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Introduction

The violation of the CP symmetry, which is the combination of charge conjugation C and spatial
parity P, is predicted in the Standard Model of Particle Physics. The only CP violation source
is a single complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which describes
the mixing between quarks of different generations. The CKM mechanism has proven to be very
successful in describing and predicting CP violation in the neutral flavoured meson systems, but
it is not enough to explain the cosmological observations, which indicate a universe dominated by
matter with only a negligible amount of antimatter. Consequently, the particle physics community
actively seeks new sources of CP violation that might have played a crucial role in the evolution
of our universe.

The violation of CP symmetry has been first observed in the K meson system in 1964 [1] and
then discovered in B° mesons in 2001 [2, 3] and in BY? mesons in 2013 [4]. Since CP violation
effects are extremely small in D mesons, the first evidence of CP violation in the charm sector, in
the golden channels D° — 77~ and D° — KK, has been achieved by the LHCb experiment
only recently, in 2019 [5]. The study of charm physics is particularly interesting as it provides the
only probe of CP violation in the up-type quark sector. Furthermore, theoretical uncertainties on
non-perturbative strong interaction effects prevent a rigorous assessment of its compatibility with
the Standard Model. Therefore, increasing the precision of observed CP-violating effects in charm
decays is essential for advancing our understanding.

Searching for CP-violating effects in the charm sector is experimentally challenging. It requires
precise knowledge of all contributions to particle-antiparticle asymmetries in the channels of in-
terest, down to a few parts in 107%. Common approaches rely on data and necessitate calibration
channels where CP violation is much smaller than the statistical and systematic uncertainties in-
volved. Some of the most abundant calibration channels include a neutral kaon in their final states,
such as DT — K2n+, Df — K{K* and D° — K{ntm~. Therefore, modelling and precisely de-
termining the asymmetry due to the presence of neutral kaons in the final state of two-body or
many-body charm decays is of paramount importance and forms the main subject of this thesis
work.

This thesis presents the high-precision measurement of the asymmetry in detecting neutral
kaons, K° and K°, produced in charm hadron decays. This asymmetry depends on the neutral
kaon’s decay time and is primarily due to three physical phenomena: the different interaction of
a K% and a K° with matter, CP violation in the K° — K° mixing, and the interference of the
Cabibbo-Favoured (CF) and Doubly Cabibbo-Suppressed (DCS) charm hadron decay amplitudes
with the K°— K° mixing. An original contribution of this thesis is the modelling of the CP violation
arising from the third effect, which occurs because a D meson can produce both a K°, via the CF
process, and a K°, via the DCS process. Since both the K° and K° have access, through mixing,
to the the same 77~ CP-even final state, the two amplitudes interfere, providing an additional
source of CP violation affecting the neutral kaon detection asymmetry. The analysis uses data
samples produced in pp collisions at a center-of-mass energy of 13 TeV, collected with the LHCb
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detector during the LHC Run 2 (2016, 2017, 2018) and corresponding to an integrated luminosity of
5.4fb~!. The neutral kaon detection asymmetry is measured using about 50 million Dt — K, drt
and D~ — K{n~ decays. The measured particle-antiparticle asymmetry in Dt — KJr T decays,
where CP violation is negligible, arises from three contributions: the different production cross
section of a DV and a D~ the different detection efficiency of the 7+ and 7~ coming directly
from the D meson decay, and the neutral kaon detection asymmetry. The first two contributions
are removed by using the DT — ¢n ™ decay sample, where the particle-antiparticle asymmetry is
similar except for the neutral kaon detection asymmetry term.

The measured values of the neutral kaon detection asymmetry at different Kg decay times
are compared with an analytical model of the system’s time evolution. This model, developed
for past charm CP violation measurements [6, 7, 8], predicts the detection asymmetry based on
the amount of detector material crossed by neutral kaon candidates. The effects included so far
were the regeneration of Kg, due to the interaction of the neutral kaons with matter, and the
CP violation in the K — K° mixing. As original contribution, this thesis extends the model to
account for an additional CP violation source, due to the interference between the CF and the
DCS amplitudes in the D — K37 decay [9]. These effects are parameterised by the ratio of the
DCS to CF amplitudes, in particular by the modulus 7, and the relative strong phase §,, defined
as

dA(Dt — KOr™)
d(D+ — KOrt)

=Tg eié" .

This additional contribution has a significant impact, especially at high decay times, and can no
longer be neglected in current and future high-precision measurements. The relevant parameters
describing this interference are measured for the first time directly from data, representing a novel
and original piece of work.

This thesis also presents the extension of the measurement of Acp(DT — ¢nT) to the 2018
Run 2 data sample, corresponding to about 2fb~! of data, not used in the published analysis of
Ref. [8]. Data samples collected in 2016 and 2017 are also reanalysed to align selection and analysis
strategies across the three data samples. Thanks to the determination of r, and 0., DT — Kin™
decays with neutral kaons reconstructed outside the acceptance of the vertex detector are included
in the analysis, allowing a more robust estimate of systematic uncertainties related to the knowledge
of the neutral kaon detection asymmetries.

In summary, this thesis provides a high-precision measurement of neutral kaon detection asym-
metry, extending the currently used model to include CF and DCS interference effects. These
advancements are applied to measure the interference parameters in the Dt — K (S)7r+ decay chan-
nel and to measure with the full Run 2 dataset the Acp (DT — ¢nt) observable. The implications
of these results are substantial for advancing current and future high-precision CP violation mea-
surements in particle physics.




Chapter 1

Mixing and CP violation in the
flavoured neutral mesons

This chapter briefly describes the phenomenology of mizing of neutral flavoured mesons, namely K°,
DY, BY, and BY, and of CP wviolation in the Standard Model of particle physics. The first sections
present a general overview of the model used to describe flavour oscillations and the phenomenology
of CP wviolation in the four neutral mesons systems. The last section focuses on neutral kaons, which
are the system of interest of this thesis, and the features of their time evolution and decay in matter
are discussed in detail.

1.1 Introduction

In the Standard Model, flavoured neutral mesons present a unique phenomenon, due to the features
of quarks weak interactions: the oscillation or mizing of a particle into its own antiparticle. Since
mixing would violate the electromagnetic charge and the baryonic number conservations, particle-
antiparticle oscillations are forbidden for all charged and neutral baryons, charged leptons, and
charged mesons. On the other hand, the Dirac or Majorana nature of neutrinos remains yet to be
determined. In this situation, particle-antiparticle mixing can only happen for neutral mesons. In
addition, it is necessary that at least one flavour quantum number, such as strangeness, charmness
or bottomness, is nonzero, so that particles and antiparticles are distinguishable. Neutral mesons
containing top quarks are excluded since the top quark does not hadronise. These conditions leave
only four mesons which can mix between particle and antiparticle states: K°(ds), D°(cu), B°(db),
and BY(sb).

Mixing of neutral mesons was first hypothesised in the kaon system. In 1955, Gell-Mann and
Pais postulated that neutral kaons are produced in strong interactions as two distinct flavour
eigenstates, K and K°, which are different from the mass eigenstates Kg and K? [10]. Only the
eigenstates of the Hamiltonian, which determines the time evolution of the system, have distinct
lifetimes and masses. The fact that K° and K° are not eigenstates of the Hamiltonian leads to
flavor oscillations. For instance, this means that a beam initially consisting purely of K° will, after
some time, contain K° as well. The long-lived neutral kaon K was experimentally observed in
1957 by Lande, Lederman, and Chinowsky at the Brookhaven Cosmotron experiment [11]. Mixing
in neutral B mesons has been observed for the first time in the B® — B° system by the ARGUS
experiment at DESY [12] and, with a big experimental effort to increase the time resolution, in
2006 the CDF collaboration has established evidence of mixing also in the B — BY system [13].
Finally, the first single-experiment observation of charm mixing was made by LHCb in 2013 [14].
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1.2. Quark weak interactions

Flavoured neutral mesons are the only' system in which there is evidence, at more than 50,
of the violation of the CP symmetry in weak interactions. The discrete CP transformation is
the combination of the charge conjugation C, which reverses the internal quantum numbers of all
particles, and the spatial parity P, which reverses the sign of spatial coordinates. Hence, if CP is
a symmetry of the universe, matter and antimatter are indistinguishable.

While strong and electromagnetic interactions preserve both P and C, and thus CP, weak
interactions maximally violate both P and C. Violation of the CP symmetry in quark weak
interactions was first observed in 1964 in neutral kaons and it was soon introduced in the Standard
Model of Particle Physics. The only source of CP violation in the quark sector is a single complex
phase in the quark-mixing matrix, also known as Cabibbo-Kobayashi-Maskawa (CKM) matrix [16,
17].  The CKM mechanism has proven to be very successful in describing and predicting CP
violation in the neutral flavoured meson systems, but it is not enough to explain the cosmological
observations, which show us a universe dominated by matter, with a really low percentage of
antimatter. For this reason, the particle physics community is searching for new sources of CP
violation, in the quark and in the neutrino sector, which could have played an important role in
the evolution of our universe [18].

1.2 Quark weak interactions

Weak interactions are responsible for both the flavour oscillations and CP violation phenomena,
which have been explained with the CKM mechanism. In the Standard Model (SM) the charged-
current interaction of the three quark generations with the W boson is described by the following
Lagrangian term:

dr,
Pivg = f% (ar e i)W, Verw | s | + hee. (1.1)
br,

where (ur,dr), (cr,sL), (tr,br) are the three generations of the left chirality spinors of the quark
mass eigenstates. From this lagrangian term we can see that the weak interaction eigenstates are
a rotation, identified by the unitary matrix Vogkwm, of the quark mass eigenstates:

dlL dL Vud Vus Vub dL
sio | =Vexm | sp | =] Vea Vs Va s |- (1.2)
b br, Via Vie Va br,

The Vexwm matrix elements describe the coupling between W+ gauge bosons and quark mass
eigenstates, also belonging to different generations, thereby governing flavour-changing interactions.

Furthermore, the presence of complex conjugate pairs V;; # V;;, due to the existence of at least

Js
one complex phase in the matrix elements, allows for CP violation to occur in the charged weak

interactions of quarks. The number of physical® independent real parameters of a complex unitary

1Tt is worth mentioning that the T2K collaboration has found in 2020, for the first time ever, evidence at 3¢ of
CP violation in neutrino oscillations [15]. Thus, neutrino mixing will become in the future years, along to the quark
sector, a powerful probe to understand more deeply the CP violation sources in the Standard Model.

2 A unitary complex matrix has, in total, N2 free real parameters. However, among them 2N — 1 parameters are
unphysical phases and do not need to be taken into account. In fact, one phase can be absorbed into each up or
down type quark field, but changing all the quark fields by one common phase does not affect Vogn. This leaves
(N — 1)? physical free parameters.
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Chapter 1. Mixing and CP violation in the flavoured neutral mesons

N x N matrix is (N —1)2, among which N(N —1)/2 are independent rotation angles between the
N basis vectors and the remaining (N — 1)(IN — 2)/2 free parameters are then complex phases.
In the Standard Model three generation of quarks exist, thus the CKM matrix is a 3 x 3 complex
unitary matrix with 4 free parameters: 3 rotation angles and 1 complex phase, responsible for CP
violation.

A common parametrisation of the CKM matrix has been introduced by Wolfenstein [19] and
the four real parameters used to describe Vogy are: A ~0.22 ;A ~0.82 ,p ~ 0.22 ;1 ~ 0.34. The
CKM matrix can be approximated up to order A* as

1— )22 A AN (p —in)
Vekm = - 1—)%/2 AN? : (1.3)
AN(1—p—in) —AN? 1

We can see that, in this parametrisation, to have CP violating effects in the theory it is necessary
that n # 0. In addition, it is clear that the magnitude of the Vekm elements depends on different
powers of A according to a hierarchical structure:

e the elements on the diagonal are close to 1, thus the transitions between quarks of the same
generations are favoured;

e the elements Vs, Veq, Vop and Vi are of the order of )\/)\2 ~ 1071 +1072, thus the transitions
between quarks of two close generations are suppressed;

o the elements Vy;, and V4 are of the order of A* ~ 1073, thus the transitions between quarks
of the first and third generation are extremely suppressed.

Based on this hierarchical structure of the Voky matrix, the hadron decay modes can be divided
into three categories, depending on which Vi elements appear in the dominant weak amplitudes:

e Cabibbo-Favoured processes, in which only the diagonal Voky elements appear in the
Feynman diagram. An example is the D* — K%7% decay, whose tree level amplitude is
proportional to V, V.

u

e Singly Cabibbo-Suppressed processes, in which one non-diagonal Voxy element appears
in the Feynman diagram. An example is the DT — ¢t decay, whose tree level amplitude
is proportional to V_ V. * ;

csus)

¢ Doubly Cabibbo-Suppressed processes, in which two non-diagonal Vg elements appear
in the Feynman diagram. An example is the D — K%zt decay, whose tree level amplitude
is proportional to V_,V,*;

us?

1.3 Mixing in flavoured neutral mesons systems

The theoretical formalism describing the time evolution and the mixing of a generic flavoured
neutral meson is well established and it is described in depth in the literature, for example in
Ref. [20]. Here, the most important results, relevant for this thesis work, are briefly overviewed.
In the following, a generic flavoured neutral meson is referred to as MY, which stands for K°,
DY B° and B%. A M° — MY system can be described by a phenomenological model that involves
non-relativistic quantum mechanics, which consists in a two level system. This simplified formalism
can be derived using the Wigner-Weisskopf approximation [21], based on the fact that the times ¢
under consideration in the weak evolution are much larger than the typical time scale of the strong
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1.3. Mixing in flavoured neutral mesons systems

interaction and weak interactions are considered as a perturbation to the strong ones. The time
evolution of the system is then determined by an effective Hamiltonian, H, which describes the
effects of the weak Hamiltonian at second order in perturbation theory. H can be split into an
unperturbed part, whose eigenstates are the flavour eigenstates |M°) and |M°) and the eigenvalues
are both equal to the mass M, and a perturbation, the weak Hamiltonian H,,. The generic state
of the system can be written in the {|M°),|MP°)} basis as:

[%(t)) = a(t) [M®) +b(t) |M?) (1.4)

where a(t) and b(t) are time dependent coefficients. The initial state is given by a general superpo-
sition of the flavour eigenstates. The time evolution of a general initial state [1(0)) can be found
solving the Schrodinger’s equation:

.0
i [9(0) = H [¢(1)). (1.5)

In the basis of the flavour eigenstates, the Hamiltonian of the system can be written as a 2 x 2
effective matrix, which is not hermitian since the neutral mesons can decay in a set of final states:

H=M - %r, (1.6)
where M and T are hermitian matrices that describe the time evolution of the M° — M? system,
including the (M°, M?) < (M°, M?) transitions. In particular, M describes dispersive flavour
transitions via off-shell intermediate states, while I'" describes the absorptive transitions, which
occur through on-shell intermediate states. In general, H depends on 8 free real parameters,
M;; and I';5, which can be computed from the unperturbed and weak Hamiltonian. If the time
evolution described by H is invariant under some combinations of the discrete transformations
P,C,T, the 8 parameters must respect some conditions, summarised in table 1.1. In the case of

Symmetry Conditions
CPT My =Moo =M |, T3 =T9="
cpP Miyy=Myp=M , T13=Tw=T" , STi/M32=0
T S[C12/M12]) =0

Table 1.1: Summary of the conditions that the H free parameters must fulfil to have the reported
symmetries in the theory.

weak interactions, the theory is invariant under CPT and the matrix elements can be written in
the following form [20]:

Mij_M-5”+<MZ|Hw|MJ>+§f:P W, I (1.7)
Tij =2y 8(M — Ef) (M;|Hy,|f) (f|Hu|M;), (1.8)

f

where |M;) = |[M°), |My) = |MO>, and P indicates the principal part of the sum over the possible
final states |f), each with energy E;. To study the time evolution of neutral mesons it is useful
to define the two eigenstates of the total Hamiltonian, |My, 1), related to |[M°) and |M°) in the

12



Chapter 1. Mixing and CP violation in the flavoured neutral mesons

following way:

_ M, — T, /2
My ) = p|M° M ith 4= [Pi27 a2/ 1.9
|Mp,L) =pIM°) Fq|M°)  wi » My —iT1a/2 (1.9)
The corresponding eigenvalues \p ;, are:
A M=tr+®(a,—ir ip (1.10)
=M - — = - — =m — = .
H,L 2 p 12 2 12 H,L 2 H,L,

where the real and imaginary parts my,; and I'g 1, are related to M and I':

mu +mp and I'= 7PH 1

M:
2 2

(1.11)
The time evolution of initial flavour eigenstates |M°) and |MP°) can be found from Schrédinger’s

equation and using the fact that the eigenstates |[My 1) evolve with a phase: exp (—iAg,t). From
this, we get the time evolution for a state that was initially a pure |[M°) or |M?°):

MO(D) = gu(t) |MO) + g () |BI°) it 4 gint
p with gi(t):f (1.12)

MO(t)) = gg_a) |MO) + g, (t) |MT°)

Therefore, it is possible to derive the time-dependent expressions for the mixing and non-mixing
probabilities, which are:

PMO(E) - MO) = PFI(t) — 1) = g ()] (1.13)
POMO() - II°) = \q Jo- ()P (1.14)
P(N(1) > M) = \’;‘ Jo- ()P (1.15)

The probability of preserving the initial flavour is the same for both the particles and the anti-
particles, whereas the mixing probability is different if the initial state is a M° or an M? only if
|g/p| # 1. Therefore, a measurement of this quantity different than 1 is a direct evidence of CP

violation in the mixing in the MY — M? system. The term |g4(¢)|* can be explicitly written as:

e Tt [cosh(yI't) £ cos(xT't)], (1.16)

DN =

2
lg=(®)]” =
where the mixing parameters x and y are defined as:

mpg —mpg

'y —TI'
F e——

2r

x and Y (1.17)
These two parameters determine the behaviour of the oscillations of neutral flavoured mesons. In
particular, the x parameter, related to the mass difference between the two physical eigenstates, is
proportional to the rate of the oscillations. On the contrary, the y parameter, proportional to the
decay width difference, appears in the hyperbolic cosine term and determines the difference in the

exponential decay trend.
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1.4. Mixing phenomenology in flavoured neutral mesons

1.4 Mixing phenomenology in flavoured neutral mesons

Despite the mixing model being the same for all the neutral mesons systems, the values of  and
y, which determine the behaviour of the oscillations, vary significantly between them, as shown in
table 1.2 and figure 1.1. These big discrepancies depend on the different interactions contributing
to the matrix elements responsible for the transitions, Mis and I'15. The amplitudes contributing
to the mixing diagrams can be divided in two categories:

e short-distance contributions, which involve the exchange of virtual particles off the mass
shell only, mainly W bosons and heavy ¢, ¢ or b quarks. The box diagrams that describe the
oscillations of f; fo mesons with off shell ¢ and ¢’ quarks in the loop are roughly proportional
to (Var, Voir, ) (Vi £,V 1, ) - (g /mw ), where my is the mass of the lightest quark. In the case
of D° mesons, the dominant contribution is given by ¢ = ¢’ = b, while for down-type mesons
we have ¢ = ¢/ = ¢, t.

f2

e [ong-distance contributions, which are characterised by the exchange of hadrons on the mass
shell. In this case the oscillation can be interpreted as the decay of the meson to a common
final state, which then recombines to form the opposite flavour meson. For this reason the
size of this contribution is proportional to the phase space shared by the meson and the anti-
meson. In the following diagram, the blob stands for low-energy QCD interactions, possibly
involving the exchange of hadrons on the mass shell.

The differences in the phenomenology of the four neutral mesons systems can be explained as
follows.

e In K° mesons, M, is dominated by short-distance contributions with the exchange of two
charm quarks and, as a minor correction, top quarks. On the contrary, I';5 is dominated by
long-distance contributions, which can be easily computed, since there is a small number of
possible K final states and they are almost all shared by the K°. An interesting property
of neutral kaons that has significant experimental implications is ¥ ~ 1, which means that
the two physical eigenstates have lifetimes differing by nearly three orders of magnitude. For
this reason, historically the two eigenstates have been identified by their lifetimes and called,
as discussed in detail in section 1.6, K-short (Kg, with 7¢ ~ 0.89 x 10719 s) and K-long (K7,
with 77, ~ 5.2 x 1078 s).

14



Chapter 1. Mixing and CP violation in the flavoured neutral mesons

e The mixing in B® and B? systems is dominated by short-distance contributions, in par-
ticular by the exchange of two top quarks off the mass shell, thus the magnitude of M, i.e.
of x, is much larger than that of I'j5, i.e. of y, which is very small ~ 1072 — 1073, More
specifically, the long-distance contributions are suppressed because there is a large number
of possible final states for the B°, but just a small fraction of them are accessible to the B°.
In both the B and B? systems, = has a large value and the flavour oscillation frequency is
significantly higher in B? than in B°, due to the fact that |Vis| > |Vial.

e In D° mesons the short-distance contributions are extremely suppressed with respect to
the other down-type neutral mesons, mainly because the masses of the internal down-type
quarks in the box diagrams, which break the GIM cancellation at loop level, are much smaller
than that of the top quark. The dominant long-range contributions are extremely difficult
to compute in the case of D° mesons, because the number of accessible final states is larger
than for the K°, but the ¢ quark is not heavy enough to exploit power series expansions
used in heavy quark effective field theories as in the case of B and B? mesons. The long-
range contributions are then computed under several assumptions, as shown in [22], and,
the Standard Model theoretical predictions for mixing (and CP violation) parameters span
several order of magnitudes, as discussed in [23]. The direct experimental effect is that both
z and y are very small (~ 0.5%), thus the mixing is extremely difficult to observe, as shown

in figure 1.1.
1.0 e
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Figure 1.1: Mixing and no-mixing probability for the four neutral flavoured mesons as a function
of time, assuming |¢/p| = 1. In each plot, also an exponential function, which corresponds to the
no-mixing probability in the case z = y = 0, is shown. To be noted that in the D° — D plot the
probability is in logarithmic scale, since mixing effects are extremely suppressed, and the no-mixing
probability is indistinguishable from the exponential.
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1.5. CP violation in flavoured neutral mesons

System T Y Refs
K% —K° | —0.946 4+ 0.004 0.99650 £ 0.00001 [24]
D°— DY | (0.407 £ 0.044)% (0.647 £ 0.024)% [25]
BY—B% | 0.769 & 0.004 0.001 £ 0.010 [25]
BY—B% | 27.0340.09 0.126 & 0.007 [25]

Table 1.2: Current experimental status of the mixing parameters in the flavoured neutral mesons
systems in which flavour oscillations have been measured.

1.5 CP violation in flavoured neutral mesons

The presented model for time evolution of neutral flavoured mesons includes also the effects due
to CP violation in the mixing, which depends on the condition |¢/p| # 1. However, CP violation
in the M° systems can also occur in the decay to a generic final state M° — f. In this section,
the different types of CP violating effects are presented and classified, with particular focus on the
rich phenomenology of neutral mesons systems.

To observe CP violation in a generic process i — f it is not sufficient that the amplitudes of the
process and of its CP conjugate are different. In fact, the observables we have access to are usually
related to the squared modulus of the total amplitudes of the process and of its CP conjugate.
The necessary condition to observe CP violation in the decay is then:

observable CPV ini — f <= [d(i — f)|> # |4 — ?)‘2 (1.18)

It is easy to see that this condition holds only if these total amplitudes are given by the sum of
at least two amplitudes with different strong and weak phases. In particular, the total amplitude
must be written in the form

2

(i — )P = > el — f)| (1.19)

k

where the amplitudes have different strong phases o i, which originate from final state interactions
in the hadronic systems and don’t change under CP conjugation, and weak phases a, ;, which are
related to the complex phase in Vogy and do change under CP conjugation. If we apply CP to
these amplitudes, they transform in the following way:

(i = ) = |ag| ek eiowr Ly g (G F) = |ag] ek ek, (1.20)
Thus, the CP asymmetry in the ¢ — f process can be written as:

st(i = )I” — |G — )|’
st(i = I + |G - P
QZij |laillaj]sin(o,; — o 5) sin(Qw,i — Q)

2o lail® + laj? + 2as||aj] cos(as,i — o) cos(am,i — ovw,j)

Acp(i— f) =
(1.21)

)

showing that Acp(i — f) # 0 only if there are at least two amplitudes with ay,; # «, ; and

oy i 7é Qop, 5 -
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Chapter 1. Mixing and CP violation in the flavoured neutral mesons

Classification of CP violating effects

In processes that involve neutral flavoured mesons (K% D° B° BY) there can be three kinds of
CP violation, which are schematically illustrated in figure 1.2:

1. CP violation in the decay, when the width of the processes involving particles and antiparticles
are different. This type of CP violation can occur for any initial neutral or charged particle
M = M°, M, under the condition:

A(M — )] # (M — F)|”. (1.22)

The main observable to quantify CP violating effects is the direct CP asymmetry, defined as:

A(M — f)° - [4(M —
A(M — f)” + [oA(M —

)
)

2
Acp(M — f) = 3 (1.23)

f

!

2. CP violation in the mixing, when the mixing probabilities are different for mesons and an-
timesons:

P(M° — M) # P(M® — M?), that means |q/p| # 1. (1.24)

3. CP violation given by the interference between decay and mixing, possible only if the final
state is accessible both by the particle and the antiparticle. The condition to have this third
kind of CP violation with a CP invariant final state® (f = f) is:

N . q-A(M° = f)
\SP\f] #0 with A = m (1.25)

The main observable to quantify CP violating effects in neutral mesons systems is the time-
dependent CP asymmetry, which can be expressed as:

S sin (2I't) — Cy cos (2I't)
cosh (yT't) + (1 — C} — S7) sinh (yI't)’

Acp(M°(t) — f) = (1.26)

. 1— a2 23[\/]

In particular, Sy describes the interference between mixing and decay and vanishes if 3[A;] = 0.
On the other hand, C is non-zero in the case of CP violation in the mixing or in the decay, since
IAfl =la/pl- [A(MO® — f)/sd(M° — ?)’2 # 1 if at least one of the two terms is different than one.
Furthermore, if there is only CP violation in the decay, a ¢ = 0 we find the expression for direct
CP asymmetry in (1.23):

)2

Acp(M° — f) = Acp(M°(0) = f) = —Cy = - — (1.27)

(MO = I + [ (3T = )|

3This type of CP violation can also occur for a final state accessible to both M9 and M° but not CP invariant.
In this case, the condition becomes [Af] 4 %[)\7] =0
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1.5. CP violation in flavoured neutral mesons

‘CP Violation in the decay‘

MO f |2 MO / |2

| =@

‘CP Violation in mixing‘

‘Interference between decay and mixing‘
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|~~~ +——CO~— | | ~p—+—O—p— |

Figure 1.2: Schematic representation of the three possible types of CP violation in flavoured neutral
mesons in a general M°® — f decay process.

Phenomenology of CP violation in neutral mesons

CP violation has been first observed in the K meson system in 1964 [1| and then discovered in B°
mesons in 2001 [2, 3] and in B? mesons in 2013 [4]. Since these effects are extremely small in D
mesons, the first evidence of CP violation in the charm sector has been achieved only recently, in
2019 [5], by the LHCDb experiment. In table 1.3 the current experimental status of CP violation in
neutral mesons system is summarised.

In K mesons, all three types of CP violation have been observed. The first evidence of CP
violation in the mixing occurred in 1964 [1], and it is characterised by the parameter £*, currently
measured to be |e| = (2.228 £0.011) x 1073. The first evidence of direct CP violation in the decay
of a neutral kaon into the CP even final states 7+ 7~ and 77" was achieved in 1988 [26], when the
double ratio R of the relative decay rates of the K{ and K? into two charged and two neutral pions
was measured to be different from one. This discovery was then confirmed in 1999 by the NA48
experiment at CERN and the KTeV experiment at Fermilab [27, 28], which measured a non-zero
value of the parameter R(&’/¢)5.

In B mesons, evidence of CP violation in the interference between mixing and decay has been
established at more than 50. However, no clear evidence of CP violation in the mixing itself has
been observed. The first measurement of the time-dependent CP asymmetry in BY — J/¢ K de-
cays has been achieved by the BaBar and Belle collaborations [2, 3|, which measured, respectively®,
sin(28) = 0.59 £ 0.14 (stat) £ 0.05 (syst) and sin(2¢;) = 0.99 £ 0.14 (stat) £ 0.06 (syst). Direct CP
violation in the B° system was first observed by the LHCb collaboration in 2013, through mea-
surements of CP asymmetries in the decay of B — K*7~ [29]. In the BY system, direct CP
violation was first established by the LHCb collaboration in 2013, in the B? — K~ 7" decay [4].

In the case of D mesons, only CP violation in the decay has been observed. In particular, in 2019

4¢ is related to the g/p ratio in the kaons system, as defined in section 1.6, and || # 1 implies |¢/p| # 1, i.e. CP

violation in the K9K? mixing.

5%(¢) quantifies the CP violation in the mixing, while R(¢’) quantifies direct CP violation in w7 decay modes,
due to the interference between the amplitudes into final states with different isospin.

641 and B are both related to arg(=V_, V24 /V,,V;;) and are thus a measurement of CP asymmetry arising from
the interference between B — B® mixing and decay in the tree-dominated b — c€s transitions, such as into the
abundant J/¢y K CP odd final state.
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Chapter 1. Mixing and CP violation in the flavoured neutral mesons

the LHCD collaboration reported evidence for CP violation in the difference of time-integrated CP
asymmetries in DY — KTK~ and D° — 777~ decays, with the measured asymmetry difference

AAcp = [-15.4 £2.9] x 10* [5]. This marked the first observation of CP violation in charm
decays.

System CPV 1 type CPV 1I type CPV 111 type

K% - K° K —nm K —nm K —nm

DO — DY DY s ntr~ and D° - KTK— — —

70 _ _
B?s) — By B - Ktn=,BY - K—nt — B — J/¢ K%
b— cud, b— ccd...

Table 1.3: Review of the main channels used to measure CP violating effects at more than 50 in
the different neutral meson systems. More details can be found in Ref. [30].

1.6 The system of neutral kaons

So far, the presented model describes the time evolution and flavour oscillations of neutral mesons
in vacuum before their decay. In the case of D° and Bf,) mesons, the lifetimes of the two mass
eigenstates almost coincide (y < 1) and are of the order of 0.4ps and 1.5 ps respectively. For D°
and B?s) mesons produced at hadron colliders, which are significantly boosted in the laboratory
frame, this translates in an average distance before the decay of ©(mm — cm). For this reason,
in the case of DY and B?S) mesons it is possible to neglect the presence of matter and to always
assume their evolution to occur in vacuum before the decay process.

For neutral kaons, the situation is quite opposite: since y ~ 1, the two mass eigenstates have
very different lifetimes, both significantly larger than those of the other neutral flavoured mesons
(15 ~0.89%x 10710 s and 77, ~ 5.2x 10~® 5.) The average travelled distance, considering the neutral
kaons boost, can be estimated to be Sycrg 1, with cTg &~ 27 mm and c¢77, ~ 16 m. In an experimental
setup, 37 can reach values of the order of 10 — 100, thus even a K§ can travel an average distance
before the decay of ©(m)”. Since, experimentally, neutral kaons are reconstructed after having
decayed into other particles, they can only be revealed after having travelled a significant distance
inside the detector material. For this reason, it is necessary to build a model for the time evolution
of neutral kaons in matter, taking into account also the contributions to the Hamiltonian given by
the interaction between a K° or a K° with nucleons.

