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Sommario

L’esperimento LHCb, installato presso il Large Hadron Collider, sfrut-
tando la grande sezione d’urto di produzione di coppie c¢ offre la possibilita
di condurre studi di violazione CP nel settore del charm con altissima preci-
sione.

In questa tesi viene presentata una misura di violazione CP integrata nel
tempo che utilizza i decadimenti D° — K*K~ e D° — 777~ dei mesoni D°
e D prodotti a LHCb. Questa analisi si basa sulla misura della differenza
(A) di simmetria CP (Acp) tra i decadimenti dei mesoni D° e D' in coppie
KtK- entn .

[’analisi é stata condotta sul campione di dati del 2011, acquisito a y/s=7 TeV
e corrispondente ad una luminosita integrata di 1 fb~!, e sul campione di dati
del 2012, acquisito a 4/s = 8 TeV e corrispondente ad una luminosita inte-
grata di 2 fb 1.

Lo studio completo delle incertezze sistematiche va oltre lo scopo di questa
tesi, ma ¢ stato comunque condotto uno studio sulla sistematica piu rilevante
della precedente analisi. Si é trovato che questa incertezza sistematica era in
realta dovuta ad una fluttuazione statistica, e che quindi non deve essere pit
tenuta in considerazione.

Combinando i risultati ottenuti sui dati del 2011 e del 2012 si ottiene una
precisione statistica dello 0.08%. Quando questa analisi sard completata e
pubblicata costituira quindi la misura piu precisa al mondo di ricerca di
violazione CP nel settore del charm.






Abstract

The LHCb experiment at the LHC, by exploiting the high production
cross section for ¢¢ quark pairs, offers the possibility to investigate CP vio-
lation in the charm sector with a very high precision.

In this thesis a measurement of time-integrated CP violation using D° — KK~
and D — 777~ decays at LHCb is presented. The measured quantity is the
difference (A) of CP asymmetry (Acp) between the decay rates of D° and

D" mesons into K+K and mtn— pairs.

The analysis is performed on 2011 data, collected at /s = 7 TeV and corre-
sponding to an integrated luminosity of 1 fb=!, and 2012 data, collected at
\/s =8 TeV and corresponding to an integrated luminosity of 2 fb™!.

A complete study of systematic uncertainties is beyond the aim of this the-
sis. However the most important systematic of the previous analysis has
been studied. We find that this systematic uncertainty was due to a statis-
tical fluctuation and then we demonstrate that it is no longer necessary to
take into account.

By combining the 2011 and 2012 results, the final statistical precision is
0.08%. When this analysis will be completed and published, this will be the
most precise single measurement in the search for C’P violation in the charm
sector.
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Introduction

One of the most important questions in modern physics is why the Universe
that we observe is made up of matter, not antimatter. It is believed that
during the first instants after the Big Bang the early universe was populated
by an equal amount of matter and antimatter. After this phase, particles and
antiparticles started to annihilate each other until a universe exclusively com-
posed of matter was left. This phenomenon, also known as Baryon Asymme-
try of The Universe (BAU), is partially explained within the Standard Model
of particle physics by means of the breaking of a particular symmetry which
differentiates the behaviour of matter and antimatter particles. This is the
breaking of the so-called CP symmetry, that is parametrized by a complex
phase entering the elements of the so-called Cabibbo-Kobayashi-Maskawa
(CKM) matrix. Its violation was first observed in the 1960s by studying the
weak decays of K° mesons, which carry the strange quantum number.
Forty years later the same phenomenon was observed in the decays of other
particles than the kaons, namely the B mesons, composed of beauty quarks.
This important discovery was achieved by two distinct experiments at the
same time, namely Belle, at the KEK laboratory in Japan, and BaBar, at the
SLAC laboratory in California. Recently, the LHCb experiment at CERN
confirmed that CP violation occurs in the B® and B? systems in a way that
matches well with the Standard Model (SM).

However, while CP violation has been observed experimentally and incorpo-
rated in the SM, the amount of CP violation found is not enough to explain
the BAU. Therefore an additional source of CP violation must exist. This
could be driven by New Physics (NP) beyond the Standard Model.

The most straightforward way to search for NP consists of producing
and observing directly new particles in high energy colliders like LHC. How-
ever, the maximum center-of-mass energy available is the limiting factor: the
higher the energy, the heavier the particle that one can produce, thus probing
higher NP scales. An alternative way to search NP is measuring the effects
of virtual heavy particles exchanged at loop level in weak decays of SM par-
ticles, where the threshold production energy is not an issue: the higher is
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the precision of the measurements, the higher is the scale of NP that can be
probed. This is the great advantage of Flavour Physics.

The charm sector is a promising field to probe for the effects of physics
beyond the SM. CP violation in this sector has not yet been observed and it
is expected to be small, but it can be enhanced by contribution from NP.

The LHCDb experiment, by exploiting the high production cross section
for c¢¢ quark pairs, offers the possibility to investigate CP violation in the
charm sector with very high precision. In particular, the so-called Singly-
Cabibbo-suppressed transitions, such as those governing D° — K*K~ and
DY — 7t7~ decays, are a very promising place to search for possible signals
of NP. In fact the contributions to these decays from the so-called “penguin”
amplitudes are negligible in the SM, so the presence of NP could enhance
the size of CP violation with respect to the SM expectations.

In 2011 LHCb Collaboration observed a 3.5 ¢ evidence of CP violation
in the charm sector, triggering intensive theoretical activities. The difference
(A) of CP asymmetry (Acp) between the decay rates of D° and D' mesons
into K™K and 777~ pairs was measured, using a fraction of the data sample
collected in 2011, corresponding to an integrated luminosity 0.6 fb~. This
interesting LHCb result was later confirmed by the CDF and Belle collabo-
rations. In 2013, LHCDb improved the measurement owing to the larger data
sample corresponding to an integrated luminosity of 1.0 fb=! and the central
value is, however, closer to zero than in the previous measurement, which it
supersedes.

In this thesis, exploiting the full statistics currently available at LHCb,
corresponding to an integrated luminosity of 3 fb™!, the measurement of
time-integrated CP violation in D° — K*K~ and D° — 7t7~ decays is
presented.

This thesis is organized in three chapters. In the first chapter a theoretical
overview of the framework of CP violation within the SM, the role of the
CKM matrix with its basic formalism and the current experimental status
are discussed.

The second chapter presents a description of the general characteristics
of the LHC accelerator and of the LHCDb detector. Concerning LHCb the
focus is put on the physics constraints and on the technologies adopted for
each sub-detector.

The third chapter is dedicated to the measurement of direct C'P violation
in D' - K*K~ and D° — 77~ decays. The analysis is performed on
2011 data collected at a center-of-mass energy /s = 7 TeV, exploiting a new
reprocessing of the raw data and on 2012 data collected at /s = 8 TeV.



Chapter 1

CP violation in charmed DY
meson decays

1.1 The Standard Model

The Standard Model (SM) of particle physics is the theory that describes
interactions among fundamental constituents of matter, that is quarks, lep-
tons (and their antiparticles) [1]. The SM predictions are in great agreement
with experimental data and describe in a unified way the strong, weak and
electromagnetic interactions within the extended symmetry group

Gsy = SU3)e x [SU2)w x U(1)y], (1.1)
separately composed by:

e the SU(3)¢ group which describes the strong interaction mediated by
8 massless gluons carrying color charge

o the SU(2)y group which describes the weak interaction mediated by
the massive gauge bosons W+, W~ and Z

e the U(1)y group which describes the electromagnetic interaction me-
diated by the photon ~.

The last two are unified into the electroweak interaction within the group
SU(2)w x U(1)y, where the subscript Y stands for the weak hypercharge
defined through the Gell-Mann-Nishijima relation @ = I3 + Y /2 : @ is the
electric charge and I3 is the third component of weak isospin.

The SM is a gauge theory invariant under local transformations of its sym-
metry group and renormalizable in such a way that couplings and masses
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correspond to experimental data. The SM contains three fermion genera-
tions, each consisting of five representations of Ggys [2]

QL(3.2)+ys,  upi(3, Dazs, dp(3,1)1s, Lii(1,2) 1 lp(1, 1)1
(1.2)
and a single scalar representation composed by two complex scalar fields, the

Higgs boson
o+
o~ (%) 13

This notation means that, for example, left-handed quarks Q7 = (uf,dp)T,

(the superscript T' stands for transposed) are triplets of SU(3)¢, doublets of
SU(2)w and carry hypercharge Y = +1/6. The super-index I denotes in-
teraction eigenstates. The sub-index ¢ = 1,2, 3 is the flavor (or generation)
index. The uk and df singlets are generic right-handed up-type and down-
type quarks, L1 = (v1, el)T are three SU(2)y leptonic doublets and [% are
three right-handed charged leptonic singlets. The summary table of funda-
mental particles of the SM is shown in Fig.

mass— =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c* 0 =126 GeV/c?
charge— 2/3 2/3 C 213 t 4] Y 0 I I

spin—> 1/2 u 12 12 % 9 0
up charm top gluon nggﬁ

=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
-1/3 d -1/3 S -1/3 b 0
172 12 1z 1

down strange bottom

T

T 4
o

- <
o %
3

0.511 MeV/c? 105.7 MeV/c? 1.777 GeVc? 91.2 GeV/c?
1 e 1 -1 T 0
12 12 l“l 12 1

electron muon tau Z boson

N

<2.2 eVfc? <0.17 MeV/c? <15.5 MeVjc? 80.4 GeVic?

@@ . & |
12 € 12 142 1:

electron muon tau
neutrino neutrino neutrino W boson

=

Figure 1.1: Fundamental fermions and bosons of SM and their properties.

As we can see, the table also shows the Higgs boson that was observed
for the first time in 2012 at the LHC by ATLAS [3] and CMS [4], with a
significance of more than 5 standard deviations: this observation led to a
measured mass of my = 126.0 + 0.4(stat.) £ 0.4(syst.) GeV for ATLAS and
mpy = 125.3 + 0.4(stat.) + 0.5(syst.) GeV for CMS.
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Recently ATLAS [5] confirmed that this new particle is precisely the Higgs
boson, measuring its spin-parity that results to be J© = 0*: J© =07,1%,17,2*
values are excluded at confidence levels above 97.8%.

The most general renormalizable lagrangian that describes the SM inter-
actions can be divided into four different parts:

LS]V[ = LGauge + £Kinetic + £Higgs + LYukawa . (14)

The first term is related to the propagation of gauge fields and is given by

1 1 1
'CGauge = _ZGZV(GQ)MV - ZWﬁV(Wd)MV — ZBMVBMV’ (15)
with
Gy, = 0,G% — 0,G5 + g fane GG, (1.6)
W/,[Zzu = a#WIjl - avWi + gedefWEWVf,
B, = 3,B, — 0,B,,
where:

e G, is the Yang-Mills tensor which involves eight (a = 1,2,...,8) gluon
fields G, the strong coupling constant g5 and the SU(3)¢ structure

w
constants fpe.

o W, is the weak field tensor which involves three (d = 1,2,3) gauge
fields W;f, the weak coupling constant g and the SU(2)y structure
constants €qe .

e B, is the electromagnetic tensor which involves the U(1)y gauge field
B

e

Permutation terms fo,G%,G5 and eqefWW/ in G%, and W, reflect a crucial
property of strong and weak interactions, namely they are non-abelian the-
ories in which gauge fields can directly couple and self-interact. This is not
true for electromagnetic interaction, that being an abelian theory, forbids the
photon self-interaction.

