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Abstract

The LHCb collaboration achieved the world’s most precise measurement of the
A (D® 1 KIKQ) parameter using data collected during Run 2 (2015-2018), reach-
ing a precision of 1:3% and observing compatibility with the absence of CP violation at
a significance of 2:4 . Following a major Upgrade I, LHCb resumed operations in 2022
with a completely overhauled tracking system and a novel triggerless readout architecture,
capable of reconstructing events at the full LHC bunch crossing rate of 30 MHz.

This thesis presents the design and optimization of dedicated K triggers, aimed at
enhancing the LHCb online selection efficiency of D® ¥ K2K$ decays. The new triggers
have been commissioned with early Run 3 data; performed tests confirm the feasibility
of this new trigger strategy, never implemented before at a hadron collider. With the
availability of larger samples, the impact on signal efficiency has been evaluated, leading to
a fourfold enhancement for the target decay D° 8 KQK2. These performances motivated
an early A% (KZKQ) measurement performed on 6 fb ! of data collected by LHCb in 2024,
that already surpassed the precision of the previous measurement. This measurement is a
remarkable result, being the most precise determination of this parameter to date, and
demonstrating the effectiveness of the new triggers in enhancing the physics reach of the
LHCDb experiment.
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Introduction

The rst evidence of violation of CP in decays ofcharm hadrons has only recently been
found (2019), by the LHCb collaboration inD®! h*h (h = K; ) decay modes [1].
While this result amounts to a milestone in particle physics, the picture oEP violation

in the charm sector is still far from being clear. Large non-perturbative theoretical
uncertainties prevent an unambiguous interpretation of the nature of the observed signal
in terms of the Standard Model. Experimental observations in multiple channels, and with
greater precision, are much wanted to make progress in this eld. An excellent candidate
decay mode for these studies B° ! K 2K 2, because itsCP asymmetry is expected to be
determined by a di erent combinations of amplitudes, and could possibly be larger than
that observed in the charged two-body modes.

My thesis is a contribution to the experimental study of this interesting decay mode.
The main reason whyA“" (D%! K 2K Q) has not yet been measured precisely, in spite of
its reasonably large branching fraction and the huge production @° mesons available
at the LHC, is the di culty of e ciently selecting these decays in real time (triggering),
leading to only modest samples being available, and a corresponding low precision of the
asymmetry measurements.

The current most precise published measurement of this observable has a resolution of
1.3% [2], nearing the upper bound of theoretical predictions, and does not show evidence
of CP violation. That measurement, to which | personally contributed in a signi cant
way, includes some innovations over the past, allowing a better exploitation of the data
by also including \secondary"D? particles coming from beauty hadron decays and other
optimizations. | brie y describe the main features of this analysis, that formed the basis
of my expertise in the topic, in the rst part of this document. Albeit marking a step
forward in sensitivity, the precision of that measurement is still much less than what
routinely achieved in the charged modes; and even the prospects with its extension to
the larger data sample expected from the Run 3, were not extremely promising for an
observation of CP asymmetry.

The only way forward to a better measurement was a better trigger methodology.
All past data had been taken with a trigger system that could not recognize long-lived
particles like K & before the second level of the trigger \HLT2"). This caused a very low
trigger e ciency for channels like D° ! K2K ¢, as most of the signal is lost before even
reaching the HLT2 level. This was a point on which further improvement was conceivable,
at least in principle.

My work developed in a context wherd.HCb was preparing for the new run (Run 3)
with a completely new data acquisition system, capable of processing the full data ow of
30 MHz in real time. This has been an excellent motivation for me to put in a strong e ort
in pushing the trigger e ciency for D% ! K2K 2 decays to the highest possible values,



to make the best from the new data taking period. | therefore worked at improving the
capability of LHCD to trigger on objects decaying signi cantly away from the interaction
point, like K 2. Leveraging the high-level reconstruction o ered by the novelHCb HLTZ, |
designed, optimized, implemented, and tested a new trigger selection capable of recognizing
and selecting long-lived particles (LLPs) like theK ¢ at the HLT1 level. It turned out to

be possible to achieve a signi cant e ciency enhancement for several interesting physics
processes with a limited rate cost { with a maximum gain for théd° ! K 2K 2 mode, the
main target of my work, of a factor 26.

The promising performances shown by this trigger on simulation motivated the ex-
tension of the above trigger methodology to exploit a new heterogeneous tracking device
(Downstream Tracker), planned for installation in the following run (Run 4). This is
expected to provide reconstruction of \downstream tracks" at the rst level, thus extending
the LLPs acceptance to much larger decay lengths. | studied the performances of the new
triggers when extended to the Run 4 data-taking con guration, that turned out to provide
a further boost of the e ciency, and became part of the motivations of the project.

The start of Run 3 marked a major milestone for the.HCb collaboration, as data-
taking commenced following an extensive detector upgrade, with the goal of operating
at an instantaneous luminosity ve times higher than in previous runs. Achieving this
ambitious target required an immense collective e ort from collaboration members, who
worked tirelessly to optimize both the detector and the data acquisition system to reach
the expected performance. During my time at CERN in 2022, | was fortunate enough to
be part of this endeavor, to which | contributed by promptly and meticulously analyzing
the earliest Run 3 data to commission the novel lines, which were under my responsibility.

The initial tests con rmed the proper and robust operation of theK 2 triggers, demon-
strating their stability on real pp collision data despite the challenging preliminary
data-taking conditions. The promising performance observed in simulation was subse-
guently validated on real data. Although the 2023 data-taking was severely constrained by
external factors, leading to a dataset smaller than expected, the robustness of the newly
developedK 2-dedicated selections enabled me to observe the rst handful B ! K 2K 2
candidates collected by LHCb in Run 3.

In 2024,LHCb achieved a signi cant milestone, accumulating an integrated luminosity
surpassing that of all previous runs combined. The data collected in the early weeks
allowed for a real-data validation of the noveK ¢ trigger lines, con rming a fourfold
increase in e ciency for D! KZK 2 decays. This achievement is remarkable in itself,
marking the rst successful implementation at a hadron collider of an early-stage trigger
capable of selecting a neutral, long-lived particle like thi 2 at the full LHC bunch-crossing
rate.

These outstanding performances positioned the measurementAf (K2K Q) as a
prime candidate for an early 2024 analysis using newly collected data, aiming to provide
timely experimental input on a topic of signi cant interest in the eld [3, 4], while at the
same time being a kind of global \system test" of the whole upgradddHCb apparatus.
This measurement is now nearing the nal approval by the collaboration. This early
measurement, exploiting only in part the potential of the new data, already provides a
resolution of 105%. With its precision, it stands as the most accurate determination
of A% (K2K2) to date, promising new insights into charmCP violation in the near
future, while demonstrating the enhanced physics reach bHCb enabled by the new data
acquisition system design.



The thesis is structured as follows. Chapter 1 provides a brief overview GP
violation within the Standard Model, with a focus on charm decays and the signi cance
of D®! K2K 2. Chapter 2 expands on the broad physics opportunities o ered by the
detection of long-lived patrticles. Chapter 3 describes theHCb detector's experimental
setup, covering both its Run 2 and Run 3 con gurations. Chapter 4 details the methodology
used atLHCb to measureA®" (K 2K 2) in Run 2 data. Chapter 5 presents the simulation
studies that guided the design of rst-levelk 2-dedicated trigger selections. Chapter 6
explores potential extensions of these selections, both within the current con guration
and for future applications. Chapter 7 documents the commissioning work carried out on
the early Run 3 data. Chapter 8 outlines theA“” (K 2K 2) measurement performed using
the new triggers on data collected by HCb in 2024. Finally, Chapter 9 presents some
brief conclusions and future prospects of this work.






Chapter 1

CP violation in charm decays

In this chapter, | introduce the phenomenology d€P violation in the Standard Model

of particle physics, focusing on the charm quark by describing its unique characteristics
and brie y discussing the measurement that led to the rst observation &P violation

in charmed hadron decays. | then turn to th®° ! K 2K 2 decay, highlighting why it is
an excellent candidate for con rmingCP violation in charmed hadron decays, as well
as addressing the challenges associated with determining@Reasymmetry in these decays.

The violation of CP symmetry in elementary interactions is one of the most intensely
investigated phenomena in modern physics. Its fundamental source is unknown, but its
consequences on the structure of the Universe as we know it are of enormous importance;
it is widely believed to be the root cause of the observed huge and pervasive prevalence of
matter over antimatter [5]. The CP operator is a transformation de ned by the sequential
application of spatial parity P and charge conjugationC. These operate, respectively,
the inversion of all spatial coordinates ;y;z) ! ( x; y; z) for a vector), and the
conjugation of all internal quantum numbers of a systemQ@ ! Q for electric charge).
Therefore, CP transforms all particles into their respective antiparticles in a given system
and vice versa.

The C and P operators were both thought to be universal symmetries of nature at
the beginning of the last century. This was true until Wuet al. published their ndings in
1956 [6]. In their experiment, the study of the decay of polarized €bnuclei showed that
the weak interaction, responsible for the considered decay, only couples with left-handed
particles and right-handed antiparticles, completely violating thé® symmetry. After this
discovery, Lev Landau proposed th€P symmetry to be the actual symmetry between
matter and antimatter [7], conserved by weak interactions. This hypothesis was proved
wrong as well, by the 1964 experiment by Cronin and Fitch [8]. Here, theP-violating
processk ! *  was observed, demonstrating that the weak interaction also violated
the CP symmetry. In contrast, electromagnetic and strong interaction did not show any
evidence ofP, C or CP violation to date, despite all searches carried out.

After the observation of the CP violation, Sakharov linked this phenomenon to the
matter-antimatter imbalance we see in our Universeb@ryogenesiyindicating the presence
of CP-violation during early-universe evolution as one of the necessary conditions for
baryogenesis [9]. These ndings marked the beginning of a multi-decade exploration of
the CP violation phenomenology, conducted by numerous experiments worldwide.

Before proceeding in the discussion, it is useful to brie y summarize the theoretical



1.1. STANDARD MODEL

framework currently used to modelCP violation.

1.1 Standard Model

The Standard Model (SM) of particle Physics is the theory describing the interaction,
through electroweak and strong forces, of known elementary particles, schematically
reported in Figure 1.1. Quarks and leptons make up the class fefmions, both divided
into three generations. The remaining particles arbosons The gluon, the photon, the

W and Z are mediators of strong and electroweak forces, respectively, while the Higgs
boson, mediates the interaction with the Higgs eld. Since only the weak interaction is

Figure 1.1: Schematic view of elementary particles included in the SM.

responsible ofCP violation, | will focus my attention on its theoretical formalism.

1.1.1 CPV within SM formalism

CP violation is described within the SM Lagrangian by an irreducible complex phase in
the weak interaction term. This can be expressed in the basis of mass eigenstates as:

Od 1

L

Line = pg_é(uL;CL;tL) Vekm @stA WY + hic;; (1.2)
b

where g is the gauge coupling of the SU(2) weak-isospin group of the SM,, c_, t_,
d., s and b are left-handed quarks representation, are the Dirac matrices,Vckm

is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [10,11] andV is the charged weak
gauge boson representationVcky describes the coupling of quarks through the weak
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interaction, and it can be explicitly expressed as:

0 1
Vud Vus Vub
Vekm = @Vcd Ves Vch : (1.2)
Vie Vs Vi

Because of the non-correspondence between mass and weak interaction quark eigenstates,
it is not diagonal, allowing for transitions between di erent generations. As a 3 3 unitary
matrix, it can be characterized using only four distinct real parameters. Using the three
mixing angles 1,, »3 and 33 and a single complex phase, Vckm can be written as:

0 i 1
C12C13 _ S12C13 _ S13€
Vekm = @ spocis C12523513€  C12C23  S12523S13€ S23C13 A ; (1.3)
S12S23  €12C23S13€ C12S23  S12C23S13€ C23C13

wheres; and ¢; stand for sin j and cos j; .

The coupling between di erent families is not equally probable, and the size of di erent
Vckm elements can di er by orders of magnitude. This can be made manifest adopting
the Wolfenstein parametrisation [12], where four parameters, A, and are exploited:

0 1

1 2=2 A3 i)

Voku = @ 1 2= A2z A+0(% (1.4)
A 31 i) A? 1

where is the expansion parameter, historically known as the sine of the Cabibbo angle
(sin ¢ ' 0:22). In terms of this parameter, it can be more easily seen how di erent quark
generations mix. Coupling between the same generation is signi cantly favored, while
the transition is suppressed by a factor, 2 and 2 for the rst and second, second and
third, rst and third generations, respectively. Current experimental knowledge of CKM
matrix elements is [13]:

0 1
0:97410 0:00011 022650 0:00048 CDO3GT%§888%%
Vekm = @0:22636 0:00048 (97320 0:000011 CD4053%§888§% A (1.5)
0:00854%3001¢ 0:03978%00065  0:999172%:350054

Vcekm elements directly enter into the computation of the decay amplitudes, and weak
decay processes are usually classi ed based on the lower power @fppearing in the
contributing matrix element. Di erent categories are referred to as Cabibbo favored (CF),
singly Cabibbo suppressed (SCS) and doubly Cabibbo suppressed (DCS), corresponding
to % land 2, respectively.

In order to better understand howCP violation arises from the presence of a single
complex phase in the CKM matrix, it is useful to consider a minimal example of a hadron
decay from an initial statejii to a nal state jfi:

At = K jHj T (1.6)

and its CP-conjugate process:

A, = HjHjii; (1.7)
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whereH is the Hamiltonian describing the decay process. Decay amplitudes can generally
be expressed as:

X , X ,
Ar = jALELT ), A= jALEL nt ), (1.8)

i=1 i=1
wherei runs over di erent processes that can contribute to the decayA ,j is the amplitude
of each involved process,, and |, are the so-calledstrong and weak phases, respectively.
The two contributions to the phase are kept separate because of their di erent behavior
under the CP transformation. , are de ned as the phases that do not change sign under
CP transformation, and are named like this since they are usually arising from the strong
interactions involved in the decay. , are, on the opposite, de ned as the ones that change
sign under the same transformation, and are referred to as weak phases, since the only
source ofCP-odd phases in the SM is the phase contained in théVcky matrix.

