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Abstract

This thesis presents studies of charm mixing and CP violation, together with investi-
gations of the performance of the Ring Imaging Cherenkov (RICH) detectors of the
LHCb experiment in Run 3 and in the context of the Upgrade Il programme.

The first part of this thesis focuses on a measurement of charm mixing and CP-
violation observables in the decay channel D®— K77t~ using Run 3 data collected
in 2024 by the LHCb experiment. The analysis employs the bin-flip method, a
model-independent approach that avoids reliance on amplitude modelling and re-
duces systematic effects related to efficiency variations across the Dalitz plane. Al-
though based on a subset of the full Run 3 dataset, the integrated luminosity already
exceeds that of Run 2, resulting in sensitivities that are slightly improved.

The stability of the results is investigated as a function of the data-taking blocks,
and good overall consistency and robustness of the measurement are observed.

The second part of the thesis evaluates the performance of the upgraded RICH
detectors using Run 3 data from 2024. Studies of photon timing and hit distributions
validate the detector performance under real data-taking conditions and provide in-
sight into background contributions and their impact on the single photon resolution.

The final part addresses the prospects for particle identification at the high lumi-
nosities foreseen for the LHCb Upgrade II. Simulation-based studies of several RICH
detector configurations highlight the importance of timing and spatial resolution in
maintaining excellent particle identification performance, and provide input to the
design choices for the future upgrade of the experiment.
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Introduction

Since the dawn of civilisation, humankind has sought to identify the fundamental
building blocks of nature and the laws governing their interactions. This pursuit,
initiated by ancient philosophers, has culminated in the formulation of the Stan-
dard Model (SM) of particle physics: a theoretical framework capable of describing
all known elementary particles and their interactions, with the notable exception of
gravity. Over the past century, the SM has withstood a huge number of experimen-
tal tests, and the extraordinary discovery of the Higgs boson at the Large Hadron
Collider (LHC) in 2012. Despite its remarkable success, the SM accounts for only
about 5% of the total energy content of the Universe and leaves several questions
unanswered. For instance, it fails to incorporate gravity and general relativity, does
not accommodate neutrino oscillations [1, 2] or their non-zero masses [3], and can-
not explain the observed dominance of matter over antimatter, known as baryon
asymmetry [4].

The search for physics beyond the Standard Model (BSM) follows two main strate-
gies. The first consists of direct searches for new particles or interactions predicted
by theoretical models, such as supersymmetry or dark sector extensions. The second
relies on precision measurements of known processes, aiming to detect deviations
from SM predictions that would indicate the presence of new phenomena. The latter
approach, which has historically played a decisive role in shaping our understand-
ing of fundamental physics, is particularly sensitive to virtual effects of particles too
massive to be produced directly in current accelerators.

A crucial phenomenon in this context is the violation of the combined charge
conjugation (C') and parity (P) symmetries, collectively referred to as CP violation.
According to Sakharov’s conditions, CP violation (CPV) is a necessary ingredient
to generate the baryon asymmetry of the Universe. Within the SM, the sole source
of CP violation in the quark sector is a single irreducible complex phase in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [5} [6], which governs the weak inter-
action of quarks. This paradigm has been extensively tested in the decays of kaons
and B mesons [7-15]. However, the CP violation predicted by the SM is insuffi-
cient by several orders of magnitude to account for the observed matter—antimatter



imbalance, motivating searches for additional sources of CP violation.

Charm hadrons provide a unique environment for such studies. They are the only
systems where CP violation and flavour-changing neutral currents (FCNC) involving
up-type quarks can be probed, offering sensitivity to new interactions that may leave
down-type quarks unaffected. In the SM, both CP violation and FCNC processes
in charm decays are expected to be exceedingly small due to the strong suppres-
sion of relevant CKM factors and the effectiveness of the Glashow—Iliopoulos—Maiani
(GIM) mechanism [16]. As a result, any significant deviation from these tiny SM
expectations could be an indication of new physics.

One particularly intriguing process is the phenomenon of neutral DY meson mix-
ing, in which a DO oscillates into its antiparticle D through second-order weak in-
teractions. Such mixing is predicted to occur at a much slower rate than in the kaon
or beauty systems, making it experimentally challenging to measure. The study of
CP violation in the charm sector has seen a renaissance in the past two decades,
with milestone contributions from the BaBar [17], Belle [1§], and CDF [19] experi-
ments. The LHCb experiment, operating at the LHC since 2010, has advanced the
field thanks to the unprecedented production rates of charm hadrons. Notably, it
reported the first single-experiment observation of D mixing in 2012 [20] and the
first observation of CP violation in DY decays in 2019 [21].

Despite these remarkable achievements, the full experimental potential of the
LHCb detector has yet to be realised, and further studies are essential to address the
remaining theoretical challenges. In particular, uncertainties related to low-energy
strong-interaction dynamics hinder a definitive assessment of whether the observed
CP violation is fully compatible with the SM. This situation has sparked renewed
theoretical interest in the charm sector. In this context, complementary searches for
time-dependent CP violation in charm-hadron decays could play a decisive role in
disentangling the underlying physics.

In this thesis, a measurement of the mixing and CP violation in the three-body
decays of D? » K27r*m~ through the bin-flip analysis is presented. The bin-flip
method is a model-independent approach that is optimised towards the measurement
of the mixing parameter  and that avoids the need for an accurate modelling of the
efficiency variation across phase space and decay time [22]. In addition to that, during
my PhD I also worked in the RICH group, focusing my studies on the performances
of the RICH detectors in both Run 3 and Upgrade II. For the Run 3, I used the data
collected during 2024, for the Upgrade II I ran simulations.

The thesis is organised into four main parts: an introduction, a second part
dedicated to the analysis, and the third and fourth parts focusing on the detector,
specifically on Run 3 and on Upgrade II, respectively. Chapter [I] introduces the
theoretical formalism to describe mixing and CP violation, focusing on the charm
sector and including also an overview of the experimental status. Then, in Chapter

vi



the new Run 3 LHCD setup is presented. Then there is the analysis part, covered
in Chapters [BH7, which describes the entire analysis workflow: from data selection,
through the study of experimental correlations and the investigation of the asymme-
try effect, up to the data fitting with the corresponding results and the systematic
studies. The third part presents the performances of the rich detectors done with the
Run 3 data collected during 2024, so Chapters address the evolution of detector
occupancies as a function of the applied photon time windows. Chapter [8| focuses
on the evolution of the hitmaps under different running conditions, including local
runs, global runs, and Monte Carlo simulations, while Chapter [9 presents a study of
the background contribution to the single photon resolution and its evolution across
detector quadrants.

Then, the fourth part (Chapter focuses on the studies performed for the
Upgrade II, used for the Scoping Document [23]. Finally, there is a conclusive part
with a summary of all the results obtained.

This thesis has been conducted within the framework of the LHCb collaboration.
All studies and results presented, including the associated plots, are based on work
carried out during my three years of doctoral research, unless explicitly cited other-
wise. References are provided for any material or figures not produced as part of this
thests.
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Chapter 1

CP violation in charm decays

This chapter offers a concise overview of CP wviolation within the framework of the
Standard Model of particle physics, emphasising its connection to the mixing phe-
nomena in neutral flavoured mesons. Special attention is given to the charm quark
sector, highlighting its distinctive characteristics in comparison to the strange and
beauty mesons, where CP violation has been experimentally observed and extensively
analysed. The chapter further examines how the CKM matriz framework accounts
for quark mizing and CP symmetry violation in weak interactions, and concludes
with an overview of both the theoretical foundations and experimental observations
of neutral meson mixing and CP wviolation.

1.1 The Standard Model

The Standard Model (SM) is a quantum field theory that offers a detailed framework
for understanding the fundamental particles and their interactions, with the excep-
tion of gravity. Its structure is based on the symmetries encoded in the Lagrangian
and the way particles transform under these symmetries. The gauge symmetry group
governing the SM is expressed as

GSMZSU(?))C®SU(2)L®U(1)Y (11)

where the SU(3)¢ factor corresponds to the strong interaction described by Quantum
Chromodynamics (QCD) [24-28], with the subscript C' indicating colour charge.
The electroweak interactions are described by the SU(2), ® U(1)y group [29, |30],
following the Glashow-Weinberg-Salam model |31} 32|, with L denoting the left-
handed nature of weak interactions and Y the hypercharge quantum number.

The fundamental fermions, particles with half-integer spin, are organised accord-
ing to their representations under Ggy:
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Q1:(3,2) 1156, uki(3,1)ss3,  dp;(3,1) 173 LT(1,2)-1jo,  Uhi(1,1),

where the index ¢ = 1,2,3 labels the fermion families, L(R) specifies left- (right-)
handed chirality, and I indicates the interaction basis. In detail, left-handed quarks
Q! are colour triplets and weak doublets with hypercharge +1/6; right-handed up-
type quarks ué and down-type quarks dﬁz are colour triplets but weak singlets, car-
rying hypercharges +2/3 and -1/3, respectively. Leptons are colour singlets, with
left-handed leptons L! forming weak doublets and right-handed leptons (% being
weak singlets. The symmetry group of the SM, given in Equation [I.I possesses a
total of 8 + 3+ 1 = 12 generators. In the framework of a gauge theory, each genera-
tor T' corresponds to a vector (spin 1) gauge boson that carries the same quantum
numbers as 1. When the gauge symmetry remains unbroken, the associated boson
is massless. These gauge bosons serve as force carriers for the interactions linked to
their respective generators.

In particular, the SU(3) sector gives rise to eight massless gluons, associated with
the generators of the colour symmetry. The SU(2) x U(1) part of the group leads
to four gauge bosons: W+, W~ Z, and the photon y. Among these, only the photon
is massless, as the symmetry connected to the other three is spontaneously broken.
The massive bosons W#* and Z have relatively large masses on the scale of particle
physics, approximately myw ~ 80.4 GeV and myz ~91.2 GeV [33].

Another principle which characterises the SM is the pattern of spontaneous sym-
metry breaking. The symmetry breaking is due to the system, which has infinite
volume and infinite degrees of freedom, being found in one particular vacuum state.
This state violates the symmetry in the spectrum of states. In the SM, this spon-
taneous symmetry breaking is realised by the Higgs mechanism [34-37]. There is a
scalar (spin 0) boson with a potential that produces an orbit of degenerate vacuum
states. This scalar sector includes a single complex Higgs doublet (®* and ®°) which
acquires a vacuum expectation value

(@)- L (O) , (12)

triggering the spontaneous breaking of the electroweak symmetry. The Higgs dou-
blet ® can be conveniently parametrised in terms of fluctuations around its vacuum
expectation value as

0 ) , (1.3)

.0; ].
P = exp (2501) ﬁ (U T H
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where o; are the Pauli matrices, 6; represent three Goldstone bosons, and H corre-
sponds to the physical Higgs boson. This symmetry-breaking pattern reduces the
gauge group to

GSM%SU(3)C®U(1)EM, (14)

with U(1)gas describing electromagnetism. As a result of this symmetry reduction,
the electroweak interaction is split into distinct weak and electromagnetic sectors.
Electroweak gauge invariance is effectively lost at low energies, leading to massive
W= and Z gauge bosons through the Higgs mechanism, while electromagnetic in-
teractions remain governed by an unbroken U(1)gy, symmetry and mediated by a
massless photon. As a consequence, weak interactions are short-ranged, whereas
electromagnetic interactions are long-ranged.
Figure |1.1] provides a schematic representation of the SM particle content.

]- st 2 nd 3 rd generation Goldstone outside
standard matter unstable matter force carriers bosons standard model
2.3 MeV % Q/Zx\ (125 Gev % "’/ZD (1732 Gev %z/a\ ¢— charge h 125.1 GeV
\ <— colors :—;
— u C mass 8
#C; 3
p & up o charm W top in] ¢— spin 3 Higgs )
= 2 7 J J =
g g
) 5
,'D: =3 (Ca8Mev 1) 95 MeV 1) 47 GeV 21) ;
o % % % “ 3 e
o = 2
7 2 &
z S b g 2
d : g
- &
down strange bottom p gluon =
L AN L AN ) ! Y, 8
a _
J— .
511 keV *l\ ( 105.7 MeV' 7|\ ( 1777 GeV. 71\ §: é
2
I =8
— =1 a3
T (& T g :
+ = 3 =3
=3 % = ©
5 O < - 5
é e electron 12 muon i tau i photon A S 15)
/ J J = =
= & J g E3
5 Tl —---\ 7
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8 7] ; I @
2 1Y a8 7| 8
3 g | £
e 19 T z |
E | |
€ neutrino 4 neutrino 7 neutrino graviton
Y 12 2) 12 1 ! J —_ _'
12 fermions 5 bosons
(+12 anti-fermions) (+1 opposite charge W)

increasing mass —

Figure 1.1: The elementary particles of the Standard Model. From [38§].

Once the gauge symmetry, particle content, and spontaneous symmetry breaking
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are specified, the SM Lagrangian is constructed as the most general renormalizable
theory consistent with these properties. It is composed of four main parts:

ESM = Ekin + Egauge + EHiggs + EYukawa' (15)

In detail, B

Lin = YYDy (1.6)
describes the kinetic terms and gauge interactions of fermions, with v# being the
Dirac matrices and D, the covariant derivative:

9 g 95 a
D,=0,+ @§W;jad HiIT BLY +i Gl (1.7)
in which Y, o4, and A, are the generators of U(1)y, SU(2)r, and SU(3)¢, respec-

tively, and ¢’, g, gs are the corresponding coupling constants.
The gauge boson kinetic terms Lgayge is

1 a a\pr 1 d d\pv 1 v
Leauge = _ZG‘“’(G W - ZW’“’(W W - ZBWB“ , (1.8)
where G4, W4, and B, are the field strength tensors for gluons (a = 1,...,8), weak

gauge bosons (d = 1,...,3), and the hypercharge gauge boson, respectively.
The Higgs sector Lagrangian Lyiees includes kinetic and potential terms:

Lriges = (V@)1 (VIP) + 1210 + A (D1 P)?, (1.9)

where the potential terms p? and A determine the spontaneous symmetry breaking
mechanism.

The Yukawa interactions Lyurawa couple fermions to the Higgs field, giving rise to
their masses after symmetry breaking:

Lyuiawa = ~Y1Q1, @D, - QL OUL, - VELL Ol + hec. (1.10)

Despite its impressive successes, the SM does not provide a complete description of
nature. It excludes gravity, offers no explanation for dark matter, and leaves open
questions such as the origin of fermion masses, which in the SM arise from Yukawa
couplings, the number of fermion generations, and the observed asymmetry between
matter and antimatter in the universe. These challenges, together with the fact that
the SM is an effective theory with a number of free parameters, motivate the search
for new physics beyond the SM.

A central aspect in this search is the study of CP violation, the breaking of
the combined symmetry under charge conjugation C' (particle-antiparticle exchange)
and parity P (spatial inversion). Investigations into CP violation are fruitful in the
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domain of heavy flavour physics, involving hadrons containing charm and bottom
quarks. The charm quark, in particular, provides a distinctive laboratory for probing
potential new physics effects linked to up-type quarks, since the top quark decays
before hadronisation and light neutral mesons such as 7 and 1 are their antiparticles
and thus do not exhibit oscillations.

1.2 CP symmetry

A discrete symmetry refers to a transformation that produces a finite, rather than
continuous, change in a physical system. Within the SM, three of these specific kinds
of transformations can be defined:

o Charge conjugation (C): replaces every particle with its corresponding an-
tiparticle, and vice versa.

o Parity (P): reverses the spatial coordinates, i.e. x - -x.

o Time reversal (T'): reverses the flow of time, i.e. t - —t.

Each of these symmetries and any of their combinations is exactly conserved
in both electromagnetic and strong interactions, meaning the physics is unchanged
under such transformations. The weak interaction, in contrast, is known to violate
all three.

A distinctive feature of the weak interaction is its chirality. Chirality characterises
how a particle’s spin is oriented relative to its momentum. For a massless left-handed
particle, the spin is anti-parallel to the momentum, whereas for a right-handed parti-
cle it is parallel. In 1957, Marshak, Sudarshan, Feynman, and Gell-Mann formulated
the V-A theory |39, which asserts that the weak interaction couples only to left-
handed fermions and right-handed anti-fermions. This implies maximal violation of
P symmetry.

The non-conservation of parity was experimentally demonstrated before the ad-
vent, of the electroweak theory. In 1956, Yang and Lee pointed out that the decays
of the so-called T+ and #* had not been tested for parity conservation, despite their
decays leading to final states with opposite parities [40]. They proposed an experi-
ment to verify this. Soon after, Wu carried out a precise study of the beta decay of
60Co, showing that mirror-image processes do not occur with equal probability [41].
This confirmed that the weak interaction violates parity.

In 1964, Cronin and Fitch [7] discovered that the combined C' and P symmetry
(CP) is also not preserved while studying neutral kaon decays. This was the first
observation of C'P violation, a phenomenon later measured in the B-meson system
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by the BaBar and Belle collaborations [10, [L1], and more recently in D% mesons by
LHCb [21].

The breaking of CP symmetry has been proposed as a possible explanation for
the predominance of matter over antimatter in the universe. In 1967, Sakharov
formulated three criteria that must be met to account for the observed baryon asym-
metry [4]:

o Existence of interactions that violate CP symmetry.
o Violation of baryon number conservation.

o Departure from thermodynamic equilibrium during some stage of cosmic evo-
lution.

However, the magnitude of CP violation predicted by the Standard Model is far
too small to explain the observed matter-antimatter imbalance [42]. This strongly
motivates the search for new physics beyond the SM.

1.3 (P violation in the Standard Model

In the SM, quark flavour is conserved in strong and electromagnetic interactions.
However, in weak interactions, a quark can change its flavour through the exchange
of a charged W#* boson, which mediates the weak force and allows such flavour
transitions. This process is described by the charged-current interaction Lagrangian:

dr,
[Cczi(ﬂL cy, -EL)'YMVCKM S, W;‘i‘h.c. (111)

int
V2 by

Here, the mixing between quark mass eigenstates and weak eigenstates is governed
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, Vo

Historically, when only three quarks (u, d, s) were known, Cabibbo proposed in
1963 that the weak eigenstate d’ was a superposition of the mass eigenstates d and
s, described by a mixing angle 6. [43]:

d cosf. sind.\([d
(s’) - (—Siné’C COSQC) (3) (1.12)

This led to the 2 x 2 Cabibbo matrix, which describes the mixing between the first
two generations of quarks.

However, this two-generation model predicted rates for flavour-changing neutral
current (FCNC) processes for strange quark, such as KO-K° mixing and KY - pryu-
decays, that were orders of magnitude larger than what experiments observed.
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The solution was provided by the Glashow-Iliopoulos-Maiani (GIM) mechanism
[16], which postulated the existence of a fourth quark, charm (c), introducing new
decay paths.

In processes like KO-K° mixing, the amplitude involving the charm quark inter-
feres destructively with that involving the up quark. This interference leads to a
strong suppression of FCNC processes, explaining the experimental data. The GIM
mechanism’s prediction of a heavy charm quark (m. ~ 1.5 GeV/c?) was spectacularly
confirmed with the discovery of the JAp meson (cc) in 1974 [44) 45].

Despite its success, the four-quark model could not account for CP violation. In
1973, Kobayashi and Maskawa showed that two generations are insufficient to gen-
erate a complex phase in the mixing matrix, which is necessary for CP violation [5].
They proposed a third generation of quarks, bottom (b) and top (¢), expanding the
mixing matrix to a 3 x 3 unitary matrix, now known as the Cabibbo-Kobayashi-
Maskawa (CKM) matrix.

For a general N x N unitary mixing matrix, there are (N —1)? independent physical
parameters: 3N (N —1) rotation angles and 5(N —1)(N - 2) complex phases.

For N = 3, the CKM matrix contains three mixing angles, (612,623,613), and one
irreducible C'P-violating phase 6. This phase is the only source of CP violation in
the quark sector of the Standard Model.

The CKM matrix is written as:

Vud VuS Vub
Vokm = Vg Ves Vi |- (1.13)
‘/td ‘/ts ‘/tb

Global fits to experimental data provide precise values for the magnitudes of its
elements [33]:

0.97410 + 0.00011  0.22650 + 0.00048  0.00361*3-50543
[Veru| = 0.22636 + 0.00048  0.97320 £ 0.00011  0.0405379-00983 1. (1.14)
0.00854+0-9023 0.03978+0:0082  0.999172+0-000021
Several parametrisations are used to analyse the CKM matrix. A common approx-
imation highlighting the observed hierarchy [V, | ~ [Vig| ~ 1> [V | > [V | > |V, | is
the Wolfenstein parametrization [46], expressing the matrix as a power series in the
small parameter \ = |V, | ~ 0.225:

E A AN(pin)
Vekw = -2 -2 AN +O(\h). (1.15)
AN(1-p—in) —-AN? 1

The parameters A, p, and n are of order unity. The complex phase enters through
1, making it clear that CP violation is linked to the smallest elements of the matrix.
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(o,m)

a=m—f-y
VinVea
AP —p—in)

V[fb Vud
AR (p + in)

VeV,
0,0 cbVed (1,0)
00 A% -2

Figure 1.2: Sketch of the unitarity triangle in the (p,7).

Unitarity of the CKM matrix (VCTKMVCKM = I) implies several orthogonality rela-
tions. The most studied is:

Vud u*b+‘/cd c>{)+‘/:nd tEZO’ (116)

which describes a triangle in the complex plane known as the Unitarity Triangle in

Figure |1.2
The lengths of its sides are |V Vi |, [V V|, and |V, Vii|.
The angles of this triangle are defined as:

Kdﬂi)
a=zarg| -1,
ViaVeb
V.V
5Earg - Cl))v
VidVeh
_ Vudvuﬁ)
T vcdvcz)'

A non-zero area of this triangle is a direct measure of CP violation. This area is
related to the Jarlskog invariant J, a phase-invariant measure of CP violation [47]
which in the Wolfenstein parametrisation results as J ~ A2X%7. A key objective of
flavour physics is to precisely measure the sides and angles of the Unitarity Triangle
through various weak decays, testing the consistency of the SM and searching for

new physics.
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1.4. Neutral mesons mixing
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Figure 1.3: Current experimental overview of the global fit incorporating all available
measurements connected to unitarity triangle phenomenology.

1.4 Neutral mesons mixing

Within the Standard Model, there exist precisely four neutral mesons, together with
their antiparticles, that cannot decay into lighter hadrons through electromagnetic
or strong processes. These are the K (ds), DY (cu), B® (db), and B? (sb) mesons.
Their stability under strong and electromagnetic interactions stems from carrying
non-zero flavour quantum numbers. For this reason, they are referred to as flavoured
neutral mesons. Because weak interactions violate flavour conservation, these flavour
eigenstates do not coincide with the eigenstates of the effective Hamiltonian H that
controls their time evolution. As a result, these mesons are able to convert into their
respective antiparticles before decay, via processes that involve a change of two units
in flavour quantum numbers. This quantum phenomenon is known as mizing.

To describe the time evolution of a generic neutral meson M9, one starts from an
initial state at ¢t = 0 given by a pure linear combination of the two flavour eigenstates:

—0
[£:(0)) = a(0)[M?) + b(0) [M). (1.17)
Its subsequent evolution obeys the Schrodinger equation:
. d
1) = HIw (1)), (1.18)

9
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where the state vector may be written as
—0
(1)) = a(t) [M®) +b(t) M) + 3 ex(t) | /i), (1.19)
k

with |fx) denoting all the possible decay products.
When the focus lies only on a(t) and b(¢), and the time scales under consideration
are much longer than those associated with strong interactions, a simplified treatment

—0
becomes possible. In this case, the dynamics within the two-dimensional {M° M "}
subspace can be expressed as

. d fa(?) Hyy Hip\ (a(?)
— = ) 1.20
g (b(t)) (H21 Hoo | \ () (1.20)
The effective Hamiltonian is not Hermitian, reflecting the fact that probability is lost

from this subspace due to decays. It is convenient to separate it into Hermitian and
anti-Hermitian parts,

H:M—%F, (1.21)

where M = (H+ H')/2 is the mass matrix describing dispersive (off-shell) transitions,
while T" = i(H - H') is the decay matrix encoding absorptive (on-shell) transitions.
CPT invariance, a cornerstone of quantum field theory and experimentally respected
to high precision, imposes M1 = My = M and I'y; = ['yg = I, simplifying the problem
considerably.
Two parametrisations are commonly used to describe the mixing.

The phenomenological approach defines the eigenstates of H as

—0
M) =p|M°) +q[M7), (1.22)
—0
|Mz) =p|M°) - q[M"), (1.23)
with [p|?> + |¢|? = 1 and
2 M* — ZF*
(g) = 12—312 (1.24)
p Mis = 5T
The corresponding eigenvalues,
;
wie=Ms - §F1,27 (1-25)

determine the masses Mo and decay widths I'; o of the physical states. The mass
and width differences are defined as AM = M, — My and AI' =T'5 —T'y, and are often
expressed in units of the average width:

rT=E——, Y= —. (1.26)
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The time development of initially pure flavour states, where M9 (M) is the state at
time zero, reads

IMO(t)) = g, (£) |M©) + %g_(o ar’), (1.27)
BT (1)) = g.(t) [FT) +’q—’g_<t>|M°>, (1.28)

with , ,
e—zwlt + e—zwgt

g:(t) = 5

It is possible to compute the probability of measuring at a time ¢t the same particle
that was produced in its flavour eigenstate at the time ¢ = 0:

(1.29)

(MM = (MM (1)) = |g. (D)2, (1.30)

and the probability of measuring the particle with opposite flavour quantum numbers
is

2 2

(1)) = \g 1o (OF o< 4] Leoshun) - cos(a]. (131)
[(MO[MO(1))[? = ‘g go(B)[? o< et ]59 [cosh(yT't) - cos(aT't)], (1.32)

with 1
lg.(1)]* = ée‘rt [cosh(yI't) + cos(zI't)]. (1.33)

This description is subject to a convention choice for the relative signs and phases of
p and ¢, which can be fixed by defining, for example, My as the short-lived state or
imposing y > 0.

A second, theoretical parametrisation [48] 49|, avoids convention-dependent defi-
nitions and focuses on the magnitudes and relative phase of dispersive and absorptive

amplitudes:
_ 2| M| _|Tof M,

T12 = T s Y12 = T, ¢12 = arg(r—m) . (134)

Here x5 and y,5 are CP-even, while ¢15 is CP-odd. In this parametrisation, one can
directly solve the Equation [I.20] and the transition amplitudes become:

(MOMO(t)) = (RE[RE(#)) = e~ =D cog [%(AM - %AF)t] |

4 1
T *
e 2M12__

. ‘ cosin|2(AM - LAt
P00 = e B AM >]( 2

$(AM - ZAT)¢

11
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The two descriptions can be related through

v? —y* = a - iy, (1.36)
TY = T12Y12 COS P12, (1.37)
+2
‘g (I‘Q + yQ) = 13%2 + y%Q + 2I12y12 sin §Z§12. (138)

For all four systems, |q/p| is experimentally close to unity, implying sin ¢ is small
and 12 ~ |z|, Y12 ~ |y| up to quadratic corrections.

The phenomenology varies widely among the four meson systems, primarily be-
cause the short- and long-distance contributions to My and I'j5 differ in size. Ta-
ble summarises the measured values of x and y.

Table 1.1: Measured mixing parameters x = AM/I" and y = AT'/(2T") for neutral
mesons. The global signs are convention-dependent. The values are taken from [50]
for kaons and from [33] 51| for ¢ and b mesons.

System x Y

KO-KO  —0.946 +0.004  0.99650 + 0.00001
DO-DY  (0.407+0.044)%  (0.645%0:921%
BO-B®  0.7697 + 0.0035 (0.1£1.0)%
BO-BY 26.99 + 0.09 (-11.9+0.5)%

The cosine term, which is the oscillatory component of neutral meson evolution
in the Equation [I.33], depends directly on the parameter z, which measures the mass
splitting between the two physical eigenstates. Differences in the exponential decay
rates, instead, originate from the hyperbolic term where the parameter y appears.
Together, x and y are known as the mizing parameters, and they fully characterise
the distinctive time-dependent behaviour of neutral meson mixing. Among the K°,
DO, BY, BY systems, the D meson stands out for having markedly different mixing
parameters compared to the kaon or B mesons, as can be observed in Figure [1.4]

In the K° system, the parameter y is close to unity, which produces two mass
eigenstates, K and KY, with lifetimes differing by orders of magnitude. Historically,
this dramatic difference led to the belief that they were distinct particles. The mass
splitting, with = » 1, also generates sizeable sinusoidal oscillations. This feature
enables the selection of nearly pure K2 or K samples: close to the production point,
K¢ decays are rare, whereas far from it, most K% mesons have already decayed.

For B? and B mesons, the width difference y is small, but the = parameter
takes significant values. The B? in particular exhibit extremely rapid oscillations,
making high spatial resolution essential for their detection, a capability achieved only
relatively recently [52].

12
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Figure 1.4: Neutral meson oscillations for the K° (top left), D° (top right), B
(bottom left) and BY (bottom right) decays. The evolution of the probability is
depicted as the function of the dimensionless variable t/7, the decay time unit of the
meson. An exponential decay curve not subject to any oscillations is also drawn in
a dotted line for comparison. Note for the D? meson oscillations, it is a semilog plot
to show the very slow oscillations.

The DY meson system, by contrast, has both z and y at small values, which
demands large datasets to obtain statistically robust measurements. Charm mixing
was first detected in 2007 |10} [11], with a high-significance measurement by LHCb
following in 2012 |20].

Mixing amplitudes generally arise from two qualitatively different mechanisms:
short-distance and long-distance processes. The short-distance contribution origi-
nates from box diagrams, as illustrated in the left panel of Figure for the DO
case. These involve only weak interaction vertices, corresponding to a much smaller
length scale than strong interactions. In K° and B systems, such box diagrams dom-
inate the mixing amplitude. In the D° system, however, they are heavily suppressed.

13
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W

Figure 1.5: Feynman diagrams of (left) short-distance and (right) long-distance con-
tributions to D mixing. In the right diagram, the blob stands for low-energy QCD
interactions, possibly involving the exchange of hadrons on the mass shell.

Part of this suppression comes from CKM factors: the loop with a bottom quark is
reduced by |V Vi |2/|V V2 » 1075, On top of that, the GIM mechanism [16] in-

us " cs

duces an almost complete cancellation between down- and strange-quark loops, since
VAV 4+ VitV » 1075, Consequently, predictions for « and y based solely on short-
distance effects are of order 1076, far below the experimental values of about 0.5%.
This mismatch reveals the dominant role of long-distance physics in D° mixing.

Long-distance contributions are associated with intermediate on-shell states ac-
cessible to both a meson and its antiparticle. In the case of the D® meson (right panel
of Figure , the process can be visualised as the meson first decaying into a com-
mon final state, such as K*K~ or 7t-7t*, after which these decay products re-scatter,
forming the meson with the opposite flavour. These effects, unlike the short-distance
ones, are not subjected to strong CKM or GIM suppression, and thus they provide

the leading contribution to the mixing amplitude in the charm sector.

1.5 Types of CP violation

For a final state f that is a CP eigenstate, the CP transformation acts as C'P|f) =
wylf) and CP|f) = wi|f), where wy is a pure phase factor (Jwy| =1). Understanding
the origin of the phases appearing in decay amplitudes is crucial, as they give rise
to CP violation. Two kinds of phases typically occur, known as weak and strong
phases.

Weak phases originate from complex terms in the Lagrangian which enter the CP-
conjugate amplitude as their complex conjugates. In the SM, such phases appear
only in the CKM matrix, part of the electroweak sector, hence the name “weak”
phases.

Strong phases, on the other hand, arise from final-state interactions via inter-
mediate on-shell states in the decay process. These rescattering effects occur even
when the Lagrangian is real. If hadrons are present in the final state, these phases

14
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are generated by strong interactions and are therefore referred to as strong phases.
Strong phases do not flip sign under a C'P transformation.
Experimentally, CP violation can be classified into three types:

o (P violation in the decay,
o CP violation in the mixing,

o CP violation in the interference between decay and mixing.

1.5.1 CP violation in the decay

The measurable observables depend on squared amplitudes, so the absolute phases
are not directly observable, and only their differences can be detected. Direct CP
violation occurs when the decay amplitude contains at least two contributions with
both different weak phases and different strong phases. .