The second term of Lgy, describes the kinetic energy of fermions and their
interaction with gauge fields and is given by (¢ = Q1,, uk;, db;, L1, 1%

'CKinetic = Q/]’yuiDudja (17)
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where 7 are the Dirac matrices, 1 = ¢77° is the adjoint Dirac spinor and
D, is the total covariant derivative defined as

09 d ig' 195 o
D# = ?,u + EWMU[,} + 73“}/; +7Gﬂ/\a . (18)
Vi

Y, 04, and )\, are respectively the generators of U(1)y, SU(2)w and SU(3)¢
symmetry groups, ¢’ is the electromagnetic coupling constant and V, stands
for the covariant derivative only in the electroweak sector: o, are the 2 x 2
Pauli matrices and A\, are the 3 x 3 Gell-Mann matrices.

The third part of Eq. (1.4), the Higgs lagrangian, describes the mecha-
nism of spontaneous electroweak symmetry breaking (EWSB) through which
all SM particles acquire mass. This lagrangian is written as

Litiggs = (Vu8) (799) + 42610 + A(610)% (1.9)
V(6'o)

where the first term expresses the kinetic energy of the Higgs field and its
gauge interactions and the other two, in order the mass term and the self-
interaction term, represent the Higgs potential V(¢'¢): p and X are free
parameters named respectively “mass” and “quartic coupling”.

The essential aspect of the Higgs mechanism is the introduction of the com-
plex scalar doublet ¢ of Eq. (|1.3)), which modifies the vacuum state making
it unsymmetrical. This field is present everywhere in the space-time and
weakly self-interacting. By means of this field the masses of all particles are
dynamically generated through their interaction with ¢. The Higgs boson
is nothing else but the excitation of this field. For p? < 0 and A > 0 the
potential V (¢7¢) assumes the shape of a “mexican hat” (see Fig. and the
vacuum state ¢ = 0 becomes a local maximum which disturbs the symmetry
of the system, making the configuration unstable.

In this way, by setting ¢7 = 0, ¢° = v and Y = 1, the Higgs field acquires a
non-trivial vacuum expectation value (¢), given by

2

(@) = \/% ( 2 ) with v = % ~ 246 GeV, (1.10)

that causes the EWSB and the SM gauge symmetry breaking Ggsy, —
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Figure 1.2: Shape of the Higgs potential for u?> < 0 and XA > 0 as a function
of prp = Re (¢) and ¢y = Tm (¢).

By means of this dynamics the W+ and Z bosons acquire mass together with
the Higgs boson H, that has mass my = /—2u2 = v/2\v. Tab. shows
masses and mass-eigenstates of the weak bosons together with those of the
photon (A =) [1].

’ Boson \ Mass-eigenstate \ Mass ‘
T . gv
WJ‘L E(W‘L} + ZWg) mwy = 7
Zy cos Hij’ —sin0,B, | mz = szvgw
A, sin 9wW3 +cos0y,B, | ma=0

Table 1.1: Mass-eigenstates and masses of the fundamental vector bosons;
0., is the Weinberg mixing angle.

The last term of Lgy; is the Yukawa lagrangian which describes the in-
teractions between fermions and the Higgs field and is given by

Ly ukawa = —YIQL0db; — YiQL duk; — YLLL Glh. + hec., (1.11)

where ¢ = ioeg*, Y% are 3 x 3 complex matrices and 7, j are generation
labels. Neglecting leptons, when EWSB occurs the lagrangian yields
mass terms for quarks. The physical states can be obtained diagonalizing
the Y/ matrix using four unitary matrices VLf’ g such that

M v

_ fy fy o
diag = ﬁVLY Vi, (1.12)
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where f = u,d and v/v/2 = (¢),. As a consequence of this diagonalization,
the charged current interactions are then given by

g _ u
L= = = 57" (VL VL‘”)U dr; W} + hec., (1.13)

and weak-eigenstates and mass-eigenstates of quarks become mixed.
The product (VEVLC”> = Vo, that contains the couplings of an up-type

antiquark and a down-type quark to the charged W bosons, is called Cabibbo-
Kobayashi-Maskawa (CKM) matrix [0 [7] and allows to write the mixed quark
states as

dlL dL Vud Vus Vub dL
s; | =Vekm | s | = Vea Ves Va Sy, (1.14)
v b Via Vis Vi br

where the superscript ' labels the weak-eigenstates. By convention, the
interaction-eigenstates and the mass-eigenstates are chosen to be equal for
the up-type quarks, whereas the down-type quarks are chosen to be rotated.
We will extensively discuss this important matrix later in the discussion.

1.1.1 Discrete symmetries: the C,P and 7 transforma-
tions

Symmetries are a very important topic in quantum field theory, because even
though they are not strictly necessary, they help very much in restricting
classes of models, providing stability and simplifying calculations as well as
results. Symmetries, which are broadly divided into spacetime and internal
ones, are some transformations of fields and coordinates that map solutions
of the equations of motion to other, allowing to generate a whole class of
solutions from a single one.

A spacetime symmetry is a transformation that acts directly on spacetime
coordinates, like a Poincaré translation

o't = A (2¥ + a”),

where a” is an arbitrary constant four vector and A*, is the Lorentz matrix,
while an internal symmetry is a transformation that maps a field into each
other without making reference to its spacetime dependence, such a global
phase transformation

V(@) = e (),

P(x) = P(x)e ", 0<a< 2,
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where ¢ is the particle electrical charge. Unlike spacetime symmetries, in-
ternal symmetry transformations involve peculiar field degrees of freedom
such as the electric charge, the weak charge and the colour charge. For the
Noether’s theorem, if these transformations of coordinates and fields make
null the variation of the action S = (£ d*z, they are called continuous
symmetries and correspond to definite constants of motion like energy or
electrical charge.

In addition to these important symmetries, there is another relevant class of
transformations that belongs to the category of internal ones, that are the
discrete symmetries such as C, P and T transformations. These operations
are named charge conjugation, parity transformation and time reversal and
we will show their transformation rules only for the spinor field, neglecting
bilinears like mass terms (x)y(z) and current terms 1 (x)y*)(z).

The charge conjugation C is the operation under which a particle is trans-
formed into its antiparticle of equal mass, momentum and spin, but opposite
quantum numbers like electric charge. Its action is given by ¢¢(z) = C(x)C!
with C = Ct = C! and C? = | and the transformation rules for the fields are

18]
T T T

Vo(x) = CY(a)C =7 (V'(2)) = (WN(@)?) = (@)%, (1.15)

— — T T

Ue(x) = CY(x)C = ()" = (=% (@) 1 = (—"*0(2))"
where the superscript 1" stands for transposed.

The parity transformation P or spatial inversion is the operation that
reflects the space coordinates x into —x and is equivalent to a mirror reflec-

tion followed by a rotation. Its action is given by ¥ (z) = Py(t,x)P' with
P =Pt =P~ and P2 = | and the transformation rules are

VP (x) = Pt x)P = 1" (t, —x), (1.16)
¢_P(ﬂ7) = ,Pa(tv X)P = @(u _X)70

Since the spin direction is left unaltered a very important consequence of this
operation is that the helicity of the particle, or rather the projection of the
spin onto the direction of momentum, is reversed: this means that under the
parity transformation a left-handed particle becomes right-handed.

Finally, we have the time reversal transformation 7 that reflects the time
coordinate ¢ into —t leaving x unchanged: this means that while spatial
relations must be the same, all momenta and angular momenta must be
reversed. For this reason the 7 operation represents the reversal of motion.
Its action is given by ¥7 (z) = T9(t,x)T" and defining the matrix ©

O = -9 = — ( oz 0 ) : (1.17)

0 (o)
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that fulfills the relations ©0* = —1 and ©0" = [ , we find the transformation
rules for the fields

VT (x) = Tt x)TT = OY(—t,x), (1.18)
PT(x) = TO(t,x)T" = p(—t,x)0'

The experimental evidence actually shows that the electromagnetic and
strong interactions as well as classical gravity respect C and P symmetries
and, therefore, their combination CP. On the other hand weak interactions
violate both C and P in the strongest possible way, as for example W bosons
which couple only to left-handed particles and right-handed antiparticles,
but neither to right-handed particles nor to left-handed antiparticles. Parity
violation, that was prompted first by C. N. Yang and T. D. Lee in 1956 [9],
was confirmed the next year in both nuclear [10] and pion beta decay [11],12].
After this discovery, the combined CP symmetry was proposed as a symme-
try of Nature. Indeed, if we consider the pion decay 7™ — p*v, involving a
left-handed neutrino and its permitted CP counterpart 7~ — p~ 7, involving
a right-handed neutrino, we find that the combined CP transformation is an

exact symmetry (see Fig. [1.3).

A A A
AWl s
‘o P.7¢ C.reo
Wi W W]

y y y
\\\,, QID/

Figure 1.3: The physical 77 decay is transformed via the parity operation to
an unphysical decay, but the further charge conjugation operation transforms
this to a physically allowed situation for 7= decay. The solid arrows denote
momentum vectors, the open arrows the spin.

This aspect is crucial because if C’P were an exact symmetry, the laws of Na-
ture would be the same for matter and antimatter. However, CP is violated
in certain rare processes and thus only the combined discrete CPT symmetry
transformation is an exact symmetry of Nature.
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1.2 The CP violation

The violation of the CP symmetry is one of the most important topics in
modern physics because has deep implications in particle physics and in cos-
mology. Is one of the key ingredient to explain the observed baryon asymme-
try of the Universe [I7]. However, this asymmetry is too large to be generated
only by the size of CP violation present in the SM and, for this reason, several
models with new elementary particles and interactions have been developed.
In this scenario, the study of CP violation represents a very powerful tool to
indirectly probe the existence of “New Physics” (NP) through observing new
sources of CP violation. These effects could arise at an energy scale much
higher than those achieved so far.

The most straightforward way to search for NP consists of producing
and observing directly new particles in high energy colliders like LHC. How-
ever, the maximum center-of-mass energy available is the limiting factor: the
higher the energy, the heavier the particle that one can produce, thus probing
higher NP scales. An alternative way to search NP is measuring the effects
of virtual heavy particles exchanged at loop level in weak decays of SM par-
ticles, where the threshold production energy is not an issue: the higher is
the precision of the measurements, the higher is the scale of NP that can be
probed. This is the great advantage of Flavour Physics.

The charm sector is a promising field to probe for the effects of physics be-
yond the SM. The CP violation has not yet been observed and it is expected
to be small in the SM, while it can be enhanced by contribution from NP
|13} 14, [15] [16].

In this section we will discuss the flavour mixing of the K° meson and the
Cabibbo-Kobayashi-Maskawa matrix from which the CP violation arise.

1.2.1 The K — K system

Historically the first experimental evidence of CP violation was pointed out
in 1964 by J. W. Cronin and V. L. Ficht [I8] who analyzed the K° meson
decay. The neutral kaon K° is a pseudoscalar meson (J = 07) composed
by the ds quark-antiquark pair with strangeness S = +1 which can oscillate
into its antiparticle K = ds with § = —1.

These K0 <> K" oscillations, that arise from second order virtual transitions
occurring through weak interactions, violate the strangeness conservation
(JAS| = 2) and are associated to the “Box” Feynman diagrams shown in Fig.
As a consequence of such transitions, if we start with a pure K° beam
at t = 0 after a certain time we will have a particle beam composed by a
coherent superposition of K° and K states.
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|
Q
@l
Q

- - - —— - —-———
lomet | W
| [}
| | B

K° w* | L = KO° u,c,t A | EAR <
1 1
| |
: U, c,t : w-

- - - —_— A
d S d S

Figure 1.4: Box diagrams describing the K° K mixing due to second order
(|JAS| = 2) virtual transitions.