The most common observable exploited in the search f@P-violating e ects is the
so-calledCP-asymmetry (A"), hence the asymmetry between the amplitude of a process
and of its CP-conjugate. This can be expressed as:

jAfj2 J Afj2 _ i ngmé)AnjjA ijin( n m)Sin( n m)

— =P =P - (1.9
JAfJZ"' JAfJ2 nJAnJZ"' nstAnJJA mJCOS( n m)COS( n m) ( )

The reported expression indicates that to have a non-ze®", the decay should be
in uenced by two distinct processes that exhibit di erent strong and weak phases. A
graphical visualization of CP violation within the SM is possible considering the six
equations arising from the CKM matrix unitarity requirement VZ,,, Vckm = |. These
can be geometrically represented as triangles in the () plane and are usually called
unitarity triangles. A visual representation of these is shown in Figure 1.2. All the triangles

Figure 1.2: Visual representation of the six unitarity triangles. Taken from [14].

have the same are@]j=2, whereJ is the Jarlskog invariant [15], de ned as:
X
Im [V ViV Vg1 = J ikm jin - (1.10)
n;m 2 (d;s;b)



CHAPTER 1. CP VIOLATION IN CHARM DECAYS

Exploiting Wolfenstein parametrization, value ofJ can be approximated asl ' °®A? |

and current experimental knowledge of its value i§ = (3:00)*%3 10 ° [13]. In the SM,

all the CP-violating observables are proportional tal. Therefore, the non-null observed
value forJ con rms the presence ofCP violation. This can be visualized graphically as
having triangles that do not degenerate into lines.

1.1.2 Neutral mesons phenomenology and mixing

The neutral meson system provides an excellent framework for investigati@p violation,
as it o ers multiple distinct manifestations of this phenomenon. Because of this, | will
brie y introduce the phenomenology of these patrticles. A unique feature of such patrticles,

namely K2, D B? and BY, is their nonzero probability of oscillating into their own
antiparticle, through a transition where the avor quantum number of the meson changes
by two ( F = 2 transitions). This phenomenon is referred to asnixing and it happens
because of the non-correspondence between weak and mass eigenstates.

Let's consider the time evolution of a given mesoM °. For times signi cantly larger
than the typical strong interaction, it can be described by the following Schredinger

equation:

.d MO(t) i M (1)
i— = M = 1.11
dt MO() 2 Mo (L1
whereM and being 2x2 Hermitian matrices,
M11|V|12 11 12
M = = . 1.12
MoM2> 12 22 (112)
The M i =2 term is the e ective Hamiltonian describing the time evolution of the

system Her ). The avor-conserving transitions ( F =0) M%! M%andM®! MO

are associated with diagonal elements, and they are constrained by the system invariance
under CPT transformation to beM; = My and 13 = . The o -diagonal elements are
associated with avor-changing transitions ( F = 2), through which mixing can occur.
When the probability of mixing is non-zero,M 1, and 1, are non-vanishing, makingH
non-diagonal. As a result, its eigenstates are not identical i °i and jM °i, but instead

are superpositions of these states. These can be expressed as:

M2y i = piM % + qjM %i; (1.13)

whereL; R stands for light and heavy, referring to the masses éf.;; eigenstates ang
and g are the complex coe cients describing the relation between the two eigenstate sets.
The complex coe cients are related by the following expressions:
s
- . M I 1,=2 q
24jg2=1 and 0= a2z a7 O4. 1.14
jpi”+ jdi 0 Mo | 02 b (1.14)
Mass and width di erence between light and heavy states is usually expressed exploiting
two dimensionless parameters andy:

x= "1 y = (1.15)

2—:
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These dictate the time evolution of a particle created in a speci c avor state as:

IMO(t)i = g, (MO + gg (DiMOi;

D (1.16)
IMO(D)i = gu (DM i + 9 (OiM °%;
whereg (t) are de ned as:
jg (1)j? = %e = cos & cosh X (1.17)

1.1.3 CP violation in the decay

Following this introduction to the phenomenology of neutral meson decays, it is important
to examine the possible manifestations d@P violation within this system. One such
manifestation isCP violation occurring in their decay, usually referred to aslirect CP-
violation. Let us consider the case where the same nal stateis accessible from both
CP-conjugated statesM ® and M °. In this case, the golden observable to measu@P-
violating e ects is the previously de ned A" . Given this speci ¢ initial and nal states,

it can be expressed as:

(MO f)y (MO f)
(MO f)y+ (MOl f)’
with being the time-integrated decay width of the considered decay. is proportional
to the squared amplitude of the decay process am“" (f ) can be expressed as:

A2 ) A2 _ 1R

ACP(f) = (1.18)

ACP(f) = = : 1.19
O = AP+ AR - 1+R? (1.19)
where;
_ Ar
R; = A (1.20)

From this expression it is clear how directCP-violation arises in caseR; di ers from
1, hence when the twaCP-conjugated states have a di erent probability to go into the
considered nal statef .

1.1.4 CP violation in mixing

Another manifestation of CP violation can be observed in the phenomenon of mixing,
where neutral mesons oscillate between their particle and antiparticle states. This type
of CP violation arises when the mass eigenstatg®l i (light) and jM2i (heavy) are not
composed of the same mixture of the avor eigenstatgs °i and jM ©i.

To quantify CP violation in mixing, the dimensionless parameteR , is introduced,
de ned as:

Rm= 9 :

In the absence ofCP violation, the coe cients p and g are equal in magnitude, yielding
Rm = 1. However, if R, 6 1, this signals the presence oCP violation in mixing.
Physically, this inequality implies that the probabilities for a neutral mesonjM % to
transition into its antiparticle state jM % and vice versa are not identical.
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1.1.5 CP violation in the interference between decay and mixing

The last manifestation ofCP violation we consider arises from the interference between
decay and mixing. This occurs when botl€P-conjugate statesM °i and jM °i can decay
into the same nal state jf i, and mixing betweenjM % and jM % is also possible. In this
scenario,jM % can decay into the nal statef both directly (jM% ! f) and through
mixing (jM%!j MO ! f), leading to interference between these two decay paths. The
same occurs for theCP-conjugate statejM ©i.

Considering the expression reported in Eq. (1.16) for an initial state of puij %, the
time-dependent amplitude for it to go into the nal state jfi can be expressed as:

HH M O(t)i = Aqg. (t) + A gg (t): (1.21)

From this expression, it is possible to compute the actual decay rate, that is:

(Z—t(MO(t)! f)/jA (j> 1 +j* cos Xy 1+j ¢j* cosh yt
St ¢ (1.22)
2 Im( ¢)sin — +2 Re( ¢)sinh v ;
where:
= P, (1.23)

PA;

A similar expression can be extracted for the case jdfl °i decay and it will not be reported
here because of brevity reasons. The asymmetry between the two happens to be di erent
from zero when the complex phase of the parameter is non-null, hence:

Im( ;) 60: (1.24)

1.2 CP violation in charmed hadron decays

The role of charmed hadron decays in the study &@P violation is unique. They provide
the only opportunity to measure CP violation e ects associated with the decay of up-type
quarks, sinceup mesons areCP eigenstates €.9. °) and the top quark decays before
reaching a bound state in a meson, due to its very large mass. As a result, they allow
probing a di erent set of interactions compared toB and K mesons, where there is the
decay of a down-type quark. The study oCP violation in charmed hadron decays is
so interesting also because of the expected size of @i violation e ects. This arises
from the smaller mass of the beauty quark compared to the top quark involved in the
relevant loop diagrams, as well as the small CKM matrix elements that couple the rst
two generations of quarks to the third. CP violation is directly linked to this specic
combination of CKM matrix elements:

IM(VeoVyp=VesVs) 6 10 % (1.25)

which leads to charm CP asymmetries typically in the range of 16 to 10 3. The size of
expectedCP violation e ects provides an excellent null test for SM predictions, making

11



1.3. FIRST CP VIOLATION OBSERVATION IN CHARM DECAYS

any precise measurement oA“® in charmed hadron decays a sensitive probe for the
in uence of New Physics (NP).

The mentioned arguments motivate the e orts for a detailed investigation ofCP
violation in charmed hadron decays. However, the small expect€dP violation size poses
several experimental challenges that must be faced, such as the collection of very large
statistics samples and comprehending experimental e ects at a sub-per-mille scale. As a
consequence, even if the search for chai@® violation has been widely investigated, any
evidence for an e ect lacked until very recently. In contrast, evidence was found decades
ago for the systems oK and B decays, in 1964 by Cronin and Fitch and in 2001 by
Belle [16] and BaBar [17] experiments, respectively.

Providing a clear theoretical interpretation of the experimental results is challenging
due to non-negligible contributions from non-perturbative strong interactions involving
strange and down quarks [18], which are present at the energy scales of tharm quark
(' 2GeVIc?). These contributions face additional complications because they are subject
to large cancellations, vanishing in the SU(3) limit where the masses of the strange,
down, and up quarks are considered negligible compared to the typical hadronic scale of
charm decays, ocp, making precise predictions even more challenging.

A rigorous comparison between experimental measurements and theoretical predictions
will only be possible with improvements on both of these aspects.

1.3 First CP violation observation in charm decays

A signi cant step toward this direction has been represented by the rst observation
of CP violation in charm decays. This pivotal result has been achieved in 2019 by the
LHCb experiment [1], by measuring the di erence between the time-integratedl of
D! K*K andD®! * decays, dened as A® = A®(K*K ) A P(* ).
The result, achieved using a sample of%fb * collected at a center-of-mass energy of 13
TeV, is:

A® =( 154 29) 10* (1.26)

This result is a milestone in experimental particle physics, being the endpoint of a decades-
long research, carried out by various experiments, such Belle, BaBar and LHCD itself.
The achievement of such a precise result has been made possible by the very large samples
collected by theLHCb experiment, corresponding to 54 1 D°! K*K and 17 1
D%! * decays. The accumulation of such extensive samples was possible thanks
to the very large production cross section of charmed hadrons provided by the proton
collisions happening in the LHC and to the capabilities of th&HCb trigger system,
designed to e ectively collect heavy- avor decays.

In order to extract A% for considered decays, the avour of theD® has to be
determined. This is done by requiring theD® to come from either aD * ! D° * and
B! D° X decay. These strong decays allow the determination of tiiz° avor by
the sign of the accompanying pion (-tagged sample) or muon (-tagged sample). The
analysis was carried out separately for each of the two samples. The asymmetry between
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CHAPTER 1. CP VIOLATION IN CHARM DECAYS

the number of D°® and D° is measured on data as:

Arawtagged(f): N N(+D +' DZ :) N(D | DO O) ’

(D *(f)! DO *)+ N(D (f)! DO )
N(B! D° —X) N(B! D°* X)
N(B! D° —X)+N(B! DO+ X)

(1.27)
A tagged(f ) -

raw

wheref = * ;K*K andN is the measured signal yield for each given decay. These
asymmetries are referred to asaw, because they do not directly correspond to the
physical asymmetryA” | but to the sum of this with the so-called nuisance asymmetries,
hence detection and production asymmetr . and Ap.q. Raw asymmetries can be
approximated as:

Arawtagged(f) "A «° (f)+ Adet( )+ Aprod(D );

, (1.28)

Arawtagged(f) A «° (f ) + Adet( )+ Aprod(B):
Given this expansion, A" can be directly extracted from the di erence of raw asymme-
tries as:

Aaw = A (KK ) A u(F )= AFK'K ) AP )= A% (1.29)

From the previous equation, it can be seen how powerful this observable is, as it ensures
the cancellation of all spurious e ects without the exploitation of a calibration channel.
Additionally, A (K*K )and A" ( * ) are expected to be of the same magnitude,
but opposite in sign, increasing the size of the expected e ect and makingA“® more
sensitive toCP violation e ects with respect to the single observables.

Results obtained from the separate analysis of the two di erently tagged samples are:

ACP P99 _1 185 3o(stat:) 0:9(syst)] 10 4

1.30
tagged _ [ 9 8(stat:) 5(syst:)] 10 4; ( )

ACP

both in agreement both with previousLHCb results [19, 20] and world average [21]. The
combination of these results with all previous LHCb measurements corresponds to:

A® =( 154 29) 104 (1.31)

resulting in a 5 -signi cance on the measured parameter, and the observation GP
violation in charmed hadron decays.

1.3.1 Result interpretation

In order to interpret this result, it is useful to expand on the theoretical meaning of
the measured observable. ThA®(K*K ), A% ( * ) considered in the reported
measurement are the so-called time integrated asymmetries, obtained integrating over all
possibleD? decay time values. They correspond to a mixture of two e ects, as:

H(F )i

AC() = 8Tl ooy

A (F): (1.32)
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1.4, THE ROLE OF THE D°! KK 2 MODE

The rst term is the component due to the CP violation in the decay, independent of
time. The second is the time-dependentP violation component, whereh(f )i is the

D%! f mean decay time in the analyzed sample(D") is the D° lifetime and A (f) is

the D%=D°! f e ective decay width asymmetry and represents th€P asymmetry given
by mixing and interference between decay and mixing [£24]. Making the time-dependent
and time-independent terms explicit in the A" expression, one obtains:

hti hti
AP = o (DY) A" aS (DO)A; (1.33)

where in the last equivalencé& has been approximated to be equal for both nal states [25].
The second term is expected to be of the order of 19 given that the two factors composing
it are measuredtobeA =( 28 2:8) 10 “and hi= (D% =0:115 0:002. Therefore,
it is clear that the impact of time-dependentCP violation given by mixing and interference
is almost negligible and the measured e ect is given with good approximation yP
violation in the decay. The direct CP violation contribution in A obtained by
subtracting the time-dependent e ect, is:

A®4ec=( 157 29) 10* (1.34)

As for other charm CP violation parameters, a theoretical prediction with a precision
similar to the experimental one is not yet available. At the current state of the art,
predictions rely in the 104 10 2 range [2§34], making an exhaustive comparison
between theory and experiment impossible. All we can say is that the experimental result
is compatible with the theoretically expected range, albeit close to its high end.

A promising approach for the estimation of expected value of A< is the so-called
topological-diagram approach [35]. This alternative approach extracts magnitude and
phase of weak annihilation amplitudes arising from nal state rescattering directly from
experimental data, avoiding QCD calculations and possibly achieving a more precise
prediction. Therefore, the addition of further measurements of charm-related violation
guantities can be crucial to clarify the theoretical interpretation.