The phenomenology of neutral kaon mesons is different from other neutral flavoured mesons,
and therefore it is worth first introducing the notation used in literature to describe their time
evolution in vacuum. Subsequently, the effect of the different interaction of a K° or a K° with
nucleons on the mizing phenomenon will be discussed and, finally, the expression for the neutral
kaon detection asymmetry in matter will be derived. This is an essential ingredient of the work
described in this thesis.

"The Lorentz factor 87 is given by the ratio between the neutral kaon momentum and its mass. For instance, if
we have a Kg with p ~ 30 GeV/c, its boost is By ~ 60, thus the average travelled distance can reach a few meters.
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1.6. The system of neutral kaons

1.6.1 Time evolution of neutral kaons in vacuum

A K% — K° system can be described with the model introduced in section 1.3, where the generic
state of the system can be written in the {|K),|K°)} basis as:

[V (t) = a(t) |[K°) +a(t) | K°) . (1.28)

In this basis, the Hamiltonian of the system in vacuum can be written as a 2 X 2 matrix, which
fulfils the conditions required by the CPT symmetry,

My — iTx Mo — il

, A (129)
M7y — 51y Mk — 3Tk

)
Hvacuum =M-_-T=
2

The two eigenstates of the Hamiltonian in vacuum, |Kg, 1), are usually written in terms of a
complex parameter e, related to the ¢ and p parameters in (1.9):

K9) = e (491K = (1-2) )
(1.30)
) = e (49K 4 (1) ).
The parameter € describes the CP violation in the mixing, since, if € # 0, we have
‘g‘-“fi £1. (1.31)
In terms of the eigenstates, the |[K°) ,|K°) states can be written as:
o) = [y + xe).
(1.32)
Ry =y 2 k) - k).
The eigenvalues Ag 1, are expressed as:
As,L = ms,L — %FS,L7 (1.33)

where their real and imaginary parts mg  and I's; are related to the matrix diagonal elements
MK and FKt
Fg+T
My = ms +mr and Ty = Istlr (1.34)
2 2
It is also useful to define another basis for the 2D states, composed by the CP eigenstates
|KY) and |KY), defined as: CP|KY) = +|K}) and CP|KY) = —|K$). Using the convention

20



Chapter 1. Mixing and CP violation in the flavoured neutral mesons

CP K" = — |K"), these eigenstates can be written as:
= KO IR
1 \/§ )
(1.35)
= KO IR)
2/ — \/E )
or, in terms of |K?) and |KJ), as:
KD — |KT) + ¢ |K3)
i VITIER
(1.36)
oy <D eI
0y = :

1+ [e|?

This last relation shows that if ¢ = 0 the Hamiltonian eigenstates correspond to the CP ones
(K3 = K? and K? = K9), i.e. CP is a symmetry of the theory.

1.6.2 Interaction of K° and K° with matter

The evolution of neutral kaons in matter has been studied and modelled for the first time in 1955
by Pais and Piccioni [31] and Good [32], with the aim to explain the so-called regeneration of
neutral kaons. A wide description of the phenomenon can be found in Ref. [33], but here the main
features of interest to this thesis work are presented.

The K@ regeneration phenomenon is based on the fact that strong interactions with matter
are different for the two strangeness components (K° and K°) of a neutral kaon: if a pure beam
of K? (composed at ~ 50% — 50% by the flavour eigenstates) is sent into a layer of material,
called regenerator, the K9 and K° components interact differently with matter, thus the relative
strangeness composition of the state is altered. As a consequence, beyond the material it is possible
to reveal a KQ component, not present at the beginning. The K component can be identified
by its decay into two pions, a process that is extremely rare for the K. Therefore, an increase
in the number of observed two-pion decays beyond the regenerator provides clear evidence of Kg
regeneration (figure 1.3).

This phenomenon is due to the fact that the total interaction cross section of a K is higher
than for a K° and that the phase shift inside matter is different for the K° and K° wavefunctions.
In particular, neutral kaons can interact in two main ways with nucleons: absorption, which makes
the K° component disappear faster than the K° one, and elastic scattering, which alters the
relative phase of the K° and K states.

In the case of absorption, both K° and K° are allowed to create charged kaons, respectively
K'+p—n+ KT and K4+ n — p+ K, with similar cross sections. However, a K° can also
create hyperons, mainly through the processes K° +n — A%7% and K° + p — A% T. In contrast,
the equivalent process is forbidden to a K°, because a hyperon containing a 5 quark and with
baryon number % = +1 does not exist. Therefore, a K° can be absorbed in matter with higher
probability than a K°.

The regeneration due to elastic scattering can be divided in two categories: coherent regener-
ation, in which the contributions of all the scattering centres of the material add up coherently
in the forward direction and the state of the regenerator material remains unchanged; incoherent
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Figure 1.3: Schematic illustration of the K regeneration, taken from the original paper [31]. Until
the 1960s, the neutral kaons were referred to as #°. In this representation, a high-energy 7~
beam interacts with nucleons, in the thin target A, and produces K° mesons, for example in the
7 p — A°KY. The Kg component of the K9 beam decays after a short distance into two pions,
leaving a pure K beam. The K{ beam enters then in the thick absorber B, in which the K°
component is strongly reduced. For this reason, the neutral kaon beam emerging from B contains
now also a K$ component, revealed by its K§ — 7~ decay.

or diffraction regeneration, arising from the contribution of individual scattering centres, due to
the difference in the finite-angle scattering probability for a K° and a K°. This second type of
regeneration has been neglected in this thesis, following the work described in Ref. [34], thus from
now on the considered interactions of neutral kaons with matter are absorption and forward elastic
scattering.

To model the time evolution of a K°— K system in matter, it is necessary to include in the total
Hamiltonian another term, which describes the interaction with the nuclei of the medium. This
new term takes into account the fact that a K° and a K° have a different interaction cross section
with nucleons and, since it can’t induce flavour transitions, it can be written in the (|K°),|K?))
basis in a diagonal form:

XKO 0
Hmatter = X = ) (137)
0 X}?()

where ygo and Xxgo are complex coefficients related to the interaction between neutral kaons
and the nucleons in the material. In particular, their imaginary part describes absorption in the
material and the real part phase shifts (dispersion) due to elastic scattering,.

The time evolution of neutral kaons in matter can be determined by solving Schréodinger’s equa-
tion, using both the Hyacyum and Hyagier contributions, which can be expressed in the |K°) | |K?)
basis (see (1.28)) as:

ot \ at) My — 5T M =50+ X af(t)

The solution to this equation most common in literature is expressed in the |KQ),|K}) basis,

22



Chapter 1. Mixing and CP violation in the flavoured neutral mesons

defining the coeflicients aig(t) and ap (t) to describe a generic state of the system:
[9(t)) = as(t) |KS) + ar(t) |KL) . (1.39)

From Schrédinger’s equation one can then derive Good’s equations:

20 (g MOEXRS) gy (XEXE ) ), (1.40)
2080 _ (g g XIEXRL 54 (X0 ZXRY ), (1.41)

which have the following solutions (Ref. [34]):

, 0)AN — ar(0)A

ag(t) = e ™t (aS(O) cos Qt + ias( ) 2QaL( ) Xsin Qt> , (1.42)
, 0)AX + as(0)A

ap(t) =e =t (aL(O) cos (Ut — iaL( ) 2QQS( ) X sin Qt) ) (1.43)

where the following parameters are defined:

1
e A=) —Ag=Am— EAR which depends on the eigenvalues of the vacuum Hamiltonian
term;

e Ax = Xko — Xfo, which depends on the material properties and will be estimated in the
following paragraphs;

1
e )= B v/ AM2 + Ax2, which determines the time dependence of ag and ay;

e ¥ = - (As+ AL + XKo + Xfo), which is a common complex exponential term to ag(t) and

ar,(t), describing the absorption of the strangeness components as well as the decay of the
mass eigenstates. In particular, the decay width of the neutral kaon state in any final state

is proportional to:
= t (Ts+Tg
le™™"] = exp (—2 (2 + S(x ko + XKO))) ;

However, the quantity of interest in this thesis, as explained in section 1.6.3, is the neutral
kaon asymmetry, defined in (1.51) as the asymmetry between the decay widths of a K° and
a K° in a common final state. Since both the K° and K° decay widths are proportional to
the same |exp (—i%t)|? term, any dependence on ¥ cancels out. For this reason, ¥ will be
omitted in the rest of this thesis.

The difference Ax = xxo — X0 determines the time evolution of neutral kaons in matter, as
shown in equations (1.42) and (1.43). In particular, Ay is responsible for the KQ regeneration
phenomenon, observed for the first time in the Pais and Piccioni experiment: even if the initial
beam has only the K? component, i.e. ag(0) =0, as(t) can be non-zero thanks to the presence
of a Ax # 0 term. The imaginary part of Ax describes the regeneration due to absorption, while
the real part describes the coherent regeneration due to dispersion (phase shift) of the K° and K°
states.
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1.6. The system of neutral kaons

It is possible to express the xxo and X coeflicients as a function of the neutral kaons mo-
mentum p and of the material properties, namely the nucleon density n and the total interaction
cross section of a K° or a K° with nucleons, respectively oo and o o In quantum mechanics,
working under Born’s approximation, the matrix elements x o and x zo can be expressed in terms
of the scattering amplitudes at a general angle € in the interaction of a K9 or a K° with nucleons,
respectively fro(0) and fzo (). In this thesis, as already discussed, the scattering of neutral kaons
at finite angles is neglected, thus xxo and X depend only on the forward scattering amplitudes

fKO (0) and fl?o (0)

2mn 2mn
XKo = . fro(0) and Xigo = . fro(0), (1.44)

where M is the neutral kaons mass and n is the nucleons density in the material, which can be
expressed in terms of the density p and atomic weight A as:

N
n=" AA , with N4 the Avogadro number. (1.45)

A crucial parameter is the difference between the forward scattering amplitudes, Af = fz0(0) —
fro(0), which needs to be determined in order to estimate the parameter Ay and the time evolution
of neutral kaons in matter:

e the phase of Af has been determined using the phase-power relation (Ref [35]):
arg Af = (—124.7£0.8)°.

e the imaginary part of Af is related, via the optical theorem, to the difference between the
total interaction cross section of a K° and a K° with matter, including both the absorption
and forward scattering contributions:

AG =00 —0go = 4—7TIm (Af), (1.46)
p

where Ao, describing the interaction between neutral kaons with momentum p and nucleons
with atomic weight A, can be written (Ref. [35]) as:

93.9 . A(0.75820.003)
Ao(p,A) = (p[GaV/0611)

mb .. (1.47)

Therefore, Af can then be written as a function of the atomic weight of the material and of the
neutral kaon momentum:
pAc(pA) L aen
A A) = iarg Af 0.386 -AO'758. 1.48
f(p, 4) 47 sin (arg Af) ¢ xp (1.48)
Finally, the quantity of interest for the time evolution of neutral kaons in matter, Ay, can be
expressed as:

2pN.
Ax = oA
My A

Af o pO386. . 40242 (1.49)
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Chapter 1. Mixing and CP violation in the flavoured neutral mesons

Parameter Measured Value Ref.
Mg (497.611 £ 0.013) MeV /c? | [36]
Am (0.5293 £ 0.0009) h/s [36]

TS (0.8954 £ 0.0004) - 10710 s | [36]
I (5.116 £0.021) - 10~ % s [36]
] (2.228 4 0.011) x 1073 [37]
arge (43.5+0.5)° [37]
arg Af (—124.7 £ 0.8)° [35]

Table 1.4: Experimental measurements of the parameters used to estimate the neutral kaon asym-
metry in matter.

1.6.3 Decay rate and time-dependent asymmetry

The decay channel used in most of the experiments to identify a neutral kaon is in two charged
pions, |f) = |7 T7~), which is a CP-even state. The K°/K® — 777~ decay is Cabibbo-Favoured,
with a dominant tree-level amplitude which depends on the CKM matrix elements V,_ V,*,. For this
reason, even though direct CP violation in this decay channel has been observed with a significance

of more than 50, it is extremely suppressed, as shown by the measurement® of:

T(KP° +r=) - T(KO + =
A = LB =mtm ) 2D = mm) 5 4 .05) x 10°°,
MK = atn=) + I(K° — ntn)

The direct CP violation in the K — 777~ decay is significantly smaller than the typical uncer-
tainties on the phenomena of interest in this thesis, namely CP asymmetries in charm decays,
which have uncertainties of the order of 6(10=% — 1073). Therefore, direct CP violation has been
neglected in this thesis. This translates in assuming the following equality between the amplitudes,
A(KY - 7t77) = —d(K° — 7t7~), which can also be expressed in the form (777~ |K§) = 0.
This means that the final state 77~ is only accessible to the CP-even eigenstate |[KY). The decay
rate into two pions of a general neutral kaon state ¢k (t) can thus be computed as:

DOk (1) = 777 o [fam e () o¢ [ ol (1) + eal )] (1.50)

where [ (1)) = o) () | KQ) + i) (1) | KD .

The expression of the decay rate as a function of the kaon decay time, derived above in equation
(1.50), allows to compute the time-dependent asymmetry for any initial state [¢/(0)), given its
coefficients in the {|KQ), |K?)} basis, agwf) (0). Considering as initial states the flavour eigenstates

8This measurement of the CP asymmetry in the K° — 7+~ decay channel is based on the measurement of
Re(e’/e) = (16.3 & 1.6) x 10™4, as discussed in section 8.3 of [20].
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1.6. The system of neutral kaons

K and K, the time-dependent asymmetry can be written as:

Ot) = atn™) —T(K°(t) = nt7n)

Arg(t) = 0() = ntm) + D(KO(t) — ntn-)

s F(

(1.51)

70 =0 2 0 0 2
1) + 2ol = ol @) + 2l )]

— — 2 2
2l (1) + 20l ) + o) + 2ol )

where the coefficients agg)(t) and a(S{?LO)(t) are determined using equations (1.42) and (1.43), and

the initial state coefficients agKLU)(()) and a(SELO)(O) for the flavour eigenstates are (see Eq. (1.32)):

L+ 1 50 1+1e)2 1
KO . (K°) — . d (K7) — . .
o (0) > ad o) et et

— i L+ -1 70 T+ 1
KO . (KO) — — . (K7) = _— .
ag ’(0) 5 T2 and aj; ’(0) 5 T

The time-dependent kaon asymmetry, due to mixing-induced effects, such as regeneration and CP-
violation in the kaon system, is crucial for high-precision measurements of CP violation in charm
hadrons, as discussed in chapter 2. The approximate model derived here needs some external
inputs, including the precise knowledge of the material properties (density p and atomic weight
A), and of the kinematics of neutral kaons passing through the detector material (momentum p
and decay time t). These aspects are discussed in chapters 6 and 7.

This final result is based on several assumptions worth reiterating. First, as mentioned at the
beginning of section 1.6.2, only forward elastic scattering is included in the matter Hamiltonian
term of eq. (1.37). This approximation is particularly valid for ultra-relativistic kaons, for which

(1.52)

deviations from a linear trajectory due to material interactions are negligible. Secondly, nucleons
in the material are assumed to be homogeneously distributed and kaon energy variations due to
interactions are neglected. While these assumptions are difficult to test purely from a theoretical
point of view, they are widely accepted in the literature with great precision [34]. The compatibility
between the model and the data, as shown in this thesis, can provide useful insights once all
systematic uncertainties are properly accounted for, as discussed in chapter 7.

As an example, the time-dependent neutral kaon asymmetry is shown in figure 1.4, with the CP
violation and material contributions. Since this formalism will be applied to study neutral kaons
produced in charm hadron decays and reconstructed by the LHCDb detector, typical values for the
kaon decay-time interval (¢/7gy € [0,3]), momentum (p = 30 GeV/c), and material parameters are
chosen.
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in the flavoured neutral mesons
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Figure 1.4: Prediction of Agy(t), according to equation (1.51), on a wide time range (left) and on
a time scale typical of an experimental environment (right). The asymmetry has been computed
assuming a monochromatic distribution in momentum of the kaons (p = 30 GeV/¢) and a homoge-
neous material with A = 27 and p = 0.05 g/ cm®. The material contribution has been computed
by setting AX = 0 and the CP violation contribution by setting Ax = 0, while the interference
between the two has been estimated as the difference Aror — (Aaps + Acpv)-
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Figure 1.5: Neutral kaon asymmetry assuming different materials and neutral kaon momenta,
on a wide time range (left) and on a time scale typical of an experimental environment (right).
In particular, we can see the effect of doubling A, p and p with respect to the A = 27,p =
0.05 g/cm® and p = 30 GeV/c hypothesis (black plot). The parameter to which the asymmetry is

most sensitive is the material density, in agreement with the dependence Ay o p

0.386 . . 4=0.242,
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Chapter 2

CP violation in charm decays and
neutral kaon detection asymmetry

This chapter presents a short overview of the current state-of-the-art of measurements of CP wvi-
olation in charm decays, with a particular focus on the CP wviolation in the decay, also known
as direct CP wviolation. The experimental methodologies for performing these measurements in
hadronic collisions are highlighted, along with the techniques for precisely subtracting production
and detector-induced charge asymmetries using calibration channels, including those with neutral
kaons in the final state. Particular attention is given to the Singly Cabibbo-Suppressed D — ¢+
decay, as a case study for measuring CP violation, and to the Cabibbo-favoured D™ — K3nt decay,
used as a powerful calibration channel in many measurements. Both decay processes are the main
subjects of this thesis.

2.1 Introduction

High-precision measurements of CP violation in charm decays are of paramount importance because
the physical asymmetries are expected to be small (1072 — 107*) and any new observation of CP
violation would provide valuable theoretical insights. Nowadays, experiments like LHCb at the
Large Hadron Collider and Belle II at the SuperKEKB Collider can collect abundant and pure
samples of charm hadron decay processes. When performing high-precision measurements with
these abundant samples, extreme care is needed as any small experimental bias must be accounted
for and eliminated. This experimental challenge requires a precise knowledge of all contributions
to the particle-antiparticle asymmetries measured in the channels of interest. For instance, the
measured 'raw’ asymmetries, obtained by counting the number of reconstructed decays, do not
depend solely on CP violation but can be influenced by various different charge-asymmetric effects.
For example, different production cross sections of D mesons and the corresponding D antimesons
can perfectly mimic a CP-violating asymmetry, as can any different response of the detector to the
decay products of a D or of a D, as discussed in section 2.2.

Both production and detection effects, commonly referred to as nuisance asymmetries, alter the
measured particle-antiparticle asymmetry of the decays of interest. Therefore, several techniques
are used to cancel such contributions and isolate the CP asymmetries of physical interest. These
techniques cannot rely on simulation, which has limited accuracy, particularly in reproducing such
subtle and small effects. Consequently, the most common approaches are based on data and require
the use of one or more calibration channels, in which the CP violation is much smaller than the
statistical and systematic uncertainties at play. These calibration decays are Cabibbo-Favoured
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2.1. Introduction

processes and have one or more particles in the initial or final state shared with the decay of
interest. The former requirement ensures that no CP violation can be detected, as Cabibbo-
Favoured transitions are largely dominated by a single amplitude, while the latter allows a robust
cancellation of the nuisance asymmetries which are shared by the decay channel of interest.

Some of most abundant and used calibration channels include a neutral kaon in their final
states, such as DT — K3, Df — K{K* and D° — K{ntn~. The modelling and precise
determination of the asymmetry due to the presence of neutral kaons in the final state of two-body
or many-body charm decays are therefore of paramount importance and are the main subject of
this thesis.

Current experimental status of CP violation in the charm sector

This section presents the current experimental status of direct CP violation in DT and D° decay
modes, defined and characterised in section 1.3. The golden experimental observable to perform
such measurements is the time-integrated CP asymmetry. In the case of DT mesons, in which
no mixing can occur, this quantity is exactly equal to the direct CP asymmetry. In contrast, in
DP decays, the time-integrated CP asymmetry differs from the direct CP asymmetry for small
corrective terms, due to the D° — DY mixing, which however have a negligible impact and can be
cancelled with precision.

Currently the main experiments searching for CP violation in the decays of charmed hadrons
can be classified in two categories on the basis of the hadron production mechanism: experiments
installed at hadron colliders, such as LHCb (pp) and CDF (pp), and experiments installed at ete™
colliders, such as Belle, Belle II, BaBar, CLEO-c and BESIII. Thanks to the high c¢¢ production
cross section in pp collisions and excellent trigger capabilities, the LHCDb experiment is currently
the major player in this field, above all in the measurements involving final states with the presence
of charged particles, while B-factories provide valuable contributions in decay modes with elusive
particles in the final states, such as neutrinos, 7°, and photons.

The first observation of CP violation in charmed hadrons decays dates back to 2019 using
the singly Cabibbo-suppressed D° — 7+7~ and D° — K+ K~ decays. The LHCb Collaboration
measured the difference between the time-integrated CP asymmetries of these two decay modes to
be nonzero at more than 50 [5]:

AAcp = Acp(D° — KYK™) — Acp(D° — 7)) = (—=15.4 4 2.9) x 107,

This is a manifestation of CP violation in the decay. The first evidence of CP violation in a
single decay channel of a D meson has been announced in 2022, thanks to the measurement of the
time-integrated CP asymmetry in the D° — K+ K~ channel alone [7]:

Acp(D® — KTK™) = (6.8 + 5.4(stat) + 1.6(syst)) x 1074

This observable allows the estimate of the direct CP asymmetry, AdCP(D0 — KTK™), being
equal to it except for corrective terms', due to D° — D° mixing, which can be estimated and
subtracted. The direct asymmetry A%,(D° — K+ K~) is found to be compatible with zero, but
it allows, combined with the previous result for AAcp, for the first evidence of a nonzero direct

!The complete expression for the time-integrated asymmetry is Acp(D? — K+K~) = AL (DY — KtK~) +
AY -(tkK)/Tpo. In particular, the correction is proportional to the AY parameter, due to CP violation in the decay,
in the mixing and in the interference, measured to be compatible with zero: AY = (—0.089 4+ 0.113) x 10~3 [36].
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Chapter 2. CP violation in charm decays and neutral kaon detection asymmetry

CP asymmetry in the D° — 77~ decay exceeding a significance of 3.8 o:

Alp(D® — 7777) = (23.246.1) x 1074,
ALp(D - KTK™) = (7.7+5.7) x 107

So far, this is the only place where a non-zero CP violating asymmetry in the charm sector is
observed. Experiments are extensively searching for CP-violating effects also in other D°, D™,

D+

s

direct CP violation in charm decays is reported in table 2.1.

and charm baryon decay channels. A brief summary of the most relevant measurements of

Decay channel | Acp best measurement [x1073] | Experiment and Ref.
DY - KtK~— 0.77 £0.57 LHCb [7]

D — wtg— 2.32+£0.61 LHCD [7]

DT — ¢t 0.05 £ 0.51 LHCb [8]

Dt — KJK+ —0.09£0.80 LHCb [8]

DY — 7070 —0.3+6.5 Belle II [3§]

Dt — o7t —13£11 LHCb [39]

D% — K2KY —-31+£13 LHCD [40]

Df —n'nt 1+14 LHCb [41]

D% — ¢y —94 + 66 Belle II [42]

Table 2.1: Summary of some of the most relevant measurements of direct CP violation in charm
decays. The uncertainty on the reported direct Acp measurements takes into account both the
statistical and systematic contributions.

Among the various possibilities currently under investigation, particularly promising are the two-
body Singly Cabibbo-Suppressed D™ and DY final states, such as DT — ¢7 ™, where direct CP
violation might arise from the interference between tree and loop-level diagrams in the Cabibbo-
Suppressed ¢ — ddu and ¢ — ssu transition amplitudes. No evidence for CP violation has been
found within a precision of a few units in 10~#. The most precise measurement of Acp(DT — ¢7 1)
was published in 2019, based on a data sample collected by the LHCb experiment in 2016 and 2017,
during the Run 2 data-taking period, corresponding to about 3.8 fb~! of integrated luminosity [8]:

Acp(DT — ¢n™) = (0.05 % 0.42(stat) # 0.29(syst)) x 1073,

2.2 Measurement of CP violation in charm

The methodologies and definitions presented in this section are applicable to a general experimental
+. or D° mesons produced in hadron

s

Unless explicitly specified, all equations are considered

environment, but the focus here is specifically on D+, D
collisions, particularly in pp collisions.
integrated over the decay time of the D meson.

The golden observable used to probe direct CP violating effects in a generic D — f decay is
the CP asymmetry, defined as:

ACP(D — f) =

I'(D— f)—T(D — f) (2.1)
D—f '

(D — f)+1I( )’
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2.2. Measurement of CP violation in charm

where I' denotes the decay width of the respective process. From an experimental point of view,
directly accessing this quantity is impossible. Instead, the raw asymmetry of the decay process of
interest is estimated using the numbers of reconstructed events N (D — f) and N(D — f):

4 (D%f)_N(D—m‘)—N(E
e  ND - f)+ND

(2.2)

This raw asymmetry incorporates various contributions, not solely the CP asymmetry of physical
interest. If the initial state (e.g. pp) is not CP-invariant, the production cross sections of D and
D mesons are different. This gives rise to a production asymmetry of the initial D meson, Ap(D),
defined in general as:

_op— D) —o(pp — D)

4p(D) o(pp = D) +o(pp — D)’

(2.3)
This asymmetry arises because the ¢ quarks produced in pp interactions can combine preferentially
with the valence quark of the colliding protons, whereas ¢ quarks need an anti-quark to form D
mesons. Consequently, a slight excess in the production of D~ and D° mesons compared to their
antiparticles can be expected.

In addition, since the experimental apparatus is made of matter, there is a detection asymmetry
between the final state f and its CP-conjugate f, denoted as Ap(f). This asymmetry includes
contributions from detector acceptance, track reconstruction, particle identification, and trigger
requirements. Generally, the detection asymmetry is defined as a function of the total detection
efficiency of a final state f:

) <)
A= e 4

The raw asymmetry can be written in terms of these nuisance asymmetries, exploiting the relations:

N(D = f)oxo(pp— D)-T(D = f)-(f)

(2.5)
x (1+Ap(D))-(1+ Acp(f)) - (1 + Ap(f))
N(D =) xalpp = D)-L(D > F) - <() 2
o< (1= Ap(D)) - (1= Acp(f))- (1 = Ap(f))- '
Inserting these relations in (2.2) and expanding all the terms we get:
Ayon(D = f) = Ap(D) + Acp(f) + Ap(f) + Ap(D) - Acp(f) - Ap(f) (2.7)

1+ Ap(D)- Acp(f) + Acp(f) - Ap(f) + Ap(D) - Ap(f)

If the magnitude of all these contributions is small (of the order of 1% or less) the total raw
asymmetry can be approximated up to order 6(107°) as:

Araw(D — f) = Ap(D) + Acp(D — f) + Ap(f). (2.8)
This equation shows that to accurately determine the CP asymmetry of a channel of interest,

it is crucial to precisely identify and subtract nuisance asymmetries. Given the typical precision
achievable in charm decay measurements, ranging from 1073 to a few units in 10™%, accurately
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Chapter 2. CP violation in charm decays and neutral kaon detection asymmetry

subtracting systematic effects cannot be achieved solely through realistic Geant-based simulations
of the detector. Therefore, it is crucial to utilise one or more calibration decay modes with the
same or very similar nuisance asymmetries as the channel of interest. The raw asymmetry of
these calibration channels includes terms such as Ap(D) and Ap(f) (or their sum), which can
be subtracted from A,q., (D — f) to isolate the observable of physical interest, Acp(D — f). It
is important to note that both production and detection asymmetries depend on the kinematics
of the reconstructed particles. Therefore, to accurately correct for these effects, it is essential to
equalise the distributions of the kinematic variables of the calibration channels to those of the
decays of interest.

This approach relies on the linear expansion used to derive the raw asymmetry in equation (2.8),
which is valid only for small nuisance asymmetries. Higher order corrections are very small and can
be safely neglected, provided that the nuisance asymmetries remain on the order of a few percent
across all allowed kinematic phase space.

2.3 State-of-the-art of Acp(Dt — o)

The measurement of the CP asymmetry Acp(DV — ¢n ™), introduced in section 2.1 and described
in Ref.|8|, utilises promptly-produced D* decays reconstructed from proton-proton collision data
collected by LHCb between 2015 and 2017, during Run 2, corresponding to about 3.8fb~! of
integrated luminosity. The experimental observable used to measure this direct CP asymmetry is
the raw asymmetry, defined as:

N(D+ = ¢nt) — N(D~ = ¢77)
Nt = ¢t )+ N(D~ = o1 )

Avaw(DT — ¢nt) = (2.9)

Araw(DT — ¢7T) can be expressed using the linear approximation as defined in (2.8), in terms of
the production and detection charge asymmetries:

A7'aw(D+ — ¢7T+) ~ AP(D+) + AC’P(D+ — ¢7T+) + AD(W+)7 (210)

where the detection asymmetry of the CP symmetric ¢ — K+TK~ mode is neglected. In order
to cancel these nuisance asymmetries and accurately measure Acp(DT — ¢rT), the Cabibbo-
Favoured DT — K27 decay is used as calibration mode?®. The raw asymmetry in this calibration
channel can be written as:

Apau(DT = Kdnh) ~ Ap(DT) + Ap(r™) + Ap(K9) (2.11)
where Ap(KYQ) is the neutral kaon detection asymmetry, integrated over the K decay time. This
term is determined separately and then used to correct the raw asymmetry of the calibration mode.

The physics observable, Acp(D* — ¢mT), is then determined as:

Acp(DT = ¢1T) = Avaw (DT = ¢rt) — [Apaw (DT — Kgnt) — Ap(KJ)] (2.12)

2In this experimental context, the K. (S) notation refers to a neutral kaon, initially produced as a flavour eigenstate,
which evolves in the detector and decays in a pion pair 777 ~. This notation is slightly imprecise since, as described
in chapter 2, the mass eigenstate Kg and the CP eigenstate K? do not coincide. Despite this imprecision, the
notation is very common in literature, being used also by the Particle Data Group [37], and it will be employed in
this thesis as well.
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Neutral kaon detection asymmetry

The methodology employed to determine the neutral kaon asymmetry, as utilised in Ref.[8], was
developed in 2014 (Refs.[6, 43]) and has remained largely unchanged over the years. It was also
recently applied in the measurement of the time-integrated CP asymmetry in D® — KTK~ de-
cays [7]. The approach is based on the model presented in chapter 2, where the time evolution of
neutral kaons in matter includes two primary sources of K° — K° asymmetry:

e CP violation in K° — K° mixing, quantified by the complex parameter ¢;

o K0 — K° asymmetry arising from the different interaction cross sections of the two flavour
eigenstates with matter, quantified by the complex parameter Ax.

In this method, the initial state of the neutral kaon produced by D* mesons is assumed to be a
pure flavour eigenstate, following the Cabibbo-Favoured decays D* — K7+ and D~ — K%,
The asymmetry of neutral kaons in a selected data sample is estimated by reconstructing their
trajectory in the detector material and computing their time-dependent asymmetry in the decay
into two charged pions, using equation (1.51).