The total mixed state that describes the time evolution of the K° — 70

system for ¢t > 0 is given by
K (1)) = a(t)[ K + B(1)[K), (1.19)

where |a(t)]2 + |B(£)]> < 1 since the |K°) and |K) states are not a basis
for the system evolution. This is due to the fact that additional first order
transitions with strangeness violation |AS| = 1 can occur (in this discussion
we will neglect the contribution of these processes). Furthermore the |K°)
and |FO> states are not CP eigenstates because under the combined CP
operation

CPIK® = +|K,  CP|IK) = +|K%, (1.20)

have the same eigenvalue. In order to obtain CP eigenstates we can define
the following linear combinations of |[K?) and |FO>

—0 —0
|K° + |K) |K° —|K)
|KY) = ———~, |KJ) = ———+, (1.21)
V2 V2
that fulfill the transformation rules
CP|KY) = +|KY),  CP|K))=—|K)) . (1.22)

These are actually C'P eigenstates with eigenvalues +1 and —1. The neutral
kaons can decay into final states with two or three pions, which are both
CP eigenstates with eigenvalues CP(nm) = +1 and CP(mnm) = —1 respec-
tively. We therefore have two possible decays permitted by weak interactions,
namely KY — 27 and K9 — 37. These final states have very different life-
times because of the difference in the available phase space and in particular
the 27 channel is that one with the shortest lifetime. In fact the two linear
combinations (L.21), that we name as |K}) = |K3) and |KY) = |K?) where
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the subscripts S and L stand for “short” and “long”. They have the following
lifetimes [19]

T5(K% — 2m) = (0.8954 4 0.0004) x 107"s, (1.23)

(K} — 31) = (5.116 £ 0.021) x 10~°s

and a very small mass difference m gy —myg = (0.5293+0.0009) x 10 *hs .

Now, inverting the ([1.21)) equations and showing the time dependence, we

can write the time evolution of the strangeness eigenstates K° and K as
[20]

Koy, - D B o IKS() — K0

V2 ’ V2 ’

which starting from a pure K° beam, for t > 0 give rise to a probability

P(K°(t) — Fo(t)) > 0 : thus the X meson it’s spontaneously generated at

later times and we have mixing, or interference, between the two K° and i’

states (see Fig. [L.5).

(1.24)

ra
= =
N — P> K'1)
=~ - —
S o8- - PK")-T 1)
061
0.4F
0.2
0;«7‘/\” Ll

el A N N N N
0o 01 02 03 04 05 06 07 08 09 1
t (ns)

Figure 1.5: Probability to observe K° or K" as a function of time, starting
with an initial pure K° beam.

After a suitable time, like ¢t » 77, we should observe almost only K9 — 37
decays. Contrary to expectations, in 1964 Cronin and Ficht surprisingly
observed 49 + 9 K? — 77~ decays which correspond to a branching ratio
[18]

B(K) - ntm)
B(K? — all charged decay modes)

BR(K) - ntr7) = = (2.0+0.4) x 1072,

This result proves that the CP symmetry is violated in the decay of K? and
was the first experimental evidence of CP violation in weak interactions.
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From this experiment we can deduce that the K and K? mesons are not
eigenstates of the full Hamiltonian, but they are linear combinations of the
CP-even K} and CP-odd K eigenstates

|KD) + €| K3)
V142
|K3) — €| K7)
V4

where the e parameter quantifies the size of violation and should be null
if CP were an exact symmetry: however this violation is very small since
experimentally we have |e| = (2.228 + 0.011) x 1072 [19].

K3 = p|K°) + ¢ K"y = (1.25)

—0
K1) =plK®) —qlK") =

1.2.2 The CKM matrix

In the SM, the CP symmetry is broken by the quarks Yukawa couplings with
the Higgs field which are described by the lagrangian of Eq. only in the
quark sector. After the EWSB and the mass diagonalization (1.12), weak-
eigenstates and mass-eigentstates of quarks become mixed and the charged
current interactions are then given by

£Wi = —iﬂLﬂ/# (VCKM)Z']' dLjW: + h.C.,

V2

where Vo is the Cabibbo-Kobayashi-Maskawa matrix, previously defined
in (1.14). The fundamental property of CKM matrix is its unitarity, or
VermVexkm = VCKMVCTKM = [, which reflects the request that processes
involving quarks must vary under a change of the quark field basis: such a
condition determines the number of free parameters of the matrix. A generic
N x N unitary matrix contains N? independent parameters, 2N — 1 of which
can be eliminated redefining the phase of the N up-type and N down-type
quarks as

Ur; — ewfb‘tuLi, dLj - ei(’p«?dLj, (126)
in such a way to reduce free parameters to (N —1)2. The remaining parame-
ters can be further splitted into mixing angles and complex phases as follows

1

§N(N— ) +=(N—-1)(N—-2)=(N-1)? . (1.27)

(DO | —

~ J
"

mixing angles  complex phases

As we can see, the case N = 2 leads to only one free parameter that is the
Cabibbo mixing angle fc contained in the Cabibbo matrix [21]

B cosbc- sinfc
Vo= ( —sinfc cosfc ) ' (1.28)
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while the N = 3 case leads to the generalization of the Vo matrix,the Vo,
matrix, which contains four physical parameters, namely three mixing angles
and one complex phase. This phase causes the CP violation in the SM.

Between the many possible conventions, a standard choice to parametrize
Veor o has become [19]

0

C12C13 512C13 S13€
Verky = —S512C23 — 0125238136“s C12C23 — 5125238136“S 523C13 (1-29)
i& &
512823 — C12C23513€" —C12523 — S12C23513€" C23C13

where s;; = sinf;j, ¢;; = cost,;; and 0 is the CP violating phase. All the
angles 0;; can be chosen to lie in the first quadrant, so s;;,c;; = 0, and must
vanish if there is no mixing between two quark generations ¢, j: in particular,
in the limit ;3 = 693 = 0 the CKM matrix would reduce to V.

The presence of a complex phase in the mixing matrix is a necessary but not
sufficient condition for having CP violation. As pointed out in [22] , another
key condition is

(mi —m2)(m; —m2)(m? —m2)(mi —m3)(my —m3)(m? —mg) x Jep #0
(1.30)

where
Jop = |Im(VijVua ViVl (@ #k,j #1) (1.31)

is the “Jarlskog invariant”. The mass terms in Eq. reflect the fact that
the CKM phase could be eliminated through a transformation of the quark
fields like , if any two up-type or down-type quarks were degenerate in
mass. Consequently, the origin of C'P violation is deeply connected to other
important questions of particle physics like the “flavour problem”, the hierar-
chy of quark masses, and the number of fermion generations. Summarizing,
the Jarlskog invariant Jop is a phase-convention-independent measure of the
size of C'P violation, that according to the standard parametrization of Eq.

(1.29) can be written as
Jop = 5125133230120236%3 sin & (1.32)

and, coherently with the tiny CP violation effects predicted in the SM, cor-
respond to the very small experimental value [23]

Jop = (3.027032) x 107° . (1.33)
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Magnitude of matrix elements

Now we will give an overview for the main measurements leading to the
experimental values of the CKM matrix elements.

The size of |V;| elements can be directly determined from the following tree-
level processes:

|Vud| - Nuclear 5-decays or neutron decay n — pe™ 7;
|Vis| - Semileptonic kaons decays K — wlv;

|Vea| - Semileptonic D meson decays D — wlv, D — Klv and charm pro-
duction from v interaction with matter;

|Ves| - Semileptonic D decays as in |V.4| and leptonic Dy decays Dy — v
|Vap| - Exclusive and inclusive semileptonic decays of B mesons to charm;
|Viw| - Exclusive and inclusive semileptonic B decays;

|Vis| - Branching fractions B(t — Wb)/B(t — Wq) with ¢ = b, s, d from top
decays and single top-quark-production cross section.

Regarding the |V;4| and |Vis| elements, these are not precisely measurable
through tree-level processes and need to be determined extracting the ratio
|Via/Vis| from B — B oscillation processes. In Fig. we show the Feynman
diagrams for some important processes that allow to extract the experimen-
tal values of the first five CKM matrix elements of the above list.

|Vud| - n — pe~Te |Vus| - K= — e, |Ved| - vun — cudp™

Vio| - D° = K-etv,  [Va|- BO > D* et

Figure 1.6: Feynman diagrams of some specific processes important for de-
termining five of the |V;;| matrix elements.
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Since the probability of a particular quark transition is proportional to the
square modulus |V;|? of the relative matrix element, the experimental knowl-
edge of these elements is very important to determine the amplitude of elec-
troweak decays.

CKM matrix element | Experimental value

Vi 0.974452 600465
Vi 0.22457* 5 G007
Vel 022443560005
Vel 0.973615 60010
Vsl 0.0415% 55013
|V 0.003555 6ooss
[Vidl 0.00875™5 Goox1
Vil 0.0407 (5015
|Vas| 0.9991320560055

Table 1.2: Experimental values of the CKM matrix elements [23].

Tab summarizes the current knowledge of CKM matrix elements. Tran-
sitions within the same quark generation, corresponding to the diagonal el-
ements of the CKM matrix, are strongly favoured while transitions between
different generations, corresponding to the off-diagonal elements, are dis-
favoured. In particular (see Fig. transitions between the first and second
generations are suppressed by a factor O(107!); those between the second
and third generations are suppressed by a factor O(1072); and those between
the first and third generations are strongly suppressed by a factor O(1073).

l:ﬁd:l — o
S S 00
——— — (10 2)
b y 0(1073)
1
Q=-1/3 Q=+2/3

Figure 1.7: Graphical representation of the transition hierarchy between the
different quark generations.
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Wolfenstein parametrization and unitarity triangles

From the experimental knowledge of the |V;;| matrix elements it was inferred
that exists a precise hierarchy in the mixing of quarks: in fact

S13 K S93 K S19 K 1. (134)

From this experimental evidence, by introducing the following identities,
known as “Wolfenstein parametrization” [24],

Vus
812:)\: | | 523:14)\2:)\

vV |Vud|2 + |Vus|27

s13€" = VE = AN (p+in) =

U

Vo
AN (p + 1)1 — A2\
VI— A1 — A2X\4(p + )]

. (1.35)

)
VeV

with (p+11m) = —

we can parametrize the CKM matrix in power series of the parameter A\
obtaining a different parametrization of Vox i p and 77 contain corrections in
A and are defined as p = p(1—X?/2+O(A(3))) and 7 = n(1—A?/2+ O(A(3))).
In this way, expanding up to the fifth order and writing Vo in terms of p
and 7, we finally have

VCKM =
1., 1 3 -

1—5/\ —g)\ A AN (p —in)
1 1 1

—A+ §A2>\5[1 —2(p+im)]  1-— 5)@ — g>\4(1 + 4A%) AN?

1 1 1
AN 1 — (1 — 5A2)(p +in)] —AN + §A/\4[1 —2(p+in)] 1- §A2)\4
(1.36)

Furthermore, in this parametrization the Jarlskog invariant defined in Eq.

(1.32) becomes
Jop = N A%, (1.37)

where 7 is the CP violating parameter.

Another very important aspect of the CKM matrix is that the unitarity
property, (VCTKMVCKM)M = (VCKMVCTKM)ij = 0,5, correspond to a set of
twelve complex equations that connect the |V;;| elements: six of these involve
the diagonal terms and are equal to 1, while the other six equations involving
the off-diagonal terms vanish.
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The equations for the off-diagonal elements (i # j) can be represented as
triangles of area Jop/2 in the complex plane (p,7) and are respectively:

VadVie + VeaVe, + ViaVis =0, (1.38)
o) o) O(\5)
de u*b + ‘/cs‘/j) + ‘/ts‘/;/z = O; (139)
O\ 0(22) O(A2)
VadViy + VeV, + ViaViy, =0, (1.40)
O(X3) O(A3) O(X3)
VeaVea + VyVes + ViV, = 0, (1.41)
o) o) O(X\5)
ViVia + VEVig + ViV =0, (1.42)
o) 0(\2) 0(\2)
waVia + Vi Vis + Vi Vi = 0, (1.43)
O(3) O(A3) O(A3)

where each product V;;V}j represent the lenght of the corresponding triangle
side. These triangles are the so-called “unitarity triangles”. Two triangles
are relevant for B decays, namely those of Eqs (1.40) and (1.43]) which have
sides length of the order of O(A®). The other four equations contain terms
with different powers of A and hence give rise to “squashed” triangles.