Let Ay = (f|H|X) be the amplitude for X —» f and A; = (f|H|X) the amplitude
for X — f, where f is a CP eigenstate, f is the C-conjugated final state and H is
the decay Hamiltonian. CP violation in decay arises when the likelihood for X to
decay into f is not equal to the likelihood for X to decay into f.

If multiple amplitudes contribute to the decay process:

Ap = Y Al et Ay = ST A e ), (1.39)
k k

where 9§, are the strong and ¢ the weak phases.
The difference between the squared amplitudes is:

|z4f|2 - |Zf|2 =-2 Z |Al||Ak| sin(gbl - qbk) SiIl((;l — 5k) (140)
Lk

To detect CP violation, the condition |A;| # [A;| must be satisfied, implying the
presence of at least two interfering amplitudes that carry distinct weak and strong
phases. A fundamental quantity used to quantify this effect is the CP asymmetry:

IN(X - f)-T(X - f)

A (1.41)
[(X > f)+T(X > f)

AT(f) =

with the time-integrated decay widths T'(X — f) oc |Af[2 and ['(X — f) o [A;]2,
yielding

- 2

AP -1AR TRy

Ag? +[Ag2 1+ E]

AT(f) (1.42)
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where o
_|As
= Y

is the condition for C'P violation in the decay.

Rf +1 (1.43)

1.5.2 (P violation in the mixing

CP violation in mixing arises when the time-dependent probability for a neutral
—0
meson MP° to transform into its antiparticle M differs from the probability for the

—0
inverse transition, where M~ oscillates back into M°. For this reason, the dynamics
of meson mixing need to be understood. From Equation [1.31] a disparity in oscilla-
tion probabilities can arise only if the modulus of the coefficient ratio defining the

—0
superposition of |[M?) and |M ) in the mass eigenstates deviates from unity. Since

a_ w:‘g .
P Mlg—iF12/2 Y%

CP violation in mixing requires

@ (1.44)

Rm:’ ‘ﬂ. (1.45)

EsEES)

1.5.3 (P violation in the interference between decay and mixing

If M© and M’ both decay to the same final state f, CP symmetry can be broken
via the interference between the direct decay M? — f and the decay occurring after

mixing, M°? — VAR f. Defining

qu qu
P i S N 1.46
! p Ay ! pAs (1.46)
CP violation in the interference occurs if
Im(Ay) +Zm(/\?) +0. (1.47)

1.6 The charm sector

Once introduced, the general theoretical framework of CP violation and mixing phe-
nomena applicable to all meson systems, we now turn our attention to the specific
case of charm. Charmed mesons have masses of about 2GeV/c2. The neutral D°
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meson, composed of a charm quark and an up antiquark, has a lifetime of roughly
410 fs. While the decays of strange and beauty hadrons have been extensively stud-
ied in the last decades, the dynamics of charm remain only partially explored, due
to both experimental and theoretical challenges.

Within the SM, CP violation in the charm sector is expected to be extremely
small, at the level of @(1073). This is because all relevant decay amplitudes can,
to an excellent approximation, be described using only the physics of the first two
quark generations. Indeed, charmed meson decays involve transitions from a charm
quark to lighter quarks, meaning that only the first two rows of the CKM matrix are
relevant. The corresponding unitarity relation is:

Vet ViV + ViV, =0, (1.48)

CcsS " us

which can be expressed more compactly by defining A, = V3V, for ¢ € {d,s,b},
yielding:

Ag+Ag+ Ay =0. (1.49)
From the CKM hierarchy, one expects:
VinVeb
ub“cb 103 1.50
V. Vi ’ (1.50)

us " Ccs

providing a natural SM estimate for CP violation in charm.

From the theoretical perspective, precise predictions are difficult. The masses
of charmed hadrons, O(2 GeV), lie in a region where non-perturbative QCD effects
dominate, and many of the approximations successfully applied in the strange and
bottom sectors are no longer valid. This results in significant theoretical uncer-
tainties. For instance, current computational power is insufficient to determine all
relevant charm properties with lattice QCD at the required precision. Exclusive ap-
proaches, which sum over all possible intermediate states, require detailed modelling
or direct input from data. Given that D mesons have numerous accessible final states,
precise experimental determinations of amplitudes and strong phases are essential to
avoid restrictive assumptions that could limit predictive power.

On the experimental side, interest in the charm sector has grown considerably over
the last decade, especially following the observation of D°-D? mixing by LHCb [20],
with supporting evidence from BaBar [53] and Belle [54]. Until recently, experimen-
tal sensitivities to mixing and C'P-violation parameters in charm were still orders of
magnitude above most SM and beyond-SM expectations. A milestone was reached
in 2019, when CP violation was observed for the first time in D° decays [21]. How-
ever, due to the large theoretical uncertainties within the SM, a precise comparison
between theory and measurement is not yet possible [55]. Further measurements
in charm are therefore essential to clarify CPV phenomena in the up-type quark
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sector, which may probe new dynamics beyond the SM, potentially distinct from
those affecting down-type quarks. CP violation in charm could thus serve as a sen-
sitive indicator for the presence of non-SM particles entering decay amplitudes in a
measurable way.

1.6.1 Experiments

Charm physics has been explored through a wide range of experimental approaches,
each operating under different conditions of beam type, centre-of-mass energy, and
production mechanism, resulting in a broad range of production cross-sections.

The earliest detailed studies came from fixed-target experiments, such as E691 and
FOCUS at Fermilab. In E691, photoproduction processes yielded samples of roughly
10* reconstructed charm decays, while about a decade later, the FOCUS experiment
reached datasets exceeding 10° reconstructed decays, marking a significant advance
in statistical precision.

Over the past decades, the field has been dominated by two main classes of fa-
cilities: e*e™ colliders and hadron colliders. In general, efe~ machines offer clean
experimental conditions, well-defined initial states, low background, nearly hermetic
detectors, and high reconstruction efficiency. Hadron colliders, in contrast, operate
at much higher energies and achieve charm production cross-sections several orders
of magnitude larger, although in a more complex event environment with higher
background levels.

Among ete~ colliders, there are the D and B factories. The first, operating just
above the DD production threshold at /s ~ 3.77 GeV, produce the {(3770) reso-
nance, which decays into quantum-correlated DD or D*D- pairs with a cross-section
of about 8 nb. Since the resonance is produced nearly at rest, decay-time measure-
ments are not feasible in this configuration. Examples include MARK III, CLEO,
and BESIII, the latter operating since 2011 with /s between 3.8 and 4.6 GeV.

The second operate at /s » 10.6 GeV, corresponding to the T(4S) resonance,
which decays predominantly to BB pairs. Charm mesons are produced both from B
decays and from continuum e*e” — c¢c processes. The cross-section for producing at
least one D? at this energy is about 1.45nb, smaller than the corresponding one at the
P(3770), but compensated by higher instantaneous luminosities. Asymmetric beam
energies at BaBar and Belle improve decay-time resolution, enabling time-dependent
analyses. Over their operational lifetimes, BaBar, Belle and Belle II collected inte-
grated luminosities of about 500fb™*, 1000 fb™! and 620fb™" respectively, compared
with 0.8fb™" for CLEO and 20 fb™" for BESIIL

Then, in the hadron colliders, the charm production rates in hadronic collisions
are vastly larger than in e*e™ interactions. At the Tevatron (p*p~ at /s = 2 TeV),
the CDF experiment collected 10fb™" and measured a DO cross-section of about
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13 ub [56]. At the LHC, LHCb has collected datasets of 1.1fb™", 2.1fb™!, and 5.9fb™"
at centre-of-mass energies of \/s = 7,8, and 13 TeV, respectively, corresponding to D°
production cross-sections of 1.4 mb, 1.6 mb, and 2.7 mb. For comparison, the inclusive
cc cross-section at /s = 13 TeV in the LHCb acceptance is measured as

o(pp—> ccX) =(2940 + 3+ 180 + 160) ub

for 0 < pr < 8GeV/c and 2 < n < 4.5 [57], roughly six orders of magnitude above
B-factory values. LHCDb ’s vast dataset, currently of the order of one billion recon-
structed DO decays, has enabled groundbreaking results, including the first obser-
vation of CP violation in charm decays in 2019. Currently, during Run 3, LHCb
has significantly increased its collected luminosity, benefiting from the newly imple-
mented fully software-based trigger system, a major upgrade whose details will be
discussed in the following chapter.

1.7 Observables of CP violation in charm decays

In this section, the various experimental approaches that exploit different decay
modes are outlined, given that each technique presents distinct experimental chal-
lenges and theoretical benefits.

1.7.1 Asymmetries

When CP symmetry is broken, the phenomenological and theoretical descriptions
diverge, requiring observables to be expressed in terms of both parameterisation
schemes. The study of CP violation employs various decay modes and experimental
techniques, each offering distinct sensitivity levels to different effects. It is necessary
to define the decay rates of D% and DO into the final state f within the phenomeno-
logical framework:

(D% = f,t) =~ Ny e T A {1+ [yRe(A) — 2 Im(A;) ]It

+i[92(1+|)\f|2)—5€2(1—|Af|2)](”)2}v (1.51)

DD > £.0) =) e-“|Zf|2{1 ’ [yR(i) ) ﬂm(i) ]”
Y P

f
2
1 1
A )

Iy )](n)?}. (1.52)

1
Ay
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and with the theoretical approach, considering the time evolution of the decay pro-
cess:

)\F Y

1, 1 , 1 1 )
+Z_l[y12 (]_-f-w)-f—l‘ (—1 |/\M|2)+2y12x121m(w)](1’t) },

(1.53)

T(D° - f,t) Nfe”|Af|2{1 Re L2 4 $12)Ft

[(D° - f,t) ~ Ny e—rt|Af|2{1 —Re(ym)\l} +ix12)\94)1“t
1
+Z[y12(1+|A 2)+ 2(—1+|A§%|2)+2y12x121w@§w*)](rt)2}.
(1.54)

Then, the absorptive and dispersive amplitude ratios are respectively defined as:

'y Ay M My Ay

Nz — 2 :
! Tio| Af |M12|Af

(1.55)

1.7.1.1 D% h*h- CS decays

The study of CP violation in charm decays to two-body final states such as K"K~ and
7" represents a crucial experimental probe. These CP eigenstate modes enable
the measurement of time-dependent asymmetries between D? and D° decay rates:

[(D°(t) - h*h-) - D(DO(t) » h*h-)

AP (h*h7;t) =
I'(DO(t) > hth~) + T(DO(t) » hth~)

The time-independent component aﬁ+h_ quantifies direct CP violation in the decay
amplitude:

i AP -lAekP A P [Aenc

a _ = — _ = p— .
o | Ageic-[? + [Agei-[2 o | A2 + | A - |2

(1.57)

The difference between individual asymmetries offers exceptional experimental ad-

vantages:
AACP = a/g(JrKf - a;i.[+7.[—. (158)

This observable provides robust cancellation of both production and detection sys-
tematic effects. Assuming U-spin symmetry, the direct CP asymmetries for the K+K-
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and 7ttt final states are expected to have equal magnitudes but opposite signs, al-
though theoretical uncertainties remain due to potential U-spin breaking effects. The
most recent results for this variables are taken from [58-60]:

A = (7.7 £5.7) x 1074,
ali - =(23.2+6.1) x 1074,
AAY = (-15.4+2.9) x 1074,
AY = (-2.7 + 1.3(stat.) = 0.3(syst.)) x 107,

1.7.1.2 D> K*rt- DCS decays

The DY — K*7t~ decay channel provides a comprehensive probe for all manifestations
of CP violation: direct decay asymmetries, mixing-induced effects, and interference
phenomena. The branching fraction ratios between Double Cabibbo Suppressed
(DCS) and Cabibbo Favoured (CF) modes are presented:

—_ 2
2 Ao

Agcore R+ Rp

Ry=|——— Ry = |= = == 1.59
D AK—W*- ) D AK—W+ ) D 9 ) ( )
along with the direct CP asymmetries for both decay modes:
| A2~ [Ag-r | A-re 2~ [Agon
e hs = (1.60)

N |AK+7T‘|2 + |ZK_7T+|27 - |AK_7T+|2 + |ZK+7I_|2'

The observable CP asymmetry in the ratio of DCS to CF transitions becomes:

_Rp-Rp d

Apzmzaws—a&g, (161)

where
1

Rp=Rp(1+afyg)(17 adRS)m ~ Rp[1 = (afys — aks)]. (1.62)
wsaSR

Within the phenomenological framework, the decay ratios can be expressed, including
the CPV in the final state K*=m*:

q Ag-r+ 1- af,l%s

| (o) -
Aoyt = = =+\| R 2| eH(Pin=0Kr) 1.63
Kom p AK‘T[+ D 1+ adRS P ( )
Ao = q Agrne _ 1 1-agglq /(R tOcr) (1.64)
p AK+7-[— RB 1+ CL%S P
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O kn the CP violating weak phase.
The theoretical parametrisation employs separate mixing ratios for absorptive and
dispersive processes:

Flg AK Tt 1 CL
P = —\| Ry 25 ¢k tOicn) 1.65
Kom |F12|AK P \ D1+CI,RS ( )

Iy Agen- 1 1= afs

A= 2 = - e/ (Pkcrcnxcr) 1.66
K |F12| AK+7-[— \ RE 1+ a‘}%s ( )
M12 ZK—nJr 1- a
)\]‘4— + = = - R RS 7'(¢ kaonﬂ:+6K7T) 167
Kom |M12|AK*7T+ \ D1+Cl(?zs ( )
AM = My Ak =_ 1 ﬂ e (br—0Kn) (1.68)
Kom |M12|AK+7-[— \ R+ 1+CLRS

incorporating distinct CP-violating phases ¢& and ¢}, _related by ¢i — ¢l = ¢1a.

To observe the mixing and CPV variables, it is commonly used the Wrong Sign
(WS) to Right Sign (RS) decay ratio that can be constructed employing two comple-
mentary approaches. The first requires that both WS and RS have the same initial
DO flavour:

(D0 — K*mr,t) R (1) = (DY - K-7+,t)
(D0 — K-7t*,t)’ " (DY K+m,t)
This approach is the one used in [61].

The other approach requires both WS and RS to decay into the same final state:

R (DY - K+, t) iy o D(DY— Ko7t )
B0 oo kmy W r sy

R¥(t) = (1.69)

(1.70)

The alternative observable offers experimental advantages by reducing systematic

uncertainties related to instrumental asymmetries, particularly when the direct CP

asymmetry in CF decays is negligible, and it is the approach used in [62].
Experimentally,

12+
R(t)* = Roy™Tt+ = Zy (I't)?, (1.71)
with

(v cos g Fa'singp,).  (1.72)

(ZE’COS gb?{ﬂiy' sin qbi\{ﬂ), y'* = qu
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CP violation in the decay is given by discrepancies between R}, and Rj,, while
CP violation in mixing and interference can be seen in differences in (z/2*,y'*) and

(z>~,y"~). The CP violation parameters |%| and ¢ can be extracted from the

quantities z’* and y’*. In literature [63], another approach is also present:

yép = Y12 COS ¢§4 ~ Y12, l’ép = T12 COS ¢§ > T12, (1-73)
Ay’ = z15sin (/594, Azf = —y9sin gb? (1.74)

Here, yop and x¢op are defined including explicit corrections for possible CP-violating
effects. These corrections enter at quadratic order in the CPV phases ¢ and ¢f. ;
therefore, their dependence on CP-violation parameters is negligible and so is any
dependence on the final state.

The most recent results for the prompt (DY tagged from D** - DO7t*, with the
sign of the soft pion) decays are from [62]:

Rp=(342.7+1.9)x107°, Ap=((-6.6+5.7) x 1073,

and for the double-tagged (D° tagged from D** — DO7t* with D** from B— D**pu~X
using the soft pion and the muon) decays from [61]:

Rp=(347.0+5.1)x107°  Ap=(09+1.5)x107%

In both cases, the results come from a combination of Run 1 and Run 2 data from
the LHCb experiment.

1.7.1.3 Three-body D°— K3h*h~ decays

Three-body decays involving a neutral kaon and two charged hadrons provide en-
hanced sensitivity to CP-violating parameters Ax and Ay through Dalitz plot analy-
sis. The experimental method is based on examining time-dependent ratios of decay
rates between opposing regions of the phase space:

Ry (t) =

I (D% K%h*h~,¢) [T, (D°— K%h*h-, ¢)
[ (D0~ Kgh*h=,7) | T,(D?—» KSh+h-,t)

~ry + \/T_b[(l - T'b)(ycp + Ayf) COS 5th+h— - (1 + Tb)(xcp + Axf) sin 5th+h—]rt.
(1.75)

This approach offers particular advantages for probing Ax since the strong phase
differences 5th+h* can approach +7/2 across different Dalitz plot regions, maximising
the coefficient of the Az term in the linear time dependence.
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Figure 1.6: Profile-likelihood contours for the charm decay and mixing parameters,
illustrating the contribution of different decay modes to the overall sensitivity. The
contours represent the 68.3% and 95.4% confidence levels. In the right-hand plot,
the red contours from the fit using only charm inputs are obscured beneath the blue
contours, which also include beauty inputs; the addition of beauty data does not
significantly enhance the precision. From [64].

The most recent LHCb analysis, utilising the complete Run 2 dataset, combin-
ing results from prompt [65] and semileptonic decays [63], has measured these CP-
violating parameters in the Kdrr*7r* final state [63]:

Az = (-0.29 + 0.18(stat.) + 0.01(syst.)) x 1072,
Ay = (0.31 +0.35(stat.) + 0.13(syst.)) x 1073,

These measurements show no significant deviation from CP conservation in charm
meson mixing or interference phenomena, providing important constraints on poten-
tial new physics contributions to the charm sector. The combination of the results

can be observed in Figure [L.7]

1.7.2 Mixing

The following discussion presents the various observables that exhibit sensitivity to
these mixing parameters while invoking the assumption of C'P conservation. Indeed,
when CP symmetry is preserved, the phenomenological description becomes identical
to the theoretical framework, as the relations x15 = x and y;2 = y hold true, with all
CP-violating phases vanishing.
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Figure 1.7: Two-dimensional 68% and 95% confidence-level contours on (left) (x,y)
and (right) (Jg/p| - 1,¢). Results from Run 2 D** - D%(» Klm*m )t [65], B -
DO(— Kdm*m )uv, X, and their combination are shown.

1.7.2.1 D% h*h- CS decays

An approach to studying D% D° oscillations involves the measurement of the 7,
parameter. By implementing the approximation e ~ 1 -z, for |z| < 1, in Equa-
tion [1.51] the decay probability becomes:

T(D° ~ f,t) = Ny AgPe {1 + [yRe(\r) - 2Zm(Ag) Tt = Ny| AgPe T P00 (1.76)

where T(D® » f) = T'-[1 + (yRe(\s) - 2Zm(\s)) is the effective decay width for
neutral D mesons decaying to final state f.

The experimental determination of yé p relies on measuring this effective lifetime
parameter:

yl, =T(D° - f) =T = yRe(\s) —aZm()\y). (1.77)

Since in this case f = f = h*h- = K*K-,7t*7r, assuming CP symmetry Ag+k- and
Ao equal to —1. Consequently, y&5 and y27, become equal and can be combined
into a single parameter, yop, which gives direct access to the mixing coefficient: yop =
y. To present the most recent result, in which the variable y., - yg}ﬂ is computed, it
is important to introduce the y;7%.

yer ~\/ Rp (:Elg cos ¢! sin Oy + 12 cOS @Y, cos (5Kn) ) (1.78)
Defined that, the experimentally measured observable is the ratio:
(D - f)+I(D° - f)
['(DY—» K-7t*) + (D0 - K*7r-)

~1mylp —yep. (1.79)
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The global average, dominated by the LHCb measurement [66] with Run 2 data is:
yop — Yo = (6.96 £ 0.26(stat.) + 0.13(syst.)) x 1073.

1.7.2.2 D> K*rt- DCS decays

The discovery of DO-D0 oscillations was historically achieved by examining the decay-
time dependence of the ratio between DCS decays, D? - K*7t~, and CF decays,
D% - K-mt*. Using D*-tagging, one can classify decay chains as wrong-sign (WS):
D** » DO(» K+ )m* and D*~ — DO(» K-7t*)7r, or right-sign (RS): D** — DO(—
K-7t*)7t and D*~ - DO(» K*7r-)7r-. This terminology reflects whether the soft pion
charge matches the kaon charge in the subsequent D decay.

The transition of WS D® - K*7t~ proceeds via two interfering mechanisms: di-
rect DCS amplitude with CKM suppression |V_ V5| = A2 ~ 5%, and mixing-assisted
CF decay through D° - D% - K*7r~. Under CP conservation, the amplitudes are
parametrised using conventional notation where f = K-t* and f = K*7t~. The time-
evolved WS decay probability is expressed as:

D(D° > 7.1) = Ny lg. () A7 + g- () A7
= %e‘”[(l +|A?) cosh (yI't) + (1 = |Af|?) cos(xT't)
+2Re(A;) sinh(yI't) - 2Im(A;) sin(th)]. (1.80)
This could be simplified for small mixing parameters (x['t, yI't < 1):
(D" F,1) = Npe T A7 {1+ [yRe(Ag) - 2 Tm(Ap) |1t
+ [P gy -2 gy n?). (1.81)

Assuming CP symmetry and 0gx = 0% — T = ~Ag-r+:

A_ -7t . Z + = . A + o
/\K,ﬂJr:g Kot _ /}%De—ﬁKﬂ7 )\K+7r=g Kim /%ezéKn’ Rp K+

2

p 14[(‘7'[+ b AK+7'[_ - AK_T["'
(1.82)
Then the rotated parameters can be defined as:
2’ = 1 cos Ok + Y Sin dxn (1.83)
y' =1 o8 Oy —  Sin g (1.84)

The transition of RS D% — K-7t* proceeds via two interfering mechanisms: the CF
process D — K-7t*, which is about 300 times larger than its DCS WS counterpart,
and DCS D— D% — K-7t*.
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Figure 1.8: Two-dimensional 68% and 95% confidence-level contours on (left) (z,y)
and (right) (¢r, ¢ar). Results from [67].

The experimentally accessible observable is constructed as the WS-to-RS ratio,
which eliminates numerous systematic uncertainties:

['(DY— K*m-
(D22 K0 | Ry /R of T+ 1(a? + ) (D) (1.85)

R(t) = ['(D'— K7, )

The most recent results are from [62], for prompt, and [61], for semileptonic decays,
where the mixing variables are defined as cxr and ¢ and for Run 1 and Run 2 data

results (Figure [L.8)):

CKr ™ Y12 COS qb? cos Ay + x5 COS gb?/[ sin Ay

_](5.28+0.33) x 107 [prompt]
“1(55+1.5)x10°3  [semileptonic]

2 2
i Yo T T
CKT[ ~ 4

(0.012 +£0.0035) x 10-3  [prompt]
(0.012+0.024) x 103 [semileptonic]

~
~

with gb?’M are the weak absorptive and dispersive phases from [56] and Ay ~ —=10°+3°
from [68].
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1.7.2.3 Three-body D°— K3h*h~ decays

Three-body decays such as D? - Kt~ and D? - K{K*K- offer unique sensitivity to
mixing parameters, particularly x, through combined analysis of temporal evolution
and resonant structure across the Dalitz phase space. The kinematic plane is defined
by invariant masses:

2
+

(1.86)

. {mZ(thi) for D%~ K3h*h-

m?(K%h¥) for D?— KSh*h-
and is partitioned into two sets of n symmetric bins, distributed around the principal

diagonal, with indices b = -n,...,—1,1,...n where positive values correspond to the
m?(K§h*) > m?(KZh~) region.

2.5

m? [GeV?/c]

+b

Absolute bin index b

15

R N W b~ OO N ©

0.5

05 1 15 2 25 _ 3
m2 [GeVZ/c]

Figure 1.9: Iso- binning scheme for the DY — K§m*7~ Dalitz plot, following the
BaBar 2008 resonance model , . The partition maintains symmetry about the
bisector, with positive indices in the lower kinematic region. Colour coding represents
the absolute bin index magnitude. Plot from [65].

Integration of the general decay rate expression over individual kinematic regions
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yields:
[y(D° > f.4) = [ T(D° = f.1)
= Ny ApPe TH1 + [yRe(Ny) — 2Zm ()Tt
# I ) =21 )] 00)?) (187
where the average value of ea%? quantity in the Dalitz bin b is denoted by subscript
k0

b. The parameter X\, = ,,e “s" represents the bin-averaged value of the A; fac-
tor within bin b, where 5%{%}1 is the effective strong phase averaged over the bin.
S
The quantities cos;, 5thh and sin, 5thh correspond to the respective trigonometric

averages over the same bin and

L, dm2dm2|Ay(dm?, dm?)|?
" dm2dm2 | Ay (dm?2, dm2)]2

(1.88)

From the opposite-bin decay rate ratios, the experimental observable could be con-

structed:
(D> KSh*h=,t) ry+ /1 cop ['t+ ¢, (I't)?

Ry(t) = ~ 1.89
(t) ['y(D%— K%h*h, t) L+ cp Tt + ¢ (I't)? (1.89)
The expansion coefficients are defined as:
Cap = Y €OSp OKop, *+ 2SIy Oopy, (1.90)
1 1
chy = Z(y2¥x2)+1rb(y2ix2). (1.91)

Since 7, spans the range (0.1 - 1), quadratic contributions become negligible, en-
abling the simplified expression:

Ry(t) =y + /1 [(1 = 1)y cosp 0oy — (1 +7p) 2 sing O T (1.92)

Simultaneous fitting of multiple bin ratios, combined with external strong-phase con-
straints from amplitude models, provides access to both mixing parameters. The
methodology requires an external strong-phase determination through amplitude
modelling. The most recent result from LHCb [65] which with a complete Run 2
data from D®— K%t mr~ decays reports:

rep = (3.97 £ 0.46(stat.) + 0.29(syst.)) x 1073
yop = (4.59 + 1.20(stat.) + 0.85(syst.)) x 107°

This measurement represents the first statistically significant observation (exceeding
7o) of Am # 0 values in the charm system, but a more detailed discussion of the most
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recent measurements is provided in Section [[.8.1] This last measurement reported in
this overview of the main results on CP violation and mixing is particularly important
because the analysis included in this thesis work is on the measurement of mixing and
CP violation in the D - K§mr*7r~ with Run 3 data, collected with the new Upgrade I
LHCb detector.

1.8 The D~ K2h*h~ decay channel

The purpose of this section is to provide a detailed description of the key decay
channel of this analysis, D?— K§mr*7~, and of the model-independent bin-flip method
employed to extract the charm-mixing and CP-violation parameters.

Physics features of D° » KZh*h~. The self-conjugate three-body modes D? —
KSh*h~ (h = 7,K) receive sizeable Cabibbo-favoured (CF) and doubly-Cabibbo-
suppressed (DCS) contributions that interfere across the Dalitz plane. In addition,
intermediate states with definite CP eigenvalue (e.g. K2p, K2fy, ...) populate ex-
tended regions, enhancing sensitivity to oscillation parameters when the phase space
is partitioned appropriately. Standard-Model weak phases in the decay amplitudes
are negligible at O(\*), so direct CPV in the amplitude can be neglected, and weak
phases can be taken common across the Dalitz plot for the purpose of this analysis.
In this limit, the sensitivity is driven by mixing and by the strong-phase variation
over phase space, encapsulated in externally measured hadronic inputs.

Dalitz kinematics and amplitudes. The phase space is parametrised with the
flavour-dependent Dalitz coordinates m? defined in Equation [1.86]

The decay amplitudes for mesons produced as D? and DO, respectively, and decay-
ing to the final state f = KJ7*7r~ at the generic point (m2,m?2) of the Dalitz plane
are denoted by Af(m2,m2) and A;(m2,m2). B

If CP symmetry is conserved in the decay, the relation Ay(m?,m?2) = Ap(m?2,m?2)
holds. The decay rates of D° mesons tagged in the flavour eigenstates D? and D° at
time ¢ = 0 evolve in time as:

2 — 2
[Ty st = Ay (m ) 0.6 + L 4,2 g0 (193)
_ _ 2
Ty (2 m2i) = [Ay(m2m?) 0. () + EAg(mmd) g (0], (104)
q
where ¢ is in units of the DO lifetime, g, (t) = 0(t) e-"t/2{cosh, sinh}(2t/2), and
(y+ i) Am AT
z=—(y+ix rT=—, y=—.
Y ) r Y or
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Here m = (my + my)/2 is the average neutral-D mass, 0(t) is the Heaviside function,
and t is the decay time in units of DO lifetime 7 = 1/T.

Bin definitions and hadronic inputs. The Dalitz plane is divided into two
symmetric sets of n bins about the bisector m? = m?2. Positive indices b=1,....,n
label the lower half-plane (m?2 > m?2), dominated by CF D% — K*(892)7t*; the negative
indices —b label the mirrored bins.

Defined the bin-integrated quantities

(1.95)

+ +

F, :f dm?2dm? Fy =j dm2dm? | A

Xy = dm?dm? As(m?,m2) As(m?,m?), X=X, | X/ <1, (1.96)
\/Fb j ! b

where Fj, and F, are event yields in the Dalitz bin b at t = 0 and X}, is the hadronic
parameter of the interference term, which is related to the strong-interaction phase
difference, Ad, and to the weak-interaction phase difference, ¢, between As(m?2,m?)
and A(m2,m2) averaged over bin b. So the expressions for the event yield integrated
over each Dalitz-plot bin b are:

Ny(t) = Ldmidmg |Tf(m3, m?; zf)|2

2
- RloOF |2 Foal-OF + 2/ Fui | LXogi(a-0], (197

Ny(t) = Ldmidm% Ty (m?,m?; t)‘2
2

=F, |g+(t)|2 +1=

Foylg-(t) +2\/F, Efﬁ[g Xigi(g-0].  (198)

In the limit of CP-symmetric decay amplitudes A; = Zf, Fy=Fy, p=0and X, = X,.
The coefficient X} = ¢ — s, with:

1

cr= e | Ay o Ay )| cos S ), (199
1 :

Sp = mﬁ)dmzdm% | A (m2,m2)||Ap(m2,m3)| sinAd(m?,m?), (1.100)

where Ad(m2,m2) = §(m2,m2) — 6(m2,m?2) is the strong-phase difference with
d(m?2, m?) denoting the phase of the amplitude Af(m?,m?) at point (m2,m?). These
hadronic parameters (cp, s,) are constrained using independent external measure-
ments, and this allows access to the mixing parameters.

31



Chapter 1. CP violation in charm decays 1.8. The D°— th*hf decay channel

Small-mixing expansion and time-bin integration. For |z|t < 1, one may
expand

(DR = e (141 2Re(z2)), g (P = he P12, gi()g-(8) = S ez,
(1.101)

Since terms of O(z3) or higher can be neglected, integrating over a decay-time bin
J with averages (t); and (¢2); taken over the exponential distribution in decay-time
bin j:

Ldt g (1) = ny (14 1(12),Re(22)). (1.102)
Jdtla-()P = my 3221 (1.103)
Ldt g (£)g-(t) = n; 1(t),; =. (1.104)

where normalization constant n; cancels in ratios. If the probability e(t) to select
and reconstruct the decays is non-uniform as a function of decay time within bin j,
the average is performed over the observed decay-time distribution of mesons that
did not undergo oscillation, £(¢)e~*. Since in the bin-flip method, the observables
are constructed as ratios of decay yields in symmetric Dalitz bins and decay-time
intervals, the decay-time-dependent efficiency e(¢) enters both the numerator and
the denominator similarly and largely cancels out. Therefore, the dependence of the
results on £(¢) is minimal, and residual effects arise only from higher-order corrections
or possible asymmetries in the efficiency within a given decay-time bin.