In figure 2.1, taken from Ref. [6], the prediction for the time-dependent neutral kaon detection
asymmetry is overlaid with the observed asymmetry in DT — K'(S)w+ decays, collected by LHCb
during Run 1. The measurement of Acp(DT — ¢n ™), published in Ref. [8], uses only short-lived
neutral kaons (/7xo < 0.4), which have decayed inside the LHCDb vertex detector. The time-
integrated neutral kaon detection asymmetry, Ap(KQ), is estimated by integrating the prediction
shown in the left plot of figure 2.1, yielding a value around —7 x 10~%. In contrast, neutral kaons
that are reconstructed beyond the vertex detector, which are not included in the analysis, typically
have longer decay times and traverse a longer path inside the detector material. Consequently, the
predicted asymmetry for these kaons can increase to a few percent, as illustrated in the right plot
of figure 2.1.

The magnitude of Ap (K g ) is particularly significant because measurements of CP violation in
many charm decays are aiming for uncertainties well below the level of 1073, Therefore, under-
standing and accounting for the impact of longer-lived neutral kaons on asymmetry measurements
is crucial for achieving high precision in these experiments.
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Figure 2.1: Time-dependent neutral kaon detection asymmetry predicted from the model and
measured in Dt — KJr d7F Run 1 data. The left side shows the predicted and measured asymmetry
for neutral kaons decayed inside the LHCD vertex detector, with a decay-time range t/TKo < 0.4.
On the right side are reported neutral kaons decayed beyond the vertex detector, thus the decay
time range is wider, ¢/ Ky < 3. The dependence of the measured asymmetry on the K decay-time
is well predicted by the model also at high decay times.
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Chapter 2. CP violation in charm decays and neutral kaon detection asymmetry

2.4 Interference between favoured and suppressed decay

In the published measurement of Acp(DT — ¢rt) [8], the method used to estimate the neutral
kaon detection asymmetry in Dt — KSOWJF decays considers only the Cabibbo-Favoured (CF)
decay mode. In this channel, a Dt meson decays to a K° and a D~ meson decays to a K9,
resulting in the final state K{7*. However, the final state K{7* can also be reached by another
tree-level amplitude, known as Doubly Cabibbo-Suppressed (DCS), where DT decays to K%z
and D~ decays to K7™, as illustrated in figure 2.2.

c _ o S c o d
W+]’»< d W}‘-< 5

u u

d B B d d - - d

Figure 2.2: Left: Cabibbo-Favoured decay, with the tree-level amplitude determined by the Vioxm
elements V7V, ;. Right: Doubly Cabibbo-Suppressed decay, with the tree-level amplitude deter-
mined by the Vokw elements V3V, .
The Doubly Cabibbo-Suppressed (DCS) amplitude is indeed suppressed relative to the Cabibbo-
Favoured (CF) amplitude by a factor of about |V};V,,/VAV, | ~ 0.053, and the ratio of their
branching fractions is approximately 2.5 x 1073. Despite this suppression, the presence of both
CF and DCS tree-level amplitudes contributing to the same DT — KJ7T decay introduces the
possibility of additional CP-violating effects. Specifically, in the D* — KJrT decay, the D
meson can produce a K° through the CF process and a K° through the DCS process. Both K°
and K° can decay to the 7t7~ final state through mixing, which are CP-even eigenstates. The
interference between DCS and CF charm decays, coupled with K°-K° mixing, has the potential to
significantly impact the accurate estimation of Ap(KY), as highlighted in Ref. [9]. In this thesis, for
the first time, the model for the neutral kaon detection asymmetry in matter, initially described
in chapter 1, is extended to incorporate the interference effects between Cabibbo-Favoured and
Doubly Cabibbo-Suppressed amplitudes in charm decays featuring a neutral kaon in the final
state.

The strategy developed to incorporate the interference effect between CF and DCS decays
applies broadly to any two-body® decay process of the form D — KJf, where both a K° and
a KO can appear in the final state due to different amplitudes. However, the specific focus of
this thesis is on the D* — KQrT decay process. This choice is motivated by its significance in
the measurement of Acp(DT — ¢nt), where precise determination of the neutral kaon detection
asymmetry, including the interference between CF and DCS contributions, is crucial for extracting
accurate CP-violating parameters.

The interference between Cabibbo-Favoured and Doubly Cabibbo-Suppressed charm decays
is characterised by two real parameters: the magnitude of the ratio between the CF and DCS
amplitudes, r., and their relative strong phase, d,. These parameters are defined as:

d(Dt — Ko ™T)
d(D+ — KOz )

0nt0) ~ g e0n (2.13)

r, el

where ¢ is the relative weak phase given by ¢ = Arg{—V*V, /VXV. .} = (—6.24+0.4) x 10~*. This

3The developed framework could be applied also to many-body charm decays. However, it is necessary to keep
in mind that such processes can occur through a large number of intermediate amplitudes, some yielding a K°
and some other a K°. The extension of the presented formalism to many-body decays is not straightforward and
requires additional effort to describe all the amplitudes involved.
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2.4. Interference between favoured and suppressed decay

phase parameterises direct CP violation in the DT — K7™ decay, arising from the interference
between CF and DCS amplitudes. However, the magnitude of this direct CP asymmetry is pre-
dicted to be approximately —9 x 107> [9], which is much smaller than the achievable experimental
precision. Therefore, in the analysis described in this thesis ¢ has been neglected.

To account for the interfering contributions from Doubly Cabibbo-Suppressed (DCS) and
Cabibbo-Favoured (CF) amplitudes in the DT — Kgﬂ'+ decay mode, we need to parameterise

the initial state of the neutral kaon in terms of its flavour eigenstates, |[K°) and |K"). This pa-

rameterisation allows us to compute the coefficients ozk(;L)(O) and af{,}(O), which are essential for

predicting the neutral kaon asymmetry (see equations (1.51), (1.42) and (1.43)). The initial state
of a neutral kaon produced in a Dt — Kg7r+ decay can be expressed as a superposition of |K)
and |K?), weighted by the amplitudes of the CF and DCS processes:

1 (0)) o st(DT — Ko7t |K) + (Dt — Kont) |KO). (2.14)
Introducing the parameters r, and d,, the initial state can be rewritten as:
5 (0)) o [K®) + 1 €7 |KO). (2.15)

On the contrary, for the CP-conjugate decay D~ — KJn~, assuming that CP violation in the
charm decay is negligible?, the initial state can be expressed as:

1Y (0) o A(D™ — Ko7 ) |K°) + sd(D~ — K ™) |K°)

I 2.16
o |K%) + rpet |KO). (2.16)

The expression for the neutral kaon detection asymmetry depends on the initial coefficients of the

1 (0)) states in the |K9) — |K?) basis, denoted as ozfgi)(O) and o'®)(0). These coefficients can

be computed by performing a change of basis from equations (2.15) and (2.16). For the decay of
the D' meson, the initial coefficients for the neutral kaon state are given by:

1+ el? —1  rges
(+)
= . 2.1
as(0) 2(1+12) —< 1+e )’ (217)

1+ el? 1 raetn
) — . il 2.1
o (0) Ve ey \T-c " 142 ) (2.18)

while for the decay of the D~ meson:

(_)0 . 1+|€|2 1 7’71—67;5‘" 219
as (0) = 20+r2) \14e 1-¢)° (2.19)

(_) 0 1 + |€|2 1 Tﬂeié" 2 20
ap " (0)= 21+ \The 1-¢2)" (2:20)

4.e. that (Dt — Ko7t) = (D~ — K%°7~) and (Dt — K%7t) = d(D~ — K%7~) except for a common
phase.
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These initial state coefficients can be used to estimate the neutral kaon asymmetry, according to
the following equation:

r [ () - 7r+ﬂ T (t) ]

Apo(t) =
0 P60 (0) = wn-] + T (@) - -]

(2.21)
a§0 (1) + 20l ()]~ [a§ () + <0l ()]

2 2"
’afj) (t) + ea(j)(t)( + ‘af;)(t) + 5045-:)(75)‘
This equation allows for the analytical prediction of the neutral kaon detection asymmetry once
a limited number of parameters are provided through the coefficients agi)(t) and a(Li)(t). These
coefficients, derived in equations (1.42) and (1.43), incorporate the effects of material interactions,
CP violation in the kaon system, and the interfering contributions from both Cabibbo-Favoured

(CF) and Doubly Cabibbo-Suppressed (DCS) charm decay amplitudes.

2.5 Current knowledge of the r, and J, parameters

The parameter ¢, is challenging to measure because amplitude phases are observable only through
interference effects. However, while §, can only be predicted from a model describing strong con-
tributions to CF and DCS decay amplitudes, a rough estimate of r, can be inferred by considering
only the weak tree-level diagram. In particular, r, is approximately given by the ratio between
the CKM matrix elements in the ¢ — dsu (DCS) and ¢ — sdu(CF) transitions:

*
cd Vus

|T7f‘weak = ‘ V* VvV

csVud

~ 0.053. (2.22)

To obtain a more accurate estimate of r,, and of J,, it is essential to consider the contributions
from strong interactions involved in the formation of final meson bound states. This approach
is detailed in Ref. [44], which employs the Factorisation-Assisted Topological Amplitudes (FAT)
framework specifically for the DT — K27 decay mode. In Ref. [44], a parametrisation of strong
amplitudes, incorporating parameters from the strong effective Hamiltonian, is presented for both
DT - K g, . fand D% — Kg 1. f decays. These parameters are determined using a set of measured
branching fractions from various decay modes. Ref. [9] utilises this model for the strong amplitudes
to estimate r, and &, in DT — K2rT decays:

o r, = —0.073 £ 0.004;
e 6, =—1.39+0.05.

Throughout the thesis, these numerical results for r, and J, are referred to as the FAT prediction.
The convention of assigning a negative value to r, aligns with the sign convention used in Ref. [44],
which relates to the CP eigenstate convention CP |K°) = —|K°).

The FAT prediction achieves a relative accuracy of approximately 5% for r, and about 3.6%
for §;. Understanding the theoretical and experimental sources of these uncertainties and their
reliability is challenging based on the information provided in Refs. [9, 44], as they are inherently
model-dependent. The uncertainties stem from the factorisation approach employed to model
the hadronic contributions to the various amplitudes. From an external perspective, one can
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contrast the FAT prediction for r, with an estimate based solely on weak diagrams, where hadronic
contributions are neglected. This comparison reveals a discrepancy Ar = 0.02.

The magnitude of hadronic corrections to the CKM estimate |r,| weak can be probed through
decay processes of D® and DT mesons where the dominant tree-level amplitudes involve the same
CF ¢ — sdu and DCS ¢ — d5u transitions as in the Dt — K27t decay. The ratio between the
DCS and CF amplitudes in such decays is proportional to the same Vg elements ratio as ry,
with differences arising solely from the contribution of strong amplitudes involved in the specific
process. Table 2.2 presents the ratio between the DCS and CF amplitudes for several decay modes
that share the same weak content in both CF and DCS amplitudes.

Decay Ratio Ref. Note

Dt — Kdrt 0.073 £ 0.004 [9] FAT prediction

Dt — K—rntqat 0.072 4+ 0.001 | [36] PDG Branching fractions

Dt - K—ntrtaY | 0.139 £0.006 | [36] PDG Branching fractions

D — K-t 0.059 &+ 0.001 | [36] PDG Branching fractions

DY » K—nt70 0.046 £ 0.002 | [36] PDG Branching fractions

DY — K—ntr—7nt | 0.055+0.001 | [36] PDG Branching fractions

DO — K*=(892)r" | 0.072 +£0.004 | [45] | Amplitude analysis D° — KQr 7~

Table 2.2: Absolute value of the ratio between the DCS and CF amplitudes for a selected set of
D — K f decays, where all decays result in a final state containing a charged kaon. The branching
fractions of CF and DCS decays are measurable, allowing the estimation of the amplitude ratio
as the square root of the branching fractions ratio. The only exception is the DY — K*~(892)r+
decay, for which the ratio between the DCS and CF amplitudes was determined from an amplitude
analysis of the D — K27~ channel.

Except for the measurement of the DCS/CF ratio in D® — K~ (892)7" decays, all other entries
in the table are based on direct measurements of branching fractions with no theoretical assump-
tions. The ratio for D® — K~ (892)7" decays comes from an amplitude analysis of D* — KJrn~
decays, which may introduce model-dependent uncertainties. These ratios differ only due to the
hadronic contributions to the amplitudes and fall within the range of [0.046,0.139], containing
the FAT prediction. When considering only two-body decays with a similar topology to the
Dt — K3nT decay mode, the range narrows to [0.057,0.080], allowing for a 20 interval for asso-
ciated uncertainties. This suggests that the contribution from hadronic corrections is minimal and
indicates the reliability of the FAT prediction for r,, with an accuracy level of |r,| € [0.053,0.093].
This interval is centred on the FAT prediction and is slightly enlarged to contain the r, estimate
based solely on CKM factors of the tree amplitudes, |r,|"eak.

For illustrative purposes, figure 2.3 shows the impact of the interference between CF and DCS
charm decays on the time-dependent neutral kaon asymmetry, varying r, and d,. Since this effect
depends on time, it becomes more pronounced as the decay time of the neutral kaon increases.
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Figure 2.3: Prediction of A K (t) including also strong phase effects, for different r, and §, values,
according to equation (2.21), on a wide time range (left) and on a time scale typical of an experi-
mental environment (right). The asymmetry is computed assuming a monochromatic distribution
in momentum of the kaons (p = 30 GeV/¢) and a homogeneous material with A = 27, as in figure
1.4.

2.6 This thesis

This thesis work, for the first time, extends the model for neutral kaon detection asymmetry in
matter described in chapter 1, including the contribution from the interference of Cabibbo-Favoured
and Doubly Cabibbo-Suppressed decays in charm decays with a neutral kaon in the final state.
Additionally, the relevant parameters describing this interference in the Dt — K (S)w+ decay mode,
rr and §,, are directly measured from data. This is possible thanks to the high statistics charm
decay samples collected by the LHCb experiment during the LHC Run 2 data-taking period. This
work represents a novel and highly original contribution to the field.

Since determining 7, and §, necessitates the cancellation of other nuisance asymmetries and
thus requires the simultaneous use of the DT — ¢ decays, this thesis also extends the measure-
ment of Acp(DT — ¢nT) to the 2018 Run 2 data sample, corresponding to about 2 bt of data
that were not included in the published analysis of Ref. [8]. The 2016 and 2017 data samples are
also reanalysed to ensure consistent selection and analysis strategies across all three data samples.
Thanks to the work on determining 7, and §,, DT — K'gw+ decays reconstructed outside the ac-
ceptance of the vertex detector are included in the analysis. This inclusion enables a more robust
estimate of systematic uncertainties related to neutral kaon detection asymmetries. Several other
aspects of the analysis are also improved and are described in the following chapters.
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Chapter 3

The LHCb experiment at the LHC

This chapter provides an overview of the Large Hadron Collider (LHC) and the LHCb detector
and trigger system during Run 2. The geometry and performances of the LHCbH sub-detectors
are discussed, with particular focus on the tracking, particle identification and calorimeter systems.
The last section presents the LHCDb trigger system, which is crucial in the selection of high statistics
samples of charmed hadrons.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a two-ring hadron collider, designed to accelerate protons and
heavy ions, located at CERN (Conseil Européen pour la Recherche Nucléaire) and crossing the
French-Swiss border near Geneva. The accelerator is hosted in a 27 km long and 100 m underground
circular tunnel, previously occupied by the Large Electron Positron collider (LEP).

The LHC’s primary objectives are to explore the properties of elementary particles and the
fundamental forces that govern their interactions. Its key scientific goals include the Higgs Boson
discovery, high precision measurements to test the Standard Model, the search for New Physics
and the study of Quark-Gluon Plasma.

The LHC is composed of several critical components:

e Accelerators: The acceleration process in the LHC involves multiple stages, each progres-
sively increasing the energy of the protons, as shown in figure 3.2:

— Proton Source and Linear Accelerator 2 (Linac 2): protons are extracted from
hydrogen gas using an electric field and initially accelerated in the Linear Accelerator 2
(Linac 2) to energies of 50 MeV;

— Proton Synchrotron Booster (PSB): further accelerates protons from the Linac 2
up to 1.5 GeV;

— Proton Synchrotron (PS): the protons are then transferred to the Proton Syn-
chrotron, where their energy is increased to 25 GeV;

— Super Proton Synchrotron (SPS): finally the Super Proton Synchroton accelerates
the protons to 450 GeV before injecting them into LHC.

e Magnets: The LHC uses a system of superconducting magnets to steer and focus the two
opposite circulating proton beams. These magnets include superconducting NbTi dipole
magnets for bending the beams along the circular path and quadrupole magnets for focusing
the beams. In addition, protons are accelerated by radio-frequency cavities.
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e Beam Pipes: Two separate beam pipes contain the proton beams travelling in opposite
directions. The beams are kept in ultra-high vacuum conditions to minimise collisions with
residual gas molecules.

e Detectors: The two beams collide in four interaction points where the four main LHC
experiments detect and analyse their collision products. These experiments include ATLAS
and CMS, general purpose detectors, ALICE, specifically designed to study quark-gluon
plasma in heavy-ion collisions, and LHCb, focused to study CP violation and heavy flavour
physics, mainly B and D mesons.

The two circulating beams are divided into bunches of 10! protons each, which collide once in
25 ns, corresponding to a nominal bunch-crossing rate of 40 MHz during Run 2, from 2015 to 2018.
A fundamental parameter to quantify the performance of a collider is the instantaneous luminosity
<, defined by the relation

dN
W g o). (3.1)

where v is the rate of events of a specific process produced in pp collisions and o (1/s) is the cross

section for the given process at the center-of-mass energy /s, which has been kept constant to
13 TeV during Run 2. The nominal peak instantaneous luminosity for pp collisions during Run 2
is 10%* cm~2 s~!, which is fully exploited by ATLAS and CMS, in search for rare decays. On
the contrary, the LHCb experiment studies processes with an average higher cross section and, in
order to limit the input to the data storage system, the instantaneous luminosity is reduced to the
level of 2 + 4 x 1032 cm~2 s7!. Since & is determined from the bunch crossing frequency and the
overlap area between colliding bunches, this reduction is done by increasing the distance between
the beam positions in the transverse plane.

< is also an indicator of the amount of statistics produced and analysed by an experiment:
the integrated luminosity over a period of time ¢, referred to as f &dt, is an estimate of the ratio
between the number of events produced for a specific process and the relative cross section. For
instance, the integrated luminosity, divided by year, recorded by the LHCb experiment and the
corresponding beam energy is shown in figure 3.1 and it amounts to 3.2fb~' during Run 1 and
5.9fb~" during Run 2, for a total of 9.1fb™*.

LHCb Integrated Recorded Luminosity in pp, 2010-2018
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Figure 3.1: Left: Development of the instantaneous luminosity for ATLAS, CMS and LHCD during
LHC fill 2651 (Run 1), taken from [46]. Right: integrated luminosity collected during Run 1 and
Run 2 by the LHCb experiment.
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Figure 3.2: Scheme representing the CERN accelerator complex, taken from [47]. Most of the
smaller accelerators in the chain have their own experimental halls where beams are used for
experiments at lower energies.

3.2 The LHCDb detector

LHCD is one of the four main LHC experiments designed primarily to study the properties and
interactions of heavy-flavoured hadrons containing beauty and charm quarks with high precision.
The primary goals of the LHCb detector include studying CP violation, measuring crucial param-
eters of heavy flavour physics such as masses, lifetimes, and mixing parameters, and searching for
rare decays.

The LHCb detector is configured as a single-arm forward spectrometer (Figure 3.4), with a
forward angular acceptance between 10 mrad and 300 mrad (250 mrad) in the horizontal (vertical)
plane. This corresponds to a pseudorapidity acceptance of 1.8 < 1 < 4.9, with n related to the angle
with respect to the beam axis, 6, as n = —log(tan(6/2)). The LHCb acceptance is complementary
to the one of a general purpose detector, such as CMS and ATLAS, which is |n| < 2.4. In particular,
LHCD is optimised to detect particles produced at small angles relative to the beamline. In fact,
the production cross sections of ¢¢ and bb in parton strong interactions peak in the forward and
backward directions, as shown in figure 3.3.

The main components of the LHCb detector in Run 2', shown in figure 3.4, were:

e Vertex Locator (VELO), designed for precise measurement of primary vertices from pp

IThe analysis presented in this thesis utilises data collected during the LHC Run 2 (2015-2018). Therefore, this
chapter describes the features of the LHCb detector as they were during this period. It is important to note that
after 2018, all the subdetectors underwent several upgrades and now have different features.
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LHCb MC
/s =14 TeV

0, [rad] ™2

0, [rad]

Figure 3.3: Left: distribution of bb production cross section in pp collisions at /s = 14 TeV as a
function of their polar angles #; and #; with respect to the beam axis. The red region represents
the LHCD angular acceptance, defined as 1.8 < n < 4.9, and it contains 27 % of b or b quarks and
24 % of bb pairs. Right: color map of the bb production cross section dependence on 7; and 1y,
showing the acceptance of LHCb and of a General Purpose Detector (GPD). This simulation has
been performed with the PYTHIA software and the figures have been taken from Ref. [48].

collisions and displaced decay vertices of beauty and charmed hadrons. It consists of silicon
strip detectors arranged very close to the proton-proton interaction point, providing very
precise spatial resolution.

e Tracking System, meant for measuring the momentum and trajectory of charged particles.
The components are:

— Tracker Turicensis (TT): large area strip detector, located upstream of the magnet
to provide a measurement before the particle is deflected.

— Tracking Stations (T1,T2,T3): each composed by an Inner Tracker (IT), made of
silicon strips, covering the region close to the beamline, and an Outer Tracker (OT),
made of straw drift tubes, covering the outer region.

e RICH Detectors (Ring Imaging Cherenkov), aimed at providing particle identification
by measuring the Cherenkov radiation emitted by charged particles as they travel through a
medium. The components are:

— RICH1: located upstream the magnet, used for low-momentum particle identification.
— RICH2: located downstream the magnet, used for high-momentum particle identifica-

tion.

e Magnet, which bends the trajectories of charged particles to measure their momenta. The
magnet creates a strong magnetic field perpendicular to the beamline, with a bending power
of 4 Tm.

e Calorimeters, aimed at measuring the energy of particles and providing additional particle
identification. The components are:

— Scintillating Pad and Preshower detectors (SPD/PS): useful for distinguishing
between electrons, hadrons, and photons.
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— Electromagnetic Calorimeter (ECAL): measures the energy of electrons and pho-
tons.

— Hadronic Calorimeter (HCAL): measures the energy of hadrons.
e Muon Stations (M1-M5), with the goal of identifying muons, which are typically the

only particles to penetrate the entire detector. Composed of several layers of multiwire
proportional chambers interspersed with iron absorbers.

SPD/PS M3 250mrad \
RICH2 \

Figure 3.4: Schematic representation of the LHCb detector during Run 2 - side view in the zy
plane. The right-handed coordinate system used has z pointing to the beams direction, y pointing
upwards and z pointing to the center of the LHC. The pp collisions occurs nominally in the origin
of the axis system.

3.3 The LHCDb tracking system

During Run 2, the LHCb tracking system was composed by three main subdetectors: the Vertex
Locator (VELO), the Tracker Turicensis (TT) and the Tracking Stations (T; 23, each compris-
ing Inner Tracker (IT) and an Outer Tracker (OT)). Each subdetector was composed of several
modules, mainly silicon strips or gaseous drift tubes, with a geometrical disposition optimised to
maximise acceptance and performance, while minimising the occupancy, i.e. the particle flux in
each module. When a charged particle crosses a module, it interacts with the material and leaves
a hit, which can be used by track finding algorithms to reconstruct its trajectory. The spatial hit
resolution and hit identification efficiency are summarised in table 3.1.

Vertex Locator (VELO)

The Vertex Locator (VELO) [49] is a critical component of the LHCD detector, designed to provide
precise measurements of particle trajectories close to the pp interaction point. Its primary role is
to reconstruct the vertices of particle decays, which is crucial for identifying the displaced decay
vertices of heavy flavoured hadrons. In particular, due to their finite lifetime and their boost, b
and ¢ hadrons travel for a mean distance of about ©(mm-cm) before decaying. The geometry and
design of the VELO are optimised to achieve very precise spatial resolution and high efficiency.
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Detector Hit resolution | Hit efficiency
VELO 4 + 25 um 99.4%
TT 52.6 um 99.7%
Ti23-1IT 50.3 pm 99.8%
Ti23-0T 205 wm 99.2%

Table 3.1: Hit resolution and efficiency of the different track detectors, measured with 2011
data [46].

The VELO consists of two retractable halves, positioned at a distance of a few millimeters from
the collision region, and it can achieve very high precision in vertex reconstruction. The retractable
design of the VELO allows it to be moved away from the beam during injection and tuning of the
LHC beams, protecting it from potential damage.

Each half of the VELO is composed of 21 modules, with a total of 42, placed perpendicular to
the beam at different z coordinates. This configuration ensures that every track within the LHCb
acceptance intercepts at least four modules, as shown in figure 3.6. Each module consists of two
overlapping plane of silicon microstrip sensors, each 300 pum thick, with an inner radius of 8.2 mm
and an outer radius of 41.9 mm. These sensors are arranged cylindrically around the beam pipe to
measure the R and ¢ coordinates on the xy plane:

e the R-sensor strips are arranged in 512 concentric rings with a variable pitch increasing
linearly from 38 to 102 um from the inner to the outer edge, as shown in the left part of
figure 3.5. Each strip is divided into four 45° regions to minimise occupancys;

e the ¢-sensor strips are orthogonal to the R-strips. In the inner region, up to R = 17.25 mm,
the pitch is 78.3 um with a 20° skew from the radial direction to reduce pattern recognition
ambiguities. In the outer region, the pitch is 38.3 um with a 10° skew, as shown in the right
part of Figure 3.5. Adjacent ¢-sensors have opposite skews to each other.

90.5mm

" 1365 strips

Phi Sensor

Figure 3.5: Sketch illustrating the R — ¢ geometry of the VELO sensors. For clarity, only a portion
of the strips are illustrated. In the ¢-sensor, the strips on two adjacent modules are indicated, to
highlight the stereo angle. Figure taken from Ref. [50]
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Figure 3.6: Cross section in the (z, z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. Figure taken from Ref. [50]

Tracker Turicensis (TT)

The Tracker Turicensis (TT) [51] is a silicon microstrip detector positioned immediately before
the dipole magnet and after RICH1 in the LHCb experiment. This strategic placement allows
it to detect low-momentum tracks that would otherwise be deflected out of acceptance by the
magnetic field and to reconstruct long-lived particles like K9 and A, which typically decay outside
the VELO region. The T'T detector significantly contributes to the momentum resolution of tracks
reconstructed in the VELO and T stations, providing reference segments for combining tracks from
different detector stations and improving overall track and momentum resolution.

The TT detector spans a rectangular area approximately 150 cm x 130 cm, covering the full
LHCDb acceptance. It consists of four planar layers grouped into two pairs, TTa and TTh, with each
pair separated by about 30 cm along the beam axis, as shown in 3.7. These layers are configured
in an "x-u-v-x" arrangement: the first and fourth layers have vertical strips, while the second
and third layers have strips tilted with respect to the y axis by +5° and —5°, respectively. This
geometry enhances the resolution in the x — z plane, crucial for tracking charged particles, while
also using information on the y direction to reduce the background from fake tracks. Each TT layer
is made up of several 500 pm thick sensor modules, each subdivided into 512 strips at a 183 um
pitch.

Tracking Stations (T1, T2, T3)

The T-stations, T1, T2 and T3, are three tracking stations placed downstream the magnet, with
the primary goal of measuring of the deflection angle in the magnet, and, from this, determining
the momentum of charged particles.

FEach of the three T-Stations consists of four layers arranged in an "x-u-v-x" configuration, as
for the TT, covering an active area of 6m x 5m. Due to the high occupancy near the beamline,
each station is divided in two parts, the Inner Tracker (IT) and the Outer Tracker (OT):
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Figure 3.7: Schematic representation of the TT detector geometry: the TTa is composed of the
first (vertical) and second (tilted by +5°), while the TTb of the third (tilted by —5°) and fourth

(vertical). Figure taken from Ref. [52].

e Inner Tracker (IT) [53]: positioned close to the beamline, it uses silicon strip detectors
arranged in a cross-shaped geometry around the beam pipe. Each IT station features four
boxes, as shown in 3.8, each containing four detection layers made of silicon strips with a

pitch of 196 um.

e Outer Tracker (OT) [54]: covering the larger part of the T Stations, it employs a gas
detector technology consisting of drift tubes with a diameter of 4.9 mm and a length of 2.4 m.
Their geometry is shown in 3.8. These tubes are filled with a gas mixture of Ar/CQO3/O9
(70/28.5/1.5%) and have a drift time below 50 ns, crucial for the LHC’s 25 ns bunch spacing.
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Figure 3.8: Left: geometrical layout of a layer of the Inner Tracker [52]. The circle in the middle
is the beam pipe. Right: front view of an OT module, with a zoom on the drift tubes [46].

Dipole magnet and track reconstruction

The LHCb detector is provided with a warm non superconducting dipole magnet, placed between
the TT and the first tracking station T'1, necessary to measure the momentum of charged particles.
The magnet is formed by two coils, slightly inclined with respect to the beam axis, in order to
better match the acceptance of the LHCb detector. The main component of the magnetic field
is along the y axis, with a maximum intensity of about 1.1T, as shown in figure 3.9, and a total

bending power of [ Bdl =4Tm.
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The bending plane of the magnet can be assumed to be the zz plane and opposite charged
particles are bent into opposite x regions of the detector, especially if they have low momentum.
This effect gives rise to relevant detection asymmetries, thus, to partially correct for this problem,
the polarity of the magnet is inverted about every two weeks between two configurations: MagUp,
in which the magnetic field points upwards, and MagDown.
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Figure 3.9: Top: y component of the magnetic field, in the MagDown configuration, as a function
of z. Bottom: sketch of the various track types (VELO, Upstream, T tracks, Downstream, Long).
Figure taken from Ref. [46].

A track is the reconstructed trajectory of a charged particles, built with specific pattern recog-
nition and fitting algorithms from the hits left in the different tracking detectors. The tracks are

divided in five categories, based on the subdetectors they left hits in, as shown in figure 3.9 :

VELO tracks: reconstructed with only VELO hits and can be used to find the primary
vertex. These tracks can be used as seeds, being extended to the other subdetectors to form
upstream or long tracks.

Upstream tracks: reconstructed with VELO and TT hits, usually generated by particles
with low momentum bent out of acceptance by the magnetic field.

T tracks: reconstructed with hits only in the T-stations, used as seeds for downstream and
long tracks.

Downstream tracks: reconstructed with hits in the TT and the T-stations but not in the
VELO. They typically correspond to the decay products of long-lived particles which decay
between the VELO and the TT such as the Kg .

Long tracks: reconstructed with hits in all three of the tracking detectors: VELO, TT, and
T-stations. Long tracks have the best momentum resolution, as shown in figure 3.10, thus
these are the main track type used in physics analyses.

The tracking performances are summarised in table 3.2. In particular, Primary Vertex (PV) refers

to the pp collision vertex, while the Impact Parameter (IP) of a track is defined as its closest
distance to the PV.
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Figure 3.10: Relative momentum resolution versus momentum for long tracks in Run 1 data
obtained using J/¥ — ptp~ decays [46].

Quantity Interval
Track finding efficiency 2> 96%

Primary Vertex resolution | o5, ~ 7+ 35um

Impact Parameter resolution | o, ~ 10 <+ 80 um

Mass resolution Om/m ~ 0.5%
Momentum op/p ~0.5+1%
Decay Time resolution or ~ 50 fs

Table 3.2: Tracking systems performances in the measurement of the physical quantities of inter-
est [46].

