetector capable of measuring single photons
with unprecedented spatial and temporal precision, while maintaining low noise at
room temperature [332]. Such performance would overcome current limitations in
light-based imaging and open new opportunities across disciplines. In high-energy
physics in particular, it could enable a new generation of Ring Imaging Cherenkov
detectors, ensuring efficient particle identification in challenging high-luminosity
environments.

Sec 7.1 provides an overview of the state of the art in pixelated ASICs coupled to
MCPs. Sec. 7.2 provides an overview of the 4ADPHOTON detector. In Sec.7.3 a
brief description of the software to control the Timepix4, read out the data and
analyse them is reported, while Sec. 7.4 discusses its possible applications.
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7.1 State of the art of pixelated ASIC coupled to MCPs

Pixelated ASICs are typically designed for high-granularity solid-state sensors, but
they have also been successfully employed to read out MCPs and Gas Electron
Multipliers (GEMs) [334, 335, 336, 337]. Both Medipix2 and Timepix ASICs have
been used to read out MCPs for the detection of photons, electrons, and neu-
trons [338]. Coupling MCPs to pixelated ASICs enables spatial resolution limited
only by the MCP pore size and pitch, together with good timing performance. Op-
tical MCP image tube demonstrators have been realised with a single Medipix2
ASIC [335] and with a 2 x 2 Timepix array [336].

The first optical MCP image tube, consisted of an MCP sealed in a vacuum tube
with a photocathode on the input window and a Medipix2 ASIC acting as the pix-
elated anode. Integrating Medipix2 inside the vacuum imposed strict mechanical
and electrical constraints. The MCP—-ASIC distance was minimised to preserve
spatial resolution. A larger optical MCP-PMT using a 2 x 2 Timepix array was
later developed [336]. Its design mirrored the Medipix2-based tube but was op-
timised for larger area and better efficiency. It used a planar input window with
a semi-transparent bi-alkali photocathode, two Chevron-configured MCPs placed
4.5 mm from the photocathode, and the Timepix array located 0.5 mm from the
MCP output.

Spatial resolution, initially limited by the 4.5 mm photocathode-MCP gap, was
165 pm FWHM detecting light passing through a pinhole mask placed in front
of the photocatode. However, by diffusing light over the whole MCP, it has been
possible to resolve the MCP pore spacing of 32 pm, since electrons entered in
each channel, thus the resolution is not limited anymore by the distance between
photocatode and MCP, but depends only on the one between MCP and Timepix,
and the Timepix spatial resolution itself. To reach this resolution, the Timepix
has been operated in Time-over-Threshold (ToT) mode, and using the charge
sharing information to estimate the electron clusters centroids, a resolution better
than 5 pm has been achieved. Although optical measurements remain limited by
the photocathode-MCP separation, optimised geometries could in principle reach
sub-pixel resolution as well.

The detector timing resolution is mainly constrained by time-walk, i.e., the depen-
dence of the measured Time-of-Arrival (ToA) on signal amplitude: weaker signals
cross the threshold later, introducing delays. Correcting this effect requires si-
multaneous ToT and ToA information, but Timepix cannot simultaneously record
both, limiting achievable timing resolution to 100-200 ns, see Figure 7.1.
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Figure 7.1: Representation of the time-walk effect: a lower signal induced simul-

taneously with a higher signal will rise above the threshold slightly later than the
higher signal.

7.2 4DPHOTON description

The hybrid assembly, shown in Figure 7.2, is based on a vacuum tube that houses
the MCP-PMT components under high vacuum conditions (~ 10~'? mbar).

Figure 7.2: (Left) Simplified cross section of a of the detector assembly. (Right)
The 4DPHOTON detector prototype.

At the top of the tube, a silicate window, transparent across the IR, visible, and
UV ranges, serves as the photon entrance window. A high QE photocathode is
deposited on its inner surface. Behind the photocathode, an MCP stack arranged
in either Chevron or Z-stack configuration multiplies the single electrons emitted
by the photocathode. The amplified electron cloud is collected by a bare Timepix4
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CMOS ASIC, which functions as a pixelated anode. The Timepix4 is bonded to
a ceramic carrier board, which forms the bottom cap of the tube and provides
the interface between the vacuum environment and the external detector com-
ponents. Power lines, input/output signals, and high-speed data connections are
routed through pins, and a custom Pin Grid Array enables the detector to be
mounted onto a dedicated socket on a Printed Circuit Board (PCB). The PCB,
in turn, links the detector to an FPGA-based data acquisition system responsible
for both configuration and data readout. During operation, the Timepix4 can
dissipate up to 5 W. To prevent overheating, a heatsink connected to a chiller
system provides active cooling, ensuring stable operating conditions and avoiding
performance degradation. The operating principle of the detector, schematically
illustrated in Figure 7.3, can be summarised as follows:

e A photon entering the input window is converted by the photocathode into
a photoelectron.

e The photoelectron is accelerated by an electric drift field onto the MCP
stack, where it triggers the emission of secondary electrons, amplifying the

signal.

e The resulting electron cloud is transported by a second drift field onto the
input bump-bonding pads of the bare Timepix4 ASIC, where it is detected
by the readout electronics.

e The Timepix4 then amplifies, discriminates, and digitises the MCP signal.

7.2.1 Optical window and photocathode

The input window is specifically shaped to position the photocathode close to the
MCP stack, improving spatial resolution. Electrons emitted from the photocath-
ode possess an initial momentum component parallel to its surface [339], causing
them to drift parallel to the photocathode and perpendicular to the drift field.
This transverse motion ceases when the electron enters an MCP channel. The
effect of this motion is a random shift in the detected electron position, propor-
tional to the initial momentum and the flight time from the photocathode to the
MCP. The flight time can be minimised by increasing the electron drift speed,
achieved by raising the voltage difference between the photocathode and MCP,
and by reducing the flight distance. The baseline photocathode material will be
either a bi-alkali variant or a multi-alkali variant. Both materials offer excellent
timing capabilities, good quantum efficiency, and negligible dark count rates. The
multi-alkali variant provides a broader spectral response than the bi-alkali, cov-
ering wavelengths from the ultraviolet to the near-infrared. The photocathode is
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Figure 7.3: Visual representation of the hybrid detector operating principle

selected to have high QE (~ 30 —40%) in the Cherenkov photon region and a low
dark count rate (~ 10?2 — 10% Hz/cm? at 300 K). Using a photocathode to exter-
nally convert photons to electrons adds design flexibility, as the spectral sensitivity
can be modified simply by replacing the photocathode material.

7.2.2 MicroChannel Plate

To achieve spatial resolution of ~ 10 um, the microchannels must have a diameter
of 6.0 um and a pitch of 7.5 pm. Considering the Timepix4 diagonal size, the MCP
effective diameter must be at least 42 mm, corresponding to an outer diameter
of approximately 50 mm. The MCP open-area ratio should be at least 60% to
maximise detection efficiency. A careful balance is required between the lateral
spread of the electron cloud and the MCP gain: sufficient charge must be delivered
to each pixel to fully exploit the Timepix4 timing performance, while spreading
the cloud over multiple pixels improves resolution through clustering analysis.

The MCP will operate at a gain of 10*710° to reduce ion feedback and extend
the detector lifetime. The Timepix4 low noise level allows operation at these
lower gains, which provides several advantages: the MCP lifetime is increased by
more than an order of magnitude compared to standard applications, the MCP
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channels recharge faster, and the electronics experience lower dead-time due to

reduced time-over-threshold values.

Two main MCP configurations have been considered to achieve the required perfor-
mance at low gain: a double-stack MCP in Chevron configuration and a three-stack
MCP in Z configuration. Both configurations enable higher gains at lower voltages
while minimising ion feedback. The MCP channels have a bias angle of 5°, pro-
viding a good compromise between gain and spatial resolution [340]. End-spoiling
is applied to both the input and output channels. On the output face of the MCP
three end-spoiling configurations are under test: 1d, 2d and 3d. On the input face,
end-spoiling is kept below 0.5d to minimise the probability that electrons strike
the electrode instead of the channel walls.

7.2.3 Timepix4

The pixelated anode is implemented using a bare Timepix4, a CMOS ASIC fabri-
cated in 65 nm technology, developed by the Medipix4 collaboration [334]. Timepix4
comprises 512 x 448 square pixels with a pitch of 55 pm, corresponding to an ac-

2. This configuration yields a binary spatial

tive area of approximately 6.94 cm
resolution determined by the 55 pum bins, equivalent to 16 pum r.m.s. resolution.
The bare ASIC is mounted onto a ceramic carrier board via wire-bonding, with
MCP signals coupled through bump-bonding pads. Each pixel includes electronics

for amplification and discrimination.

Signal timing is recorded by an integrated Time-to-Digital Converter (TDC), pro-
viding time stamps with a bin size of 195 ps, equivalent to a ~56 ps r.m.s. res-
olution, exploiting a local Voltage-Controlled Oscillator (VCO) oscillating at the
nominal frequency of 640 MHz. Timepix4 supports extremely high rates, achieving
a maximum bandwidth of 163.84 Gb/s, with data transmitted through 16 high-
speed links operating at up to 10.24 Gb/s each. The output per event consists of
a 64-bit data word encoded with the 64b/66b protocol. The ASIC also ensures a
low equivalent noise charge of ~80 e~ per pixel. For each pixel, ToA and ToT are
measured simultaneously. The ToT not only provides an estimate of the deposited
charge but is also used to correct for time-walk effects. As a result, individual
pixels achieve spatial and timing resolutions of ~16 um and ~56 ps, respectively.

A major advantage of Timepix4 lies in the ability to perform three-dimensional
clustering (two spatial dimensions plus time), by exploiting pixel coordinates to-
gether with time-stamp information. Multi-pixel sampling within a cluster im-
proves precision: by applying a weighted average of ToA values, with ToT as
weight, the centroid timing resolution can be enhanced to O(10 ps). Similarly, the
cluster centroid spatial resolution improves to ~5-10 pum, approaching the intrinsic
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MCP channel spacing [341].

Finally, since the electron cloud emerging from the MCP spreads over several pix-
els, the MCP-Timepix4 spacing must be carefully optimised. The goal is to ensure
sufficient charge deposition within each pixel to preserve good timing resolution,
while at the same time spreading the charge over enough pixels to enable centroid
algorithms to achieve improved spatial resolution.

The Timepix4 ASICs integrated into the tubes have been thinned from their orig-
inal thickness of ~700 pym down to 300 um due to spatial constrain. Since the
ASICs are wire-bonded to the ceramic carrier, the stand-off height of the wire
bonds above the carrier imposes an additional constraint on the MCP-to-anode
distance, which cannot be reduced below 300 pm.

7.2.4 Readout electronics

The Timepix4 ASIC exploits a data-driven architecture: each pixel generates an
output signal only when it is hit, after which the signal is encoded and transmitted
to the off-detector electronics. The data acquisition (DAQ) system receives this
stream, processes the data, and stores the results in PC memory. The detector
is connected to the DAQ system via a dedicated board, referred to as the tube
card, which houses the custom MCP-PMT PGA socket, provides power supply to
the ASIC and transmits input and output (I/O) signals for the communication.
The tube card interfaces with the main control board through an FPGA Card
(FMC) connector. Within the DAQ system, the Timepix4 I/O signals are routed
to an FPGA, which handles communication with a remote server for detector
control. Additionally, the DAQ includes an optical transceiver to enable high-
speed transmission of the output data.