Ratios in terms of (z,y) and (¢,s,). With the approximation defined, in the
limit of C'P-conserving decay amplitudes, one obtains:

N = Ldt Ny (1)

2
s Fy[1+3(%); Re(22) ]+ 12 2 |2 P+ (00 FoFy Re(4 X, 2), (1.105)

Ny, = Ldtﬁb(t)
2
s F[1+3(2); Re(22)]+ 12 2 |2 P+ (00 Fo P Re(2 X, 2) . (1.106)

Defining r, = ./ F}, it is interesting to compute the ratios between the decal yield
in Dalitz bin —b and Dalitz bin b for mesons originally produced as D° or DO, for
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each decay-time bin j:

oo Voo oL+ RG] + ()12 afpl? + /7o(t); R X (afp) 2]
bj = , (1.107)

Ny 1+ 1(12)Re(22) + 2(82)121? mla/pl? + /T(t); R Xo(a/p) 2]

7y~ ot L RG]+ 1) [P /ol + /rlt), RAXG /) <]

TNy 1+ H(2); Re(22) + H(2), |2 rolp/al2 + /ro(t); R Xo(p/a) 2]
(1.108)

These are the core observables of the bin-flip fit: a joint fit of the R;; and Ebj ratio is
performed to determine the oscillation and CP violation parameters in charm mixing,
by constraining the coefficients X, from external measurements.

Additive CPV parametrization (zcp,Az). To avoid instabilities of the fit when
|z| ~ 0, it is advantageous to reparametrize the CPV effects additively via

zep £ Az = (q/p)*' 2. (1.109)

In this language,
2% = (20p + A2)(2cp - A2) = 28p - A2?,

and Equations ((1.107)—(1.108) become

ro[1+ 1(12);Re(22p - Az2) ] + H(t2); [cp + A2f” + /Folt),; R X; (200 + A2)]

(g)2 _ zop + Az

zop — Az’

~

bj — )
1+ H{12)Re(22p - A22) + 1 1{12); [zp + Azl + /7(t); R X, (200 + A7) ]
(1.110)
” rb[l + 1(t?);Re(22p - AZQ)] +1(t2); |sz - Az|2 +/To(t); Re[Xg (zcp — Az)]
bj =

1+ 3(t2);Re(22p — Az2) + 1y 3 (12); ‘ch - Az‘z +/To(t); Re[Xb (zcp - Az)]
(1.111)

Connection to (zcp,ycp, Az, Ay) and to (z,vy,|q/p|,#). Adopting the conven-
tional phase ¢ = arg(q/p), which assumes the absence of any final-state-dependent
weak interaction phase between decay amplitudes (consistent with the limit of CP-
symmetric decay amplitudes), the usual mixing parameters are:

zcp = -Im(zcp),  yep =-Re(zcp),  Az=-Im(Az),  Ay=-Re(Az).
(1.112)
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These relate to the usual parameters (z,v, |¢/p|, ¢) as

zep =3[z cos¢(|q/pl + |p/al) +ysin¢(lq/p| - p/a)], (1.113)
Az = §[zcos ¢(lg/pl - p/ql) + ysin o (la/p| + Ip/al)], (1.114)
yop = 5[y cos ¢(lq/p| + |p/al) — zsin & (lq/pl - p/al)], (1.115)
Ay = 5[y cos é(la/pl - p/al) — = sin ¢(lq/pl + Ip/al)] - (1.116)

In the CP-symmetry limit (|¢/p| = 1 in mixing, ¢ = 0 in the interference), one recovers
Tcep =T, ycp = Y, and Ax = Ay =0.

Binning choice and strong-phase inputs (¢, s;). For this analysis, the Dalitz
plane is partitioned in “iso-A¢d” (Figure [1.9)) bins such that A¢ is approximately
constant in each bin:

21 (b-2) 21 (b-1)

< Ad(m?,m?) < ——2%, b=1,...,n.
n

This reduces sensitivity to local efficiency variations. Although alternative binning
schemes have been developed [71], this analysis uses the same binning approach as
Run 2 to ensure consistency and enable direct comparison with previous results. The
(cp, sp) and their correlations are taken from threshold measurements (CLEO [69]
using the BaBar-2008 model [70] to define the bins).

Accounting for non-uniform efficiencies across the Dalitz plot. If the se-
lection efficiency e(m?2,m?) is not uniform, the effective quantities entering the fit
are

Fy = dm2dm? e(m?,m2)| Ay (m?, m?)P, (1.117)

[ dm2dm? (m?,m2) LAy (m2m2)| LAy (m2m2) | cos Ad(m?, m?)

Ch — . (1.118)
VEFy

[ dmam? e(m2m2) | Ag(m2, m2)| | Ay (m?,m?) | sin Ad(m?, m?)

3y = (1.119)

VE,F,
Efficiency patterns that are symmetric under m? < m? induce reduced biases on
(%,3p), and the iso-Aé binning further mitigates residual effects. In what follows,

tildes are omitted with the understanding that external inputs and possible correc-
tions can absorb small biases.
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Remarks specific to D - Kmr*7r-.  Because several bins are dominated by CP-
eigenstate amplitudes while others are CF-DCS interference-dominated, the slopes
of Ry; versus (t); (Figure show characteristic bin-to-bin patterns: bins with
rp~1 and large s;, (small ¢;) carry most of the x sensitivity, while bins with large ¢,
and small 7y, s, carry most of the y sensitivity. This complementarity is at the heart
of the bin-flip gain on the x combinations.

12 LI N R I N L B N NN BN B B B IR B B B
— x=04%
= y=0.6%

R, (1)

0.8

P PRI BT ST R B
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Figure 1.10: Bin-flip ratio in each Dalitz-plot bin as a function of decay time, in
the limit of CP symmetry and for two sets of mixing parameters. Ratios are com-
puted from Equation [[.1I0} Colours identify the various Dalitz-plot bins following

Figure [1.9] [22].

In summary, the bin-flip analysis of DY - K§m* 7~ is a model-independent route to
measure (zcp,ycp, Az, Ay) (and thus z,y,|q/p|, ¢) by exploiting mirrored-bin yield
ratios as functions of decay time, with external (¢, sp) inputs.

1.8.1 Status of the Art

The most recent results in the study of CP violation and mixing in the D - K77~
decay channel are summarised below. These measurements represent the current
state of the art in charm physics and provide the most stringent constraints on the
fundamental parameters governing neutral D meson oscillations.
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The most recent and important results come from two major experimental efforts.
The LHCb collaboration achieved a milestone in 2021 with the first observation of a
non-zero mass difference in the neutral D meson system [65], while the most recent
measurement was performed by the combined Belle and Belle II collaborations in
2024 [72].

The LHCb analysis used a dataset corresponding to an integrated luminosity of
5.4 fb™! of proton-proton collisions collected from 2016 to 2018, analysing 30.6 million
DO — K77 signal decays through the bin-flip method. This model-independent
approach partitions the Dalitz plot into eight symmetric bins and measures yield ra-
tios as a function of decay time, achieving unprecedented statistical precision through
careful systematic control. The results were (Figure [1.11)):

rop = (3.97 £ 0.46(stat) + 0.29(syst)) x 1073,
yop = (4.59 + 1.20(stat) + 0.85(syst)) x 1072,
Az = (-0.27 + 0.18(stat) + 0.01(syst)) x 1072,
Ay =(0.20 + 0.36(stat) + 0.13(syst)) x 1073,

establishing the first observation of DD mixing with a significance exceeding seven
standard deviations.

The most recent measurement comes from the Belle and Belle II collaborations,
utilising a combined dataset of 951 fb™ from Belle and 408 fb™! from Belle II, cor-
responding to approximately 2.05 x 106 reconstructed neutral D mesons in the same
decay channel. Using a similar model-independent Dalitz plot binning approach with
external hadronic parameter constraints, they obtained under the assumption of CP

symmetry (Figure [1.12)):

2= (4.0+1.7(stat) £ 0.4(syst)) x 1072,
y = (2.9 + 1.4(stat) = 0.3(syst)) x 1073,

with negligible correlation between the parameters.
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Figure 1.11: (Left) CP-averaged yield ratios and (right) differences of D? and D°
yield ratios as a function of ¢/7, shown for each Dalitz- plot bin with fit projections
overlaid. Results from [65].
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These results are consistent with previous determinations and provide comple-
mentary constraints from the clean e*e™ collision environment.

For completeness, it is worth recalling that time-dependent amplitude analyses
based on explicit Dalitz-plot models have also been performed in the past by the
BaBar [73] and Belle [74] collaborations. In this model-dependent approach, the
decay amplitude is parametrised as a coherent sum of intermediate resonant contri-
butions, allowing a direct extraction of the mixing parameters without relying on
external measurements of strong-phase differences. This constitutes a conceptual
advantage, as the precision is not limited by the uncertainties on the hadronic strong
phases, which could become a dominant source of uncertainty with larger future
datasets.

However, the reliability of the extracted parameters depends critically on the accu-
racy of the amplitude model and on the control of associated systematic uncertainties,
which are inherently difficult to quantify. In particular, in a hadronic-collision envi-
ronment such as that of LHCb, a time-dependent amplitude fit requires an extremely
precise knowledge of the reconstruction efficiency across the full Dalitz plane. Such
detector effects are challenging to model with sufficient accuracy and can introduce
non-trivial biases.

For these reasons, the model-independent binning strategy is not merely an alter-
native approach, but a robust and experimentally safer solution. By relying on exter-
nal strong-phase inputs and yield ratios in symmetric Dalitz bins, it avoids explicit
dependence on an amplitude model, significantly reducing model-related systematic
uncertainties while maintaining competitive sensitivity.
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Chapter 2

The LHCDb experiment

This chapter introduces the LHCbO detector as operated in Run 3. It outlines the
tracking and particle-identification subsystems, the dipole magnet and the standard
track types, and it summarises the data acquisition and software trigger, with notes
on real-time alignment, calibration, and offline processing.

The CERN accelerator complex
Complexe des accélérateurs du CERN

7 AWAKE
Em
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Figure 2.1: The CERN accelerator complex |75]

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [76] is a 26.7km superconducting synchrotron
(Figure installed in a 100m deep tunnel straddling the French-Swiss border
near Geneva. Two counter-rotating beams circulate in separate vacuum pipes and
are brought to collision at four interaction points (Figure hosting ATLAS (A
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Toroidal LHC Apparatus) [77], CMS (Compact Muon Solenoid) [78], ALICE (A
Large Ion Collider Experiment) [79], and LHCb (Large Hadron Collider beauty)
. The LHC alternates between periods of active data collection and maintenance.
The data-taking phases, known as Runs, are followed by Long Shutdowns, during
which the accelerator undergoes upgrades and routine maintenance. The LHC’s
operational schedule is planned well in advance and published by CERN. Currently,
the accelerator is in Run 3, which began in 2022 and is expected to continue until
2026. After this, Long Shutdown 3 (LS3) will take place, lasting approximately three
years, during which the LHC will be upgraded to become the High-Luminosity LHC
(HL-LHC).

Proton—proton centre-of-mass energies evolved from 7 -8TeV (Run 1) to 13 TeV
(Run 2) and 13.6 TeV in Run 3; heavy-ion running is also performed [81].

Proton beams are generated and accelerated through the injector chain (LINAC4
— Proton Synchrotron Booster — Proton Synchrotron — Super Proton Synchrotron)
before injection into the LHC ring. Machine operation alternates between periods of
stable beams, when experiments take data, and refills.

CMS

115.000.000.000

Protons

Figure 2.2: Sketch of the two beam pipes (dark grey) in which proton bunches (red
and blue dots) are circulated in opposite directions. The 4 locations where the beam
pipes cross, and proton bunches are collided (yellow dots) [82].

2.2 The LHCDb detector in Run 3

The LHCDb experiment (Figure , located at interaction point 8 of the LHC, is
the smallest of the four main LHC experiments and is designed as a single-arm for-
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Figure 2.3: Side view of the LHCb Upgrade I detector ||

ward spectrometer rather than a general-purpose 47 detector. Its geometry exploits
the fact that the production of bb quark pairs at the LHC is concentrated at small
polar angles due to gluon fusion processes, which typically boost the centre-of-mass
energy of the pair in the direction of the higher momentum proton. Consequently,
the detector acceptance covers particles produced between 10 mrad and 300 mrad in
the bending (x — z) plane, and between 10 mrad and 250 mrad in the non-bending
(y - z) plane.

While this asymmetric design implies a loss of about 50% of the solid-angle ac-
ceptance compared to symmetric detectors, it provides an optimised coverage for
the reconstruction of b- and c-hadron decays, whose decay products are typically
produced with high momentum at small polar angles. The coordinate system used
at LHCb is right-handed, with the origin at the nominal interaction point inside
the Vertex Locator (VELO): the z-axis runs along the beam pipe into the detec-
tor (downstream), the y-axis points vertically upwards towards the surface, and the
x-axis points outward from the accelerator ring. The LHCb detector consists of sev-
eral sub-detectors, which can be broadly divided into tracking systems and particle
identification systems, each employing different technologies to ensure precise recon-
struction and identification of the particles produced in proton-proton collisions.

2.2.1 Tracking System

The LHCb tracking system is designed to reconstruct the trajectories of charged
particles and to determine their momentum from the bending caused by the dipole
magnet. It is composed of three complementary sub-detectors: the VErtex LOcator
(VELO), the Upstream Tracker (UT), and the Scintillating Fibre (SciFi) tracker.
The VELO, located closest to the interaction point, provides precise measurements
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Figure 2.4: (Left) Distributions of bb production angles at the LHCb experiment ob-
tained via Monte Carlo simulation. (Right) bb production angles in terms of pseudo-
rapidity for the LHCb (red) and general-purpose detectors (yellow). From [84].

of particle vertices, enabling accurate reconstruction of primary and secondary decay
vertices. The UT is placed immediately upstream of the magnet and extends the
tracking capabilities, providing additional points to improve the resolution of the
momentum measurement. Finally, the SciFi tracker, positioned downstream of the
magnet, consists of scintillating fibres that allow high-resolution tracking over a large
area. Since the tracking detectors are positioned outside the magnetic field region,
charged particles are reconstructed as straight line segments both upstream (VELO
and UT) and downstream (SciFi). The particle momentum is then determined by
measuring the change in slope between the upstream and downstream tracks, com-
bined with the known value of the magnetic field. An overview of the different track
types used in LHCb reconstruction is shown in Figure [2.5]

2.2.1.1 The Vertex Locator (VELO)

The VELO is a silicon vertex detector placed close to the LHC interaction point.
Its primary function is to determine the position of primary vertices with very high
precision, thereby enabling the reconstruction of secondary vertices from particle
decays. The detector is composed of two movable halves arranged symmetrically
around the beam axis, each shielded by a sequence of thin aluminium radio-frequency
(RF) foils, as illustrated in Figure 2.6l During stable beam conditions, the two
halves are positioned only 4.9-5.6 mm from the proton beams, allowing optimal
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Figure 2.5: Different track types in the LHCb reconstruction. VELO and SciFi hits
are required to reconstruct long tracks.
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Figure 2.6: (Left) Schematic view of the 52 VELO ’s modules along the z axis.
(Right) Two modules with the nominal layout of the sensors around the z axis in the
closed configuration are shown with half of the ASICs facing upstream (grey) and
the other half facing downstream (blue).

resolution. To protect the sensitive sensors during injection or ramp-up phases, the
halves can be retracted horizontally by about 3 cm, creating an “open” configuration.
When closed, a small overlap between the two halves ensures precise alignment.
Owing to its location directly around the interaction point, the VELO serves as the
reference system for the alignment of all other LHCb sub-detectors. Its excellent
spatial resolution makes it capable of reconstructing vertices even in high pile-up
environments, thereby playing a crucial role in track separation and association.
During the LHC year-end technical stop in January 2023, an incident occurred in
which one of the RF foils was damaged during an emergency test. As a consequence,
for the 2023 data-taking period, the VELO could not be fully closed for safety rea-
sons. This restriction forced the detector to operate in a half-open configuration,
significantly reducing the acceptance for particles produced at high pseudo-rapidity
and thus limiting the quality of the recorded dataset. The issue was subsequently
resolved, allowing the VELO to operate normally for the 2024 data-taking period.
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2.2.1.2 The Upstream Tracker (UT)

Located downstream of the VELO, right after the RICH1, and directly upstream
of the LHCb dipole magnet, the Upstream Tracker (UT) [86] is the second element
of the tracking system. It is composed of four layers of high-granularity silicon
micro-strip detectors (Figure , designed to refine the momentum measurement
of charged particles and to bridge the tracking information between the VELO and
the SciFi tracker. The sensors are arranged in an z—u-v—x configuration: the first
and last layers measure the x coordinate of traversing particles, while the two central
layers are tilted by +5° with respect to the vertical axis, providing information on
the y coordinate. This stereo geometry enables three-dimensional hit reconstruction.

The micro-strip sensors vary in length and pitch depending on their radial distance
from the beam line, in order to accommodate the decreasing particle flux. Resolu-
tions of about 27 um are achieved in the central regions, while the outer sensors
provide resolutions of approximately 55 um. By measuring the deflection of tracks in
the bending (z—z) plane, the UT significantly improves the precision of momentum
estimation and enhances the overall track reconstruction when combined with the
VELO and SciFi information.

An additional function of the UT is the reconstruction of so-called upstream tracks,
corresponding to low-momentum particles that are deflected out of the spectrometer
acceptance by the magnetic field before reaching the SciFi tracker. This ensures that
also soft particles, which would otherwise be lost, can be reconstructed.

The installation of the UT experienced delays during the LHCb Upgrade I pro-
gramme. The detector was finally completed during the year-end technical shutdown
of 2023 and entered operation in April 2024. Consequently, data collected before this
period were recorded without UT information, while datasets taken afterwards ben-
efit from the enhanced tracking performance it provides.

2.2.1.3 The dipole magnet

A warm dipole magnet with integrated bending power [ Bdl ~ 4 Tm provides the
momentum kick mainly in the horizontal (z—z) plane, with the magnetic field oriented
along y. The bending angle « relates to the momentum p through

0.3
pz?dez, (2.1)
with p in GeV/e, [ Bdl in Tm, and « in rad. The radius of curvature is defined as

R =1/a. The polarity is regularly reversed (MagUp/MagDown) to minimise detector-
induced charge asymmetries.

44



Chapter 2. The LHCb experiment 2.2. The LHCb detector in Run 3

1238 wm

Figure 2.7: Sketch of the four UT silicon planes. Pink sensors in the centre have a
pitch of 93.5 um at a length of roughly 5 cm, yellow sensors have the same pitch, but
twice the length. Green sensors have a pitch of 187.5 um and are also twice as long
as the sensors in the centre.

2.2.1.4 The Scintillating Fibre Tracker (SciF'i)

The Scintillating Fibre tracker (SciF1i) is positioned directly downstream of the
LHCb dipole magnet and represents the final element of the tracking system. Its
role is to measure the trajectories of charged particles after they have been bent by
the magnetic field, thereby enabling precise momentum determination when com-
bined with the upstream measurements from the VELO and UT. By extrapolating
SciFi tracks back towards the VELO, complete track reconstruction is possible for
most particles that reach the SciFi before being absorbed or deflected out of the
spectrometer acceptance.

The detector is organised into three tracking stations, labelled T1, T2, and T3,
each consisting of four layers of scintillating fibre mats. The layers follow an x—u—v—x
geometry similar to the UT: the first and last layers provide z measurements, while
the two inner layers are tilted by +5° to also extract y coordinate information. Al-
together, the SciFi is composed of twelve layers. The final station contains twelve
modules per layer, whereas in the first two stations, the number of modules per layer
was reduced to eight due to cost constraints, giving a total of 112 modules across
the full detector. A schematic view of the SciFi location, placed between the magnet
and the RICH detector, is shown in Figure

The performance of the SciFi is characterised by a single-hit detection efficiency
above 95% and a spatial resolution better than 100 um in the bending plane. Thanks
to its design, the momentum of charged particles can be reconstructed with a rel-
ative precision better than 1% for momenta up to 200 GeV/c. This high granu-
larity and resolution make the SciFi an essential component for the LHCb physics
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Figure 2.8: The LHCb magnet .

programme, especially in analyses requiring accurate momentum determination of
charged hadrons.

Figure 2.9: Schematic of four SciFi layers making up a station behind each other
(left) and the three stations, T1, T2 and T3, behind each other (right), both in
comparison to the size of an average human adult.

2.2.1.5 Track reconstruction

Outside the magnet, trajectories are locally straight; the momentum is inferred from
the change of slope across the field. The LHCb reconstruction software defines five
standard track categories, classified according to the sub-detectors contributing to
their reconstruction. The main track types (Figure are:
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o VELO tracks: reconstructed from 3D hits in the VELO, requiring signals in
both the r and ¢ sensors. They are not correlated with hits in other tracking
stations and are mainly employed for the reconstruction of primary vertices. A
simplified Kalman filter is applied, accounting for multiple scattering and tuned
noise parameters.

o Upstream tracks: built with the VeloUT algorithm, starting from VELO tracks
extrapolated linearly to a UT reference plane. Hits within a given tolerance of
the predicted trajectory are collected and combined into triplets or quadruplets.
A least-squares fit merges the VELO track with these hits; if the fit quality is
satisfactory, at most one Upstream track is retained per VELO candidate. These
tracks are created by low-momentum particles that are strongly deflected by the
magnetic field and cannot reach the T-stations. They are particularly useful in
the reconstruction for the RICH1 detector, even though they are not widely
used in most physics analyses.

o Downstream tracks: reconstructed by extending SciFi seed tracks upstream to-
wards the UT. A parametric model based on the hybrid seeding momentum
estimate predicts the expected hit positions in the UT, to which nearby clusters
are attached. A Kalman filter removes incompatible measurements and refines
the track parameters. Downstream tracks are typically produced by long-lived
particles (e.g. K mesons or A baryons) decaying away from the interaction
point. Since they do not leave hits in the VELO, the momentum resolution is
worse than that of Long tracks, but the longer lever arm still allows a useful
determination.

o T tracks: reconstructed exclusively from hits in the SciFi layers. These particles
often originate from material interactions or decays of very long-lived particles,
and are usually not employed in physics analyses.

o Long tracks: the most important category for physics analyses, combining in-
formation from VELO, UT, and SciFi stations. Their reconstruction relies on
two complementary algorithms:

o The Forward Tracking algorithm [88] starts from VELO seeds, extrapolated
as straight lines (the magnetic field being negligible in the VELO). Candi-
date hits in the TT are associated, and a rough momentum estimate is used
to predict hit positions in the T-stations, taking into account the bending
due to the magnetic field.

o The Track Matching algorithm |89] reconstructs seeds independently in the
VELO and T-stations, then extrapolates them to the magnet plane. A
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compatibility criterion based on their distance in x and y at the bending
plane is used to merge them.

After the initial combination, a Kalman filter [90] refines the track parameters,
rejects outliers, and provides covariance estimates. To avoid duplication between
the two methods, a clone killer |91] algorithm removes multiple reconstructions
of the same trajectory. Long tracks achieve the best momentum resolution and
are therefore the reference track type in most physics analyses.

Tracks are then extrapolated to the PID systems (muon stations, calorimeters,
RICH detectors), where they are assigned global PID likelihoods.

In addition to the standard categories, one may also encounter so-called ghost
tracks. These are spurious tracks reconstructed from noise, overlapping signals, or
accidental scattering, and do not correspond to a real particle. Although not part of
the official LHCb classification, the term ghost track is widely used in tracking studies.
To suppress them, LHCb employs a dedicated neural network classifier, which assigns
each reconstructed track a probability of being a ghost (GhostProb) [92]. Tracks with
a high ghost probability are typically discarded before analysis.

When analysing simulated events, a dedicated tool called MCTruth provides the
true origin of reconstructed tracks. This allows validation of the reconstruction algo-
rithms and identification of which track categories (primarily Long and Downstream)
should be retained for physics analyses.

2.2.2 Particle identification detectors

The classification of detected particles according to their mass, known as Particle
Identification (PID), represents a fundamental aspect of flavour physics analyses.
The LHCb detector employs a sophisticated three-component system to achieve re-
liable particle identification: the Ring Imaging Cherenkov (RICH) detectors, calori-
metric systems, and muon chambers. The outputs of these subsystems are combined
through likelihood-based algorithms that maximise identification performance while
reducing background contamination. Calibration studies demonstrate that identifi-
cation efficiencies typically range from 90 to 100% depending on the particle species
under consideration.

In this section, particular emphasis will be placed on the RICH detector system, as
it constitutes the primary focus of my research contributions. The detailed concepts
presented here will serve as the foundation for the work described in Chapters
which document my specific contributions to RICH detector studies and applications.
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Figure 2.10: Schematic view of the upgraded (left) RICH1 and (right) RICH2 detec-

tors .

2.2.2.1 The Ring Imaging Cherenkov Detectors

The Ring Imaging Cherenkov (RICH) detector system (Figure serves as a
fundamental component for particle identification within the LHCDb framework.
These detectors are specifically designed to distinguish charged hadrons (7, K, p)
across a momentum spectrum spanning from 2.6 to 100 GeV, while also providing
identification capabilities for charged leptons (e, i), especially in the low-momentum
regime. This hadron identification capability proves indispensable for most LHCb
physics studies, enabling the separation of final states that would otherwise appear
topologically identical. Furthermore, the system substantially suppresses combina-
torial backgrounds in hadronic decay modes, where the absence of PID constraints
would render the background levels prohibitively high.

The operational foundation of the RICH detectors is based on Cherenkov radi-
ation: when a charged particle moves through a dielectric material with refractive

49



Chapter 2. The LHCb experiment 2.2. The LHCb detector in Run 3

index n at velocity 8 > 1/n, it produces Cherenkov photons emitted at a characteristic

angle 6., described by
1

s’
The particle’s mass m can be extracted by combining the momentum p measured by

the tracking detectors with the velocity v derived from the Cherenkov angle 6.. The
threshold velocity for Cherenkov photon emission at 6. = 0° is expressed as

cos(0.) = (2.2)

6th = la (23)
n

whereas the maximum achievable Cherenkov angle corresponds to the limit § — 1:

(0.) maz = arccos (%) : (2.4)

Particles reaching this saturation angle provide a means to calibrate the Cherenkov
angle resolution. The spectral photon production rate per unit path length is gov-
erned by

d*N, 27m2%a ( 1 )’ (2.5)

dedh N2 £2n2
where z represents the particle charge and « denotes the fine structure constant.

The detector architecture comprises two complementary units, RICH1 and
RICH2, each optimised for distinct momentum intervals. RICH1 is positioned before
the dipole magnet, following the VELO detector, and utilises C4F1¢ gas (n = 1.0014)
as the radiator medium, providing coverage for momenta between 2 and 50 GeV/c.
RICH2 is situated after the magnet, preceding the calorimeter system, and employs
CF, gas (n = 1.0005), extending the momentum range from 15 to 100 GeV/c. While
the fundamental design philosophy and geometric arrangement have been retained
from the previous operational periods (Run 1-2 |94} 95]), significant upgrades were
implemented to enable operation at enhanced luminosity levels while preserving the
identification performance achieved in earlier runs.

To support the required 40 MHz data acquisition rate, the photon detection sys-
tems in both RICH detectors underwent complete reconstruction. The original
hybrid photon detectors (HPD) incorporated front-end electronics constrained to
1 MHz operation, which proved inadequate for the upgraded luminosity conditions
(L =2x10%3ecm™2s7t) ~ 5x Run 2 luminosity). In RICHI1, the spherical mirror ra-
dius was extended from 2.7m to 3.7 m, effectively displacing the focal plane further
downstream, increasing the Cherenkov ring dimensions, and consequently reduc-
ing the peak occupancy levels [96]. Additionally, the photodetectors were relocated
deeper within the magnetic shielding structure to minimise background interference

(Figure [2.11)).
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Figure 2.11: The optical geometries the upgraded RICH1. From [83].

The HPDs were substituted with multi-anode photomultiplier tubes (MaPMTs)
integrated with redesigned front-end electronics. These MaPMTs incorporate an 8x8
anode configuration. For RICH1 and the central regions of RICH2, 1-inch MaPMTs
featuring 2.88 x 2.88 mm? pixel dimensions were deployed in areas experiencing high
occupancy rates. The peripheral regions of RICH2 utilise 2-inch devices with 6 x
6 mm? pixels, effectively reducing both the total number of detector units and readout
channels while maintaining optimal performance characteristics (Figure .

The front-end electronics incorporate CLARO (Figure application-specific
integrated circuits (ASICs), each containing 8 channels with analogue signal con-
ditioning and binary discrimination capabilities optimised for single-photon detec-
tion. The system provides signal amplification, digitisation, and channel-by-channel
threshold adjustment [100], with data transmission handled through FPGA technol-
ogy synchronised to the LHC clock system and forwarded to the high-level trigger
via GigaBit Transceivers (GBTs) |101].

The detector planes utilise a hierarchical modular architecture built from multi-
anode photomultiplier tubes (MaPMTs) as the fundamental detection units. These
64-pixel scintillation detectors are available in two configurations: R-type (1x1 inch?)
and H-type (2 x 2 inch?) (Figure . The photodetector and CLARO chip assem-
blies are organised into elementary cells (ECs), where EC-R configurations combine
four R-type MaPMTs in a 2 x 2 arrangement with associated front-end boards, while
EC-H configurations utilise single H-type MaPMTs as elementary units. Each EC-
R unit interfaces with four MaPMTs (totalling 256 pixels), incorporates resistive
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Figure 2.12: (Left) The MaPMTs selected for the upgraded RICH detectors with the
2-inch model (on the left) and the 1-inch model (on the right). (Right) Scheme of
the internal structure of the MaPMT. From , .

voltage dividers for dynode biasing, and includes magnetic shielding that achieves a
20-fold reduction in stray magnetic fields.

Four elementary cells arranged in a 4 x 1 configuration constitute a Photo Detec-
tor Module (PDM), which connects to the LHCb data acquisition system through
a Photo Detector Module Digital Board (PDMDB) (Figure [2.15). The PDMDB
handles signal digitisation, integration with the Experiment Control System, and
provides FPGA-based timing control and data formatting functions.

The front-end electronics mounted behind the MaPMTs generate digital outputs
for trigger processing. Anode signals are routed to Front-End Boards (FEBs) hous-
ing the CLARO ASICs, with each CLARO functioning as an 8-channel single-photon
counting circuit that produces digital outputs when channel signals exceed pro-
grammable thresholds. Four FEBs are installed on each EC-R, while two are mounted
on each EC-H. The PDMDB aggregates these digital signals and prepares them for
transmission, with its FPGA applying hardware time gating to the CLARO output
for noise mitigation. The system architecture employs paired PDMDB-R units to
manage four EC-R assemblies, while individual PDMDB-H units control four EC-H
assemblies. The complete installation comprises 472 EC-R units in RICH1, with
RICH2 containing 192 EC-R units in the central region and 384 EC-H units in the
outer areas. The RICH2 detector plane features a vertical segmentation into thirds,
with the middle section populated by EC-Rs and the upper and lower sections util-
ising KC-Hs.

Effective particle identification performance requires minimisation of noise contri-
butions in MaPMT channels. Several noise sources can compromise detection quality:
charge sharing and crosstalk phenomena occur when Cherenkov photons deposited
in one channel induce spurious hits in neighbouring channels, either through pho-
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Figure 2.13: ((Left) CLARO ASIC with its packaging. (Right) Block schematic of
a CLARO channel. The purpose of the dummy amplifier is to give each channel a
differential structure, improving the power supply rejection ratio and allowing DC-
coupled input to the discriminator. From [98, 99].

toelectron deviation causing multiplication in adjacent PMTs or through capacitive
coupling between PMT anodes. Dark counts arise from thermionic emission at the
photocathode, exhibiting exponential temperature dependence.

Temporal Gating for Background Suppression The nature of Cherenkov pho-
ton emission combined with the focusing properties of the mirror optical system re-
sults in the quasi-simultaneous arrival of photons from particle tracks at the detection
plane within the RICH detectors. This temporal characteristic enables the imple-
mentation of a timing window at the front-end electronics level, effectively filtering
unwanted out-of-time background events while preserving genuine photon signals
within a defined temporal interval.

Simulation studies of RICH1 demonstrate that photon hit time distributions ex-
hibit a signal peak with approximately 2 ns width, primarily attributed to the spatial
distribution of primary interactions throughout the LHCb acceptance. This natu-
ral time spread establishes the minimum required width for the front-end timing
gate. However, practical considerations, including CLARO time walk effects, inter-
channel timing variations, MaPMT transit time dispersion, and the digital sampling
frequency of the front-end electronics, necessitate a timing gate width of 3.125ns,
with the possibility of extension to 6.250ns when required. This temporal filter-
ing approach proves highly effective not only in rejecting background from beam-
related interactions but also in suppressing detector noise sources, including MaPMT
crosstalk phenomena and afterpulsing effects. The resulting background reduction
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Figure 2.14: Schematic view of the (left) R- and (right) H-type elementary cell.