3.4 The LHCDb particle identification system

The Particle Identification (PID) system is crucial for distinguishing between the different types
of long-lived particles and it is composed of several subdetectors: RICH1, RICH2, the calorime-
ter system (SPD/PS, ECAL, HCAL), and the muon stations. The PID information differs for
charged particles, mainly 7%, K+ e* p*, and neutral particles, such as photons and 7°. For
charged PID, information from all the subdetectors is grouped into a single powerful observable:
DLL,, = log%(z) — logZ£(7), defined as the difference between the logarithm of the global
likelihood, computed using tracking and PID sub-detectors information, under a specific identity
hypothesis z (£ (x), where z = K, p, u, e) and under the hypothesis that the track is a pion (£ (x)).
In contrast, for neutral PID dedicated neural networks can be trained on simulation data to dis-
tinguish photons from electrons, hadrons and neutral pions, primarily using information from the
calorimeters.

Ring Imaging Cherenkov (RICH) detectors

To identify charged particles, mainly to discriminate between pions, kaons and protons, LHCb
employs two Ring Imaging Cherenkov detectors (RICH) [55]. The first detector is installed imme-
diately after the VELO, while the second is positioned after the Tracking Stations. The Cherenkov
effect occurs when a charged particle travels through a medium faster than the speed of light in
that medium, ¢/n, where n is the refractive index. This causes the emission of Cherenkov radiation
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photons at a specific angle, 6, relative to the particle’s direction, given by:

1 me

2
cosfc(p,m) = B % 1+ <p> , (3.2)

where m and p are the particle mass and momentum. Since the momentum is measured by the
tracking system, the Cherenkov angle can help identify particles with different masses, as shown in
the left part of figure 3.11. In the LHCb RICH system, 6¢ is measured directly from the radius of
the Cherenkov ring, which is the projection of the light cone around the particle’s trajectory onto
the photon detector plane.

Equation (3.2) shows that in the limit of p > mc the Cherenkov angle becomes independent
of the mass cos0¢(p) ~ 1/n, materials with a refraction index closer to 1 have a better separation
power for high momenta particle. On the other hand, n determines the lower momentum threshold
for which we can see Cherenkov radiation, given by § > 1/n: the higher n, the wider the low
momentum acceptance of the RICH detector. The two LHCb RICH detectors have different
refractive indices, in order to maximally extend the momentum acceptance for PID estimation:

e RICH1: placed upstream the magnet and aimed at identifying lower momentum particles
before they are bent by the magnet. The radiation media are aerogel (n = 1.03) and C4F1g
(n = 1.0014), resulting in a momenta range of 1 + 60 GeV/c;

e RICH2: placed downstream the magnet and aimed at identifying higher momentum par-
ticles. The radiation medium is CF4 (n = 1.0005), resulting in a momenta range of 15 +
100 GeV/e.

The geometry of the two RICH detectors is shown in figure 3.12: the radiators are placed around
the beampipe, in the LHCb acceptance, and the Cherenkov photons are brought by a complex
mirror system in the photon detector area, shielded by the magnetic field. The photons positions
are reconstructed by a lattice of Hybrid Photon Detectors (HPDs).

The RICH detectors play a critical role in the PID of charged hadrons such as pions, kaons,
and protons. The efficiency and misidentification probabilities between K7 and pm as a function
of momentum are shown in figure 3.13, demonstrating that PID performance is poorer at low mo-
menta, outside the RICH2 acceptance, and at very high momenta, beyond the RICH1 acceptance
and in the limit p > Mg/,
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Figure 3.11: Left: Cherenkov angle versus particle momentum for different charged particles in
the three radiators used in the LHCb RICH system (aerogel, C4F1o and CF4). Right: Display
of a typical LHCb event in RICH1, with the reconstructed Cherenkov rings superimposed to the
photon detectors response [46].
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Figure 3.12: The optical system of RICH1 (left) and RICH2 (right) [56].
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Figure 3.13: Performance of the loose and tight cuts on the DLL variable, as a function of track
momentum, for kaon-pion separation and proton-pion separation in 2018 LHCb data [57].

Calorimeters

The calorimetric system [58], composed of four subdetectors, is designed to measure the energy
of charged and neutral particles and to identify electrons, photons, and hadrons, as shown in fig-
ure 3.14. In addition, due to its fast response in energy measurement, the calorimetric information
is used by the low-level hardware trigger, as explained in 3.5. The four subdetectors that make up
the calorimetric system are:

e The Scintillating Pad /PreShower Detector (SPD/PS) consists of a 15 mm lead con-
verter, 2.5 radiation length-thick, sandwiched between two almost identical planes of rect-
angular scintillator pads with high granularity. The SPD detects charged particles through
the scintillation light they produce, with its primary goal being to distinguish electrons from
photons. The PS, placed beyond the lead plate, is used to separate electromagnetic showers
from hadrons;

e The Electromagnetic Calorimeter (ECAL) is composed of alternating layers of lead and
scintillator tiles, corresponding to a total of 25 radiation lengths and 1.2 nuclear interaction
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length, ensuring that electromagnetic showers are completely contained within it, while the
majority of hadrons interact minimally. The energy resolution is given by o(E)/E = 0.8% @

9% //E[GeV;

e The Hadronic Calorimeter (HCAL) is composed of alternating slabs of iron and scin-
tillator tiles, corresponding to only 5.6 nuclear interaction lenghts due to space limitations
in the LHCb cavern. The energy resolution is very poor o(E)/E = 9% @ 69%/+/E|GeV],
because the HCAL does not fully contain the hadronic shower.

Q
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Figure 3.14: Main energy deposits for different particles in the different subdetectors of the calori-
metric system.

Muon detectors

The five Muon Stations (M1-5) [59] have the primary goal of identifying muons and, thanks to their
fast response, they are used along with the calorimetric system in the low-level hardware trigger.
Each station is equipped with 276 multi-wire proportional chambers (MWPCs), with the exception
of the inner part of M1, which is subject to the highest radiation, and is equipped with 12 GEM
detectors. Stations M2 to M5 are placed downstream of the calorimeters and are interleaved with
80 cm thick iron absorbers, which can only be traversed by high momentum muons, as shown in
figure 3.15.

Each station is divided into four regions with increasing distance from the beam axis, in which
the detector and readout features have been optimised independently for the five stations. For
example, stations M1, M2 and M3, used by the trigger to determine the track direction and the pr
of the candidate muon, have a higher x granularity than stations M4 and M5, whose main purpose
is the identification of penetrating particles.

The muon stations are also used as an input to the charged PID algorithms: if a track has
at least two hits in M2-M5, the muon likelihood is computed and used as a particle identification
discriminator.

53



3.5. The LHCb trigger

1 side C yf side A
i:: = /// g R4 R3 RZE S jm R2| R3 R4 _;
17 5

Figure 3.15: Left: Side view of the five LHCb Muon Stations, where Muon filter refers to the 80
cm thick iron absorbers. Right: station layout in the zy plane, with the four regions R1-R4 [50].

3.5 The LHCDb trigger

The LHCDb experiment has the primary goal of identifying hadrons containing b and ¢ quarks
produced in pp collisions. The production cross-sections for bb and cé pairs are quite substantial
(o(pp — ccX) ~ 1.5 mb); however, the total inelastic cross section can be higher by 2-3 orders of
magnitude, resulting in a low signal-to-background ratio. Furthermore, the typical collision rates
are usually very high, 6(10) MHz, and the events are characterised by a large number of tracks.
However, only a limited amount of data, corresponding to 12.5kHz in Run 2, could be written to
storage. This requires the employment of an efficient trigger system, able to identify in real-time
the interesting events and discard the rest.

The LHCb trigger system [60] is designed to operate at the LHC’s bunch crossing frequency of
40 MHz and is structured into multiple levels, each building upon the previous one. In Run 2, he
LHCb trigger was divided into three levels, summarised in figure 3.16:

e Level-0 Trigger (LO): this initial trigger level is based on custom electronics designed to
perform preliminary event filtering, reducing the input rate from about 40 MHz to an output
rate of 1 MHz. The LO trigger utilises information exclusively from the calorimeters and the
muon system, making decisions based on the transverse energy or momentum of the particles
in the event.

e High Level Trigger 1 (HLT1): this software-based trigger level reduces the event rate
from 1 MHz to about 110kHz. HLT1 performs a partial reconstruction of events, based on
tracking information only, leveraging characteristics specific to beauty and charm hadrons
such as large pr and significant impact parameters (IP).

e High Level Trigger 2 (HLT2): the final trigger level, entirely software-based. It performs
a full reconstruction of events, taking into account the information from all the subdetectors
and ultimately reducing the event rate to approximately 12.5 kHz.
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LHCb 2015 Trigger Diagram
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Figure 3.16: LHCb trigger diagram during Run 2. Figure taken from [61].

Level-0 Trigger (LO)

The first level hardware trigger (L0) has the goal of reducing the rate of events from 40 MHz to
1MHz with a maximum latency of 4 us. For this reason, due to their fast response, only the
calorimeter and muon systems are used as an input to three independent triggers, running in
parallel on FPGAs:

e LOHadron: uses information from the HCAL detector and from the SPD and PS systems
to identify hadrons. It accepts events with at least one cluster, composed of 2 x 2 cells of the
HCAL, having sufficient transverse energy, defined as:

4
Er=)_Ejsinf;, (3.3)

=1

with E; the energy deposited in the it" cell and 6; the angle between the z axis and a line
connecting the average pp interaction point to the centre of the cell. The Et threshold has
varied in the different data taking years between 3.4 GeV and 3.7 GeV.

e LOPhoton/LOElectron: uses information from the SPD, PS, and ECAL detectors about
the deposited energy and photon-electron discrimination. Events are accepted if at least
one cluster, composed of 2 x 2 cells of the ECAL, has E7 exceeding a specified threshold,
which has been varied in the data taking years around 2.4 GeV for electrons and 2.8 GeV for
photons.

e LOMuon/LODimuon: uses information from the five muon stations, to reconstruct tracks
and measure the pr. The trigger decision is based on the two muon candidates with the largest
pr: either the largest pr must be above the LOMuon threshold, varied between 1.35 GeV/c
and 2.8 GeV/¢, or the product of the largest and second largest pr values must be above the
LODiMuon threshold, varied between (1.3 <+ 1.5 GeV/c)?.
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High Level Trigger (HLT)

Events selected by L0 are transferred for further selection to the Event Filter Farm (EFF), where
the HLT filters and reconstructs, initially partially and then completely, the events. The HLT
is written in the same framework as the software used in the offline reconstruction of events for
physics analyses and it runs in parallel on thousands of physical cores. The HLT is divided into
two successive steps, HLUT1 and HLT2, each with several lines designed to reconstruct and select
specific decay topologies:

e HLT1 processes the trajectories of charged particles, starting from VELO tracks, to identify
primary and secondary vertices. Next, the VELO tracks are combined with TT hits, to form
upstream tracks, and finally with IT and OT hits, for which the search window is defined
by the maximum possible deflection of charged particles with pr larger than 500 MeV/c, in
order to only select long tracks with high momentum. Subsequently, all tracks are fitted
with a Kalman filter to obtain the optimal parameter estimate, mainly the pr and impact
parameter, used in the HLT1 selection, composed of ~ 20 lines. The output rate of the HLT1
step is reduced to 110 kHz.

e The HLT?2 full event reconstruction consists of three major steps: the track reconstruction of
charged particles, of neutral particles, and, finally, particle identification (PID). The informa-
tion of the tracking detectors, exploited in the first step, is then combined with calorimeters,
to distinguish photons electrons, and 7% mesons, and with the RICH information, to identify
charged hadrons. There are approximately 500 HLT2 trigger lines, each applying specific
cuts to identify a particular decay mode.

Due to the vast amount of data generated, the primary constraint on the LHCb event rate stored
to disk is the availability of storage space. Between Run 1 and Run 2, upgrades to the Event Filter
Farm (EFF) enhanced its computing power and memory capacity. This upgrade significantly
increased the number of events saved for offline analysis®>. This upgrade, combined with the
strategy to buffer the data completely between the first and second software trigger levels, extended
the allocated time for the HLT2 reconstruction process. Furthermore, automated alignment and
calibrations performed in real-time now enable offline-quality information to be computed within
the trigger system. As a result of these improvements, a new data stream was introduced in
HLT2, known as the Turbo stream [62, 63, 64]. The Turbo stream selectively stores only the
triggered HLT2 candidates while discarding the information of the rest of the event. This approach
drastically reduces the event size, as an entire raw event weighs around 70 kb, whereas the relevant
particles of interest usually amount to only 5 kb. The Turbo stream comprises nearly all of the
charm exclusive lines, including the ones employed in this thesis, and it accounts for about 5 kHz
of the total 12.5 kHz HLT2 output rate.

2The total buffer space of the EFF, around 10 PB, is sufficient to store the information of all the events selected
by the LO trigger during about ten days of continuous data-taking. Considering the operational duty cycle of the
LHC, this allocation allows approximately 50 ms and 800 ms for the execution of the HLT1 and HLT?2 triggers,
respectively, with an HLT1 output rate of 140 kHz. For comparison, during the 2011-2012 period, the computing
time available to the HLT2 was approximately 30 ms, even with a reduced HLT1 output rate of 100 kHz
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Chapter 4

Data samples and selection

This chapter describes the trigger and offline requirements used to select pure samples of D¥ — KJm™
and DT — ¢t decays. Particular attention is given to the equalisation of the requirements between
samples, which is crucial for ensuring a precise cancellation of nuisance asymmetries. Finally, the
obtained yields for each decay channel are determined.

4.1 Decay channels of interest for the analysis

This master’s thesis work has two main goals: first, the high precision estimation of the neutral
kaon detection asymmetry in charm decays, using the DT — ngJr decay channel as case study,
and, second, the measurement of the direct CP asymmetry in the DT — ¢ decay channel with
the full LHCb Run 2 data samples. Therefore, the first step of the analysis is the selection of pure
Dt — Kint and DT — ¢m T decay samples, with the aim of reducing background candidates.

The data samples available for the analysis were produced in pp collisions at a centre-of-mass
energy of /s = 13TeV during the LHC Run 2 (2015-2018). The datasets used in this analysis
were collected in the years 2016, 2017, and 2018, in both the LHCb magnet configurations, MagUp
and MagDown (see section 3.3) and correspond to a total integrated luminosity of 5.4fb~'. In
the following chapters, the datasets, divided by year and polarity, are referred to as yypp, where
yy refers to the year (16, 17, 18) and pp refers to the magnet polarity (Up and Dw). The stored
events used in the analysis have passed the LO, HLT1, and HLT?2 trigger selections described in
section 4.2. After these trigger requirements, additional offline selections were applied for each
decay channel to further suppress backgrounds and to reduce nuisance asymmetries, as described
in section 4.3.

The topology of both DT — K37 and Dt — ¢rT decays, where the parent particle is a
charged D* meson, produced promptly in pp collisions, is shown in figure 4.1. Since the proper
decay time of the DV meson is 7p+ ~ 1.04ps and the average DT momentum is 70 GeV/c, the
average travelled distance before the decay is dp+ ~ 1.25 cm. Thanks to the good vertex resolution
of the VELQ, it is then possible to distinguish the decay vertex of the DT from the primary vertex
(PV) of the pp collision, as all the charged particles produced by the D' have a non-negligible
impact parameter with respect to the PV.

In Dt — ¢n™ decays, ¢ mesons are reconstructed from their strong decay into a charged kaon
pair, = KTK~'. As a consequence, Dt — ¢+ decays can be identified as three long tracks,
two opposite charged kaons and one pion, all coming from the same displaced vertex. To suppress
the combinatorial background due to random associations of three tracks, the invariant mass of

1The width of ¢ mesons is about 4.25MeV/c? and the branching ratio into the K+ K~ final state is 49.1% [36].
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the KK~ pair is required to be close to M, and the invariant mass of the K™K~ 7" triplet is
required to be close to Mp+.

In DT — K7™ decays, neutral kaons are reconstructed from their weak decay into a charged
pion pair, Kg — w7, However, since the Kg lifetime is TR = 0.89 x 10795 and the Kg
momentum has a wide distribution between 3 GeV/c and 200 GeV/c, the distance travelled by a
neutral kaon before decaying can vary between a few centimeters and a few meters. The LHCb
detector reconstructs two types of neutral kaons candidates:

e the Long KJ(LL) candidates, in which the neutral kaon decays inside the VELO detector
and both pions are long tracks. The KJ(LL) proper decay time belongs to the [0,0.4 TKg]
interval,

e the Downstream KQ(DD) candidates, in which the neutral kaon decays between the VELO
and the TT detector and both pions are downstream tracks. The Kg (DD) proper decay time
belongs to the [0, 3 7x] interval.

For this reason, this DT decay channel can be reconstructed by two different HLT2 lines, one for
K2(LL) candidates and the other for KJ(DD) candidate.

K7 Vi
K+ K3

SV s ECK/'/S‘V\-\WJr

Figure 4.1: Scheme of the topology of the D — ¢nt (left) and DT — KJr T (right) decays.

Overview of used observables in the offline analysis

Before presenting the trigger and offline requirements applied to select pure data samples of
Dt — ¢rt and DT — K{nt decay candidates, it is convenient to introduce and define a series of
variables that will be utilised in the offline analysis.

e Candidate variables, related to the spatial position of production and decay vertices:

Primary Vertex (PV): the reconstructed point of interaction for the pp collision;

Decay Vertex (DV): the reconstructed point for the decay of a particle;
— Displacement vector (J ): vector connecting the PV to the DV:

DV —

d= PV

— Flight Distance (FD): modulus of the displacement vector d;
— Decay Time (t): defined as the momentum 5 and mass m in the relation:

d= gvct = gct;
m
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— Impact Parameter (IP): the distance of closest approach to the PV of the particle,
defined from the displacement vector d and the momentum direction p as:

IP:’dl (Jﬁ)ﬁ

)

— Direction angle (Opira): the angle between the momentum of a particle p and its
displacement vector d, defined as cospra = P - d;

— Distance Of Closest Approach (DOCA): the minimum distance between two

tracks.

e Kinematic variables, which characterise the energy and momentum of charged and neutral
reconstructed particles:

— Transverse momentum (pr): modulus of the projection of the momentum of a
particle on the transverse plane zy;

— Pseudorapidity (n): defined as n = —logtan(f/2), with 6 the polar angle between
the trajectory of a particle and the z axis;

— Azimuthal angle (¢): angle of the momentum of a particle on the zy plane;

— Curvature (k): quantity inversely proportional to the curvature radius in the dipole
magnetic field, defined as:
B 1

N R

— Emission angles (0 ), defined as:

0.,y = arctan (}M) .
Y2

e Track variables, describing the quality of the reconstructed track-particles (also referred as
tracks):

— Track ghost probability: the output of a multivariate classifier evaluating the prob-
ability that the track does not correspond to the trajectory of a real particle;

— Flight Distance x? (xZp): the x2-distance between the PV and DV, defined from

the reconstructed vectors PV and DV and their covariance matrices cov py and
COV py as:

X%D = (D—V> — P—V>)T (cov py + cov py )71 (D—V> — W)

— Impact Parameter x? (x%p): difference between the x? of the PV fit with and
without the track under consideration. This quantity is correlated to the IP, but the
main difference is that it takes into account also the track uncertainties.

e PID variables, used to distinguish charged pions, kaons and protons, already introduced in
section 3.4:

— DLLg,: given a particle, is the difference between the logarithm of the likelihood for
the K hypothesis and for the m hypothesis;
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— DLLy,: given a particle, is the difference between the logarithm of the likelihood for
the p hypothesis and for the 7 hypothesis.

e Trigger variables, used to select the particles that fire the LO and HLT1 trigger lines:

— Trigger On Signal (TOS): candidates in which the trigger fired on at least one of the
particles in the decay chain of the candidate under consideration;

— Trigger Independent of Signal (TIS): candidates in which the trigger fired on a
particle that does not belong to the decay chain of the candidate under consideration.

4.2 Trigger selections

The LHCb trigger chain consists of multiple stages, where events or candidates of interest can
be stored permanently in different paths and lines both at L0 and HLT levels. In particular, a
decay process could have been accepted and subsequently written to disk, such as a TOS or TIS
candidate, depending on various trigger lines throughout the chain. This is especially relevant for
fully reconstructed hadronic decays, such as those examined in this thesis, where the efficiency
of the L0 requirements is notably less than 100%, when the decay of interest occurs within the
detector acceptance. Therefore, at the offline level, the selection of which triggers are fired or not
can be optimised depending on the specific type of measurement being conducted. For instance, a
measurement of CP violation, aiming for very high precision, would tend to use candidates triggered
by lines with minimal detector- and selection-induced charge asymmetries. In contrast, a search
for a rare decay mode would favour inclusive requirements to maximise the total reconstruction
efficiency.

4.2.1 LO selection

The main goal of the L0 trigger selection at the offline level is to minimise detection asymmetries
in the D™ — K{n™ and D — ¢n " samples. Candidates are selected independently of whether
the bachelor pion has fired the L0 trigger to keep the m* detection asymmetries small, enabling
the linear approximation of the raw asymmetry in (2.8). Candidates with the LO_Hadron_TOS flag
on the 7 exhibit large detection asymmetries because the LHCb calorimeter, located downstream
of the dipole magnet, requires that the transverse energy of the firing track exceeds a certain
threshold. For example, if a 7 and a 7~ are produced by a D' and a D~ in the same vertex with
the same momentum, their trajectories will bend in opposite directions due to the magnetic field.
If the 7T crosses the center of the calorimeter with low transverse energy while the 7~ hits the left
or right end with high transverse energy, only the 7~ will fire the L0 hadron trigger, resulting in
significant detection asymmetry. This effect can be observed in figure 4.2 for the D™ — K(LL)7™
sample. When requiring LO_Hadron_TOS on the 7", large regions in the p,(7) — p,(7) plane
show raw asymmetries of the order of 10%-100%.

To mitigate this, two classes of candidates, where the trigger is fired independently of the
bachelor 7+, are selected for the analysis:

e candidates in which the LO trigger has been fired independently on any particle produced in
the decay of the DT, i.e. the requirement is Dplus_L0Global_TIS, where LOGlobal is the
logic OR of all the LO triggers;

e candidates in which the LOHadron trigger has been fired by at least one of the two 7%+ or K+
produced by the K and ¢ respectively. Since the K and the ¢ are neutral particles and
are indistinguishable in the decay of a Dt or a D~ triggering on their decay products does
not introduce any detection asymmetries.
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The final L0 requirements are then (Dplus_L0Global_TIS O0OR KSO_LOHadron_TOS) for the

Dt — K3nt sample and (Dplus_LOGlobal_TIS OR Phi_LOHadron_TOS) for the DT — ¢nt
one. Such requests discard a percentage of signal candidates of about 23% in the D™ — K(LL)n
sample, 36% in the DT — KQ(DD)r ™, and 22% in the DT — ¢n, but they reduce significantly
the 7T detection asymmetries.
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Figure 4.2: Distribution of the raw asymmetry in the DT — KJ(LL)n* sample in the
P () — p.(7) plane for the MagUp (first row) and MagDown data samples (last row) requiring dif-
ferent L.O conditions: on the left plots, the selection is independent on whether the bachelor pion has
fired the LO trigger (Dplus_LOGlobal _TIS OR KXSO_LOHadron_TQOS), while on the right plots the
complementary selection is shown (piplus_LOGlobal _TOS AND NOT ( Dplus_LOGloba_TIS
OR KSO_LOHadron_T0S)). Since the asymmetry scale is the same in all the plots, we can see
that the request piplus_LOGlobal_TOS introduces significant detection asymmetries in certain re-
gions on the kinematic space, which depend on the magnet polarity.

4.2.2 HLT1 selection

At the HLT1 level, the decay channels of interest in this analysis can be selected by two possi-
ble algorithms: H1t1TrackMVA, which looks for single long tracks, and Hl1t1TwoTrackMVA, which
selects couples of long tracks coming from the same vertex. In this analysis, however, only
candidates in which the bachelor pion has fired the Hl1t1TrackMVA line, i.e. that respect the
piplus_H1t1TrackMVA_TOS requirement, have been included. This choice has been made due to
the different topology of our decays of interest:

e inthe D* — ¢ channel, the candidate is identified by three long tracks (K, K, bachelor
pion) which come from the same vertex, thus the H1t1TrackMVA and H1t1TwoTrackMVA could

be triggered by any of them,;

e inthe DT — KgTFJr channel there is a bachelor pion long track and two displaced pion tracks,
which could be long or downstream. For the K (S) which have decayed close to the D vertex,
the situation is similar to the DT — ¢r™ channel, but in the case of long lived K the
topology is much different and HLT1 can be fired only by the Hl1t1TrackMVA line on the

bachelor pion.
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Since in a large component of the DT — K27 sample HLT1 can only be fired with the
piplus_Hlt1TrackMVA_TOS condition, this request has been extended also to the DT — ¢+ sam-
ple. This is necessary because the HLT1 trigger selection can introduce detection asymmetries and,
if the requirements are the same in both samples, such effects cancel out properly. This request is
conservative and it results in a significant statistics loss, discarding about 23% of the Dt — ¢n T
candidates and 43% of the DT — KQ(LL)n+ candidates, while leaving the D* — KJ(DD)n+
sample unaffected. This strict condition could be relaxed in order to include also candidates in
which the bachelor 7+ has not fired the HLT1 trigger, but this would require additional studies on
the introduced detection asymmetries and on their cancellation.

The H1t1TrackMVA algorithm looks for single long tracks with good reconstruction quality, high
momentum and large IP from all the PVs. The reconstruction quality and the high momentum of
the tracks is required with the following conditions:

e the long tracks must have at least 9 hits in the VELO;
e the track fit has x?/ndof < 2.5;

e the ghost probability is small (< 0.2 — 0.4);

e the momentum fulfils p > 3 — 5 GeV/c.

In addition, a multivariate selection is applied in the pr — x%p plane, in order to select particles
produced by heavy hadrons. The requirement is given by (4.1), with the momenta in GeV/c and
« a parameter which has been changed during the data acquisition between 1.1, 1.6 and 2.3. The
region on the pr — 7 plane selected by this condition is shown in figure 4.3.
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Figure 4.3: Region selected and excluded by the H1t1TrackMVA mulitivariate request on the pr—x%p
plane for the different values of a used in the Run 2 data taking.

63



4.2. Trigger selections

4.2.3 HLT?2 selection

The lines used at the HLT2 level to select the decays of interest are:

e H1t2CharmHadDpToKmKpPipTurbo for the D+ — ¢rt;

e H1t2CharmHadDp2KSOPip_KSOYYTurbo for the D™ — K27, where YY stands for LL or DD in
the case of long or downstream K g.

The selection requirements of these lines have been summarised in tables 4.1 and 4.2. Both lines
select prompt D' candidates, with a mass close to the PDG value, a small fpra and a finite
Decay Time from the PV. All the tracks are required to be displaced, i.e. with an high x%, and

with high transverse momentum.

The H1t2CharmHadDpToKmKpPipTurbo line is specifically designed to find three? good quality
long tracks (Track Fit x2?/ndof < 3) which come from the same vertex, identified by a vertex fit
with x?/ndof < 6. Requirements on Particle Identification variables, to distinguish kaons and
pions, are used, in order to reject residual combinatorial and physics backgrounds.

Particle Quantity Conditions
D+ Mass [1789,1949] MeV/ 2
OpIrA < 10 mrad
Vertex Fit x?/ndof <6
Decay Time wrt PV > 0.4ps
X#p -
all D decay products | pr(K™*) + pr(K~) + pr(rt) >3 GeV/e
pT > 250 MeV/c
Xip >4
2 out of 3 DT > 400 MeV/c
Xip > 10
- loutof3 | pr | > 1GeV/e
Xip > 50
n Track Fit x?/ndof <3
Track ghost probability <04
pr > 200 MeV/c
D > 1GeV/e
DLLyx <5
K* and K~ Track Fit x?/ndof <3
Track ghost probability <04
T > 200 MeV/c
p > 1GeV/e
DLL g, > 5

Table 4.1: HLT2 cuts for D — Kt K},

2To note that this line does not require the charged kaons to come from a ¢ decay, but accepts any KT K7+
final state. Charged kaons not coming from a ¢ have been discarded offline, as described in 4.3.
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The H1t2CharmHadDp2KSOPip_KSOYYTurbo line looks for a good quality 7+ long track and a
neutral kaon candidate, reconstructed from the intersection between two long or two downstream
tracks, with a vertex fit x?> < 30/ndof. Also in this case, the DT vertex fit must have a good
chi-square (x?/ndof < 10). The bachelor pion must fulfil the same PID requirement as in the
H1t2CharmHadDpToKmKpPipTurbo line. Regarding the neutral kaons, the requested conditions differ
slightly between the KJ(LL) and KJ(DD) candidates, due to the different range and resolution

on the interesting quantities. For both neutral kaon types, the 77~

invariant mass is requested

to be close to the PDG value (within 35 MeV/c? for the KS(LL) and 64 MeV/c? for the KJ(DD)),
and the decay time must be larger, respectively, than 2 ps and 0.5ps. The Kg (LL) need to have
the decay vertex z coordinate inside the VELO (DV, € [—100,500] mm), while K(DD) decayed

in the VELO and in the RICH1 (DV, € [300, 2275] mm) are accepted.

Particle Quantity Conditions
D+ Mass [1789, 2049] MeV/c?
ODIRA < 17.3mrad
Vertex Fit x2/ndof < 10
Decay Time wrt PV > 0.25 ps
Xip > 30
all Dt decay products pr(KQ) + pr(nt) > 2GeV/c
Xip > 36
o Track Fit x?/ndof <3
Track ghost probability <04
pT > 200 MeV/¢
D > 1GeV/e
DLLg, <5
K(LL) |m(7m) — m’;fg@’ \ < 35MeV/c?
Decay Time wrt PV > 2ps
DV, [—100, 500] mm
Vertex Fit x?/ndof <30
K2(LL) decay products Track Fit x*/ndof <3
Xip > 36
KY(DD) |m(nm) — mﬁﬁg | < 64 MeV/?
Decay Time wrt PV > 0.5ps
DV distance from the PV along z > 400 mm
DV, 300, 2275] mm
Vertex Fit x2/ndof < 30
KQ(DD) decay products Track Fit x?/ndof <4
P > 175 MeV/e
D > 3GeV/ce

Table 4.2: HLT?2 cuts for Dt — K(S)Tr;

65
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4.3 Offline selections of D™ — KJr" and D" — ¢ " decays

In addition to the trigger selection, additional conditions are requested in each decay channel, in
order to equalise the selections among all data samples, to remove large asymmetry regions and
to further suppress combinatorial backgrounds, misidentified particles and secondary decays. All
the offline conditions applied to the D — K{n™ and DT — ¢nt samples have been summarised
in tables 4.3 and 4.4. The optimisation of some of these cuts has been explained in the following
paragraphs, while others have been taken from published LHCb analyses (mainly from Ref. [8] and
Ref. [7]).