7.2.5 Vacuum tube

The vacuum tube, developed by Hamamatsu Photonics, has been designed to meet
the stringent performance requirements of the project. The key specifications
include a spatial resolution of 10 pm and timing resolution below 100 ps for single-
photon measurements, quantum efficiency exceeding 20% around 400 nm, an MCP
gain in the range 10* —10° and long-term operational reliability, requiring excellent
vacuum tightness, suppression of ion feedback, and thermal stability.

7.2.6 Ceramic carrier

The Timepix4 ASIC is mounted on a ceramic carrier using die-attach material
and wire-bonding connections, enabling input/output signals to be routed outside
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the tube via PGA connectors. The ceramic carrier, developed jointly by INFN,
CERN, and Kyocera and manufactured by Kyocera, is a multilayer ceramic board
that provides vacuum feedthrough connections for the ASIC I/0O signals. On the
back side, the I/O signals are arranged around the perimeter of the Timepix4 in
a PGA configuration, allowing insertion into a compatible socket on the external
PCB. The carrier is designed with a central opening directly beneath the ASIC,
enabling the attachment of a heat sink or cooling element. Signal transmission is
achieved via spring-loaded contact pins, which connect to a custom socket on the
electronics board. From there, the digital output is transferred to the acquisition
system through a combination of electrical and optical high-speed links.

7.3 Data Acquisition and data analysis softwares

The 4DPHOTON project also involves the development of the software to control
Timepix4 and acquire its data, as well as the creation of a data analysis framework
for decoding, processing, and analysing the information [342].

7.3.1 DAAQ software architecture

The software must be high-performance to match the Timepix4 output bandwidth,
while remaining user-friendly and flexible enough to allow simple modifications of
acquisition tasks and setups. C++ was chosen to meet the speed requirement,
offering low-level control over hardware and data. Flexibility is achieved through
an object-oriented design, with independent classes for each hardware component
and DAQ system, enabling adaptation to different configurations and communica-
tion protocols. User-friendliness is addressed by simplifying basic operations while
retaining the ability for detailed, bit-level control of the Timepix4, balancing ease
of use with full configurability. The software architecture is divided into two main
sections: slow control configuration (including slow readout) and high-speed read-
out. Both are accessible via a Command Line Interface. Slow control relies on the
DAQ system protocol using a client-server model, while high-speed readout uses a
DAQ-independent UDP "push" mechanism for rapid data transfer. A virtual DAQ
control class defines the fundamental read/write methods for Timepix4 registers,
allowing any DAQ system to integrate by inheriting this class. Finally, a control
readout class handles configuration and polling of registers, whereas high-speed
acquisition reads and stores data for online and offline analysis, independent of
the specific DAQ system.
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7.3.2 Data analysis architecture
Data decoding and event building

A custom data analysis framework has been developed to process Timepix4 data
and support a range of applications. It provides low-level access to raw or mini-
mally decoded data, essential for debugging, while remaining user-friendly to en-
able complex analyses through simple commands. Designed modularly, it allows
easy extension with additional classes or objects for new applications. Imple-
mented in C+-+ with an object-oriented architecture, the software first reads the
bitstream either online or from storage, performs basic decoding to extract pixel
addresses, timing information, and reconstructs hit events while incorporating ex-

ternal information.

Data clustering

Particles interacting with the detector typically deposit energy across several neigh-
boring pixels, forming traces whose shapes depend on the interaction mechanism.
Proper interpretation of these events and extraction of physics information there-
fore requires a clustering algorithm. The choice of algorithm depends on expected
event types, rates, and particle-detector interactions. A density-based clustering
approach was chosen, specifically the Density-Based Spatial Clustering of Appli-
cations with Noise (DBSCAN) [343] algorithm. DBSCAN identifies clusters by
grouping neighboring points within a defined radius and a minimum number of
neighbors, expanding clusters iteratively from core points until no further neigh-
bors meet the criteria. Non-core points are assigned to the first cluster satisfying
the distance requirement. The algorithm is highly adaptable, allowing clustering
in arbitrary phase spaces with appropriately defined distances.

7.4 Future applications

The development of the ADPHOTON detector will have significant impact across
multiple application domains, including high-energy physics, life sciences, and ma-
terials science. In general, this detector offers major advantages wherever the mea-
surement of single photons over a large area with simultaneous high spatial and
timing resolution is required.

Future high-energy physics experiments will take place in environments with ex-
tremely high particle intensities, presenting new experimental challenges. De-
tectors will be required to achieve improved timing resolution, granularity, and
rate capability, which current technologies cannot fully deliver. The 4DPHO-
TON detector addresses these limitations, providing a substantial benefit for next-
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generation experiments. RICH detectors could greatly benefit from the precise
timing capability of ADPHOTON, which enables accurate time association of hits
and effective discrimination of overlapping rings.

In the life sciences, the gold-standard technique for fluorescence lifetime measure-
ments is time-correlated single-photon counting, which records individual fluo-
rescence photons emitted by a sample—excited by an ultrafast laser pulse—with
picosecond precision [344]. This technique relies on non-imaging fast detectors,
though camera-based implementations are already well established. The 4DPHO-
TON detector, with its picosecond timing resolution and high-rate capability, can
significantly advance this technique by overcoming photon losses inherent in frame-
based detectors, thanks to its data-driven architecture.

Furthermore, the unique features of the 4ADPHOTON hybrid detector open pos-
sibilities for novel imaging techniques. For instance, combining it with super-
resolution methods in wide-field imaging could enable breakthroughs in resolving
complex biological and material structures with unprecedented precision.
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Chapter 8

Characterisation of the
ADPHOTON tube

A characterisation of the ADPHOTON prototype tube, mainly in terms of timing
resolution and DCR, has been performed in the laboratory and also during a
testbeam campaign at the CERN SPS North Area.

Sec. 8.1 presents some characterisation perfomed in the laboratory are presented.
In Sec. 8.2 the Geant4 simulation developed to study and optimise the testbeam
setup is described. Finally, Sec. 8.3 presents the final tesbteam setup and the
result obtained.

8.1 Laboratory characterisation

Several tests were carried out to ensure the proper functionality and performance
of the system components. These included the verification of the off-detector
electronics, as well as the quality control of ceramic carrier boards. In addition,
extensive phototube quality tests were performed, which covered the quality test
setup and DAQ system and electronics tests. The detailed procedures and results
of these tests will not be be reported in this thesis but are documented in [345].

The following subsections reports the measurements performed to the 4ADPHOTON
prototype with 3 MCP stages and 1d end-spoiling depth.

8.1.1 Dark count rate measurements

The dark count rate and gain were evaluated through data-driven acquisition under

dark conditions. Measurements were carried out at different operating points
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Figure 8.1: Dark count spatial distribution obtained with a 10 minutes long ac-
quisition using Vyep = 2100 V, Vaep-prc = 75 V and Vipxa-mcp = 150 V.

by varying the voltages applied between the detector components: specifically,
between the Timepix4 and the MCP, between the MCP stacks top and bottom
faces, and between the MCP and the photocathode.

When a photon generates an electron cloud, it typically spreads across multiple
pixels, forming a cluster. The cluster size depends both on the MCP gain and on
the voltage applied between the MCP bottom surface and the Timepix4. The dark
count rate was estimated as the number of reconstructed clusters. An example of
the resulting photon-counting distribution is shown in Figure 8.1, obtained with
the MCP biased at Viycp = 2100 V, Vimcep-puc = 75 V and VTpx4—MCP =150 V.

The origin of the observed dark count rate structure is still under investigation.
Several possible effects are being considered. Field distortions have been excluded
by scanning the detector with a micro-focused laser across specific pixel regions.
The MCPs have been biased at low voltage during this study, since it has been
observed that doing so the dark count rate structure was more evident. In this con-
figuration, the effect is more pronounced. The distances between illuminated clus-
ter centroids matched the programmed motion stage steps, with an error smaller
than the Timepix4 pixel size, demonstrating that field distortions are negligible.
At higher MCP gain, the effect becomes less visible but does not vanish. Notably,
clusters appear smaller in regions where they were missing at low gain, pointing
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Figure 8.2: Dark count rate dependence on the MCP bias

to local gain inhomogeneities. A combined effect is currently under study. On one
hand, the variations in cluster size and charge indicate non-uniform gain, possibly
due to imperfect co-planarity of the MCP stacks. On the other hand, the cushion-
shaped structure observed suggests an additional effect related to the rectangular
geometry of the Timepix4, potentially arising from a non-perfect planarity of the
ASIC bonded to the carrier. Several values of Vrpa-mcp were tested, but no no-
ticeable changes in the dark count structure were observed, suggesting that this
parameter has no measurable effect. The structure observed in the central region
was not observed in later measurements, both in the laboratory and during the
testbeam (see Figure 8.20), indicating that it is not a generic properties of the
prototype.

Figure 8.2 shows the dependence of dark count rate to the bias applied. As ex-
pected, increasing the gain results in a higher dark count rate. The dark count rate
also depends strongly on the threshold setting: increasing the threshold cuts off a
larger fraction of low-charge events. To minimise threshold-induced suppression,
all characterisations were performed at a threshold of 1000 e™.

8.1.2 Gain measurements

Gain estimation was based on the reconstructed cluster charge. At low gain, the
spectra follow an exponential distribution. The gain was estimated as the mean
cluster charge, corresponding to E [Q] = % where A is the slope parameter of the
exponential distribution. At higher MCP gain, of order of O (105 — 106), a distinct
peak emerges at higher cluster charge. In this case the gain was estimated as the
mean of the peak rather than from an exponential fit. Two cluster charge spectra,

205



8.1. Laboratory characterisation

at low and high gain, are presented in Figure 8.3.

As with the dark count rate, the gain shows a strong dependence on threshold,
particularly at high MCP gain. This occurs because a significant fraction of pixels
in the cluster halos receive only a small charge, often below threshold, reducing
the reconstructed cluster charge.

The gain extracted from these distributions is affected by spatial non-uniformities.
To mitigate this, the analysis was repeated using only the central matrix region.
At high bias the discrepancy is pronounced, as the inclusion of low-gain regions
reduced the average. These results are summarised in Figure 8.4.

8.1.3 Timing resolution
Preliminary measurements on Timepix4 assembly

A preliminary characterisation of a Timepix4 assembly bonded to a 100 pum thick
planar n-on-p Si detector has been performed [346|. The measurements have been
performed by sending simultaneous signals to different pixels and measuring the
time-difference between them to estimate the timing resolution.

An infrared laser pulse with a FWHM of ~36 ps and a trigger jitter below 20 ps
r.m.s. has been used. The beam is attenuated, collimated, focused, and aligned to
the sensor back side using three remotely controlled micrometric translation stages
in a 3D setup.

To isolate the timing resolution contribution of the laser setup, the laser jitter was
measured with an oscilloscope. The result, 10.9 £+ 0.1 ps r.m.s., is negligible.

The achievable timing resolution is influenced by several factors. Some of these
factors, such as the TDC resolution, are intrinsic and cannot be eliminated, while
others, can be corrected. These contribution arise from: VCO frequency variations,
reference signal resolution and time walk effect.

As described in Sec.7.2.3, VCOs are a circuit whose output clock frequency depends
on a control voltage ,oscillating at the nominal frequency of 640 MHz, and it defines
the timing resolution of each TDC. By analysing the number of bins between a
signal edge and the next 40 MHz clock, it was found that the expected range
of 128 bins varied across pixels. These deviations indicate that VCO frequencies
differ from their nominal value, which introduces errors in ToA measurements. To
correct this, each VCO frequency must be measured and calibrated using internal
digital test pulses. The VCO frequency of each TDC is calibrated by sending
synchronised internal digital test pulses to selected pixels and varying their phase
relative to the 40 MHz reference clock, allowing to extract the correct frequency.
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Figure 8.3: Cluster charge spectra measured applying a voltage difference of
VMCP—PHC =75V and VTpx4—MCP = 150 V and a MCP bias of (left) VMCP = 2000V
and (right) Viep = 2300 V.
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Figure 8.4: Comparison between the gain estimations obtained considering the
complete matrix (red triangles) and the central region alone (blue circles).