From (83} 97].

substantially improves the performance of particle identification algorithms through
enhanced RICH pattern recognition capabilities.

The timing gate generation and temporal alignment procedures are implemented
within the FPGA firmware of the Photo Detector Module Digital Board (PDMDB).
The time-gating functionality exploits the deserialiser components integrated into
each input-output logic block of the FPGA, operating at Gbps transmission rates.
The deserialiser captures CLARO output signals using both rising and falling edges
of the 160 MHz clock, transferring the sampled data at 320 Mbit/s into an 8-bit
shift register configuration. This data byte is compared with signal templates stored
in lookup tables, which use memory resources with minimal logic overhead in the
FPGA’s fabric. If the byte matches one of the programmed patterns, a hit is regis-
tered at the next 40 MHz clock edge. The lookup table architecture can be reconfig-
ured for different acquisition scenarios, allowing adjustments to timing gate widths,
edge detection modes, and basic spillover checks. The timing gate (Figure
operates at fixed latency relative to the LHCb clock reference. The FPGA receives
both the 40 MHz system clock and 160 MHz sampling clock from the GBT link, with
clock phase relationships adjustable across the full 25 ns range in precise increments
of 49ps. This fine adjustment capability allows optimal positioning of the timing
gate relative to the signal arrival time characteristics of the RICH detector system.

Particle Identification Methodology in RICH Detectors The identification
of short-lived particles relies fundamentally on the characterisation of their longer-
lived decay products, with the RICH detectors providing crucial particle identifi-
cation capabilities for charged hadrons. The particle trajectory and momentum
determination utilise measurements from the LHCb VELO, UT, and SciFi tracking
systems. By combining this kinematic information with Cherenkov angle measure-
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PDMDB-H differs by having one less FPGA and DTM compared to the PDMDB-
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ments, particle mass identification becomes possible.
The relationship between the Cherenkov angle and particle properties can be

expressed as:
1 2.2
0. = arccos( 1+ 20 ) (2.6)

n(w) p

where m represents the particle mass and p its momentum. Plotting Cherenkov angle
versus momentum for various stable particles reveals distinct characteristic curves
that enable species discrimination. The Cherenkov angle for electrons approaches
Omax, making accurate measurement challenging; consequently, electron and muon
identification rely primarily on the electromagnetic calorimeter (ECAL) and muon
detection systems, respectively.

Given the high particle multiplicity typical of LHCb events, maximum likelihood
estimation algorithms are employed to determine the Cherenkov angles associated
with individual particle tracks. The likelihood function for a given set of mass hy-
potheses L(h) is computed as the product over all hit pixels of the Poisson probability
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Figure 2.16: RICHI1 simulated photon detector hit time distribution showing the
signal peak (S) and a possible time gate in the front-end electronics. From [97].

for detecting a hit in pixel ¢ given the expected signal v;(h):

Mot efz/i(h)yi h)ni
£(w =] Sa” 27)

i=1 Pt

I/Z(h) = ;ai]’(h]’) (28)

where M, represents the total number of hit pixels, n; is the observed signal in
pixel i, N denotes the total number of tracks, and a;;(h;) represents the expected
number of photoelectrons in pixel ¢ from track j. The delta log-likelihood (DLL)
serves as the metric for comparing particle identification performance across different
configurations:

DLLy;, = log(L(h)) - log(L(h)) (2.9)

2.2.2.2 Electromagnetic and Hadronic Calorimeters

The LHCb calorimeter system is responsible for the identification and energy mea-
surement of electrons, positrons, photons, neutral mesons, and hadrons. It consists of
two main sub-detectors: the electromagnetic calorimeter (ECAL) and the hadronic
calorimeter (HCAL).

The ECAL plays a crucial role in the reconstruction of photons and neutral mesons
such as 7%, which account for roughly one third of heavy-flavour decays at LHCb.
Its design provides a balance between high-energy resolution and fast time response,
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Figure 2.17: The layout of the calorimeter system [102] in the LHCb experiment up
to Run 2. The hadronic calorimeter (HCAL) is located at the back, followed by the
electromagnetic calorimeter (ECAL) and the preshower (PS) and the scintillating
pad detector (SPD) in the front. Both the PS and the SPD were removed for Run 3
of data taking.

enabling precise reconstruction of photon energy and position, as well as the identifi-
cation of electrons and positrons. The energy resolution of the ECAL is parametrised
as:

or  (9.0£0.5)% 0.003

— =2 (08+02)% 0 ———, 2.10

E VE ( )% Esinf (2.10)
where F is the particle energy in GeV and 6 is the polar angle of the ECAL cell. The
first term represents the stochastic component, the second accounts for calibration
imperfections and energy leakage, while the last corresponds to the contribution from
electronic noise.

The HCAL is optimised for the measurement of hadrons and provides coarser

energy resolution, given by:

OR (67 + 5)%
— =0 (9+2)%. 2.11
- T 0 012) .11
Although less precise than the ECAL, it plays an essential role in particle identifica-
tion (PID), energy measurements of hadrons, and triggering.
Both calorimeters are located downstream of the magnet and tracking stations,
perpendicular to the beamline. They are segmented into square cells of different sizes
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depending on occupancy and required resolution: the innermost region, closest to the
beam pipe, has the highest granularity, while the outer regions use larger cells. The
ECAL additionally features an intermediate granularity region. Structurally, both
detectors consist of alternating layers of absorber material (lead in ECAL, iron in
HCAL) and scintillators. Charged particles crossing the absorbers produce showers,
which generate light in the scintillator tiles. This light is collected by wavelength-
shifting fibres and read out by photomultiplier tubes (PMTs).

For Run 3, the calorimeter readout electronics were upgraded to allow for a 40 MHz
streaming readout, to cope with higher instantaneous luminosities and the fully
software-based trigger. The mechanical layout of the ECAL and HCAL remains
unchanged: they are divided into two halves (A- and C-sides), which can be moved
horizontally for installation and maintenance.

2.2.2.3 The Muon Detection System

A specialised detection system is essential for muon identification, as these particles
possess the unique capability to penetrate calorimetric systems and reach the out-
ermost regions of the LHCb detector. Muons, being elementary particles similar to
electrons but approximately 200 times more massive, exhibit minimal energy loss
characteristics that enable them to traverse the entire LHCb detector assembly due
to their reduced electromagnetic and hadronic interaction cross-sections.

The muon detection system for Run 3 operations comprises four stations desig-
nated M2 through M5, strategically positioned at the detector’s periphery down-
stream of the calorimeter systems and separated by iron absorber plates. These
stations are arranged following a projective geometry with rectangular configura-
tions. The Run 3 configuration represents a modification from the previous Run 1-2
setup, which included an additional station M1 located upstream of the calorimeters.

Each muon station utilises Multi-Wire Proportional Chambers (MWPCs) as the
primary detection technology for measuring the positional information of charged
particles. The detector employs 1368 MWPCs distributed across the four stations,
with each chamber containing four detection layers, termed gaps, comprising an-
ode wires positioned between paired cathode planes. The chambers are filled with
ionising gas that generates electrical signals near high-voltage wires when traversed
by charged particles, providing efficient and rapid muon detection capabilities while
maintaining performance under intense particle flux conditions.

The spatial organisation of each station features four distinct regions (R1, R2, R3,
R4) with progressively increasing dimensions as distance from the beam axis increases
(Figure [2.18). This regional segmentation ensures uniform distribution of particle
flux and channel occupancy across the detector surface. The logical pad segmentation
of the cathode planes exhibits asymmetric granularity, with finer segmentation in
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Figure 2.18: Front view of one quadrant of M2 showing the four regions. From [103].

the horizontal direction compared to the vertical direction, reflecting the horizontal
bending of muon trajectories in the magnetic field environment. Pad dimensions
increase for outer detector regions where multiple Coulomb scattering effects become
more pronounced, as charged particles deviate from straight-line trajectories through
elastic collisions with atomic nuclei.

The iron absorber plates, functioning as muon filters with 80 cm thickness, are
interleaved between stations to suppress low-energy particles and enhance muon se-
lection purity. The minimum momentum requirement for muons to traverse all four
stations is approximately 10 GeV/c, establishing the detection threshold for the sys-
tem.

The front-end electronics incorporate an amplifier-shaper-discriminator stage im-
plemented through dedicated ASICs, coupled with digital processing sections that
enable temporal signal alignment and logical combination of individual readout chan-
nels into consolidated logical channels. These front-end components, designed for
radiation tolerance up to 100kGy, remain unchanged from previous configurations
as they meet the requirements for upgraded operational conditions. However, the
readout electronics underwent complete restructuring to accommodate the updated
LHCb readout architecture, representing the primary upgrade for the muon system.
The monitoring and control electronics were similarly redesigned to support the new
40 MHz readout rate and integrate with the experiment’s updated data acquisition
and control systems.
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2.2.3 LHCDb Data Processing Framework

The LHCb detector employs a synchronous data acquisition architecture in which
all front-end electronics continuously transmit information at each bunch crossing
event. The data acquisition infrastructure consists of a distributed farm of 162 event
builders (EB) servers, each hosting back-end receiver FPGA boards called TELL40
and graphics processing units (GPUs) responsible for executing the first-level High-
Level Trigger (HLT1) algorithms 83} [104].

Each TELL40 board receives data from the various subdetectors and forms Multi-
Fragment Packets (MFPs), which are consolidated by the EB servers into Multi-
Event Packets (MEPs) containing around 1000 events. The MEPs are then internally
transferred to the GPUs for initial event reconstruction and selection. This internal
transfer eliminates external network overhead, significantly accelerating processing.

Following initial processing by the EB servers and HLT1 stage, the data stream
proceeds to the second-level High-Level Trigger (HLT2) for additional analysis on
standard CPU architectures before final archival storage. Detector readout signals
are conveyed through optical fibre networks to a centralised computing facility host-
ing the event builder infrastructure.

The LHCb software framework collects electrical signals from the various subde-
tectors, reconstructs tracks and vertices, identifies decays, and presorts events. All
events not identified as containing decays of interest are permanently discarded to
save storage space. Continuous real-time detector alignment and calibration are cru-
cial, as any inefficiency or miscalibration directly impacts the available dataset for
physics analyses.
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Figure 2.19: LHCb dataflow. From [105].
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2.2.3.1 Trigger Architecture

During Run 3 operations, LHCb has deployed a completely software-driven trigger
framework designed to handle the enormous data volumes generated by the detector
system. This innovative approach utilises a fully synchronised and calibrated real-
time software trigger capable of performing offline-quality event reconstruction at
the LHC’s native bunch crossing rate of 40 MHz.

The motivation for this design stems from LHCb’s physics program, which focuses
on precision studies of b- and c-hadron decays. These processes have cross-sections of
several millibarns at 13.6 TeV, much higher than the nanobarn-level cross-sections of
top-quark or Higgs boson production targeted by the ATLAS and CMS experiments.
While ATLAS and CMS rely on a coarse hardware-based first-level trigger to select
rare events, LHCDb requires extremely high statistics, making it essential to operate
with a pure software trigger at the full 40 MHz collision rate.

Given that events failing to satisfy any trigger selection criteria are permanently
discarded from the data stream, implementing continuous real-time detector align-
ment and calibration becomes essential. This approach enables immediate identifica-
tion of trigger-related issues and allows for prompt corrections before significant data
loss occurs. Consequently, rapid, accurate, and computationally efficient track recon-
struction algorithms are required, with preliminary reconstruction performed during
the HLT1 phase and comprehensive reconstruction completed in the HLT2 stage.
For this reason, the High-Level Trigger (HLT) consists of two sequential processing
stages connected by an intermediate storage buffer.

The first stage, HLT1, performs partial event reconstruction to achieve manage-
able data throughput rates while maintaining high selection efficiency for physics
signatures.

Event reconstruction in HLT'1 is implemented through the Allen framework [106],
which harnesses about 600 NVIDIA RTX A5000 GPUs. Algorithms written in C++
and CUDA exploit the independence of collision events and the parallel nature of
track and vertex reconstruction. So, reconstruction uses information from tracking
detectors, ECAL, and muon stations, finding primary and secondary vertices, track-
ing particles, and identifying muons, while minimum momentum cuts are applied to
maintain throughput. Information from the RICH detector is not used at this stage.
Each GPU processes multiple events simultaneously, enabled by the relatively small
event size of about 100kB, achieving a rate reduction factor between 30 and 60. The
HLT1 output rate is around 1 MHz.

Events passing HLT1 are temporarily stored in a disk buffer of roughly 30PB
capacity, sufficient for about 80 hours of data at 1 MHz. This buffer not only prevents
immediate data loss but also allows real-time detector alignment and calibration
procedures to be applied before further processing. The HLT1 sequence is depicted
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Figure 2.20: Schematic of HLT1 reconstruction flow at LHCb. From [107].

in Figure [2.20]

The second stage, HLT2, operates within the MOORE framework on stan-
dard CPU-based servers in the Event Filter Farm. Unlike HLT1, it functions asyn-
chronously: event processing begins only after detector calibration and alignment
procedures have confirmed satisfactory conditions. Consequently, only a small frac-
tion of buffered data is processed immediately. Once validated, HLT2 processes
events at rates matching HLT1 output to avoid buffer overflow. HLT2 performs full
event reconstruction, reducing the data stream to about 10 GB/s distributed among

(Figure [2.19):
o Full Events: the complete event record is stored;

o Turbo Events: only the decay of interest is preserved to save storage;

o Calib Events: retain full information for calibration and alignment studies.

2.2.3.2 Online Real-Time Alignment Procedures

Within the LHCDb context, “real-time” refers to the entire chain from an inelastic
collision at bunch crossing to the final recording of data in permanent storage, a
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process that may span several days. A critical element of this workflow is the contin-
uous online alignment and calibration of detector subsystems, which ensures optimal
efficiency for both HLT'1 selection and HLT?2 reconstruction.

Alignment at LHCD is divided into time alignment and spatial alignment. Time
alignment guarantees that subdetectors correctly register signals within the 25ns
bunch spacing of the LHC. Special runs with single proton bunches, separated by
several microseconds, are used for calibration.

Spatial alignment ensures that the geometrical positions of subdetectors are known
to high precision. The VELO detector requires frequent alignment updates, since
mechanical opening and closing of the VELO halves can shift their positions by nearly
a millimetre. Each time the VELO closes, its position is realigned, with quality
checks performed by comparing reconstructed primary vertex positions between the
two halves. Sequentially, the UT and SciFi tracking systems are aligned relative to
the VELO, using track signatures from well-known decays. Alignment parameters,
consisting of three translational and three rotational degrees of freedom for each
detector element, are optimised iteratively by minimising the track x?2.
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Figure 2.21: LHCD online system. From .

Additional subsystems also undergo dedicated calibrations. The RICH mirror
alignment, determined by comparing measured and expected Cherenkov angles, is
performed once per proton fill and can require several hours, though it may be
applied retrospectively since RICH information is not used in HLT1. The muon
detector alignment is done infrequently, as most analyses are less sensitive to its
precision; nonetheless, misalignment can affect partial muon track reconstruction.
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The ECAL is calibrated approximately monthly using the invariant mass of 70 — v~
decays.

The overall alignment sequence follows the order: VELO, UT and SciFi, RICH
detectors, and finally the muon system, as illustrated in Figure[2.21] Throughout this
process, track reconstruction efficiency plays a dual role: it depends on the quality of
alignment but also serves as a sensitive diagnostic tool for evaluating and improving
alignment performance.

2.2.3.3 Offline Data Processing
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Figure 2.22: LHCb offline data flow. From .

The final stage before physics analysis is referred to as “sprucing” [109]. Sprucing
applies selective skimming (further event selection) and slimming (reducing redun-
dant information) to optimise datasets. Events passing HLT2 are divided between
the FULL and Turbo streams: the FULL stream constitutes approximately 30% of
the total output and retains the full raw data, allowing for reprocessing in yearly
re-sprucing campaigns, whereas the Turbo stream comprises the remaining 70% and
persists only the information related to particle signal candidates, preventing full
reprocessing.

Compared to earlier processing stages, sprucing operates with relaxed timing con-
straints, allowing for more computationally intensive procedures. This enables de-
tailed analyses of complex particle decays, ensuring that high-level derived quantities
are readily available to analysts.

Typical events stored in the FULL stream include those selected by inclusive
topological lines, such as two- or three-body decays with specific requirements on
vertex quality and particle momenta. Events selected by exclusive lines, targeting
precise decay topologies and final-state particles, are typically processed in the Turbo
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stream. Both FULL and Turbo data are then organised into optimised physics
streams, providing analysts with reduced datasets categorised by physics topics.
The sprucing procedure also processes calibration events to ensure detector mon-
itoring and alignment needs are met. Compared to earlier stages, sprucing operates
with relaxed timing constraints, permitting more computationally intensive proce-
dures and ensuring that high-level derived quantities are readily available to analysts.
Following sprucing, the processed data are made available through centralised
production systems. The Analysis Productions framework [110] is responsible for
generating the final output files, managing monitoring, and archiving the data in
an automated and centralised manner. Analysts then typically use the DAVINCI
software [111] to produce ntuples, which constitute the fundamental data format for
physics analyses. The complete workflow from raw detector signals to analysis-ready

data is summarised in Figure [2.22]

2.2.4 Dedicated trigger HLT1 line for D°— KSh*h-

The introduction of a dedicated HLT1 line for D® - K3h*h~ decays addresses one
of the main systematic limitations in time-dependent Dalitz plot analyses of charm
decays. The enhanced real-time processing capabilities of the LHCb Run 3 trigger
architecture enable the selection of such multi-body final states already at the 30 MHz
input rate of the first trigger level.

The key motivation for this new selection is the intrinsic limitation of multivari-
ate approaches such as TrackMVA and TwoTrackMVA, widely used during Run 1 and
Run 2. Although highly efficient, these algorithms correlate decay-time acceptance
with the momentum distributions of the final-state particles. In D? - KZh*h- de-
cays, this introduces phase-space dependent biases that are strongly correlated with
the DO lifetime, leading to significant systematic uncertainties in time-dependent
measurements, in particular for the determination of the y parameter. The Run 2
analysis with the bin-flip method [65] highlighted the severity of this issue: while
the x parameter was measured precisely, the uncertainty on y was dominated by
acceptance effects.

To overcome this limitation, the new strategy is based on well-controlled kine-
matic requirements that can be modelled reliably with fast or ultra-fast simulation.
Monte Carlo studies of D? - K377t~ decays under Upgrade I conditions were used
to identify the most discriminating variables, including momentum, transverse mo-
mentum, impact parameters (Equation with respect to the primary vertex,
pseudo-rapidity of both D? and K2, and the D° proper decay time.

(PV -V)x#

1P = _
7|

(2.12)
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where PV and V are the position vectors of the primary and secondary vertex from
which the track originates, respectively, and 7 = p/|p| denotes the unit momentum
vector.

In particular, impact parameter requirements proved to be powerful, as tracks
from displaced K$ decays allow for strong background rejection without significant
loss of signal. Prompt production kinematics, such as the correlation between p (D)
and the soft pion in D**— D07,

pr(D%) ~ 10.7 pp(m,) — 650 MeV, (2.13)

were also taken into account to ensure compatibility with downstream selections.

Algorithmically, the line makes use of the flexible GenericSVCombiner framework,
which allows the combination of two independent secondary vertices: one from a
K§ — m*m candidate and one from a two-hadron pair. This modular approach
reuses the existing K reconstruction while providing a dedicated two-body vertex
for the directly produced hadrons. Selection proceeds hierarchically: basic quality
requirements on tracks, construction of intermediate two-body vertices with mass
and topology constraints, and finally the combination into a D° candidate subject
to mass window and lifetime requirements. Compared to previous Kg-based lines
(TwoTrackKs), this represents a generalisation rather than a direct extension.

Efficiency studies confirm that the overall efficiency of this kinematic line is lower
than that of multivariate approaches by a factor of about 2.1, but the distribution
of efficiency across the Dalitz plot and as a function of decay time is markedly
more uniform. This behaviour reduces systematic uncertainties in time-dependent
analyses. Moreover, a sizeable fraction of events are triggered exclusively by this line,
especially at low pr(D?) and short lifetimes, complementing the coverage of other
selections. The dependence of efficiency on decay time shows the expected smooth
behaviour, even if not perfectly flat, thus representing a significant improvement over
MVA-based lines. A visual comparison of the efficiency versus decay time, included
in Figure [2.23| illustrates this improvement.

The implementation also incorporates tunable parameters to accommodate band-
width constraints during data-taking. In particular, the minimum D° proper life-
time requirement and the minimum impact parameter of charged hadrons provide
adjustable handles that allow the rate to be reduced in a controlled manner, while
preserving the central goal of systematic robustness.

Integration with HLT2 was also considered. Low-bias HLT2 selections of DO
decays were adapted to better match the kinematic-based HLT1 approach, including
a relaxation of momentum thresholds for K& and D° daughters, and the correction of
overly restrictive requirements that would otherwise reduce efficiency. This ensures
consistent efficiency behaviour across the full trigger chain.
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Figure 2.23: (Left) The efficiency distribution for each of the considered trigger lines
depending on DO lifetime. The shaded area shows the distribution of all the events
reconstructible as LL. (Right) The exclusive efficiency distribution for the D2Kshh
trigger line depending on DU lifetime. The shaded area shows the distribution of
all the events selected by the D2Kshh line. In both plots, the x-axis represents the
generated decay time of the D meson for particles that can be reconstructed.

Finally, dedicated rate and throughput studies showed that the exclusive contri-
bution of this line to the overall HLT1 rate is small, and the computational overhead
on GPUs is negligible. This validates the feasibility of implementing complex multi-
body charm selections already at the first trigger level.

In summary, the dedicated D® - KZh*h~ line demonstrates that systematic control
can be prioritised over raw efficiency thanks to the flexibility of the Run 3 trigger
system. The shift from multivariate to purely kinematic selections constitutes an
important methodological advance for precision charm measurements, and sets a
precedent for future flavour physics triggers where systematic uncertainties are the
limiting factor.
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Bin-flip analysis with DV— Kth+7T_
decays

The decay channel D®— K§mr*7~ plays a central role in the study of mixing and CP
violation in the neutral charm meson system. The phenomenon arises because the
flavour eigenstates (D°, D) do not coincide with the mass eigenstates, leading to
time-dependent oscillations between the two. These oscillations are characterised by
the dimensionless mixing parameters z = Am/I" and y = AI'/(2I"), where Am and
AT denote the mass and width differences of the eigenstates, and I' is the average
decay width. Since virtual heavy particles can contribute to the mixing amplitude,
measurements of x and y provide a sensitive probe of possible new physics beyond
the Standard Model.

The self-conjugate decay D® — K3m*7r~ offers direct experimental access to the
mixing parameters through a combined analysis of the Dalitz-plot and decay-time
distributions. Traditional approaches rely on a full amplitude model to describe the
Dalitz-plot distribution and to account for efficiency and resolution effects, which
introduces systematic uncertainties.

To overcome these limitations, a novel model-independent technique known as
the bin-flip method was developed a few years ago [22]. In this approach, the Dalitz
plot is divided into pairs of regions that are symmetric with respect to the bisector
m? =m?2. Within each pair, the strong-phase difference is approximately constant.
The ratios of decay yields observed in each symmetric bin pair are then measured as
functions of the decay time. These time-dependent ratios, known as bin-flip ratios,
depend only on the mixing parameters and on hadronic parameters (cy, sp) that can
be obtained from independent measurements, such as those performed by the CLEO
or BESIII collaborations.

By fitting these ratios as a function of decay time, one can extract the mixing
parameters (z,y) and potential CP violation effects without the need for an explicit
amplitude model or detailed knowledge of the reconstruction efficiency over the Dalitz
plane.

Although the model-dependent amplitude analysis achieves a higher statistical
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sensitivity for both parameters, the bin-flip method removes the reliance on an ex-
plicit amplitude model, thereby avoiding the associated systematic uncertainties,
which become dominant in large data samples.

Within the bin-flip framework, the sensitivity to the parameter x is slightly higher
than that to y, mainly due to acceptance corrections.

This channel plays a key role in precision measurements using the large datasets
collected by the LHCb and Belle II experiments.
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Chapter 3

Candidate selection and
reconstruction

In this chapter, the model-independent analysis based on D° - Kim*m~ decays is
described. For the physics motivation and the theoretical framework related to charm
mizing and CP violation in this decay channel, the reader is referred to Section|[1.8
The present chapter instead introduces the data sample used for the analysis, the
trigger strateqy, and the selection criteria applied to the reconstructed candidates.

3.1 Data sample

This analysis is based on the dataset collected by the LHCb detector during the Run 3
data-taking period, focusing on 2024, corresponding to an integrated luminosity of
approximately 6.77 fb™'. The D° mesons used in this analysis are reconstructed from
the decays of charged D** mesons produced directly at the primary vertex (PV) of
the pp interaction. The D** candidates are required to satisfy the decay chain

D** - D*,,  D* - D,

where the subscript s denotes the “soft” pion emitted in the D** decay. Due to
the limited phase space available for this transition, the soft pion carries a very low
momentum, typically below a few hundred MeV/c. The charge of the soft pion is
used to perform the flavour tagging for the neutral D meson at production: a 7t
indicates a D°, while a 7, corresponds to a D° candidate.

The neutral D meson is reconstructed in the self-conjugate three-body final state

D% Ko,
which provides direct sensitivity to the mixing and CP violation parameters through

a time-dependent Dalitz-plot analysis. The K2 mesons are reconstructed via their
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decay
K- i,
using pairs of oppositely charged tracks that form a detached vertex consistent with

the K§ invariant mass. Depending on the location of the K§ decay, two categories
are defined:

o Long candidates, where both daughter pions are reconstructed with hits in the
VELO, providing excellent mass and vertex resolution;

o Downstream candidates, where the K¢ decays outside the VELO acceptance,
reconstructed using information from the tracking stations only.

Both categories are included in the analysis, and dedicated selection criteria are
applied to ensure optimal purity and resolution.

3.1.1 Trigger selection

In the LHCD trigger framework, events can satisfy a given trigger line either through
objects associated with the signal decay itself or through activity elsewhere in the
event. This distinction is encoded in the Trigger On Signal (TOS) and Trigger
Independent of Signal (TIS) categories. An event is classified as TOS if at least one
of the objects responsible for firing a trigger line is built from tracks belonging to the
signal decay under study, while the TIS category identifies events that are triggered
exclusively by other particles in the event, unrelated to the signal decay products.
TIS candidates are essential for evaluating trigger efficiencies and for recovering signal
decays that do not satisfy the dedicated TOS selections.

As already described in Section [2.2.3] the LHCb Run 3 data-taking strategy in-
troduced a fully software-based trigger system, removing the hardware stage and
making the High Level Trigger 1 (HLT1) the first real-time selection layer. In this
framework, the reconstruction of the decay D? - K§m*m~ exploits several comple-
mentary HLT1 trigger lines, which can broadly be classified as either inclusive or
exclusive. Inclusive lines select events based on general signatures, like the presence
of displaced, high-quality tracks or vertices, without requiring a fully reconstructed
decay topology. Exclusive lines, instead, target well-defined decay topologies and
use invariant-mass and vertex-quality constraints to identify specific intermediate or
final-state resonances.

The One Track MVA and Two Tracks MVA lines fall into the inclusive category.
The One Track MVA line selects events in which at least one pion from the D° decay,
excluding pions originating from the K§, satisfies the requirements of a multivariate
classifier based on variables such as the track transverse momentum (pr) and the
impact-parameter significance (x3). The Two Tracks MVA line instead uses both
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directly produced pions, applying the Multivariate Analysis (MVA) criteria built
from their combined kinematic and geometric properties, including the transverse
momentum of the two-track system and the individual x?, values.

More exclusive options are provided by lines that exploit partial or full reconstruc-
tion of the decay topology. The D2Kshh line (Section considers all four final-
state tracks and applies requirements on the reconstructed masses of the intermedi-
ate resonances (K$ and DP), together with selections on track transverse momenta
and impact parameters. This makes it particularly efficient for well-reconstructed,
high-quality candidates. Similarly, the Two Tracks KS line focuses specifically on
the reconstruction of the K§ meson using only its two daughter tracks; its selection
is based on the invariant mass of the pair, their transverse momentum, and their
displacement from the primary vertex.

In addition to these signal-driven (TOS) trigger paths, the analysis also makes
extensive use of the TIS category. TIS events are triggered by objects unrelated
to the D® - Kimt*m~ decay, thereby recovering candidates that do not satisfy the
dedicated signal lines and enabling an unbiased determination of trigger efficiencies.
The combined use of both inclusive and exclusive TOS lines, together with TIS cate-
gories, maximises the overall signal yield while maintaining high purity and ensuring
robust control of trigger-related systematic effects.

3.1.2 Offline selection

The offline selection is designed to suppress background contributions while retaining
a high efficiency for D - K37*7r~ decays. The sample comes from the reprocessing
of 2024 data, which includes both long (LL) and downstream (DD) track categories,
corresponding to the two K§ reconstruction topologies described above. The 2024
dataset was divided into eight blocks according to the different running conditions of
the experiment, such as detector alignment, magnetic field polarity (magup or mag-
down), trigger configuration, and detector calibration settings. For this reason, the
analysis was performed separately for each block to account for possible variations in
detector performance or reconstruction efficiency across different data-taking peri-
ods. The results obtained from the individual blocks were then combined to produce
the final measurement, ensuring consistency and robustness of the analysis against
changes in experimental conditions. The blocks with their respective fill ranges are
reported in Table [3.1]

In addition, events are required to pass at least one of several high-level trigger
(HLT1) decision lines. The logical OR of the following trigger selections is applied:

o DO_Hlt1TrackMVADecision TOS,
o DO_H1t1TwoTrackMVADecision_TOS,
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Table 3.1: Subdivision of the 2024 dataset into eight blocks according to the cor-
responding fill ranges. The corresponding integrated luminosity for each block is

shown in Figure [3.1}

Block Fill range
Block 4 [9808, 9910]
Block 3 [9911, 9943]
Block 2 [9945, 9978]
Block 1 [9982, 10056]

Block 5 [10059, 10102]
Block 6 [10104, 10138]
Block 7 [10197, 10213]
Block 8 [10214, 10232]

o KSO_Hlt1TwoTrackKsDecision_TOS
(for downstream: KSO_Hlt1DownstreamKsToPiPiDecision_TOS),

o DO_H1t1D2KshhDecision_TO0S
(for downstream: DO_H1t1DownstreamD2KshhDecision_TOS),

o Dst_Hlt1Global TIS.

[ Total: 6.77 -1

3
T
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L L T
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Figure 3.1: Integrated luminosity collected in 2024 divided by blocks.

A set of offline selection requirements is applied to the reconstructed candidates to
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improve signal purity and reduce combinatorial and secondary background contam-
ination:

o The reconstructed D invariant mass is required to satisfy
mpo € [1840,1890] MeV/c?.

For block 4, a further shift on the left of 2.5 MeV/¢? is added to compensate for
preliminary tracker alignment of the detector that will be solved in the upcoming
reprocessing of the data (Figure [3.2al).

o The impact parameter significance of the D° candidate must fulfil

log(x% (D")) < 2.2,

to suppress secondary charm mesons originating from b-hadron decays (Fig-
ure |3.2h)).

o The distance of closest approach between the two pions forming the D candidate
is required to be

DOCA(m*nt™) < 0.1 mm (Figures [3.2¢43.5]).

o To ensure proper vertex separation between the K§ and the D° candidates and
suppress background from D% — 7ttt 7t~ decays, the longitudinal vertex dis-
placement is required to be

o for LL: zyvx(K$) - 2vix(D?) > 10 mm,
o for DD: zyix (K2) = 2vix(D?) > 220 mm.

This selection has a negligible impact on K candidates, while removing almost
exclusively combinatorial background.
In Figures 3.5 are shown some plots for LL sample.