Now, considering Eq. and defining the following angles relating the
matrix elements [19)

ViaViy l—p—in
=y = SRRALASTE IS 7 1.44
=¢, =arg | — ) ~arg| ——— ], 1.45
B=¢ g( VaVe e\T (1.45)
ViaV ,
v = ¢3 = arg <— vjvf) ~ arg (p +1in) (1.46)

we finally come to the graphical representation of the unitary triangle shown

in Fig. [[.8
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Vaa Vo

C
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"

(P-n)

*
ViaVio

*
¥a Vo

* * *
Vit ¥a Vo T ViaVep =0

Figure 1.8: Graphical representation in the complex plane (p,7) of the uni-
tary equation (1.40)) divided by VeVj @ 14+ ViV /VeaVig +ViaVis /VeaViy = 0.

The CKM matrix elements can be precisely determined by a global fit
that combines all the available measurements and imposes the SM constraints
(i.e., three generation unitarity): two groups which perform these global fits
are CKMfitter and UTfit. In Tab. are summarized the most recent re-

sults for A\, A, p and 7 parameters (see Eq. (1.35)).

Parameter CKMfitter UTtit
A 0.2245779:9029 | ().22535 + 0.00065
A 0.22457+0:0% 0.822 + 0.012
D 0.12975:552 0.127 £ 0.023
Ul 0.3489-037 0.353 £ 0.014

Table 1.3: Current experimental values of the Wolfenstein parameters ob-
tained by CKMfitter and UTfit collaborations |23, 25].

Fig. shows the most recent SM results by CKMfitter and UTfit collabo-

rations.
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Figure 1.9: Global fits to the unitary triangle by CKMfitter (upper) and
UTfit (lower) collaborations.
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1.3 The CP violation in neutral charmed meson
decays

In this section we will discuss in detail the phenomenology of CP violation
in D° pseudoscalar meson decays, stressing both the theoretical description
and the experimental scenario. In the first part we will describe the general
approach used to treat the neutral meson decays and we will classify the
different types of CP violation, in the second part we will report about D°
decays to the KT K~ and ntn— CP eigenstates focusing also on the theoret-
ical aspects and finally, we will discuss the experimental results in searching
CP violation with D° — K™K~ and D° — 77~ decays.

1.3.1 The formalism

The neutral D° meson is a pseudoscalar particle composed by the cii quark-
antiquark couple, with charm quantum number C' = +1, that can oscillate,

as neutral kaons, into its antiparticle EO, composed by the cu pair and with
C = —1. In addition to those D° <> D' oscillations, due to second order
virtual transitions |[AC| = 2 associated to the Box diagrams in Fig. [1.10]
decays with |AC| = 1 are also permitted.
In this section we present the general formalism for CP violation in D decays,
but since the phenomenology is very similar for the other weakly decaying
neutral mesons, the approach is valid also for the K°, BY and B? mesons.
We define decay amplitudes of the D° meson and its CP conjugate D’ to
a multi-particle final state f and its CP conjugate f as

— —=0
Ay = (fIH|D%, Ay ={fIH|D"), (1.47)
— — — 1 1550
Az = (fIH|D), Az = {fIH|D"),
where H is the Hamiltonian governing weak interactions. The action of

the CP operator introduces phases {p and &; that depend on their flavour
content, according to

CP|D% = etiér| D™, CP|f> = T4 |, (1.48)
CP|D") = e~ |D%, CPIfy =e1|f),

where such phases are arbitrary and unphysical because of the flavour sym-
metry of the strong interaction. If CP is conserved by the dynamics, the
commutation relation [CP,H] = 0 holds true and then A; and Z? have the
same magnitude with an arbitrary unphysical relative phase

Ay =e&tolp, (1.49)
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Figure 1.10: Box diagrams that describe the D° — D’ mixing due to second
order transitions.

Consider the D° — f decay amplitude Ay and the CP conjugate process,

D’ - £, with decay amplitude Z?. There are two types of phases that may
appear in these decay amplitudes. Complex parameters in any Lagrangian
term that contributes to the amplitude will appear in complex conjugate form
in the CP-conjugate amplitude [19]. Thus, their phases appear in Ay and Z?
with opposite signs. In the SM, these phases occur only in the couplings of
the W= bosons, and hence, are often called “weak phases”. The weak phase of
any single term is convention-dependent. However, the difference between the
weak phases in two different terms in Ay is convention-independent, because
the phase rotations of the initial and final states are the same for every
term. A second type of phase can appear in scattering or decay amplitudes,
even when the Lagrangian is real. The origin of such phases is the possible
contribution from intermediate on-shell states in the decay process and since
these phases are generated by CP-invariant interactions, they are the same
in both A; and ﬁf amplitudes. Usually the dominant rescattering is due to
strong interactions and hence the designation “strong phases” for the phase
shifts so induced. Again, only the relative strong phases between different
terms in the amplitude are physically meaningful. The ‘weak’ and ‘strong’
phases discussed here appear in addition to the ‘spurious’ CP-transformation
phases of Eq. . Those spurious phases are due to an arbitrary choice
of phase convention and do not originate from any dynamics or induce any
CP violation. For simplicity, we set them to zero from here on.

Thanks to this, we can write the decay amplitudes A, and Zf as the sum of
different terms in the following way

Ap = Y Ao Ay = N Ayl i, (1.50)
j J

where |A;| are magnitudes and ¢; and ¢; are respectively strong (CP con-
serving) and weak (CP violating) phases. CP violation in decays appears as
a result of interference between various terms, and occur only if at least two
terms in the decay amplitude have different weak and strong phases. For this
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reason, to observe CP violation we need the condition |Ay| # [Af| that leads
to a non vanishing interference term

[Agl? = [A7]* = =2 > |A;]| Ax| sin(5; — ) sin(; — é), (1.51)
j.k
arising from the contribution of at least two processes with different phases.
In analogy with the case of neutral kaons, we define the wave function
describing the time evolution of the D° particle state as follows

D)) = a()|D + BOID) + Y es (1), (1.52)
7

where |f) are the possible final states and the condition |a(t)|> + |B(¢)|? +
2irles(t)P = 1 holds true. This wave function obeys to the Schrodinger
equation i(0/0t)|D(t)) = H|D(t)) and the Hamiltonian is given by

7 M M12 ) F F12
=M--T= -3 1.53
" 2 < My, M ) 2 < rs, T ) ’ (1.53)

where the diagonal elements are associated with flavour-conserving transi-
tions D° — D° and D’ — D', and the off-diagonal elements are associated
with flavour-changing transitions D° <> D’. The diagonal elements of H are
equal because of the assumption of CPT invariance |20].

Such Hamiltonian is not Hermitian (H # H'), otherwise mesons would not
oscillate and not decay, but the M and I' matrices are. The M matrix repre-
sents transitions via dispersive intermediate state (“off-shell” or short-range
transitions), and T represents transitions via absorptive intermediate states
(“on-shell” transition). The solution of the eigenvalue equation for H gives
two eigenstates

—0 —0
DYy =p|D° +q/Dy, D) =p|D° —q|D"), (1.54)

which correspond to the eigenvalues

i q i i
A =M— =T+ = Ms—I'2 ) =Myg— =T 1.55
H 7 +p< 275 12) "= 5L, (1.55)
i q i i
A =M—-I'—={My—=-T1p) =M, =T
L 5 p( 1275 12> L= 5tL

where p and ¢ are complex coefficients satisfying |p|> + |¢|* = 1 and whose

ratio is given
p Mo — (Z/Q)Fm
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The real parts of the eigenvalues Ay ; represent masses, My, and their
imaginary parts represent the widths I'yy 1, of the two eigenstates [D ;): by
convention the subscripts H and L label respectively the heavy and the light
eigentstates. The mass and width differences between the two eigenstates
are

AMZMH—MLZ%Q()\H—AL), AFZFH—FLZQJITL(FH—FL),
(1.57)
where AM is positive by definition and the sign of AI', which is unknown
a priori and has to be experimentally determined, in the case of D mesons
results to be positive. Now, defining the functions

e*i)\Ht + e*’i/\Lt e*i)\Ht _ e*’i/\Lt
pl) = () = () s

and inverting the (1.54)) equations, we can write the expressions for the time

evolution of pure D? and D’ particle states as follows

q —=0 —0 —0. D
|D°(t)) = g+ ()| D) + ]—99—(t)|D ), D) =g+ ()|D) + 59—(t)|D0>,
(1.59)
with the square modulus of the g4 (t) functions given by
1
lg+ (O = 2 (7't 4+ e "1 £ 2e7 cos AM) (1.60)
1

2

This quantity represents the time-dependent probability to conserve the ini-
tial flavour (4) or oscillate into the opposite one (—).

By means of Eqgs. (1.47) and (1.59), we can write the time-dependent

decay amplitude of an initially pure DO or D° state decaying to a final state
for [ as [26]

CFIHIDO()) = Agg. (t) + zf]%g ), FIHD ) = Azg. (1) + Afgg (t)

= — (cosh % + cos AMt)

(1.61)
and defining the dimensionless mixing parameters
_AM AT (1.62)
Tr = F ’ y - 2F ) :

we come to the expression for the time-dependent decay rate [27]
dr

E(Do(t) — f) ze_rt|Af|2{(1 + |Af]?) cosh(ylt) + (1 — |Af|*) cos(aT't)

+ 2Re(Af) sinh(yI't) — 2TJm(\y) sin(th)}, (1.63)
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with .
_ a4

A
T p A

(1.64)

The same treatment is valid for an initial pure D~ state, whose decay rate is
given by

%(Eo(t) — f) :e_Ft|Zf|2{(1 + |)\]71|2) cosh(yT't) + (1 — |)\}T1|2) cos(xI't)
+ 29{8()\}71) sinh(yI['t) — 23m()\171) sin(a:f‘t)} . (1.65)

The corresponding expressions for decays into the CP-conjugate final state
f can be obtained through the substitutions Ay — Ay and Ay — Ay in Egs.

(53, [59).

We can make a distinction between three types of CP violating effects in
meson decays:

1. CP violation in decay which happens when the decay rate I'(D — f)
differs from the I'(D — f) rate, i.e.

|A7/Af| # 1 . (1.66)
We can define the corresponding time-integrated CP asymmetry

7)) _ 1= [Ag/AP
) 1+ [Ag/ Ay

(1.67)
In charged mesons there is no mixing, so Acp is the only type of CP
violation that can occur.

2. C’P violation in mixing, which happens when the oscillation D° < D’
differs from the D’ <> DO one, that occurs when

la/p| #1 . (1.68)
The corresponding time-integrated CP asymmetry is

dU(DO(t) — f)/dt — dT(D°(t)
dT(DO(t) — f)/dt + dT(D’(¢)

Acp(t) = - ?/ @t (169)

)/dt

3. CP violation in interference between a decay without mixing, D° — f,
and a decay with mixing, D% — D’ - f (such an effect occurs only in
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decays to final states that are common to both D° and bo, including
all CP eigenstates), that is defined by

Im(Ag) £0 (1.70)

This type of CP violation can be observed, for example, using the
asymmetry of neutral meson decays ([1.69)), but into final CP eigenstates

Jep-

The first type (1) is known as direct CP violation, while the other types (2,3)
are named as indirect CP violation.

1.3.2 Singly-Cabibbo-suppressed decays: D’ — K+tK~
and D’ - 7t~

Now we will discuss the C'P violation in two particular decay channels of the
D meson, that are the D° — 777~ and D° — K*K~ channels. These
decays, that are associated to processes with |[AC| = 1, are called singly-
Cabibbo-suppressed decays and correspond at quark level (see Fig. to
the ¢ — wudd transition in the case of D° — w7~ final state and to the
¢ — uss transition in the case of D° — KK~ final state.