Without accounting for VCO frequency variation, the measured timing resolution
is ~200 ps r.m.s.. After using the proper VCO oscillation frequency the standard
deviation of the ToA difference is:

OVCO corrected = 126 == 1 ps r.m.s. (8.1)

The resolution of the reference signal has been measured using test pulses gener-
ated externally. The standard deviation of the (ToA,; — ToA,) distribution is
measured to be 0(ToA,+1 — ToA,) = 102+ 1 ps r.m.s.. Because this result reflects
the difference between two signals measured by the same TDC, the resolution of
the reference signal can be estimated as follows:

oRet = 0(ToAp1 — ToA,)/V2 =72+ 1psr.m.s. (8.2)

The timing resolution of a single Timepix4 pixel can be determined by subtracting
the reference signal contribution ogrer in quadrature:

OToA = \/J\Q/CO corrected le-{ef =103+ 1 psr.m.s. (83)

To achieve precise timing, the time-walk effect in individual pixels must be cor-

208



8.1. Laboratory characterisation

Counts
‘2 165 100
£ 16
< -
2 -
. 155 80
< —
o =
= 15—
145 60
14—
135 40
13—
125 20
12
Bl b b b e b e b b b L 0
0 20 40 60 80 100 120 140 160 180 200
Charge [ke-]
Counts
- 06
k=S - 80
E B
g i 70
£ 04—
2 B
o -
= B 60
02—
B 50
0— 40
R 30
02—
—0.4}—
_I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 20 40 60 80 100 120 140 160 180 200

Charge [ke-]

Figure 8.5: (Top) Single pixel time walk distribution superimposed with the fitting
function. (Bottom) Single pixel AToA distribution as a function of the charge after

time walk correction.
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rected 347, 348, 349, 350|. This was studied by varying the laser attenuation to
span charges from ~ 10 ke™ to ~ 200 ke™, producing the spectrum in Figure 8.5
for one pixel, fitted using

p
J(Q) = AToA(Q) = G+ ps (8.4)

Each ToA value is then corrected by subtracting the charge-dependent contribu-
tion, yielding the distribution in Figure 8.5.
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Figure 8.6: Timing resolution dependence with respect to the calibrated charge
for a single pixel, after all correction applied.

The corrected data were divided into ~ 4 ke™ charge slices, and the timing res-
olution for each slice was extracted from the standard deviation of the AToA
projection, see Figure 8.6. After subtracting the reference signal contribution in
quadrature, the intrinsic single-pixel resolution is opop = 103 £ 3ps r.m.s. at
~ 60 ke, with a plateau of 109 + 3 ps r.m.s. at higher charges. The degradation
of the resolution at high charges can be explained considering that, at fixed laser
intensity, charge spectra follow a Gaussian distribution due to electronic noise
and charge collection fluctuations, while timing measurements show quantisation
effects from the 195 ps binning, enhanced by small VCO frequency mismatches.
At high charges (Q > 70ke™), overlapping charge distributions and quantisation
broaden the timing spectra, explaining the observed resolution degradation.

For multi-pixel clusters, combining data from individual pixels improves timing
precision. As described in Sec. 7.3, the DBSCAN density-based algorithm [351] is
used, as it groups hits by spatial and timing proximity. For Timepix4, parameters
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are tuned to handle pixel masking and particle timing ranges, ensuring clusters
are well separated. Each pixel ToA is corrected as previously described, and the
cluster ToA (ToA puster) is calculated as the charge-weighted average of the pixels
ToAs, while the cluster charge is the sum of individual pixel charges. Figure 8.7
shows ToA juster as a function of cluster charge after time walk corection.

Counts
70

Cluster ToA [ns]

80
Cluster charge / cluster size [ke-]

Figure 8.7: Cluster ToA distribution after time walk corection as a function of the
cluster charge.

A slice analysis over the full charge range yields the cluster timing resolution
OClusterToA , computed as the standard deviation of the difference ToA cjuster — TOARef-
The resolution reaches a minimum at ~ 900 — 1300ke™ corresponding to 79+1 ps.
Subtracting the reference contribution gives the true minimum cluster resolution:

oluster — 33 4 3 ps (8.5)

Figure 8.8 shows o(CusterToa plotted as a function of the cluster charge. Minor
fluctuations are due to overlap between ToA distributions in different timing bins.
These results are reported in Ref [346].

4DPHOTON measurements

The first photodetector prototypes feature a photocathode with high quantum
efficiency in the blue/UV range. A PicoQuant LDH-P-C-405 laser (A = 405 nm)
is used. The laser has a FWHM of 56 ps and jitter < 20 ps r.m.s., and its
intensity is adjusted with a variable fiber optic attenuator. The focused spot

covers a few pixels, with a minimum-intensity spot size of 1.2 pixels r.m.s.. The
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Figure 8.8: Cluster timing resolution ocusterToa plotted as a function of the cluster
charge.

photocathode is illuminated at a fixed position with 10 Hz pulses. Voltages are
set to Vmcp-pac = 75 V and VTpx4—MCP =150 V and Vycp = 2400 V.

Timing analysis is analogous to the one described previously. Each pixel ToA is
compared to the reference ToA, and time-walk corrections are applied. The re-
sulting per-pixel timing resolution, after subtracting the reference contribution,
reaches at best 107 £6 ps at Q ~40 ke™, consistent with previous Si-bonded mea-
surements. Contributions from the MCP and photocathode are <50 ps, the digital
front-end ~55 ps, and the laser/trigger ~10 ps. The cluster ToA distribution after
corrections is shown in Figure 8.9.

Cluster analysis is performed by computing the charge-weighted average ToA and
total cluster charge. The timing resolution distribution shows slight improvement,
reaching a plateau at J%EEHOTON = 88 &9 ps. The distribution of U%?IEHOTON as
a function of the total cluster charge is shown in Figure 8.10. Most of the charge in
the clusters generated by the MCP’s electron clouds is collected by a single pixel,
a wider halo of pixels gathers only a small fraction of the charge. As a result, the
enhancement obtained with the cluster analysis is not as evident as in situations
where many pixels register a large amount of charge, for this reason the cluster

timing resolution is close to the single pixel one for the 4ADPHOTON detector.
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Figure 8.9: Cluster ToA distribution as a function of the cluster charge.
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reference signal contribution has already been subtracted.
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8.2. Geant4 simulation of a Cherenkov setup

8.2 Geant4 simulation of a Cherenkov setup

Geant4 (352, 353, 354] is a software toolkit designed to simulate the interactions
of particles with matter and their propagation through it. The simulation process
can be finely controlled, including aspects such as detector geometry, material
properties, the types of particles and their interactions, primary event generation,
particle tracking, detector responses, as well as event storage and visualisation.
At its core, Geant4 relies on a suite of physics models that accurately describe
particle interactions across a wide range of energies.

The Geant4 application comprises the complete experimental setup, as will be
described later. It models the beam configuration, its interaction with the setup
components, the photon production and transportation. The application is highly
flexible, enabling easy adjustments such as beam composition and setup config-
uration. Its geometry definition also allows adding optical elements, modifying
the number of ADPHOTON detectors, and optimising the spatial arrangement of

components.

The goal of this simulation is to test and optimise several setup to characterise the
performance of the first detector prototypes using a RICH configuration.

8.2.1 Physics List Configuration

The PhysicsList is built by combining several Geant4 physics lists to cover elec-
tromagnetic, hadronic, optical, and decay processes. For the electromagnetic sec-
tor, the default choice is GAEmStandardPhysics_optiond4. Hadronic interactions
are handled by a set of physics lists including G4HadronPhysicsQGSP_BIC_HP,
G4HadronElasticPhysicsHP, G4IonPhysics, and G4StoppingPhysics. Processes
like gamma nuclear interactions are managed by G4EmExtraPhysics. Optical
processes are explicitly constructed, with Cherenkov, Scintillation, Absorption,
Rayleigh, MieHG scattering, and Boundary interactions included. The decay sec-
tor is covered by G4DecayPhysics for generic particle decays. Additionally, atomic
deexcitation, fluorescence and PIXE are activated through G4UAtomicDeexcitation,
ensuring a detailed treatment of secondary photon and electron production. Com-
bined, these physics lists form a comprehensive model capable of simulating the
optical, electromagnetic, hadronic, and nuclear decay processes that may occur
following the interaction of the beam with the radiator lens.

8.2.2 Geometry

The testbeam setup has been fully simulated and consists of two trackers, a RICH
system, and two timing detectors. For each material used, the refractive index,
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8.2. Geant4 simulation of a Cherenkov setup

transmittance, absorbance, and reflectance have been taken into account over
the relevant energy range, corresponding to the Cherenkov wavelength spectrum
(200-800 nm). The following sections provide a detailed description of the simu-
lation approach for each components.

Trackers

The two Timepix4 assemblies that make up the tracking station have not been
simulated at the electronic level; however, their material has been included to
account for the correct on-beam material budget. Each assembly is modeled with
three parallelepiped layers, measuring 24.7 mm X 29.96 mm x 300 pwm, attached
to a second parallelepiped of 24.7 mm x 29.96 mm x 700 pm both made of silicon.
The back side includes a PCB made of FR4 with a thickness of 1.6 mm. The two
Timepix4 assemblies are 1 m apart, to grant a high resolution on the reconstruction
of particle direction.

Several tests were carried out to assess the impact of the trackers on the beam
properties, with particular attention to the beam position and transverse momen-
tum. Examples of these results are presented in Appendix P.

RICH system

The RICH system is located within a dark box downstream with respect to the
tracking system. It includes a Cherenkov radiator, the optics system used to drive
the Cherenkov photons to the detector, and a single prototype of hybrid MCP-
PMT used as photodetector

Two main configurations have been simulated, with the primary goal of achieving a
well focused ring and minimising the time dispersion of the photons. The reference
system used consist of (&, 2), where £ is directed along the beam axis with the same
verse, and Z is horizontal and perpendicular to 2, and it points in such a verse as
to form a right-handed system with a vertical § axis directed upwards.

The first configuration has been developed using Zemax [355]. This configuration
comprises an aspheric plano-convex lens of N-BK7 [356], serving both as a radiator
and as the first refractive optical element. This lens has a curvature radius of
31.81 mm and its vertex is placed in position (0,0) of the reference system. The
conic constant is -4.46 and its front lens diameter is 40 mm. Cherenkov radiation
undergoes total internal reflection on the flat surface and is then reflected by the
concave surface, which is properly metallised. Due to the small angle of incidence,
total internal reflection is not possible on this surface, so metallisation is required.
The chosen coating is aluminum with a protective SiOs layer. A folding mirror
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of aluminium, placed in (0,111.00) mm and tilted at an angle of 45°, allows the
optical axis to be bent by 90°. Then two spherical fused lenses corrects the lateral
chromatic aberration introduced by the first lens, achromatising the system. The
first lens, made of N-LAK33 [357], is shaped to accommodate the second lens.
It features a curvature radius of 51.26 mm and a front diameter of 80.00 mm.
The second lens, composed of SF59 [358], is carved to form a concave surface
with a curvature radius of 112.80 mm and has an external curvature radius of
35.69 mm. Its front lens diameter measures 60 mm. The vertex of this doublet
is placed in (59.64,111.00) mm. The MCP-PMT prototype is described as an
absorber plane with the dimension of the Timepix4 coupled to an input window.
The input window is composed of two separated parts. The first window is a
simple cylinder with a diameter of 63 mm and a thickness of 3.6 mm. The second
window is shaped as a truncated cone. The larger face has a diameter of 45.2 mm,
while the smaller face has a diameter of 43.8 mm. Its thickness is 2.1 mm, and
it is positioned directly on top of the first window to form a continuous optical
assembly. The coordinates of the center of the MCP-PMT prototype is placed
in (221.84,110.00) mm. The distribution of the quantum efficiency have been
provided by Hamamatsu Photonics as a function of the wavelength for the optical
window of the detector and have been implemented in the simulation.