1.4 The role of the D°! KK mode

The D°! KZK2 channel is an excellent candidate for a second, con rmatory char@P
violation observation. The mode is closely related to the mode of rst observation, but
accidental e ects conjure to give a signi cantly larger predictedCP asymmetry, that can
be up to 1% according to some predictions [36,37A (K 2K Q) is usually measured as
a time-integrated CP asymmetry, and it can be expressed as:

ht(K 2K Q)i

AT (KD = afkKY TS

—S_SPA (1.35)
similarly as done in 1.32. Given the values oA = ( 28 28) 10* and
h(K2K= (D%i 1, the second term in Eq. (1.35) can be neglected, given the current
sensitivity on this parameter is of the order of 1%. Therefore the time-integrated
measurement ofA P (K 2K 2) is with good approximation a measurement of direc€P
violation:

AP (KIKY " a5E(KIKY): (1.36)
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CHAPTER 1. CP VIOLATION IN CHARM DECAYS

In order to better understand what determines the possible enhancementf” (K 2K )
size, it is convenient to exploit the mentioned topological-diagram approach, expanding
further on it. All involved processes are classi ed and grouped according to their decay
topology and in particular two groups are identi ed. The rst one includes tree and penguin
amplitudes, that are: color-allowed (T) and color-suppressed (C) tree amplitudes (where
an external and internal emission of &V boson is present, respectively), QCD-penguin
amplitude (P), color-favored (Pew ) and color-suppressedRS,, ) electro-weak penguin
amplitudes, and the singlet QCD-penguin amplitude (S), which involves SU(3)-singlet
mesons like ,! and . The second group includes weak annihilation amplitudes, classi ed
as: W-exchange (E) andw -annihilation (A) amplitudes, QCD-penguin exchange R E)
and QCD-penguin annihilation (P A) amplitudes, electro-weak penguin exchang® Egw )
and electro-weak penguin annihilation® Agy ) amplitudes. Visual representation of these
diagrams is displayed in Figure 1.3. It is important to notice how these are not Feynman

Figure 1.3: Graphical representation of possible avor diagrams in the topological approach.
Taken from [35].

diagrams, since they are meant to implicitly include all possible QCD e ects(g: gluon
lines, or quark loops). Only weak interactions and avour ows are exploited in the
classi cation.

The D°! KZK2 decay is classi ed as singly Cabibbo suppressed. The usual decom-
position in terms of CKM matrix elements for these decays is:

A=l DAwt A (137)

where o VgqViq and A4 represent the involved CKM matrix elements and the relative
involved amplitudes, respectively. The size of dired@P violation can be derived from the
reported expression for the decay amplitude, as:

NERWNE A
AT ) AT by b

— - - = | : 1.38
iAo M A (1.38)

Aec(K sK'g) =

The rst term is given by the relative magnitude of CKM matrix elements for contributing
decays, at rst and second order, and has a value of:

Im —2> 6 10 “ (1.39)
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1.4, THE ROLE OF THE D°! KK 2 MODE

In order to determine the expected size for the second term it is useful to decompdsg
and Ay in terms of topological amplitudes. These can be combined making use of the
so-calledWilson coe cients , that in case of theD® ! K2K 2 corresponds to [37, 38]:

E,+E, E
A= —p=— (1.40)

and
_2E+E;+Ex+ E3+ PA
= B

2

whereE, E,, E3, E and P A are the topological amplitudes involved in the decay, reported
in Figures 1.4 and 1.5. E,, E, and E; are tree level amplitudes and they are non-vanishing

Ap : (1.41)

Figure 1.4: Graphical representation of SU(3)-breaking topological amplitudes. Taken from [39].

Figure 1.5: Representation of exchangeH ) and penguin annihilation (P A) topological amplitudes
involved in the DY ! K 2K 2 decay. Taken from [40].

only in case the SU(3) symmetry is broken. The SU(3) symmetry assumes the three
light quarks to be exactly exchangeable, wittm, = myg = mg, and it's exploited in the
theoretical calculations to describe the decay modes amplitudes with a reduced number of
free parameters. SU(3) is known to be just slightly broken ( O(30%) [39]), and this could
suppressA g, Since onlyE,, E, and E; contribute to it. On the contrary, Ay, receives also
contributions from E and P A diagrams, not a ected by the SU(3) limit. The combination
of these two e ects could cause an enhancement of tihgy=A, ratio, resulting in the
mentioned possible largeA <" (K 2K Q) size. However, it should be mentioned that not
all predictions concur on such a large value fok“” (K 2K 2), some being closer to more
typical charm A" size of 102 [30,41,42]. This makes the experimental measurement
interesting also from the viewpoint of discriminating between calculation approaches.

DO K2KQis quite interesting for being sensitive to a di erent mix of amplitudes
with respect to decays involved in A®® measurement. As a result, evidence of a non-zero
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CHAPTER 1. CP VIOLATION IN CHARM DECAYS

CP violation e ect in D° ! KZK2 decays could also contribute to re ning theoretical
predictions for other measurements, with A" being the most signi cant.

1.5 Experimental di culties in measuring AP(KK D

The previous section highlighted the strong motivations currently standing for a search
for CP violation e ects in D° ! K2KQ decays. Because of this, several measurements
of A® (K 2K Q) have been performed at di erent experiments and facilities. The current
status is summarized in Table 1.1. As it can be seen, this topic is garnering signi cant

Collaboration Year Yield A (KK Q) [%]
Cleo [43] 2008| 65 14 23 19
LHCb Run 1 [44] | 2015| 635 74 29 52 22
LHCb Run 2 [2] | 2021|8102 136| 31 1.2 04 02
CMS [3] 2024 2046 64 | 62 30 02 08
Belle + Belle Il [4] | 2024| 7078 93 114 1.3 01
Average - - 1.7 09

Table 1.1: Recent measurements oA P (K 2K Q). The rst reported uncertainty is the statistical
one, the second, and the third where present, is systematic.

attention in the eld { two new results have been published just last year, by CMS and
Belle and Belle Il collaborations. The most precise determination is still the one | took
part in, published by LHCb in 2021 - although the latest (still unpublished) combined
measurement by Belle and Belle Il comes very close. It is worth noting that the world
average precision has now dropped below the percent level, entering the range of potential
predictions. This makes the prospect of a further improvement in the precision of this
measurement particularly compelling.

However, achieving a more precise measurement Af” (K 2K 2) poses signi cant
challenges at both hadron and lepton colliders. The Belle and Belle Il experiments, for
instance, operate in an environment particularly well-suited for measurements involving
fully neutral nal states like A (K2K Q). They bene t from the low track multiplicity
characteristic of electron collisions, enabling the implementation of a trigger with an
overall e ciency exceeding 99% [45], and the collection of high-purity samples. However,
the biggest challenge for the collection of a sizeall’ ! K 2K 2 sample ate* e colliders
working at the (4 S) comes from the available cross section f@° production, much
lower than that of hadron colliders.

For example, considering théD® production, the rate achieved at LHCb is:

RD% pch = Lipc  (pp! D°X)=4 10%cm 2s ' 2072 b’ 1MHz (1.42)

whereL | yc is the Run 2LHC peak instantaneous luminosity, (pp ! D%X) is the
inclusive D° production cross section at 13TeV in the LHCb acceptance [46]. This means
that at the LHC non-empty bunch crossing rate of 30MHz, 3% of collisions produce a
D meson, on average. A similar estimate can be made fgre collisions; for instance,
considering the rate achieved by KEKB for the Belle experiment, that is:

R(D%gele= Lkeks  (ee | D°X @ 186GeV)' 760Hz (1.43)

17
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wherelL xexg is the peak instantaneous luminosity of KEKB, (efe ! DX @ 106GeV)
[47] is theD? inclusive production cross section at th@elle running conditions. Three
orders of magnitude separate the two rates, showing how a much larger integrated
luminosity needs to be collected at a lepton collider in order to accumulate a sample
of similar size. This is con rmed by considering the integrated luminosity of 1.4b *
exploited in the Belle and Belle Il measurement, larger by a factor 240 with respect to
the 5.9fb * exploited in the LHCb measurement, even if the achieved sample size and
precision is of the same order.

On the other hand, experiments collecting data at hadron colliders, such &8iCb,
face signi cant challenges in e ciently identifying signal decays within a much harsher
environment characterized by a higher track multiplicity. This challenge is particularly
pronounced in the online identi cation and selection of fully neutral, long-lived nal
states likeD% ! K 2K 2, which have historically su ered from lower e ciencies compared
to charged nal states such aK *K and * . For example, let's consider the most
recent A% and A% (K 2K Q) measurements [1,2]. The number of signal candidates in
the samples used for these measurements is:

N(D°! K*K )=N(D°! KK 67 10
0 + — 0 O O . (1'44)
N(D°! )=N(D°! KIKQ 2 10
where N is the event vyield available in the indicated channel. The dif-
ferent branching ratios can only partially account for the observed vyield
dierence, since BR(D°! K*K )=BR(D°! KK K2! * ) 60 and
BR(D®! * )=BR(D°! KK K2! * ) 20, meaning that the selec-
tion e ciency for the K2K2 channel was afactor 100 lowerthan K*K or * .
Moreover, one is led to expect that suppression of the background in the o ine analysis
should not be the reason for a signi cant loss of e ciency, as correctly identifying a
K2 particle is much easier than identifying a charged kaon or a pion exploiting an
o ine-level reconstruction, and K 2 particles are not more abundant in the background
than kaons or pions. Therefore, trigger selection must be addressed for the observed yield
di erence, as current triggers do not leverage th& & decay characteristics. This results in
limited e ciency for K selection at the online level, signi cantly constraining the overall
e ciency for decays involving K2 nal states.

Overcoming this limitation is the quest | have been pursuing during the years of my
PhD, that | describe in the chapters that follow.
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Chapter 2

Importance of long-lived particles in
general

In the previous chapter, the signi cance of theA “° (K 2K 2) measurement was discussed,
along with the challenges associated with selecting{4 nal state at a hadron collider.
However, that measurement is only one example within an extensive set of high-energy
physics measurements, that are crucially dependent on the experimental detection of
long-lived particles. Given the importance of that eld, before proceeding with the
discussion of my speci c target, | make a digression here to provide a brief overview of the
physics case for LLPs in general. This serves as an additional motivation for the work
described in the chapters that follow, showing its potential bene ts in a wider perspective.

The majority of high-energy physics (HEP) measurements focus on the properties of
particles with short lifetimes. Prominent examples include th&V, Z, and Higgs bosons,
which decay almost instantaneously after production. Even for beauty and charm hadrons,
which have slightly longer lifetimes, their ight distances are typically limited to a few
millimeters at most. However, a rich set of interesting processes exists involving states
with longer lifetimes, and ight distances ranging from a few millimeters to several meters
or more. These particles, commonly referred to as long-lived particles (LLPs), include
both well-known states described by the Standard Model and hypothetical new particles
predicted by various beyond-Standard Model theories. The study of these patrticles has a
long-standing history in high-energy physics, tracing back to experiments such as those
conducted at LEP by the ALEPH [48] and DELPHI [49] collaborations. Signi cant
e orts continue to be dedicated to such measurements by a wide range of contemporary
collaborations, including the majorLHC experiments. Moreover, the interest in LLP
decays extends well into the future, as evidenced by extensive studies exploring potential
LLP measurements at upcoming facilities and the development of dedicated experiments,
such as MATHUSLA [50] and FASER 2 [51] at the HL-LHC, or FCC-ee [52].

The extensive potential o ered by the study of LLP will be demonstrated by reporting
some notable examples where these are involved. The list does not intend to serve as a
comprehensive report; for a complete overview, please refer to Ref. [53].

19



2.1. STANDARD MODEL LLP

2.1 Standard Model LLP

A wide array of intriguing measurements can be performed through the detection of
Standard Model LLPs. Among these, the strange hadrort¢2 and , commonly referred
to as Vs, o er exceptional versatility for investigation. These particles are identi ed
as two-track vertices, with displacements of the order of meters, given by lifetimes of
9 10¥sKdand26 101 s (), and boosts larger than 50. It is instructive to
consider a few examples of measurements enabled by the detection of these states.

DO KK

The measurement oA (D% ! K 2K Q) serves as a clear example of a compelling analysis
enabled exclusively by the detection oK nal states. A detailed discussion of the
signi cance of this measurement has been provided in the previous chapter and will not
be reiterated here.

BO1 KIKJ

The measurement of the branching fraction andCP violating parameters for the
BY! KK decay is an excellent probe for the presence of NP in uences{58], showing
how also beauty physics can be investigated through the detection oK nal state.
Both LHCb and Belle collaborations performed a measurement of such parameters in the
last decade [57,58]. It is worth noting how the sample exploited by both collaborations
is made of just a few tens of signal candidates (30) despite the markedly di erent
experimental setup, given the small branching ratio of the considered decay. Therefore,
any technical improvement that could possibly enhance available sample size would have
a major impact on the precision of such measurements.

BC ! J=K 2

The system of neutral beauty mesons includes another particularly compelling decay
channel,B° ! J=K 2. Due to the dominance of tree-level contributions in the deter-
mination of the decay amplitude, the measurement dfP-violating parameters in this
decay provides a theoretically clean approach to determining the CKM angle[59, 60].
This characteristic has led to multiple measurements dEP violation in B% ! J=K 2 by
various collaborations, includingBaBar [61], Belle [62,63], Belle 11 [64], anttHCDb [65{67].
Notably, the latest result from LHCb [67] represents the most precise determination of
the CKM angle to date. In this measurement, the detection of particles with very long
ight distances plays a critical role, as approximately 60% of the sample involveska2
with a ight distance on the order of meters, escaping th& HCb vertex detector. The
ability to reconstruct such highly displaced decays is essential for maximizing the available
statistics, without which the achievable precision would be severely limited.

0 +
KQ1

The measurement of the branching fraction for thé< 2 ! * decay provides a stringent
null test of the SM. The SM predicts an extremely small branching fraction of approximately

20
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5 10 '?[68]. Therefore, any BSM in uence that enhances this branching fraction to a
detectable level would serve as a clear indication of new physics.

The most recentBR(K2! * ) measurements have been performed by thé4Ch
collaboration [69 71], exploiting full statistics collected during Run 1 and Run 2 of the LHC.
The combined result set the upper limit that isSBR(K2! * )< 21 10 °@90% CL
In the latest analysis, the detection of a displaced vertex is necessary for the selection
of both signal and calibration sample, aBR(K2! * ) has been normalized to the
number of observedK Q! *  decays. The measurement is still statistically limited,
despite the huge production cross-section &2 at the LHC. Therefore, in order to set
more stringent limits, the ability of the system to collect these decays must be improved.