The distributions of the K vertex z-position shown in Figure could suggest
the application of a tighter requirement at larger values of Az. However, no
additional selection is applied on this variable, as such a cut was found not to
provide a significant improvement in the overall sensitivity of the measurement.
The requirement on the K§ vertex displacement is instead driven by the opti-
misation of the K¢ invariant mass resolution. The chosen selection represents
a compromise between background suppression and signal efficiency, ensuring a
stable and unbiased reconstruction of the K§ candidate across the full dataset.
Further details are discussed in Appendix [A]
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o Also a cut on the minimum transverse momentum (pr) threshold is imposed
on the D° candidate. Since different trigger selections correspond to distinct
kinematic regimes, specific pr requirements are applied depending on the trigger
line used to select the event. The applied thresholds are summarized in Table
and the corresponding distributions are shown in Figures and [3.6]

Table 3.2: Minimum p7(D°) requirements applied for each trigger line.

Trigger line  Minimum pr(D°) [MeV/c |

TIS 3750
D2Kshh 2500
KS 4500
OneTrack 4000
TwoTracks 2500
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Figure 3.5: Signal and background distributions of the (Left) DOCA(7mt) and
(Right) K vertex z-position for data block 8 for LL tracks. The signal and back-
ground are computed using weights obtained from the fits in Figure |3.3|

3.2 D**—D(- Kim'm)m* signal yields
The data are divided into subsamples according to the block category, the HLT1
trigger, the D° flavour at production, the Dalitz-plot bin, and the decay-time bin.

For each subsample, the D** - D°(— Km*7r-)mt* signal yield is determined from
unbinned maximum-likelihood fits to the Am = m(D**) — m(D?) distribution in
the range Am € [140,155] MeV/c?. Each candidate is assigned a weight from the
efficiency-correction procedure to remove residual correlations between decay-time
and Dalitz position.

The Am spectrum is modelled as the sum of a D** signal component and a smooth
combinatorial background dominated by true D? mesons paired with a random soft
pion.

The signal probability density function is described by a mixture of a Johnson Sy
function and a Gaussian core. The Johnson Sy function is:

1 e sl+dsinh™ (24)]°

Ny

Jsy (xlp, 0,6,7) (3.1)

where 1 and o determine the mode and scale of the distribution, while v and ¢
control its asymmetry and tail behaviour.
The full Am model is then:

P(x) = fag [f1s, - Tou () + (1= fug,) - w1 Gi ()]
+(1- fsig) - B(z;0,a,b),
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Figure 3.6: Signal and background distributions of the p7(D?) for data block 8 LL, for
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and (bottom) TIS. The signal and background are computed using weights obtained
from the fits in Figure [3.3l The observed differences in the py(D?) distributions
among the trigger lines clarifies the distinct pr selection requirements, as summarised

in Table .
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where G(z) is a Gaussian with mean p and width proportional to o, and fg, and
f sy denote the signal and JSU fractions, respectively.
The background is parametrised with an empirical threshold function:

B(z:0,a,b) = O(x - 24,) (z — x0)* e 0(=20) (3.3)

where © is the step function ensuring the physical kinematic threshold.

The fits are performed independently for HLT1 category, D flavour, and decay-
time bin (more details in Section , but simultaneously for the 16 bins of the
Dalitz plot.

Representative projections of the fitted Am distributions are shown in Figure |3.3
for LL and Figure for DD, and the extracted signal yields are reported in Ta-
bles [3.3H3.4] and showed in Figures [3.73.8] For the comparison between Run 2 and
Run 3, the TwoTracks trigger line is used as a reference. While Run 2 relied only
on the OneTrack and TwoTracks selections, a significant overlap between these cat-
egories is observed in Run 3, preventing a meaningful combination of their yields.
The TwoTracks category, therefore, provides the most consistent benchmark for the
comparison.

The signal yields per unit of integrated luminosity obtained in Run 3 (6.77fb™"),
computed using only the TwoTracks sample, amount to (4.11 +0.02) x 106 fb™" for
the LL sample and (3.05 + 0.01) x 106 fb™! for the DD sample. For comparison, the
corresponding yields recorded in Run 2 (5.4fb™") were (1.83+0.01) x 106 fb™" for LL
and (3.84+0.02) x 106 fb™* for DD. An improvement in signal efficiency is observed for
LL decays with the Run 3 trigger strategy, while no comparable gain is seen for the
DD category. This behaviour is likely driven by a combination of effects, including a
reconstruction efficiency for downstream tracks that is not yet fully optimised during
the 2024 data-taking period and has been significantly improved for 2025, as well
as differences in the geometrical acceptance of the VELO. The latter may result in
candidates that were reconstructed as DD in Run 2 being classified as LL in Run 3.

3.2.1 Decay-time binning

The decay time distributions are binned using an adaptive quantile-based strategy
to ensure approximately uniform statistical population across bins. The procedure
is performed on an sWeighted signal sample, where the sWeights are computed from
preliminary fits to the Am distribution. The binning is performed within the de-
cay time range [0.5,8.0] 7po, where the signal is well-defined, and backgrounds are
manageable. For a given number of bins N, the bin edges are determined by the
quantiles of the observed decay time distribution: the i-th edge corresponds to the
i/N quantile, with ¢ =1,..., N — 1. This approach naturally produces narrower bins
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Table 3.3: Signal yields for each run block and trigger line for LL tracks.
Values and uncertainties in the table are expressed in units of 103.

Block | OneTrack TwoTracks D2Kshh KS TIS

1 1604 + 2 4997 £ 4 1795+2 1338+2 1002 +2
755+ 1 2369 + 3 860+1 630+1 470+1
599 +1 2396 + 3 986+2 743+1 412+1
705+ 1 2810+ 3 122842  911+2 480+1
1835 + 2 5869+4  2586+3 1645+2 1142+2
1528 + 2 4889 +4  2147+2 1377+2 954 +2
887 +1 2663 + 3 1226 +2 803+2 585+2

8 598 + 1 1802 + 2 830+2 541+1 399+1
Total | 8511+4 27795+9 11658 +6 7988 +5 5444 +5

N O Ut =W

Table 3.4: Signal yields for each run block and trigger line for DD tracks.
Values and uncertainties in the table are expressed in units of 103.

Block | OneTrack TwoTracks D2Kshh KS TIS
1 1612+ 3 3269 + 3 — — 747+ 1
2 696 + 1 1560 + 2 — - 354 +1
3 589 + 1 1588 + 2 - - 312+1
4 635+ 1 1715+ 2 - — 334+1
5 1969 + 2 4702+ 4 - — 1274 + 12
6 1629 + 2 3883 +3 — - 846 + 2
7 899 + 1 2046 + 2 50+1 210+2 483+1
8 605 + 1 1377 +£2 35+1 121+1 328+1

Total | 8634+5 20140+7 85 +1 3312 4678+12
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Figure 3.7: (Top) Signal yields for each run block and trigger line for (left) LL and
(right) DD tracks. (Bottom) The corresponding signal yield heatmaps, highlighting
the overlap among trigger lines.
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Figure 3.8: Signal yield fraction heatmaps for LL (left) and DD (right) tracks, show-
ing the overlap among trigger lines. Each cell represents the fraction of the selection
in a given row that is also selected by the trigger line in the corresponding column.
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in regions of high event density and wider bins where statistics are limited, thereby
optimising sensitivity across the decay time spectrum.

The number of bins is optimised separately for each trigger line and for LL and
DD tracks to account for variations in signal yields and distribution shapes. The con-
figuration is summarised in Table [3.5] and the corresponding bin edges are reported
in Table . Samples with higher statistics (e.g., TwoTracks LL) employ up to 20
bins, while those with lower yields use 10 — 15 bins to maintain sufficient statistical
power per bin. The bin edges are computed once from the full dataset and applied
consistently throughout the analysis.

Table 3.5: Number of decay time bins for each trigger line and for LL and DD tracks.

Trigger line LL DD
OneTrack 15 15
TwoTracks 20 15

KS 15 10
D2Kshh 15 10
TIS 15 15

Table 3.6: Decay time bin edges for each trigger line and track type (values in units
of D lifetime [410fs]).

Trigger LL Bin Edges DD Bin Edges
OneTrack [0.50,0.91, 1.10, 1.26, 1.41, 1.55, 1.70, 1.85,  [0.50, 0.82, 1.00, 1.14, 1.28, 1.41, 1.55, 1.69,
2.01, 2.19, 2.39, 2.63, 2.93, 3.34, 4.00, 8.00] 1.84, 2.01, 2.21, 2.44, 2.72, 3.11, 3.74, 8.00]
[0.50, 0.90, 1.04, 1.15, 1.26, 1.35, 1.45, 1.55, [0.50, 0.87, 1.03, 1.17, 1.29, 1.42, 1.55, 1.69,
TwoTracks 1.65, 1.75, 1.86, 1.98, 2.11, 2.26, 2.42, 2.61, 1.84, 2.01, 2.20, 2.43, 2.72, 3.13, 3.79, 8.00]
2.84, 3.13, 3.53, 4.21, 8.00] R SV 22, 280, 208 209, S0, O
- [0.50, 0.58, 0.66, 0.74, 0.82, 0.92, 1.02, 1.14, [0.50, 0.65, 0.78,0.93, 1.09, 1.27, 1.49, 1.77,
1.26, 1.41, 1.58, 1.79, 2.06, 2.44, 3.07, 8.00] 2.16, 2.81, 8.00]
DoKshh [0.50, 0.68, 0.80, 0.91, 1.03, 1.15, 1.28, 1.42, [0.50, 0.73, 0.89, 1.05, 1.22, 1.42, 1.65, 1.95,
1.57,1.73,1.93, 2.17, 2.46, 2.88, 3.57, 8.00] 2.37, 3.05, 8.00]
118 [0.50, 0.59, 0.66, 0.74, 0.82, 0.91, 1.01, 1.12, [0.50, 0.61, 0.70, 0.79, 0.88, 0.97, 1.08, 1.20,

1.25, 1.40, 1.58, 1.80, 2.09, 2.49, 3.19, 8.00]

1.33, 1.49, 1.67, 1.90, 2.20, 2.62, 3.35, 8.00]
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3.2.2 Determination of (t); and (t?);

Charm mixing observables depend on the average decay-time and the squared decay-
time within each decay-time bin. These quantities,

_ Wit _ Y w; t?

Ziwz’ ’ Ziwi ’

are evaluated separately for each HLT1 category to account for the different decay-
time binning.

Uncertainties are propagated from the finite size of the weighted signal sample,
assuming candidates are statistically independent:

T w? (b= ()’
o2({t)yy) = =22 (3.5)

2 Y
5,7)
1e(b,j)
and analogously for (2);.

The weights w; incorporate both the sWeights derived from the Am fits and the
correction factor 1/€(t;|€2;) which removes residual correlations between decay-time
and Dalitz position (Chapter . This ensures unbiased estimates of the moments of
the decay-time distribution while preserving sensitivity to mixing.

(t); (t%); (3.4)

3.2.3 Dalitz distributions and kinematic projections in data blocks

In this subsection, the sWeighted event distributions in the Dalitz plot are shown
for the different data blocks (Figures[3.9H3.10]). These two-dimensional distributions
provide a direct visualisation of the phase-space population and allow for a compar-
ison of the kinematic structure across blocks. A difference in the acceptance pattern
is observed between different trigger samples: the D2Kshh one exhibits a flatter ac-
ceptance over the Dalitz plane compared to the TwoTracks sample. This improved
uniformity enhances the sensitivity to resonant contributions, in particular allow-
ing the reconstruction of candidates originating from K* resonances, which populate
regions corresponding to lower values of m (7).
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Figure 3.9: Dalitz distributions for TwoTracks for each data block. The second K*
lobe is not visible in this trigger category, as the low 7t*7t~ invariant-mass region is

depleted.
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Figure 3.10: Dalitz distributions for D2Kshh for each data block. In contrast to the
TwoTracks selection (Figure [3.9)), the second K* lobe is clearly visible, indicating
that the exclusive selection is less restrictive across the Dalitz plane.

In addition, the corresponding projections onto the kinematic variables invariant
mass m?(K27rtt), m?(Kgm), m?(m* ) and helicity angles | cos Okon, | cO8 bkgn-|, and
| cos Oren-| are presented (Figures [3.11H3.12)).
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the stability of the kinematic shapes and to verify the consistency of the sWeighted
distributions among the different blocks.
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Figure 3.11: Projections of the TwoTracks dataset onto the kinematic variables (top)
invariant mass [(left) m?(KZm*), (middle) m?(K§m), (right) m2(7*7r)] and (bot-
tom) helicity angles [(left)|cos Okon-|, (middle) |cos ko[, and (right) |cosfrer-|.
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Figure 3.12: Projections of the D2Kshh dataset onto the kinematic variables (top) in-
variant mass [(left) m?(K§m*), (middle) m2(K%7~), (right) m?(7t*m)] and (bottom)
helicity angles [(left)| cos fkon|, (middle) |cos ko[, and (right) |cosfrer-|.

3.3 Bin-flip observables and efficiency assumptions

In the bin-flip analysis, the primary experimental observables are the ratios of signal
yields measured in pairs of Dalitz-plot bins that are symmetric with respect to the
principal bisector, as a function of the decay-time bin. For a given Dalitz bin b and
decay-time bin j, the measured bin-flip ratio is defined as

_ N'/(D%-b;5)

Ry, = ——"2*% 3.6
4= D b)) (3:6)

where N'(D?; +b; j) denotes the observed number of D° signal decays in the corre-
sponding Dalitz and decay-time bins. The measured yields are related to the true
signal yields through the reconstruction and selection efficiency, such that

p - VD% -bj) (D% )
Y N(DO:b:j) e(DO%-b: )’

(3.7)

where N(D?; +b; j) are the efficiency-corrected signal yields and (D?; +b; j) are the
corresponding efficiencies.
In the ideal case, the efficiency factorises into a contribution depending only on
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the Dalitz-plot position and a contribution depending only on the decay-time,
e(D%b; j) = epp(D% b) £:(DY% ), (3-8)
which leads to
e(D%b;j) _ epp(D%0)
e(D%-b;j)  epp(D%-b)’
Since the Dalitz-plot bins are constructed to be symmetric with respect to the bisec-
tor, the Dalitz-plot efficiency ratio is expected to be close to unity, and the bin-flip
ratios [y; directly probe the underlying decay dynamics and mixing parameters
without requiring explicit efficiency corrections.
In practice, however, the efficiency does not perfectly factorise (Figure , as
residual correlations between the decay-time and the Dalitz-plot position can arise
from detector acceptance and event selection effects.

(3.9)
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Figure 3.13: Dalitz plot projections in bins of decay time of D2Kshh block 8 sample
for (top) the squared invariant masses [(left) mf{gﬂH (middle) mf(gﬂ_, (right) m2, ]

and (bottom) the cosine of helicity angles [(left) |coskon+|, (middle) [coskor-|, (right)
|coSmrn-].

These correlations introduce deviations of the measured ratios R;; from their ideal
behaviour and must be corrected in order to ensure an unbiased determination of
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the charm mixing parameters. The strategy adopted to remove such experimentally
induced correlations is described in the following chapter.
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Chapter 4

Experimentally-Induced
Correlations

This chapter describes the data—driven procedure developed to remove experimen-
tally—induced correlations between decay-time and phase—space variables, ensuring
an unbiased extraction of the charm mixing parameters.

4.1 Introduction

A precise measurement of charm mixing parameters requires an accurate description
of the signal decay-time distribution, independent of the position of the event in the
Dalitz plane. However, real data are affected by non-uniform detector efficiency and
event selection criteria, which induce correlations between the reconstructed decay-
time ¢ and the phase-space coordinates of the DY — Kimr*m~ decay. The phase-space
variables are denoted as

Q= (M2, | cOSOpin-|) . (4.1)

The bin-flip method has been specifically designed to minimise the impact of recon-
struction and selection effects on the determination of the mixing parameters. In
particular, non-uniform efficiencies across the Dalitz plane largely cancel when tak-
ing ratios of yields between conjugate Dalitz bins, provided that the efficiency varies
slowly within each bin and that the binning scheme is constructed such that the
strong-interaction phase differences are approximately constant over the bin area.
Under these assumptions, the efficiency factors cancel to first order when forming
ratios of yields as a function of decay time, which constitute the core observables
of the method. For the measurement of CP-violation parameters, additional care is
required. In this case, the acceptance over the Dalitz plot must be symmetric under
the exchange of m, and m_, corresponding to the interchange of the two conjugate
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decay configurations. Any residual asymmetry in the acceptance could otherwise
introduce instrumental effects that mimic genuine C'P-violating asymmetries.

Studies of the LHCb Run 2 data [112] confirm that both the decay-time accep-
tance and the Dalitz-plot acceptance show significant structures due to vertexing
requirements, particle identification criteria, and detector geometry. These features
are not problematic for the analysis as long as they do not introduce correlations
between decay-time and Dalitz plot coordinates.

The only case in which the bin-flip method becomes sensitive to efficiency effects
is when the decay-time acceptance varies across the Dalitz plane. In this situation,
different phase-space regions are affected by different effective decay-time distortions.
This violates the factorisation assumption and can generate artificial asymmetries
between C'P-conjugate bins, directly biasing the extraction of zcp and ycop.

If the full three-dimensional efficiency €(,{2) were known, one could correct each
candidate with a weight proportional to 1/e(t,Q). Nevertheless, since only the re-
moval of the correlations is required and the bin-flip method can handle efficiency
variations that independently affect the decay-time and the phase space distributions,
it is sufficient to ensure that the decay-time acceptance becomes uniform across the
Dalitz plane. This can be achieved through a relative, conditional efficiency €(¢|€2).

A data-driven procedure has been developed to estimate this relative efficiency
from the signal data themselves, while statistically subtracting backgrounds. The
construction of this correction and its integration into the fit strategy are the focus
of the following sections.

4.2 Efficiency Determination from Data

The central assumption of the method is that any observed difference in decay-time
distributions across different phase-space regions is attributed to experimental effects.
By aligning these distributions to the phase-space averaged decay-time distribution,
the efficiency-induced correlations can be removed.

First, the signal yields are extracted using the sPlot technique [113]|. The data are
then binned in (£2,¢) using variable-width bins, finer at low decay-times to capture
fast variations in efficiency. For each bin in m2, _ (i), |cosOrn-| (j), and ¢ (k), the
relative efficiency is evaluated from the sWeighted yields n;;;, as

Nijk 2t,m Mmk

(4.2)

Cijk =

Here, the numerator gives the decay-time distribution for a given phase-space region
(i,7), while the denominator corresponds to the decay-time distribution averaged
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over the full Dalitz plane. This yields an estimate of €(t|Q) defined up to an irrelevant
normalisation factor.

Finally, a trilinear interpolation is applied between bin centres to obtain a smooth
efficiency map across the three-dimensional space.

This correction reduces the intrinsic mixing sensitivity in the data, a feature that
must be accounted for, as discussed in Section [£.3]

4.3 Accounting for Mixing Effects

Since the relative efficiency is measured directly using data, genuine physics effects,
especially the variation of the effective decay width across €2 driven by mixing, are
partially removed. The wash-out component is proportional to the mixing parameter
y and depends on the strong-phase variation of the decay amplitudes over the Dalitz
plot. Oscillation effects governed by x remain unaffected due to their symmetric
behaviour under phase-space reflection.

These distortions would lead to biases at the level of statistical sensitivity if not
corrected. To restore mixing sensitivity, the effect must be explicitly included in the
efficiency model. B

A correction factor f, 5(|€2) is introduced to account for the effect of charm mixing
in the efficiency evaluation. This factor is calculated directly from the amplitude
model obtained from the combination of Belle and BaBar [114], in which the decay
amplitude over the Dalitz phase space is expressed as

A(z) = a(z) @, (4.3)

providing both the magnitude a(x) and the strong phase d(x) of the decay amplitude
at each point z in the phase space.
The time evolution of the amplitudes associated with flavour eigenstates is given
by
Ty(m?,m?;t) = Ay (m?,m?)g. () + Ap(m2,m2) 2. (1), (4.4)
p

T p(m2,m2;t) = Ap(m2,m?) g, (t) + A;(m2,m2)Lqg_(t), (4.5)
q
where

g:(t) = e(t)e"’mte—t/Q(Z?s}}ll) (%t) , (4.6)

t is the decay time in units of the DO lifetime 7 = 1/T", m = (my +my)/2 is the average
mass of neutral D mesons, () is the Heaviside function, and z = —(y + ix).
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The correction factor is defined as the ratio between the time-dependent decay
rate including mixing and the corresponding rate in the absence of mixing, evaluated
locally at each phase-space point €2:

(| y # 0)

Fusl062) = T(#;y=0)

(4.7)

where T'(t[Q2;y) is the decay rate at time ¢ including the effect of the charm mixing
parameter y.

For the self-conjugate final state Ki7t*7t-, the time-dependent decay rate is con-
structed from the sum of the amplitudes evaluated at C'P-conjugate Dalitz coordi-
nates: -

D(t: ) = [Tp(m2, m23 ) + [Ty (m2,m2: )P (4.8)

Defining ¢,_ as the CP-conserving phase of the decay amplitude Af(m?2,m?), and
expanding the terms in Equation [4.4] the squared amplitude can be expressed as

[Ty (mim2; 1) =

1
Ze_t[|Af(m3, m?)[P (e + €' + 2 cos(at))

- 2
+]Ap(m?,m2))? g’ (e + e — 2cos(xt))
p

(4.9)

2y A (2, )| |2 (cos(5,- = 8. = 8) (e - )
p

— 2sin(d,- - 0, — ¢)sin(xt))]

Assuming CP conservation in mixing (¢/p = 1 and ¢ = 0), the sum of the square
amplitudes can be written as

[Ty (m2 2 D2 + [T (m2, m2; ) =
S AL (2 )P + Ay (m2, m)P) (e + )

+2|Ap(m?, m2)||Ap(m?,m?)|(cos(d,- - 5_,) (¥ — )] (410)

w e [(|Ar(m2,m2)[? + | Ap(m2,m2)P) (1 + (ty)?)

~ 2 Ay (m2,m2)|[ Ay (m?, m2)|(cos(6,- - 5.)(ty))]

Here, the effect of mixing enters via the parameter y. A nominal value y = 0.006 is
used.
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Finally, the efficiency is corrected by weighting each candidate with the inverse of
the correction factor:

(1)
J yﬁ(tm)
yielding a locally corrected estimator of the efficiency that accounts for the dilution

of correlations due to charm mixing.
Following the Run 2 procedure, the correction, has been applied to the ratios Ry;

Nij w; ) Nej
Zi (Ey,é(ti@i) /zl Wi

)
Z].V’bj ( Wi _ ) Z{\Lbd W
! €y,s (£il€2:) ¢ ’

where w; are sWeights. It is the bin-by-bin correction method.

The effects of corrections on the Dalitz projections are shown in Figure .1 The
dependence of these correction factors on y is parametrised by a second-order poly-
nomial and accounted for directly in the fit. The strong-phase dependence is also
propagated, keeping the measurement model-independent. Systematic uncertainties
cover residual biases.

,5(H10) = (4.11)

(4.12)

Cojyy,s =

4.4 Phase-space and decay-time efficiency

The efficiency €y75(t|§2) varies significantly across the phase space and decay time,
with the specific behaviour depending on the trigger line and K$ reconstruction
category. This section presents the efficiency maps obtained for all trigger selections,
illustrating the multidimensional structure of the acceptance effects. Figures
4.5 show two-dimensional projections of the efficiency as a function of decay time
and the Dalitz variables, integrated over the third dimension, for all five trigger lines
(TwoTracks, D2Kshh, OneTrack, KS, and TIS) in both LL and DD categories for data-
taking block 8. The comparison between trigger selections reveals notable differences
in the efficiency structure: as expected, the exclusive D2Kshh line exhibits a flatter
efficiency behaviour across the phase space, with higher minimum efficiency values,
reflecting its more targeted selection criteria compared to the inclusive TwoTracks
selection.

4.4.1 Adaptive 3D binning strategy

The determination of the efficiency correction requires a binning of the three-

dimensional phase space spanned by the Dalitz plot variables (m2., |cosf..|) and
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Figure 4.1: Dalitz plot projections in bins of decay time of D2Kshh block 8 sample

(left) before and (right) after correction for (first row) mf(gn+, (second row) mf(gn_,

(third row) m2, _ and (fourth row) |cosyn-|.
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Figure 4.2: 2D projections of the efficiency Ey75(t|§2) as a function of decay time
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and (bottom) TIS. In each panel, the red boxes highlight the cells containing the

minimum and maximum values.
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Figure 4.3: 2D projections of the efficiency Ey75(t|§2) as a function of decay time
and m2_, integrated over | cos .|, for all trigger lines in the DD category (block 8):
(top left) TwoTracks, (top right) D2Kshh, (middle left) OneTrack, (middle right) KS
and (bottom) TIS. In each panel, the red boxes highlight the cells containing the

minimum and maximum values.
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Figure 4.4: 2D projections of the efficiency Ey’,;(t|§2) as a function of decay time
and |cosO,,], integrated over m2_, for all trigger lines in the LL category (block 8):
(top left) TwoTracks, (top right) D2Kshh, (middle left) OneTrack, (middle right) KS
and (bottom) TIS. In each panel, the red boxes highlight the cells containing the

minimum and maximum values.
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Figure 4.5: 2D projections of the efficiency Ey’g(t|§2) as a function of decay time
and | cos O, integrated over m2_, for all trigger lines in the DD category (block 8):
(top left) TwoTracks, (top right) D2Kshh, (middle left) OneTrack, (middle right) KS
and (bottom) TIS. In each panel, the red boxes highlight the cells containing the

minimum and maximum values.
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the decay time (¢/7). A fixed, uniform binning scheme would be suboptimal: regions
of high event density would be over-binned, while regions of low statistics would suf-
fer from large statistical uncertainties. To address this, an adaptive binning strategy
is employed, in which the bin boundaries are determined recursively based on the
local event density in each dimension.

The binning procedure operates recursively across the three dimensions. First,
the m2,_ axis is divided into bins using the quantile-based method described in Sec-
tion ensuring approximately equal signal yield per bin. For each m2_ bin,
the |cosOn,| axis is then subdivided adaptively within that specific m2_ slice, again
targeting uniform population. Finally, within each (m2_, |cosf..|) bin, the decay
time axis is binned adaptively. This recursive approach produces a nested binning
structure in which the bin edges of each dimension depend on the data distribu-
tion within the bins defined by the previous dimensions, naturally adapting to the
multidimensional event density.

The total number of 3D bins is determined by a target number of signal events
per bin, denoted Niaeer. Given the total signal yield Ng, within the specified ranges,
the target number of 3D bins is Ng’gs = Nsig/ Niarget- Two strategies are implemented
to distribute this total number of bins across the three dimensions:

o Equal strategy: Each dimension receives an equal share of bins, i.e., N, =
N, = N, = [(N3P)1/3], where N,, N,, and N, denote the number of bins along
m2.., | cos Oy, and t/7, respectively.

o Proportional strategy: The number of bins in each dimension is allocated
proportionally to the weighted standard deviation of that variable, reflecting
the “spread” of the distribution. Specifically, let o, 0,, and o, denote the
weighted standard deviations of m2_, |cosO.,|, and t/7. T he scaling factor k is

determined by
NED o\
k= (¢) : (4.13)

Oy 0y 0,
and the number of bins in each dimension is given by N, = [k-0.|, N, = [k-0,],
and N, = [k-o.]. This approach allocates more bins to dimensions with larger
variance, thereby achieving finer granularity where the data is more spread out.

The proportional strategy is adopted as the default choice, as it provides a more
balanced resolution across dimensions with different intrinsic scales. The adaptive
3D binning is applied separately for each trigger line and K reconstruction category,
optimising the bin structure for the specific characteristics of each sample. The
target number of events per 3D bin is set to 500, which is enough to ensure sufficient
statistics for reliable efficiency determination while maintaining fine granularity to
capture the efficiency variations across the phase space and decay time.
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4.4.2 Validation with toy Monte Carlo

In this section, the acceptance correction procedure is validated using toy Monte
Carlo (MC) simulations. Two independent toy MC samples of approximately one
million D% - K§m*mr~ decays are generated. In both samples, the decay time is
generated with the nominal DO lifetime, and the underlying decay dynamics are
identical.

o The No ACC sample is generated uniformly in phase space and without any
acceptance effects. It represents the ideal reference case and defines the ground-
truth distributions and bin-flip ratios.

o The With ACC sample includes realistic acceptance effects that depend on the
Dalitz plot position and on the decay time, mimicking the impact of detector
geometry, reconstruction, and trigger requirements.

Any difference observed between the two samples can therefore be unambiguously
attributed to acceptance effects. The impact of acceptance on the observables is
shown in one-dimensional projections of the Dalitz plot variables and the decay time

(Figures [4.6).

Impact on bin-flip ratios. The acceptance-induced distortions propagate to the
physics observables used in the analysis. This effect is illustrated by comparing the
bin-flip ratios R;; obtained from the No ACC and With ACC samples as a function
of decay time (Figure . Acceptance effects introduce systematic, decay-time-
dependent biases whose magnitude and sign vary across bin-flip bins.

Construction of the three-dimensional efficiency map. To correct for ac-
ceptance effects, the three-dimensional efficiency map e, = e(m?m, | cOS Orrl, t/T) is
constructed using the With ACC sample (Figure. The phase space is partitioned
using an adaptive binning scheme in the Dalitz variables and decay time.

Event-by-event acceptance correction. FEach event in the With ACC sample

is assigned a weight
1

ijn(ti )
where Q denotes the Dalitz plot coordinates of the event. After applying these

corrections, the one-dimensional variables from Figure |4.6] were replotted to verify
that the distributions of the With ACC sample remain unchanged (Figure [4.9).

(4.14)

w;
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Figure 4.6: 1D projections of the Dalitz plot variables and decay time for the toy
samples without acceptance (No ACC) and with acceptance (With ACC). All dis-
tributions are normalised.

Decay-time dependence of the Dalitz distributions. The validity of the cor-
rection is further tested by studying Dalitz plot projections in bins of decay time.
Before correction, the phase-space distributions exhibit a clear decay-time depen-
dence induced by acceptance effects. After correction, the distributions in different
decay-time intervals become mutually consistent (Figure .

Correction of bin-flip ratios. The acceptance correction is finally applied to the
bin-flip ratios, either by computing the ratios directly from weighted yields or by
applying bin-by-bin correction factors. Both approaches lead to equivalent results
within statistical uncertainties (Figure [4.11)).

Fit of the bin-flip ratios. As a further validation step, the corrected bin-flip
ratios are used as input to the nominal fitting procedure employed in the analysis.
The ratios Ry; are fitted as a function of decay time using the same parametrisation
adopted for data, with the mixing parameters left free in the fit. Since the toy sam-
ples are generated without CP violation, the fit is expected to return mixing values
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consistent with the generation hypothesis. This step tests not only the acceptance
correction itself, but also its interplay with the full fitting framework.

Then, the fitted values of the physics parameters are compared to the nominal
generation values (Figure . After acceptance correction, the fitted parameters
are found to be consistent with zero within statistical uncertainties, and no significant
bias is observed.

Conclusion. This validation using toy Monte Carlo simulations demonstrates
that the acceptance correction procedure based on a 3D efficiency map success-
fully removes acceptance-induced correlations from both phase-space distributions
and decay-time-dependent bin-flip ratios. The corrected observables are in agree-
ment with the reference distributions within statistical uncertainties, validating the
method for application to data.