This configuration of the RICH system was implemented in Geant4 using two com-
plementary approaches. In the first approach, the geometry was represented with
triangular mesh models imported from .obj files via the CADMesh library [359].
In the second approach, the geometry was constructed using native Geant4 classes.
In particular, the aspherical lens was modeled by calculating its thickness as a
function of the radial coordinate according to:

c-r?

Zz = )
1+ 1—-(1+k) 2 r?

(8.6)

where ¢ is the curvature (the inverse of the curvature radius) and k is the conic
constant. The resulting profile points were then used with the G4Polycone class
to create the lens in Geant4.

The results obtained from the Geant4 simulation have been compared with the
one of Zemax, which expected a Cherenkov ring of radius ~ 10 mm and width
of ~ 100 pm. The Geant4 results however showed great discrepancies, actually
no Cherenkov rings were observed because the optical system did not focus the
ring correctly. This is probably due to the fact that the geometry imported from
Zemax is approximated and Geant4 does not correctly describe the interaction of
the photons with the surfaces of the lenses. Several studies were perfomed, such
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as lowering the step dimension used in Eq. 8.6 or augmenting the number of mesh

of the models, but the results were always in disagreement with Zemax.

For this reason, a second configuration was developed using exclusively spherical
lenses. Due to time constraints for the upcoming testbeam, only commercially
available lenses were employed in the new setup.

All optical elements of the second configuration are made of fused silica, with a
refractive index ranging from 1.45 to 1.50 in the wavelength range of Cherenkov
photons. The Cherenkov radiator is a LA4545 plano-convex lens [360], with a
curvature radius of 46.00 mm, a maximum thickness of 10.70 mm and a front lens
diameter of 50.80 mm. As in the previous configuration, photons are reflected in
the plane surface onto the concave surface. An aluminum coating on the spherical
surface reflects photons back towards the subsequent optical elements. The radi-
ator vertex is positioned at (0.0, 0.0) mm. A LA4078 plano-convex lens [361] is
placed next, with its vertex at (0.0, 25.0) mm and the planar surface upstream.
It has a curvature radius of 34.50 mm, a maximum thickness of 14.2 mm and the
same front lens diameter of 50.8 mm. Following the first doublet, an Edmund Op-
tics cylindrical mirror 84-425 [362] with diameter 75.0 mm and thickness 7.5 mm
is placed. The mirror center is at (2.0, 52.0) mm and tilted 45°, redirecting the
optical axis from the Z to the & direction. The first lens encountered along the
redirected optical axis is a LA4795 plano-convex lens [363], with curvature radius
of 92.00 mm, maximum thickness 11.00 mm and front lens diameter 70.50 mm. Its
vertex is at (70.00 mm, 50.00 mm). Two additional LA4795 lenses, with verteces
at (98.00, 50.00) mm and (120.20, 50.00) mm, form a doublet. Finally, a LA4384
plano-convex lens [364] has its vertex positioned at (121.0, 50.0) mm, with cur-
vature radius of 41.40 mm, maximum thickness 26.9 mm and front lens diameter
75.00 mm. The detector, described as in the previous configuration, is centered at
(180.00 mm, 50.00 mm). Figure 8.11 shows the simulated lens system described.
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Figure 8.11: Geant4 simulation of the optics system designed for the RICH sys-
tem of the testbeam. The beam direction and the MCP-PMT prototype are also
labelled.

Timing system

Downstream of the RICH system, along the beam direction, a pair of light guide
coupled with photodetectors is installed to provide precise timing measurements.
Each lightguide consists of a single solid element shaped as a parallelepiped with
dimensions 12.5, mm x 11.0, mm x 100.0, mm. One end of the parallelepiped con-
tinues into a truncated pyramid, which continues into a cylindrical section de-
signed to couple with the photomultiplier, all made of Polyallyl diglycol carbonate
(CR39), enclosed in a dark box with optimised geometry. This detectors are in-
cluded in the simulation through .obj files via the CADMesh library [359]. Due
to their simple geometry the issues due to the approximation of the shape is not a
problem. Cherenkov photons are generated and totally internally reflected on the
surface until they reach the end of the light guide where they are detected by the
photodetector.

Several studies have been performed in order to optimise resolution of the system
in terms of the angle between the light guide and the beam axis and also in terms
of the distance between the center of the detectors and the beam. Results of these
studies are reported in Appendix Q. Given these results the detectors are tilted
at 60° with respect to the beam axis and the center is shifted of 1.5 cm from the
axis. The geometrical contribution to the time resolution of the timing system is
approximately 20 ps as shown in Figure 8.12.
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Figure 8.12: Distribution of the difference in ToA for the first photon between the
two detectors that make up the timing system.

8.2.3 Beam configuration

Several beam configurations were tested to evaluate their impact on the setup
before finalising the testbeam location. Once the test beam location and corre-
sponding properties were defined, two types of beams were simulated. The first
is a point-like beam, with no divergence, where all particles are generated at the
fixed position (0, 0) in the reference system described in Sec. 8.2.2. The second is a
realistic beam model, characterised by an angular divergence of 0 = 1 mrad, and a
generation point distributed according to a Gaussian with mean 0 and ¢ = 5 mm
for both & and ¢ axis. In both cases, the beams consist of protons with an energy
of 180 GeV. Given the radiator lens refractive index in the range 1.45-1.50, the
Cherenkov threshold corresponds to g = 0.69. Since protons with energies above
180 GeV have g > 0.99, they effectively saturate the Cherenkov angle, and thus
all are emitted at the same angle.

8.2.4 Simulation results

The distribution of Cherenkov photons on the detector surface has been studied in
the two-beam configuration, as shown in Figures 8.13. The expected ring radius is
R =38.60+0.01 mm and R = 8.69 + 0.01 mm for a point-like and realistic beam,
respectively.
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Figure 8.13: Simulated Cherenkov photons distribution on the detector prototype
using (left) point-like beam model and (right) realistic beam model. The fit used
to extract the value of the expected radius is superimposed.

The wavelength spectrum of the detected photons follows the expected Cherenkov
emission shape, modulated by the transmission of the optical system, validating
the photon generation and transport in the simulation, as shown in Figure 8.14.
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Figure 8.14: Wavelength distribution of the simulated Cherenkov photons.

The arrival time distribution of photons on the detector exhibits a well-defined
peak, shown in Figure 8.15, the expected contribution to the measured time dis-
tribution is ¢ = 19.5 + 0.1 ps and ¢ = 23.5 + 0.1 ps for the point-like and realistic
beam models, respectively.
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Figure 8.15: Time of arrival distribution of the Cherenkov photons on the detector
with a gaussian fit superimposed using (left) point-like beam model and (right)
realistic beam model.

A background component arising from nuclear interactions within the lens has
been identified, resulting in a broader Cherenkov ring and an increased photon
yield at the detector, of the order of O(10) photons. These events amount to
about 5% of the total statistics. Finally, the total photon yield on the detector
has been quantified, taking into account the quantum efficiency of the sensor and
the open-area ratio of the MCP. The distribution is shown in Sec. 8.3 and the
expected number of photons per interacting particle is 15 4= 1.

8.3 Testbeam with Cherenkov setup

The test beam was performed at the CERN SPS, in the H8 beamline. This line
provided a hadron secondary beam composed of approximately 80% protons, 20%
pions, 1% muons, and a negligible fraction of electrons. The particle energy was
measured to be £ = (140 & 1.8) GeV. The maximum beam intensity is about 10°
particles per spill, with each spill lasting 4.8 s. The beam profile is Gaussian in
both directions perpendicular to the beamline.

As already described in the previous section, the experimental setup consists of a
tracking system, a RICH detector, and a timing system. A schematic representa-

tion of the setup is shown in Figure 8.16.

8.3.1 Detector Setup

The tracking system consists of two Timepix4 v2 assemblies, each bonded to
300 pum thick p-on-n planar silicon sensors, and is positioned upstream of the
full setup. During the test beam campaign, the silicon sensors were operated at
the bias voltage of 100 V. The two Timepix4 assemblies are separated by 1 m
to ensure high precision in reconstructing the particle direction. The notations
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8.3. Testbeam with Cherenkov setup

Clock
generator

Trackers Timing Scintillators
system

Figure 8.16: (left) Schematic of the test-beam setup seen from above: it comprises
a tracking station composed of two Timepix4 assemblies bonded to Si sensors,
a RICH system enclosed within a dark-box, a timing system consisting of two
Cherenkov detector, and two scintillators to align the setup to the beam. An
external clock generator and a Trigger Logic Unit (TLU) are used to provide
an external reference clock and external TO sync and shutter signal to the three
Timepix4. (right) Lateral view of the testbeam setup

tracker 1 and tracker 2 are used to refer to the Timepix4 assemblies positioned
farther from and closer to the RICH system, respectively. This system provides
crucial information on the incident position and direction of particle hitting on the

Cherenkov radiator.

The RICH system is housed in a dark box positioned downstream of the tracking
system. It consists of a Cherenkov radiator, an optical system that directs the
Cherenkov photons to the detector, and a single prototype hybrid MCP-PMT
serving as the photodetector. The Cherenkov radiator, along with the optical
system are the one described in Sec. 8.2.2. The Detector Under Test (DUT) is the
4DPHOTON prototype with 3 MCP stages and 1d end-spoiling depth.

The timing system is positioned downstream of the RICH system and has the
geometry described in Sec. 8.2.2. During data taking, several issues were identified
in the output of the timing reference system, as shown in Figure 8.17, these issues
prevented the use of those data in the following analysis.

8.3.2 DAQ and data storage setup

The DAQ and storage network is organised into four subnets, as illustrated in
Figure 8.18. These subnets are referred to as the Slow control, Fast links, Storage,
and Remote subnets.

The Slow control subnet handles the configuration of all instruments. It includes
the SPIDR4 DAQ systems [365] controlling the three Timepix4 assemblies: the
two bonded to the silicon detectors of the tracking station, and the one mounted
within the MCP-PMT prototype under test. Two low-voltage power supplies pro-
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Figure 8.17: (Left) Difference of ToA distribution between the two detectors of
the timing system, measured from data collected in a single spill and recorded
with the online monitoring tool during the test beam. The timing resolution is
~ 150 ps. (Right) Measurements performed using an oscilloscope on the timing
system detectors. As can be seen, the signals exhibit multiple reflections of not
yet identified cause.

e : :
s Switch 5 S S

2014 «Storage»

Subnet 20

210.14

20.10

pc |200.10
Instrum|0.10

Switch Switch
anstrumen inetciens
tation 1» "

Control Room 0.220 . tation 2
Multi-plug socket Subnetd et 200

0.223
0.224
200.225
200.226

S

[=]
=]
~

< o221

Low Low High High
oltage Voltage Voltage Voltage T PicoTDC
1 2 1 2

Figure 8.18: Schematic of the test-beam DAQ and data storage setup.

vide power to the Timepix4 boards, while a high-voltage HiVolta DT1415ET unit
powers the silicon detectors, MCP-PMT elements, and the standard MCP-PMTs
used for timing.