J= !

The study of baryons also o ers valuable opportunities for interesting measurements.
One notable example is the determination of the branching fraction for the decdy !

In this process, the two nal-state baryons are produced via the annihilation of ec pair,
either through a virtual photon or the emission of three gluons. The dynamics of this
process, combined with the complexities of QCD e ects, make an accurate theoretical
prediction for the branching fractionBR(J= ! ) particularly challenging, as re ected

in the wide range of existing predictions [AZ4]. In this context, precise experimental
measurements of this parameter are crucial, as they can provide essential inputs for theory,
enabling a deeper understanding of the underlying e ects.

Consequently, several collaborations have performed measurements of this decay,
including MARKII [75], DM2 [76], BES [77,78], BESII [79,80], andBaBar [81]. Despite
the substantial body of results, the world average forthd= !  branching fraction has
only recently reached a precision at the 10% level [82]. This motivates continued e orts
to improve the measurement precision, andHCb is well-positioned to make signi cant
contributions in this area.

+ +

ol
A precise determination of the SCS { ! * decays branching fraction can pro-
vide a crucial input for theory as well. In particular, it can help shed light
on the heavy-to-light baryonic transitions models describing the considered; de-
cay [8385]. The most recentBR( ; ! ") measurement has been performed
by the BESIII collaboration with the result published in 2022 [86], whose result is
BR( ! ")=(1:31 0:08(stat) 0:05(syst))%.

2.2 Beyond Standard Model LLP

Several particles predicted by beyond SM (BSM) theories are characterized by a long
lifetime, either because of a small coupling between the BSM and detectable SM particles
where the new state would decay, or a limited phase space for the same state. Because of
this, a signi cant number of searches for BSM states require the detection of LLPs, with

di erent masses, nal states, and decay topologies.
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Supersymmetry

Supersymmetry (SUSY) is one of the most compelling BSM theories of the last decadeg [87
90]. It predicts an entire set of SM states' supersymmetric partners, typically heavier

than the SM ones. The potential coincidence between these and dark matter particle
candidates makes their search even more appealing.

The LHC serves as an optimal facility for detecting evidence of long-lived SUSY
particles. Its exceptionally high instantaneous luminosity and center-of-mass collision
energy signi cantly enhance the likelihood of producing such states compared to other
accelerators. Consequently, numerous searches have been conducted by vatibl@
experiments. For example, theATLAS collaboration explored various decay signatures and
possible nal states for long-lived SUSY patrticles, as decays into a nal state composed of
a fully-hadronic displaced vertex associated with a muon [91], or the appearance of a single
high-impact-parameter lepton in the nal state [92]. Another interesting phenomenology
investigated by the ATLAS collaboration is the production of particles with a very long
lifetime that - produced in the collisions - come to rest in the detector material. This
decay signature is the presence of a displaced vertex when collisions are absent [93].
So-called disappearing tracks can be another manifestation of SUSY LLP decays. These
are identi ed as charged tracks that leave a minimum of four hits within the pixel detector,
yet they lack any association with further hits in the outer tracker region or with energy
deposits in the calorimeters [94]. It is noteworthy that all of the aforementioned examples
are characterized by the presence of displaced charged tracks in their nal states.

Heavy neutral leptons

In the search for BSM particles, neutrinos gather signi cant attention, as they have
already shown laboratory evidence for a BSM phenomenon, with the observation of their
oscillatory nature between di erent avors [95100]. The Seesaw mechanism is one of the
most credited theoretical interpretations describing this phenomenon [1{105]. This SM
extension predicts the existence of a number of electroweak-singlet (\sterile") neutrinos,
with masses ranging fromMeV ¢ to TeV/ ¢ scale. In the latter case, these are usually
referred to as heavy neutral leptons (HNLS).

The observation of BSM phenomena in neutrino behavior has provided strong motiva-
tion for the search for their heavier counterparts. Several of these have been conducted at
LHC experiments, as this facility is again representing an extremely suitable place for the
search for such states. For example, théMS collaboration recently published a search for
HNLs performed exploiting the full Run 2 statistics of 138fb * [106]. The investigated
nal state is composed of three leptons: one compatible with coming from the primapp
interaction, the other two forming a displaced secondary vertex within th€MS tracking
system. This work successfully set a limit on the coupling between muon-neutrinos and
HNLs with masses in the 1 20 GeV range, both for Dirac and Majorana hypotheses.

This is just an example of the various searches performed for HNLs manifestations. A
comprehensive review for these can be found in Ref. [107].

Higgs portal

An alternative series of investigations aimed at discovering BSM particles examines
the potential for their production at the LHC via the decay process of a Higgs boson.
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This hypothesis is permitted by the prevailing understanding of the Higgs boson's total
branching fraction, as existing experimental constraints continue to permit decay into
BSM particles with branching ratios reaching up to 30% [108]. An example for these
searches is the result published byHCb collaboration, where a search is performed for a
hidden-valleypion . This represents the lightest state of the \hidden sector"”, accessible
through the decay of a SM-like Higgs [109]. The investigated nal state is represented
by a pair of hadronic jets originating from a displaced vertex. The analysis is performed
exploiting the integrated luminosity of 2.0 fo * collected during Run 1 of the LHC. No
evidence for -like particles has been found, and limits are set for particles with a mass
between 25 and 50 GeV, and a lifetime between 2 and 500 ps. The presenteCb result
represents the latest investigation within the scope of analogous searches undertaken by
other collaborations, including the DO [110], CDF [111], ATLAS [1X214], and CMS [115]
collaborations.

A multitude of theoretical predictions and experimental explorations have been con-
ducted on various other scenarios, including those involving dark photons [11649] and
axion-like particles [120,121]. While a detailed account of these speci ¢ investigations is
omitted here for reasons of brevity, it should nonetheless be evident that the diversity and
signi cance of potential beyond Standard Model long-lived particle (BSM LLP) scenarios
are thoroughly recognized and understood within the eld.
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Chapter 3

LHCb and long-lived particles
reconstruction

In this chapter | brie y describe the LHCb detector and trigger system, for both Run 2
and Run 3 con gurations. The description will mainly be focused on the aspects regarding
the detection and online selection of LLPs.

Having presented the broad physics case o ered by the detection of LLPs, it is now
interesting to consider the most suitable experimental setups for an e ective study of such
decays.

3.1 The Large Hadron Collider

LHCDb is hosted at the CERN Conseil Europeen pour la Recherche Nuckairglaboratories,
and it is located in one at the collision points along the ring of the Large Hadron Collider
(LHC) [122]. The LHC is a circular hadron collider with a ring length of around 27 km, the
largest of CERN's accelerators. It can produce collisions between both protons and heavy
ions. Beams circulate along the ring in opposite directions, colliding at four interaction
points where the major experiments are placed, henéd ICE, ATLAS, CMS and LHCb.
Hadrons are kept in a stable orbit by superconducting NbTi dipole magnets, capable of
providing two opposite-direction magnetic elds up to 8 T within the same yoke. Protons
do not circulate continuously in the accelerator, but are organized ibunchesof around
10" protons, that are time-spaced for a multiple of 25 ns, determining a bunch-crossing
rate of 40 MHz. However, some empty bunches are present for technical reasons, leading to
an actual maximum non-empty average bunch-crossing rate of 30 MHz. LHC is designed
to be able to produce proton-proton collisions at a center-of-mass energy up to 14 TeV, at
a maximum instantaneous luminosity of 18 cm ?s . However, it has been set to 7 TeV
during the 2010{2011 data taking, 8 TeV during 2012 and 13 TeV during 2015{2018.
The LHC provides an ideal environment for the study of long-lived particles, as
evidenced by the numerous searches and measurements in which LHC experiments have
played a leading role mentioned in Chapter 2. This pivotal role is given by the combination
of the very large cross-section o ered by the collision of protons, together with the high
instantaneous luminosity and multi-TeV center of mass energy at which collisions take
place. These allow for the collection of large samples in a relatively short timescale, for
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a wide range of phenomena. Additionally, some of the most advanced detectors in the
world are hosted along the LHC ring. These exploit a wide range of detection geometry
and techniques, allowing the achievement of unprecedented precision measurements.
The long-term research perspective o ered by CERN is an additional key factor that
makes theLHC an ideal environment for the study of long-lived particles. TheHC
is expected to continue providing collisions for at least another 20 years, with future
facilities already under evaluation by CERN. Among these, the Future Circular Collider
(FCC) stands out as the most promising, as outlined in the 2020 update by the European
Strategy for Particle Physics [123].

3.1.1 LLP decays triggering

Typical LLP decay signatures include the presence of signi cantly displaced tracks and
vertices, often accompanied by relatively low momentum and transverse momentum, as
highlighted in examples of Chapter 2. To leverage these signatures at the trigger level in
the identi cation of signal decays, at least a partial event reconstruction is necessary during
online processing, as reconstruction of tracks and vertices, identi cation of the primary
pp vertices, and determination of track displacements. These tasks are computationally
intensive and are typically executed only in the later stages of the trigger system, where
more processing time is available. As a result, implementing LLP-dedicated selections
at the early trigger stages has traditionally been infeasible, leading to limited trigger
e ciency for LLP events. Early trigger stages predominantly rely on highpr tracks and
muons as their primary selection criteria, which are not optimal for capturing LLP decays.
To enhance trigger e ciency for LLPs, it is essential to advance reconstruction tasks to
earlier stages of the trigger system. This shift allows LLP decay signatures to be e ectively
utilized, enabling the development and implementation of dedicated trigger strategies
tailored to LLP events. The only LHC experiment taking a signi cant step forward in
this kind of approach within the LHC landscape i HCb, with its Run 3 upgrade. It is
now able to reconstruct tracks and vertices at the full non-empty bunch-crossing collision
rate of 30 MHz (more details will be given later), making it the perfect testbed to develop
and test novel trigger techniques aimed at early LLP selection.

| will provide an overview of theLHCb detector and data acquisition systems in both
the Run 2 and Run 3 con gurations.

3.2 LHCb con guration in Run 2

The LHCb detector [124] is a single-arm forward spectrometer designed for the study of
hadrons containing beauty and charm quarks. Its forward angular coverage spans from 10
mrad to 300 mrad (250 mrad in the non-bending plane), corresponding to a pseudorapidity
range of 18< < 4.9, where isdenedas = log[tan( =2)] and is the polar angle
relative to the beam direction. This forward con guration enabled. HCb acceptance to
encompass a region where 27% of produdeduarks and 24% ofb pairs from pp collisions
are located, despite covering only about 4% of the solid angle, as illustrated in Figure 3.1.
Heavy- avor hadrons produced in these collisions typically have momenta on the order
of tens of GeM c. Combined with their lifetimes ranging from 01 to 1 ps, this results

in ight distances of up to several millimeters. TheLHCb detector has been designed
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CHAPTER 3. LHCB AND LONG-LIVED PARTICLES RECONSTRUCTION

Figure 3.1: Distribution for the production cross-section of bb pairs at a center-of-mass energy
of 14 TeV, as a function of the polar angle of the produced particles. Red area represents the
LHCb acceptance. Plot taken from [125].

to leverage these displacements and the speci c invariant mass of the decaying hadron
to identify signal decays among tracks originating from the primaryp interaction. The
general structure of the detector is represented in Figure 3.2.

3.2.1 LHCb tracking system

The sub-detector group aimed at the reconstruction of particle trajectories (referred to as
tracks) is composed of:

~

the vertex locator (VELO) - a silicon-strip detector surrounding the pp interaction
zone, designed to determine the positions of both the primary vertices where proton-
proton interactions occur and the secondary vertices associated with the decay of
heavy- avored hadrons. It has an acceptance that spans thedirection range from
-17.5 cm to 75 cm relative to the nominal interaction point [127];

the tracker turicensis (TT) - a silicon strip tracking detector placed upstream the
magnet. It is positioned at a distance of 230 cm [128] from the primary interaction
point along the z direction. One of the main purposes of the TT is the detection of
particles escaping the VELO detector acceptance, maink2 and ;

the LHCb magnet - a room-temperature magnet producing a dipole vertical magnetic
eld with integrated bending power of 4 Tm,;

the three tracking stations (T1 - T3) placed downstream the magnet.
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Figure 3.2: A schematic representation of the Run 2LHCb detector con guration. Taken
from [126].

LHCDb tracks reconstruction

Having described the structure of thdtHCb tracking system, it is useful to describe how
charged particles are detected when passing through the detector. This understanding is
particularly important in the context of LLP decay detection.

Five di erent track categories are de ned, depending on which sub-detector the track
crossed, producing hits. These are represented in Figure 3.3, and are:

A

Long tracks - these tracks are reconstructed exploiting entire tracking system.
Tracks are based on VELO and T-stations information and TT hits are added when
available;

Downstreamtracks - these tracks are reconstructed using only TT and T-stations
hits;

Upstream tracks - these tracks are reconstructed exploiting VELO and TT hits only.
Upstream tracks are usually associated with low-momentum particles swept away
by the magnetic eld before reaching the T-stations;

VELO tracks - these tracks are reconstructed exploiting only VELO hits. They are
used for the reconstruction of primarypp interaction vertex, and as seeds for the
reconstruction of Long and Upstream tracks;

A

T-tracks - these tracks are reconstructed exploiting only T-stations hits.

It is important to highlight the di ering longitudinal acceptance of tracks, as this plays
a crucial role in the reconstruction of long-lived particles. A track can be reconstructed
in the VELO only if it produces at least three hits in the VELO layers. Consequently,
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Figure 3.3: A visual representation of the ve dierent LHCb charged particles reconstruction
categories. Taken from [126].

only particles decaying within approximately 70 cm of the primary interaction point can
be reconstructed as long tracks, while a signi cant fraction of LLP decays can only be
reconstructed as downstream tracks. For instance, tH€2 candidates analyzed in the Run
AP (D! KIKQ) measurement discussed in Chapter 8, have an average momentum
of p 40 GeV/c and an average ight distance of 2 meters. As a result, approximately
two-thirds of these decays can only be reconstructed using downstream tracks.