Conditions on M (r+tn~) and M(KTK™)

The HLT?2 line used to select Dt — ¢ candidates looks for a non-resonant charged kaons pair
in the final state. Therefore, only candidates with kaons produced in the ¢ — KT K~ decay have
been selected, by requiring their invariant mass to be within 10 MeV/c? from the PDG ¢ mass.
Furthermore, to additionally reduce combinatorial background in the DT — K(S)w+ samples, the
HLT?2 conditions on the invariant mass of the pions coming from a Kg have been tightened, as
shown in figure 4.4.

x10° x10°
S T R T T L o T i T T 3
i 045 o | KLU | : 3 S 0.45F D' - KD 3
3 04F ; E S 3
E 2018 MagUp E O ggfF 2018Magup 3
= 0.35F 4 = LB E
0 g ] o 035¢ E
S 03p 3 S o3k 3
3 0251 3 %ok 3
5 02F 3 T ozf 3
w015 4 WoisE 3
01 E 0.1F 3
0.05F- 3 005F P
0: o N L L J 0 i N N N L N N L 3
480 500 520 480 500 520
M (1T Tt) [MeV/cd M (1T 1t) [MeV/cd
x10°

Er . T 1 T T 3

E 480F " T ]

© 400F 2018 MajUp E

3 350E = E

< 300F 3

& 250F E

& 200 E

@ 150F 3

100F 3

50E =

A N T |
fhoo 1010 1020 1030 1040

M(K*K) [MeV/d

Figure 4.4: Distribution of M (7m+7~) around the K resonance (top) and of M (KK ~) around
the ¢ resonance (bottom). The vertical lines show the cut around the M kg and My mass.

Equalisation of the kinematic variables edges

In order to equalise the selections among all data samples, some additional cuts on the kinematic
variables of the DT and of the bachelor 7 have been applied. In particular, the one that determines
the bigger loss in statistics in the KS(LL) sample is the request pr(DT) > 2.8 GeV/c?, necessary
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Chapter 4. Data samples and selection

to equalise the pr (D) threshold of the D¥ — K37 sample to the one of the DT — ¢mt sample,
as shown in the upper right subplot of figure 4.5.
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Figure 4.5: Kinematic variables distributions in the DT — K37 and D+ — ¢n+ samples. The
dashed vertical lines represent the edges chosen for the analysis.

Fiducial cuts on the bachelor 7* kinematic variables

Additional cuts on the bachelor 7% kinematics are needed to exclude high detection asymmetry
regions. In fact, the magnetic field bends pions of different charge in opposite directions. If we
consider low momentum pions produced at large angles in the xz plane, one charge is much more
likely to remain within the LHCb sub-detectors acceptance than the other. This effect gives rise
to a large 71 detection asymmetry in certain kinematic regions, in which the assumption that the
total raw asymmetry can be written as the sum of nuisance and CP effects, as in (2.8), is not valid.
For this reason, the problematic kinematic regions, in which the detection asymmetries are higher
than a few tens percent, have been removed, so that the linear approximation in (2.8) is valid up
to 6(1074).

In figure 4.6 it is possible to observe the distribution of the raw asymmetry in the D™ — KJ(LL)7™
channel in the 0, (%) — 6, (7") and 6,(7") — k(7 ") planes for the MagUp and MagDown data
samples. It is clear that these effects are mainly due to the bending of charged tracks in the mag-
netic field, because the change in polarity translates into a change of sign of the raw asymmetry in
all the kinematic regions. From these plots it is possible to identify the regions with large Ap(7™):

e large asymmetry region for small momentum (large k) and large 6, particles in the 6,k
space, in which the 7% are bent in a dead region of the detector:

DeadRegion = k[ GeV '] > 0.3 — |6,],

67



4.3. Offline selections of D* — K7+ and DT — ¢ " decays

e large asymmetry region close to the origin in the 6,, 6, plane, in which the 7% are bent into

the beampipe close to the interaction region:

2 2
0
BeamPipeQOrigin = z Y <1
camripetigin <0.027> * <0.017> ’

e large asymmetry regions for small 6, values, in which the 7% are bent into the conical
beampipe inside the RICH detector:

BeamPipeVertical, = |,| < 0.001
BeamPipeVertical, = |f,| < 0.005 and 0.06 < |6,| < 0.1.

The fiducial cuts on the 7F kinematics can then be summarised as
(4.2)

FidCuts = ! DeadRegion A
| (BeamPipeOrigin V BeamPipeVertical, V BeamPipeVertical,),

and their effect on the removal of the large asymmetry regions can be seen in figure 4.7.
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Figure 4.6: Distribution of A4, (DT — KJ(LL)7") in the 0, (7 ") — ,(x™) (top) and 0, (7) —
k(7*) (bottom) plane for the MagUp (left) and MagDown (right) data samples before the appli-

cation of fiducial cuts.
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Asymmetry
Asymmetry
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Figure 4.7: Distribution of the raw asymmetry in the DT — K2(LL)n+ sample in the 0, () —
0, (7") (left) and in the 6,(7") — k(nt) (right) space after the fiducial cuts in (4.2), for the
MagDown data samples.

Cut on the DT impact parameter

When considering D+ prompt decays produced in the primary vertex of pp interactions, candidates
where the DT was produced in the decay of a B meson constitute a relevant background and are
named secondary decays. Such background candidates are given by a true DT meson, thus their
invariant mass falls in the Mp+ peak, but they have a different production asymmetry? than the
prompt decays. Therefore, the contamination from secondary decays introduces a bias in the raw
asymmetries, as discussed and quantified in 5.4.

A useful quantity to reject secondary backgrounds is the impact parameter (IP) of the DT,
which is null, within the experimental resolution, for a prompt particle and on average non-null for
secondary particles. A cut in the form IP(D*) < IPg,, can both reduce the fraction of secondary
decays and the combinatorial background, discarding candidates given by the association of random
tracks not coming from the DT decay vertex.

However, the distribution of IP(D¥) varies significantly in the ¢, KJ(LL), and K3(DD) sam-
ples, as shown in figure 4.8. In particular, while in the D* — ¢r™ and Dt — KJ(LL)r" sam-
ples it is possible to identify the prompt peak and secondary tail at large IP(D™T) values, in the
Dt — K$(DD)r™ the resolution on IP(DV) is worse and the two populations are indistinguish-
able.

Regarding the D™ — KJ(LL)7" sample, the IP(D™) cut has been optimised to minimise the
secondary fraction and to select the prompt region. The IP(D*) threshold has been set to 100 pm,
where the prompt peak and the secondary tail become distinct (4.8). On the contrary, for the
Dt — K$(DD)rt sample, it is impossible to distinguish the secondary component, thus the
IP(D™) cut has been optimised to maximise the significance 3, defined as

6= 5 (4.3)

VS+ B’

where S and B and the signal and background yields in the D* — K$(DD)r™ sample, estimated
from the distribution of the invariant mass m(KJn™) around the DT peak (figure 4.8).
Regarding the sample of DT — ¢nT candidates, it is necessary to set a requirement on the

3The production asymmetry of secondary DT mesons is due mainly to the different production cross sections of
B and B mesons in pp collisions. Ap(B°) and Ap(B~) have been measured by the LHCb collaboration [65, 66]
and they are in general different than the production asymmetries of prompt D1 mesons because of the different
strong processes at play.
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4.3. Offline selections of DT — K3n™ and DT — ¢r ™ decays

IP(D™) observable, capable to reproduce an effect, on secondaries, as similar as possible of the
requirement utilised for the DT — K27 ", both for LL and DD K9 candidates. Since the ¢
meson in the final state is intrinsically different from the long-lived K meson, it is necessary to
artificially emulate the K(S) decay length (and therefore its decay time) in the Dt — ¢+ decays.
This procedure is discussed in detail in chapter 5 and it is one of the original contribution to this
type of analyses developed in this thesis.
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Figure 4.8: Left: distribution of the impact parameter of the DT, IP(D™), in the three decays of
interest. Right: dependence of the significance 3 on the IP(DT) cut IPyy,, for DT — K{(DD)n
decays. The chosen IP(DT) threshold for the K(DD) sample is 350 pm, value for which s reaches
a plateau.

Particle Quantity Conditions
Trigger LO LOGlobal TIS on DT or LOHadron TOS on ¢
HLT1 H1t1TrackMVA TOS on 7t
D+ n 2.2, 4.2]
pr [2.8, 12] GeV/c
k [0.005, 0.06] (GeV/c)~!
1P see section 5.4
Tt DLLg, <5
DLL,, <5
n 2.2, 4.2]
pr 2.8, 12] GeV/c
[0.005, 0.06] (GeV/c)~1
02,0y, k fiducial cuts (4.2)
¢ Im(KK) —mb™| <10 MeV/c?

Table 4.3: Offline cuts for D" — ¢r+
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Particle Quantity Conditions
Trigger LO LOGlobal TIS on DT or LOHadron TOS on K
HLT1 H1t1TrackMVA TOS on 7t
D+ 0 [2.2,4.2]
pT [1.5, 6] GeV/c
k [0.01, 0.12] (GeV/e)~
IP < 100 um (LL)
< 350 um (DD)
7T DLLk, <5
DLL,, <5
" 2.2, 4.9]
pT [2.8, 12] GeV/c
k [0.005, 0.06] (GeV/c)~1
02,0y, k fiducial cuts (4.2)
KQLL) | |m(rm) — m?gq\ < 10 MeV/c?
" 2.2, 4.2]
t/Tro [0, 0.4]
FD wrt Dt SV > 20mm
KQ(DD) | |m(rm) — m’l’ggg\ < 20 MeV/c?
0 2.2, 4.2
t/Tro [0, 3]

Table 4.4: Offline cuts for DT — K"

4.4 Total signal yields

After the application of all online and offline requirements, combinatorial background is still present
in all data samples, as shown in the distribution of the invariant mass of the K7™ or ¢ pairs
around the D* mass, M;,, (figure 4.9). In order to estimate the signal yields in each channel,
the residual background under the peak can be removed with a sideband subtraction procedure.
The signal region is defined as a ~ 3¢ interval around the peak, while the sideband regions as
symmetric intervals with respect to the peak, as shown in figure 4.9. For this preliminary estimate,
background candidates in the signal and sideband regions are assumed to behave in the same
way. They are therefore removed inside the signal region, by assigning to each candidate a proper
weight, used to fill all the histograms inspected in the analysis procedure. This weight depends
on the value of the measured invariant mass M;,, and is defined in equation (4.4): it is 1 for all
the candidates in the signal region, while for candidates in the sideband region it is given by the
ratio of the number of background candidates in the sideband region (Nykg,sige) and the number
of background candidates inside the signal region (Npkg.sig)-

1 if My, € signal region,
; Nokg,sid
wh = e if M;y,, € sideband region, (4.4)
kag,sig
0 otherwise.
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The signal and sideband intervals are reported in table 4.5 and are determined from the width of
the mass peaks in the used channels, which have different resolution on the invariant mass. The

Sample ‘ Signal region ‘ Left sideband ‘ Right sideband
Dt — Knt | mp £20MeV/c? | [1814.66, 1834.66] MeV/c? | [1904.66, 1924.66] MeV/c?
Dt — ¢rt | mp £ 15MeV/c? | [1819.66, 1834.66] MeV/c? | [1904.66,1919.66] MeV/c?

Table 4.5: Signal and sideband regions for the DT — K27 and DT — ¢m T samples, all symmetric
around the DT mass, mp = 1869.66 MeV/c?.

combinatorial background has a linear shape to a very good approximation. The sideband regions
are symmetric around the signal peak and are chosen to have the same width as the signal region.
This allows to approximately have Npkg side =~ Nokg,sig, thus the sideband weights are equal to —1
for all the samples.

Figure 4.9 shows the distribution of the invariant mass of the three used data samples, while
table 4.6 reports the total yields of signal candidates used in the analysis, divided by year and
magnet polarity. We can see that the mass peaks in the DT — ¢n+ and DT — KS(LL)n+ samples
are extremely clean, with a background fraction in the signal region of about 5%. On the contrary,
the DT — KJ(DD)r™ has a significantly higher combinatorial background contamination, of
around 25% in the signal region.
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Figure 4.9: Distribution of M (K3n*) (top) and of M(¢m*) (bottom) around the D* mass res-
onance for the 2018 MagUp dataset. In the legend, BKG under peak refers to the number of
background candidates in the signal region Nypg sig, thus B/(B+S) is the background fraction in
the signal region.
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Dataset | D* — KQ(LL)x+ | D* — KQ(DD)x* | D+ — ¢n+
18Up 45M 51M 58 M
18Dw 42 M 47 M 53M
17Up 3.9 M 44M 49 M
17Dw 4.0 M 4.7 M 51 M
16Up 32 M 3.6 M 3.9M
16Dw 38 M 41M 47 M
total 23.6 M 26.6 M 30.1 M

Table 4.6: Yields of the samples in the different datasets divided by year and magnet polarity. The
invariant mass distributions for all datasets divided by year and magnet polarity are reported in
appendix A.
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Chapter 5

Cancellation of nuisance asymmetries

This chapter illustrates the strategy developed to subtract the nuisance asymmetries in the D™ — KQr™
sample by using the Dt — ¢ sample as calibration. At first, the kinematic weighting procedure
to equalise the momentum distributions of the DT and of the bachelor pion is presented. It fol-
lows a discussion on the contamination of DT mesons produced in bottom hadron decays, which
introduce a bias related to their different production asymmetries that cannot be removed in the
kinematic weighting procedure. Finally, the developed method to measure the neutral kaon detection
asymmetry based on the determination of raw asymmetries in the signal and calibration sample is
presented.

5.1 Nuisance asymmetries and analysis overview

The main goal of this thesis is to study the time dependence of neutral kaon detection asymmetry in
charmed meson decays, specifically focusing on the DT — K, é%r* channel. The strategy developed
to extract the quantity of interest, Ap (Kg)7 involves using the Dt — ¢t decay as a calibration
sample to cancel the nuisance asymmetries in the channel of interest. The raw asymmetry in the
Dt — K3n" channel can be expressed, using the formalism and the approximations developed in
section 2.2, as:

Araw(DY = K1) = Ap(DV) + Ap(7T) + Ap(K3), (5.1)
while for the Dt — ¢t channel we have:
Avaw(DT = ¢nt) = Ap(DT) + Ap(nt) + Acp(DT — ¢nt). (5.2)

The production asymmetry of the D+ meson, measured in Ref. [67], is found to be

Ap(DT) = (—0.96 +0.26 + 0.18)%, not showing any significant dependence on the pt and 7 of
D™ mesons. This slight excess in the production of the antimesons is due to the fact that ¢ quarks
might combine with the valence quark of the colliding protons, whereas the same is not true for ¢
quarks. It is also worth mentioning that the measurement of Ref. [67] is performed using data from
pp collisions at 7TeV, while the analysis described in this thesis is based on data produced with
pp collisions at 13 TeV, therefore a slightly lower production asymmetry is expected. A detailed
study of all charged particle detection asymmetries, with a focus on their momentum dependence,
is provided in Ref. [68]. Here, only the most significant effects are briefly overviewed. The main
source of the bachelor pion detection asymmetry is the vertical dipole magnetic field, which bends
oppositely charged particles in opposite directions. Since the used data samples are collected,
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5.2. Splitting into Kg decay-time bins

with similar yields, both in the MagUp and MagDown dipole magnet configurations, the detection
asymmetries due to such effects are drastically reduced, to the percent level, when averaging across
all years and magnet polarities. Furthermore, the phase-space regions with acceptance asymmetries
larger than few tens percent are removed from the data sample applying the fiducial requirements
described in 4.3. Despite all these measures, there remain residual asymmetries, on the order of a
few percent, which do not depend on the dipole magnet polarity but are mainly due to tracking
efficiencies and detector alignment.

Both the Ap(D%) and Ap(n™) terms in the raw asymmetries of the two samples depend
on the momentum distributions of the Dt and 77T, respectively. Therefore, if the kinematic
distributions of the DT and 7" are equalised between the two samples, the Ap(DT) and Ap(7T)
terms will cancel out to a very high degree of precision when taking the difference between their
raw asymmetries. This cancellation is much more precise than any of the uncertainties involved.
Consequently, the neutral kaon detection asymmetry can be precisely determined by calculating
the difference between the raw asymmetry of the D™ — K37 channel and that of the control
sample. This difference can be expressed as:

AAKg = Arquw(DT — Kgﬂ'+) — Avaw(DT — ¢7)

= Ap(K§) — Acp(D* — ¢mt), >3
where the last term does not depend on the Kg decay time and thus has no impact on the time-
dependence of Ap(K2).

To study the dependence of this quantity on the KQ decay time, the DT — KJn* sample
is divided into 6 decay-time bins for the KJ(LL) and 7 decay-time bins for the K$(DD). To
cancel the nuisance asymmetries in all 13 Kg decay-time bins, the D¥ — ¢t candidates are
also split into 13 sub-samples, each corresponding to one Kg decay-time bin. This splitting
procedure is described in detail in section 5.2. As discussed above, it is also necessary to equalise
the kinematics of the D and m mesons between the D — ¢7T decay channel and the DT — Kin™
decay channel. Therefore, after the splitting, an iterative kinematic weighting procedure is
performed independently for each of the 13 sub-samples. This procedure is described in detail in
section 5.3. Finally, after the splitting and kinematic weighting procedures, the raw asymmetries
are determined independently in all 13 K¢ decay-time bins for the D* — K3r" and DT — ¢nt
samples. This is achieved through a simultaneous fit to the invariant mass distributions of the
positively and negatively charged D meson candidates, as detailed in section 5.5.

The output of this procedure is the observable AA o (t) for each of the 13 K decay-time
bins, computed as the difference between the raw asymmetries of the corresponding K2 and ¢
sub-samples, as defined in equation (5.3). This quantity is used to constrain the models of the
time dependence of the neutral kaon asymmetry in LHCb, to measure Acp(DT — ¢nt) and to
determine the CF-DCS interference parameters in the D* — K27+ decay, r and d,, as presented
in chapter 6.

5.2 Splitting into K¢ decay-time bins

In order to perform a time-dependent analysis of the neutral kaon detection asymmetry, the
Dt — K§7T+ sample is split into independent sub-samples based on different K(S) decay-time bins.
Specifically, the events are divided into 13 sub-samples, 6 for the DT — KQ(LL)7" sample and
7 for the DT — KJ(DD)nt sample, accordingly to the measured value of t/ Txo. The not uni-
form binning scheme is determined by the decay-time distributions of the KJ(LL) and K2(DD)
candidates, shown in figure 5.1: t/TKg € 10.00,0.05,0.10,0.15,0.20, 0.30, 0.40] for long decays and
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Chapter 5. Cancellation of nuisance asymmetries

t/TKg € [0.0,0.4,0.6,1.0,1.4,1.8,2.2,3.0] for downstream decays. The kinematic variables of in-
terest, i.e. the 3D momenta of the DT and of the n, are correlated with the K decay time, by
means of the K§ momentum. As an example, figure 5.2 shows how the distributions of pt and
n of the DT and 7t in the DT — K" sample, significantly vary as a function of the different
Kg decay-time bins. In order to ensure a precise cancellation of the nuisance asymmetries, it is
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Figure 5.1: Decay time distributions, in units of the K lifetime, TKY for the long (on the left)
and downstream (on the right) samples.

crucial that the D — ¢r+ calibration sample is also split into 13 sub-samples, by assigning to
each event a random K(S) decay-time bin, between 1 and 13. In order to exploit the full statistical
power of the Dt — ¢n™ sample, the assignment of the random decay-time bin is performed trying
to reproduce some of the correlations between the decay-time bin and the kinematic distributions
observed in the DT — K7 sample. The assignment of the random decay-time bin proceeds with
the following steps:

1. a multidimensional histogram, H b(E), is filled with some of the kinematic variables, IZ, for
each decay-time bin, b, of the DT — K, 87T+ sample (combinatorial background is subtracted).
The three chosen kinematic variables are k = (n(D1), n(x"), pr(D™)), as these variables have
the most different distributions between the DT — K27 and D™ — ¢n+ samples, as shown
in figure 4.5;

2. given a candidate i in the DT — ¢ sample with kinematic variables equal to l;:i, the random
decay-time bin b is randomly extracted from a discrete distribution, taking values € [1,13].
The probability for the candidate 7 to get assigned to the decay-time b is given by

b(pi
P = T8
>y HY (k)
These two steps can be heuristically understood, for example, by considering the extreme scenario
in which a specific corner of the kinematic variables phase-space in the DT — KSO7T+ is exclusively
populated in the decay-time bin b = 1. In this case, any DT — ¢ T candidate that falls into the
same phase-space corner is automatically assigned to decay-time bin b = 1. A different splitting
procedure might assign this D¥ — ¢+ candidate to a different decay-time bin b # 1, resulting in a
loss of statistical power. This is because the weighting procedure described in subsection 5.3 would
weight this candidate to 0, as the kinematic region it falls into would be empty in the D™ — K. gﬂ'+
bin b # 1.
Even in less extreme cases, this splitting procedures ensures that the initial kinematic distribu-
tions D — KJ7T and DT — ¢n " samples already agree quite well in each decay-time bin. This
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alignment simplifies the weighting procedure described in subsection 5.3.
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Figure 5.2: Distributions of n(DT), n(7T), and pr(D™T) variables for the DT — K27 sample
in the different long (left) and downstream (right) K decay-time bins. These distributions are
reported for mere illustration purposes and they are chosen among all the kinematic variables
because they have the greatest variations in the different K decay-time bins.
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Chapter 5. Cancellation of nuisance asymmetries

5.3 3D kinematic weighting

After the division into 13 independent sub-samples, a kinematic weighting procedure is applied in
each sub-sample (or bin), with the aim of equalising the 3D momentum distributions of the D" and
of the bachelor 7+ of the D™ — K27 and DT — ¢nT candidates. The optimal option would be
to perform a simultaneous 6D weighting in the space identified by the three-dimensional momenta
of the DT meson and of the bachelor pion. However, this is not very practical even if the size of
the available data sample is large. Therefore, an iterative procedure of multiple and sequential 3D
weighting is chosen. A simple binned approach is used, instead of more sophisticated ones based on
Multivariate or Machine Learning tools, in order to have full control of the procedure. It is worth
mentioning that this is not a complex task, so there was no need to use much more powerful tools
which, while increasing the quality of the result, would have made the quantification of possible
systematic effects more difficult. Two sets of variables describing the 3D momentum, related to
the components p,,py, p., have been explored and used in the weighting procedure: (pr,7,¢) and
(k,05,0,), defined in 4.1. Therefore, the total number of kinematic variables equalised is 12, 6 for
the 77 momentum and 6 for the D™ momentum. They are strongly correlated as three kinematic
variables of a given particle uniquely determine the other three variables of the same particle,
however this is not a problem for the purpose of a weighting. The first set is well suited to model
effects due to the production mechanism of the D mesons, while the second probe with higher
granularity all the corners of the phase space where detector-induced and acceptance effects are
present.

The iterative kinematic weighting procedure is composed of several subsequent stages, in which
the 3D distribution of a chosen triplet of kinematic variables is equalised between the two samples,
as described below. In each step, a different triplet of variables, extracted from the 12 momenta
variables, 6 for the 7 and 6 for the D™, is equalised. The total procedure requires six subsequent
steps and the triplets equalised in each step are:

L k(n™), pr(DF), n(D¥) 4. pr(n®), pr(DF), n(DT)
2. pr(a®),n(7*), k(D) 5. k(mT), k(D), p(D¥)
3. ¢(nt), k(r ™), k(DT) 6. pr(m*),pr(D¥),n(DF).

Each step of the kinematic weighting procedure consists in the equalisation of the 3D background-
subtracted distributions in three chosen kinematic variables of a D* — K27t and DT — ¢t
sub-sample. This equalisation is done by assigning to each event of the DT — ¢rt sample a
weight w?, which is used to fill all the histograms of the analysis. Assuming that the n-th step is
aimed at equalising three kinematic variables, ¥ = (v1,vs,v3), the weight wén) for a DT — ¢t
event ¢, with measured kinematic variables 0" = (v}, v}, v}), is defined as:

Wy V(@)

1) (5.4)
D) h;nfl)(m)

Wiy = W

where:

o wénfl) is the weight assigned to the candidate i of the D* — ¢ data sample in the (n—1)-
th step of the kinematic weighting (the initial weights are those from the sideband-subtraction
procedure, defined in (4.4));
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5.3. 3D kinematic weighting

. hg?{l)(ﬁi) is the content of the normalised 3D ¥ histogram of the DT — K27 sample, filled
S

with weights wfn_l), in the bin that contains the @ values;

o h((;fl)(ﬁi) is the content of the normalised 3D ¥ histogram of the Dt — ¢+ sample, filled
with weights wfnq)v in the bin that contains the ¢ values;

e any bin in which at least one of the decay channels, i.e. DT — ¢ or D — KJ77T, has less
than 10 candidates is excluded by setting its weight to zero, in order to avoid large statistical
fluctuations in the kinematic weights.

In each step, to ensure the success of the kinematic weighting procedure, acceptance weights are
assigned to D — K'gw+ candidates: these weights are 0 for all the candidates falling into a 3D
space bin with weight zero and 1 otherwise. The kinematic weighting procedure is stopped when
all the kinematic variables distributions are in agreement, i.e. when the the ratio between the
normalised histograms in each kinematic variable of the D* — K3n™ and D™ — ¢n " sample is
compatible with 1, within the statistical uncertainties, in all the bins.

In each kinematic weighting step, the assignation of weights different than 1 to the candidates
determines a loss in statistical power, which can be quantified for a data sample as:

5 u?
Sy = 2=V .
> w) >3

This quantity is an estimate of the variance of the raw asymmetry in that sample after the kinematic
weighting step. In the ideal case in which all the weights are equal to 1 and there is no background
Sw = 1/N, with N the number of signal candidates in the sample. For this reason, 1/5,, can be
interpreted as an effective number of signal candidates, which takes into account the presence of
combinatorial background, after the kinematic weighting. The percentage loss of statistical power
between the initial weights and the final weights can then be defined as

rew
L= s (5:6)
1/84m0

For illustration purposes, figures 5.4 and 5.5 show the distributions of the n(D*, 7%) and pr (DT, 7™)
in different K decay-time bins before and after the kinematic weighting. The reported figures are
produced only using the 2017 MagUp data sample, but the result is similar in all the other Run 2
datasets. The percentage loss of statistical power due to the iterative bin-by-bin kinematic weight-
ing procedure for the 2017 MagUp sample is reported in table 5.1. More plots and tables evaluating
the performance of the weighting procedure can be found in appendix B.

Sample | w0 1ys5m | w1785 | Ry

Dt — ¢t 4.50 3.52 3.96 2.20 | 0.63
D+ - KY(LL)r* | 351 3.17 1.90 1.75 | 055
D+ — KY(DD)x+ | 4.03 2.53 2.90 204 | 081

Table 5.1: Statistics loss in the iterative kinematic weighting procedure for 2017 MagUp sample.
In the first two columns, the quantities are computed using the sideband subtraction weights. All
the reported quantities are in units of 106.
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Figure 5.4: Distributions of the kinematic variable n(D¥) and pr(D¥) in some of the K decay-
time bins before and after the kinematic weighting. The initial histograms have been filled with
sideband subtraction weights. On the bottom part of each plot, the ratio between the ¢ and K
histograms is shown before (pink line) and after (blue line) the weighting procedure.
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Figure 5.5: Distributions of the kinematic variable (") and pr(7T) in some of the K2 decay-
time bins before and after the kinematic weighting. The initial histograms have been filled with
sideband subtraction weights. On the bottom part of each plot, the ratio between the ¢ and K
histograms is shown before (pink line) and after (blue line) the weighting procedure.
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Chapter 5. Cancellation of nuisance asymmetries

5.4 Contamination from D mesons produced in B decays

The developed strategy to measure Ap(KY) and Acp(DT — ¢n ™) relies on the assumption that,
after the equalisation of the D+ and 7T kinematics, all the nuisance asymmetries cancel out when
computing the difference A4 (DY — K3nT) — Aygu (DT — ¢r) in each K$ decay-time bin.
Thanks to the sideband subtraction procedure at the beginning of the weighting, the contribution
of the combinatorial background to the kinematic variables distributions is negligible, meaning
that the equalisation concerns only the signal events. However, as stated in section 4.3, the data
samples contain another type of background: secondary DT mesons originating from a B meson
decay. These background events comprise true DT mesons, thus their invariant mass falls in the
Mp+ peak, but they exhibit different production asymmetries compared to prompt decays.

In particular, the production asymmetry of secondary D' mesons is primarily due to the
different production cross sections of B and B mesons in pp collisions. Ap(B°) and Ap(B~),
defined in analogy with Ap(D™") in (2.3), have been measured by the LHCb collaboration [65, 66]
and they are in general different than the production asymmetries of prompt D' mesons. As a
result, the contamination from secondary decays introduces a bias in the AA K observable, in a
given KJ decay-time bin. This bias can be estimated as follows:

Agee = Ap(DT — Kgn) — Ap(DT — ¢
~ (1 £5) Ap(D) + fuéAp(B)] = [(1- fiee) Ap(DF) + frcAp(B)]  (57)

~ (Ap(B) - Ap(Dh) - (15 - fhe) |

where f§§§ and fﬁgc are the secondary fractions in the K{ and ¢ samples in the considered K9
decay-time bin and Ap(B) is the production asymmetry of B mesons in pp collisions. Since
Ap(B) # Ap(D™), this bias can be reduced by minimising the difference (f§§§ — ffec> in each K9
decay-time bin.

The background from secondary D+ mesons can be identified using the distribution of the
impact parameter of the D*, IP(D™), which is on average nonzero for secondary D+ mesons.
However, the distribution of the IP(D™) varies significantly in the KJ(LL) and KJ(DD) samples,
as shown in figure 4.8. In particular, while the prompt peak and secondary tail at high IP(D™)
values can be distinguished in the D* — ¢n™ and DT — KQ(LL)7" channels, the resolution on the
IP(D*) is worse in the DT — KQ(DD)r" channel, making the two populations indistinguishable.

The requirement on the IP(DV) in the DT — K{nt data sample is described in 4.3, with
the optimal threshold set to 100 um for the long sample and 350 um for the downstream sample.
Minimising ( f§§§ — fic) in each K, g decay-time bin can be achieved by applying an IP(D™) cut to
the DT — ¢7 T after splitting it into different Kg decay-time sub-samples. This approach accounts
for the differences between the long and downstream neutral kaons:

e For the DT — ¢7T events assigned to KS(LL) bins, a cut of IP(D) < 100 pum is applied.
This reduces the secondary fractions in both the KJ(LL) and ¢ samples, making their differ-
ence negligible and minimising corrections to the production asymmetries due to secondary
decays. The impact of this approach and the associated systematic uncertainty are studied
in detail in section 7.1.

e For the DT — ¢n " events assigned to KJ(DD) bins, a different strategy is required due

to the high uncertainty on the IP(D¥), which prevents clear separation of secondary and
K(DD)

prompt components. The objective here is to align f2,. closely with fse2 . To achieve

this, the IP(DT) distribution in the DT — ¢+ sample is artificially smeared to mimic the
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5.4. Contamination from D mesons produced in B decays

IP(D™) distribution in the DT — K2(DD)n* sample. Following this adjustment, a cut of
IP (D )smear < 350 um is applied to the DT — ¢ sample to match the effect of the IP(D)
cut on the K§(DD) sample, ensuring fsec? ~ fﬁg (PD) e systematic uncertainty related
to this method is detailed in section 7.1.

5.4.1 Smearing of IP(D") in D™ — ¢n™ decays

To understand why the uncertainty on the IP(D™) variable is greater for the DT — K2(DD)r"
candidates, we can examine the decay topology, represented in figure 5.6. The IP(D™) variable is
determined using information from the Primary Vertex (PV), the direction of the reconstructed
momentum of the DT (p(DT)), and the position of the DT decay vertex, referred to as the Decay
Vertex (DV). The uncertainties in estimating the PV location and p(D™) are comparable between
Dt — Kdnt and Dt — ¢nt decays. However, the resolution on the DV increases with the flight
distance of the K. g in the final state, particularly for the downstream sample.