A custom Trigger Logic Unit (TLU) receives SPS Extraction Warning signals
and generates TO sync and shutter signals, which are sent to all three SPIDR4
boards. An external clock generator synchronises the three SPIDR4 boards and
the Timepix4 assemblies. A PicoTDC precisely measures timing reference signals
and TLU outputs to correlate Timepix4 measurements with those of the standard
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8.3. Testbeam with Cherenkov setup

MCP-PMTs. All instrumentation is powered via programmable Power Distribu-
tion Units.

Each Timepix4 is connected to a dedicated PC to separate configuration and
acquisition, facilitating management of the high expected rates. All other devices
are connected via 1 GbE to a switch, which is in turn connected to the control
PC.

Data readout occurs through high-speed links to PCle boards mounted on the PCs
connected to the SPIDR4 DAQ systems, forming the Fast links subnet. The three
acquisition PCs are connected via 10 GbE to a 10 GbE switch, which is linked to
the storage PC, forming the Storage subnet. Finally, the control and storage PCs
connect to remote PCs located in the control room (Remote subnet).

8.3.3 DAQ software

A dedicated application was developed to adapt to the test-beam setup, enabling
synchronisation of acquisition runs with the beam spill injections. The configura-
tion executable has been separated from the acquisition executable, allowing the
Timepix4 to be configured once for an arbitrary number of spills, while perform-
ing separate acquisitions for each injected spill. The Timepix4 is configured to
use external TO synchronisation and external shutter signals. Extraction Warning
signals are fed into the TLU, where they are used to generate both the external
TO sync signal and a 5-second external shutter. With this setup, acquisitions start
immediately before the spill injection and stop at the end of the spill. Data are
saved immediately after each spill acquisition.

8.3.4 Methodology and testbeam results

The detector was operated at a temperature of —10°C. The trackers were powered
at 100 V, while for the DUT, the MCP was biased at 2100 V, with voltage
differences of Vamcp-puc = 75 V and Vrpea-mcp = 150 V. Laboratory tests were
conducted with MCP voltages up to 2400 V; however, 2100 V was chosen as the
working point during the test beam to ensure greater stability during data taking.
No hardware triggers were used during data acquisition, except for the shutter
signal at the start of each spill.

The first criterion for event selection is based on the tracker system. Since a
particle is expected in the beam approximately every ~ 1 us, and the time of
flight between the two trackers is around ~ 3 ns, a coincidence window of 10 ns
between the two trackers is required. The time difference between the two tracker
is displayed on Figure 8.19. Since the trackers were operated at a relatively low bias
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8.3. Testbeam with Cherenkov setup

voltage, the time resolution of the tracking system is suboptimal, corresponding
to approximately ~ 1ns. Figure 8.19 also shows that the mean of the distribution
is 1.5 ns, whereas the expected value is approximately ~ 3 ns. This discrepancy
is given by the Timepix4 ASIC. When receiving the 40 MHz clock, a 640 MHz
clock is generated by the Timepix and then compared with the input one. The
discrepancy arises by the fact that the 40 MHz clock locks on a random 640 MHz
clock cycle, thus the resulting 40 MHz clock may not be in phase with the input
one. The differences in these phases in the two assemblies result in a difference in
the measured events ToA.
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Figure 8.19: Distribution of the ToA difference between the two trackers from 50
spills.

Furthermore, all hits in the DUT had to occur within 50 ns of the hit in the tracker
closest to the RICH system. Figure 8.20 shows the cumulative distribution on the
DUT from data collected over 50 spills. The Cherenkov ring appears with the ex-
pected size and position, while a background pattern is also visible, consistent with
that observed during laboratory characterisation. The vetoed region correspond
to noisy areas of the MCP that were masked.

Figures 8.21 show the cumulative distribution on the trackers from data collected
over 50 spills. The x and y projections of each tracker have been fitted simultane-
ously using a gaussian distribution. The projections, alongside the superimposed
fit, are displayed in Figure 8.22. The fit results are reported in Table 8.1; the
Geant4 simulation beam description has been updated using this result and it is
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Figure 8.20: Cumulative distribution on the detector prototype from data collected
over 50 spills.. The vetoed region correspond to noisy areas of the MCP that were
masked.

used for comparison hereafter.
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Figure 8.21: Cumulative hit distribution on (left) tracker 1 and (right) tracker 2
from data collected over 50 spills.

A dedicated ring-fitting procedure was developed to extract the Cherenkov ring
radius and compare it with the value predicted by simulation. Each ring candidate
is fitted independently, with the ring center coordinates (x,y) and the radius as
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Figure 8.22: (Top) Tracker 1 and (bottom) tracker 2 (left) z and (right) y hit
distribution from data collected over 50 spills. The gaussian fit are superimposed.

Parameter Tracker 1 value [mm| Tracker 2 value [mm]|
e 15.44 £0.04 16.32 £0.04
fby 12.60 £ 0.04 13.24 £ 0.04
Oz 3.77£0.03 3.75£0.04
o 3.29+0.04 3.28 +£0.03

Table 8.1: Parameter values from the simultaneous x — y fit for tracker 1 and

tracker 2.

free parameters. For each candidate, the fit minimises the distance between the

hits and the ring, and only successful fits are retained. An example of a single-
event fit is shown in Figure 8.23. The distribution of radii obtained from data,
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8.3. Testbeam with Cherenkov setup

compared with that from simulation, is presented in Figure 8.24. The mean radius
measured from data is R = 8.62+ 0.01 mm, in good agreement with the simulated
value, while a standard deviation of o = 0.54 & 0.01 mm is measured. The two
distributions are in very good agreement, indicating that the main contribution to
the resolution comes from the setup geometry. Based on this, the spatial resolution
of the DUT, expected to be on the order of ~ 10 um, cannot be measured.

The distribution of recorded photon counts has also been analysed to estimate the
number of detected Cherenkov photons. This estimate is based on the single-event
fits described before, considering only hits within 5oyt of the fitted Cherenkov ring,
where og; is the error on the radius parameter extracted from the fit. Figure 8.24
shows the resulting distribution of photon counts per event, alongside the corre-
sponding distribution from the Geant4 simulation. The data distribution appears
less peaked and exhibits a more pronounced tail compared to the simulation. This
difference is likely due to detector effects and lens imperfections that are not ac-
counted for in the simulation. The mean number of photons per event is measured
to be 15+1, compared with 13+ 1 obtained from the simulation with the corrected
beam configuration.

Y [mm]

0 5 10 15 20 25
X [mm]

Figure 8.23: Plot of the hits of a single ring candidate with the fitted ring super-
imposed.

The initial strategy to measure the DUT time resolution was to use the pair of
Cherenkov radiators placed downstream of the lens system as a timing reference.
However, as already described, issues observed in the output of the timing reference
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Figure 8.24: (Left) Radius distributions of reconstructed Cherenkov rings with
the simulated ring superimposed. (Right) Distribution of the number of photons
reconstructed from data with the expected distribution obtained from the simula-
tion superimposed.

system during data taking made these data unusable. The trackers could not serve
as an alternative reference either, as shown in Figure 8.19, since their low operating
voltage limited their timing resolution to about 1 ns.

Therefore, the DUT time resolution was estimated using only the timing infor-
mation from candidate Cherenkov rings. For each ring candidate, hits were ran-
domly split into two subsets. The time of each hit in one subset was randomly
subtracted from that of a hit in the other subset. This also helps mitigate system-
atic effects, such as variations in the optical path and chromatic dispersion. The
method has been tested on the simulation data, the result is in good agreement
with the results reported in Sec.8.2.4. The resulting distribution was fitted with
an unbinned maximum likelihood method using a Crystal Ball function [293] to
account for possible asymmetric tails. Figure 8.25 shows the measured time differ-
ence distribution together with the fit result. The fit yields a timing resolution of
0Toa = 400+ 10 ps. Since this value comes from the difference of two statistically
independent subsets, the intrinsic DUT resolution is obtained by dividing by /2,
giving a:fgslfbeam = 283 + 7 ps. This value differs from the timing resolution of
U%EEHOTON = 88 £ 9 ps measured in laboratory. This discrepancy is primarily
due to the low gain of the MCP at an operating voltage of 2100 V, compared to
the 2400 V bias used in laboratory measurements. Moreover, this result should be
considered preliminary, as no external time reference was used in the analysis as
described previously.
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Figure 8.25: Distribution of the time of arrival difference of the photons with the
fit results distribution superimposed.

8.4 4DPHOTON characterisation overview

A set of characterisation measurements has been carried out to verify the correct
operation of the first MCP-PMT prototype. These measurements include assess-
ments of the dark count rate and gain under dark conditions, as well as timing
resolution measurements using a 405 nm picosecond laser setup. The average gain
and dark count rate values across the matrix are consistent with the reference val-
ues provided by Hamamatsu Photonics Japan (HPK) and meet the project target
specifications. However, further investigations are needed to better understand
the sources of gain variations observed across the matrix.

Timing resolution results are currently higher than expected. Ongoing efforts aim
to reduce the dominant contributions to these results, including improvements
in VCO and timewalk calibrations, testing at higher MCP bias to increase the
charge collected by each pixel and reduce signal jitter, and optimising electron
cloud focusing to distribute the charge across more pixels, thereby enhancing the
multi-sampling effect in cluster timing resolution estimation. A precise evaluation
of spatial resolution is still in progress; preliminary laser measurements already
indicate sub-pixel resolution.
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8.4. 4DPHOTON characterisation overview

A new testbeam campaign has been performed during November 2025 at the
CERN SPS North Area, using the same setup as previously presented but with
improvements, including in particular enhancements to the timing system in order
to obtain a more precise and realiable time resolution measurement. Tests have
been performed over a wider range of bias voltages for both the trackers and the
DUT, in order to study the dependence of the measured quantities. Moreover, sev-
eral prototypes with different properties of the DUT have been tested. A detailed
analysis is ongoing.
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Chapter 9

Conclusions

During my PhD I have been involved in various activities related to the LHCDb
experiment. I worked on a new analysis of the B — 5. K*n~ decays, with
N — pp, to search for an exotic candidate in the 7.7~ system, of which I am
the main contributor and corresponding author for the relative publication. With
respect to the previous analysis [173]| the sample is doubled in size, allowing a
more precise measurement of the branching ratio of the decay and improving the
amplitude analysis description. The measurement of the B® — 1. K7~ branching
ratio has been performed leading to:

B(B® — 7K T77) = (5.82 4 0.20501 & 0.23 55 £ 0.55¢5¢) - 1074

where the first uncertainty is statistical, the second systematic, and the third is
due to the limited knowledge of external branching fractions. The data are better
described by including a resonance decaying to n.m~. However, this resonance is
found to be not significant when systematic uncertainties are taken into account.
New measurements of the branching fractions of the B — n.K* decays have also
been performed. The results of this analysis supersede those obtained in Ref. [173]
and, at the time of submission of this thesis, are submitted to EPJC and can be
found in Ref. [300].

In parallel to the analysis activity, I also contributed to the LHCb RICH opera-
tions and future upgrades. I developed a tool to compute online charged-hadron
identification performance. Using data processed by the second level trigger, the
yield of the D** — D%(— K—7t)nrt and A — pr~ decays are calculated, using a
fitting procedure optimised to be robust and consistent, and are used to calculate
the identification and misidentification efficiencies of the p, K and 7 hadrons. This
tool have been deployed during the 2025 data taking period of LHCb and used
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since then. It is the first tool computing quasi-online (within a day after the data
taking) high-level variables for the RICH detectors.