VELO

The Vertex Locator (VELO) [127] is a silicon-strip tracking detector positioned around
the pp interaction point, designed to reconstruct particle trajectories and identify both
the pp primary interaction vertices and the secondary vertices associated witlk and
c-hadron decays. It consists of 42 semicircular silicon modules, each containing two
overlapping sensors that cover a radial distance from28mm to 41:9 mm relative to the
beamline. Each module is equipped with two distinct sensor typeR, and , providing
complementary information. The structure of a module pair is illustrated in Figure 3.4.
The R sensors are designed for the measurement of the radial distance from the beam
using semicircular-shaped strips. Their pitch is not uniform, going from 38m to 102 m,
linearly increasing with the radial distance from the beam axis. The sensors provide
measurement of the azimuthal angle, exploiting radially-oriented strips, again exploiting
a non-uniform pitch arrangement. Each sensor is divided into two regions, inner and
outer. The border between the two is placed at a distance of Zbmm from the center.
The strip pitch increases linearly from 38 to 78 m and from 39 to 97 m, for the inner
and outer region, respectively. The strips have an angle of approximately 2&nd 10 to
the radial direction for the inner and outer regions, respectively.

Modules are arranged along the beam direction, covering both the upstream and
downstream regions of the nominal interaction point, as shown in Figure 3.5. Two VELO
halves are installed on retractable supports. This allows placing the detector at a distance
of 82mm from the interaction point in closed con guration, while ensuring the detector's
safety during LHC beam injection, when retracted. Achieving the closest feasible distance
from the beamline is important to maximize the vertex resolution, which is proportional
to the distance from the interaction region and the sensitive area. No beam pipe is present

29



3.2. LHCB CONFIGURATION IN RUN 2

Figure 3.4: A schematic representation of structure of each VELO station, composed by two
di erent modules. Taken from [127].

Figure 3.5: A schematic representation of modules arrangement in the VELO. Taken from [127].

within the VELO region and the VELO vessel is kept separate from the beam vacuum
through a 300 m [129] aluminum foil, usually referred to as RF-foil. This shields the
VELO from electromagnetic e ects induced by the high-frequency circulating beams.
It has a corrugated structure, as shown in Figure 3.6, allowing for an overlap between
modules when VELO is positioned in closed con guration. The VELO raw hit resolution
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Figure 3.6: A schematic representation of the RF-foil structure, surrounding the VELO detector.
Taken from [127].

isinthe 10 25 m range.

The VELO, with the described design, achieves a primary vertex resolution @8 m
in the transverse plane and 71 m along the beam direction, along with an impact
parametet resolution of (15 + 29%p;[GeVIic]) m. These performances enableHCb
to e ectively distinguish heavy- avored hadron decays from the abundant background
processes produced ipp collisions. However, only long tracks can leverage the resolution
o ered by the VELO detector, and in case of LLPs these can be a small fraction of the
total, as reported in Section 3.2.1.

The dipole magnet

LHCb uses a room-temperature dipole magnet for the measurement of particle momentum,
through their bending angles. The magnet is made of two coils, in which a current of
5:85 KA circulates in nominal conditions, dissipating 4.2 MW of power. The produced
magnetic eld's main component is along they direction. It reaches an intensity of 1.1
T, with an overall bending power of 4 Tm. Thex and z components of the magnetic
eld are negligible andx y can be considered the actual bending plane with good
approximation. A schematic representation of the magnet, together with the plot showing
the eld intensity as a function of z, can be found in Figure 3.7. They component of the
magnetic eld is measured with Hall probes before the start of data-taking periods, with
a relative precision of 4 10 4. This is important to establish a good momentum and
invariant mass scale calibration.

Because of theLHCb detector and magnet con guration, opposite sign particles
have very di erent acceptance, since they are swept in opposite directions by the dipole

1The impact parameter is de ned as the distance of closest approach between the particle trajectory and
the considered vertex; see Section 4.2.
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Figure 3.7: Representation of theLHCb dipole magnet (left) and visualization of the y component
of the magnetic eld. Taken from [130].

magnetic eld. In order to mitigate the e ect of this acceptance bias on the charge
detection asymmetry, the magnetic eld is periodically reversed, de ning two di erent

eld con gurations (MagUp and MagDown). When data samples collected with the two

di erent con gurations of roughly similar size are combined, most of the charge asymmetry

is expected to cancel out. While this helps reduce the overall charge asymmetries, analyses
do not rely solely on this cancellation to mitigate detection asymmetries. A common
practice in LHCb analyses is to perform the measurement separately on data collected
with each con guration and verify the consistency of the results between the two.

Tracker Turicensis

The Tracker Turicensis (TT) is a silicon microstrip sensors located before the magnet,
covering the full LHCb acceptance. It is placed 230 cm after the nominal interaction point
along thez direction, and its main purpose is to allow the detection of both low-momentum
particles, swept away fromLHCb acceptance by magnetic eld, and longer-lived particles
(like K2 and ) that don't produce hits in the VELO because of their large ight distance.

It is composed of four di erent layers, grouped in two stations, separated by 30 cm. Layers
are arranged in a X-u-v-x" pattern, where x layers have vertical strips, andu and v
ones are rotated by 5, respectively. This con guration allows for a bi-dimensional
measurement of hit positions, avoiding at the same time the ambiguity that would arise in
case horizontal orientation would be exploited for these layers. A schematic representation
of TT can be found in Figure 3.8. Downstream tracks, reconstructed with TT and
T-stations only, are crucial to enhance the acceptance for long-lived decays, but o er
a lower resolution with respect to long tracks, that can also leverage VELO hits. In
particular, mass resolution is worse by a factor of 2 for downstream tracks with respect to
long (3.5 MeV/ ¢ vs 7 MeV/ ¢ [132]), and it can also be observed for thi&  candidates
of LHCb Run 2 A®? (K 2K Q) measurement reported in Chapter 4, whose invariant mass
for the long and downstream-reconstructed case is shown in Figure 3.9.
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Figure 3.8: A schematic representation of the Tracker Turicensis and its layers arrangement.
Taken from [131].

Figure 3.9: Invariant mass distribution for Kg candidates reconstructed with long (left) and
downstream (right) tracks exploited in the A®® (K 2K Q) Run 2 measurement [2].

T-stations

Three T-stations, each consisting of four layers, are positioned approximately 7.5 meters
downstream of the nominal interaction point along thez direction, after the magnet.
These stations enable the measurement of particle trajectories by detecting the curvature
of particles passing through the magnetic eld. The T-stations cover the full LHCb
angular acceptance with a dimension of 6 meters horizontally and 4.9 meters vertically.
Two di erent acceptance regions are identi ed in the T-stations, covering the inner and
outer regions. These are respectively identi ed as the one exceeding and not exceeding a
10% occupancy at the nominal Run 2 luminosity of 2 10°2 cm 2s 1. As a result, the

two regions are instrumented di erently. This choice signi cantly lowers the cost of the
detector placed downstream the magnet, without su ering a signi cant hit-resolution loss.
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Inner Tracker

The Inner Tracker (IT) covers the innermost region of T-stations. The same-u-v-x layers
arrangement and microstrip technology of the TT is exploited. A schematic representation
of the IT can be found in Figure 3.10.

Figure 3.10: A schematic representation of the inner tracker. Taken from [131].

Outer tracker

The outer tracker (OT) [133] covers the outer region of the three T-stations, outside the
IT acceptance. It is a gaseous ionisation detector, composed of straw tubes operating as
proportional counters. Each drift tube is 2.4 m long, with an inner diameter of 4.9 mm.
Tubes are arranged in layers of a single T-station with the sameu-v-x con guration of

TT and IT. A schematic representation of the OT is reported in Figure 3.11

Figure 3.11: A schematic representation of the outer tracker. Taken from [134].
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3.2.2 LHCb particle identi cation system

The particle identi cation system (PID) enables the distinction of hadron species. It is
composed of:

A~

two ring imaging Cherenkovdetectors (RICH1 and RICH2) - these allow the
identi cation of hadron species by exploiting the Cherenkov radiation they emit.
The RICH1 and RICH2 provide identi cation for particles in the 1 60GeV/ ¢ and
15 100 GeVic momentum regimes, respectively;

the scintillating pad and the preshowerdetectors (SPD/PS) - these are employed
for the discrimination of electrons from photons and hadrons, respectively;

the electromagnetic calorimeter(ECAL) - it is exploited for electrons and photons
identi cation, together with energy measurement of the latter;

the hadronic calorimeter (HCAL) - it provides the measurement of hadrons energy
deposit;

the ve muon stations(M1-M5) - they are composed by alternating layers of iron
and multi-wire proportional chambers and are used to identify muons.

Cherenkov detectors

Two ring-imaging Cherenkov detectors (RICH1 and RICH2) are used to discriminate
between di erent hadron species inLHCb [135] by measuring the radius of the emitted
Cherenkov radiation.

The RICH1 is placed between the VELO and the TT. It covers the fulLHCb angular
acceptance and it is designed to provide PID information for particles within a momentum
range of 1 60GeVic. The RICH2 is placed farther from the interaction point, after
the last T-station. It is designed to provide PID information for particles with larger
momentum, in the 15 100GeV/ c range. It covers only partially the LHCb acceptance,
corresponding to around [15, 120] mrad in the horizontal plane and up to 100 mrad in the
vertical plane. A schematic view of RICH1 and RICH2 is reported in Figure 3.12. With
the adopted con guration the two sub-detectors are able to provide particle identi cation
in a wide momentum range (1 100GeV/c) as can be seen from the plot reported in
Figure 3.13. In both detectors, the Cerenkov light is detected by a lattice of hybrid
photon detectors (HPDs), placed outside of th& HCb acceptance to avoid increasing the
material budget. A system of at and spherical mirrors is used to direct the Cherenkov
light toward the HPDs, see Figure 3.12.

Calorimetric system

The LHCb calorimetric system is composed of four di erent modules, placed between the
rst and second muon stations, covering the angular acceptance from 25-300 (250) mrad
in the bending (non-bending) plane. The calorimetric modules are:

~ Scintillator Pad Detector (SPD) and PreShower detector (PS) - a pair of polystyrene-
based scintillating planes whose purpose is to distinguish between photons and
charged hadrons, for SPD, and electromagnetic showers from hadronic ones, in case
of PS;
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Figure 3.12: A schematic representation of RICH1 (left) and RICH2 (right) detectors. Taken
from [130].

Figure 3.13: Cherenkov angle as a function of particle momentum for isolated tracks (tracks
whose Cherenkov ring does not overlap with any other ring) in the C4F10 radiator. Taken
from [136].

" Electromagnetic calorimeter (ECAL) - it is made up of 66 scintillator-lead alter-
nating layers, whose thickness is of 4 mm and 2 mm, respectively. It is exploited
for the measq_rementppf electromagnetic showers energy. Achieved resolution is

(E)=E=1% 10%= E=GeV [137];

" Hadronic calorimeter (HCAL) - placed farther from the interaction point, consists
of scintillator-iron alternating layers, of thickness 4 mm / 16 mm, respectively.
The HCAL total thickness limited by the available space inside the cavern. This
condition makes it not su cient for the total containmenlt_ of produced hadronic
showers. The achieved energy resolution IE)=E =9% 69%= E=GeV [137].
The HCAL is mostly used for trigger purposes.
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Figure 3.14: Representation of the SPD, PS and ECAL (left) and HCAL (right) segmentation
scheme. Just one quadrant is reported. Black square represent the beam pipe region. Taken
from [130].

Muon system

The LHCb muon system consists of ve stations (M1{M5), designed to di erentiate muons
from hadrons while also enabling a rapid measurement of the muons' transverse momentum
with a resolution of approximately pr=pr = 20%. This information is exploited for
triggering. The rst station (M1) is placed upstream of the calorimeters, while M2-M5
are placed downstream of it. This con guration allows for a better momentum resolution,
since M1 is less a ected by multiple scattering e ects. M2-M5 are interleaved by 80 cm
iron absorbers, in order to stop hadrons not contained in the HCAL. A minimum of
6GeV/c is required for a muon to traverse the entire system. Muon stations cover the
angular acceptance from 20 (16) to 306 (258) mrad in the bending (non-bending) plane.
Each station is split in four quadrants, and each quadrant in four concentric regions
(R1-R4), where R1 is the closest to the beam pipe.

3.2.3 Run 2 trigger con guration

The trigger system employed by HCb during Run 2 was speci cally designed for selecting
and identifying heavy- avor decays with a high e ciency [138]. It processepp collision
data produced by theLHC at an initial rate of 40 MHz (or approximately 30 MHz if
only non-empty bunch crossings are considered). The needed rejection factor is obtained
through a two-stage sequential trigger system that progressively reduces the event rate.
The trigger scheme employed in Run 2 is shown in Figure 3.15.

The Level-0 trigger

The rst stage of the LHCb trigger system is the Level-0 (LO) trigger, tuned to reduce
the input event rate to 1.1 MHz, corresponding to the maximum readout frequency
of the full detector. Operating synchronously with theLHC bunch-crossing rate of 40
MHz, the LO must deliver its decision within a xed latency of 4 s. To achieve this,
LO is implemented in custom-built FPGA boards optimized for low-latency processing.
The trigger leverages information from the detectors capable of high-frequency readout,
speci cally the calorimeters and the muon system. LO selections are based on three main
signatures: LOmuon, LO calorimeter, and LO hadron.

The LO muon trigger is the LO thread aimed at identifying events containing muons
in the nal state. This is motivated by the fact that muons are a distinctive signature
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Figure 3.15: The LHCb trigger structure for Run 2 data taking.

of heavy- avor decays, particularly helpful in hadronic collisions, as they are frequently
produced in the weak decays of heavy quarks. The lfBuon decision is based exclusively
on data from the ve muon stations, activated when one of two criteria is satis ed:
either the presence of a single muon with transverse momentumy | exceeding a de ned
threshold (typigally 1:5GeV/ c), or when the geometric mean of the transverse momenta
of two muons, pr( 1)pr( 2), exceeds a prede ned threshold (typically B GeV/c).