To further test the robustness of the procedure, it was applied to 700 toy experi-
ments with the same acceptance model, and generated using different random seeds,
assuming no CP violation. For each toy, the distributions of the pulls were studied
(Figure . The results show that the correction procedure does not bias the val-
ues of x and y, confirming the reliability of the method. However, it was observed
that the uncertainties are underestimated by approximately 23% for x and 28% for
y, which could be due to the treatment of the strong phases.
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Figure 4.7: Bin-flip ratios R;; as a function of decay time for the toy samples without
acceptance and with acceptance, before applying any correction.
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Figure 4.8: 2D projections of the efficiency e(t|Q) as a function of decay time and
(left) m2 . integrated over |cosOn,|, (right) | cos .| integrated over m2_, for sample
(left) without acceptance and (right) with acceptance.
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Figure 4.9: 1D projections for the sample with acceptance before and after applying
the event-by-event efficiency correction.
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Figure 4.11: Bin-flip ratios as a function of decay time. The Acceptance (corr) dataset
corresponds to the Acceptance one, corrected using efficiency maps before computing
the ratio. For the Acceptance (corr-cbj) points, the ratio is corrected directly before
plotting. The orange and green points overlap perfectly, demonstrating that the two
procedures yield the same results. The correction successfully restores the expected
linear behaviour.
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Figure 4.12: Corrected bin-flip ratios as a function of decay time for a toy Monte
Carlo sample. Blue points represent the corrected ratios, while the orange lines show
the fit projections.
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Chapter 5

Detection asymmetry effects

Detection asymmetries arising from different reconstruction efficiencies for positively
and negatively charged pions can induce efficiency variations across the Dalitz plot
that are not symmetric with respect to its bisector. Such effects can mimic CP-
violating signatures and introduce biases in the determination of the mixing param-
eters x and y in time-dependent Dalitz plot analyses. In this chapter, the impact
of detection asymmetries is discussed, and the strateqy adopted to account for them
is outlined. Although no final quantitative result is derived within the scope of this
work, this discussion is included as detection asymmetries are relevant for the in-
terpretation of the fit parameters and for the overall understanding of the analysis.
Dedicated studies of these effects are currently ongoing.

5.1 Determination of " and 7 detection asymmetry with
D! decays

The dominant source of detection asymmetry in the decay D® — K%7r*rr originates
from the different reconstruction efficiencies of 7t* and 7= mesons, which depend on
their kinematic properties. As the kinematics of the two pions vary across the Dalitz
plot, this effect can lead to an efficiency variation that is not symmetric with respect
to the Dalitz plot bisector. If not properly accounted for, such an asymmetry can
mimic CP-violating effects and bias the determination of the mixing parameters.

The combined detection asymmetry of the 7t+7t~ pair is determined using Cabibbo-
favoured D decays. In particular, the decays D - m*mttmt~ and D} — ¢t are
exploited. The raw asymmetries measured in these two modes differ only by the
contribution of the 7t*7t~ pair, while production asymmetries of the D} meson and
detection asymmetries of the bachelor pion cancel to first order when taking their
difference.
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Residual effects due to differences in kinematic distributions between the two de-
cay modes are removed by a dedicated weighting procedure. The weighting aligns
the momentum and pseudo-rapidity distributions of the pions and the D? candi-
dates with those of the signal D? - K§m*7r~ decays. This procedure is performed
independently in each Dalitz plot bin to properly account for the strong kinematic
dependence of the detection asymmetry. The possible contribution to the detection
asymmetry arising from differences in the kinematic distributions of the two kaons
from the ¢ - KK~ decay [115], induced by interference between the ¢ - K*K- and
S-wave K*K~ amplitudes, has not been studied yet and will be considered in the
future development of the analysis.

5.2 Detection asymmetry variations vs Dalitz and decay-
time

The detection asymmetry is studied as a function of the Dalitz plot position and
the decay-time. Instead of the standard Dalitz variables, the asymmetry is param-
eterised in bins of (m2, _,|cosOrr-|), which are more directly correlated with the
pion kinematics.

The measured asymmetries are found to be small on average, but exhibit clear
variations across the phase space. Larger asymmetries are observed near the edges
of the Dalitz plot, where the momenta of the two pions differ most strongly. This
behaviour is consistent with the underlying dependence of the tracking efficiency on
particle momentum.

Since the pion kinematics are correlated with the decay-time, a time-dependent
detection asymmetry can arise. The asymmetry is therefore also evaluated in bins of
decay-time. While only weak variations are observed when binning in m2, _, more
pronounced trends are seen as a function of | cos f,+,-| and decay-time. Such effects,
if neglected, could induce biases in time-dependent CP-violation measurements.

5.3 Input to toys

The measured detection asymmetries are used as input to pseudo-experiments to
quantify their impact on the fitted observables. The reconstruction efficiency is
modified by an asymmetry term that depends on the Dalitz plot coordinates, the
decay-time, and the flavour of the decaying meson.

An efficiency correction factor is constructed such that the asymmetry enters
with opposite sign for DO and D° decays. The asymmetry maps are obtained in bins

of (m2. _,|cosOrr-|), while the time dependence is modelled by linear functions in
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decay-time determined in bins of | cos @+-|. The resulting parametrisation is applied
consistently across the full Dalitz plot, preserving the average asymmetry in each bin.

Variations of the time-dependent slopes are considered in the pseudo-experiments
to account for statistical uncertainties and to provide a conservative estimate of the
associated systematic effects.

5.4 Correction for bin-flip fit

In the bin-flip formalism, the presence of detection asymmetries leads to an additional
multiplicative correction in the ratio of yields between symmetric Dalitz plot bins.
The pion reconstruction efficiencies are expressed in terms of an average efficiency
and a momentum-dependent asymmetry term.

Neglecting terms of second order in the asymmetry, the ratio of efficiencies between
a bin and its mirror bin can be written as a correction factor that depends on the
difference between the average asymmetries in the two bins. This correction enters
the bin-flip fit as an external constraint.

The required asymmetry parameters are obtained from the calibrated D! —
mtretme sample, weighted to the kinematics of the DO — Kimt*mr signal. The pro-
cedure is repeated for all trigger categories, years, and magnet polarities, and the
results are combined using yield-weighted averages. Correlations between bins and
trigger categories are explicitly taken into account.

5.4.1 Systematic uncertainty of detection asymmetry

The calibration sample differs slightly from the signal sample due to tighter selection
requirements on particle identification and transverse momentum. To account for
this mismatch, alternative tag-and-probe methods are employed to estimate single-
particle tracking and particle identification asymmetries.

These alternative asymmetry maps are weighted to the signal kinematics and used
to evaluate the impact of events not covered by the calibration selection. The result-
ing contributions are treated as systematic uncertainties and combined in quadrature
with the statistical uncertainties of the detection asymmetry correction. The total
uncertainties are propagated to the bin-flip fit via the external constraints.

5.5 Uncertainties on r and y due to detection asymmetries
The inclusion of detection asymmetry corrections in the fit leads to a small increase

in the overall uncertainty on the mixing parameters. The additional uncertainty
induced by the external constraints is expected to be subdominant with respect to
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the statistical uncertainty, and dedicated studies to quantify this effect are currently
ongoing.

Systematic effects associated with time-dependent detection asymmetries are eval-
uated using pseudo-experiments. Their impact on the parameter x is negligible, while
for y the associated systematic uncertainty amounts to a sizeable fraction of the sta-
tistical uncertainty. Overall, detection asymmetries are shown to be well controlled
and do not limit the precision of the measurement.
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Results

This chapter presents the results of the bin-flip analysis applied to the data sample
under study. The charm mizing and CP-violation parameters are extracted from fits
to the acceptance-corrected bin-flip ratios as a function of decay time, following the
methodology described in the previous chapters.

6.1 Determination of the mixing and CP-violation parame-
ters

The determination of the charm mixing and CP-violation parameters is based on
a fit to the acceptance-corrected bin-flip ratios as a function of decay time. The
bin-flip observables and the underlying efficiency assumptions are discussed in detail
in Section and Section [3.3] In the following, only the steps required to extract
the physics parameters from the corrected ratios are described.

Input observables. The input to the fit consists of the bin-flip ratios R;; mea-
sured in bins of Dalitz index b and decay-time index j, separately for D® and DO
samples. The ratios are corrected for residual decay-time-Dalitz correlations using
the procedure described in Chapter {4, and the corresponding statistical uncertainties
are scaled by the same correction factors.

Theoretical model. The time-dependent bin-flip ratios are described by an ana-
lytical model derived within the bin-flip formalism. For each Dalitz bin b, the pre-
dicted ratio depends on the hadronic parameter r,, the strong-phase inputs (¢, ),
and the complex mixing parameters

z=—(y+ix), Az=-(Ay+iAx), (6.1)

118



Chapter 6. Results 6.1. Determination of the mixing and CP-violation parameters

The decay-time dependence is expanded up to second order in t/mpo:

. Tt 1ru(t?)j Re(22p — Az2) + 1(t2)j|zcp + Az + \/ry(t); Re[ X} (zcp + Az)]
T+ L2) Re(22 p - Az2) + 1 (12)]zop £ Az + /() Re[ Xy (20p £ A2)]
(6.2)
already discussed in details in Section (Equation|1.110)). The flavour of the initial
state enters through sign changes in the interference terms, allowing a simultaneous
description of D% and D? samples within the same framework.

Construction of the x? function. The determination of the charm mixing and
CP-violation parameters is performed by minimising a total y? function that accounts
both for the measured bin-flip ratios and for external constraints on the strong-phase
parameters. The total x? is defined as

X2 = X?atios + szm (63)

where the first term quantifies the agreement between the acceptance-corrected bin-
flip ratios and the theoretical model, and the second term imposes Gaussian con-
straints on the strong-phase parameters ¢; and s;.

The contribution from the bin-flip ratios is

8 RCQH—Rth(t') 2
X?atios: Z ZZ( bj ’ : ) )

flavour b=1 j

(6.4)

corr
O'bj

where Ry and oy are the acceptance-corrected ratio and its statistical uncer-
tainty in Dalitz bin b and decay-time bin j, and R"(¢;) is the theoretical prediction
evaluated at the centre of the decay-time bin. Statistical uncertainties are treated
as uncorrelated. The sums run over all decay-time bins, Dalitz bins, and, when
applicable, both initial flavours.

External information on the strong-phase parameters is included through a mul-
tivariate Gaussian term,

ngt = (X - XQX‘E)T ‘/e;% (X - Xext) ) (65>
where .
X = (Cl,...,Cg,Sl,...,Sg)

is the vector of fitted strong-phase parameters, X denotes the externally measured
central values, and Vg is the full covariance matrix including both statistical and
systematic uncertainties. This ensures that the uncertainties and correlations from
the external measurement propagate correctly into the determination of the charm
mixing and CP-violation observables.
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The external inputs are taken from the combined results of the BESIII and CLEO
measurements [71] and are summarised in Tables [6.1H6.3] Table [6.1] lists the mea-
sured values of ¢, and s;, for each Dalitz bin, with the first uncertainty statistical and
the second systematic. Tables and provide the statistical and systematic cor-
relation coefficients, respectively. These inputs are used to construct the covariance
matrix Vg, which is then inverted and included in the x2, term in the fit.

Table 6.1: Measured values of the strong-phase parameters ¢, and s, for each Dalitz
bin b. The first uncertainty is statistical, and the second is systematic.

b Ch * Ogtat + Osyst Sp % Ogtat % Osyst

1 0.682 +0.017 + 0.008 -0.007 £ 0.052 + 0.006
2 0.602 +0.035 +0.013 0.270 £ 0.120 + 0.022
3 0.060 + 0.034 + 0.009 0.666 + 0.088 + 0.015
4 -0.553 £ 0.043 £ 0.012 0.681 +0.123 + 0.023
5 -0.955+0.017 £ 0.007 -0.117 £ 0.056 + 0.005
6 -0.574 £ 0.043 £ 0.014 -0.431+0.110 £ 0.018
7 0.072 +0.045 +0.014 -0.810 £ 0.102 £ 0.018
8 0.522+0.030 £ 0.011 -0.363 + 0.080 + 0.010

Fit strategy. The minimisation of the x? function is performed using the MINUIT
package [116]. The free parameters of the fit are the real and imaginary parts of
z, the eight hadronic parameters r,, and, in the simultaneous D° + DO fit, the real
and imaginary parts of Az. In fits to a single flavour, Az is fixed to its nominal
value. The fit quality is assessed using the minimum y?, the number of degrees of
freedom, and the convergence and covariance diagnostics provided by the minimiser.
The results are shown in Figures [6.1

The strong-phase parameters ¢, and s, are treated as free parameters in the fit
and constrained through the external Gaussian term included in the x? function.

Extraction of the mixing parameters x and y. Within the bin-flip formalism,
the physical mixing parameters x and y are obtained directly from the fitted complex
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Table 6.2: Statistical correlation coefficients (in %) between the ¢, and s, parameters.

Cop C3 (4 Cy Cg Cy Cg S1 8o S3 Sq4 S5 Sg S7 S8
cg -11 -1 0 0 0 0O 0 0 0 O 0 0 0 0 0
Co -7 0 o 0 -2 -1 0-1 0 -1 0 0 0 0
C3 -6 o 0 -1 0 -1 0 -1 0 0 1 2 0
Cq -10 O 0o 0 0 0 O 10 0 0 0
Cs -9 o 0 0 o0 0 -2 -5 0 5 1
Cé -3 0 -1 0 0 0 -7 -1 0 0
cr -4 0 0 0 1 0 -5 0 1
cs 0 1 2 5> 1 0 -1 0
51 g 11 -6 -7 0 -4 -1
S 2 -6 0 -1 -10 1
S3 -13 -7 0 0 0
S4 0o -3 -8 -2
S5 -1 0 -5
S6 -7 0
S7 -13

Table 6.3: Systematic correlation coefficients (in %) between the ¢, and s, parame-
ters.

Ca C3 C C5 Cg C7 Cg S1 S2 53 S4 S5 S6 S7 S8
cp 72 64 59 55 42 32 26 49 30 29 25 14 18 -18 -28

Co 32 31 53 89 62 26 30 29 20 11 14 -22 -22 -14
3 18 3 53 7 27 13 20 0 17 42 27 8 2
4 31 54 43 11 0 20 -21 -30 -22 36 34 0
Cs 55 20 14 -8 18 27 33 -39 27 27 10
Ce 32 1 -2r -8 -19 27 -4 12 12 -2
Ccr -13 -13 -11 -19 16 -4 15 -17 -8
Cg 11 13 12 18 7 -11 -9 -14
51 24 22 19 17 -9 -6 6
S92 17 19 28 -11 -1 2
83 9 22 -16 -28 -19
S4 22 -19 -16 6
S5 -9 -15 2
S6 -9 -11
S -14
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Figure 6.1: Results of the simultaneous fit for the block 8 TwoTracks LL sample.
The ratios Ry,..., Rg are shown as a function of the reduced decay time for both
(left) DO and (right) D flavours. The blue points are the data after the correction
procedure, and the orange line is the fit projection.

parameter z according to
rop =-Im(z), yop = —Re(z). (6.6)

The uncertainties on xcp and ycop are taken directly from the covariance matrix of
the fitted parameters (Re(z),Zm(z)), as provided by the minimisation procedure.
This approach avoids the need for additional transformations or external inputs and
preserves the full correlation structure of the fit.

Extraction of Az and Ay. In the simultaneous fit to the D° and D° samples,
CP-violating effects in mixing are parameterised through the complex quantity Az.
The corresponding observables Az and Ay are obtained directly from the fitted
parameters as

Ax=-Im(Az), Ay=-Re(Az). (6.7)
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Figure 6.2: Results of the simultaneous fit for the block 8 TwoTracks DD sample.
The ratios Ry,..., Rg are shown as a function of the reduced decay time for both
(left) DO and (right) D flavours. The blue points are the data after the correction
procedure, the orange ones are the raw data before correction, and the green line is
the fit.

Their statistical uncertainties are extracted from the covariance matrix of (Re(Az),
Im(Az)), including correlations with the other fit parameters.

Blinding procedure. The estimates of zcp, ycp, Ax and Ay are kept blind until
the full analysis procedure is finalised and approved. The blinding is implemented by
applying an orthogonal rotation in the (z,y) and (Az, Ay) planes, followed by a con-
stant offset. This transformation preserves the statistical uncertainties, correlations,
and goodness-of-fit metrics. The fit itself is performed entirely on unblinded inter-
nal parameters, and the blinding is applied only at the level of the derived physical
observables.
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6.2 Final Results

In this section, the final results of the analysis are presented. Table summarises
the quantitative outcomes of the measurements, while the corresponding distribu-
tions are shown in Figures [6.3H6.4]

The figures are provided as consistency cross-checks of the individual trigger-line
results. However, they are not used to perform compatibility tests across trigger
lines. This choice is motivated by the intrinsic overlap among trigger selections: a
single event can satisfy the requirements of multiple trigger lines. As a consequence,
the samples associated with different trigger lines are not statistically independent,
preventing a meaningful merging of the results or the execution of global compati-
bility checks based on these figures alone.

Compatibility checks are instead performed across the different data-taking
blocks, where statistical independence is ensured. These checks are carried out
separately for each trigger line and are quantified using x? tests. The results of these
tests are reported in Table [6.5] demonstrating the consistency of the measurements
across blocks within each trigger category. The stability of the fit results across data-
taking blocks is further illustrated in Figures [6.5] and [6.6] which show the per-block
measurements and the corresponding pull distributions for all fitted parameters in
the TwoTracks LL and DD samples, respectively.

For the DD category, the trigger lines KS and D2KShh are not included in the
comparison. These trigger lines contribute only in blocks 7 and 8 of the dataset and
therefore represent a limited fraction of the total DD sample. Their inclusion would
not provide sufficient statistical power to improve the robustness of the measurement.

For the LL category, including the remaining trigger lines is expected to increase
the effective LL statistics by approximately 20%. This motivates further consid-
eration of alternative strategies to incorporate these events while preserving statis-
tical independence and a coherent acceptance definition across samples. Possible
approaches include defining mutually exclusive subsamples based on simplified and
well-controlled selections (e.g. using D2KShh and TwoTracks&D2KShh), or assigning
events that satisfy multiple trigger selections randomly to one of the eligible samples.
The latter approach would preserve the phase-space coverage but would require a full
reprocessing of the dataset to ensure a consistent treatment throughout the analysis.

These strategies represent viable options for enhancing the statistical power of
future measurements and will be considered in potential extensions of this work.
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6.2. Final Results

Table 6.4: Blind fit results for LL and DD samples. Parameters are expressed in

units of 1073.

(a) LL Sample

Trigger Category x[1073] y[1073] Ax[1073] Ay[1073]

TwoTracks 0.62+0.50 10.44+0.78 0.80+0.21 -0.91+0.33
OneTrack 1.30+£0.86 10.62+1.42 142+0.38 -0.31+0.61
D2Kshh 0.72£0.78 8.67+1.39 0.91+£0.37 -1.09=+0.66
KS -0.12+1.04 697+1.82 0.62+0.51 -2.00+0.91
TIS -0.75+1.23 9.01+£2.01 0.51+£0.61 -0.85+1.00

(b) DD Sample

Trigger Category | x[1073] y[1073] Az[1073]  Ay[1073]

TwoTracks 2.33+0.60 9.01+£0.98 0.93+0.26 -1.21+0.43
OneTrack 3.44+091 825+146 1.48+0.40 -0.62+0.64
TIS 5.34+1.43 10.89+2.39 1.54+0.69 -1.67+1.16
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Table 6.5: Goodness of fit results x?/ndof and p-value (in parentheses) for LL and
DD samples.

(a) LL Sample

Trigger x Y Az Ay
TwoTracks | 8.51/7 (0.290) 5.93/7 (0.548) 10.16/7 (0.180) 6.44/7 (0.490)
OneTrack | 5.06/7 (0.653) 6.54/7 (0.478) 15.00/7 (0.036) 4.12/7 (0.765)
D2Kshh 4.62/7 (0.706) 2.34/7 (0.939) 3.27/7 (0.859) 12.17/7 (0.095)
(0.334) (0.309)
(0.274) (0.518)

KS 7.98/7 (0.334) 8.28/7 (0.309) 7.68/7 (0.362)  4.91/7 (0.671)
TIS 8.71/7 (0.274) 6.19/7 (0.518) 7.78/7 (0.353)  3.59/7 (0.826)

(b) DD Sample

Trigger x Y Ax Ay

TwoTracks | 7.45/7 (0.384) 4.13/7 (0.765) 17.40/7 (0.015) 8.07/7 (0.327)
OneTrack | 4.77/7 (0.688) 5.15/7 (0.641) 17.77/7 (0.013) 5.23/7 (0.632)
TIS 1.95/7 (0.963) 6.20/7 (0.517) 5.06/7 (0.653) 8.16/7 (0.319)
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Figure 6.3: Overview of the fit results for (top left) x, (top right) y, (bottom left)
Az and (bottom right) Ay parameters across different trigger categories for LL. The
plots show consistency between the trigger samples.
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Figure 6.4: Overview of the fit results for (top left) x, (top right) y, (bottom left)
Az and (bottom right) Ay parameters across different trigger categories for DD. The
plots show consistency between the trigger samples.
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129



Chapter 6. Results 6.2. Final Results

0.006
0.004 1 l 4
5 | 1 5 2
X 0.002 1 l K%
] S o0
0.000 3
-2
5 -=-=-- Weighted mean = 0.00233
—0.00 x2Indof = 7.4/7 -4
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Block Block
---- Weighted mean = 0.00901
0.014 X?/ndof = 4.1/7
0.012 4
a 0.010 { 2
§] T o
= l S
0.008 5 o
3
o
0.006 2
0.004 -4
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Block Block
0.004 ---- Weighted mean = 0.00093
X?/ndof = 17.4/7
0.003
4
0.002 1
é 2
0.001 | I 3
“
1 ! 5 o
0.000 3
-2
—0.001
-4
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Block Block
0.001
0.000
4
—0.001
> 2
< -0.002 3
“
© 0
—0.003 =
a
-2
—0.004 ---- Weighted mean = -0.00121
¥2/ndof = 8.1/7 -4
—0.005
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Block Block

Figure 6.6: Summary of (left column) fit results and (right column) corresponding
pulls for the parameters: (first row) zcp, (second row) ycop, (third row) Az, and
(fourth row) Ay. The red dashed lines in the pull plots denote the £30 region. All
values are evaluated across data blocks for the TwoTracks DD sample.

130



Chapter 7

Summary

In this thesis, a measurement of charm mixing and CP-violation observables has been
presented using 2024 Run 3 data collected by the LHCDb experiment. The analysis
exploits the increased integrated luminosity and the improved performance of the
upgraded detector to achieve a sensitivity that exceeds that obtained during Run 2.

The stability of the measurement has been thoroughly investigated as a function of
the data-taking blocks. As discussed in the previous chapter, no strong dependence
of the observables on the block structure is observed. This behaviour indicates a
stable performance of the detector and reconstruction throughout the data-taking
period, and supports the robustness of the analysis strategy.

A quantitative assessment of the compatibility among blocks has been performed
using x? tests and corresponding p-values. For most observables, both in the LL and
DD samples, good agreement is observed across blocks.

Weighted averages are computed separately for the LL and DD samples; global
results are subsequently derived by combining them only for those trigger categories
available in both samples. The combination of the two samples takes advantage
of their complementary statistical power and leads to a significant reduction in the
overall statistical uncertainty.

Focusing on a quantitative assessment of the achieved sensitivity, the discussion in
the following is restricted to the TwoTracks category, which represents the dominant
contribution to the Run 3 dataset. The subdivision of this sample into LL. and DD
components, together with their mutual compatibility, has been discussed in detail
in the previous chapter.
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The final combined results obtained from the TwoTracks LL and DD samples are

xCP2024,Tonracks _ (1'32 n 0.38) % 10—37
yCP2024,Tonracks _ (9.89 1 0.61) % 10—3’
Ax2024,Tonracks _ (0.85 4 0.16) % 1073’
AgyP02HTHoTrRCks — (1,02 +0.26) x 107°.

where the quoted uncertainties are statistical only. The compatibility between the
LL and DD measurements is found to be good for most observables, with y2/ndof
values consistent with statistical fluctuations. A mild tension is observed for zcp,
corresponding to a p-value of 2.7%, while no significant discrepancies are found for
the remaining parameters [7.1]

Table 7.1: Statistical compatibility between LL and DD for TwoTracks sample.

Parameter | x2/ndof p-value
© 488 /1  0.027
y 129 /1 0.257
Az 0.14/1 0.708
Ay 031 /1 0579

The improvement in statistical precision with respect to Run 2 is most clearly
illustrated by the uncertainties on xcp and yop. Assuming a statistical uncertainty
scaling as 1/ VL, the increase in integrated luminosity from Run 2 to Run 3 corre-
sponds to an expected sensitivity ratio

02024 »CRun2
r= = ~ (.89,
ORun2 Loo24

implying an expected improvement of approximately 11% in statistical precision.
For Run 2, where the dataset included both OneTrack and TwoTracks selections,
the measurements yielded

2op™™2 = (3.97 £ 04601 £ 0.294,50) x 1072,
Yor % = (4.59  1.204a¢ £ 0.854ys¢) x 1073,
AxRm2 = (=0.27 + 0.184tat £ 0.014y5¢) x 1073,
AyRm2 = (10.20 £ 0.360 £ 0.11455) x 1075
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In comparison, the statistical uncertainties achieved in the Run 3 blind analysis,

0_5024,Tonracks ~ (.38 x 10—37

2024,TwoTracks ., -3
2 ~0.61x 107,
2024,TwoTracks _, -3
o2 ~0.16 x 1072,
2024,TwoTracks | -3
2 ~ .26 x 10

g

are consistent with, and in the case of yop and Ay exceed, the expectations based
solely on luminosity scaling.

This additional improvement reflects not only the larger Run 3 dataset, but also
the enhanced performance of the upgraded LHCb detector and the benefit of the
combined analysis of the LL. and DD categories within the TwoTracks selection.

Only the TwoTracks category is considered for this comparison, as it provides
the dominant contribution to the Run 3 dataset (as shown in Figures 3.8)). The
subdivision into different trigger-line subsamples is avoided because these samples are
not statistically independent: a single event can satisfy multiple trigger requirements.
Consequently, these subsamples cannot be merged into a single measurement without
introducing complex correlations.

The development of an appropriate strategy to handle overlapping trigger se-
lections, ensuring statistical independence while preserving a coherent acceptance
definition, is ongoing and will be addressed in the context of the future publication
of these results.
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Performances of RICH detectors
with Run 3 data

The start of Run 3 at the LHC represents a major milestone for the LHCb experiment.
Following the Upgrade I programme, LHCb has been transformed into a fully new
detector, designed to operate at higher instantaneous luminosity and to perform a
complete software-based event reconstruction and selection. In this new experimental
scenario, a detailed assessment of the detector performance using Run 3 data is
of fundamental importance in order to validate the design choices, understand the
behaviour of the upgraded subsystems, and ensure that the physics goals of the
experiment can be successfully achieved.

The Ring Imaging Cherenkov (RICH) detectors play a crucial role by provid-
ing charged particle identification over a wide momentum range. As part of the
Upgrade I, the RICH system underwent substantial modifications, including new
photon detectors, upgraded readout electronics, and a redesigned data acquisition
scheme compatible with the fully software-based trigger operation of Run 3. These
changes result in significantly different operating conditions with respect to previous
runs, making a thorough evaluation of the RICH performance with data.

Several studies have been carried out to characterise the performance of the up-
graded RICH detectors during Run 3. This chapter focuses on a selection of these
studies, aimed at understanding the detector response and its evolution under differ-
ent reconstruction and timing conditions. In particular, the analyses presented here
investigate the behaviour of the detected photon hit distributions and the impact
of timing selections on the overall detector performance, as well as the evolution of
background contributions affecting the single photon resolution.

The first part of this chapter is dedicated to the study of the hitmaps’ evolu-
tion as a function of different time windows. Different timing selections are applied
to the detected photon signals to study their impact on background rejection and
on the optimisation of the signal-to-noise ratio. By analysing hit distributions for
varying time-window configurations, insights are gained into the detector occupancy,
the spatial uniformity of the response, and the effectiveness of timing selections in
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suppressing uncorrelated background contributions.

The second part of the chapter addresses the evolution of backgrounds in the
single-photon resolution. The single photon resolution is a critical parameter for the
RICH performance, as it impacts the particle identification capability. A detailed
understanding of the sources of background and their dependence on operating con-
ditions is therefore essential. The studies presented here examine how background
contributions affect the single photon resolution in Run 3 data and how these effects
evolve with different reconstruction settings.

Overall, the results discussed in this chapter provide an important validation of
the upgraded RICH detectors in the Run 3 environment as they demonstrate the
detector performance under real data-taking conditions.
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Hitmaps evolution with different
time windows

This chapter investigates the evolution of RICH detector hitmaps as a function of the
photon time window used in the reconstruction. The study exploits Run 3 data and
Monte Carlo simulations to assess the impact of time gating on detector occupancy
and background rejection under different data-taking conditions.

8.1 Introduction and time-gating strategy

The emission of Cherenkov radiation is intrinsically prompt with respect to the pas-
sage of the charged particle through the radiator. In the upgraded LHCb RICH
detectors, this feature, combined with the focusing optics and precise photon timing,
enables the use of fine time gating to suppress out-of-time background contributions
efficiently.

The detected hit time spectrum is characterised by a clear Cherenkov signal peak,
accompanied by several background components (Figure [8.1)).

These include hits from charged particles travelling directly to the photon de-
tection plane, delayed photons arising from multiple reflections within the optical
system, and incoherent background contributions from instrumental noise or scintil-
lation photons produced in the radiators. By selecting an appropriate time window
around the Cherenkov signal peak, it is possible to optimise the trade-off between
photon detection efficiency and background rejection (Figure .

Based on extensive commissioning studies, a time-gating window of 6.25ns was
identified as providing the best compromise between signal efficiency and background
suppression, and has been adopted as the nominal configuration since the end of 2022.
In this chapter, the evolution of detector hitmaps is studied for several time window
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Figure 8.1: RICH1 hit time distribution with simulated data. The “S” area corre-
sponds to the Cherenkov signal, the “B” to background due to particles travelling
directly to the photon detection plane and “R” to background due to multiple re-
flections of Cherenkov photons in the optical system. Furthermore, there is also an
incoherent background due to instrumental internal noise or scintillation photons in
the radiators.

configurations and compared to the 6.25 ns reference setting.

In LHCb, each subdetector can operate in either local or global mode during data
acquisition. When a subdetector operates in local mode, it runs in a standalone con-
figuration, disconnected from the main data acquisition chain, and its information is
not included in the overall LHCb dataset. Conversely, when a subdetector operates
in global mode, it is integrated into the complete acquisition chain and contributes
its information to the event reconstruction. Physics analyses are performed exclu-
sively on runs where all subdetectors operate in global mode, ensuring access to the
complete detector information. Local runs serve as diagnostic tools for individual
subdetector groups to conduct performance studies, commissioning activities, and to
monitor the operational status of their respective systems.
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Figure 8.2: Time gating windows for (left) RICH1 and (right) RICH2.

8.2 Local runs

Local runs offer a clean and controlled environment to study the intrinsic response
of the RICH detectors. In this configuration, unbiased data samples are selected by
requiring colliding bunch—bunch events, using random triggers. The residual micro-
bias introduced by this selection is negligible.

For the local run analysis, only Lumi-type histograms are considered, since in
local only unbiased events are taken.

The data correspond to fills with eight colliding bunches in LHCb, characterised
by u = 3.3, that is, the average number of visible pp interactions per bunch crossing.

The local runs used for these studies are listed in the Table [8.11

Table 8.1: Time window configurations for different Time IDs.

Time ID  Run Number Time Window (ns)

1 288969 6.25
2 288970 9.375-
3 288971 9.375+
4 288973 12.5
3 288975 21.875

The peak and average occupancies are studied as a function of the photon time
window for both RICH1 and RICH2 (Figures . As expected, increasing the
time window leads to a higher occupancy due to the accumulation of additional
background hits. The observed trends are smooth and reproducible across different
runs, indicating stable detector behaviour.

To investigate spatial effects, hitmaps obtained with different time windows are
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Figure 8.3: Peak occupancy (in %) with Lumi (no bias) sample for (left) RICH1 and
(right) RICH2.
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Figure 8.4: Average occupancy (in %) with Lumi (no bias) sample for (left) RICH1
and (right) RICH2.

compared by computing the ratio with respect to the nominal 6.25 ns configuration
(Figure . In Figure , the ratios of the occupancy maps obtained with time
windows of 9.375ns and 21.875 ns, with respect to the nominal one, are shown. An
overall increase in the ratio values is observed when enlarging the time window, as
expected, and is particularly evident in RICH2.

8.3 Global runs

Global runs correspond to standard LHCb physics data-taking conditions and in-
clude the full trigger and reconstruction chain. In this case, two distinct classes
of histograms are available: Lumi histograms, which remain unbiased, and Phys
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Figure 8.5: Occupancy Maps using the reference 6.25 ns time window with Local runs
for (left) RICH1 and (right) RICH2.

histograms, which are affected by the HLT1 trigger selection.