In addition, I contributed to the development of a novel photon detector, based on
the Timepix4 ASIC and an MCP, within the ADPHOTON project. I contributed to
the software development of the Timepix4 analysis framework and to the measure-
ments performed to characterise the ASIC, reported in Ref. [346]. I contributed to
the measurements performed in the laboratory on the first propotypes of the pho-
ton detector and I also developed the Geant4 simulation for the setup used during
the testbeam campaign. The testbeam has been carried out at the end of 2024:
I participated to the data taking and I performed the offline analysis of the data.
The testbeam results are in agreement with the ones obtained from the simulation.
The timing resolution of the detector is measured to be aggitbeam = 283+ 7 ps dif-
fering from the laboratory measurement of J%E/EHOTON = 8819 ps mainly because

of the lower bias applied to the MCP during the testbeam.
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Addition related to the physics
analysis

A Analytical expressions for PDFs
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A. Analytical expressions for PDFs

and

430 = 11 0

K;(¢) are the modified Bessel functions of the second kind.
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B. DecayTreeFitter variables

B DecayTreeFitter variables

The DecayTreeFitter (DTF) is employed to recalculate the four-momenta of the
final state particles by applying specific mass and/or vertex constraints. This
process enhances the mass resolution. A DTF fit is applied in which the B° mass
is constrained to its PDG value and the B° momentum is required to point to the
primary vertex. No constraints were imposed on the DTF 2.

The following variables have been obtained through DTF:

® m,;, used as control variable in the 1D sPlot procedure and as discriminant
variable in the 2D sPlot procedure;

2

e The DP variables miﬁ _,m
T NeT

_ and mfh s+ and the SDP variables m’ and

/

0

C MVA input variables and BDT output cross-checks

In order to check if the variables used in the MVA analysis are compatible between
data and MC a comparison after the multivariated selection is performed. The
comparison is not possible before the multivariated selection because the data
are dominated by the combinatorial background. The data distribution are also
reweighted using the SWeights from the 1D fit described in sec. 4.5.2 and showed
in figures 4.22. The comparison are shown in figure C.1 and C.2.
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Figure C.1: Comparison for Runl MVA discriminating variables for data (blue)
and MC (red).
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Figure C.2: Comparison for Run2 MVA discriminating variables for data (blue)
and MC (red).
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D. Fit models and MC fit

D Fit models and MC fit

D.1 B° — ppKtn~

The B° — ppK 7~ component has been parametrised using the Hypatia PDF.
The fits to the Runl and Run2 sample are shown in Figure D.1 and the resulting

parameters are shown in Tab. 1.

Parameter Value
Runl
L 5280.90 £ 0.19
o 13.57 & 0.08
B (-1.754+1.18) - 1073
z (7.14 +9.46) - 1074
l -4.27 4+ 0.23
Qe ft 2.34 + 0.05
Nie ft 2.15 £ 0.14
Aright 2.52 + 0.09
Nright 2.43 + 0.25
Run2
u 5281.60 £ 0.03
o 13.68 + 0.05
B (—4.18 £ 0.48) - 1073
z (1.05 £+ 7.52) - 1074
l -3.98 £+ 0.11
Qe ft 2.39 + 0.03
Nieft 2.05 £ 0.07
Aright 2.43 + 0.05
Nright 2.11 £ 0.15

Table 1: Parameters extracted from the fit to the Runl and Run2 simulated
MppK+r— iNvariant mass distribution.

D.2 B° — pprntn—

The B — pprt7n~ component has been parametrised using the CrystallBall func-
tion. The fits to the Runl and Run2 sample are shown in Figure D.2 and the
resulting parameters are shown in Tab. 2.

D.3 B°— ppKtn~

The BY — ppK 7~ component has been parametrised using the Hypatia PDF.
The fits to the Runl and Run2 sample are shown in Figure D.3 and the resulting
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D. Fit models and MC fit

Parameter Value
Runl
7 5325+ 3
Oleft 10+4
Oright 28 + 2
Qe ft 0.9+0.3
Nieft 8+ 7
Qright 1.9+0.1
Noright 0.5+0.3
Run2
7 5332.1+£0.8
Oleft 17.34+0.6
Oright 23+1
Qe ft 1.94+0.2
Nieft 8+ 8
Qright 1.14 £0.08
Nright 2.84+0.5

Table 2: Parameters extracted from the fit to the Runl and Run2 simulated
B® — pprtn~ invariant mass distribution.

parameters are shown in Tab. 3.

D.4 B° - ppK+K~

The BY — ppK+ K~ component has been parametrised using the Crystal Ball
function. The fits to the Runl and Run2 sample are shown in Figure D.4 and the
resulting parameters are shown in Tab. 4.

D.5 Jh) — pp

The J/v) — pp component has been parametrised using the a Hypatia PDF. The
fits to the Runl and Run2 sample are shown in Figure D.5 and the resulting
parameters are shown in Tab. 17.

D.6 n.— pp

The 1. — pp component has been parametrised using the a Crystal Ball function
convoluted with a relativistic Breit-Wigner. The fits to the Runl and Run2 sample
are shown in Figure D.6 and the resulting parameters are shown in Tab. 6.
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D. Fit models and MC fit

Parameter ~ Value [MeV]
Runl
1 5369.45 + 0.01
o 14.01 £+ 0.01
B —0.009 £ 0.001
z 0.099 £ 0.001
l —4.017 £ 0.001
Qe ft 3.835 £0.001
Pieft 0.0 0.9
tright 1.819 4 0.001
Nyight 4.659 £+ 0.001
Run2
W 5369.09 £ 0.04
o 14.05 £ 0.09
B —0.005 £ 0.001
z 0.30£0.01
l —3.57+£0.04
et 3.01 + 0.01
Mieft 0.940.2
Aright 2.440.1
Nright 2.33 £ 0.09

Table 3: Parameters extracted from the fit to the Runl and Run2 simulated
BY — ppK 7~ invariant mass distribution.
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D. Fit models and MC fit

Parameter Value [MeV]

Runl
v 5317.3 £0.8
Oleft 28+1
Oright 14.5 + 0.6
Qeft 1.45+ 0.09
Nieft 0.9+0.2
Qright 1.84+0.2
Nyight 10£8
Run2
u 5314.3+ 0.4
Oleft 27.8+0.7
Oright 16.2+0.3
Qleft 1.06 £0.05
Nieft 4.34+0.7
Qlright 22402
Nright 9+6

Table 4: Parameters extracted from the fit to the Runl and Run2 simulated
B? — ppK* K~ invariant mass distribution.
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D. Fit models and MC fit

Parameter ~ Value [MeV]

Runl

7 3096.72 + 0.07

o 5.1+0.1

[ —-3.1+£1

z 1+2
beta 0.008 4+ 0.003
Qe ft 2.43 £+ 0.09
Nieft 2.44 4+ 0.06
Aright 2.2+0.1
Nright 1.9+0.1

Run2

W 3096.60 4+ 0.02

o 4.83 £0.03

l 3+3

z 3+£2
beta 0.013 +0.001
Qleft 1.96 £ 0.02
Nie ft 2.69 + 0.05
Aright 2.05 £0.02
Nright 2.69 + 0.05

Table 5: Parameters extracted from the fit to the Runl and Run2 simulated
B — J/VK*7r~ with J/¥ — pp invariant mass distribution.
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D. Fit models and MC fit

Parameter Value [MeV]

Runl
UpeB 0 (fixed)
or 21409
OR 5.2+0.6
Qeft 444+04
right 2.2+0.1
Mieft 15+ 12
Tright 2.240.2
HRBW 2981 +1
r 30.46 £+ 0.05
Run2
IDCB 0 (fixed)
oy, 3.0£04
OR 0.8+0.2
et 1.040.2
right 0.7+0.1
Mieft 1542
Tright 2.3+0.2
urew  2985.4+0.3
T 30.43 £ 0.05

Table 6: Parameters extracted from the fit to the Runl and Run2 simulated
B? = n.Ktn~ with 1, — pp invariant mass distribution.
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E. Check on PID resample

E Check on PID resample

The resampling is applied to the PID variables using the available calibration sam-
ples. In figure E.1 and E.2 are shown the distribution of the ProbNN variables
before and after the resampling. The resampled variables show a clear bias. An-
other check for a possible bias in the resampling due to the cut applied in the
stripping line for Run2 is performed. Tighter cut are applied with respect to the
one reported in table 4.3, the cut are increased of 0.05 before applying the resam-
pling. The comparison between the MC resampled variables used in the analysis
and the MC resampled variables obtained by increasing the cuts are shown in fig-
ure E.3, E.4, E.5 and E.6. No difference are present between the two distribution
so the cuts applied in the stripping line do not bias the resampling.
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Figure E.1: Comparison for pPlusProbNNp variables before (black) and after (red)
the resampling, the Runl variables show a clear bias.
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Figure E.2: Comparison for pMinusProbNNp variables before (black) and after
(red) the resampling, the Runl variables show a clear bias.
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Figure E.4: Comparison for pMinusProbNNp resampled variables with the nomi-
nal stripping cut (blue) and with the stripping cut increased by 0.05 (red).
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Figure E.5: Comparison for kPlusProbNNK resampled variables with the nominal
stripping cut (blue) and with the stripping cut increased by 0.05 (red).
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Figure E.6: Comparison for piMinusProbNNpi resampled variables with the nom-
inal stripping cut (blue) and with the stripping cut increased by 0.05 (red).
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F. Multiple candidates distributions

F  Multiple candidates distributions

The 2D invariant mass distribution my;V Sm;c+ - of the rejected multiple candi-
dates is shown in figure F.1. The majority of events are from the B — J/yK+7n~
decay which would not be selected after the cut on the 1. mass. The number of
events rejected as multiple candidates that are in the signal region (m,5x+,- in
[5220,5340] MeV and my,, in [2908,3058] MeV) are 45 for Run 1 and 187 for Run 2.
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Figure F.1: myzV Sm s+~ distribution for the multiple candidates eliminated
from the sample.

G Alternative 2D fit models

The 2D fit results to the my; and m;r+,- with the addition of the component
describing 7. combined with spurious K and 7~ are shown in figure G.1 and G.2.
In table 7 are shown the yields extracted. As can be seen the added component
has yield always compatible with 0.
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G. Alternative 2D fit models
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Figure G.1: Runl (left) and Run2 (right) m,5x+,- invariant mass distribution fit
projection with the component describing 7. combined with spurious K+ and 7.
The pull plot are also shown.
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Figure G.2: Runl (left) and Run2 (right) m,; invariant mass distribution fit pro-
jection with the component describing 7. combined with spurious K+ and 7.
The pull plot are also shown.