The detection of electrons, high-energy photons, and hadrons is also utilized at the LO
level to identify heavy- avored hadron decays. The LO calorimeter and LO hadron triggers
are speci cally designed to respond to these signatures. A coarse estimate of particle
transverse momentum gr) is employed in their decision-making process, leveraging the
projective design of the calorimeter system. In this design, the calorimeter cells in
di erent layers cover the same solid angle with respect to the nominal collision point,
enabling the use of energy deposit positions to rapidly estimate transverse energy )
for hadrons, photons, and electrons. Energy deposits are grouped into clusters of 2
cells, that typically fully contain the energy shower from a single particle while minimizing
contributions from nearby particles. The transverse energy is then computed as:

%3
ET = Ei Sin( i) (31)
i=0

where E; represents the energy recorded in thieth cell, and ; is the angle between the

beam direction and the line connecting the nominal interaction point to the center of
the cell. The energy deposit pattern in di erent calorimeters allows a partial particle

identi cation. Electrons and photons are linked to an ECAL energy deposit respectively
with and without the presence of a SPD deposit. Hadrons are linked to a HCAL energy
deposit, not matched to any ECAL one. This allows the application of separate thresholds
for the three species. In particular, taking into account only the most energetic electron,
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photon, and hadron, the event is retained if their transverse energy is respectively larger
than 3.7, 2.4 and 2.8 GeV.

The LO thread typically exploited to trigger most of theD® ! K 2K candidates is LO
hadron, activated by the energy deposit of nal state pions (this is the case for the decays
used for the measurement oA <" (K 2K Q) using Run 2 data of Chapter 4).

High Level Trigger

The second trigger stage is the software-based High-Level Trigger (HLT). It runs on a
dedicated cluster of CPUs made of 1.7k nodes and equipped with a total of 27k physical
cores. The HLT processes the events selected by LO, performing more detailed event
reconstruction and applying channel-speci c selections. This stage reduces the event rate
further, from 1.1 MHz to 12.5 kHz, which matches the maximum rate at which data can
be written to permanent storage. This rate reduction is achieved with the execution of
two subsequent steps, HLT1 and HLT2, both implemented as a C++ executable and run
on the farm nodes.

HLT1 reduces the event rate from 1.1 MHz to 30 kHz, performing a partial event
reconstruction. VELO tracks are fully reconstructed and exploited for the identi cation
of primary vertices. Only long tracks are reconstructed at this stage, applying minimal
displacement and transverse momentum thresholds, in order to keep combinatorics and
processing time under control. Selection algorithms (referred to @sgger lines) are
then run on the reconstructed objects. These are based on the presence of at least one
good-quality, largepr and large displacement reconstructed track or muon. Charmed
hadrons decaying into hadronic nal states are typically selected based on the presence of
one, or two, highpr displaced tracks. When at least one of the trigger lines has a positive
response, the event is retained and passed to HLT2.

HLT2 represents the nal step in theLHCDb trigger system, reducing the event rate
to the 12.5 kHz that can be written to permanent storage. At this stage, an o ine-like
event reconstruction is performed, including entire tracks reconstruction and full PID
information. The advanced reconstruction capabilities of HLT2 enable the application
of speci c decay selections. A few hundred trigger lines are implemented, combining
inclusive criteria with exclusive, channel-speci ¢ selections tailored to particular decay
modes. The HLT2 output event rate is constrained not by the expected signal rate, but
by the available bandwidth. This creates a bottleneck for certain types of events, such
as charm decays, that occur at signi cantly higher rates compared to beauty decays. To
address this limitation, LHCb upgraded both the computing power and disk space of the
event Iter farm during 2013{14. This enhancement allowed HLT2 to achieve o ine-level
precision in its reconstruction, enabling direct physics analyses on trigger-reconstructed
objects without requiring further o ine event reconstruction. This advancement was
paired with the development of a novel data-taking paradigm known aburbo [139, 140].

In this approach, only the reconstructed objects directly associated with the candidate
decay selected by the trigger are saved for o ine analysis, while the remaining event
data are discarded. This paradigm shift, from an event-oriented data collection to a
candidate-oriented approach, led to a reduction of the size of stored events by nearly an
order of magnitude, allowing for a signi cant increase in the event rate that could be
saved to disk.

In this context, it is important to underline that HLT1 did not reconstruct any particles
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decaying outside the acceptance of the VELO detector, such as downstream tracks. This
restriction was primarily due to the limited time and processing power available. This
con guration, although well-suited for selecting short-lived heavy hadron decays through
inclusive selection strategies, imposes a signi cant limitation on the online selection
e ciency for LLPs. Given that the reconstruction of downstream tracks is only performed

in the nal trigger stage (HLT2), any LLPs with a ight distance large enough to not leave
enough hits in the VELO detector cannot be directly triggered at LO nor HLT1. Those
decays can only be retained if the same event also contains some long tracks satisfying
some of the HLT1 trigger criteria; this clearly results in a signi cantly limited e ciency.

3.3 The LHCb Upgrade |

The LHCb experiment recorded a dataset of ® * during Run 1 and Run 2 of theLHC,
which corresponds to several million decays for certain channels, suclds! K*K and

DO! * [1]. Despite the availability of such large datasets, most physics measurements
conducted so far remain statistically limited, highlighting the importance of collecting
larger datasets to achieve higher sensitivities. However, acquiring the necessary statistics
to enable signi cant precision improvements within a reasonable timescale requires an
increase in the data-taking rate compared to Run 1 and 2. To meet this goal, the
LHCDb collaboration decided to raise the instantaneous luminosity during Run 3 from the

4 10%cm ?s *usedin Run 2to 2 10®3cm 2s . However, taking data at a higher
instantaneous luminosity while exploiting the same Run 2 system would not lead to a
substantial increase in the number of collected signal events. This limitation arises from
the saturation of the e ciency su ered by the Run 2 detector and trigger system for
hadronic decay modes with increasing instantaneous luminosities, as can be seen in Figure
3.16. The main bottleneck is given by LO. As described earlier, LO selects events based

Figure 3.16: B meson trigger yield decays for di erent instantaneous luminosities when LO
trigger is exploited. Values are normalized to the yield expected in design conditions for
L=2 10%cm 2s 1. Taken from [141].

on transverse energy deposits exceeding seve@aV in the detector, targeting hadrons,
muons, electrons, or photons. This mechanism e ciently selects di-muon nal states, but
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requires the application of a rather tight transverse energy threshold for hadronic modes,
leading to an ine ciency of 50% for hadronic nal states, already in Run 2 conditions.
At higher luminosities, the signi cant increase in background processes would require
even tighter thresholds for hadronic channels. This would further compromise the signal
e ciency, ultimately leading to the observed saturation in signal yield.

In order to fully exploit the larger instantaneous luminosity,LHCb went under a major
upgrade during the Long Shutdown 2 of the LHC [142], with the target of collecting
50fb * by 2030. Several sub-detectors have been replaced in order to cope with the higher
occupancy, the LO trigger step has been removed, and the DAQ system has been upgraded
so that is now able to perform a trigger-less readout of the entire detector, and a pretty
advanced event reconstruction at the full bunch-crossing rate of the LHC.

3.3.1 The tracking system upgrades

All sub-detectors within the LHCb tracking system were replaced to handle the increased
detector occupancy at higher luminosities. Additionally, the front-end electronics were
entirely upgraded to support a readout rate of 30 MHz, the design read-out rate for Run 3.

The VELO Upgrade

The Run 3 VELO detector [129] has been redesigned to accommodate the increased
luminosity and higher particle densities expected in Run 3 data-taking. It features a fully
silicon pixel design, replacing the previous silicon-strip technology. This change allows
for enhanced spatial resolution, higher radiation tolerance, and improved capability to
handle pattern recognition at the higher track densities. The geometrical arrangement
of the detector follows the Run 2 one. It is made of 26 stations, each one composed of
two modules, placed on the two sides of the beam. 19 stations (7) are placed in the
forward (backward) region with respect to the nominal interaction point. On each module,
four di erent sensors are mounted, two on each side. As in Run 2, the two VELO sides
are installed on retractable halves and placed inside a vacuum tank directly connected
with the LHC beam pipe. In the upgraded system, these can be placed closer to the
beamline (5 mm instead of 8 mm in Run 2), increasing acceptance for displaced vertices
from heavy- avor decays and improving the impact parameter resolution. The thickness
of the RF-foil has also been decreased in Run 3 from 300 to 25 [129], to decrease the
material interaction e ects. The system incorporates a fast, lightweight cooling system
using evaporative CQ to manage the increased heat load while minimizing material
interactions that could degrade tracking performance. A schematic representation of
LHCb upgraded VELO is reported in Figure 3.17. The novel VELO detector is able
to provide the Run 2 precision on vertex position, and a long track impact parameter
resolution of (16 + 17=pr[GeVc]) m, improving the precision for particles with lower
momentum.

The Upstream Tracker

The Tracker Turicensis (TT) detector was replaced in Run 3 by the Upstream Tracker

(UT) [143], which ful lls the same primary roles as its predecessor. The UT is a silicon
micro-strip detector consisting of two pairs of layers separated by approximately 30 cm.
These four layers follow the same&-u-v-x con guration as the TT, with the overall
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Figure 3.17: A schematic representation of the upgraded VELO structure. Taken from [129].

structure shown in Figure 3.18, but the UT represents a signi cant upgrade over the

Figure 3.18: A schematic representation of the Upstream Tracker structure. Taken from [143].

TT, featuring thinner sensors with ner segmentation. Speci cally, the UT employs
strip pitches ranging from 95 m to 190 m, compared to the TT's uniform pitch of 183

m. Furthermore, the UT's geometry was designed to o er greater acceptance coverage
than the TT, enhancing the e ciency for detecting low-momentum particles. These
improvements ensure better track reconstruction performance and reduced background
contamination in the higher luminosity environment of Run 3. The UT plays a strategical
role also in the trigger, as the rst estimate of particle momentum provided by VELO-UT
tracks ( p=p 15%) is exploited to speed up matching of hits in the forward tracker [144].
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The Scintillating Fibre detector

The Scintillating Fibre (SciFi) detector [143] is the upgraded replacement for the T-stations
used in Run 2, for both the Inner Tracker (IT) and Outer Tracker (OT) detectors. The
SciFi detector consists of 12 detection layers arranged in tkeu-v-x con guration. Each
layer comprises 12 modules, each 5 m tall and 52 cm wide, with special accommodations
for the beam pipe in the form of a hole in the two central modules. It uses scintillating
bers that are 2.5 m long and 250 m in diameter. These bers feature a polystyrene core
with 1% organic uorescent dye by weight, which enhances the scintillation process. The
light produced in the bers is read out by silicon photomultipliers located at the top and
bottom of the detector. This design achieves a raw hit resolution of 42n. The structure

of the SciFi detector is illustrated in Figure 3.19.

Figure 3.19: A schematic representation of the Scintillating Fibre detector structure. Taken
from [143].

3.3.2 Data acquisition and trigger system for LHCb upgrade

The upgrade of the data acquisition and trigger systems is the most innovative and
challenging part of theLHCb Upgrade I. The exploitation of a trigger-less readout system,
performing a complex event reconstruction at the full bunch-crossing rate of the LHC, is
a rst-time at a hadron collider, and required the complete replacement of the readout
electronics, online and trigger systems. A scheme displaying the structure of the one
exploited in Run 3 is shown in Figure 3.20.

The Online system

In the upgraded system, detector information is read out at the full maximum LHC
bunch-crossing rate of 40 MHz and it is handled by the so-called Online system. The rst
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Figure 3.20: Diagram reporting the LHCb data ow exploited in Run 3 after the Upgrade. Taken
from [145].

data acquisition step is event building, and is performed by a farm of 162 event builder
(EB) servers. Each server hosts an FPGA board (TELL40), working as a back-end receiver
for the server. The overall input stream corresponds to a bandwidth of 4 TB/s. Each EB
server receives data from sub-detectors' front-end electronics in the form of Multi-Fragment
Packets (MFPs), and information from a single packet of events is aggregated into Multi
Event Packets (MEP), each containing 1000 events, that are then passed to HLT1. A
schematic representation of the Online system structure is reported in Figure 3.21.

Figure 3.21: A schematic representation of the Online system. Taken from [144].
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HLT1

With the removal of LO, the high-level trigger does all the processing and selection, based
just on software processes. It is divided into two sequential steps as in Run 2 - HLT1 and
HLT2. HLT1 receives the full un Itered detector information at the non-empty pp average
bunch crossing rate of 30 MHz. Its purpose is to reduce the event rate to 1-1.5 MHz. This
is achieved by performing a partial event reconstruction, and applying inclusive selections
on reconstructed objects.

The HLT1 is run on a farm of O(500) NVIDIA RTX A5000 GPU cards and the
processing is implemented in the so-called Allen framework [146,147]. The GPU cards
are hosted in the EB servers themselves, as this allows for a fast communication between
EB and HLT1, exploiting the server's internal communication. This design is also a
cheaper solution for the communication between EB servers and the LHCb CPU farm,
now responsible for the execution of HLT2 only. In fact, since HLT1 is expected to reduce
the event rate by a factor 30, a smaller bandwidth connection is needed between the
two farms.

Despite the stringent throughput constraints under which HLT1 must operate, it
performs reconstruction of long tracks, primary and secondary vertices. The PID infor-
mation is partially processed, with the exploitation of ECAL and muon stations for the
identi cation of muons and electrons (while RICH information is not processed at this
level).

The Looking Forward algorithm [146, 148] (commonly referred to as théorward
algorithm) is the HLT1 long track reconstruction algorithm, according to its original
design. The rst reconstruction is run in the VELO tracker. In this region, particle
trajectories are reconstructed as straight lines, since no magnetic eld is present, and
then exploited in the reconstruction of primary vertices. UT hits are then attached to
VELO tracks to form VELO-UT tracks. This is done by extrapolating VELO tracks to
the UT. Search windows are de ned in the UT around the predicted x track position, and
found hits are matched to the track. The VELO-UT tracks allow the reconstruction of
low-momentum tracks that are swept away by the magnetic eld, and they also provide an
initial momentum estimate ( 15% resolution) to be exploited in subsequent long tracks
reconstruction. The long tracks reconstruction is then performed by attaching SciFi hits
to the VELO-UT tracks. Each track is extrapolated to the SciFi and a window is opened
in the SciFi layers around the predicted position, where possible hits are searched. The
pattern recognition needed for the hits matching is a computationally heavy task, and the
exploitation of the momentum estimate provided by the VELO-UT tracks allows de ning
a signi cantly narrower search window in the SciFi. Despite this strategy, a limitation on
the window size has to be applied anyway, with the net e ect of excluding long tracks
below a certainpr, typically  450MeV/ ¢ [144,147]. This can limit the achievable trigger
e ciency for relatively low momentum decays, likecharm or strange ones; implications
will be discussed later. Once the pattern recognition is solved, the identi ed tracks are
tted to extract track parameters.