The uncertainty in locating the DV of the DT is significantly influenced by the Kg flight
distance, particularly for downstream decays, due to several contributing factors:

1. The distance from the DV to the decay vertex of the neutral kaon can range from 350 mm
to 2400 mm for K(S)(DD) decays, as shown in figure 5.7. The DV of the DT is determined
by intersecting the momenta of the K. g and bachelor 7T, where errors in the direction of the
K? are amplified for longer flight distances, as shown in 5.6.

2. The uncertainty on the Kg decay vertex depends on its flight distance. K. g(DD) candidates
are reconstructed using tracks from the 717~ pair, originating from the TT without VELO
hits. Longer flight distance indicates that the K3 decayed further from the PV and closer
to the TT hits, thus the uncertainty in identifying the intersection of the 7+ and 7~ tracks
is smaller. Conversely, shorter K g flight distances indicate that the 777~ pair was detected
farther from its origin, amplifying the error in the K decay vertex.

Thus, the decay vertex of KJ(DD) candidates has a bigger uncertainty for shorter flight distances,
because the 77~ can be revealed up to two meters far from their production point. When
determining the decay vertex of the DT, the uncertainty on the K(S) decay vertex and direction
gets amplified and this results in a significantly enlarged D+t DV uncertainty, which determines
the wide IP(D™) distribution shown in figure 4.8.

Therefore, to impose a similar criterion on the DT vertex position as applied in the KS(DD)
candidates, the spatial position of the Decay Vertex (DV) for DT — ¢7 ™ candidates is artificially
adjusted within each decay-time bin. This adjustment aims to align the distribution of the IP(D¥)
variable with that observed in K. (S)(DD) decays and it involves smearing the reconstructed spatial
position of the DV. It takes into consideration that the momentum of the bachelor 7 is accurately
known, particularly in the Kg (DD) sample. Consequently, the smeared DV is constrained to lie
close to the direction of the reconstructed 7+ momentum, accounting for tracking uncertainties.

The decay vertex position and the direction of the ¢ meson are precisely determined thanks to
the VELO sub-detector and the proximity to the Primary Vertex (PV). To emulate less precise
measurements in 3D space and displaced DV positions from their true locations, the variables can
be artificially smeared using 3D covariance matrices derived from Dt — ng candidates on an
event-by-event basis.

However, this approach is computationally intensive and requires detailed modelling of all
tracking characteristics, which may not always be necessary. Therefore, a simplified yet effective
method is preferred: directly smearing the reconstructed DV position by adding a displacement
along the direction of the bachelor j(w ™). The magnitude of this displacement is randomly sampled
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Figure 5.6: Schematic representation of the impact parameter of D" mesons in Dt — K37t (left)
and Dt — ¢rt (right) decays. In both cases, the momentum of the D7 is reconstructed from the
momenta of three stable particles in the final state: the 7+ and the products of the K(— 777 ™)
or of the ¢(— KTK™) decays. In the left scheme, the uncertainty on the DT decay vertex is
dominated by the errors on the direction and decay vertex of the K. g.
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Figure 5.7: Distribution of the flight distance of the K$ in the different K$(LL) and K$(DD)
decay-time bins. A strong positive correlation between the FD and the decay time is clearly
visible.

from a Gaussian distribution with a mean of zero and a standard deviation ogmeqr. Subsequently,
the smeared IP(D™) is calculated for each event using the reconstructed PV position, the measured
momentum direction of the DT, pp, and the newly smeared DV position:

‘WSME&T = D—‘} +apr  witha~ G(Oa Usmear) (58)
JD = Wsmear - P.‘} (59)
IP(D+)smear = ’JD - (JD ﬁD) ﬁD‘ (510)

The best value for the width ogmneqr is determined separately for each K. g(DD) decay-time bin, by
maximising the agreement between the distribution of IP(D™)gpneqr in the DT — ¢n™ candidates
and that of IP(D%) in the D* — K3(DD)r" candidates.

Figure 5.8 shows some examples of IP(D™T) g0 distributions in different K(DD) decay-time
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5.4. Contamination from D mesons produced in B decays

bins. Despite the simplicity of the smearing strategy, they all show a good agreement with the
IP(D™) distribution in the K3(DD) sample. This is fully satisfactory for the purpose of equalising
a selection requirement between two data samples. The values found for o,ecqr are also reported
in figure 5.8. They decrease for higher Kg (DD) decay times. Therefore, the uncertainty on
reconstructing the position of the decay vertex of the Kg, which decreases with the flight distance
in the downstream sample, is the dominant contribution to the resolution of the IP.

After having built in the presented way the IP(D™T)gmear distribution for D¥ — ¢t decays,
the cut IP(DT )gmear < 350 um is applied. The effect of this requirement on the original IP(D™)
distribution can be seen in figure 5.9: the efficiency, defined as the ratio between the IP(DV)
histogram after and before the application of the IP(D™ )gpear cut, is very high, close to 90%, in
the prompt region and it starts decreasing when approaching 350 pm. This shows that the number
of secondary events with high impact parameter is reduced by this cut, but also about 10% of
prompt candidates is discarded.
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Figure 5.8: Distribution of IP(D™) for the D™ — ¢ (red) and D+ — KJ(DD)7r" (blue) samples
in four K3(DD) decay-time bins. The red star histograms show the distribution of the smeared
IP(D*) with the opy that allows to reach the best agreement with the IP distribution in the
Kg (DD) sample. On the bottom of each plot the ratio between the IP(D™ )gmear distribution in
the ¢ sample and the IP(D7) in the K2(DD) sample is shown.
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Figure 5.9: Effect of the cut IP(D™)smeqar < 350 um to the distribution of IP(DT) in DT — ¢r™
decays. Left: distribution of IP(D™) before and after the cut on IP(D™)speqr- Right: ratio between
the IP(D™) distribution after and before the cut on IP(D™)ear, to quantify the efficiency of the
cut. The fraction of prompt events discarded by the cut is of the order of 10%.

5.5 Determination of the raw asymmetries

All ingredients are now ready to measure AA K2 (t) in each Kg decay-time bin, which is given by
the difference between the raw asymmetries of the D* — K37+ and DT — ¢ channels. These
are determined from a fit to the invariant mass distributions for the positively and negatively D
meson candidates, M (KJ7*) and M (¢m+), respectively.

5.5.1 Simultaneous mass fits to determine raw asymmetries

A robust approach to determine the raw asymmetries A4, (DT — K37 1) and A,q (DT — ¢7T)
in each K§ decay-time bin is a simultaneous fit to the invariant mass distributions of the positive
and negative D candidates. The probability density functions (pdfs), for the D™ and D~ samples,
are:

1+ Ay,
2

14 Appg

+ - +\ _
F (maa 7ﬁ )*Nsig' 9

- Fyig(m; o) + - Fyrg(m; BY), (5.11)
where Agig, Apig, and Ny, are shared parameters between the DT and D~ pdfs. In particular,
the first two terms represent, respectively, the asymmetry between the positively and negatively
charged particles in the signal (As;g) and background (Aprg) components. Furthermore, since F;gq
is normalised to unity, N4 represents the total number of signal events in the two samples. On
the contrary, for simplicity Fyiy has not been normalised to unity and the number of background
events, which has never been used in the analysis, is given by its integral in the fit interval.

The fit is binned and minimises the total x2, given by the sum of the D" and D~ x? terms.
Thus, the raw asymmetries in the different decay-time bins are separately measured for the D* —
Kg’]'(i and the D¥ — ¢rt samples with two simultaneous fits and then subtracted to obtain
AA KQ- The used pdfs, both for signals and backgrounds, are empirical, with shape parameters
determined from the fit itself. This is not a big issue in this analysis, since prominent peaks are
distributed over an almost flat background and no significant differences between the two flavours
are found. However, several fit models are tested, and the systematic uncertainties associated to
the mass modelling are described in section 7.1. The terms a® and B+ are vectors of free shape
parameters for the signal and background pdfs: most of them are shared between the D+ and D~
samples, except for a few, which are free to float between the positively and negatively charged
particles and will be referred to as 2*. The chosen central fit model has the following features:
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e [, is given by a Johnson Sy distribution, defined by its mean (u), its standard deviation
(o), its skewness (§) and its kurtosis () as:

2
e’ /2
J(xp,0,00\) = ——Fr—,
(231 ) 2mwolvz? + 1
e’\2 -1
with w =

2ver cosh 200 + 17 (5.12)
P + Ver sinh o),

wo
asinhz

A

r=—0+

In the central model, the mean is free to float between the D+ and D~ samples (u* = p=+6,),
in order to account for the misalignment of the tracking layers of the detector, which can
cause an offset between the the momenta measured for particles with opposite charge. The
other shape parameters are shared between the two samples. The total number of parameters
used to describe the two signal functions is then 5: a® = {(u £4,), 0,5, \}.

o Fyg is a 1st grade polynomial, defined by 2 parameters, which are shared between the two
samples: BT = {po, p1}.

Considering also the 3 parameters introduced above, Nyig, Asig, Apig, the total number of param-
eters used to perform the fit is then 10.

Fits are performed separately for each Run 2 dataset, divided by year and dipole magnet
polarity, in order to have a better control of the nuisance detection asymmetries. In fact, as a
consequence of the detector left-right asymmetry, different detection asymmetries are expected
when using the magnet with opposite polarities. Moreover, minor upgrades of the LHCb detector
and of its trigger conditions among the years can also have an impact on detection asymmetries.
Figure 5.10 shows the fit results, for the 2017 MagUp dataset, in different K decay-time bins for
the DT — K3nt and D' — ¢m T samples.

5.5.2 Time-dependence of AAgo(1)

After the measurement of the raw asymmetries of all the 13 K and ¢ sub-samples, it is possible
to measure the quantity of interest of this thesis, AA KQ (t), defined in equation (5.3). Except for a
constant term, this observable is equal to the time-dependent neutral kaon detection asymmetry,
Ap(KQ,t). As discussed above, the measurement of the raw asymmetries in the D™ — K27 and
DT — ¢rt data samples, and therefore that of their difference AA K2 (t), are performed separately
for each year and magnet polarity dataset, in order to precisely cancel the nuisance asymmetries.
Furthermore, in order to avoid any experimenter’s bias to the measurement of the constant term
Acp(Dt — ¢nt), all the AAgo(t) values are blinded, i.e. shifted by a unknown offset, shared
by all K¢ decay-time bins and for all the Run 2 datasets, extracted randomly between —10% and
10%. The blinded measurements of AA K2 (t) , divided by year and magnet polarity, are reported
in figure 5.11, where a satisfactory agreement among the different datasets, in each K (S) decay-time
bin, is found. This compatibility can be quantified by the global x2, reported in the plots, which
results in a p-value of 72%. This result is expected since all the differences AAgo(¢) no longer
depend on either the detector effects or the D meson production mechanisms. All the Run 2
datasets are therefore combined by performing the average over the years and magnet polarities
of the asymmetry differences, in each Kg decay-time bin, and the obtained result is reported in
figure 5.12.
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Figure 5.10: Simultaneous mass fits in two K decay-time bins for the DT — K27 T (left) and
DT — ¢mT (right) samples separately, for the 2017 MagUp dataset. In the legends, the total
number of signal events, N4, and the uncertainty on the signal asymmetry o(As;q) are reported.
The histogram and fit functions shown in each plot are given by the sum of the DT and D~

components.
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Figure 5.11: Compatibility between the measurements of AAgq(t) in the different long (left) and
downstream (right) bins with all the six Run 2 datasets.
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Figure 5.12: AAgo(t) measurements in the different long (left) and downstream (right) bins,
obtained averaging on all the Run 2 datasets.
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Chapter 6

Time-dependent neutral kaon
asymmetry

This chapter presents the core focus of this master’s thesis, which is centred on modelling the
time-dependent neutral kaon detection asymmetry in DY — KQrT decays, Ap(K3,t). At first,
detailed discussions are presented on the methodology used to predict these effects, using the models
presented in chapters 1 and 2 and exploiting the knowledge of the LHCb material map. A novel
aspect introduced in this thesis is the inclusion of a new interference contribution, which is discussed
in depth. Furthermore, the thesis reports the measurement of the relative magnitude, v, and strong
phase difference, 6, between the Cabibbo-Favoured and Doubly Cabibbo-Suppressed amplitudes,
governing this interference process. The methodology employed to obtain this result represents an
original contribution, developed entirely within this thesis. Finally, the model for AD(K&t) 18
applied to measure Acp(DV — ¢n™) using the full LHCbh Run 2 dataset.

6.1 Time-dependent neutral kaon asymmetry templates

The method employed to predict the time-dependent neutral kaon detection asymmetry is based
on the phenomenological model introduced in chapters 1 and 2. This methodology has been
developed for the measurement of Acp(D? — K+TK~) in 2014 (Refs |6, 43]) and has since been
used in more recent analyses as well [8, 7]. This method estimates the detection asymmetry
for each reconstructed K3 candidate, accounting for its momentum and trajectory within the
LHCb detector. The asymmetry of a Kg candidate is determined iteratively by reconstructing
its time evolution using the phenomenological framework introduced in section 1.6. Initially, this
method considered only CP violation in the K° — KY mixing and the K$ regeneration, due to the
different interaction cross sections of K° and K° mesons with the detector material. This thesis
extends the methodology by introducing, for the first time, a new source of CP violation: the
interference between Cabibbo-Favoured and Doubly Cabibbo-Suppressed charm decays and the
K% — K° mixing, presented in section 2.4.

Given a reconstructed K, its path in the LHCb detector can be determined based on its
production and decay vertices, as well as its momentum. The distribution of material within
the LHCD detector is not homogeneous, and detailed descriptions of the detector geometry and
material distribution have been implemented using the GEANT4 framework [69, 70]. In this analysis,
the software-based LHCb detector description is assumed to be accurate at a level of precision
much higher than the statistical uncertainties at play. Therefore, any systematic errors arising
from material characterisation, as discussed further in section 7.4, are considered negligible. Once
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6.1. Time-dependent neutral kaon asymmetry templates

the distribution of the material in the detector is known, the asymmetry Ap(K$) can be estimated
using an iterative procedure, as detailed in Ref. [6].

Steps of the iterative procedure to estimate the K° asymmetry

The asymmetry for the k" Kg candidate in the dataset, given its momentum and its path, can be
estimated using equation (2.21). The fundamental ingredients in this equation are the coefficients
describing the composition of the neutral kaon state, ag[L) (tx), at the time of its decay into the 77~
final state. The starting point to compute these coefficients are the equations (1.42) and (1.43),
which assume that the material through which the time evolution occurs is homogeneously dis-
tributed, with atomic weight A and density p. The approach to calculate these coefficients while
considering the trajectory of a candidate in the detector is described in the following steps, which
are illustrated in figure 6.1.

e The LHCD detector is described by a structure of geometrical volumes, each made of a specific
material. Each volume is assigned a MEDIUM number defining the properties of the contained
material, assumed to be homogeneously distributed within the volume. The reconstructed
path of each KY candidate is divided into n small steps, whose boundaries are defined by
intersections between the Kg path and the detector volumes. The properties of the material,
namely the atomic weight A and density p, in each step can be accessed using the MEDIUM
number associated to the crossed volume. Each path step corresponds to a proper time range
[ti—1, ti], with to = 0 and t,, equal to the k" K$ candidate decay time tj.

e In the first step, the initial amplitudes of the neutral kaon, agﬁg(O), are estimated according

to equations (2.17) and (2.20) and they depend on the r, and §, parameters.

e In each subsequent step, the amplitudes a(SiL) (t;) are estimated according to equations (1.42)

and (1.43), using as initial values the amplitudes in the previous step ag[,-z(ti_l). This
computation considers the time interval At = ¢; — ¢;_; and estimates Ax using the average
A and p of the detector material in that path step.

This method enables the computation of the coeflicients a(si) (tx), which describe the K§ — K7}

composition of the neutral kaon state at the time of its decay. With these coefficients, the predicted

neutral kaon asymmetry for the k" K candidate, A(I?g (tx), can be computed as in equation (2.21).
S

T /

0
KO .

aL,s(O) aL,s(tl) OZL,s(tZ) aL,S(tn—l) aL,s(tn)

Figure 6.1: Simplified representation of the iterative procedure to compute the asymmetry for a
neutral kaon candidate. The path of the neutral kaon is divided into several steps, in which the
material distribution is assumed to be homogeneous. In this picture, the blue boxes are made of
a different material than the space in between. In each step, the coefficients ag s are computed
iteratively. Figure taken from Ref. [6].

Once the asymmetry is determined for each KY candidate in the data sample, the predicted asym-
metry in a K decay-time bin is computed as the weighted average of the asymmetries of all the
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Chapter 6. Time-dependent neutral kaon asymmetry

K? candidates in the considered bin, using the kinematic weights. This averaging uses kinematic
weights coming from the weighting and splitting procedure described in section 5.3:

Sy weAig) (1)
>k Wk .

The output of this procedure is a template for the time-dependent neutral kaon detection asym-
metry in the KJ(LL) and K2(DD) decay-time bins, built with a chosen pair of (r;,d,). As an
example, the templates built with a set of r, and J, values are shown in figure 6.2. We can see
that the templates built with r, = 0 (only CF) and with the FAT prediction (r, = —0.073 and

Aprea(K$,t) = (6.1)

0 = —1.39) are really close to each other, in all the Kg decay-time bins. In contrast, for other
strong phases, such as 6, = 7/4 and §, = m/2, the discrepancy is larger, especially at high decay
times.
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Figure 6.2: Templates built with the 2017 MagUp dataset in KJ(LL) (left) and KJ(DD) (right)
bins, using r = 0 (only CF) and r, = —0.073 and several strong phases reported in the legend.

Test of the agreement between the prediction and the data

For each dataset, the predicted neutral kaon detection asymmetry is estimated using the procedure
described above, making a scan on several (r,,0,) pairs. Since the predicted asymmetry is always
null at ¢/7 = 0, in order to compare it to the AAKg (t) measured in data, it is necessary to shift the
templates by an offset, which is related to Acp(D+ — ¢7™) and, therefore, to the blinding constant
according to equation (5.3). The optimal offset for each (r,,d,) template is found by minimising
the x2 with respect to data: given a tested offset, the x? is computed from the comparison between
the 13 AA K (t) measurements and the time-dependent prediction, given by the (r.,d,) template
shifted by the tested offset; this procedure allows to study the dependence of the x? on the offset,
given a (ry,d;) pair, as shown in figure 6.4. The optimal offset is then simply estimated by
minimising the y2. As an example, figure 6.3 shows the agreement of several templates, each
shifted by its optimal offset, and data.
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Figure 6.3: Comparison between the templates with 7, = —0.073 and the KJ(LL) and K2(DD)
data.
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Figure 6.4: Plot of the x? in the comparison between 2017 MagUp data and templates as a function
of the of offset at fixed values of (r,,d,). The optimal offset for each (7, d,) pair has been found
minimising the 2.

6.2 Measurement of r. and 0,

As discussed in chapter 2, the effects due to the interference between the Cabibbo-Favoured and
Doubly Cabibbo-Suppressed amplitudes in the DT — KJn* decay channel are included for the
first time in the time-dependent model of neutral kaon detection asymmetry. Such interference
effects are exploited to measure the relevant parameters, the modulus ratio r, and the relative
strong phase .. This section presents the strategy developed to build confidence intervals in the
rx — O space, which is based on the agreement of the templates, built for a set of tested (7, d,)
pairs, with the AA KQ (t) data. Because of the peculiarity of the statistical problem, it is decided
to use the Plugin method (also referred to as the fi method) [71, 72]. This is used to determine the
confidence level of a chosen set of parameters, in this case r; and J,, in the presence of nuisance
parameters, in this case the offset, using a frequentist approach.

First of all, a set of templates for the time-dependent asymmetry, choosing the values of (v, d,)
on a grid in the intervals r, € (—1,0) and 0, € (—m, ), are generated, using the procedure
described in section 6.1. The differences among the templates with different (r,,d,) pairs are
shown in figure 6.5. In particular, as expected, the dependence on the relative strong phase d,
increases in magnitude for larger r, values. This effect results in a loss of sensitivity to the d,
parameter in the region at r, ~ 0, as shown in the following sections.
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Figure 6.5: Set of templates for d, free to vary and r, fixed at a large value —0.500 (left) and at
the FAT prediction value —0.073 (right) in long (top) and downstream (bottom) bins. For large
values of r,, different strong phases result in very different templates, especially at large K3 decay
time values.

6.2.1 Plugin method

The model which describes the time-dependence of the 13 AA o (t) measurements depends on
three parameters: r,, d,, and the offset ¢, which is treated as a nuisance parameter (at least in
this first part of the analysis). The global Likelihood of the 3 parameters can be written as:

13
2 (X]a) = [[ n(AAxy (1) o), (6.2)
t=1
where we define:
o X = {AAgo(t)}12; the set of the 13 time-dependent asymmetry measurements;
e o = {r;,0:,q} the set of the three parameters;

° p(AAKg (t); @) the p.d.f. of the asymmetry measurement in the K¢ decay-time bin .

Assuming that each AA K2 (t) measurement has a Gaussian distribution, with the mean given by the
prediction of the model in the bin ¢ and the standard deviation given by its statistical uncertainty
oy, the p(AAgy(t); o) term can be written as:

P(AAg(t); )

— mode (8% 2
L ((AAKg@) del(t,a)) ) 6

B V2o, 20t2
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From the dependence of the global likelihood on the three parameters, it is possible to select
the regions in the r, — d,; space in which the model describes better our measurements. A key
ingredient to build confidence intervals in the r, — d, space is to quantify the agreement between
model and data as a function of the (r,, §;) parameters, treating the offset as a nuisance parameter.
A suitable statistics commonly used in Goodness of Fit problems with nuisance parameter is the
Logarithm Likelihood Ratio (LLR), which will be referred to in this thesis as Ax?, defined for each
(rr, 0p) pair as:

sup, Z(X|rx,0r,q)
Supr;‘_,é;,q g(X|T;_75;”q) (64)
= min x*(rr, 0y, q| X) — H%in X2 (rl, 00, g1 X)),

q T/ I

TV

AXQ(TW, o) = —2log

where we define the x? function of a parameters triplet a, given the set of measurements X, as:

el X) =)

o
t=1 t

13 AApo(t) — model(t, o
( (1) (¢, @) + constant. (6.5)

Equation (6.4) can be computed from two ingredients: the y? for the tested (r,,d,) pair minimised
with respect to the offset, for the value g, s,), and the global minimum of the X2 on the allowed
(rr,0x,q) space, found for the triplet & = {?mg,r, q}

The Ax?(rg,d,) map is a useful quantity to perform a Goodness of Fit test, i.e. to quantify
the agreement between the model, with a specific (r;,d,) pair, and data. In particular, given a
specific (rr,d,;) pair, it is possible to define a p-value, p(ry,0-), as the probability of obtaining,
with another set of measurements X', a Ax? higher than what obtained with the original dataset
X. A critical region €(CL), given by (7, ,) values excluded with confidence level C'L, can finally
be built from the condition:

(re,0z) € 6(CL) < p(ry,0z) < CL. (6.6)
The accepted region is given by the complementary condition:
(rr,0r) € A(CL) <= p(rs,0,)>1—-CL. (6.7)

The only remaining ingredient is to compute the p-value for each (r,,d,) pair, used to exclude
the critical region at a given C'L. To do so, there are two possible approaches, based on different
assumptions on the distribution of Ax?:

e the Profile Likelihood method, in which the assumption that the Ax?2 is distributed as a
x2(ndof = 2), deriving directly from Wilks Theorem [73], is made. In this case, the p-value
can be computed as:

+oo
p(Tr,0r) = / X2 (t; ndof = 2)dt; (6.8)
sz(r,ﬁﬁ,{)

e the Plugin method, which is a generalisation of the previous case with no assumptions on
the distribution of Ayx?2. Following the approach described in [72], the steps to compute the
p-value of a specific (r,, ;) pair are:

1. Ax%(ry,65) is computed as described in (6.4). In particular, the offset which minimises

96



Chapter 6. Time-dependent neutral kaon asymmetry

the x? for the fixed (r,d,) pair is referred to, from now on, as Urr, 520

2. Nioy pseudo-experiments are then randomly generated, starting from the model with the
tested (rr, 0-) pair and their best-fit offset g, 5,). Each pseudo-experiment consists in
a set of 13 measurements X (M¢) = {AAk (t)MENI3 where each value of AAg(t)
is randomly extracted, using the p.d.f. defined in (6.3), with the parameters set to
o = {T‘fﬁ 67” (/J\(rm 61)};

3. for each pseudo-experiment, the quantity Ax? M) (r., §,) is computed, optimising ev-
ery time the offset separately and finding for each pseudo-experiment the global y?2
minimum for @™©). This allows to build the distribution of Ay? M) (5., com-

puted with different sets of generated measurements;

4. the p-value of the (ry, d,) pair can finally be computed as the tail of the Ay? M) (r 5.)
distribution above the Ax?(r,,d,) measured in data, i.e. as the fraction of pseudo-
experiments with Ax? M) > Ay2(r,, 6,):

B N(Ax? (MC)(TW,(;W) > AX2(77,67))

p(re,0x) = N, . (6.9)
oy

In our case, since we want to explore a region close to the r, = 0 boundary, where we loose
sensitivity to the J, parameter, we can’t assume that the Ax? is distributed as a y?(ndof = 2),
thus it is necessary to use the Plugin method.

Computation of Ax?(r.,d,), treating the offset as a nuisance parameter

The first step to build confidence intervals in the r, — §, parameters space is to quantify the
agreement of each (7, d,) template with data, i.e. by computing the Ax?(ry, 6, ) statistics defined
in (6.4). The term Ax?(rn,d,) is computed as the difference between the y2, computed as in (6.5)
with fixed values for r, and §, and minimised with respect to the offset, and the global minimum
x2. This procedure is done simultaneously over all Run 2 datasets, using the averaged AA K (t)
measurements shown in 5.12. In figure 6.6, the procedure to minimise the x? with respect to
the offset for two fixed (r;,d,) pairs is shown. In figure 6.7 the distribution of the Ax?, defined
n (6.4), for each (rr,dr) point in the scan is shown. It is evident from this plot, as expected, that
for values of 7, closer to 0 the sensitivity on the strong phase is lost, while for higher r, only few
values of d, have good agreement with data.

Generation of the pseudo-experiments for each (r,d,) pair

A pseudo-experiment consist in a set of 13 AA K2 (t) measurements, each extracted random from
the p.d.f reported in 6.3, which consists in a Gaussian with o given by the uncertainty on the
measured asymmetry in that bin and p given by the prediction for that bin of the template with
the tested (rr,dr) pair and the best-fit offset g, s5.). As an example, figure 6.8 shows the time-
dependence of a pseudo-experiment, built for r, = —0.073 and ¢, = —1.39, (blue points) and data
(black points). For each (7r,d,) pair in the scan, Nyoys = 10000 pseudo-experiments have been
generated. In figure 6.9 the distributions of the asymmetry in four chosen decay-time bins for the
pseudo-experiments generated with r, = —0.073 and §, = —1.39 (FAT prediction) are shown.
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Figure 6.6: Optimisation of the offset for two different (r,,0,) values for the full Run 2 dataset.
The minimum of the y? with respect to the offset and the optimal offset are reported in the plot.
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Figure 6.7: Map of the Ax? for each 6., 7, template, using all Run 2 datasets.
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Figure 6.8: Comparison between the data and one pseudo-experiment for the

rm =—0.073,0, = —1.39 scan point. The red histogram is the template for this (r;,d )
point, with the optimal offset.
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Figure 6.9: Distribution of the pseudo-experiments in the different decay-time bins for the
rr = —0.073, 6, = —1.39 point. In the boxes are reported the prediction of the template and
the uncertainty on AA K (b), used to generate the pseudo-experiments.

Distribution of Ax? (M%) for different (r,,d,) pairs

After having generated Ny,y,s = 10000 pseudo-experiments for each (7, d,) point in the scan, the
distribution of Ax? (M) (r,,§,) is produced. Given a (7, d,) pair, Ay? (M€
experiment is computed as the difference between the x? minimised with respect to the offset, with

) for a single pseudo-

fixed (7, d,), and the x? minimised with respect to the three parameters free to vary in the space.
In figure 6.10 the distribution of Ax? (M) for different (7, d,) pairs is shown. We can see that at
high r, values there is a peak at Ax? = 0, which is an artefact related to the fact that the scan is
performed on a discrete set of templates. In particular, for the majority of toys with high r, values
the global minimum x? is found for the same (r,,d,) pair with which the toys were generated.
This artefact, however, does not affect the computation of the p-value, given by the integral of the
tail of this distribution.
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Figure 6.10: Distribution of Ay? (M%) for the pseudo-experiments built for different (r,,d,) pairs.
In the top right boxes the Ax? measured on all Run 2 datasets and the final 1 — C'L value are
reported.

6.2.2 Results: contour lines for r, and J,

The output of the Plugin method is a map of the p-value in the r, — §, space, shown in the
left part of figure 6.11 using all Run 2 datasets. Based on the p-value, it is possible to define
the excluded (6.6) and accepted (6.7) regions, by applying a threshold which depends on the
chosen confidence level C'L. The right part of 6.11 shows the confidence intervals built applying
three different 1 — C'L thresholds to the p-value map, which correspond to 1, 2 and 3 equivalent
Gaussian standard deviations. It can be seen that the FAT prediction falls in the lo interval,
but also the templates with r, = 0, i.e. neglecting the presence of DCS charm decays, are in
agreement with data. This result only takes into account statistical uncertainties on the AAxq(t)
measurements. Systematic uncertainties are discussed and added to this p-value map in section 7.3,
by repeating the whole procedure with enlarged errors given by the quadrature sum of the statistical
and systematic components. This is a very important and interesting result. For the first time,
a model-independent experimental measurement, free of any theoretical uncertainty, has access to
this type of information. This is unique and opens the doors to a new research line in LHCD,
completely unexpected until today.

The resolution on the AA K (t) measurements, and consequently on r, and J,, is constrained by
the limited statistics of the calibration sample DT — ¢r+. To improve precision, as a secondary
task, the thesis proposes to use the D} — ¢n™ decay as an additional calibration channel. It
is assumed, and experimentally verified, that, after equalising the kinematics of Dt and D7,
the difference in production asymmetries between D and D} mesons remains constant across
KQ decay-time bins. Thus, including the D] calibration sample does not bias the measured
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Figure 6.11: Left: map of the p-value computed with the plugin method for different r,, §, values
in the scan, using the full Run 2 data sample. Right: confidence intervals applying different 1 —CL
thresholds to the p-value. We can see that the FAT prediction is in the 1o interval.

time-dependence of AD(Kg). This study to improve the precision on 7, and J, is reported in
Appendix C, where it is shown that the statistical uncertainties on the A A K2 (t) measurements are
all reduced by a factor ~ 0.7. The confidence intervals in the r, — §, space are recalculated using
the Plugin method, now including the D calibration sample to measure AA K (t). The result for
the p-value map and for the confidence intervals is reported in 6.12.
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Figure 6.12: Left: map of 1 — CL computed with the plugin method for different r,,d, values
in the scan, including the D} calibration channel. Right: confidence intervals for different CL
thresholds. We can see that the FAT prediction is still in the 1o interval.
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6.3 Measurement of Acp(DT — ¢r)

As a by-product of the measurement of r, and J, this thesis also presents the measurement of
Acp(DT — ¢nT) using the full Run 2 dataset. As described in section 2.3, the most recent
measurement of this quantity was published in 2019 by the LHCb collaboration, using 2015-17
data (Ref.[8]), corresponding to an integrated luminosity of 3.8 fb™':

Acp(DV — ¢nt) = [0.05 + 0.42(stat) £ 0.29(syst)] x 1073

This measurement uses the DT — K (S)7r+ decay as calibration channel, but only the K(S)(LL) dataset
is included in the analysis. As in this thesis, the quantity of interest is estimated from the time-
integrated raw asymmetries difference:

Acp(DT = ¢nT) = Apaw (DT = ¢n") — [Apaw(DT — Kgnt) — Ap(KQ)] . (6.10)

The time-integrated neutral kaon detection asymmetry Ap (Kg) is estimated from the predicted
asymmetry for each K$(LL) candidate, computed as described in section 6.1 only considering CF
charm decays, i.e. fixing r, = 0.