S
o

Figure 1.11: Singly-Cabibbo-suppressed decays (JAC| = 1) of the ¢ quark
at the tree-level: the CKM matrix elements involved in these transitions are
V.q and V4 for the D° — 7nt7~ decay and V,, and V,, for the D’ — K+ K~

decay.

The study of CP violation in these decays is of remarkable importance not
only to test the SM predictions, but also because it offers the great possibility
to indirectly probe the existence of New Physics, through observing asym-
metries that could be related to new processes at loop-level and different SM
predictions.
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In order to describe these decays and the physically relevant observables,
is sufficient to recall the formalism presented in the previous section with the
only difference that in this case the final states fep are CP eigenstates

fer =CP|f) =ncelf) =), (1.71)

where nop = £1 is the CP eigenvalue for the CP even (+) and CP odd (—)

final state . In the case of f = f = 77~ and f = f = K"K~ we have
nep = 1. Thus, we can write the decay amplitudes (|1.50) as follows

A = A?eiﬁ[l + el 0rTo0)], (1.72)
Ay = AT [1 4000,

where the dominant singly-Cabibbo-suppressed “tree” amplitude is denoted
A?eﬂ‘b? and the ratio ry parametrizes the relative magnitude of all the sub-
leading amplitudes, the so-called “penguin” amplitudes, which have different
strong (0f) and weak (¢7) phases. The time-dependent CP asymmetries also
depend on the universal quantity (i.e. not dependent on the decay)
that now becomes [2§]
A= 945 _ H ‘ﬁ eit (1.73)
p Ay pl Ay

where ¢ is the relative weak phase between the mixing and decay amplitudes.

CP violation observables

The time-integrated CP asymmetry for a final CP eigenstate with eigenvalue
Nep = 1 is then defined such as

dop = (D" — f) —T(D" — f) w7

and since the mixing parameters x,y and r; are « 1 we can expand the
asymmetry as

Acp = AT 4 AT 4 AT (1.75)
The three quantities of Eq. (1.75)) are respectively:
1. A%" is the CP violation in decay:

2T’f sinéf singbf

Adir _
1+ 2rycosdscos oy

(1.76)
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2. A™< is the CP violation in mixing. It does not depends on the decay:

A™ME = 2(}9‘ ‘ >cosgz5 . (1.77)

q

3. A™ is the C'P violation in the interference between mixing and decay.
It does not depends on the decay:

Aimt = 2 ( g‘ + ‘BD sing . (1.78)
2\Ipl ¢

The DY time-dependent decay rates described by Eqgs.(1.63, |1.65)) for final
CP eigenstates, since x,y « 1 lead in a good approximation to the purely
exponential forms

dr .
E(Do(t) — f)ocexp[—I'po,s - t],

I’ — .
= (D°(0) = focexp[-Tp - 1],

(1.79)
where the decay rate parameters in the exponents can be expanded as

f‘DO_,f =TI [1 +

%‘ (y cos ¢ — xsin gb)] , (1.80)

f‘ﬁo_}f =T ll + ‘g‘ (ycos¢+xsin¢)] ,

with I' = (I'y + I')/2. Now we can write the two observables useful to
o FBOA)f—f-FDO_,f _ Y
Yep = —1=3

measure CP violation:
q b T (\|q p .
=+ |= cosqﬁ——(‘—‘—‘—D sin ¢,
2r (‘p‘ ‘QD 2 \|p| g

f—o —f‘DO_,
A=ty 3o =3 (Bl ) e
Ipo,,+Tpoy  2\[P| g 2\Irl g

= — AT — AT (1.81)

yep in the limit of CP conservation is equal to the mixing parameter y. The
resulting world average value for yep and y are [29]

yep = [0.866 £ 0.155]%,  y = [0.67+39%]% (1.82)

from which we can see that yep is consistent with the value of y within the
current accuracy. The CP violating observable Ar quantifes the difference

in decay rates of D° and D’ toaCP eigenstate. An observed value different
from zero would indicate CP violation: the current world average is

Ap = [-0.014 + 0.052]%, (1.83)

which is consistent with the hypothesis of no CP violation.
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In the experimental case the reconstruction efficiency depends on the
decay time. For this reason Eq. (1.75)), given an observed distribution od D°
meson decay D(t), can be written in a different way and becomes

Acp = A% — Apf Lot = At — 4,0
0 T T

(1.84)

where 7 is the D° lifetime and (t) denotes the average decay time of the
observed candidates. The current knowledge of C'P violation parameters is
summarized in Tab. [L.4l

Table 1.4: Experimental values

Belle 2012

LHCb 2013 KK

LHCb 2013

World average

Observable | Experimental value
Ar [%] —0.014 + 0.052
yep [%] 0.866 £ 0.155

z [%] 0.39755
y [%] 0.67*00
la/p| 0.91* 509
¢ [°] —10.8"1573

CHARM 2013

H
}_._{

H

' AT IS IS A A
02 01 -0 01 02 03
AL (%)

-0.030 £ 0.200 + 0.080 %

0.088 + 0.255 £ 0.058 %

-0.035 £ 0.062 + 0.012 %

0.033 +£0.106 + 0.014 %

-0.014 £ 0.052 %

of the CKM matrix elements [23].

E791 1999

CLEO 2002

Belle 2009

LHCb 2012

Belle 2012

World average

CHARM 2012

0.732 £ 2.890 + 1.030 %

3.420 £ 1.390 +0.740 %

-1.200 + 2.500 + 1.400 %

0.110 + 0.610 + 0.520 %

0.550 £0.630 + 0.410 %

1.110 £ 0.220 £ 0.110 %

0.720 £ 0.180 £ 0.124 %

0.866 +0.155 %

Figure 1.12: Measurements of Ar and yr together with their world average.
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Fig. shows the measured values of Ar and yep obtained by various
experiments and Fig. shows the two dimensional contours for parameters
(x,y) and (|g/pl|, ¢) in the hypothesis of allowed CP violation [29].
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Figure 1.13: Measurements of Ar and yr together with their world average.






Chapter 2
The LHCDb detector at the LHC

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN [30], in Geneva, is the biggest
and most powerful particle accelerator ever built. The LHC is a two-ring
collider with a circumference of 27 km placed inside the tunnel which orig-
inally contained the LEP (Large Electron Positron Collider), at an average
depth of 100 m (see Fig. . LHC is designed to collide protons up to a
center-of-mass energy of 14 TeV, with an instantaneous luminosity L of 1034
cm~2?s7! and heavy ions (Pb-Pb) at a center-of-mass energy of 2.8 TeV per

nucleon, with a peak luminosity of 10?7 cm=2s~!.

Overall view of the LHC experiments.

Figure 2.1: Schematic view of the LHC collider. As reported in the text the
ring is placed about 100 m underground. The figure also shows the ground-
level positions of the access points of the four main experiments (ALICE,

ATLAS, CMS and LHCD).

31
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CERN Accelerator Complex

cMs
Area
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LEIR Low Energy lon Ring  LINAC LiMear ACcelerator

Figure 2.2: Sketch representing the various pre-accelerating machines. The
four main detectors (yellow points) are asymetrically positioned along the
beam line.

The protons used in the collisions, which are obtained from ionized hydrogen
atoms, require to be pre-accelerated before being injected into the main rings.
Firstly, protons are accelerated passing through the Linac2, from where they
it exit with an energy of 50 MeV. Then they pass through the PSB (Proton
Synchrotron Booster) and the PS (Proton Synchtotron), reaching an energy
of 14 and then 26 GeV. Finally, the SPS (Super Proton Synchrotron) increases
the energy of protons up to 450 GeV and inject them inside the LHC. In the
case of lead ions, they are previously accelerated by the following chain of
accelerator: the Linac3, the LEIR (Low Energy Ion Ring), the PS and the
SPS. Finally they are injected inside the LHC with different energies with
respect to the protons. Once in the collider, the protons (or ions) are kept
in their orbits by means of super-conducting magnets providing a magnetic
field intensity of 8.34 T. At the nominal operation regime, the LHC rings will
store 2808 proton bunches per ring, each of them containing 1.1'! protons
and colliding with a frequency of 40 MHz. The two general purpose detectors
ATLAS and CMS are dedicated to the direct search of new particles and to
study properties of the the Higgs boson. ALICE is a specialized detector
dedicated to the study of quark-gluon plasma, while LHCb is dedicated to the
study of heavy flavour physics and CP violation. In Fig. is schematically
shown the complex of CERN accelerators.
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2.2 The LHCDb detector

The LHCb experiment is designed to exploit the great production cross sec-
tions of bb and c¢ pairs at the LHC, which have been measured at /s = 7
TeV and are respectively [32, 33]

o(pp — bbX)sr = (284 + 20 + 49) b
o(pp — X )y = (6.1 £0.9) mb

where X represents the other collision products. Thanks to this, together
with the excellent performances of the LHCb detector, high precision studies
of flavour physics will be possible. LHCb collected data during the 2010-
2012 period: in 2010 and 2011 data were collected at a center-of-mass energy
Vs = 7 TeV while in 2012 at 4/s = 8 TeV. The total amount of collected
data correspond to an integrated luminosity of 38 pb~! for 2010, 1 fb~! for
2011 and 2 fb~! for 2012. During the 2010-2012 data taking period LHCb
collected data using pp collisions with an overall efficiency of about 93%
(see Fig. . The integrated luminosities recorded throughout the three
years, together with the total integrated luminosity delivered during 2012,
are shown in Fig.

The LHCb detector [31] is a single-arm spectrometer with a forward ge-
ometry that covers a region of angular acceptance approximately between
10 mrad and 300 mrad in the horizontal plane (zz) and between 10 mrad
and 250 mrad in the vertical plane (yz). The choice of this geometry, is due
to the fact that at high energies bb and c¢ pairs are produced with a strong
boost along the beam-pipe line and, as a consequence, B and C' hadrons
(with B and C' we intend hadrons containing respectively a b or ¢ quark) are
predominantly produced with a small angle in the same forward or backward
cone. The difference between horizontal and vertical angular acceptances is
justified by the fact that the horizontal plane is the bending plane for charged
particles deflected by the dipole magnetic field of LHCb.

LHCb Efficiency breakdown pp collisions 2010-2012

[ FULLY ON: 93.05 (%)
[ HV: 0.54 (%)

[ VELO Safety: 0.85 (%)
- DAQ: 2.85 (%)
Il DeadTime: 2.88 (%)

Figure 2.3: Pie chart showing the LHCb data taking efficiency (green) with
the various sources of inefficiencies during the three years of pp collisions.
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LHCDb Integrated Luminosity

2.2

- : . Delivered in 2012 (4 TeV): 2.209 /fb
2 _— """ . Recorded in 2012 (4 TeV): 2.082 /fb

Recorded in 2011 (3.5 TeV): 1.107 b
Recorded in 2010 (3.5 TeV): 0.038 /fb
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Figure 2.4: Integrated luminosities recorded by the LHCb experiment during
2010 (yellow points) and 2011 (green points) at /s = 7 TeV and during 2012
(red points) at /s = 8 TeV. The integrated luminosity delivered in 2012 in
also shown (blue points).

Such a geometrical acceptance corresponds to a pseudorapidity (n) range for
tracks inside the LHCb between about 1.8 and 4.9. The variable 1 is defined

as follows p ) )
bl —DpL
= —In|tan | = =—-—In[ ———— 2.1
K [ <2>] 2 <|p| +pL) (21)

where # is the angle between the beam direction and the particle direction.
pr, is the longitudinal momentum, which in our case coincides with the com-
ponent p, of the total momentum |p|.