Yield Value
Runl
Nyg  T80£T2
NjyR 186 + 68
Ngomb 344 4 44
NV 34439
Run2
Nyg 4384 +£124
N 7824104
Ngemb 1708 £ 87
N 18467

Table 7: Yield extracted from the 2D mass fit with the component describing 7.
combined with spurious KT and 7.
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H. Alternative signal extraction strategy

H Alternative signal extraction strategy

The new strategy consists of: first perform a fit to the m,; distribution and then,
from the SWeights obtained, the fit on the B® mass distribution using the same
ranges defined in the note. In figure H.1 are shown the plot to the m,, invariant
mass distribution. In figure H.2 are shown the fit performed on the B? distribution
reweighted using the SWeights from the previous fit, in table 8 are reported the
yields extracted. Table 8 shows that all the components are negligible except for

the B — n.KTm~. Also in this case the non-resonant contribution of the 7, is
negligible.
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Figure H.1: Fit to the Runl (left) and Run2 (right) M, invariant mass distribu-
tion. The pull distribution are also shown.
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Figure H.2: Fit to the weighted Runl (left) and Run2 (right) Mpo invariant mass
distribution. The pull distribution are also shown.
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H. Alternative signal extraction strategy

Yield Value

Runl

Npoppipi 802 £ 38
Npopppipi 0+ 34
NBstpri 0+6
Npsoppek 3+ 229
Nikg 120 + 49

Run2

Npoppicpi 4397 £ 81
Npopppipi 0% 13
NBsprKpi 0+1
Npsoppkke T8 £43
Nikg 60 + 32

Table 8: Yield extracted from the SPlot fit to the B° distribution.
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1. Data-MC discrepancies studies for efficiencies calculation

I Data-MC discrepancies studies for efficiencies calcu-
lation

The impact of the different tracking response between data and MC in the ef-
ficiency maps have been studied. In particular, checks for different multiplicity
of the tracks or number of SPD hits between data and MC, affecting the trigger
selection, have been performed. The efficiency maps, described in sec. 4.7, have
been computed with only the trigger selection applied. Two new sets of maps have
been calculated reweighting each event with the ratio:

data data

NTracks or "NSPDhits
nMC nMC
Tracks SPDhits

The normalised histograms are shown in figures 1.1 and 1.2. The maps do not
show a clear pattern, the distribution is uniform so the effects of this data and MC
discrepancies are negligible.
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Figure I.1: Ratio of the reweighted and non-reweighted trigger efficiency maps
based on the SPD hits number, Runl (left) and Run2 (right). Z-axis is shown in
arbitrary units.
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Figure 1.2: Ratio of the reweighted and non-reweighted trigger efficiency maps
based on the number of tracks, Runl (left) and Run2 (right). Z-axis is shown in
arbitrary units.
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J. Control and discriminating variable correlation

J Control and discriminating variable correlation

A check for possible correlation between the control and discriminating variables
used in the SWeights methods is performed. In Figure J.1 are shown the 2D dis-
tribution of the variables. In table 9 are shown the correlation factor of the control
and discriminating variables. The qualitative inspection and the correlation coef-
ficient indicates that the variables are not correlated.

Set of variables Correlation

MyppV S gt - -0.057
mypV Sy, - 0.088
mppV Sy, g+ -0.018
mpoVSmy+,— 0.017
mpoV.Sm,, .- -0.031

mpoV.Sm, g+ 0.009

Table 9: Correlation factor between disciminating and control variables used for
the SWeight fit.
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Figure J.1: 2D distribution of the discriminating and control variables used in the
SWeights method.
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K. Comparison with the results of the previous analysis

K Comparison with the results of the previous analysis

As already described in 4.1, an analysis has been performed studying the BY —
neKTm~ decay and found the evidence for a state decaying to n.m~ [173]. The
mass and width found are:

my,. (4100~ = 4096 £ 20535 MeV

FT65(4100)* =152+ 581—2(5)M6V

with a fit fractions of 3.3 + 1.1fﬁ, the JE favourite assignement could not be
discriminated once systematic uncertainties are taken into account.

In order to cross check the results obtained in this analysis, the same fit strategy
has been applied to the Runl and 2016 data only and the amplitude fit has been
performed in this data sample. The results for the new resonance are reported in
table 10. No systematics uncertainties are taken into account.

As can be seen the results are consistent with each other, the only discrepancy is
on the width of the J¥ = 1~ hypothesis, even though they are compatible within
~ lo. The reason for this discrepancy is probably due to some differences in
the signal selection and the different fitter and minuit version, from ROOT 6.30
Minuit2 is the default minimizer.

Variable  Value from current analysis Value from the previous analysis
JP = 07 hypothesis

mTcé(4100)7 4090 £+ 14MeV 4059 + 30MeV
T7.. (4100)- 178 £ 60MeV 163 + 67MeV
FF 3.1+1.0% 3.5+1.6%
JP =1~ hypothesis
mTcé(4100)— 4096 £ 21MeV 4096 £+ 20MeV
FTCE(4100)7 394 + 173 152 £ 58MeV
FF 3.6 +1.2% 3.3+1.1%

Table 10: Mass, width and fit fraction of the T,z(4100)~ candidate from the Runl
and 2016 data sample measured from the current and previous analysis. Only
statistical uncertainties are taken into account.
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L. Trigger selection

L Trigger selection

The number of events selected by each trigger condition have been calculated and
reported in tables 1112. The efficiencies of signal selection, background rejection
and the ratio ——2— have been calculated and are shown in figure L.1L.2L.3 re-

VS+B
spectively.
Trigger Condition MC Data sidebands  Data signal
Stripping + preselection 217723 321257 24328
Lo
B_LOMuonDecision TIS 41094 79514 5694
B_ LOElectronDecision_ TIS 22558 47041 3676
B_LOPhotonDecision TIS 12695 18798 1491
B_LODiMuonDecision TIS 8811 34539 2254
B_ LOHadronDecision _TIS 80242 126904 9445
LO_TIS 128034 232530 16982
B _LOHadronDecision TOS 140378 151802 12663
HLT1
B _HIt1TrackAllLODecision TOS 128034 321257 24328
HLT2
B_HIt2Topo2BodyBBDTDecision_TOS 180119 224960 16447
B_HIt2Topo3BodyBBDTDecision TOS 198977 209626 17012
B_HIt2Topo4BodyBBDTDecision TOS 150207 104031 10064

Table 11: Number of events selected by the single trigger conditions for Runl.
Events in data sidebands are in the range 5450 < mpo < 5550 MeV. Events in
data signal are in the range 5220 < mpo < 5340 MeV2908 < m,,, < 3058 MeV
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L. Trigger selection

Trigger Condition MC Data sidebands Data signal
Stripping + preselection 767312 5271240 549977
Lo
B_LOMuonDecision TIS 123895 871354 90395
B _LOElectronDecision TIS 141207 1095902 120366
B_LOPhotonDecision TIS 57701 248364 26237
B_LODiMuonDecision TIS 30252 1017806 94647
B_ LOHadronDecision _TIS 268847 1608139 172275
LO_TIS 465791 3709530 380696
B_LOHadronDecision TOS 484673 2906596 324503
HLT1
B _HIt1TwoTrackMVADecision TOS 762279 4945950 518550
B_Hlt1TrackMVADecision TOS 745293 4768570 503602
HLT2
B_HIlt2Topo2BodyDecision TOS 698533 4086620 395245
B_HIlt2Topo3BodyDecision TOS 747098 4065040 451860
B_HIlt2Topo4BodyDecision TOS 639765 2030982 243900

Table 12: Number of events selected by the single trigger conditions for Run2.
Events in data sidebands are in the range 5450 < m s+, < 5550 MeV. Events
in data signal are in the range 5220 < mpo < 5340 MeVand 2908 < m,, < 3058

MeV
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L. Trigger selection
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Figure L.1: Single trigger condition efficiency calculated from the B® — ppK 7~
MC sample. (Left) the Run 1 distrubition (right) the Run 2 distribution
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calculated from the data sideband (5450 < myzx+,- < 5550 MeV). (Left)o?}lle

Run 1 distrubition (right) the Run 2 distribution
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the Run 1 distrubition (right) the Run 2 distribution
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M. Systematics uncertainties studies result from the branching ratio
measurement

M Systematics uncertainties studies result from the branch-
ing ratio measurement

This section presents the results of studies on the systematic uncertainties affecting

the branching fraction calculation.

M.1 Shape parameters

Parameter Value Runl Value Run2
or, 1.17 £ 0.69 4.67 £0.58

OR 6.37 £ 0.61 3.39 £ 0.75

Qe ft 3.99 +0.41 2.82 +0.10
Qright 2.56 + 0.09 1.95+0.22
Nieft 0.10+£0.73 3.45 +4.78
Nright 1.78 £ 0.16 1.87 £0.18

Table 13: Shape parameters mean and sigma extracted from the distribution ob-
tained from the covariance matrix of the fit performed to the Runl and Run2 MC
samples of the B — n.K+7~ decay with . — pp.

Parameter Value Runl  Value Run2

l -3.27+1.29 -—-3.13+0.82

z 1.334+£1.39  0.002 £ 0.003

beta 0.011 £0.002 0.011 £0.002
Qjeft 2.39 4+ 0.05 2.34 +0.02
Nie ft 2.18+0.11 1.88 +0.04
Qright 2.44 4+ 0.05 2.56 + 0.03
Noright 2.04 +0.09 1.68 £0.03

Table 14: Shape parameters mean and sigma extracted from the distribution ob-
tained from the covariance matrix of the fit performed to the Runl and Run2 MC
samples of the BY — J/WK 7~ decay with J/¥ — pp .
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M. Systematics uncertainties studies result from the branching ratio
measurement

Parameter Value Runl Value Run2
[ —4.09 £0.31 —4.00 +£0.25
z 0.0005 £ 0.0005 0.0001 + 0.0001
beta 0.0004 £ 0.0016  —0.005 £ 0.001
e ft 2.33 +£0.07 2.42 +0.05
Nieft 1.98 £0.22 2.03 £0.12
Qright 2.98 +0.09 2.45+0.14
Nright 1.31£0.14 1.72 £0.31

Table 15: Shape parameters mean and sigma extracted from the distribution ob-
tained from the covariance matrix of the fit performed to the Runl and Run2 MC
samples of the B® — ppK 7~ decay.

No /Ny ; NNy
Entries 90 14—

Mean 0.3685 -
Std Dev_ 0.003878

h
Entries 99
Mean 0.351
StdDev_ 0.00338

L P | P | IV S A W PN
Q3% 0355 036 0365 037 0375 038 0385 039 o_aslz w04 o%25 033 0335 034 0345 035 0355 036 0365 0.3[\7‘7| 0378
Ny Ny

Figure M.1: ]\J,V] ’7/1 ratio distributions obtained varying the shape parameters of the

PDFs used to describe the BY, J/v and 7. candidates. Runl on the left and Run2
on the right.
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M. Systematics uncertainties studies result from the branching ratio
measurement

M.2 Signal and background parametrization
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Figure M.2: Fit to the Runl and Run2 simulated 7. — pp invariant mass distri-
bution from BY — n. K7~ using as pdf a RooVoigtian. The pull distribution are
also shown
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Figure M.3: Fit to the Runl and Run2 simulated J/i¢» — pp invariant mass
distribution from B? — J/v K7~ using as pdf a CrystallBall PDF. The pull
distribution are also shown

g omE T 1 5 ewEr. 3
\i 8000 — —T - i zsm)g_—'ruuwm—' _E
< E ] = 30000 B g . =
E 6000:—. 3 H zsnnnE—.H e 3
o 15000 E- E
o0 - 10000 E- =
E somz— —;
ok 0E

- [ [ E T :
r:[—:[[[[ [[[[[[[[[[[ [i ,;_III II II I I I_
iE Il l [° 3 GE Lo : by 1T 1T 3

7;_ 0 5250 5300 5350_ 5200 5250 5300 I 5350
mer MeV] e IMeV]

Figure M.4: Fit to the Runl and Run2 simulated B® — ppK 7~ invariant mass
distribution using as pdf a CrystallBall PDF. The pull distribution are also shown
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M. Systematics uncertainties studies result from the branching ratio

measurement
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Figure M.5: Runl (left) and Run2 (right) 2D fit to extract the BY — n.KTm—
signal.bm,,; -+~ invariant mass distribution fit projection. The pdf parametris-
ing the BY and 7, candidate have been changed to a CrystallBall PDF and
RooVoigtian, respectively. The pull plot are also shown.
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Figure M.6: Runl (left) and Run2 (right) 2D fit to extract the BY — n.Kn—
signal. m,,; invariant mass distribution fit projection. The pdf parametrising the
B? and 7, candidate have been changed to a CrystallBall PDF and RooVoigtian,
respectively. The pull plot are also shown.
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M. Systematics uncertainties studies result from the branching ratio
measurement
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Figure M.7: Runl (left) and Run2 (right) 2D fit to extract the BY — J/yK+r—
signal. m,;x+,- invariant mass distribution fit projection. The pdf parametrising

the B® and J/¢ candidate have been changed to a CrystallBall PDF. The pull
plot are also shown.
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Figure M.8: Runl (left) and Run2 (right) 2D fit to extract the B — J/ K Tn—
signal. my,; invariant mass distribution fit projection. The pdf parametrising the

BY and J/v candidate have been changed to a CrystallBall PDF. The pull plot
are also shown.
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M. Systematics uncertainties studies result from the branching ratio
measurement

Parameter Value Runl Value Run2
Ny 2256 =+ 50 12790 £ 119
Ny, 777+ 43 4157 £ 97

Table 16: Yields obtained from the 2D fit taking into account the PDF choice as
source of systematic uncertainty.
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M. Systematics uncertainties studies result from the branching ratio

measurement
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Figure M.9: Runl (left) and Run2 (right) m,;x+,- invariant mass distribution fit

projection. Fit applied in the mass range 2924 < m,; < 3044 MeV. The pull plot
are also shown.
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Figure M.10: Runl (left) and Run2 (right) m,; invariant mass distribution fit

projection. Fit applied in the mass range 2924 < my; < 3044 MeV. The pull plot
are also shown.