The Lumi samples are conceptually similar to those used in local runs, while the
Phys samples contain only events corresponding to colliding bunch—bunch crossings
that satisfy the HLT trigger requirements. These events are inelastic proton—proton
interactions and are therefore of direct interest for physics analyses. As a conse-
quence, they exhibit a higher detector occupancy. The Phys trigger is only available
in global runs, as no HLT is present in the local data-taking configuration.

The global run data used in this study correspond to p = 5.3. The global runs
used are listed in the Table 8.2

Table 8.2: Run numbers corresponding to different Time IDs.

Time ID Run Numbers
1 [307976]
[307982 - 307984 - 307985]
[307986 - 307987]
[307977 - 307978 - 307979 - 307980]
[307967 - 307969 - 307970]

U W N

Peak and average occupancies are analysed as a function of the photon time
window separately for Lumi and Phys samples (Figures |8.7H48.9)). While the overall
trends are consistent with those observed in local runs, higher absolute occupancies
are measured, reflecting the increased pile-up and, for the Phys case, the trigger-
induced bias.

Ratio hitmaps with respect to the nominal time window are computed for both
trigger categories (Figure . The Lumi data show a behaviour compatible with
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Figure 8.6: Ratio of the Occupancy Maps with respect to the reference one using
Local runs for (left) RICH1 and (right) RICH2. (Top) Results for the 9.375ns time
window (Run 288970) and (bottom) for the 21.875ns time window (Run 288975).
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Figure 8.8: Peak occupancy with Lumi (no bias) and Phys samples for (left) RICH1
and (right) RICH2.

the local run results, confirming the consistency between the two configurations.
In contrast, the Phys data exhibit enhanced structures, particularly in the outer
detector regions, highlighting the combined effect of higher occupancy and trigger
bias.

8.4 MC runs

Monte Carlo simulations are used to provide an unbiased reference for the interpre-
tation of the data. The simulated samples employed in this study correspond to
minimum-bias events generated with a photon time window of 25ns and nominal
Run 3 luminosity conditions, which corresponds to 2.0 x 1033 ¢cm=2s~!. The corre-
sponding occupancy maps for the two RICH detectors are shown in Figure
The ratio of hitmaps obtained with different time windows in data to the reference

143



Chapter 8. Hitmaps evolution with different time windows 8.5. Summary

TimelD - TimeWindow (ns) TimelD - TimeWindow (ns)

}

1-625 1-625

- 90- - 90

- 9.0+

Ul
T
|

- 12 - 12

L]
a a2 woN

2
390+
4
5

- 25

N .
T
|

—*= Lumi trigger —*= Lumi trigger

—— ] —=— Physics trigger

w

o

an
|
|

4 = —=— Physics trigger

w
T

3 - .

Rich1 Average occupancy [%6]
&
T
1

Rich2 Average occupancy [%]
D

Time Window ID Time Window ID
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Monte Carlo hitmap (generated with a 25 ns time window) is computed (Figure[8.14).
This comparison allows the identification of potential discrepancies between data and
Monte Carlo, particularly in the modelling of background contributions as a function
of the time window.

A good agreement between data and simulation is observed for RICH1, indicating
that the dominant background sources are well described. In contrast, RICH2 data
show systematically higher background levels than predicted by simulation, espe-
cially in the outer regions of the detector. This suggests the presence of additional
background contributions not fully accounted for in the current simulation, possibly
related to secondary particles produced by interactions with detector materials not
completely described in the geometry.

8.5 Summary

The evolution of RICH detector hitmaps with different photon time windows has
been studied using local runs, global runs, and Monte Carlo simulations. The analysis
confirms that a narrow time gating significantly reduces background contributions
while preserving a stable detector response, supporting the choice of a 6.25ns time
window as the nominal configuration.

Consistency is observed between local and global unbiased data, while higher
occupancies and additional structures appear in trigger-selected samples. The com-
parison with simulation shows good agreement for RICH1, whereas RICH2 exhibits
excess background in data, motivating further dedicated studies. These results pro-
vide essential input for the understanding of background sources and for subsequent
investigations of the single photon resolution in Run 3, discussed in Section [J
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Figure 8.10: Occupancy Maps using a 6.25ns time window for (left) RICH1 and
(right) RICH2. (Top) Results using the Lumi (no bias) sample and (bottom) using
the Phys sample, both from Global data.
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Figure 8.11: Ratio of the Occupancy Maps with respect to the reference one using
a 9.0-ns time window for (left) RICH1 and (right) RICH2. (Top) Results using the
Lumi (no bias) sample and (bottom) using the Phys sample, both from Global data.
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Figure 8.12: Ratio of the Occupancy Maps with respect to the reference one using
a 25ns time window for (left) RICH1 and (right) RICH2. (Top) Results using the
Lumi (no bias) sample and (bottom) using the Phys sample, both from Global data.
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Figure 8.13: Occupancy Maps with the 25 ns Time Window Monte Carlo sample for
(left) RICH1 and (right) RICH2.
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Lumi (no bias) data sample with a 6.25ns time window and (bottom) with a 25ns
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Chapter 9

Evolution of single photon
resolution backgrounds

This chapter presents a detailed study of the evolution of background contributions
affecting the single photon resolution in the RICH detectors. The analysis focuses on
the photon-level background component and its dependence on the detector geometry
and on the applied photon time window, using Run 3 data. These studies provide a
validation of the upgraded detector performance and serve as a reference for future
optimisation studies in view of Upgrade 11.

9.1 Motivation

The single photon resolution is a key performance parameter of the RICH detec-
tors, as it directly determines the Cherenkov angle resolution and, consequently,
the particle identification capability. In the Run 3 environment, characterised by
higher luminosity and increased detector occupancy, a detailed understanding of the
background contributions affecting the single photon resolution is essential.

While previous studies focused on global performance metrics and occupancy-
related effects, a more granular investigation is required to disentangle the different
sources of background at the photon level. In particular, studying the evolution of
the background contribution as a function of the photon time window and of the
detector geometry allows one to assess the effectiveness of the time-gating strategy
and to identify potential limitations of the current detector modelling.

The goal of this chapter is to study the background component of the single
photon resolution for the two RICH detectors, analysing its evolution quadrants by
quadrants and for different photon time windows. These studies are performed using
Run 3 global data and are intended both as a validation of the upgraded detector
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performance and as a reference for future optimisation studies in view of Upgrade II.

9.2 Methodology

The study is based on Run 3 global runs and exploits calibration and monitoring
histograms produced within the RICH software framework. The single photon res-
olution is evaluated using the Cherenkov angle residual distributions, ckThetaRes,
which represent the difference between the reconstructed and expected Cherenkov
angles for individual photons.

The ckThetaRes distributions are retrieved from the calibration output files pro-
duced by the RichRefIndexCal algorithm. The analysed runs correspond to the
same set of global runs used in the hitmap studies, ensuring consistency between the
different performance investigations.

For each photon time window configuration, the ckThetaRes distributions are fit-
ted using the model implemented in the RICH online calibration framework. The fits
are performed both on the full detector acceptance and separately for each of the four
detector quadrants, allowing the identification of possible spatial non-uniformities in
the signal and background contributions. The signal component, corresponding to
correctly associated Cherenkov photons, is described by a Gaussian function, while
the background component is modelled by a polynomial term (Figure [9.1)).

From the fit results, quantities characterising the signal and background contri-
butions are extracted, such as the signal width and the background normalisation
(Figure . In particular, the evolution of the background level, or equivalently,
of the signal resolution, is studied as a function of the photon time window. This
approach allows one to quantify the impact of time gating on the misassignment of
photons to tracks, including contributions from dark counts and other incoherent
background sources, and to assess potential quadrant-dependent effects.

In addition to the one-dimensional analysis, a spatial study is performed to inves-
tigate the dependence of the background on the detector geometry. Two-dimensional
histograms of the track entry position in the photon detection plane, trackEntryXY,
are analysed separately for each time window (Figure . For each configuration,
the histograms are normalised to the total number of entries and ratio maps are com-
puted with respect to the nominal 6.25ns time window (Figure . This approach
highlights localised variations of the background contribution across the detector
acceptance.
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Figure 9.1: Fitted distribution of the Cherenkov angle resolution for RICH1 (left)
and RICH2 (right) with (top) 6.25ns and (bottom) 25ns time windows. The signal
is fitted with a Gaussian, and the background is modelled with a polynomial.
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Figure 9.2: Evolution of the signal and background contributions extracted from
fits to the ckThetaRes distributions as a function of the photon time window. The
signal component corresponds to correctly associated Cherenkov photons, while the
background component accounts for misassociated photons, including contributions
from dark counts and other incoherent sources. The results are shown for Run 3
global data and illustrate the impact of the time-gating selection on the single photon
resolution and background level.
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Figure 9.3: Hitmaps using different time windows for (left) RICH1 and (right)
RICH2. (Top) Results using the 6.25ns time window and (bottom) using the 25ns
time window.
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Figure 9.4: Ratio of the Hitmaps with the 25ns time window sample over the refer-
ence 6.25ns one for (left) RICHI and (right) RICH2.

9.3 Summary

In this chapter, the evolution of background contributions to the single photon res-
olution has been investigated using Run 3 data. The analysis focuses on the de-
pendence of the background level on the photon time window and on the detector
geometry, providing a detailed characterisation of the performance of the upgraded
RICH system.

These studies represent an important validation of the Run 3 detector performance
and provide valuable input for the understanding of photon misassignment mecha-
nisms. Moreover, the quadrant-by-quadrant and time-window-dependent analysis
establishes a solid basis for future optimisation studies and for the development of
improved background mitigation strategies in view of the Upgrade II programme.
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Performances of RICH detectors
for Upgrade II of LHCb

The identification of charged hadrons, in particular the separation of pions, kaons,
and protons, represents one of the strengths of the LHCb experiment. Many of
the most precise measurements in flavour physics rely on the ability to correctly
assign the species of each reconstructed particle, thereby suppressing backgrounds
and enhancing the sensitivity to rare processes. Central to this capability is the Ring
Imaging Cherenkov (RICH) system, which provides excellent particle identification
(PID) performance across a wide momentum range, extending from a few GeV to
well above 100 GeV.

As the Large Hadron Collider enters its high-luminosity era, LHCD is preparing
for a major transformation. The Upgrade II programme foresees operation at instan-
taneous luminosities up to 1.0-1.5x 1034, ecm=2s~! during Run 5 and beyond, enabling
the collection of a dataset of the order of 300 fb™. Operating under such demanding
beam conditions introduces unprecedented challenges for detector systems, especially
those dedicated to PID, which will be exposed to significantly increased particle flux
and detector occupancy.

To sustain performance in this new regime, the RICH detectors must be com-
pletely redesigned. A combination of high-granularity photon sensors, improved
timing capabilities, and optimised optical configurations is required to allow effi-
cient photon-track association and preserve the resolution on the Cherenkov angle.
Meeting these targets necessitates the evaluation of different technological solutions,
balancing operational feasibility, cost, and physics performance.

This chapter presents a systematic study of possible RICH configurations for the
Upgrade 11, focusing on the choice and spatial distribution of photon detectors on
the existing detection planes. By assessing the expected PID capabilities in the high-
luminosity environment, the aim is to identify the most effective configuration for
the future of the experiment. In particular, the analysis compares scenarios with
different granularity, timing performance, and detector coverage, providing insight
into the trade-offs associated with each option.
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Chapter 10

LHCb Upgrade 11

This chapter presents performance studies of the upgraded RICH system, evaluating
different detector configurations to ensure robust particle identification capabilities
under High-Luminosity LHC conditions.

10.1 Upgrade II

The LHCb Upgrade II (U2) represents the next major enhancement of the exper-
iment and is conceived to fully benefit from the operating conditions of the High-
Luminosity LHC (HL-LHC).

After the success of Upgrade I, which enabled stable data-taking (Run 3) at values
of luminosity about five times higher (2 x 1033 cm=2s7!) than the value originally
foreseen for LHCb during Runs 1-2 (4 x 1032 em=2s71), Upgrade II is designed to
further increase the detector performance and data throughput.

The upgraded system will sustain data rates one order of magnitude larger than
today, allowing for unprecedented precision in flavour-physics measurements and in
searches for effects beyond the Standard Model (SM).

Reaching these goals requires significant advances in several key aspects of the
detector, including radiation hardness, readout electronics, and real-time data pro-
cessing. This document summarises performance studies of the RICH system carried
out under various proposed machine-operation scenarios.

10.1.1 Luminosity Values

Upgrade II is planned to operate at instantaneous luminosities in the range

[1.0, 1.5] x 103* em=2s71, up to a factor of ten higher than those expected during
Run 3. At these collision rates, an average of about 40 proton—proton interactions
per bunch crossing is anticipated, compared to approximately 5 in Upgrade I. Over
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the full HL-LHC programme, this corresponds to an integrated luminosity of roughly
300fb~".
To assess technical performance and operational feasibility, three scenarios have

been defined:

o Baseline: operation at 1.5 x 103 ¢cm=2s7! with the complete suite of detector
upgrades, maximising physics potential;

o Middle: reduced-luminosity running at 1.0 x 103* cm=2s~! with a moderately
simplified detector layout;

o Low: an even more cost-effective scenario at the same reduced luminosity, with
additional compromises on performance.

Further details on these configurations and their projected physics reach can be
found in the Scoping Document [117]. Nonetheless, even the most conservative sce-
nario permits LHCb to maintain a leading role worldwide in heavy-flavour physics
thanks to the unprecedented statistical precision achievable at HL-LHC.

10.1.2 New Features

Since the HL-LHC baseline design |118] is compatible with LHCb running at the
Upgrade T luminosity of 2 x 1033 cm=2s7! (Run 3), during Run 4, LHCb will operate
at a similar luminosity thanks to controlled beam defocusing. Operating above this
nominal luminosity would require further detector modifications, and the Upgrade II
project, targeting Run 5, introduces major innovations to ensure reliable operation
and high-precision measurements under these more demanding conditions.

A key element is the implementation of precision timing. New detector compo-
nents with time resolutions of a few tens of picoseconds will allow the experiment
to disentangle multiple proton-proton interactions within a single bunch crossing.
This timing capability is crucial for maintaining the excellent vertexing and track
reconstruction performance in high pile-up environments.

Another major improvement lies in the use of radiation-hard technologies. Detec-
tor regions close to the beam pipe will receive significantly higher radiation doses than
in previous LHC runs. To ensure sustained performance over time, new materials
and electronics have been developed with enhanced radiation tolerance, particularly
for tracking detectors such as the vertex locator (VELO).

Detector granularity and coverage will also be significantly enhanced. Finer seg-
mentation of the tracking systems will help manage the increased occupancy. The
electromagnetic calorimeter (ECAL) will be upgraded by replacing its innermost
modules with a radiation-hard SpaCal (spaghetti calorimeter) design. In addition,
the front-end electronics of the calorimeter and the RICH detectors will be redesigned
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to include timing capabilities. The RICH system will benefit from the development
of FastRICH ASICs, which combine excellent photon timing resolution with com-
pactness and radiation tolerance, enabling time-based particle identification.

On the data acquisition side, a modern and scalable infrastructure will be adopted.
A new generic readout board, the PCIe400, will allow high-speed data transmis-
sion and precise synchronisation across the entire detector. Dedicated FPGA-based
modules will perform on-the-fly processing and reconstruction of detector signals, in-
cluding a prototype of a downstream tracker with real-time clustering and decoding
capabilities. The trigger system will operate entirely in software, maintaining high
efficiency while processing the full 40 MHz collision rate.

Beyond improvements in detector performance, Upgrade II will enhance the LHCb
physics programme by enabling more precise measurements, thereby extending the
physics reach of LHCb in a way that is expected to remain competitive up to the
FCC-hh era. The experiment will continue to lead in flavour physics, enabling un-
precedented precision in measurements of CP-violating observables and rare decays of
beauty and charm hadrons. This includes both tree-level and loop-induced processes,
allowing stringent tests of the SM and sensitive probes for virtual contributions from
new particles at scales well beyond the direct reach of the LHC. The increased data
sample and enhanced detector capabilities will also allow searches for lepton flavour
universality violation and new sources of CP violation, both of which could help
explain the observed matter-antimatter asymmetry of the Universe.

Rare processes will be studied with unparalleled precision, with potential to clarify
the origin of current anomalies observed in flavour-changing neutral-current (FCNC)
b-hadron decays, such as deviations in branching fractions and angular observables in
b — sf*(~ transitions (the so-called “B anomalies”) [119-123], and to test the chiral
structure of weak interactions.

In the charm sector, the upgrade will enable measurements of time-dependent
CP asymmetries at the 107 sensitivity level, probing possible beyond the Standard
Model dynamics in up-type quark transitions. Moreover, LHCb will greatly expand
its hadron spectroscopy programme, with improved sensitivity to both conventional
and exotic states, including doubly heavy baryons and tetraquarks, offering new
insights into the strong interaction and hadronic structure.

In addition to flavour physics, Upgrade II will extend LHCb’s contribution to
heavy-ion studies, including high-multiplicity central Pb—Pb and p-Pb collisions,
providing a complementary view on QCD matter under extreme conditions. The
fixed-target programme will also continue, offering unique access to the high-z regime
of nucleon structure and the study of cold nuclear matter effects. Together, these
developments ensure that LHCb remains at the forefront of precision tests of the
Standard Model and searches for New Physics across a wide range of observables
and energy scales.
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Altogether, these new features define LHCb Upgrade I as a highly ambitious and
forward-looking project, well-aligned with the scientific priorities of the HL-LHC era.
Its advanced technologies and broad physics reach will ensure that LHCb remains a
world-leading experiment in flavour physics and beyond.

Table 10.1: Summary of RICH detector scenarios.

Parameter Baseline Middle Low
Luminosity [cm™2s71] 1.5 x 1034 1.0 x 1034 1.0 x 1034
Inner : Total Area 1:3 1:4 1:4

Inner sensor type 1.4mm SiPM 2.0 mm SiPM 2.0mm SiPM
Outer sensor type 2.8mm SiPM  2.8mm SiPM 2.8 mm MaPMT
Optics configuration New New New (RICHI only)
Inner timing resolution 150-300 ps 150-300 ps 150-300 ps
Outer timing resolution | 150-300 ps 150-300 ps 600 ps
Readout channels 750,000 469,000 445,000

10.1.3 Proposal of RICH system upgrade

The substantial increase in particle flux expected under the Upgrade II luminosity
conditions will strongly affect the particle identification (PID) detectors of the LHCb
experiment. In particular, the regions located closest to the beam pipe will expe-
rience the highest occupancies, potentially reaching values close to 100% for some
subsystems. For the RICH detectors, however, hit occupancy cannot be reliably
interpreted above approximately 30-35%. Beyond this level, the probability that
multiple photons strike the same channel becomes significant, causing hit merging
and saturation effects. Consequently, the effective occupancy must be kept well
below this limit to retain a meaningful detector response.

To ensure robust PID performance, the occupancy within each RICH subdetec-
tor must therefore remain compatible with the constraints imposed by the readout
electronics and the reconstruction algorithms. A key strategy consists of deploying
highly granular and radiation-tolerant photon sensors in the regions most exposed
to high particle densities. Granularity alone, however, is not sufficient to mitigate
the effects of high pile-up. Precise timing information, at the level of a few tens
of picoseconds per detected photon, is essential to correctly associate the recorded
Cherenkov photons with the originating track.

Achieving such timing precision across a large number of readout channels intro-
duces additional cost and technological complexity. Nevertheless, the use of lower
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peak luminosities would naturally reduce occupancy, allowing for more cost-effective
configurations with less stringent timing requirements.

The present RICH system delivers efficient separation of charged hadrons over
a momentum interval between 3 and 100 GeV, where RICH1 covers the full LHCb
acceptance and RICH2 is dedicated to the more forward region populated by high-
momentum tracks. Measurements performed with Run 3 data, for an average of
(Npy) ~ 5, confirm a kaon identification efficiency close to 95% with a pion misiden-
tification probability of only 2-3% (see Figure . Such performance strongly
relies on the resolution of the Cherenkov angle per single photon, oy, driven mainly
by the pixel size, chromatic dispersion, the uncertainty on the emission point of the
photon along the track, and the precision of the tracking system. Since the dominant
contributions are of comparable magnitude, simultaneous optimisation of all of them
is required.
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Figure 10.1: Kaon identification efficiency against pion misidentification probability
for fill 9986, in different bins of number of primary vertices. The average number
of primary vertices is 4.7. The average momenta of the kaons and pions are both

35 GeV [124]
The design for Upgrade II preserves the current placement of RICH1 and RICH2,

which has proven to be close to optimal. The target performance for the upgraded
system foresees occupancies below 30% and a single-photon Cherenkov angle resolu-
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tion better than 0.5 mrad.

To meet these goals, multiple upgrade strategies are evaluated and summarised in
Table[10.1] In the Baseline scenario, the size of the photodetector pixels is reduced by
a factor of four in the innermost, high-occupancy regions (about one-third of the total
surface), by replacing the current MaPMTs with faster and more granular devices,
either SiPMs or MCP-PMTs. The outer regions remain equipped with sensors of
larger pixel size, optimising both performance and cost.

Both candidate sensor technologies must ensure high photon detection efficiency in
the green region of the spectrum, where chromatic dispersion is smaller, and provide
timing resolutions of the order of tens of picoseconds. SiPMs enable excellent timing
performance but require cryogenic cooling to suppress dark noise, increasing infras-
tructure complexity. MCP-PMTs avoid cooling constraints but require dedicated
R&D to guarantee radiation hardness and rate capability in the harsh Upgrade II
environment. A key element of the upgrade is the FastRICH front-end ASIC, cur-
rently under development, capable of providing ~ 25 ps timing per hit and planned
for deployment starting from Run 4 [125]. In addition to new sensors, optical system
improvements may be required to minimise aberrations and preserve the targeted
angular resolution.

Two additional configurations are considered. The Middle scenario reduces the
instrumented high-granularity area to roughly one-quarter of the detector plane and
permits larger pixels, reflecting the lower occupancy expected. The Low scenario
further relaxes timing requirements in the outer region, where standard MaPMTs
may still be used. Another relevant difference in this Low scenario is the absence
of the TORCH detectorl] which significantly simplifies the mechanics and optics of
RICH2, although at the cost of degraded angular and timing resolution in the least
occupied sectors.

All relevant features of the proposed configurations are summarised in Table [10.2]
Overall, the RICH upgrade for Upgrade II is designed to preserve outstanding PID
capabilities in the high-luminosity environment of the future LHC, while offering
flexibility to tailor cost and system complexity to the final luminosity conditions of
the experiment.

ITORCH (Time Of internally Reflected CHerenkov) is a proposed subdetector for LHCb Upgrade II, designed
to provide precise time-of-flight measurements (~ 15ps) for charged particles over a ~ 10m flight distance. This
enables pion/kaon and kaon/proton separation in the momentum ranges 2 - 15 GeV/c and 2 - 20 GeV/¢, respectively,
and allows identification of kaons and protons below the Cherenkov threshold in RICH1. The detector consists of
18 quartz plates, which internally reflect Cherenkov photons that are focused onto fast photodetectors, providing
high-precision timing information [23|.
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Table 10.2: Summary of the Baseline, Middle and Low scenarios for the RICH sys-
tem. The high occupancy area is referred to as “Inner area”, while the low occupancy
as “Outer”. In all cases SiPMs or MCPs are implied, except for the low occupancy
region in the Low scenario, where MaPMTs are assumed. For all scenarios, the pixel
size of the outer area is 2.8 x 2.8 mm?.

. Inner . Pixel size New optical

Scenario Inner area size (mm) ;

area inner area layout

. RICH1: x=336, y=364 5 RICH1

Baseline 1/3 RICH2: y=300 1.4 x 1.4mm RICH?

, RICH1: x=280, y=336 ) RICH1

Middle 1/4 RICH2: y=244 2.0 x 2.0 mm RICH2

RICH1: x=280, y=336 5
Low 1/4 RICH2: y—244 2.0 x 2.0 mm RICH1

10.2 Emulation

The performance projections for the Upgrade II detector rely extensively on fast and
versatile simulation frameworks. In this context, the emulation of the RICH sys-
tem is a key element, enabling realistic estimates of the Particle Identification (PID)
capabilities anticipated under the different upgrade scenarios. In contrast to full de-
tector simulations, which require substantial computational resources, the emulation
approach provides an efficient environment to explore various design options, incor-
porating parametrised models of the detector response that are informed by current
simulation studies.

This chapter describes the methodology employed to emulate the RICH perfor-
mance for Upgrade II, including the assumptions and parameterisations introduced
to model the expected evolution of key detector characteristics. In particular, the
treatment of the single-photon Cherenkov angle resolution, photon yields, sensor
pixelisation, and timing information is detailed. The strategy is mainly based on
scaling the current Run 3 configuration to incorporate the changes foreseen in terms
of geometry, optical layout, and readout structure.

_ The emulation relies on samples of simulated pp collisions containing at least one
bb pair, generated both for Run 3 and for the Upgrade II luminosity conditions. For
these datasets, the detector geometry corresponds to the Run 3 implementation: a
single pixelisation scheme in RICH1 with 2.87 x 2.87 mm? channels, and two regions
in RICH2, featuring an inner high-granularity area with the same pixel size and an
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outer region instrumented with larger 5.6 x 5.6 mm? pixels. Although the underlying
geometry corresponds to the current detector, the improved resolution and response
expected for Upgrade II are modelled through parametric scaling of key detector
characteristics, such as the single-photon Cherenkov angle resolution, photon yields,
and pixelisation effects. This approach allows the emulation to reproduce the an-
ticipated performance of the upgraded system without requiring full re-simulation
of the modified geometry. A detailed discussion of the methods and parameterisa-
tions used to model the expected improvements in detector response is provided in

Section M0.2.11

10.2.1 Resolution function and photon yield input

A key ingredient of the Upgrade II emulation is the description of the single-photon
Cherenkov angle resolution, oy, which directly impacts the separation power be-
tween different hadron species. Within the emulation framework, this quantity is
obtained by applying configuration-dependent scaling factors to parameterisations
extracted from Run 3 simulation studies, thus ensuring consistency with the cur-
rently measured detector performance.

The reference parameterisations describe the dependence of the mean single-
photon resolution on the track momentum according to the empirical form:

oo (p) =a+b~(tanh(—]£) +1), (10.1)

where p denotes the particle momentum in MeV/¢, and the coefficients a, b, and ¢ are
tuned to reproduce the behaviour observed in a detailed simulation. The functional
shape has no particular physical motivation, but it provides an accurate and smooth
interpolation across the relevant momentum region. The numerical values of the
parameters adopted in this study are summarised in Table [10.3]

Table 10.3: Coefficient a, b, ¢ for RICH1 and RICH2.

a b ¢ [MeV/c ]
RICH1 0.00078 0.0012 5000
RICH2 0.00065 0.0011 5000

The baseline resolution functions are subsequently modified through multiplica-
tive scaling factors, specific to each Upgrade II scenario. At first order, this multi-
plicative approximation is justified, as the single-photon Cherenkov angle resolution,
09, is determined by independent contributions, such as pixel granularity, optical
aberrations, and chromatic dispersion:

2 _ 2 2 2
090 - Upixel + Uoptics * Ochrom: (102)

164



Chapter 10. LHCb Upgrade II 10.2. Emulation

and these scaling factors account for the expected impact of changes in the detector
parameters. Distinct scale values are applied for the inner and outer regions of both
RICH1 and RICH2, reflecting their differing occupancy and geometric constraints.
For small modifications of the detector parameters mentioned above, the resulting
change in each contribution leads to an approximately proportional change in the
total resolution. Consequently, the overall effect of small structural changes can be
modelled using a multiplicative scaling of the empirical function, with higher-order
non-linear effects being negligible. The numerical inputs used in this study are listed
in Table 1041

For each correctly associated Cherenkov photon, the reconstructed value of the
Cherenkov angle is regenerated by taking the expected angle for the particle under
consideration and smearing it according to the corresponding momentum-dependent
resolution function. In this way, the key observable for PID,

erec - 0exp7 (103)

is explicitly controlled in the emulation. Photons that do not originate from the track
under study are left unchanged, as their 6+ distribution is already much broader than
the intrinsic detector resolution. This procedure offers a computationally lightweight
yet realistic approximation of the separation power across the entire momentum
spectrum, while preserving consistency with the underlying reconstruction behaviour.

The momentum dependence of the reference resolution functions for Run 3 is
shown in Figure together with the pion and kaon Cherenkov thresholds, serving
as a performance baseline for the Upgrade II emulation. The full input curves used in
the study are displayed for both RICH1 and RICH2 in Figure [10.3] It is worth noting
that the precise modelling of the low-momentum region has only a limited effect on
the expected PID performance, as in this regime the differences in Cherenkov angles
between particles significantly exceed the detector resolution, rendering the particle
separation largely insensitive to small variations in oy,,.

In addition to the angular resolution, the mean number of detected photons per
track is also incorporated in the emulation. These photon yields, extracted from
Run 3 simulations and presented in Figure [10.4] are rescaled to reflect variations in
optical throughput and sensor technology across the different upgrade scenarios.

The scale factors applied to both 6¢ resolution and photon yields are derived from
full simulations of the current (Run 3) system equipped with MaPMTs and of the
upgraded optical configuration described in the Framework Technical Design Report
(FTDR) [126], instrumented with SiPMs. In these simulations, a wavelength cut
at A > 300 nm is assumed, slightly lower than the A > 400 nm value adopted in the
FTDR, and nominal photon detection efficiencies are considered (see Figure .
The simulations were performed using SiPMs with a pixel pitch of 1 mm; the reso-
lution impact of larger pixels is included by scaling the corresponding contribution
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Figure 10.2: Single-photon Cherenkov angle resolution oy, as a function of mo-
mentum, shown separately for pions and kaons in RICH1 and RICH2 under Run 3
conditions. These resolution curves serve as the baseline input for the Upgrade II
emulation framework, and are scaled depending on the detector scenario.
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Figure 10.3: Single-photon Cherenkov angle resolution oy, as a function of momen-
tum for the (left) RICH1 and (right) RICH2 detectors. In both cases, the resolution
function is compared with the emulation and the full simulation (MCHits, MC-
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Figure 10.4: Average number of detected Cherenkov photons per track as a function
of momentum, separately for pions and kaons in RICH1 and RICH2. These yields
are used as default inputs to the Upgrade II emulation and may be rescaled to reflect
improvements in quantum efficiency or optics.
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linearly with pixel size.

The resulting scale factors for the Cherenkov angle resolution are summarised in
Table [10.5], while the photon-yield scale factors are listed in Table [10.4l A single
resolution scale is applied independently of momentum, effectively preserving the
Run 3 relative contribution of tracking uncertainties to the total 6< resolution.

All input values used in this study are taken from Ref. [127]. Occupancy estimates
are obtained by rescaling the Run 3 simulation to Upgrade II conditions, accounting
for the changes in detector area and photon-yield expectations. Additional effects
connected to dead-time losses are not evaluated at this stage.
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Figure 10.5: Typical SiPM PDE, MaPMT QE and refractive index of RICH1 gas
radiator.

To reflect the strong occupancy gradients across the detector acceptance, the
RICH volumes are partitioned into two regions: a high-occupancy inner zone and a
lower-occupancy outer zone. In the Baseline configuration, the inner region covers
one third of the total photodetector surface for both RICH1 and RICH2, leaving
the remaining two thirds as the outer region. Alternative upgrade scenarios adopt
a different split, where the inner region corresponds to one quarter of the area (Ta-
ble . This segmentation enables a differentiated modelling of photon yields and
angular resolution according to the detector occupancy.

Because a fully operational high-luminosity reconstruction chain was not yet avail-
able during the development of these studies, tracking was emulated rather than
obtained from the standard digitisation and reconstruction workflow. The Boole
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Table 10.4: Values of the scaling factors (SF) used in the code to rescale with respect
to the Run 3 simulation the photon yield (Yield SF). Baseline and Middle correspond
to SiPM nominal PDE with A > 300 nm, while Low uses MaPMT in the outer region.
The Run 3 values, used to obtain the SF, are 63 for RICH1 and 34 for RICH2.