The LHCb physics program needs the detector to satisfy the following
requirements:

e A great precision in the reconstruction of p — p interaction vertices
and B and C hadrons decay vertices, since to measure phenomena like
the neutral B meson oscillations it is necessary to have an adequate
proper-time resolution.

e An excellent particle identification (PID) system in order to discrimi-
nate between charged pions, charged kaons and protons with momen-
tum in a range between few GeV/c up to 100 Gev/c. Furthermore the
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analysis of final states containing leptons requires an optimal PID of
muons and electrons.

e The invariant mass resolution must be as small as possible in order
to discriminate the signals from the combinatorial background and in
order to distinguish between various decays. For these reasons, in order
to achieve such a resolution, the momentum of charged tracks must be
measured with a relative precision of ~ 1073,

e Since the production cross sections of bb and ¢€ pairs are considerable,
the trigger system must have a very high background rejection efficiency
in order to reduce the acquired data samples to a manageable size. In
order to reach this purpose, the LHCb trigger is organized in multiple
levels each of whom is more specialized than the previous.

e The large amount of data collected by the experiment requires efficient
and reliable computing resources, both needed for the data processing
and for their storage.

An overview of the entire LHCD detector is shown in Fig. 2.5, where from
left to right the following sub-detectors are visible:

VELO : the Vertex Locator is placed around the interaction region and
provides the reconstruction of primary and secondary vertices;

RICH1 : the first Ring Imaging Cherenkov detector is placed just after
the VELO and it provides information for the identification of charged
particles;

TT : the Trigger Tracker is placed after the first RICH and it is the former
tracking system;

Magnet : the dipole magnet of LHCb provides the magnetic field used to
bend particles in order to evaluate their charge and momentum,;

Tracking Stations : the three tracking stations (T1, T2 and T3) are placed
behind the magnet and are necessary to accomplish the second stage
of tracks reconstruction;

RICH2 : the second Ring Imaging Cherenkov detector is designed to pro-
vide efficient particle identification in a different momentum range with
respect to RICHT,;
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Electromagnetic Calorimeter : the electromagnetic calorimeter (ECAL)
system is placed after the RICH2 and is needed for an efficient trigger
and for the identification of electrons and photons;

Hadronic Calorimeter : the Hadronic Calorimeter (HCAL) is placed just
behind the ECAL and is exploited for the hadronic trigger;

Muon Stations : the Muon Stations are placed in the end of the detector,
where only muons can arrive without being stopped by the calorimeter
system and the other sub-detectors. They are used to accomplish both
an efficient trigger of decays with muons in the final state and for muons
identification.

The VELO, the Trigger Tracker and the three tracking stations together with
the magnetic dipole form the LHCDb tracking system, while the two RICH
detectors, the Electromagnetic and Hadronic calorimeters and the muon sta-
tions form the LHCD particle identification system.
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Figure 2.5: Overview of the entire LHCb detector. From left to right the different sub-detectors are shown:
VELO, RICH1, TT, Magnet, Tracking Stations, RICH2, Electromagnetic Calorimeter (ECAL), Hadronic Calorime-
ter (HCAL) and Muon Stations.

1019939p qOHT °YL T'T

LE



2.3 The LHCDb tracking system 38

2.3 The LHCDb tracking system

The purpose of the tracking system is to identify the interaction vertex, re-
construct the particles trajectories and measure their momentum by means
of the magnetic field which bends charged particles. The first task is accom-
plished by the VELO, which also provides the track reconstruction, together
with the Trigger Tracker and the three tracking stations. The magnetic
dipole, as well as the measurement of particles momentum, provides the
charge identification.

2.3.1 The Vertex Locator

The VErtex LOcator provides precise measurements of track coordinates
close to the interaction region, which are used to identify the displaced sec-
ondary vertices which are a distinctive feature of B and C' hadron decays
[34]. In fact, since at the energies of 4/s = 7 TeV B hadrons have mean
lifetimes ~ 10712 s, they cover a mean distance of about 1 c¢m inside the
detector giving rise to secondary vertices well spaced from the p — p primary
interaction. For this reason, in order to select signals and reject most of the
combinatorial background, it is necessary to have a vertex locator with a
micrometric precision.

The VELO consists of a series of 21 circular silicon modules, each pro-
viding a measure of the R = /22 + y? and ¢ coordinates, arranged perpen-
dicularly along the beam line direction as shown in Fig. 2.6l Each module
is divided in two halves which can be moved far from or close to the beam,
depending on need. In fact the VELO aperture varies from an open posi-
tion, required during the beam stabilization phase, to a closed position which
is maintained during the data-taking. For this reason, VELO modules are
mounted on a moveable device inside a vessel that maintains the vacuum,
and each half can be moved between 3 cm and 8 mm from the beam.

The module halves are composed of two planes of 220 um thick silicon
microstrip sensors that provide a measure of radial (R sensors) and polar (¢
sensors) coordinates of the hits generated by ionizing particles that cross the
VELO. The sketch of R and ¢ sensors is shown in Fig. 2.7, The z coordinate
is measured knowing which modules provided a signal for a particular particle
hit. The R sensors are divided into four parts per halves of about 45° each.
The microstrips are modeled in a semi-circular shape and their width varies
from 40 pm (close to the beam) to 92 pum (far from the beam): the smaller
width of microstrips close to the interaction region is due the higher number
of particles that we expect in that zone.
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Figure 2.6: Top view of the VELO silicon modules, with the detector in the
fully closed position (top). Front view of the modules in both the closed
(bottom left) and open positions (bottom right). As can be noticed, in the
fully closed configuration the two halves of each silicon module partially
overlap.

The ¢ sensors are divided into two regions, inner and outer. The outer
region starts at a radius of 17.25 mm and its pitch is set to be roughly half
(39.3 um) that of the inner region (78.3 um), which ends at the same radius.
Inner and outer regions have different skew to the radial direction in order to
improve pattern recognition: 20° and 10° respectively. Furthermore, in order
to achieve a better track reconstruction, the longitudinally adjacent ¢ sensors
have opposite skew to each other. In Fig a 3-dimensional overview of the
entire VELO apparatus is also shown. Detection stations and dedicated
read-out electronics are placed inside the vacuum vessel (10~* mbar), both
mounted on the moveable device.

The performances of the VELO detector have been studied by means
of the data collected in 2010 and 2011. The resolution on the x and y
coordinates varies between 40 um and 10 um depending on the number of
tracks fitted and, for the same reason, the resolution on the z coordinate
varies from 250 pym to 50 pm.
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Figure 2.7: Scheme of the geometry of R (left) and ¢ (right) silicon sen-
sors of the VELO detector. In order to show their different orientation, the
microstrips of the ¢ sensors for two adjacent modules are drawn.
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Figure 2.8: 3-dimensional overview of the entire VELO apparatus.
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2.3.2 The Trigger Tracker

The Trigger Tracker [35] is placed amongst the first RICH detector and the
dipole magnet in a region where a residual magnetic field is present. The
TT purpose is to provide reference segments which are used to combine the
tracks reconstructed in the tracking stations after the magnet and those
reconstructed in the VELO: this allows to improve the resolution on mo-
mentum and trajectory of the reconstructed tracks. The system consists of
four stations, divided in two groups called respectively TTa and TTh, spaced
by approximately 30 cm and placed at a distance of about 2.4 m from the
interaction region. Each of the four stations cover a rectangular region of
about 120 cm in height and about 150 cm wide. The scheme of the TT
sub-detector is shown in Fig. Each TT station is made up of silicon
microstrip sensors of about 200 ym and is arranged into up to 38 cm long
readout strips. In the first and fourth station the strips are parallel to the
vertical plane, while in the second and third station they are tilted by +5°
(u-layer) and —5° (v-layer) respectively. This arrangement allows to obtain
a better precision in the reconstruction.
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Figure 2.9: Scheme of the four TT stations. The microstrip sensors compos-
ing the first and fourth station are parallel to the vertical plane, while the
second and third station (u-plane and v-plane) have sensors tilted respec-
tively by +5°.
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2.3.3 The tracking stations T1-T2-T3

The three tracking stations T1, T2 and T3 are placed just after the dipole
magnet and they are divided in two main parts, according to the their place-
ment and the exploited technology. The inner part of the tracking stations,
the Inner Tracker (IT), uses silicon microstrip sensors while the outer part,
the Outer Tracker (OT), exploits drift straw tubes. As shown in Fig. [2.10
the IT part of each station is placed in front of the OT part.

The Inner Tracker [36] covers the region around the beam pipe and con-
sists of four detection planes arranged as shown in Fig. [2.T1] Similarly to the
TT, in the first and fourth plane (a-planes) the silicon sensors are parallel
to the vertical plane, while in the second and third plane sensors are tilted
respectively by +5° (u-plane) and —5° (v-plane). The features of microstrip
sensors are analogous to those used for the Trigger Tracker since they have a

INNER OUTER TRACKER
TRACKER

X u \' X

XUVX

—

XUVX

1.0
15.5 20.0

Figure 2.10: Layout of a T station from a side view (left) and from a front
view (right). In the left part it can be seen that the IT sub-detector is placed
in front of the OT sub-detector and the x- u- and v-planes mentioned in the
text are shown. In the right part it can be seen that the IT sub-detector (in
orange) is placed around the beam pipe, while the OT sub-detector covers
the outer region of the station.
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Figure 2.11: Frontal view of the z-plane (left) and u-plane (right) of the IT
sub-detector. The alignment of sensors is vertical for the z-plane and tilted
by +5° for the u-plane.

pitch of about 200 pm and they are up to 22 cm long. The total size of the
IT sub-detector is about 1.2 m on the bending plane (xz) and about 40 cm
in the vertical plane (yz).

The Outer Tracker [37] in each tracking station is realized using gas-filled
straw tubes detectors and consists of four planes of tubes arranged in the
same way as the TT and IT sensors: in fact the first and fourth planes (z-
planes) have tubes parallel to the vertical plane, while the second and third
planes have tubes tilted by +5° (u-plane) and —5° (v-plane). Furthermore
each plane has two rows of tubes arranged in a honeycomb structure (see Fig.
in order to optimize the sensitive area. The straw tubes have a radius
of 5 mm and are filled with a mixture of Ar/CF;/CO, that has a typical
drift time of about 50 ns.

2.3.4 The LHCb magnet

The magnetic field of LHCb is provided by a warm dipole magnet (i.e. not
super-conducting) placed between the TT and the first tracking station T1
[38]. As already mentioned the magnetic field is needed to identify the par-
ticles charge and to measure their momentum. The magnet (see Fig. [2.13)),
whose geometry is a consequence of the detector acceptance, is formed by two
coils inclined at a small angle with respect to the beam direction, in order
to become wider with the increase of the z coordinate. The magnetic field
is directed along the y coordinate perpendicular to the xz bending plane. In
Fig. the y component of the magnetic field is reported as a function of
the z coordinate measured along the beam-pipe.



2.3 The LHCDb tracking system 44

: °°
A
10.7] 5_50 4901

—
5.25

Figure 2.12: Cross section of a straw tube plane. The zoomed part shows
the honeycomb structure of the two rows of tubes.

The maximum intensity of the magnetic field is about 1 T, while the magnetic
field integral is approximately 4 Tm. During the data-taking, the polarity of
the magnetic field has been flipped several times in order to allow the evalu-
ation of any left-right asymmetry induced by the detector. In fact, since the
positive and negative charged particles are bent to different directions by the
magnetic field, any variation in the detection efficiency between the left and
the right part of the detector could affect the CP asymmetry measurements.

Figure 2.13: Sketch of the dipole magnet of LHCb. The particular profile of
the two coils is necessary to follow the detector acceptance.
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Figure 2.14: y component of the magnetic field as a function of the z coordi-
nate measured along the beam-pipe. As we can see the maximum intensity
is about 1 T.

2.4 The LHCDb particle identification system

The purpose of the particle identification system is to provide an efficient
and reliable identification of charged leptons and hadrons, necessary for the
most of the C'P violation measurements of the LHCb program. This task
is accomplished by the two Ring Imaging Cherenkov detectors (RICH1 and
RICH2), the electromagnetic (ECAL) and hadronic (HCAL) calorimeters
and eventually by the muon stations.