Following the identi cation of long tracks, they are utilized to reconstruct secondary
vertices. To minimize computing time and reduce the number of possible combinations,
speci ¢ selection criteria are applied to the tracks. In particular, only long tracks with
p>02GeVc, 2. <25and & > 4% are exploited for the identi cation of secondary

2See de nition of this variables in Section 4.2.
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vertices. After the application of those selections, tracks are matched in pairs and a
least-squares t is performed on each identi ed vertex. Vertices are retained for further
selection if they exhibit a positive-de nite covariance matrix and satisfy quality criteria,
including a good 2 value.

Then, a set of selections is applied to reconstructed objects, in order to achieve the
desired event rate reduction. These are based on the presence of at least one track with
high-pr and large displacement, similarly to Run 2. More details on the HLT1 selections
in use will be given in the next chapter.

Before being handed to HLT2, retained events are stored in an intermediate disk
bu er, whose size is 40 PB. It provides temporary storage for HLT1 ltered data, allowing
running HLT2 at a lower instantaneous rate, exploiting the periods without collisions
to process stored data. Additionally, data stored in the bu er are exploited to compute
alignment and calibration constants, that are updated and exploited in reconstruction
algorithms.

HLT2

The second trigger level reads out data from the bu er, working asynchronously with
respect to the LHC bunch-crossing. Its purpose is to reduce the rate to aroudd0 kHz
corresponding to a bandwidth of 10 GB/s written to tape. It performs a complete
reconstruction of the event, exploiting the full detector information. In particular, the
reconstruction of all track categories is performed and full PID information is exploited at
this stage. At the HLT2 level, both inclusive and exclusive selections are applied to the
reconstructed objects, utilizing a total of over a thousand distinct selection lines. The
implementation of such a large number of lines is feasible due to the increased processing
time available at this stage and the exibility of general-purpose CPUs. This extended
processing capacity provides signi cant exibility, enabling the use of channel-specic
selections that take into account the unique characteristics of entire decay chains. As
a result, it is possible to achieve both high signal e ciency and minimal background
acceptance simultaneously. The exploitation of th&urbo paradigm is continued in Run

3, as it demonstrated in Run 2 to be able to save bandwidth for those decays that can
rely only on trigger candidates during o ine analysis and do not require information
from the rest of the event. This is the case for several charmed hadrons decays, as
D%! K*K =* exploited inthe A measurement, or theD®! KZIK2 decay, as
described in Chapter 8.
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Chapter 4
: 0 Ok O
Measuring D~ ! KgKg at LHCDb

In this chapter | will describe the baseline LHCb analysis procedure #af (K 2K 2), based

on the Run 2 measurement, that | directly contributed to nalize and publish during
the initial period of my PhD. This will serve to illustrate the primary limitations to the
precision of the measurement, that are the key motivations for the subsequent work detailed
in this thesis.

4.1 Introduction

The LHCb collaboration published the most precisé “* (K 2K Q) measurement to date in
2021 [2], obtaining the following result:

ACKIKHY=( 31 12 04 02)%

The relevance of this measurement has been detailed in Chapter 1 and will not be reiterated
here.

The measurement was_conducted using data collected during the 2015{18 period at
a center-of-mass energy (ﬁé = 13 TeV, corresponding to an integrated luminosity of
approximately 5:9fb 1. A portion of this dataset, speci cally the data collected in 2015 and
2016, had already been used to measure the same observable in a previous publication [149],
but was included in the updated measurement to bene t from several improvements in
the analysis methodology, providing a signi cant improvement in sensitivity.

The measured quantity is theA“” (K 2K 2), de ned as:

(D% KgK3 (D° KIKg).

ACP KOKO - — :
(Ksks) (DOl KK+ ( DI KIKY

(4.1)

where is the decay width of the D® or D® meson. This quantity can only be computed
knowing the avor of the D° decay at production. This is achieved by exploiting a sample
of DY originating fromthe D * ! D® * decay (implying charge-conjugate process from
here on). The sign of the pion present in the nal state (usually referred to as tagging
pion, 1ag) allows for the identi cation of the accompanyingD® meson avor. The K 2 are
reconstructed in the * nal state.

The considered decay widths can't be directly observed in data, as the only measur-
able quantity is the number of observed candidatel (D° ! K2K Q). This quantity is
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extracted from data through a simultaneous 3D ttothe m=m(D *) m(D®), m(D?)
and the two K 2 invariant mass distributions, where theD? ! K 2K g signal component
appears as a peak in the m distribution around 1455 MeV ¢ and around 4976 MeV/ ¢

in m(K Q) distributions. Calculating the asymmetry directly from the N(D°! K2K2)
yields obtained from the t, without any prior corrections, results in the raw asymmetry.
This value encompasses not only the physicAl®® but also contributions from production
and detection asymmetries, collectively referred to as nuisance asymmetries. The relation
betweenN (D°! KK and (D°! KIKQ)is:

N(D°! KZKQ/ (D) "*(D*) (D°! KIK; 4.2)

where (D *) are the production cross sections antf” the detection probabilities for
D * decays. The production asymmetry arises from the di erent production rates for
D " and D candidates, given by the avor-asymmetricpp initial state in collisions.
The detection asymmetry arises solely from the tagging pion in this channel, as tb¢
meson decays into a charge-symmetric nal state. This asymmetry is expected to reverse
sign with opposite magnet polarities and is signi cantly reduced when integrating data
from both MagUp and MagDown con gurations. However, complete cancellation of this
e ect cannot be guaranteed. InLHCb measurements, aalibration channel is employed
to subtract nuisance asymmetries and extracA <" . This calibration channel shares the
same production and detection asymmetries as the signal channel and hasAdft value
known with much greater precision than the expected result of the measurement. In this
analysis, a large sample db°! K*K decays is utilized. It o ers signi cantly higher
statistics compared to the signal sample and a much more precié€” value than that of
D% KK [150], allowing for an accurate determination and subtraction of nuisance
asymmetries.

4.2 Variables de nition

Before proceeding further, it is helpful to de ne a set of variables that will be used
throughout the remainder of this document. While some of these variables have already
been introduced earlier, their de nitions are gathered in one place for clarity and ease of
reference. The list of variables is:

A

Primary Vertex (PV ): spatial point of the primary pp interaction;

Secondary Vertex (SV) spatial point of the decay of the particle produced in the
interaction. Typically a heavy avor hadron as a charmed or beauty hadron;

" 2=ndf: 2 obtained from the t of a track revealed in the detector, normalized to
its degrees of freedom;

2 4 squared signi cance of the distance between primary and decay vertex calcu-
lated using the positions and covariance matrices of the two tted vertexes.

p: momentum of the particle;

pr: transverse component of the particle momentum with respect to beams ight
direction;

48



CHAPTER 4. MEASURING D°! K2K2 AT LHCB

. lifetime of the particle;

gpv. dened as gpy = FD= ¢ = FDm=pg where FD is the particle ight
distance between the PV and the decay vertex; it represents the time necessary for
the particle to travel from the PV to its decay vertex, normalized to the particle
boost;

Pseudorapidity ( ): de ned as log(tan( =2)), where is the angle between the
beams ight direction and the momentum of the particle;

Helicity angle : the helicity angle for a decaying candidatei.e. the angle of
between the momentum direction of the second daughter particle in the rest frame
of the mother particle with respect to the direction of the boost from the laboratory
frame to the rest-frame of mother particle;

pira (direction angle): angle between the momentum of a particle and the direction
identi ed by the PV and the decay vertex of that particle. This angle tends to be
larger in case of a partially reconstructed prompt particle, or a particle not produced
in the primary pp interaction;

DOCA: distance of closest approach between the tracks of interest;

Pgnost: probability for the track to be a misidenti ed track ( ghos); this variable is
returned by a Neural Network, that exploits various variables which describe track
reconstruction and global event properties in order to separate ghost tracks, which
are spurious combination of hits, from real tracks;

Impact Parameter(IP ): distance of closest approach between the PV and the direction
identi ed by the momentum of the particle. For a particle not produced in the PV
due to the pp interaction, asK 2 in the considered decay chain, this variable is more
likely to assume larger values;

2. di erence between 2 obtained from PV tting including or not including a
particle in the t. For a particle does not come from the PV this variable assumes
larger value on average;

2.=ndf: 2 of the t to the vertex of origin of two or more tracks, normalized to

its degrees of freedom.

It is also useful to introduce two de nitions largely used within the LHCb collaboration,
regarding how the signal candidate has been selected by the trigger selections. As outlined
in the introduction, the LHCb trigger system is organized into three sequential levels: LO,
HLT1, and HLT2. At each level, events are categorized into two distinct classes based on
the method of their selection:

" Trigger On-Signal (TOS): events in this category are triggered directly by the
presence of the signal decay chain because one or more tracks originating from the
signal decay directly satisfy the selection criteria. Such events are recorded even if
the signal process is the only one present in the event;
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" Trigger Independent-of-Signal(TIS): events in this class are recorded due to the
presence of another process occurring in the same interaction other than the signal
decay chain. In this case, tracks originating from the signal decay do not contribute
to satisfying the trigger criteria.

4.3 Trigger selections
43.1 LO

The events exploited in this measurement are required to be selected at the LO level either
by the presence of an HCAL deposit linked to th®° candidate (D° is TOS onLOHadron

or by any LO signal not related to theD decay chain D is TIS on LOGIlobal). This
con guration minimizes the LO trigger requirements on the tagging pion and reduces
the collected data charge asymmetry. The same selection is applied for both signal and
calibration channel.

4.3.2 HLT1

At the HLT1 level, D°! KZK2 events can be triggered by any of the existing lines.
However, due to the nal state consisting of charged tracks, the most relevant lines
are TrackMVAand TwoTrackMVAThese lines respectively select events with a single
long track or a combination of two long tracks, provided the tracks have su cient
transverse momentum and displacement with respect to reconstructed primary vertices.
The TrackMVAline selects a single track which satis es the following requirements:

~ 2zndf < 25
- Pghost <02
“ f(pr > 250)" (& > 74)g_

1.0

[1:0<pr < 250]" In 2, > In(7:4) + (o TOR

Pr
1 -
25

wherepr is the transverse momentum expressed iGeV/c and varied during the Run 2
data taking, as shown in Fig. 4.1. TheTwoTrackMVAne bene ts from the requirement
of two tracks, enabling it to apply less stringentpr and displacement criteria, making it
generally more suitable for selecting charm decays. This line res if a pair of long tracks
satis es the following selection:

" pr > 500 MeVic
" p > 5000 MeVic
" 2=ndf < 25

T oh>4

The two-track combination must then satisfy the following requirements:
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Figure 4.1: pr- 2, region selected by theTrackMVAine. The shaded area represents the excluded
region. The parameter takes the value of 11 during the 2017 and 2018 data-taking.

T 2<10

" 2< < 5

T 1< Meor < 10° GeVi &
" cospra >0

" selection on the output of a BDT classi er calculated from the following variables:
(1) 2 of the two-track vertex, (2) distance between the primary vertex (PV) and
the two-track vertex, (3) sum of thepr of the two tracks, (4) number of tracks with

2 > 16.
IP

However, TwoTrackMV4# highly ine cient for selecting K2 mesons due to the selection
criterion imposed on the corrected mass.. ) variable, de ned as:

q
Meorr =  M2(h1hy) + p3 (hihy) + ps (hihy); (4.3)

whereh; and h, are the two input particles for the trigger line andp, is the momentum
component perpendicular to the direction identi ed by the PV and the secondary vertex.
This variable provides an approximate estimate of the parent particle's mass, accounting
for the possibility of missing daughters. In fully reconstructed decays the corrected mass
closely approximates the true mass and the applied selectionratorr > 1GeV ¢ rejects
the majority of real K candidates, making the line extremely ine cient forD° ! K2K 2
decays. Because of the limited e ciency offwoTrackMVAne, in this analysis theD? is
only required to be TOS onTrackMVAIn order to have a larger sample size, also events
triggered by other decays are considered, including also events for which e is TIS on
any of the HLT1 physics lines. Summarizing, the adopted HLT1 selection i®° candidate
to be TOS onTrackMVAine, or the D * candidate to be TIS on any HLT1 physics line.
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It is important to notice how K 2 decaying outside of the VELO acceptance can only be
reconstructed in a TIS approach, since downstream tracking and triggering is absent at
the HLT1 level.

The calibration channel events are triggered at HLT1 level by the dedicated line, whose
selections are summarized in Table 4.1. This line was chosen because it introduces minimal

Variable
pr(K ) > 800 MeV
Prmax (K ) > 900 MeV
p(K ) > 4000 MeV
Ptzrack (K ) <2
or (K ) > 1500 MeV
imK*K ) m(DY%j | < 100 MeV
DOCA(K*K ) < 0:2mm
(D9) > 0:2 ps
2.=ndf(D?) < 10

Table 4.1: Summary of selection in HLT1 on theD® ! K*K decay channel.

biases on theD? lifetime by avoiding any displacement-based selection on the kaons. Only
a rectangular selection is directly applied om? lifetime ( (D°)), making its e ect easier

to interpret and reproduce. Due to these triggering conditions, th®°! K*K sample
selected by this line is commonly referred to d#etime-unbiased This sample has been
chosen as the applied trigger selections determine also a minimal alteration of the fraction
of D® coming from beauty decays. This approach is di erent to what is usually done in
other charm analyses and it is a crucial point for the developed analysis strategy, and it
will be explained later in detail.

4.3.3 HLT2

The K2 candidates are reconstructed through th&«2! *  decay mode, where the
pions can be reconstructed using either long or downstream tracks. This classi cation
results in three distinct categories in whictD® ! K 2K 2 are classi ed: LL, LD, and DD.
These correspond to cases where bokh? candidates are reconstructed with long tracks,
oneK 2 is reconstructed with long tracks and the other with downstream tracks, and both

K 2 candidates are reconstructed with downstream tracks, respectively. The candidates of
each category are selected by a dedicated HLT2 Turbo line whose selections have been
speci cally tuned for the selection ofD% ! KZK 2 candidates. Because of the di erent
resolution of the categories, these are separately analyzed and results are only combined
at the end. The selections adopted foK ¢ candidates are reported in Table 4.2. Retained

K 2 candidates are then combined to fornD° candidates. The applied selections varied
during data-taking and are reported in Table 4.3 and Table 4.4, respectively, for the
2015-2016 and 2017-2018 periods. A dedicated Turbo line is exploited for the selection
of the calibration sample at the HLT2 level. This is again refraining from the application

of any displacement cut on the kaons, similarly to what has been done at the HLT1 level.
The selections applied by this line are summarized in Table 4.5
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Variable K2 DL KL! 5 b
2=ndf( ) <3 < 4
Pghost( ) < 04 < 04
() > 36
pr( ) > 175 MeVic
p( ) > 3000 MeVic
jm( * ) m(KQj| < 35MeVc < 64 MeV/c?
2 . =ndf(K Q) < 30 < 30
(K9 > 2 ps > 05 ps
zZ(KQ) z(PV) > 400 mm
2(K Q) 2 [ 100500] mm| 2 [30Q 2275] mm

Table 4.2: Summary of K selection in HLT2: these candidates are combined to fornD?

candidates.