This thesis presents a new measurement of Acp(DT — ¢nt), reanalysing 2016 and 2017 data
and including the 2018 data sample. The new measurement takes into account also the newly
introduced effect due to the CF-DCS interference in the D™ — K37 charm decay, thus the model
for the neutral kaon detection asymmetry is now more accurate even at large decay times. This
enables the inclusion of the KJ(DD) sample, in which such interference effects are more relevant,
and to perform a more robust estimate of systematic uncertainties related to the knowledge of
the neutral kaon detection asymmetries. The developed analysis strategy consists in measuring
Acp(D* — ¢n™) directly from the offset of the best-fit model to the AAgo(t) plot. In fact,
the time-dependent neutral kaon detection asymmetry vanishes at zero K decay time, in the
assumption of negligible direct CP violation in the K°/K° — 7+ 7~ decay, hence the offset can be
expressed as:

AAKé)(t = 0) = AD(Kg,t = 0) — flcp(DJr — ¢7T+)

(6.11)
= —ACP(D+ d (Z)7T+) .

Several approaches to include the effect of the interference between CF and DCS charm decays in
the estimate of the best fit offset are presented in this thesis. At first, working under the assumption
that the model-dependent FAT prediction for . and d, is accurate, AA K2 (t = 0) is estimated as
the offset that minimises the x? with data for the template with r, = —0.073 and §, = —1.39,
as described in section 6.3.1. However, in order to have a measurement of Acp(DT — ¢t)
independent on the strong amplitudes models used in the FAT approach, AA K2 (t = 0) is also
measured with a Profile Likelihood method, treating r, and J, as nuisance parameters to be
optimised directly on data. This strategy is described in detail in section 6.3.2 and it is independent
of the model used to describe the strong amplitudes in the FAT approach.

6.3.1 Template fit fixing (r,,d,) at the FAT prediction

This first estimate of Agp(Dt — ¢n™) is performed with the strategy to optimise the offset for
a fixed template described in section 6.1. In this case, the template with the FAT prediction
(rr = —0.073,0, = —1.39) is used. The relative uncertainty on both parameters from FAT is
small, 5% for r, and about 3.6% for d,, thus the systematic uncertainty due to these errors is
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negligible. The optimal offset is therefore determined by simply minimising the x2, while its
uncertainty is determined assuming that the likelihood of the offset is Gaussian, so that around
the minimum the x? can be written as:

2

q — Qbes

X2 (9) = Xin + (t) : (6.12)
Oq

The fit is performed independently for each dataset divided by year and magnet polarity and the
results are in good agreement with each other, as shown in figure 6.14. The final blinded result for
Acp(DT — ¢rT), averaged among all Run 2 datasets, is:

Acp(DF — ¢rt) |2 = (2.367 £ 0.033)% .

FAT
The statistical uncertainty of this result, 3.3 x 107, is lower than what found in the published
article (044 = 4.2 x 107% in Ref. [8]), thanks to the inclusion of the 2018 dataset! and the
Dt — K{(DD)r" sample.
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Figure 6.13: Template with (7, = —0.073, 6, = —1.39) with the offset that minimises the x?, using
all the Run 2 datasets.
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Figure 6.14: Results of the optimal offset for the template with (r, = —0.073,d, = —1.39) simul-
taneously on all Run 2 datasets.

IThe analysed integrated luminosity is now 5.4 fb~1, larger by a factor 1.4 than the 3.8 fb~! used in [8].
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6.3.2 Profile Likelihood fit, using r, and J, as nuisance parameters

As discussed in section 6.2, our model for the time-dependent neutral kaon detection asymmetry
depends on three parameters: the offset, ¢, and the shape parameters r, and ¢,, which in the
previous section have been fixed to the FAT prediction. This section proposes an alternative
method to measure Acp(D' — ¢nT) that does not take any external input on r, and §,, which
would depend on the employed strong amplitudes model.

The chosen strategy to measure the best fit offset without any external inputs is to treat both
rr and d; as a nuisance parameters, to be optimised directly on data. The relative strong phase d
is left free to vary in the whole [—m, 7] interval, while r is constrained to be in [—0.093, —0.053],
estimated in section 2.4 as an interval, centered in the FAT prediction, much larger than any
correction due to hadronic contributions. The statistical treatment is analogous to what described
in section 6.2, with the only difference that now the parameter of interest is the offset ¢ and the
nuisance parameters are r; and d,. With a similar strategy, it is possible to compute the Goodness
of Fit statistics Ax?(q), defined as

Ax*(q) = min X*(rx,6x,q) — min  x*(rx, 0, ). (6.13)

/
Tr,0m q "m,0n

The best-fit value for the offset is simply given by the condition Ax?(gpest) = 0, i.e. requiring that
@bes: Minimises globally the x2. On the other hand, for the estimate of the uncertainty on qpes it is
necessary to work under an assumption for the distribution of Ax?(g). The most rigorous statistical
treatment would require to compute this distribution using the Plugin method, generating a set
of pseudo-experiments. However, since 7, is constrained to have a non-zero value and there is
no loss of sensitivity on d,, the approach chosen is a Profile Likelihood method, working under
the assumption that Ax?(q) is distributed as a x?(ndof = 1). In this case, the confidence interval
for the offset ¢ equivalent to one Gaussian standard deviation, J,(1c), can be identified by the
condition:

Ax*(q) <1 Vqe JJ,(lo). (6.14)

Following the approach used by the MINOS algorithm [74], it is possible to define asymmetric errors
on ¢ (O'(Ull and o) according to the following relations:

sz(qbest - 0-((11) =1 and AX2(qbest + O-Z;) =1 P (615)

so that the 1o confidence interval is given by %, (10) = [qbestfag, Qvest+0y]. The Profile Likelihood
method is implemented using only the templates with r, =€ [—0.093, —0.053] and the result for
the minimisation of x?(g) is shown in figure 6.15.

_ +0.034
Profile Likelihood ~— 2.413 0.051 ) Jo

This result is compatible, within 1o, with the result obtained using only the FAT prediction
template. The statistical uncertainty is now worse than what found in the previous section, fixing
rr and d, at the FAT prediction. It is important to remember, however, that this measurement
is completely independent on any strong amplitudes model used to predict r, and d,, since the
interval chosen for the parameters is much larger than the uncertainties estimated with the FAT
approach.
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Figure 6.15: x2(q) plot using all the Run 2 datasets. We can see that the x?(g) has an asymmetric
shape around the minimum, thus the asymmetric uncertainties Ufj’d have been estimated as in
(6.15).
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Chapter 7

Systematic uncertainties and
consistency checks

This chapter addresses the systematic uncertainties in measuring the DCS-CF interference pa-
rameters in the DT — K3 decay mode, v, and 8, as well as the direct CP asymmetry in the
Dt — ¢n ™ decay channel, Acp(DT — ¢nt). Additionally, the knowledge of the LHCbH material
map is discussed, with particular attention on the impact of uncertainties in the material budget
within the LHCb detector description on the neutral kaon asymmetry models.

7.1 Systematic uncertainties on the measurements of AAxo(?)

The main sources of systematic uncertainty on the determination of the 13 AA K2 (t) measurements
are due to the choice of the model used to perform the simultaneous mass fits, in order to measure
the raw asymmetries in each decay-time bin, and to the contamination of D' mesons coming from
B decays, which alter the production asymmetry. Table 7.1 reports the systematic uncertainties
in each K2 decay-time bin, divided by source. The dominant contribution is given by the choice of
the fit model, which however depends on the statistical fluctuations of the various fit results. For
this reason, this source of systematic uncertainty is expected to decrease as the size of the analysed
samples increases.

Model for the simultaneous mass fits

The raw asymmetries of the D™ — KJ7™ and D™ — ¢n " channels computed in each decay-time
bin depend on the model used to describe signal and background in the simultaneous mass fits.
A set of different mass models, capable to satisfactorily describe data, are used to perform the
alternative mass fits, to measure the raw asymmetries, and to compute the AA K2 values. The
systematic uncertainty is assigned as the maximum dispersion of the obtained results, as shown
as an example in figures 7.1 and 7.2. The size of this systematic uncertainty is affected by the
statistical fluctuations of the asymmetry results in the various fits, hence it is expected to decrease
as the number of signal events increases.

The used models are summarised in table 7.2 and they are chosen to test different background
shapes, namely first and second grade polynomials and a double exponential, defined as:

Fbk!](m; )‘15 A27 f) = )\167)\1771 + f)\2€7)\2m . (71)
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Furthermore, in the second and third models, all the shape parameters for the signal and for the
background pdfs are allowed to float between the Dt and the D~ sample, while in the first and
fourth only the mean of the Johnson Sy is not shared.

t/ TKQ bin Secondaries | Fit model | 04ys | Ostar Otot
K2(LL) bins
[0.00,0.05] 0.9 3.3 3.3 9.4 9.9
[0.05,0.10] 0.6 6.8 6.8 8.5 10.9
[0.10,0.15] 0.7 12.8 12.8 | 119 17.5
[0.15,0.20] 1.11 12.7 12.7 | 19.0 22.9
[0.20, 0.30] 1.47 20.7 20.7 | 285 | 35.2
[0.30, 0.40] 3.13 477 | 477 | 1465 | 154.1
K2(DD) bins
[0.0,0.4] 0.2 3.2 32 | 72 | 79
[0.4,0.6] 0.2 2.7 27 | 85 | 89
(0.6, 1.0] 0.2 3.1 31 | 80 | 8.6
[1.0,1.4] 0.2 7.1 7.1 13.7 15.5
[1.4,1.8] 0.2 5.9 59 | 255 | 26.1
[1.8,2.2] 0.2 23.8 23.8 | 52.5 | 57.7
[2.2,3.0] 0.2 52.7 592.7 113 125.5

Table 7.1: Systematic uncertainties on AA(KY) in all the K decay-time bins, in units of 1074,
In the last columns, the statistical and total (given by the quadrature sum of Osyst and Ostat)
uncertainties on AA(KS,t) using all the Run 2 datasets are reported.

Model label | Parameters Signal Model Background Model
JSUI1(10) 10 Johnson Sy first grade polynomial
all shared except for p all shared
JSU2(17) 17 Johnson Sy second grade polynomial
all free all free
JSU1(15) 15 Johnson Sy first grade polynomial
all free all free
JSU2exp(12) 12 Johnson Sy double exponential
all shared except for u all shared

Table 7.2: Features of the models used to estimate the systematic uncertainty, with the labels
reported in the figures. The notes below the signal and background models refer to the parameters,
which can be shared between the D' and D~ samples or free to vary. The first model, JSU1(10),
is used to measure the central values of AA K (t), as discussed in 5.5.
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Figure 7.1: Fit results for A,4,(DT — ¢7T) in the fourth KJ(LL) bin with two different models
for the 2017 MagUp dataset.

KSOLL - 7 in[0.20, 0.30] KSODD - t/t in [0.4, 0.6]
Oys 21X 10* (Ogy: 28 x 107 Oys 3x10* (04, 8x 10%)
T T

280 T T T T T

210

N
3

205

N
N
o

g,t) blinded [x 104
g B &
A R I ) L LN I
N T
1) blinded [x 104

0
S

g
AN LA LARRE LARAE LA LA

AA(K
&
o
AA(K
=
8

JSUL(10) I JSU2(17) I JSUL(10) I JSUL(15) IJSUZ@(p(lZ) 185 JSUL(10) I JSU2(17) I JSUL(10) I JSUL(15) IJSUZ@(p(lZ)

Figure 7.2: Dispersion between the AA K2 (t) measurements with the different fit models in two
Kg decay-time bins. Statistical uncertainty for that bin is also reported.

Secondaries in the KJ(LL) bins

Secondary DT mesons, produced in the decay of a B meson, exhibit different production asymme-
tries compared to prompt Dt mesons. Consequently, they introduce a bias on AA KQ» 88 estimated
in section 5.4:

Asee = (Ap(B) = Ap(Dh) - ( e = flec) - (7.2)

In the case of the KJ(LL) bins, Ay, is estimated directly from the IP(D™T) distributions in each
decay-time bin following the approach adopted in Ref [§]:

e the difference of the production asymmetries Ap(B) — Ap(D™) is assumed to be approxi-
mately equal to the difference Asec — Aprompt, Where:
— Agec is the raw asymmetry in the region IP(D1) > 150 pm;
— Aprompt is the raw asymmetry in the region IP(DT) < 100 pm.
While A, is equal to the raw asymmetry of a pure sample of secondary decays, Aprompt

receives a small contribution, at the level of 3-4%, from the contamination of secondary
decays, which is neglected in the determination of A..
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7.1. Systematic uncertainties on the measurements of AA o ()

e The relative fraction of secondary decays below the prompt peak fsc, i.e. for IP(D') < 100 pm,
is estimated in both the D* — KJ7" and DT — ¢m™ samples. This fraction is measured
using a realistic cocktail of simulated D mesons produced in B®, B¥, B — DT X decays,
where the 3D distribution of pr,n, ¢ of the D candidates is weighted to match that of the
background-subtracted data candidates having IP(D™) > 150 um. This allows a fine-tuning
of the simulated Dt momentum, by exploiting a kinematic space in data, populated by
only secondary decays. The IP(D¥) distribution of simulated secondary decay candidates
is overlapped to the same distribution of background-subtracted data, where the normali-
sation for the simulated distribution is chosen to match the data distribution in the region
IP(D™") > 150 pm, as shown in figure 7.3.
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Figure 7.3: Comparison between the IP(D™) distribution of data and the scaled secondary sim-
ulation in the D* — KQ(LL)w™ (left) and DT — ¢m™ (right) samples, using all decay-time bins
and Run 2 datasets. The estimated secondary fraction in the prompt region is also reported.

The bias introduced by secondary decays is estimated at first using the full statistics of the Dt —
KQ(LL)7" sample and of the Dt — ¢n sub-samples assigned to K2(LL) bins. This is done to
verify that Ag.. is compatible with zero using the full available statistics. The result is Age. =
(0.29 £ 0.18) x 1074, as shown in the left panel of figure 7.4. The systematic uncertainty due to
the contamination on secondary decays instead is estimated using the same strategy but repeated
independently in each K(S) (LL) decay-time bin. The measured values of Ag.. are reported in
table 7.3 for all the KJ(LL) decay-time bins, using the requirement IP(D") < 100 um. The bias
is found to be compatible with zero, with uncertainties in the range [0.60 — 3.13] x 107%, well
below the corresponding statistical uncertainties. The systematic uncertainty is thus estimated as
the uncertainty on each Ag.. measurement. As an example, the right panel of figure 7.4 shows
the ingredients used to estimate the bias introduced by the contamination from secondary decays
in the first Kg(LL) decay-time bin: the secondary fractions in the prompt regions are estimated
separately for the Dt — K. (S)(LL)W+ and DT — ¢ samples, using the scaled simulated samples;
the difference between the prompt and secondary DY production asymmetries is estimated as the
average of the difference Agec — Aprompt in the two samples.

Secondaries in the K$(DD) bins

For the DT — KJ(DD)nt sample, due to the poor resolution on IP(D™), it is not possible to

distinguish the secondary and prompt components, and thus to measure f:is) and Age. directly
from data, as done in the DT — KJ(LL)w™ sample. However, thanks to the smearing procedure
performed on the IP(D™) variable of the calibration sample and the consequent equalisation of
the requirement on both samples, the bias due to the contamination of secondary decays can be
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Figure 7.4: Estimate of the A, bias in two different K decay-time bins. Both the data and the

scaled MC IP(DT) distributions in the KJ(LL) and D — ¢m " samples are shown. The dashed
lines identify the prompt (IP(D*) < 100 um) and secondary (IP(D*) > 150 pm) regions.

K(LL) bin | Awee [1074] | Asee — Aprompt Ko, | stat [1074]
[0.00, 0.05] | (0.60+0.85) | (0.3+0.4) % | (2.0840.03) % 9.4
[0.05,0.10] | (0.48+0.60) | (0.3+0.4) % | (1.46 +0.03) % 8.5
[0.10,0.15] | (0.12£0.73) | (0.1£0.6) % | (1.21£0.02) % 11.9
[0.15,0.20] | (0.49+1.11) | (0.440.9) % | (1.22+0.02) % 19.0
[0.20, 0.30] | (—0.24+£1.47) | (—0.2+£1.2) % | (1.19+0.02) % 28.5
[0.30, 0.40] | (—3.79+3.13) | (—4.0+3.3) % | (0.94 +0.03) % 146.5

All bins (0.2940.18) | (0.34+0.2) % | (0.99+0.02) % -

Table 7.3: Estimate of the systematic uncertainty due to the contamination of secondary decays in
KQ(LL) bins. As a comparison, the statistical uncertainty on AA kg(t) in the corresponding bin
is reported in the last column.

0
assumed to be negligible, since fﬁg ~ f;ic. The level of accuracy of this approximation can be
verified using data itself by exploiting the DT — KS(LL)n " sample in the following way:

e the IP(D™) distribution of the full D* — KJ(LL)n* sample is smeared with the procedure
described in section 5.4.1, in order to reproduce as closely as possible the time-integrated
IP(D™) distribution of the DT — KJ(DD)r" sample. This stage emulates a sample of
Dt — KQ(DD)r™" candidates, starting from the D™ — K3(LL)nt candidates, where the
relative fraction of secondary decay component can be determine by inspecting the IP(DV)
observable with no artificial smearing;

e the IP(D™) distribution of the full D* — ¢r+ sample is also smeared and, in this case,
Tsmear 18 Optimised to maximise the agreement with the IP(DT)gmear distribution of the
Dt — KJ(LL)r™ sample generated in the previous step;

e the IP(DT )gmear < 350 wm requirement is applied to both the D — KQ(LL)r" and D* — ¢rt
smeared samples;

e the bias Ay is determined from the IP(D*) distributions of the D — KJ(LL)x" and
Dt — ¢rt, by looking at the observables with no smearing:

— Asec—Aprompt 1s estimated as the difference between the raw asymmetries in the prompt
and secondary regions, as done in the previous case;
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7.1. Systematic uncertainties on the measurements of AA o ()

— fsec is now defined as the relative fraction of secondary decays in the whole interval
IP(D*) € [0.,0.6 mm] and its determination is a bit more complex. For both the
Dt — K(LL)7" and D' — ¢ samples, it is measured by exploiting the simulated
cocktail of DT from b-hadron decays. The absolute normalisation of the IP(D™) distri-
bution of secondary decays is done as before, looking at the tail of the impact parameter
without any smearing and any requirement. Afterwards, the effect of the requirement
IP(D")gmear < 350 um is reproduced by weighting the distribution of the IP(D¥) ob-
servable (not smeared this time) with the associated efficiency. This latter is extracted
directly from data by inspecting the impact parameter distribution with and without
the application of the requirement on the smeared observable, as shown in figure 7.5.
Finally, the relative fraction fse. is measured from the number of prompt and secondary
decays in the IP(D*) € [0.,0.6 mm)] interval, estimated using the data and simulated
candidates, as shown in figure 7.6.
The bias Age. is then computed as (Asee — Aprompt) - ( §§§ — fic> and the associated systematic
uncertainty is reported in table 7.4. In particular, Ag.. is found to be compatible with zero, with
an uncertainty of the order of about 2 x 10~°, and, consequently, completely negligible in our
analysis. This is the first time that downstream KJ(DD) are directly used to measure a CP-
violating asymmetry with such a high precision. The method developed to bound any possible
subtle systematic uncertainty originating from the contamination of secondary Dt meson decays
is a new and original piece of work of this thesis.
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Figure 7.5: Efficiency of the IP(D T )smear < 350 pm cut for both DT — KQ(LL)r" and DT — ¢t
samples. The efficiency is estimated as the ratio between the IP(D™) distribution after and before
the cut on IP(D¥) mear- The fraction of prompt events discarded by the cut is of the order of 10%
for the D* — K3(LL)7" and 15% for the DT — ¢m " sample.

IP(D) cut \ Agee [x1074] \ Asec — Aprompt \ sl

IP(D)ymear < 350pm | 0204024 | (0.14%0.17) % | (1.42£0.04) %

Table 7.4: Estimate of the systematic uncertainty due to the contamination of secondary decays
in K{(DD) bins.
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Figure 7.6: Distribution of IP(D™) in the D™ — K{(LL)n" sample (left) and DT — ¢7 " sample
(right) before and after the IP(D")gmear < 350 pm cut. The prompt and secondary regions in
which Aprompr and Age. are estimated are displayed. In each figure, the scaled simulations, built
with and without reproducing the effect of the IP(DV )gpear cut, are shown. These simulations are
used to compute the secondary fractions before and after the cut, reported in the legends.

Additional systematic uncertainties

In this thesis, only two dominant sources of systematic uncertainty are considered and estimated.
However, other potential effects that could introduce bias in the AAKg (t) measurements have
not been studied due to time constraints. These additional potential bias sources are shown to
be negligible in other published LHCb analyses involving the D¥ — K{n* and Dt — ¢t
channels [8, 7|. Additional sources of systematic uncertainty include the charged kaon detection
asymmetry and inaccuracies in the kinematic weighting.

The detection asymmetry of the K+ K~ pair produced in ¢ — K+ K~ decays is assumed to be
negligible in this thesis. However, the two kaons have slightly different momentum distributions,
as shown in figure 7.7, due to the presence of non-resonant background falling below the Mg
peak. Since the detection asymmetry of a charged kaon (Ap(K™)) depends on its momentum,
this difference leads to an asymmetry in the detection of the KT K~ final state. This asymmetry
is estimated in [8] using simulated DT — K~ ntn™ decays to measure Ap(K™). The resulting
bias on the raw asymmetry of the full D* — ¢+ sample is found to be approximately 1.5 x 1074,
which is smaller than the statistical and systematic uncertainties measured in this analysis.

The kinematic weighting procedure described in 5.3 is concluded when the distributions of the
kinematic variables in all Kg and ¢ sub-samples are in good agreement, as shown in appendix B.
However, residual kinematic differences might induce a bias in the AA K2 (t) measurements due to
imperfectly cancelled nuisance asymmetries. This bias was estimated in [§] to be approximately
0.4 x 107* when using the full DT — KJ(LL)n* and DT — ¢7rT samples. In this analysis, the
kinematic distributions differ slightly from those in [8], but this estimate indicates that the bias is
typically an order of magnitude smaller than the uncertainties at play.
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Figure 7.7: Left: distribution of the charged kaons momenta in the analysed D*¥ — ¢nt sample.
The red distribution refers to the charged kaons with the same sign (SS) of the «T, while the
blue distribution is relative to the opposite sign (OS) charged kaons. The bottom plot shows the
ratio between the SS and OS distributions. Right: simulated charged kaon detection asymmetry
(Ap(K™)) as a function of the kaon momentum, taken from Ref. [8].

7.2 Systematic uncertainty on Acp(DT — ¢nt)

In section 6.3 the two developed methods to measure Acp(D+ — ¢nT) are presented: the first
uses the FAT predictions for both r, and §,, while in the second r, and J, are optimised on data
using the Profile Likelihood method. This section presents the estimate of systematic uncertainties
on both Agp(D+ — ¢n) measurements, which are summarised in table 7.5.

The main sources of systematic uncertainty accounted for in the measurement of Acp(D+ — ¢7T)
are related to the measurement of the AA KQ (t) asymmetry in the different decay-time bins. As dis-
cussed above, the systematic uncertainty on AA K2 depends mainly on the choice of the fit model in
the simultaneous mass fits, while the contamination from secondary decays plays a minor role, as it
gives rise to systematic uncertainties smaller by one order of magnitude. For this reason, only the
systematic uncertainties due to the choice of the fit models are taken into account for the measure-
ment of Acp(DT — ¢7T). To quantify such effects, the estimate of Acp(DT — ¢nt) is repeated
on the AAgo(t) measurements built using the mass fits models described in section 7.1, with the
two presented methods. The systematic uncertainty on Agp(DT — ¢nt) due to the fit model is
then estimated as half the maximum deviation among such measurements. The systematic uncer-
tainty on the FAT prediction result is U§Z§Od6l)(Acp(D+ — ¢mT)) = 0.6 x 1074, while systematic
uncertainty on the Profile Likelihood method result is af)f;?del)(Acp(D"r — 1)) =0.7x 1074, as
shown in figures 7.8 and 7.9.

Another source of uncertainty in the first method is due to the knowledge of §, and r, pa-
rameters, since they are both fixed to the FAT prediction in the fit to the data. The associated
systematic uncertainty is estimated as the maximum deviation of the offset by varying their values
within +10, where o refers to the errors given by the FAT prediction, o, = 0.004 and o5 = 0.05.
It results in a maximum error of a§§,’§°de’)(Acp(D+ — ¢mT)) = 0.2 x 10~*, which is much lower
than the statistical uncertainty of the measurement, as expected.

In contrast, when using the Profile Likelihood method to determine the value of Acp(DT — ¢rT),
the statistical uncertainty on the offset automatically accounts for the lack of knowledge of the free
nuisance parameters. However, a rough estimate of the contribution to the total uncertainty due
to 7, and 0, parameters can be extracted by looking at the increase of the uncertainty with respect
to what it is found by fixing both r, and ¢, to the best knowledge, which is the FAT prediction.
The statistical uncertainty found with the Profile Likelihood method is = (fg‘f) x 1074, while that
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obtained fixing the values of nuisance parameters is 3.3 x 10™%. Thus, the contribution to the
uncertainty due to 7, and 6§, can be roughly estimated from the difference of the squares of the
two uncertainties:
ol = (15:5) x 107*.

This contribution to the total uncertainty has a statistical nature, and it will decrease as the size
of the available data samples will increase. Smaller error bars on the AA o (t) measurements not
only will better constrain the value of the offset, namely Acp(Dt — ¢nt), but they will also
drastically increase the capability of narrowing the allowed phase space of r; and ¢, values. The
associated systematic uncertainties are therefore expected to decrease as the statistical uncertainty
of the observable of interest, always remaining at a lower level. It is worth mentioning that during
Run 3 and Run 4, LHCb will collect much larger and more enriched data samples of decay modes
with downstream KQ(DD). This will largely impact on the determination of the neutral kaon
detection asymmetry input parameters, such as those studied in this thesis.

Source 0sys FAT prediction [x107%] | ogys Profile Likelihood [x10~4]
Fit Model +0.6 +0.7
Secondaries <0.1 <0.1
0 and r, parameters +0.2 ot
Statistical uncertainty +3.3 fg:‘ll
Total uncertainty +34 32

Table 7.5: Systematic and total uncertainties for both measurements of Acp(Dt — ¢7T) using
the full Run 2 dataset. FAT refers to the model-dependent method, in which both r, and ¢, are
fixed to the FAT prediction, while Profile Likelihood refers to the measurement where d, and 7.
are treated as nuisance parameters.
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Figure 7.8: Dispersion between the blinded Acp(D* — ¢nt) results with the FAT prediction
template fit method using the different fit models for the AA K (t) measurements.

Lalready included in the statistical uncertainty
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Figure 7.9: Dispersion between the blinded Acp(DT — ¢n™) results with the Profile Likelihood
method using the different fit models for the AAgo(¢) measurements.

7.3 Systematic uncertainty on the r,,J, confidence intervals

The measurement of the parameters r, and J, is achieved building a p-value map in the 2D param-
eter space, which serves as the basis for establishing 2D confidence intervals at any C'L threshold.
Section 6.2 presents the statistical methodology used to compute the p-value for any (r,,d,) pair,
based on comparing the 13 measurements of AA K2 (t) with the time-dependent models. However,
the initial p-value map, shown in 6.11, is computed using only the statistical uncertainties. For
this reason, the p-value map is built again by means of the Plugin method incorporating now also
the total uncertainty, which includes the systematic contributions, as detailed in table 7.1.

Figure 7.10 provides a comparison of the resulting p-value maps: the left panel shows p-values
based solely on statistical uncertainties, while the right panel incorporates total uncertainties. As
expected, a broader distribution of p-values across the r, —d,, parameter space is obtained. Despite
this loss in sensitivity, the analysis still achieves high confidence in excluding large regions of the
rr — O Space.

Section 6.2 and appendix C present an additional measurement of 7, and J,; using the abundant
D} — ¢rT calibration sample, which reduces the uncertainties on AA K2 by a factor of 0.7. Due
to time constraints, as this was a side project of the thesis, the systematic uncertainties for the
new AAgo (t) measurements obtained with the D calibration sample have not been estimated.
The primary sources of systematic uncertainty are expected to be the same as those discussed
in section 7.1, along with the bias in the time dependence of Ap(KQ) caused by the different
production asymmetry in the D} sample. This bias is studied in appendix C and is shown to be
negligible. Due to the absence of an estimate for the systematic uncertainties, this measurement
is not included in the final results reported in chapter 8. However, as a future development of this
work, the measurement of v, and ¢, could be repeated with the estimate and incorporation of
systematic uncertainties.
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Figure 7.10: Map of the p-value computed with the plugin method for different r,,d, values in
the scan, using only the statistical uncertainties (left) and the total uncertainties (right).
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Figure 7.11: Confidence intervals, built applying different 1 — C'L thresholds, as detailed in the
legend, to the p-value map, using only the statistical uncertainties (left) and the total uncertainties
(right).

7.4 Knowledge of the LHCb material map

In this analysis, it is assumed that the discrepancies between the LHCDb detector software descrip-
tion and the real detector have a negligible impact on the measurements presented in this thesis,
as on many other CP violation measurements in the charm sector [43, 7]. Over the years, the level
of accuracy of the description of the LHCb detector material map has been extensively validated
in various internal and published works 75, 76], even using charged kaons. In particular, Ref. [76]
presents a detailed discussion on the uncertainties on the description of the material budget crossed
by a particle passing through the LHCb detector. The associated overall uncertainty is conserva-
tively estimated to be around 10%. Specifically, major contributions to this uncertainty arise from
the description of the conical beam pipe inside the RICH1 and of the VELO, while the solid (aero-
gel) and gas (C4Fy0) radiators of the RICHI are characterised with better precision (~ 1 — 2%).
Figure 7.12 shows the estimated material budget present in VELO (z € [0, 770] mm) and RICH1
(2 € [770,2270] mm) detectors®. The region allowed in the pseudo-rapidity of neutral kaons in the
analysis of this thesis is n K9 € [2.2,4.2], as shown in figure 7.13, in order to specifically avoid these
regions where the kaons pass through a lot of material in the vicinity of RICHI.