2.4.1 The RICH detectors

The Cherenkow effect is the emission of electromagnetic radiation that occurs
when a charged particle passes through a dielectric medium at a speed greater
than the phase velocity of light in that medium. This effect is exploited to
discriminate charged pions, kaons and protons in a momentum range between
few GeV/c up to about 150 GeV/c. A schematic representation of this effect

is shown in Fig.
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Figure 2.15: Left: geometric representation of the Cherenkov emission.
Right: Cherenkov angle 6 as a function of the particle momentum p. The
curves correspond to the different radiators used in RICH1 and RICH2 and
to the various particle types.

Cherenkov light detectors exploit the following relation between the particle
momentum and the emission angle of Cherenkov photons

1
Bn’
where 6 is the emission angle of Cherenkov photons with respect to the
particle direction of flight, § = v/c is the particle velocity normalized with
respect to the speed of light in the vacuum and n is the refraction index of
the radiator medium. By measuring this particular angle together with the
momentum is therefore possible to determine the mass of the particle.

The RICH1 [39], which is placed immediately after the VELO and has
a geometrical acceptance between 25 mrad to 330 mrad, is optimized to
identify tracks with a low momentum in a range between 1 GeV/c and about
50 GeV /c. The RICH1 exploits two different types of radiators: the first is a
5 cm thick Aerogel layer with n = 1.03 optimal for low momentum particles
(up to 10 GeV/c), while the second, gaseous CyFiy with n = 1.0015 that
fills a gap of about 85 c¢m, is dedicated to detection of particles with higher
momenta (up to 50 GeV/c).

The RICH2 is instead optimized for the identification of particles with
higher momenta (up to 150 Gev/c) and is complementary to the RICHI. It
is placed after the last tracking station and has a geometrical acceptance of
about 120 mrad in the vertical plane and of about 100 mrad in the horizontal
plane. The radiator used for the RICH2 is gaseous C'F}; that has a refraction
index n = 1.00046.

cos(Oc) = (2.2)
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The RICH detectors exploit different radiators because for particles ap-
proaching the speed of light the Cherenkov angle saturate at the value 6o =
arccos(1/n): this behaviour is shown in Fig. [2.15| The schematic picture of
the two RICH detectors of LHCD is reported in Fig. 2.16]

Both the RICH detectors exploit an optical system made of spherical and
plane mirrors in order to convey the emitted Cherenkov light on a lattice
of photo-detectors (Hybrid Photon Detector, HPD). The HPD planes are
placed out of the detector acceptance and they are carefully shielded from
the residual magnetic field.
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Figure 2.16: Schematic view of the RICHI (left) and RICH2 (right) detectors.
The different exploited radiators and the optical systems are also shown.

The LHCb RICH detectors have excellent particle identification performances
and provide a very clear discrimination of charged pions, kaons and protons.
Figure shows the Cherenkov angle as a function of particle momentum
using information from the Cy Fo radiator for isolated tracks selected in data
(a track is defined as isolated when its Cherenkov ring does not overlap with
any other ring from the same radiator) [40)].
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Figure 2.17: Reconstructed Cherenkov angle as a function of track momen-
tum in the CyF}q radiator [40].

As we can see from the figure, events are distributed into distinct bands
according to their mass and, although the RICH detectors are primarily
used for hadron identification, it is worth noting that a distinct muon band
can also be observed.

2.4.2 The calorimeter system

The calorimeter system [41] is used to identify neutral hadrons, electrons and
photons measuring their energy. Furthermore, it provides crucial information
for the Level-0 trigger (LO-trigger), evaluating the transverse energy FEr of
hadrons, electrons and photons. The calorimeter system is divided into four
sub-detectors:

e Scintillator Pad Detector (SPD);

e Pre-Shower (PS);

e Electromagnetic Calorimeter (ECAL);
e Hadronic Calorimeter (HCAL).

Each sub-detector is divided into regions with different dimensions and where
differently sized sensors are used. In fact, the size of sensor elements increases
going far from the beam-pipe and the high occupancy region, due to the
fact that it is necessary to reach a compromise between occupancy and a
reasonable number of read-out channels.
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Figure 2.18: Left: frontal view of the SPD/PS and ECAL detectors where
the three regions mentioned in the text are shown. Right: frontal view of
the HCAL, where, as described in the text, we have only two regions.

SPD, PS and ECAL are divided into three regions (inner, middle and outer),
while the HCAL is divided only in two regions (inner and outer). A schematic
overview of these subdivisions is shown in Fig. [2.1§]

SPD and PS are auxiliary sub-detectors of the Electromagnetic calorime-
ter and they are placed before it. The SPD is used to discriminate between
charged and neutral particles, as the former ones produce light when passing
through a scintillator material while the latter do not. The PS is instead
used to obtain a better discrimination between electrons and pions. Both
the SPD and the PS sub-detectors are composed by a scintillator plane thick
about 15 mm and they are separated by 2.5 radiation lengthﬂ lead con-
verter layer. The light emitted by the scintillator material is collected by
means of wavelenght-shifting optical fibers (WLS) which conveys the light to
multi-anode photomultipliers placed outside the detector.

The ECAL is a sampling calorimeter realized using Shashlik technology
and separated into different independent modules. This particular type of
calorimeters exploit WLS optical fibers which cross longitudinally the entire
module and carry the scintillation light to the read-out photomoultipliers.
The ECAL modules are composed by 66 lead converter layers of thickness
about 2 mm, each of whom is assembled among two plastic scintillator layers

! The radiation lenght is defined as follows

A-716.4

Xo= oz D In(287/~/Z)

g/cm® (2.3)

where A is the mass number and Z is the atomic number of the material considered. This
quantity corresponds to the distance over which the energy of an electron is reduced by a
factor 1/e only due radiation loss [42].



2.4 The LHCD particle identification system 50

4 mm thick: each ECAL module has a total size of about 25 radiation lenghts
and 1.1 nuclear interaction lenght{] Sizes and number of read-out channels
vary depending on the region where the module is installed: the inner region
has modules with a section of 4 x 4 cm? with 9 read-out channels per module,
the middle region contains modules of 6 x6 cm? with 4 read-out channels each
and eventually the outer region has 12 x 12 cm? modules with one channel
each. The schematic view of the ECAL is shown in Fig. 2.19

The hadronic calorimeter HCAL provides the measurement of the energies
of hadronic showers, which is the fundamental information for the Level-0
hadronic trigger. Its structure is very similar to the ECAL one, with the
difference that each module is made up of scintillators layers 4 mm thick,
separated by steal layers 16 mm thick. Each HCAL module is bigger than
an ECAL module and has a size of approximately 5.6 nuclear interaction
lenghts in total. In the inner region modules have a section of 13 x 13 cm?,
while in the outer region they are 26 x 26 cm?.

The performances of the calorimeter system have been evaluated with
various tests performed before the start of the data taking [43]. The energy
resolutions of the calorimeter system are given by

o o(E)  (85—-95)%
ECAL : 5= NG @ 0.8%, (2.4)
o(E)  (69+5)%
HCAL: E - VB @ (9 +2)%.
The ECAL calibration is performed by reconstructing resonances decaying to
two photons like 7° — ~~ and 1 — v, while the calibration of the HCAL can
be achieved by measuring the ratio F/p between the energy E as measured in
the calorimeter for a hadron with momentum p, as measured by the tracking
system.

2The nuclear interaction length A;ocAY/3, similarly to the radiation length X, is the
mean path length required to reduce the energy of a relativistic charged particle passing
through matter by a factor 1/e.
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Figure 2.19: Left: picture of an ECAL module during the assembly phase:
the lead/scintillator layers are also shown. Right: representation of an as-
sembled ECAL module: the green lines represent the optical fibers conveying
the light to photo-multipliers.

2.4.3 The muon system

The last part of the LHCb detector is made of five muon sub-detectors which
form the muon system. The purpose of this system is to provide the iden-
tification of muons, which is of great importance when studying the prop-
erties of B and C hadrons. For example muons are present as final decay
products in different fundamental LHCb analyses, like B — K*Ou*pu~,
BY — J/U(utp~) and By — putu.

The muon system [44] (see Fig. is made of five stations (M1,..., M5)
covering an angular acceptance of +£300 mrad in the horizontal plane and
+200 mrad in the vertical plane: this corresponds to a geometrical efficiency
of approximately 46% for the detection of muons arising from B-hadrons.
The first muon station M1 is placed before the electromagnetic and hadronic
calorimeters in order to avoid possible multiple scattering effects, that could
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modify the particle trajectory. The remaining stations (M2-M5), instead, are
placed after the hadronic calorimeter at the end of the LHCb detector and
are separated by iron planes 80 cm thick. Each muon station is divided into
four regions (R1-R4) depending on the segmentation and on the distance
from the beam pipe. The R1 region is the closest to the beam-pipe and has
the most dense segmentation while the R4 station is the farther. The ratio

between the four R regions, as can be seen from Fig. [2.21] is 1:2:4:8.

iogige

Figure 2.20: Side view of the muon system.
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By means of these proportions, the charged particle occupancy is expected to
be approximately the same in each region. All the muon chambers are com-
posed by Multi-Wire Proportional Chambers, except for the inner region of
the M1 station, which exploits three gas electron multiplier foils sandwiched
between anode and cathode planes (GEM detectors). In total, the muon
system counts on 1380 MWPC.

M1R1 M1R2

M1R3

M1R4

Q

R1l R2 |<«—R3—»|<*—— R4 ———»
BEAM PIPE

=¥

Figure 2.21: Left: front view of a quadrant of a muon station. Each rectangle
represents a chamber and it can be seen the ratio 1:2:4:8 between the various
R regions. Right: different segmentation of four chambers belonging to the
four regions of M1 station.
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2.5 The LHCDb trigger

As already mentioned the production cross section of bb and ¢ pairs are
significant, but however they are smaller compared to the inelastic cross
section. Furthermore the capabilities to store data are naturally limited by
cost and technological reasons. Therefore the LHCD trigger has been designed
to be very efficient in accepting signals and rejecting most of the background
events. The necessary performances have been achieved by separating the
trigger into different levels, each processing the output of the previous level.
The LHCDb trigger system is divided into three stages:

Level-0 (L0): this is the first level and consists of a hardware trigger based
on custom electronics. It is designed to accomplish a first filtering of
the events and to reduce significantly the input rate of 40 MHz to an
output rate of only 1 MHgz;

High Level Trigger 1 (HLT1): the second trigger level is software based.
The HLT1 purpose it to filter heavy hadron events in an inclusive way

and to reduce the rate of accepted events coming from the L0 level to
50 kHz;

High Level Trigger 2 (HLT2): this is the last trigger level and it is soft-
ware based. The HLT?2 trigger further reduces the output rate to about
3 kHz, through applying an exclusive selection of beauty and charm de-
cays. The output is eventually sent to mass storage.

The LHCDb trigger and its levels are shown in Fig. [2.22]

2.5.1 The Level-0 Trigger

The LO trigger uses information coming mostly from the tracking system and
from the calorimeter system and its basic task is to measure the transverse
momentum (pr)and energy (Er) of electrons, photons, hadrons and muons.
The system exploits three independent systems running in parallel:

Electron/photon trigger: it uses the information coming from the SPD/PS
and ECAL detectors to discriminate between charged and neutral parti-
cles. Custom electronics boards are programmed to measure the energy
of electromagnetic showers and identify those with highest momentum.
The event is accepted if there is at least one cluster with Er exceeding
a certain threshold.

Hadronic trigger: it uses the information coming from HCAL and it works
in the very same way of the electron/photon trigger.
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Muon trigger: it uses the information coming from the five muon stations.
Events are accepted if there is at least one muon candidate with a
transverse momentum greater than a certain threshold. Furthermore
the trigger contains a line to select muon pairs.

The final trigger decision is taken by an electronic module named L0
Decision Unit performing the logical OR of the three subsystem decisions.
Therefore events are accepted when at least one of the subsystems reach a
positive decision.