Type Inner Outer
Yield Yield SF | Yield Yield SF

RICH1 input values

Baseline 52 0.825 52 0.825

Middle 52 0.825 52 0.825

Low 52 0.825 46 0.730
RICH2 input values

Baseline 25 0.735 25 0.735

Middle 25 0.735 25 0.735

Low 33 0.970 34 1.000

Table 10.5: Cherenkov angle resolution contributions. The Run 3 values, used as
denominators to obtain the scale factors, are 0.806 for RICH1 and 0.516 for RICH2.

Type Inner Outer
Chrom. Emiss. Pixel Overall SF Chrom. Emiss. Pixel Overall SF
RICH1 input values
Baseline  0.28 0.13 0.22 0.379 047 0.28 0.13 0.45 0.545 0.676
Middle 0.28 0.13 0.32 0.444  0.55 0.28 0.13 0.45 0.545 0.676
Low 0.28 0.13 0.32 0.444  0.55 0.52 0.13 0.45 0.699 0.867
RICH2 input values
Baseline  0.19 0.05 0.10 0.220 0.426 0.19 0.05 0.20 0.280 0.542
Middle 0.19 0.05 0.14 0.241  0.467 0.19 0.05 0.20 0.280 0.542
Low 0.19 0.36 0.14 0.430 0.833 0.34 0.36 0.20 0.534 1.034

digitisation step was therefore omitted, and Monte Carlo truth information was used
to define the track segments entering the RICH acceptance. The tracking contri-
bution to the Cherenkov angle resolution is embedded in the overall resolution pa-
rameterisations. While this is not a complete substitute for a full reconstruction, it
reproduces the momentum dependence of the performance with adequate fidelity for
comparative detector studies.

A further key ingredient of the emulation is the inclusion of 4D reconstruction,
where the timing of photon hits is used alongside their position. The expected photon
arrival time is computed from the track production time at the PV, its propagation
through the detector, and the photon time of flight to the photodetector plane.
Timing windows of 150, 300, or 600 ps (the latter applicable only to MaPMTs) are
applied during both photon association and likelihood evaluation to suppress out-
of-time background contributions. This assumes that the PV timestamp is provided
externally with negligible uncertainty.
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To emulate the charged particle passage through the RICH detectors, a dedicated
module constructs track-segment objects directly from the truth-level trajectory in-
formation produced by Gauss. This includes detailed geometry information for par-
ticles traversing the radiators and truth labels for all generated Cherenkov photons.
Notably, the use of extended MC information allows below-threshold tracks to be
included, improving the realism of the PID evaluation and supporting investigations
of hybrid PID approaches involving subdetectors such as TORCH.

The emulated tracks are subsequently required to satisfy basic reconstructibility
criteria for “Long” tracks and simple fiducial cuts (e.g. pr > 0.2GeV and p > 1 GeV),
consistent with the behaviour of standard reconstruction. They are then converted
into the same RICH segment data format used by the real PID sequence, ensuring
full compatibility with the rest of the pipeline.

Although the tracking description in the emulation is simplified, the resulting
Run 3 PID performance is consistent with the one obtained from a full simulation and
reconstruction chain. The primary goal of this framework is not to reproduce absolute
performance estimates, but rather to enable a robust and efficient comparison of the
relative behaviour across different optical configurations and sensor technologies.

10.2.2 Performance studies

The likelihoods for the different particle hypotheses are computed using the standard
RICH reconstruction algorithm described in Ref. [128]. Since a full simulation and
reconstruction framework for the new detector geometries was not yet available, the
PID performance of three Upgrade II configurations was evaluated using the emula-
tion framework. This approach enables rapid and consistent comparisons of detector
parameters such as pixel granularity, quantum efficiency, and timing resolution.

The emulation assumes that at most one photon may be detected per pixel per
bunch crossing, and average photon yields can be adjusted to reproduce the expected
changes in the optical system. Timing information is also incorporated: only photons
whose arrival time lies within a configurable window around the expected value are
associated to the track. To maintain an efficiency above 95% for signal photons,
the timing window is chosen to cover at least +20 of the detector time resolution.
Tighter timing cuts combined with improved time resolution enhance the rejection
of accidental and background hits.

At the current stage, the emulation does not account for changes in the spatial or
spectral photon distributions; reductions in detected light are implemented through
global scale factors rather than applied on a per-track basis. Moreover, the response
of the front-end electronics is only approximated by rejecting photons that arrive
simultaneously on the same pixel. Other effects, such as saturation, spillover, or
deadtime, are not yet included.
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Performance results are shown for timing windows of 150 and 300 ps. To match
these windows, the combined single-photon timing resolution of the photodetector
and front-end system is set to 38 and 75 ps, respectively.

Figures[10.6{{10.10[summarise the PID performance for the Run 3 detector and the
selected Upgrade II scenarios at different time resolutions and luminosity conditions.

Figure reports the kaon identification efficiency as a function of momentum
for a fixed pion misidentification rate of 1%, while Figure [10.7| shows the same quan-
tity with a relaxed 5% misidentification rate. All upgrade configurations demonstrate
adequate performance in the corresponding high-luminosity environments. Below
10 GeV/c, a mild degradation relative to Run 3 is observed, particularly for a 300 ps
resolution. Conversely, above 20 GeV/¢, the upgraded configurations deliver a clear
improvement: the Baseline and Middle scenarios maintain efficiencies above 80% up
to 100 GeV/c, whereas the Run 3 performance rapidly deteriorates beyond 40 GeV/c.
Relaxing the misidentification rate to 5% increases the efficiency in all cases while
preserving the same performance hierarchy.

Figure displays the kaon efficiency as a function of pseudorapidity for a 1%
pion misidentification probability. The Baseline and Middle configurations clearly
outperform Run 3 in the forward region (1 > 4), where the efficiency drop is most
pronounced in the current detector, while all scenarios show similar results at lower
pseudorapidities.

The upgraded designs maintain good efficiency up to 100 GeV/c at 150 ps, while
Run 3 begins to lose performance beyond 30 GeV/c. At 300ps, the p/K and p/n
separation capabilities are noticeably reduced at low momentum (p < 30 GeV/c¢) for
all upgrade options.

Overall, the Baseline scenario delivers the most robust performance at the lumi-
nosity for which it is designed. At its operating luminosity, the Middle configuration
achieves similar performance, particularly at 150 ps, and consistently outperforms
the Low scenario under all tested conditions.

10.2.3 Occupancy studies

Occupancy in the photon detectors is a crucial parameter, as it directly affects both
the reconstruction efficiency and the performance of the trigger system. To ensure
reliable pattern recognition and to prevent signal saturation, the design target is to
keep pixel occupancy below 30% in all RICH detectors.

To manage the high hit density, all layouts implement smaller pixel sizes in the
inner RICH regions. In the Baseline scenario, one-third of the photon detector area
is equipped with fine-granularity pixels, while the remaining two-thirds employ larger
pixels (~ 2.8 mm?). In the Middle and Low scenarios, the high-granularity region is
reduced to one-fourth of the total area.
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Run 5 simulations indicate that in the Middle scenario (Figure , occupancy
in the inner RICHI region with 2 x 2 mm? pixels slightly exceeds the 30% limit, sug-
gesting that smaller pixels or additional mitigation strategies might be necessary. In
contrast, the Baseline layout (Figure maintains occupancy below the threshold
across all regions.

High time resolution plays a significant role in disentangling overlapping events,
effectively lowering the time-integrated occupancy. This is particularly important
for fast sensors, such as SiPMs or MCP-PMTs, capable of sub-nanosecond photon
timing.

Overall, occupancy considerations motivate the use of high-granularity photon
detectors combined with precise timing, especially in RICH1. Among the scenarios,
the Baseline configuration offers the optimal compromise between performance and
occupancy, though it entails higher system complexity and resource demands. The
choice of photosensors is also a key factor: while MaPMTs, employed in the Low
scenario, provide a well-established technology and reduce risk, their timing reso-
lution is insufficient to fully mitigate event complexity, potentially leading to some
performance degradation.

Beyond global occupancy maps, a channel-by-channel analysis was performed to
study localised hit rates in more detail. The resulting occupancy distributions for
RICH1 inner, RICH1 outer, RICH2 inner, and RICH2 outer channels are displayed
in Figure [I0.11} This granular view is essential for identifying regions with ele-
vated occupancy, assessing detector efficiency, and anticipating possible issues such
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Figure 10.11: Channel occupancy distributions for the RICH detectors under various
luminosity conditions. The top plot shows results for a temporal resolution of 300 ps,
while the bottom plot displays results for 150 ps. The distinct lines represent different
luminosity scenarios, including Run 3 (L = 2.0x1033), Baseline (L = 1.5x1034), Middle
1.3 (L =1.3x10%), Middle 1.0 (L = 1.0x103*), and Low (L = 1.0x103%). As expected,
the occupancy distributions are largely independent of the temporal resolution, with
similar shapes observed in both 300 ps and 150 ps plots.
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as channel saturation or pile-up under high-luminosity conditions. Moreover, these
histograms show how occupancy varies across different luminosity scenarios, provid-
ing a comprehensive picture of the detector’s behaviour under diverse operational
conditions.

10.3 Dark Counts

Dark counts (DCs) are spurious signals produced by photodetectors even in the ab-
sence of incoming photons. These signals mainly originate from thermal excitations
or other intrinsic noise processes within the sensor. In the context of RICH detectors,
dark counts can generate false hits, potentially interfering with the reconstruction of
Cherenkov rings and reducing the overall particle identification performance. Quan-
tifying the impact of a given dark count rate is therefore essential for optimising the
readout electronics, refining event reconstruction algorithms, and preserving detector
efficiency under high-luminosity operating conditions.

It should be emphasised that, in the current DC rate studies, the absence of the
Boole simulation step may influence the quantitative interpretation of the results.
In particular, the reduced detection efficiency effects associated with dark count
modelling cannot be fully accounted for without including Boole. Nevertheless, the
study provides valuable qualitative insights, though potential systematic effects from
this limitation should be considered when interpreting the results quantitatively.

10.3.1 Emulation of Dark Counts

Dark counts have been emulated in the framework by generating hits uniformly in
both time and across the photodetector plane, using the same pixel count and layout
as in the Run 3 configuration. The total number of dark counts per event in each
detector region is calculated as:

NDC,i:RXSiXT

where R represents the dark count rate in Hz/mm?2, S; is the effective sensitive area
of the relevant RICH region (e.g., RICH1, RICH2-inner, RICH2-outer), and T is
the integration time window (typically 25ns). The effective areas are obtained by
multiplying the pixel area by the number of pixels in each region:

o RICHI: S; =8.266 mm? x 124,000 = 1.02 x 106 mm?
o RICH2-inner: Sy, = 8.266 mm? x 49,000 = 0.406 x 106 mm?
o RICH2-outer: S oyt =36 mm? x 24,600 = 0.885 x 105 mm?
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Figure 10.12: Simulated occupancy on the (left) RICH1 and (right) RICH2 detector
planes for the (top) Baseline, (center) Middle, and (bottom) Low scenarios. In the
Baseline case, the central high-occupancy area covers 1/3 of the total with a pixel
size of 1.4 x 1.4mm?. For the Middle and Low scenarios, this area is 1/4 of the total
with 2 x 2mm? pixels. Peak occupancy reaches ~ 30% in the inner regions of RICH1
for the Baseline and Middle configurations, while MaPMTs are employed in the outer
regions for the Low scenario.
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The dark count rate (Rpc) has been varied across different scenarios. For a
reference signal rate of 10 MHz/ mm?, the dark count rates were emulated at specific
fractions of this rate. For instance, a DC rate of 10° Hz/ mm? (i.e., 100 kHz/ mm?)
corresponds to approximately 2,500 dark counts in RICH1. With 124,000 pixels in
RICH1 (Run 3), this amounts to roughly 0.02 hits per pixel in a 25 ns window. Higher
rates were also considered: 10°Hz/mm? gives 0.2 hits per pixel, 5 x 106 Hz/ mm?
gives 1 hit per pixel, and 10" Hz/ mm? corresponds to 2 hits per pixel, all within
the 25 ns window.

The same efficiency factors applied to signal photons were also used for dark
counts, including the scale factors from Table and the global readout efficiency
of 95%. For the Middle scenario, the effective dark count numbers are scaled as:

Npcr1 =0.78 x Rpc
Npc,r2 = 0.70 x Rpc

Thus, a nominal 105 Hz/ mm? in the legend effectively corresponds to 0.78 and
0.70 x 10> Hz/ mm? in RICH1 and RICH2, respectively.

Once generated, the dark count hits are added to the simulated hit map and
processed through the full reconstruction chain. If two hits occur on the same pixel,
only the first is retained. Consequently, if a dark count precedes a signal photon
in the same pixel, the time of the dark count is used, emulating a dead time up to
12.5ns. If the signal photon arrives first, the subsequent dark count is discarded.

It should be noted that no after-pulsing or cross-talk effects are included in this
emulation.

10.3.2 Performance studies

To evaluate the impact of dark counts on the RICH detector performance, the studies
described in Section[10.2.2] were repeated, this time including the effects of dark count
contributions.

From Figure which shows the kaon identification efficiency (K*) at a fixed
1% pion misidentification rate as a function of momentum for 150 and 300 ps time
windows, it is evident that the efficiency decreases as the dark count rate, Rpc,
increases. This effect is particularly pronounced at low momentum and becomes
more severe for the highest dark count rates, demonstrating that elevated background
levels can significantly degrade kaon identification while maintaining a low pion mis-
ID. Rates above 106 Hz/ mm? show the most substantial impact.

Comparing the two panels highlights that increasing the photon time window
from 150 ps to 300 ps leads to a further reduction in K* efficiency under high dark
count conditions. Although a wider time window allows the collection of more signal
photons, it also admits more uncorrelated dark counts, increasing background and
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Figure 10.13: Kaon (K*) identification efficiency at a fixed pion misidentification
rate of 1% as a function of momentum, for time windows of (left) 150 ps and (right)
300 ps. The vertical dashed lines indicate the momentum thresholds where RICH1
and RICH2 contribute to particle identification, contextualising the relevant regions
of each detector.

lowering the signal-to-noise ratio, which in turn reduces kaon identification perfor-
mance for a given misidentification tolerance.

A similar behaviour is observed when examining the efficiency as a function of
pseudo-rapidity 7, shown in Figure [10.14] In both panels, kaon efficiency decreases
with increasing dark count rate. The degradation is most pronounced at the highest
rates (5 x 106 and 107" Hz/ mm?), with efficiency curves falling well below those for
lower background levels. The efficiency typically peaks in the central n region (1 ~
3.0-4.0) and gradually declines toward the detector edges. The forward region (1 >
4.5) is especially sensitive, showing a significant loss in performance under high dark
count conditions.

Overall, for both momentum and pseudo-rapidity distributions, the 300 ps time
window consistently results in lower efficiencies compared to the 150 ps window when
dark counts are present.

10.3.3 Occupancy studies

To evaluate the effect of dark counts (DC) on signal detection, occupancy hitmaps
have been generated for different detector configurations and varying dark count
rates. For each configuration, the pixel-level ratio S/(S + DC'), where S represents
the signal and DC' the dark counts, has been computed and displayed for both RICH1
and RICH2.

This ratio provides a quantitative indication of the system’s ability to distinguish
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Figure 10.14: Kaon (K*) identification efficiency at a fixed pion misidentification
rate of 1% as a function of pseudo-rapidity, for time windows of (left) 150 ps and
(right) 300 ps.

true signal hits from background noise. Values of S/(S + DC') close to 1 indicate
regions where the signal clearly dominates over dark counts, corresponding to well-
defined Cherenkov ring patterns. Ratios near 0.5 or lower indicate that the signal
is comparable to or weaker than the background, making reliable detection more
challenging.

The hitmaps are particularly effective at revealing spatial regions where the signal
contribution is significant relative to the background. This is especially relevant when
dark counts are uniformly distributed, whereas the signal forms localised, structured
patterns in areas of high track density.

In addition, these maps allow for direct comparisons between different detector
configurations, optical layouts, and dark count rates, offering valuable insights into
how hardware parameters—such as pixel size or timing window—impact the system’s
sensitivity to the signal.

Figure displays the pixel-by-pixel S/(S + DC') ratio maps for RICH1 and
RICH2 at progressively increasing dark count rates of 10°, 106, and 107 Hz/ mm?.
As the dark count rate rises, the contrast between regions with a strong signal and
the uniform background becomes increasingly blurred. Note that the z-axis scales
are adjusted individually for each plot in Figure [10.15] to provide a clearer view of
the occupancy distribution for each rate.

At the lowest dark count rate (10°Hz/mm?), both detectors show ratios near
unity in high track-density regions, indicating that the signal clearly dominates over
background. For intermediate rates (10° Hz/ mm?), the ratios decrease across the
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detector planes, reflecting the growing influence of dark counts. At the highest rate
(107" Hz/ mm?), the signal-to-background contrast is heavily diminished, particularly
in RICH2, where the signal is almost indistinguishable from the background. These
visualisations underscore the importance of minimising dark counts and optimising
both pixel size and timing resolution to preserve the fidelity of the Cherenkov signal
under high-luminosity conditions.

10.4 Conclusions

The studies presented in this chapter evaluate the performance of several design
options for the RICH detectors within the LHCb Upgrade II, expected to operate
at luminosities up to 1.5 x 103* em=2s~!. The primary objective is to maintain ex-
cellent particle identification, particularly K /m separation, under conditions of high
occupancy and increased background due to dark counts.

Three Upgrade I1 configurations were considered: Baseline, Middle, and Low,
each representing different trade-offs between performance, complexity, and cost.

The Baseline scenario uses a highly granular SiPM layout with 1.4 x 1.4 mm?
pixels in the inner regions, aiming for a time resolution of 150-300ps. At 150 ps,
it delivers the best overall performance across all studied channels, achieving high
kaon identification efficiencies up to 100 GeV/c for a 1% pion misidentification rate,
while maintaining proton separation comparable to Run 3. At 300, ps performance
remains competitive at high momentum, but both p/K and p/m separations degrade
at low momentum, falling below Run 3 benchmarks. Maximum occupancy stays
below 30% at the target luminosity, confirming the feasibility of this configuration.

The Middle scenario features slightly larger 2.0x2.0 mm? pixels in the inner region,
with the high-granularity area reduced to roughly 25% of the total. This configu-
ration provides a good compromise between cost and performance, closely tracking
the Baseline efficiency at lower luminosity.

The Low scenario is a cost-optimised option, using SiPMs only in the central
area and MaPMTs in the outer region, with timing performance of 150-300ps in
the inner region and around 600 ps elsewhere. Its PID performance above 30 GeV/c
largely reproduces Run 3 behaviour.

Simulations including dark counts show that performance remains robust up to
rates of 10°-10° Hz/ mm?, while higher rates lead to significant degradation, es-
pecially in the very-forward region (n > 4.5). As expected, shorter time windows
(150 ps) mitigate the impact of dark counts compared to 300 ps.

Occupancy studies highlight the critical role of pixel granularity. RICH2 generally
operates within safe occupancy levels (max ~ 13%), whereas RICH1’s inner region
requires careful consideration due to localised hotspots. The Baseline scenario pro-
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Figure 10.15: Pixel-wise S/(S + DC') ratio maps for (left) RICH1 (Rpc = 0.78 x
105Hz/ mm?) and (right) RICH2 (Rpc = 0.70 x 10° Hz/ mm?) at different dark
count rates: (top) 10°Hz/mm? where the ratio remains close to unity; (middle)
106 Hz/ mm? where the ratio begins to decrease and (bottom) 107 Hz/ mm? where
the signal becomes strongly suppressed relative to the dark background.
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vides the most robust solution under high-luminosity, high-background conditions,
though with higher technical and financial demands. The Middle scenario achieves
a good balance, managing occupancy effectively under intermediate conditions and
avoiding the most critical hotspots present in the Low scenario.

In summary, the Baseline scenario emerges as the most performant and resilient
choice, fulfilling the stringent PID requirements of Upgrade II with advanced timing
and spatial resolution, albeit requiring careful integration of new sensors and asso-
ciated systems. The Middle scenario offers a solid compromise, delivering reliable
performance for intermediate luminosities, while the Low scenario may serve as a
fallback under resource constraints, with some trade-offs in physics reach.
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Conclusions and Outlook

This thesis presents a coherent set of studies carried out within the LHCb experiment,
combining a precision measurement in charm physics with detailed investigations of
detector performance for both the current Run 3 operation and the future Upgrade 11
programme. Together, these results highlight the close interplay between advanced
analysis techniques and an in-depth understanding of detector behaviour, which is
essential for the success of precision flavour physics measurements.

The first part of this thesis is dedicated to a measurement of charm mixing and
CP-violation observables using Run 3 data collected by the LHCb experiment in the
decay channel D - Kgm*7r-. The analysis is based on the data recorded during
the 2024 data-taking period, corresponding to a subset of the full Run 3 dataset.
Although this sample already exceeds the integrated luminosity collected during
Run 2, it does not yet correspond to the full Run 3 dataset and therefore represents
an intermediate stage towards the ultimate sensitivity achievable with Run 3.

The analysis exploits the bin-flip method, a model-independent approach that
avoids reliance on amplitude modelling and mitigates systematic effects related to
efficiency variations across the Dalitz plane. Benefiting from the improved perfor-
mance of the upgraded detector and the increased available statistics, a sensitivity
is achieved that is slightly improved with respect to that obtained during Run 2.

A detailed study of the stability of the measurement as a function of the data-
taking blocks shows no strong dependence of the extracted observables on the block
structure, indicating stable detector and reconstruction performance throughout
the analysed period. Quantitative compatibility tests performed across data-taking
blocks demonstrate good overall agreement for most observables in both the LL and
DD samples, corresponding to K¢ candidates reconstructed with long tracks in the
vertex detector and downstream tracks reconstructed only in the tracking stations
downstream of the magnet.

The results obtained in the dominant TwoTracks selection category are found to
be statistically consistent between the LL and DD samples for most observables. A
mild tension is observed in the determination of z¢p, corresponding to a p-value
of 2.7%, while no significant discrepancies are found for the remaining parameters.
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Given the current statistical precision, this behaviour is compatible with statistical
fluctuations.

The combined Run 3 results follow the expected improvement in statistical preci-
sion driven by the increased integrated luminosity with respect to Run 2. In partic-
ular, the uncertainties achieved on z¢cp, yop, Az and Ay are consistent with, and in
the case of yop and Ay, exceed the expectations based on simple luminosity scaling.
This reflects not only the larger dataset but also the improved detector performance,
including the enhanced trigger efficiency achieved in Run 3, particularly for the LL
category.

The subdivision of the dataset into different trigger-line subsamples has not been
used to derive a single combined result, as these samples are not statistically inde-
pendent: individual events can satisfy the requirements of multiple trigger selections.
The development of an appropriate strategy to handle overlapping trigger selections,
ensuring statistical independence while preserving a coherent acceptance definition,
is ongoing and will be addressed in the context of the future publication of these
results.

Looking forward, the inclusion of the full Run 3 dataset, together with further
improvements in calibration, alignment, and systematic uncertainty control, is ex-
pected to significantly enhance the precision of the measurement and to fully exploit
the potential of the upgraded LHCb detector.

The second part of the thesis focuses on the performance of the upgraded RICH
detectors using Run 3 data collected in 2024. In the new operational conditions
introduced by the fully software-based trigger and higher instantaneous luminosity,
a detailed characterisation of detector behaviour is essential. The studies presented
here investigate the evolution of background contributions to the single photon res-
olution as a function of photon time windows and detector geometry. The results
demonstrate that timing information plays a key role in suppressing uncorrelated
background and confirm that the performance of the upgraded RICH system is well
understood under Run 3 conditions. These analyses provide an important validation
of the detector and establish a solid basis for future optimisation efforts.

The final part of the thesis addresses the challenges posed by the forthcoming
Upgrade II of the LHCb experiment. Several design scenarios for the future RICH
detectors are evaluated using simulation, exploring different trade-offs between per-
formance, complexity, and cost. The studies indicate that high granularity and pre-
cise timing are critical to maintaining excellent particle identification performance
in the high-luminosity environment expected during Run 5 and beyond. Among
the configurations considered, the Baseline scenario provides the most robust and
performant solution under extreme occupancy and background conditions, while the
Middle scenario emerges as a well-balanced alternative. The Low scenario, although
more cost-effective, entails some compromises in physics reach.
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Overall, the results presented in this thesis demonstrate that precision measure-
ments in the charm sector can fully benefit from the upgraded LHCb detector, pro-
vided that detector performance is carefully validated and optimised. The bin-flip
method is confirmed as a powerful tool for model-independent charm analyses, par-
ticularly well suited for the large datasets collected in Run 3 and beyond.

Looking forward, the full Run 3 dataset will enable a significant improvement in
the precision of charm mixing and CP-violation measurements, strengthening con-
straints on the Standard Model and enhancing sensitivity to potential new physics
effects. At the same time, the detector studies presented here contribute directly
to the preparation of Upgrade II, ensuring that the excellent particle identification
capabilities of LHCb can be preserved in the high-luminosity era of the LHC. To-
gether, these developments place the experiment in a strong position to pursue an
ambitious and competitive flavour physics programme in the years to come.
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Appendix A

Background studies for K(S) mass

The K§ invariant mass distributions for the different track categories and trigger
selections are shown in Figure [A.Il A longitudinal separation requirement of Az >
10 mm is applied to the LL sample, while Az > 220 mm is required for DD candidates.
The corresponding retention rates are:

o 56% for the LL sample,
86.5% for the LL Low Bias sample,

]

(o)

95.6% for the LL No Bias sample,

(o)

43.9% for the DD sample,
52.9% for the DD Low Bias sample.

o]
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Appendix B

RICH Upgrade II Framework

B.1 Emulation Setup and Execution

To perform the emulation procedure, the first step is to compile the required software
stack. This can be done by executing the curl command with:
https://gitlab.cern.ch/rmatev/lb-stack-setup/raw/master/setup.py |
python3 - stack which sets up the environment.

Once the stack is configured, the correct platform must be loaded by pointing to
the utils/config.py file and specifying the appropriate binaryTag, which in our
case is x86_64_v2-el9-gccl3+detdesc-opt. After setting up the platform, the Rec
package must be compiled. The actual emulation of the different scenarios is handled
through the RichFuture.py script, located in Rec/Rich/RichFutureRecSys/. This
script allows customisation of several parameters relevant to the emulation.

To use Monte Carlo information for hits and tracks, the variables "USEMCHITS"
and "USEMCTRACKS" must be set to true.

Time window values for the photon detection in the RICH detectors can be
configured through the variables "R1INNERPHOTWIN", "R10UTERPHOTWIN", "R2INNER
PHOTWIN", and "R20UTERPHOTWIN".

The values are expressed in nanoseconds within the emulation framework, so
values such as 0.075, 0.15, and 0.3 correspond to 150 ps, 300 ps, and 600 ps windows,
respectively. These values are chosen to ensure signal capture within a +2¢ interval.
Performance results indicate that the combined photodetector and electronics single-
photon timing resolutions are 38 ps and 75ps (1o) for the 150 ps and 300 ps time
windows, respectively, justifying the use of 0.075ns and 0.15ns in the configuration
to fully cover the +20 detection range. The spatial dimensions of the inner and
outer regions can be set using "R1INNERXPIX", "R1INNERYPIX", "R2INNERXPIX",
and "R2INNERYPIX".

To override the default detector geometry and apply scenario-specific configu-

191



Appendix B. RICH Upgrade II Framework B.2. Algorithms of the RICH Emulation Framework

rations, it is necessary to enable "OVERRIDEDETREGIONS". Pixel sizes for the dif-
ferent regions can then be adjusted via "R1INNERPIXQUANT", "R10UTERPIXQUANT",
"R2INNERPIXQUANT", and "R20UTERPIXQUANT". For full 4D reconstruction capabili-
ties, the variables "ENABLE4D", "USEPIXELMCINFO", and "USEPHOTONMCINFQ" should
also be set to true.

Photon yields can be configured through "R1INNERPIXEFF" "R10QUTERPIXEFF",
"R2INNERPIXEFF", and "R20UTERPIXEFF", while resolution scale factors are speci-
fied using "INNERR1RESSCALEF", "INNERR2RESSCALEF", "OUTERR1RESSCALEF", and
"OUTERR2RESSCALEF".

Finally, to set the luminosity corresponding to the scenario of interest, the variable
"LUMI" should be assigned to a valid string value, such as "2.0e32", "2.0e33",
"3.0e33", "1.0e34" "1.3e34", or "1.5e34". For instance, to fix the luminosity
for Run 3, corresponding to 2.0 x 1033 cm~2s7!, one should use "LUMI" = "2.0e33".
These settings allow for precise emulation of different detector configurations under
various operational conditions.

B.2 Algorithms of the RICH Emulation Framework

The RICH emulation framework developed for Upgrade II builds upon Monte Carlo
truth information to simulate the detector response and perform fast reconstruction
of PID-related quantities. The reconstruction sequence is implemented within the
RichFutureRecSys package and is organised in a modular way to facilitate testing
of alternative geometries, reconstruction strategies, and detector configurations.

The reconstruction is initiated by reading simulated RICH photon hits. These
are stored in a specific event location from which they are unpacked using a ded-
icated tool, the MCRichHitUnpacker. This tool accesses the packed hit informa-
tion produced by the simulation step, extracts relevant quantities such as hit
position, time-of-flight, energy, and sensor ID, and stores them in a format suit-
able for further processing. The decoding step is performed using the algorithm
DecodedDataFromMCRichHits, which converts the unpacked data into a structure
interpretable by downstream clustering and reconstruction algorithms.

Once the hit data is decoded, the reconstruction proceeds through a series of al-
gorithmic subsequences. The first is the so-called RichPixels sequence. This stage
performs clustering of photon hits using the SmartIDClustering algorithm. Al-
though some intermediate modules related to local and global cluster coordinates
are present in the codebase, they are not explicitly invoked within the main recon-
struction sequence and may instead be handled implicitly by the Gaudi framework.
The output of this clustering stage is a summary of pixel information optimised for
vectorised processing, implemented through a SIMD-friendly structure.
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The second major component of the reconstruction is the RichMCReco sequence,
which handles the emulation of track propagation and photon emission within the
RICH detectors. 1In this part of the reconstruction, truth-matched MC tracks
are used to avoid the need for full tracking. These tracks are segmented by the
SegmentCreator, which uses MC particle information to create idealised RICH
track segments. Each segment is then propagated to the photodetector plane, and
its projection is computed in both local and global coordinates. From these track
segments, several quantities are derived, including the number of expected emitted
photons and the Cherenkov angle for each mass hypothesis. These computations
are handled by a suite of algorithms, including those estimating emitted photon
yields, building ray-traced Cherenkov cones, computing geometrical efficiencies, and
parameterising the expected angular resolutions. Segments are also filtered to retain
only those that contribute significantly to the RICH response, based on geometry
and acceptance.

Following track-based computations, the RichPhotonsMC subsequence focuses on

reconstructing photon candidates.
This is accomplished using the SIMDQuarticPhotonReco algorithm, which solves the
geometrical constraints defining Cherenkov emission using quartic equation solvers.
Each photon candidate is assigned an expected pixel signal, computed by matching
the track direction and emission angle to the photodetector geometry. These predic-
tions are refined by comparing the expected signal to the actual hit pattern observed
in the clustering stage.

The final reconstruction stage is concerned with particle identification and is han-
dled by the RichPIDMC sequence. This part of the framework begins by initialising
the PID information for each reconstructed track and proceeds by estimating the
background contributions to the photon signal for each mass hypothesis. This is cru-
cial for the likelihood calculation that follows, where a global likelihood minimisation
is performed to determine the most probable particle type associated with each track.
The minimisation algorithm iteratively evaluates the likelihoods associated with each
hypothesis and refines the track-PID assignment based on the observed photon yield
and angular distribution. At the end of the sequence, the reconstructed RICH PID
information is written out and stored for further analysis.

Overall, the framework follows a highly structured but adaptable logic. Each com-
ponent is designed to be independently tunable, which allows for rapid iteration over
different sensor technologies, optics layouts, and time resolution assumptions. The
use of truth-matched MC tracks and truth-level photon hits ensures fast processing
times while maintaining sufficient realism for relative performance comparisons. This
structure is especially valuable in the early stages of Upgrade II design, where full
simulation and reconstruction pipelines are not yet finalised.
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