In the model used to predict the kaon asymmetry, the knowledge of the material is essential to

2As detailed in table 4.2, the HLT?2 trigger selects Kg(LL) candidates decayed in the interval z € [—100, 500] mm
and K2(DD) candidates decayed in z € [300,2275] mm.
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Figure 7.12: The amount of material or distance (d) that a particle has to traverse in the VELO
(left) and in the RICH1 (right), in terms of hadronic interaction lengths (A, inversely proportional
to the material density p). Figure taken from [77], which is an internal page accessible only to the
LHCb Collaboration members.
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Figure 7.13: Distribution of n(KQ) in the D™ — K(LL)r™ and DT — KQ(DD)r™ samples used
in this analysis. The cut 7 € [2.2,4.2] is evident for both samples.

compute Ay o p- A7%242 (see sections 1.6.2 and 1.6.3 for reference). In particular, the quantity to
which the asymmetry is most sensitive is the material density p, therefore, the associated systematic
uncertainty can be studied by looking at the variations of the templates when the density is varied.
Following the approach used in Refs. [6, 43], the uncertainty due to the material map can be
determined by shifting the material density, p, or the atomic weight, A, coherently in the different
steps of the computation of the asymmetry by +10%. The asymmetry templates generated as a
function of p and A are shown in figure 7.14 giving a quantitative size of the the effect in each decay-
time bin that can be directly compared with the statistical uncertainties obtained in our analysis.
For each Kg decay-time bin, the semi-dispersion between the asymmetry values computed with
p—10% and p + 10% or the A — 10% and A + 10% templates, is summarised in tables 7.6 and 7.7
and compared with the statistical uncertainty of the relative time bin. The impact of inaccuracies
in reproducing the detector material is minimal, as highlighted by the results. This conclusion is
further supported by the conservative nature of the approach for three main reasons: the £10%
variation from Ref. [76] is itself a conservative estimate; this variation is primarily driven by
uncertainties in the material of the conical beam-pipe near the RICH1, placed in a pseudo-rapidity
region removed from our data; more importantly, the effect is modelled coherently, which is very
unlikely to occur in reality.
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Chapter 7. Systematic uncertainties and consistency checks

The impact of these 10% variations on the confidence intervals of r, and §, parameters is
expected to be negligible with the current data samples. The situation is slightly different for
the measurement of Acp(DT — ¢n™). In fact, the determination of the offset is dominated by
the first bins in the long and downstream samples, which have lower uncertainties. While in the
K g(LL) sample the effects due to the material are completely negligible, in the first Kg (DD) bins
they are of the order of a few units in 10~%, comparable with the statistical uncertainties shown
in table 7.7. However, they are always smaller than the statistical uncertainties by factors ranging
from 3 to 25. Considering that this is a significant overestimate of the material budget uncertainty,
the associated systematic error is therefore significantly smaller than that displayed in table 7.7,
and can be safely neglected for the moment.
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S sk — A+10% S a0k — — A+10%
> E — A-10% > F == — A-10%
S 0 ' —-60F —
‘655 i p+10% ‘g —sob- ‘ p+10%
SE — - 10% E | - 10%
%‘ -10F — 3 %‘100 = L —F— 3
< E E < -120F =
-15¢ = E 3 = 3
-20 I_ | —— _I -140 F ]
E E -160 :— u=:
-25F — -180F =
_ E 1 1 L _ E 1 e
300 0.1 0.2 0.3 0.4 200O 1 2 3
t/t t/t

Figure 7.14: Comparison of the asymmetry templates in the long (left) and downstream (right)
bins using the LHCb material map and shifting coherently all the densities of the materials in the
map by +10% and —10%. In this simulation, r, and §, have been fixed to the FAT prediction.

KQ(LL) bin | ays(p £ 10%) [x1074] | 0ays(A £ 10%) [x1074] | opor [x1074]
[0.00,0.05] 0.14 0.11 9.9
[0.05,0.10] 0.42 0.32 10.9
[0.10,0.15] 0.71 0.54 17.5
[0.15,0.20] 0.94 0.71 22.9
[0.20,0.30] 1.17 0.89 35.2
[0.30,0.40] 1.51 1.14 154.1

Table 7.6: Estimate of the systematic uncertainties on the K time-dependent detection asymmetry
due to the knowledge of the LHCb material for the different K$(LL) bins. As a comparison, the
last column reports the total uncertainty in each bin, taken from table 7.1.

In principle it would be possible to treat p as an additional nuisance parameter in the fit to
data, as done for r, and é,. However, p is correlated with both 7, and d,, leading to a non
negligible inflation of the statistical final uncertainty on Acp(Dt — ¢nt). This can be certainly
done, especially considering that this source of uncertainty is statistical in nature, similar to that
of rr and 6,. Consequently, it will decrease as the size of the data samples increases. Nonetheless,
this approach seems very conservative at present and is not adopted in this thesis.

Decay channels of DT and DY mesons with a neutral kaon in the final state, accessible solely
through Cabibbo-Favoured amplitudes, provide an ideal system to assess the accuracy of the LHCb
detector simulation and the impact of such uncertainties on the prediction of Ap(KY). For instance,
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K2(DD) bin | osys(p £10%) [x1074] | 05ys(A£10%) [x1074] | 040t [x107%]
[0.0,0.4] 1.5 1.1 7.9
[0.4,0.6] 2.2 1.6 8.9
[0.6,1.0] 2.9 2.2 8.6
[1.0,1.4] 3.6 2.7 15.5
[1.4,1.8] 4.2 3.2 26.1
[1.8,2.2] 4.6 3.5 57.7
[2.2,3.0] 4.9 3.7 125.5

Table 7.7: Estimate of the systematic uncertainties on the K time-dependent detection asymmetry
due to the knowledge of the LHCb material for the different KJ(DD) bins. As a comparison, the
last column reports the total uncertainty in each bin, taken from table 7.1.

in semileptonic D" and D° decays with a K§ in the final state, such as the D™ — K°uTv, and
D° — K*~(— K°r~)pTv,, only the Cabibbo Favoured decay is allowed, as shown in figure 7.15.
Hence, the study of the time-dependent asymmetry Ap (Kg) in this decay mode would primarily
probe two effects: the CP violation in the mixing, a well known phenomenon, and the interaction
with the material, depending on the software-based LHCb material description. Any disagreement
between the measured asymmetry and the models would highlight inaccuracies in the description
of the LHCD detector. Detecting such discrepancies requires collecting a large and pure sample
of these decays, which unfortunately have not been collected by the LHCb experiment in the
past Runs. Thanks to the findings of this thesis work, it will be very important to immediately
implement a new trigger line with the aim of specifically collecting these decays. Moreover, it is
crucial for the future measurements to collect increasingly larger samples of decays with neutral
kaons in the final state, reconstructed outside the acceptance of the vertex detector, to effectively
constrain the model in a wide time range.

c > < > S c - < - S
W}‘-< wr W}L< wr
vy vy

Figure 7.15: Feynman diagram for the D* — K%u*v, decay (left) and D° — K*~ptv, (right),
in which the K*~ can be reconstructed from its strong decay into the K%z~ final state.

7.5 Consistency checks

Consistency checks are performed to identify and rule out possible systematic uncertainties not
accounted for in the analysis. The measured time-dependence of Ap(Kg) and the result for
Acp(DT — ¢mT) must be independent of the running conditions, detector status, and dipole
magnet polarity. To ensure this, the data set is divided into non-overlapping subsets based on
the data-taking year and magnet polarity, and the analysis is repeated independently for each
sub-sample.

The first type of check involves testing the compatibility of the results obtained from the six
sub-samples, divided by data-taking year and magnet polarity. This check is sensitive to any
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Chapter 7. Systematic uncertainties and consistency checks

dependencies on running conditions, detector status, detector ageing, and trigger settings. The
second type of check looks for any bias arising from residual detection asymmetries dependent on
the magnet polarity, which may not cancel out precisely after performing the differences between
the raw asymmetries in the two samples. To address this, the analysis is repeated using the MagUp
and MagDown datasets separately.

7.5.1 Time-dependence of Ap(KY)

In figure 5.11, the compatibility between the 13 AAgo(t) measurements obtained using the six
Run 2 datasets is shown to be good, with a p-value of 30%. In order to look for any dependence on
the magnet-polarity at higher precision, the AA K2 (t) values are estimated using, separately, the
MagUp or MagDown datasets. The results are shown in figure 7.16 for the KJ(LL) and K$(DD)
samples and the agreement is good in all the K decay time bins, as highlighted by the p-value
of 30%. The dependence of the 13 AAgo(t) measurements on the KQ decay time is used as an
input to compute the confidence intervals in the r, — d,. Therefore, this check ensures that also
the measurement of r; and J, is stable and independent on the detector conditions.
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Figure 7.16: Comparison between the 13 AA K (t) measurements using only the MagUp and Mag-
Down datasets in the K(LL) (left) and K(DD) (right) bins.

7.5.2 Measurement of Acp(Dt — ¢r)

In order to verify the stability of the measurement of Acp(DT — ¢7T) on the detector conditions,
the procedure described in 6.3 is repeated separately on the different data samples, divided by
year and dipole magnet polarity. This section only presents the results obtained with the Profile
Likelihood method, treating r, and ¢, as nuisance parameters. In figure 7.17 the results for the
best fit blinded offset are reported separately for the six Run 2 datasets, divided by year and
magnet polarity. The average offset, (2.40240.03)%, and the x? is computed assuming symmetric
uncertainties for the six measurements. In addition, figure 7.18 shows the Ax? dependence on the
offset using only the MagUp or MagDown datasets.

121



7.5. Consistency checks
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Figure 7.17: Right: Results of the optimal offset with the Profile Likelihood method for each
dataset divided by year and magnet polarity. In the legend, the average blinded offset is shown
and we can see that the statistical uncertainty is 3.9 x 10~%. The statistical uncertainties on the
different measurements are asymmetrical, but the 2 and the average are computed assuming them
to be symmetric.
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Figure 7.18: x2(q) plot using only the MagUp (left) and MagDown (right) datasets. The results
are both compatible, within the statistical uncertainties, with each other.
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Chapter 8

Results and conclusions

This chapter presents the main results of this thesis work: the confidence intervals in the two-
dimensional space of the DCS-CF interference parameters in the DT — K3nT decay mode, rx
and 8, and the measurement of the direct CP asymmetry in the Dt — ¢ decay channel,
Acp(DT — ¢n ™). Finally, the future perspectives of the developed method and its impact on the
current charm CP wviolation measurements are discussed.

8.1 Measurement of r, and J,

This thesis presents, for the first time, a measurement of the parameters describing the interfer-
ence of favoured and suppressed processes in the D* — K27 decay channel, namely r, and d;,
independent of any input from strong amplitude models. This novel measurement is made possi-
ble by extending the current models for neutral kaon detection asymmetry in matter to include
contributions from the interference of Cabibbo-Favoured and Doubly Cabibbo-Suppressed charm
decays with K° — K9 mixing. The parameters r, and &, are measured thanks to these interference
effects, which become significant at high values of the K decay time.

The confidence intervals for the r; — §, parameters are measured using a fully data-driven
method, without any external inputs, except for the well-known physical observables describing the
time evolution of neutral kaons in vacuum and in matter. These regions are identified by comparing
the time-dependence of the neutral kaon detection asymmetry, measured with the full Run 2
dataset, with models generated using different values of r and J,. The final result, accounting for
both statistical and systematic uncertainties, is shown in figure 8.1. Thanks to the large statistics
of decays collected by the LHCb experiment during LHC Run 2 period (2015-2018), about 50
million DT — K{n and 30 million DT — ¢r " candidates, a wide region in the r, — d, space can
be excluded with a high confidence level. The only available model-dependent estimate of these
parameters comes from Ref. [9], which uses the Factorisation-Assisted Topological Amplitudes
(FAT) approach. The FAT prediction is 7, = —0.073 £ 0.004 and 6, = —1.49 4 0.05 and falls in
the 1o region of the allowed region found in this thesis work.

8.2 Measurement of Acp(DT — ¢r)

A by-product of this work is the measurement of the direct CP asymmetry in the D+ — ¢+ decay
using the full LHCb Run 2 dataset, corresponding to an integrate luminosity of 5.4 fb™!:

+ 4 |blind _ +0.034
Aor(DT = 67| progite Liretinooa = (2413 Lo31) %,
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Figure 8.1: Left: map of the p-value computed with the Plugin method for different r, and 4,
values. Result include both statistical and systematic uncertainties. Right: confidence intervals at
1, 2 and 3o, built applying different thresholds to the p-value map.

where the reported uncertainty accounts for both statistical and systematic contributions, while
the central value is blinded to avoid any experimenter’s bias. This slightly improves upon the
published LHCb result [8], which reports a total uncertainty of 5.1 x 10~%.

The analysis presented in this thesis includes new data from the 2018 data taking period, cor-
responding to about 2fb~!, and, for the first time, utilises data samples with Kg (DD) candidates
in the final state, reconstructed without using hits from the VELO vertex detector. The inclu-
sion of DT — KJ(DD)n+ sample does not significantly enhance the measurement of the constant
term, —Acp(D' — ¢nT), which is dominated by the D — K2(LL)n+ sample. However, it is
crucial for accurately treating the kaon detection asymmetry and the associated uncertainty due
to its modelling. The new method developed in this thesis includes, for the first time, DCS-CF
interference effects, optimising the r, and §, parameters directly from data without any external
input. This requires the inclusion of the D™ — KJ(DD)n* sample in the analysis, to precisely
constrain the newly introduced interference effects.

The contribution to the total uncertainty due to the determination of the neutral kaon detec-
tion asymmetry term is approximately 2.7 x 10~%, primarily due to the limited knowledge of the
parameters 7, and .. This contribution is statistically dominated and will decrease as the size
of future data samples increases, allowing better constraints on these parameters. In contrast,
the published measurement of Acp(DT — ¢nt) [8] reports a systematic uncertainty associated
with the estimate of neutral kaon asymmetry of 0.2 x 10~%. This contribution is lower than that
estimated in this thesis, because the assumption 7, = 0 is made, and only the Kg (LL) sample,
where the interference effects are smaller, is used. Furthermore, the published measurement of
Acp(KTK™) |7, 78] also employs the DT — KQ(LL)w™ decay as a calibration sample. In this
published analysis, the systematic uncertainty is assessed by assuming a linear correction to the
model, which is estimated using the higher decay times of the Kg (DD) sample. The study reported
in this thesis demonstrates that a linear term is insufficient to accurately describe effects such as
those arising from CF-DCS interference.

8.3 Conclusions and future prospects

This thesis extends the current model used to predict neutral kaon detection asymmetry in matter
by incorporating contributions from the interference between Cabibbo-Favoured (CF) and Doubly
Cabibbo-Suppressed (DCS) charm decays, as well as K° — K° mixing. This is a significant and
original contribution to the charm sector, as many of the most relevant and precise measurements of
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CP violation rely on calibration channels that include a neutral kaon in the final state. For instance,
published measurements of Acp(D° — KK ™) [7] and Acp(DT — ¢nt) [8] use DT — KJrT and
DF — KJK™ as calibration channels. This is particularly relevant today, as the LHCb-Upgrade I
experiment has started to steadily collect data during Run 3 at an instantaneous luminosity of
2 x 1033 ¢cm~ 25! with higher efficiency per fb™' due to a new DAQ and trigger system. The
goal is to collect an additional 14 fb™" during LHC Run 3 (2024-2025) and 27fb~" during LHC
Run 4 (2029-2032), in preparation for the LHCb-Upgrade II phase at even higher instantaneous
luminosity (> LHC Run 5) [79].

This thesis presents the first measurement of the r, and §, parameters in the Dt — Ké)w*
decay mode, a novel achievement for an experiment like LHCb, which collects data from high-
energy proton-proton collisions. To achieve this, several new and original methodologies were
developed. In particular, this is the first time decays with KJ(DD) in the final state have been
used to make a high-precision measurement. The procedure developed to split and equalise the
kinematics of the DT — ¢ T candidates with those of the DT — K27, in bins of K decay
time, is innovative and ensures reliable cancellation of both production and detection asymmetries
of the DF and the bachelor pion. Closely linked to this point, it is also worth mentioning that
the online and offline selection criteria for candidates were revisited and improved to ensure more
robust cancellation of these nuisance asymmetries. The treatment of D™ mesons originating from
b-hadron decays and having a Kg (DD) in the final state is novel in LHCb and has proven to
be very reliable. The presence of this contamination had previously prevented the use of these
decays in all prior high-precision measurements by LHCb. Lastly, due to the unique nature of the
measurement, a modern statistical approach was employed to determine the confidence intervals
of r; and &, and to handle nuisance parameters in the determination of Agp(Dt — ¢n™).

As a future development of this thesis work, it is worth mentioning that the LHCb col-
laboration is currently working on another measurement of the time-integrated CP violation,
Acp(D° — K+ K~), using Run 2 data with a new method employing a single calibration channel,
D% — K3mTn~ [80]. This new approach will provide a measurement almost independent of pre-
vious ones [7], serving as an important test ground of our current understanding of CP violation
in charm decays. This is particularly promising for the future, when the precision will approach
the level of 1 x 10~%. Using a single calibration channel, which has a topology very similar to that
of the signal from the point of view of the online selection, ensures a more reliable cancellation
of all subtle nuisance asymmetries. The model developed in this thesis for neutral kaon detection
asymmetry is a fundamental ingredient for precisely measuring the contribution from Ap(K2)
using data itself, which is not removed in the difference between the two raw asymmetries.

Finally, neutral kaons reconstructed outside the acceptance of the vertex detector, KSO (DD),
play a crucial role in these analyses. In fact, the interference effects become significant at large
values of the K decay time, which are inaccessible to K{(LL), decayed within the VELO de-
tector. Consequently, the LHCb collaboration is working extensively to increase the efficiency of
downstream track reconstruction at early stages of the DAQ and trigger chain. In this regard,
the RETINA project [81, 82, 83] aims to implement a specialised processor for real-time event
reconstruction on the readout FPGA boards of the tracking detectors. The RETINA Downstream
Tracker [84] will enable the online reconstruction at the full bunch crossing frequency of 30 MHz of
tracks downstream the magnet, using raw hits from the new Scintillating Fibre sub-detector. This
will significantly increase the efficiency for long-lived particles, such as the K, benefiting analyses
like the one presented in this thesis, which study channels with a neutral kaon in the final state.
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Appendix A

Mass distributions and yields

This appendix reports the distributions, divided by year and magnet polarity, of the K(S]ﬂi and
¢m* invariant masses in the four used data samples: D* — K$(LL)7*, D¥ — KJ(DD)r™,
DT — ¢nT, and D — ¢nT. The total yields of signal candidates in each dataset, divided by year

and magnet polarity, are reported in the plots.
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Figure A.1: Invariant mass distributions and yields for the 2018 MagUp data sample.
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Figure A.4: Invariant mass distributions and yields for the 2017 MagDown data sample.
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Appendix B

Kinematic weighting

This appendix reports some additional details on the kinematic weighting procedure, described in
section 5.3. Figure B.1 reports the distribution of the 7T curvature in four K$ decay time bins.
Figures B.2 and B.3 show time-integrated kinematic variables distributions before and after the
kinematic weighting procedure.
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Figure B.1: Distributions of the curvature of the 7" in several K decay time bins.
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Figure B.2: Distributions of the kinematic variables of the DY, using the time-integrated Dt —
KdrT and DT — ¢nt samples. The initial histograms have been filled with sidebands subtraction
weights. On the bottom part of each plot, the ratio between the DT — K3nt and DT — ¢nt
histograms is shown before (pink line) and after (blue line) the weighting procedure.

134



Appendix B. Kinematic weighting
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Figure B.3: Distributions of the kinematic variables of the 7, using the time-integrated
Dt — K3nt and DT — ¢n™ samples. The initial histograms have been filled with sidebands
subtraction weights. On the bottom part of each plot, the ratio between the DT — K27 and
Dt — ¢ histograms is shown before (pink line) and after (blue line) the weighting procedure.
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Appendix C

Increase of the resolution on r, and
0r using D — ¢m™ decays

One of the aims of this thesis is to estimate with the highest precision the time-dependence of the
K g asymmetry. However, the resolution on Ap (Kg, t) is limited by the statistics of the calibration
sample, DT — ¢nt. In fact, as we can see in table 4.6, the yield of the DT — KJrT sample,
including both long and downstream samples, is about twice the one of the calibration sample,
thus the statistical uncertainty on AAgy(t) is dominated by the DT — ¢nt channel.

One solution to have higher precision on the time-dependence of the Kg asymmetry would be to
include the D} — ¢n™ sample as calibration channel. In fact, this decay is topologically identical
to the Dt — ¢nT one, except for slightly different kinematic distributions, due to the differ-
ence between the D and D masses (Mp+ — Mp+ = 98.69 MeV/c?), and a different production
asymmetry of the initial state.

The strategy to include the Df — ¢t as a calibration channel without biasing the time
dependence of Ap(K) relies on the assumption that, after an equalisation of the D meson and
bachelor pion kinematic distributions between the DT — ¢nt and D — ¢rt samples, the
difference between the production asymmetries of the DT and D} mesons does not depend on any
kinematic variable. In fact, when computing the difference between the raw asymmetries of the
Dt — K377 signal sample and D — ¢n " calibration samples after the splitting and weighting
procedure, we have:

AAgo(t) = Ap(Kg,t) + Ap(D") — (Acp(Df — ¢n™) + Ap(DY)) (C.1)

D(,,
and, if the assumption holds, Ap(D%) — Ap(DF) — Acp(DF — ¢m™) is a constant term among all
the K. g decay time bins, which differ only for the kinematic variables distributions, and thus does
not bias the time dependence of Ap(K,1).

Therefore, when using as a calibration sample both the DT and D} channels, the offset is not a
direct measurement of Acp(DT — ¢7t), since it includes also the D} production asymmetry, but
the time-dependence remains unbiased, with increased resolution.

Selection and yields of D} — ¢r decays

To avoid any difference in the nuisance asymmetries between the D* — ¢r™ and D} — ¢t
samples, all the offline cuts chosen for the former, summarised in table 4.3, have been applied to
the latter. The sideband subtraction weights, used to fill the background-subtracted histograms
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for the kinematic weighting procedure, have been defined analogously to the D+ — ¢rt sample,
taking into account the DT — D} mass difference, as shown in table C.1 and in figure C.1.

In table C.2, the total yields, including the D calibration sample, are reported. We can see that
the statistics in the D — ¢+ sample is about twice the Dt — ¢ one, thus the total yield of
the calibration channel increases by a factor of three.

Sample ‘ Signal region ‘ Left sideband ‘ Right sideband
Dt = ¢nt | mp+15 MeV/c® | [1819.66,1834.66] MeV /¢ | [1904.66,1919.66] MeV /c?
Df — ¢rt | mp, £15 MeV/c® | [1918.35,1933.35] MeV /¢ | [2003.35,2018.35] MeV /¢

Table C.1: Signal and sideband regions for the D™ — ¢n+ and DI — ¢t samples. For the latter,
the signal and sideband regions are symmetric around the D} mass mp, = 1968.35 MeV/ ¢
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Figure C.1: Left: Distribution of M(¢7rt) around the DT resonance. Right: Distribution of
M (¢7t) around the D resonance.

Dataset | DT — KQ(LL)x+ | D — KQ(DD)x* | D* — ¢t | DF — ¢n+
18Up 47 M 5.8 M 6.4 M 13.6 M
18Dw 44M 5.3 M 6.0 M 12.6 M
17Up 41M 5.0 M 55 M 12.0 M
17Dw 42 M 5.3 M 57 M 11.9 M
16Up 3.4 M 41M 44M 8.4 M
16Dw 4.0 M 47 M 52 M 105 M
total 24.8 M 302 M 332 M 69.0 M

Table C.2: Yields of the samples in the different datasets divided by year and polarity.

Comparison between raw asymmetries in kinematic variables bins in the D' and D
samples

The condition to include the D} sample as a calibration channel without biasing the time depen-
dence of Ap(KY) is that Ap(DT) — Ap(DJ) does not depend on any kinematic variable.

The first step to fulfil this condition is equalising the D meson and bachelor pion kinematics be-
tween the Dt — ¢nt and D — ¢n' samples. This has been done with an iterative kinematic
weighting procedure, analogous to what described in section 5.3.
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Appendix C. Increase of the resolution on r, and &, using DI — ¢nt decays
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Figure C.2: Result of the iterative kinematic weighting procedure between the D™ — ¢r+ and
Df — ¢t samples for the 2017 MagUp sample. In the bottom, the ratio between the D and
DY normalised histograms before and after the weighting is shown.

After the kinematic weighting, it is necessary to verify the assumption that Ap(D*)— Ap(D])
is a constant. Since the bachelor pions have the same kinematic distributions, the Ap(7™") terms
are the same in the DT and D sample, thus Ap(D*)—Ap(D7) can be estimated as the difference
of the DT and D raw asymmetries. This difference has been computed in different kinematic
variables bins and was found to be compatible with zero within 3¢ in all bins, as shown in figure C.3.
Therefore, the assumption that Ap(DV) — Ap(DY) is a constant in the D meson and bachelor
pion kinematic variables has been verified and the inclusion of the D calibration channel should
not affect the time dependence of Ap(KY).
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Figure C.3: Comparison between the DT — ¢nt and DF — ¢t raw asymmetries in different
kinematic variables bins, using all Run 2 datasets. In the plots, also the average difference between
the raw asymmetries and the x2 of AA, 4, with a constant model are shown.

Analysis results including the D} calibration sample

After having equalised the kinematics between the D — ¢ and D} — ¢nT samples and having
verified that the difference between their production asymmetries is a constant, the full analysis
described in chapter 5 has been repeated using as calibration channel both the joint DT and DF
samples.

In particular, the kinematic weighting and splitting procedure has been performed as described
in sections 5.2 and 5.3, with the only difference that the initial weights for the joint Dt and D}
calibration sample are not the sideband subtraction weights, but the weights computed to equalise
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the kinematics between the DT — ¢nt and DI — ¢nt samples.

Determination of raw asymmetries and of AA (t)

After having split the calibration sample into 13 bins, the next step is the measurement of the
raw asymmetry in the two equalised samples, Amw(D(t) — ¢nT). This has been done with a
simultaneous mass fit on the positively and negatively charged particles. However, to include the
D} — ¢nT sample it is necessary to slightly change the strategy to determine the raw asymmetry
on the calibration sample, since its mass peak and shape parameters are different from those of
the DT sample. The method used consists in a simultaneous fit with shared parameters on four
distinct datasets: DT — ¢+, D™ — ¢n~, DI — ¢nt and D7 — ¢n~. The four fit functions,
with indices + and d, s to distinguish the four datasets, are still in the form:

1+ A
Fdj;s(m7 Oé(:it/s”g;t/s) = NSi.‘]vd/S ’ 2 g. FSig(m; aiit/s) c
2
1 £ Aprg,a/s P (©2)
+ Nokg,d/s - — “Firg(m: By),)

where the raw asymmetry A, is a shared parameter by the four samples. The others parameters
are free to vary between the D* and D;t samples, even though some shape parameters are shared
between all samples. The fit has been performed by minimising the total X2T0T = x3(D") +
X*(D7) +x3(DF) +x*(Dy).

The chosen fit model is still a Johnson Sy for the signal and a 2nd grade polynomial for the
background:

. Fsiig’d is a Johnson Sy with parameters aj‘[ = {(pa £ 64,4),04,0, A}: the fit is made with 5
shared parameters between the positive and negative samples, with 6 and \ shared with the

D¥ sample;

. Fsiig’s is a Johnson Sy with parameters af = {(us & 6,,.5),0s,0,A}: the fit is made with 5
shared parameters between the positive and negative samples, with 6 and A shared with the

D¥* sample;
) Fbikg d/s is always a 2nd grade polynomial with 3 parameters shared between the positive and
negative particles: @f/s = {Po,d/s:P1,d/s» P2,d/s};

e the signal yield N;, 4/, and background asymmetry Ayyg 4/, parameters are free to be dif-
ferent in the D* and D samples.

The total number of free parameters is thus 19: 8 for the signal shapes, 6 for the background
shapes, 2 for the signal yields, 2 for the background asymmetries and 1 for the signal asymmetry.
An example of simultaneous mass fits in one K¢ decay time bin is shown in figure C.4.

After the measurement of raw asymmetries in the signal and calibration sample, the time-dependent
neutral kaon detection asymmetry has been estimated in each K 8 decay time bin as in (C.1). The
result achieved using all the Run 2 datasets can be seen in figure C.5.
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Figure C.4: Simultaneous mass fits in the fourth ¢ /75 bin on the D* — ¢rt (left) and DF — ¢rt
(right) samples, 2017 MagUp dataset.
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Figure C.5: AA K2 (t) plot, using all Run 2 datasets, including the D} calibration sample, with the
asymmetries estimated with the simultaneous mass fits method.

KY(LL) bin | Adgg| | Adgg|
[0.00,0.05] | 2243 +£9.4 | 2196+ 68
[0.05,0.10] | 234.5+£85 | 2289+ 6.1
[0.10,0.15] 237.8 £ 11.9 213.0 £ 84
[0.15,0.20] | 226.7 +19.0 | 195.6 + 12.4
[0.20,0.30] | 224.6 +28.5 | 223.3 + 18.2
[0.30,0.40] | 136.3 + 1465 | 194.6 = 87.0

Table C.3: Results for the central blinded AA kg values and the statistical uncertainties in each

KQ(LL) decay time bin using only the DT calibration sample and including the D sample. The
statistical uncertainties are all reduced by a factor ~ 0.7.

Results: confidence intervals for r,,d,

Taking as input the 13 asymmetry measurements, the confidence intervals in the r, — §, space
have been computed with the Plugin method, in the same way as discussed in the previous section.
In particular, figure C.6 shows the comparison between the Ax?(r,,d,) map computed taking as
input the asymmetries measured with only the DY calibration sample and with the inclusion of
the DF sample. We can see that the two distributions are in agreement with each other, thus

141



KY(DD) bin | My | M|
0.0,04] | 221.0+£7.2 | 2097 +55
0.4,0.6] | 2003 +£85 | 187.9+6.5
0.6,1.0 166.7 = 8.0 | 169.1 + 6.1
1.0,14] | 152.9 £ 13.7 | 154.3 £9.9

1.8,2.2 76.8 £+ 52.5 137.8 + 35.6
2.2,3.0 58.2 £ 114 -72.3 £ 723

[ ]
[ |
[1.4,1.8] | 116.7 £ 25.5 | 140.6 + 18.2
[ ]
[ ]

Table C.4: Results for the central blinded AA kg values and the statistical uncertainties in each

K2(DD) decay time bin using only the DV calibration sample and including the D sample. The
statistical uncertainties are all reduced by a factor ~ 0.7.

the assumption that the inclusion of the DI sample does not affect the time-dependence of the
asymmetry holds.

Figure C.7 shows the results for the p-value distribution in the r, —J, space and the confidence
intervals built taking the same thresholds as discussed above.

E 0

—

100 N [
90
80
70

T
All Run2 datasets

T T N
All Run2 datasets ~<
< <

2 2

Oy [red] O [red]
Figure C.6: Comparison between the Ax? distribution using only the D* calibration sample (left)
and including also the D} sample (right). We can see that, as expected, the resolution on the r,
and ¢, parameters increases when using a larger calibration sample.
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Figure C.7: Left: map of 1 — CL computed with the plugin method for different r,,d, values
in the scan, including the DY calibration channel. Right: confidence intervals for different CL
thresholds.The FAT prediction still falls inside the 1o region.
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