Mariable DT KK [DY! KIKZ [DOT KK,
kg Pr > 1500 MeVic > 2000 MeVic

pr(KQ) > 500 MeVic > 750 MeVic
b (KQ) >9 > 4
Zvp(D9) > 20 > 10

m(K 2K Q) 2 [17891949] MeVic?
2,.=ndf(D°) < 10

pira (D°) < 34:6 mrad

(DY) > 0:2 ps

MDY ng) mM(KIKY) 2 [1300; 160] MeVic?

Pr( tag) > 100 MeVic

Pghost( tag) < 04

2=ndf( tag) <3

2,=ndf(D ) < 25

Table 4.3: Summary of HLT2 trigger selection onD? candidates for 2015 and 201@®° ! K 2K 2

samples.

4.4 Background sources

The D% ! K2K 2 sample collected using the described trigger selections is subject to

contamination from various background sources. These backgrounds can introduce biases
into the measurement and reduce its precision. Consequently, addressing and mitigating

these backgrounds is a critical aspect of performing th& (K K 2) measurement at

LHCb.
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Mariable D! KK [D°! KZKZ, [DY! KIKZ,
o Pr > 1500 MeVic
KS
pr(KQ) > 500 MeVic
H(KQ) >4
vvo(D) >3
m(K 2K Q) 2 [1775 1955] MeVic2
2 =ndf(D°) < 10
DIRA (DO) < 34:6 mrad
MDY ng) mM(KIKY) 2 [ 75 170] MeVic?
Pr( tag) > 200 MeVic
IDghost( tag) < 0:25
200 1ag) <3
2.=ndf(D ) <25

Table 4.4: Summary of HLT?2 trigger selection onD? candidates for 2017 and 201®° ! K 2K 2
samples.

Variable
pr(K ) > 800 MeV
Prmax (K ) > 1200 MeV
Jx=ndf(D°) < 10
(D% > 0:25 ps
DOCA(K*K ) < 01 mm
pira (D?) < 1415 mrad
pr(D°) > 2000 MeV
m(D° g) mMK*K ) 2 [13Q 160] MeV
Pr( tag) > 200 MeV (> 100 MeV)
Pghost( tag) < 0:25 (< 0:4)
220df( 1ag) <3
2 =ndf(D ) < 25
cog pira (D9)) > 09

Table 4.5: Summary of selection in HLT2 on theD®! K*K decay channel. In brackets (),
2015 and 2016 selections are listed (if di erent from 2017 and 2018 ones).

4.4.1 Peaking backgrounds

A set of insidious backgrounds are the ones simulating the same peaking structure as
the signal in the m and m(K Q) distributions. If these are not rejected before the result
extraction, they can determine an overestimate of th®° | K 2K statistics, together
with a bias on the A value.

Some peaking backgrounds are due to partially reconstructeD° decays, as
Do K2K2 % or nonDP° decays, asD! ! K2KQ *. These are e ectively rejected
in the analysis by applying an o ine selection on the invariant mass of théD® candidate.
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In particular, the selection applied for the LL/LD(DD) sample is:
jim(K2KY)  m(DO%j < 20(30) MeVic; (4.4)

wherem(D°)186484 MeV/c is the PDG value for theD°® mass [82].

Another insidious peaking background is due to th®°! K2 *  decays. These
are not completely rejected by theD® ! K2K 2 HLT2 selections because of the nite
width of the mass window exploited to seleckK 2 candidates allowing for the *  pair is
interpreted as coming from aK 2 decay. This decay is completely reconstructed and it is
not rejected by the selection applied on th®° invariant mass. It does not however bias
our measurement, as it is disentangled from the signal component in the 3D t, since only
one of theK 2 candidates comes from a red{ 2 decay. In order to improve the purity of
the signal to maximize resolution, a selection based on tie2 ight distance is applied to
further reject this background:

" LL sample: log( 2p(KQ) > 4, applied on bothK &
" LD sample: log( 2, (K Q) > 2, applied only to the longK g

This background is negligible in the DD sample.

4.4.2 Combinatorial background

The primary source of background in theD® ! K 2K 2 sample is the so-calledombinatorial
background. This term refers to any random combination of tracks and/or candidates that
mimic the expected signal. Such combinations may include: unrelated track pairs falsely
reconstructing aK g candidate; fake or genuind 2 candidates that combine to form a fake
D candidate; or fake/realD° candidates paired with a random pion to produce a fake
D candidate. The combinatorial background as it appears as a at distribution in the
m( * ), mKZIK and m(D° ) mass spectra and can be disentangled from signal in the
t. However, it signi cantly lowers the sample's purity, limiting the achievable precision
on A% (K 2K Q) and it's partially rejected before the yields extraction. The output of a
k-nearest-neighbours (kNN) classi er [151] has been exploited to reject the combinatorial
background. A kNN classi er is a simple, non-parametric machine learning algorithm
that classi es data points based on the majority class of their k nearest neighbors in the
feature space, as measured by a distance metric (e.g., Euclidean distance). It is trained
exploiting a simulatedD° ! K K2 sample as signal and candidates frol° sidebands
from data as background. The feature is de ned by several track-related variables, as
track and vertex quality, K2 and D° candidatespr, K 2 and D° decay helicity angles, and
particle identi cation parameters of the D° nal state particles. Any variable related

to the position and displacement oD° and D candidates is carefully avoided, in order
to prevent any bias in the secondaries fraction. To maximize the use of the available
statistics, rather than applying a single threshold on the classi er output, the output
has been divided into bins, and the analysis has been conducted across these individual
bins. The optimized gure of merit is then determined as the value of s=Ng obtained by
combining the contributions from all bins.
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4.4.3 Secondary decays

As previously mentioned, a fraction of theD * candidates present in the signal sample are
not produced in a primarypp collision (prompt decays), but they come from the decay of a
beauty hadron. These are referred to asecondary decaysThey are a ected by a di erent
production asymmetry w.r.t. prompt decays and their presence in the signal sample can
potentially bias the A®® measurement if not correctly taken into account. Because of this,
they are customarily suppressed ihHCb A®® measurements, through selections based
on D? vertex displacement. However, foD° ! K 2K decays, this approach would result
in a substantial loss of statistics. TheD? vertex position in this decay mode is determined
with signi cantly lower precision compared to decays involving charged particles, such
asD?! K*K , primarily due to the long ight distance of the K2. Consequently, the
separation between prompt and secondary decays is poor, and applying stringent selection
criteria to reject secondary decays would lead to a signi cant reduction in the signal yield.
This is an even greater issue when downstream tracks are involved, as the lower resolution
of the T-stations and the increased projection distance further degrade vertex precision.
Because of this, it was decided not to apply such selections, and to accept secondary
decays as part of the signal sample instead. The bias in tA¢* measurement can be
prevented by using a calibration sample containing the same proportion of secondary
decays {) as the signal sample. This ensures that both samples exhibit identical spurious
asymmetries, enabling their proper cancellation when measuring™ (K 2K Q). While
the D° ! K2K2 and D° ! K*K samples initially share the samé at production,
applied selections | both at the trigger and o ine levels | could alter this fraction.
Consequently, any selection criteria based on variables with di ering resolutions for the
DO vertex between the signal and calibration samples must be avoided, as such selections
could a ect the secondary-to-prompt ratio di erently in the two samples.

4.4.4 Sample splitting

A highly e ective tool widely used in charm analyses for improving the precision of the
mass measurement is the decay tree tter (DTF) [152]. This tool performs a simultaneous
t to the entire decay chain while allowing for the inclusion of speci ¢ constraints during
the t. One such constraint is the requirement for theD decay vertex to coincide with
the PV (PV constraint). Since the PV position is determined with much greater precision,
this constraint leads to a substantial enhancement in the invariant mass resolution, and
the signal-to-background ratio §=B) of analyzed samples, improving the precision of
measurements.

For secondary decays, th® * exhibits a non-zero displacement from the PV and
applying the PV constraint causes a distortion of the m distribution, complicating its
t. To enable the exploitation of this tool also in this measurement where secondary
decays are included in the signal sample, the dataset is divided into two subsebs:*
candidates with decay vertices either compatible (PV-compatible) or not compatible
(PV-incompatible) with the PV. The variable exploited to separate the two samples is

de ned as:
2DTF = ( 2DTF;PV 2DTF;NO pv); (4.5)

where 3e.py ( 3reno pv) is the 2 of the DTF applying (not applying) the PV
constraint. The chosen threshold separating the two sub-samples is ;- = 15. This
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corresponds to a 5 deviation, since the  3;c is distributed as a 2 with 3 degrees of
freedom. The two sub-samples are separately analyzed and the results are only combined at
the end, having di erent invariant mass resolution. This approach allows the PV constraint

to be applied to the compatible subset, fully leveraging the resolution improvement, while
omitting the constraint for the incompatible subset. Since the PV-compatible subset
contains the majority of candidates | owing to the limited resolution on the D vertex
position | this strategy still achieves a substantial enhancement in the precision of the
A measurement, without the need for removing secondaries.

4.5 Calibration sample o ine preparation

Some o ine selections are applied to the calibration sample in order to equalize selections
with the signal sample and improve its purity. The main o ine selections applied to
D%! K*K control sample are:

" im(K*K ) m(D%j < 20MeVic*;
" identi cation of PV-compatible and PV-incompatible samples according to 3 ;
"] m 1455MeVicij < L.5MeVicc.

No further o ine selection needs to be applied to theD®! K*K sample, as its statistics
allow the determination of A5, (K *K ) with a precision that is much larger than the
one expected oMPA“P (K2K2). The m distributions for the control sample after the
application of reported selections, except for the m one, are shown in Figure 4.2.

To allow utilizing this sample to cancel nuisance asymmetries, it is still necessary to
correct for the impact on the secondary decays fractioh of the (D°) selection applied
at trigger level. The selection applied orK * K  decays is (D° > 0:25 ps. Applying the
same selection to thek 2K 2 sample does not equalizé between the two datasets due to
the di ering resolution of the variable in each sample. The strategy adopted in Run 2
to correct for this e ect was to assign a weight of 2 to events with:@5< < 0:5ps, in
order to compensate for the lack of candidates at lower lifetimes. This works under the
assumption that candidates with O< < 0:5ps have the samd , since the lifetime of
a b-hadron is larger than ac-hadron, and we are looking at very low decay times [153].
This procedure is not repeated in the analysis of Run 3 data (Chapter 8), as théD?)
selection has been removed from trigger selections.

4.6 Procedure for cancellation of nuisance asymme-
tries

In LHCb asymmetry measurements, nuisance asymmetries are usually canceled by sub-
tracting the asymmetry measured on a calibration sample from that observed in the signal
sample. This cancellation procedure is valid in the approximation of small asymmetries
(typically below  20%). This requires excluding from analysis any acceptance areas
a ected by larger asymmetries. There are indeed in the LHCb acceptance some regions,
close to the beam pipe and to the edge of acceptance, where particles of opposite sign are
swept outside, or inside, theLHCb acceptance by the magnet. The selections applied to
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Figure 4.2: m distribution for the D°! K*K sample. 1/4 of the statistics is shown. Left
(right) plot shows distribution for the D? (D°) candidates. Top (bottom) plot shows PV-
compatible (PV-incompatible) sample. Taken from [153]. Aj m 1455MeV/ ¢?j < 1:5MeV ¢?
selection is applied on this sample before its exploitation in the nuisance asymmetry cancellation
procedure.

reject these regions will be referred to in the following aducial acceptance cuts Applying
those ducial cuts causes a statistics loss of the order of 30% in the caseDdf! K 2K 2.

In order to avoid this statistics loss, a hovel method for nuisance asymmetries cancellation
has been developed within this analysis, allowing also the exploitation of regions a ected
by larger asymmetries.

The novel technique achieves cancellation of nuisance asymmetries by assigning a
weight to each signal candidate [153]. This weight is derived from the asymmetry measured
in the calibration sample at the corresponding point in the kinematic phase space occupied
by the signal candidate. The procedure is structured as follows:

" for each signal candidate the position in the kinematic phase space is identi ed.
This is operatively done by using theD® 3D momentum f;

" the local particle density ofD  candidatesn, (fv) is estimated in a local neighbor-
hood of the consideredy. This correspond to measuring the nuisance asymmetry
in the kinematic phase space point identi ed by;

~ the weight applied on the signal candidate is

ng(f) + Ne ()
2n¢ ()
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This procedure applies a local correction of the nuisance asymmetries in the signal sample.
The A" (K2K Q) measurement can then be done by performing a weighted t to the
K 3K 2 sample.

A kNN classi er is used to estimate the local particle density. (). The D°! K*K
sample is split into two halves, according to the sign of the tagging pion. These are used
as input to the kNN algorithm as the two classes to be distinguished, exploiting (D °)
as feature space. In this way, the KNN output is

n¢ () .
(nz () + nc(@))’

the reciprocal of the needed weight. Justi cation and a detailed description of the
procedure can be found in Ref. [153].

out =

Figure 4.3: MagDown (top) and MagUp (bottom) weights distribution for 2017-2018 data. Taken
from [2].

The weighting procedure is performed separately for MagUp and MagDown con gura-
tions. An example of weight distributions is reported in Figure 4.3.

4.7 Results and systematic e ects

After weights are computed for each signal candidate it is possible to extraat®” (K 2K Q)
tting signal sample distributions. In the case of the PV-compatible (PV-incompatible)
samples, the signal peak in the m distribution is well{described by a JohnsonSy
(Gaussian) distribution [154]. Them(K Q) peak is described by the sum of two Gaussians
for both PV-compatible and PV-incompatible samples. An empirical threshold function
is used to describe the background in the m distribution

b(x)/f 1 exp[ ¢(x m)jg+ bx m):
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