M.3 Mass windows

Parameter Value Runl Value Run2

Ny 2181 £ 51 12413 + 122
Ny, 808 £+ 44 4111 + 100

Table 17: Yields obtained from the 2D fit taking into account the mass windows
choice as source of systematic uncertainty.
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M. Systematics uncertainties studies result from the branching ratio
measurement
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Figure M.11: Runl (left) and Run2 (right) m,; invariant mass distribution fit

projection. Fit applied in the mass range 3082 < mp; < 3112 MeV. The pull plot
are also shown.
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Figure M.12: Runl (left) and Run2 (right) m,sx+,- invariant mass distribution

fit projection. Fit applied in the mass range 3082 < m,; < 3112 MeV. The pull
plot are also shown.
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N. Systematic uncertainties of the fit fractions from the K* + T,z(4100)~

model
with JP =1~

N Systematic uncertainties of the fit fractions from the

K* + T.:(4100)~

model with JX =1~

Component Nominal value Fixed yields Fit bias Efficiency Ne
K*(892) 0491 +0.013  +0.005  +£0.011  +0.004  -0.011
K*(1410) 0.039 + 0.009 -0.004 +0.001  +0.002  -0.016

LASS 0.316 + 0.050  +0.018  £0.011  +0.005  -0.041
K3(1430) 0.040 + 0.009 -0.003 +0.004  £0.002  +0.001
K*(1680) 0.015 + 0.009  +0.005  £0.009  +0.002  +0.001
K(1950) 0.022 + 0.005  +0.006  £0.007  +0.002  +0.001
06(4100) 0.011 + 0.005 -0.001 +0.001  +0.002  -0.001

K*(892) — K*(1410)  -0.014 £ 0.011  +0.006 ~ £0.003  +0.002  -0.002
K*(892) — K*(1680)  0.003 + 0.009  40.005  40.002  +0.002  0.002
K*(1410) — K*(1680)  -0.026 &+ 0.012  +0.003  +0.007  £0.002  +0.025
LASS— K (1950) 0.051 + 0.057 -0.032 +0.019  4+0.004 0%
K*(892) T.z(4100)~  0.011 + 0.007 -0.003 +0.004  +0.001  -0.001
K*(1410) — T.2(4100)~  -0.007 + 0.003 ~ +0.002  +0.004  40.001  +0.001
LASS—T,:(4100)~ 0.034 + 0.016 -0.005 +0.001  +0.003  -0.002
K3(1430) — T.2(4100)~  0.001 £ 0.002  +0.001 +0.002  +0.001  +0.001
K*(1680) — 00(4100) 0.005 + 0.003 0 +0.001  +0.001 5002
K(1950) — T.2(4100)~  0.007 £ 0.003 -0.002 +0.003  +0.001 0

Table 18: Systematic uncertainties associated to the fit fractions calculated using

the K* + T,:(4100)~

model. The nominal value from the amplitude fit is reported

in the second column with its statistical uncertainty. Components labelled like

K*(892) —
nances.

K*(1410) stand for the interference fit fraction between the two reso-
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N. Systematic uncertainties of the fit fractions from the K* 4+ T,.z(4100)~ model
with JX =1~

Component Fixed parameters
K*(892) +0.001
K*(1410) 1+0.017

LASS +0.034
K3(1430 +0.001
K*(1680) +0.002
K(1950) +0.010

T.=(4100)~ +0.003

K*(892) — K*(1410) +0.006
K*(892) — K*(1680) +0.027
K*(1410) — K*(1680) +0.021
LASS—K(1950) +0.013
K*(892) — T,+(4100)~ +0.003
K*(1410) — Trz(4100)~ 1+0.002
LASS—T.:(4100)~ 4+0.011
K3(1430) — Trz(4100)~ 1+0.001
K*(1680) — T0.:(4100)~ +0.001
K} (1950) — T,z(4100)~ +0.001

Table 19: Systematic uncertainties associated to the fit fractions calculated using
the K* +T¢z(4100)~ model. The nominal value from the amplitude fit is reported
in the second column with its statistical uncertainty. Components labelled like
K*(892) — K*(1410) stand for the interference fit fraction between the two reso-

nances.
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N. Systematic uncertainties of the fit fractions from the K* 4+ T,.z(4100)~ model

with JZ =1~
Component Background parametrization K;(1430) Efficiency veto

K*(892) +0.013 -0.027 +0.017
K*(1410) +0.018 -+0.040 +0.022

LASS +0.038 +0.037 -0.001
K3(1430) +0.015 -0.008 -0.017
K*(1680) +0.018 -0.005 -0.003
K§(1950) +0.083 -0.015 +0.004
ch(4100)_ +0.009 -0.005 -0.001
K*(892) — K*(14 +0.028 +0.096 -0.042
K*(892) — (1680) +0.013 -0.026 -0.022
K*(1410) — K*(1680) +0.022 -0.006 +0.053
LASS—K§(1950) +0.290 -0.049 -0.010
K*(892) — Trz(4100) +0.009 -0.011 +0.006
K*(1410) — T,z(4100)~ +0.004 +0.007 -0.002
LASS—T¢(4100)~ +0.015 -0.013 +0.006
K5(1430) — Tcz(4100)~ +0.002 +0.001 +0.002
K*(1680) — Tz(4100)~ +0.003 -0.005 -0.010
K§(1950) — T2(4100)~ +0.005 -0.008 -0.002

Table 20: Systematic uncertainties associated to the fit fractions calculated using
the K* +T¢z(4100)~ model. The nominal value from the amplitude fit is reported
in the second column with its statistical uncertainty. Components labelled like
K*(892) — K*(1410) stand for the interference fit fraction between the two reso-
nances.
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N. Systematic uncertainties of the fit fractions from the K* + T,z(4100)~
with JX =1~

model

Component Nominal value Total
K*(892) 0.491 + 0.013 902
K*(1410) 0.039 £ 0.009 3058

LASS 0.316 + 0.050 072,
K3(1430) 0.040 + 0.009 9015
K*(1680) 0.015 + 0.009 +0:021
K (1950) 0.022 + 0.005 008
T,2(4100)~ 0.011 £ 0.005 3019

K*(892) — K*(1410)  -0.014 + 0.011  *9:100
K*(892) — K*(1680)  0.003 4 0.009 +3039
K*(1410) — K*(1680)  -0.026 + 0.012 5977
LASS—K;(1950) 0.051 + 0.057 9291
K*(892) — T.(4100)~  0.011 + 0.007  *+0:012
K*(1410) — T.2(4100)~  -0.007 + 0.003 +0:009
LASS—T.:(4100)~  0.034 + 0.016 9019
K3(1430) — T.2(4100)~  0.001 £ 0.002  +0:9%4
K*(1680) — T.z(4100)~  0.005 & 0.003  +0:003
K3(1950) — Toe(4100)~  0.007 + 0.003  +0:996

Table 21: Summary of systematic uncertainties associated to the fit fractions cal-
culated using the K* + T,z(4100)~ model. The nominal value from the amplitude
fit is reported in the second column with its statistical uncertainty. Components
labelled like K*(892) — K*(1410) stand for the interference fit fraction between
the two resonances.
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O. Effect of reweighting on the MC distributions

O Effect of reweighting on the MC distributions

In this sections the comparison between data, MC and rewighted MC using the

GBreweighter tool are shown.
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Figure O.1: Effect of the B kinematic reweight on the training variables for Run 1,
left for the B® — n.K 7~ decay and right for the B® — J/¢K*m~. The original
MC distributions are shown in red, the data sample is shown in black, and the
weighted MC distributions are shown in red.
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O. Effect of reweighting on the MC distributions
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Figure O.2: Effect of the B kinematic reweight on the training variables for Run 2,
left for the B® — n.K*7~ decay and right for the B® — J/vK*7~. The original
MC distributions are shown in red, the data sample is shown in black, and the
weighted MC distributions are shown in red.
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O. Effect of reweighting on the MC distributions
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Figure O.3: Effect of the Dalitz plot reweight on the training variables for Run 1,
left for the B® — n.K*7~ decay and right for the B® — J/vK*7~. The original
MC distributions are shown in red, the data sample is shown in black, and the
weighted MC distributions are shown in red.
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Figure O.4: Effect of the Dalitz plot reweight on the training variables for Run 2,
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MC distributions are shown in red, the data sample is shown in black, and the
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Addition related to the

ADPHOTON tube
characterisation

P Impact of the trackers on the beam properties

The impact of the trackers on the beam properties studied using the Geant4 sim-
ulation are reported. As described in Sec. 8.2.3, the beam is composed of protons
with a momentum of (0,0,180) GeV. As can be seen from Figure P.1, the momen-
tum along the Z or g axis of the protons when entering the radiator lens follow
Gaussians distribution with o < 5 MeV. The effect on the beam position is studied
on a point-like beam, where the particle of each event is generated with coordi-
nates (0,0), Figure P.1 shows the distribution of the protons entering the radiator
lens. As expected, the distribution are Gaussian with ¢ ~ 17 pm, comparable to
the pixel size of the Timepix4. Considering these results, the impact of the tracker
system is negligible on the beam properties.
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Figure P.1: (Left) x and y momentum distribution of the protons of the beam
entering the radiator lens. (Right) x and y distribution of the protons of the beam

entering the radiator lens.
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Q. Time resolution studies on the timing system

Q Time resolution studies on the timing system

The studies to optimise the position of the timing system are reported. Two
beam configuration have been tested. A point-like beam, with no divergence and
same emission point for the protons and one gaussian smeared, in position with
a 0 = b mm and a divergence of ¢ = 1 mrad. Figure Q.1 shows the distribution
of the resolution of the system as function of the distance from the beam and
the angle with respect to the Z axis. The performance with a gaussian beam are
consistent along the tested range, while a minimum around 1.5 cm and an angle
of 60° is found, this configuration is then used in the final testbeam setup. In this
studies, the resolution is extracted as the ¢ from a gaussian fit applied to the peak
of the distribution of a single radiator.
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Figure Q.1: Time resolution of the timing system as a funcion of the distance and
angle from the beam axis. (Left) Calculated from a point-like beam and (right) a
gaussian smeared beam.
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