=
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Figure 2.22: Flow-diagram of the different trigger stages. The L0, HLT1 and
HLT?2 outputs are also reported.

2.5.2 The HLT1

As already mentioned, the purpose of this trigger level is to reduce the input
rate coming from the L0 trigger to a lower rate. This task is performed by
rejecting events with an OT occupancy larger than 20% since they would take
more than ~ 25 ms to be successfully processed. After this first selection
remaining events are reconstructed taking into account that:

e High mass B hadrons and their production processes imply that the
particles arising from a B hadron decay chain have large p and pr
compared to the other light-quark hadrons.



2.5 The LHCb trigger 56

e The average decay length of B hadrons produced within the LHCb
acceptance is about 1 cm and so their decay products will have a large
impact parameter (IP) with respect to their primary vertex (PV).

e BEach B hadron decay has in the final state at least one particle with
large p, pr and a large IP.

e The VELO reconstruction must be fast enough to allow a full and
reliable 3-dimensional reconstruction of the PV.

e The full reconstruction can be performed only for a limited number of
tracks due to limited available time.

The last two points lead to the choice of subdividing the reconstruction in
two stages. In the first step VELO tracks and PV are reconstructed: VELO
tracks are selected requiring large impact parameters with respect to the
closest PV and a minimum number of hits in the VELO. If the difference
between the expected number of hits and the observed number of hits in the
Vertex Locator is greater than a certain threshold, the track is rejected.

2.5.3 The HLT2

The lower input rate of the High Level Trigger 2 allows to require the con-
ditions p > 5 GeV/c and pr > 0.5 GeV/c on all tracks. HLT?2 filtering
is mainly based on three inclusive selections, the so-called topological lines.
Furthermore few dedicated lines for the LHCb core analysis are used.

The main strategy of topological lines is to build multibody candidates
in the following way:

e Two particles are combined to form a two-body object.

e A further input particle is added to the two body object to form a
three-body object and so on.

In this way, n-body objects are built combining the (n — 1)-body candidate
with another particle and so on (saving CPU time with respect to combining
directly n particles). In addition to the topological line, HLT2 contains lines
which exploit tracks identified as muons. Dimuon candidates are formed and,
depending on their mass, cuts are applied on the flight distance and pr of
the dimuon candidate.
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2.6 The offline computing

The events surviving the trigger chain are stored offline in order to allow
their reconstruction with more time-consuming algorithms which provide a
more precise determination of track parameters and physical quantities. The
data are distributed over several regional computing centers (Tierl’s) where
the offline reconstruction is performed. At this level, RAW files are processed
downloading them directly to the worker node where the process will run and
data samples are processed passing through three distinct phases. The first
phase, the “Reconstruction” stage, consists in providing physical quantities
out of the detector information: track trajectories and momentum, primary
vertex coordinates, energy of calorimeter clusters, mass-hypothesis for the
tracks. The next stage of the computing system consists of a preselection
of events named “Stripping”. The output of this stage will be used for the
physics analysis, so it is necessary to maintain it available on disk support for
faster user access. Basically the “Stripping” stage runs loose selections on the
collected data sample, filtering the sample and creating the candidates that
will be used in the final analysis. The events that pass the selection criteria
contain the candidates, the information of the reconstruction stage and also
the RAW data relative to each event. Since the stripping output from each
reconstructed and RAW file could contain very few selected events, files are
merged up to a dimension of about 5 GB. This is the last step and it is called
“Merging”.






Chapter 3

Search of direct CP violation in
DV - KtK— and D > 7 7n—
decays

3.1 Introduction

In this thesis we present the measurement of the difference in time-integrated
CP asymmetry between D° — K+*K~ and D° — 77~ decay channels at
LHCb. First of all we recall the asymmetry of Eq. which for a final
state f becomes

Aep() = A (1) - A2, (.)

where the average of t is experiment and final-state dependent. This equation
is the time-integrated asymmetry measured by an experiment and depends
on the time-acceptance of that experiment. Denoting by A the differences
between quantities for D° — K+*K~ and D° — 7%7~ it is then possible to
write

AAcp = ACP(K+K7) - ACP(WJWT*)
— [Adir(K-i-K—) _ AdiT(W+7T_)] _ AFA<t>, (32)

T

where in the limit that A{t) or Ar vanishes, AAcp is equal to the difference
in the direct CP asymmetry between the two decays. However, if the time-
acceptance is different for the K™K~ and 77~ final states (i.e. A{t) # 0),
a possible contribution from indirect CP violation (Ar) remains.

The decay channels that will be used in the analysis are the following

D*" — DY(KYK )r}, D** — D°(xtn)m}t, (3.3)

29
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together with the charge-conjugate modes: 7, is the slow pton whose charge
is used to determine the initial flavour state of the D° meson (slow because
it carries a lower momentum respect to the other decay products). The raw
asymmetry for tagged D° decays to a final state f is defined as

oy = MO = D) =N S D)
raw N(D*+ — DO(f)x+) + N(D*= — D' (f)77)

where N(X) refers to the number of reconstructed events of decay X after
background subtraction. This raw asymmetry arises from several sources and
may be written as a sum of components that are due to C'P violation and to
detector effects:

Araw(f) = Aep(f) + Ap(f) + Ap(n]) + Ap(D*") . (3.5)

Here Ap(f) is the asymmetry in selecting the D° decay into the final state
f, Ap(m}) is the asymmetry in selecting the soft pion from the D** decay
chain and Ap(D**) is the production asymmetry for D** mesons. The first
order expansion (3.5)) is valid since the individual asymmetries are small and
in particular they are Ap ~ 1%, Ap(r]) ~ 1 —2% [45] and Ap(f) = 0,
where the last equality holds true because for a two-body decay of a spin-0
particle to a self-conjugate final state there can be no DY detection asymme-
try. Additionally, in any given kinematic region Ap(7t) and Ap(D*T) are

independent from f and so in the expansion of Eq. (3.5)) these terms cancel
in the difference

AAcp = A,«aw(K+K_) - Amw(ﬂ+ﬂ'_) ~ ACP(K+K_) - ACP(W+7T_) .
(3.6)
As we can see, the observable AAcp reduces to the difference among the only
physical CP asymmetries and the detector effects vanish. At the current level
of precision this approximation is perfectly adequate.

Now we move to the experimental results obtained from different analyses
of AAcp. Other measurements of this difference, or of the separate asymme-
tries, have been performed by the CDF, BaBar and Belle collaborations, and
by LHCb [46], 47, [48], 49], [50]. These results are summarized in Tab. and
shown in Fig. [3.1] In 2011 announcement by the LHCb Collaboration of 3.5
sigmas evidence of CP violation in the charm sector [51], triggered intensive
theoretical activities.
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| Experiment | AAcp [%]
LHCh | [-0.34 + 0.15(stat.) + 0.10
LHCb | [+0.49 + 0.30(stat.) + 0.14
CDF | [-0.62 + 0.21(stat.) + 0.10
Belle [—0.87 £+ 0.41(stat.) + 0.06
BaBar [+0.24 £+ 0.62(stat.) + 0.26

Table 3.1: Experimental results of the AAcp difference.

However, the entity of this result has been recently redimensioned thanks
to the update of the measure (pion-tagged) to the full 2011 dataset, corre-

sponding to an integrated luminosity of 1fb™

AAcp = [—0.34 + 0.15(stat.) + 0.10(syst.)]%.

I and that led to

Furthermore, a separate measurement of AA¢p has been performed at LHCDb
using semileptonic B — D% 7, X decays (where B denotes a hadron con-
taining a b quark). This analysis, that is called muon-tagged because uses
the charge of the muon to tag the flavour of the D° meson, is described in
reference [47] and led to the value

AAcp = [+0.49 + 0.30(stat.) + 0.14(syst.)]%.

These two last results together with their combination AAep = [—0.15+ 0.16]%,
although consistent with the preliminary LHCb measure, do not confirm the
evidence of CP violation in the charm sector.

BaBar

CDF
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Belle
[ S|

LHCb (pion tagged)
10 b

LHCb (muon tagged)
10
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1
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Figure 3.1: Current experimental knowledge of AAcp: the average value is

AAep = [-0.33 + 0.12]%.
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3.2 Data samples

The analysis presented in this thesis aims to search the CP in D* - K+ K~
and D° — 77~ decays. It is based on pp collision data collected by LHCb
during both 2011 and 2012, respectively, at a center-of-mass energy /s = 7
TeV and /s = 8 TeV.

For 2011 we use the full recol4-Stripping20r1 data set that corresponds
to an integrated luminosity of 1 fb~! and includes both configurations of the
dipole magnet: 40% of the whole data sample were collected with the magnet
polarity directed towards the positive y axis, while 60% with the magnet
polarity directed towards the negative y axis. This data set, reprocessed
with a different reconstruction, was already used (recol2-Strippingl7) and
led to the result previously mentioned [46]

AAcp = [—0.34 + 0.15(stat.) + 0.10(syst.)]%.

In this thesis we firstly make a comparison between results obtained with the
two different reconstructions, in order to verify that the reprocessing is not
a source of systematic uncertainties, and then, we update the measurement
using the 2012 data sample, which consists of a higher statistic, namely
2 fb1 of integrated luminosity. It corresponds to 50% of data collected
with the magnet polarity directed towards the positive y axis and to 50%
of data collected with the magnet polarity directed towards the negative y
axis. Since 2012 data have never been analyzed before and will be object
of future publications, results will be shown with an unknown shift on the
AAcp value implemented at code level. In this way both LHCb analysts and
reviewers can respectively set the strategy and perform the review without
being biased by knowing the true value of AAep. This is a procedure often
used in LHCDb before disclosing the final results for the official publication,
that takes place after the collaboration review process.
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3.3 Event selection

The event selection is performed in two different steps that are respectively
the online and offline selection: the former selection is performed by the trig-
ger system, while the later consists of requirements applied to reconstructed
data.

We are interested in selecting decays that have a branching ratio of the order
of 1072 — 1073 [52]:

B(D** — D°(K*K™)nf) = (2.68 £ 0.02) x 1072,
B(D** — D°(x*n )7t) = (0.95 £ 0.02) x 10°. (3.7)
The production ¢ cross section has been measured by LHCb at /s =7
and results to be [33]

o(pp — c€X)yr = (6.1 £0.9) mb, (3.8)

where X represents other collision products. The measured value of produc-
tion ¢¢ cross section at 4/s = 8 TeV is not still available, but is expected
to increase of about 20-30%. Since the interaction cross section for visible
events is 0,;; ~ 60 mb, interesting events are produced every O(10%)—O(10?)
minimum bias events, 7.e. background, that need to be rejected as much as
possible. For this reason it becomes necessary to apply a tight selection in
order to collect enough statistic of signal events.

Online selection

The online selection is performed through the following trigger requirements:

e Trigger LO: events must have at least a hadron of the final state with
transverse energyﬂ Er greater than 3.5 GeV/c;

e High Level Trigger (HLT): events must have a track with impact pa-
rameter (IP, defined as the shorter distance between the trajectory of
the particle and the primary vertex PV) greater than 100 pm and at
least a track with pr >1.7 GeV/c.

After the LO stage, events are processed by the HLT by means of a trigger
algorithm based on BDT (Boost Decision Tree), i.e. a multivariate classifi-
cation methods [53].

! The transverse energy is given by Er = Esin 6, where 0 is the angle between the beam
direction and the particle direction and E the energy released in the calorimeter cells. This
measured quantity online estimates the transverse momentum pr of the particle.
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Offline selection

Events that pass the trigger, are therefore filtered through the offline selection
that consists of the following conditions:

e the number of reconstructed primary vertices Npy must be among 1
and 3;

the number of reconstructed tracks N77%** must less than 400:

the number of hits in the SPD detector NS must be less than 500;

the number of clusters in the IT detector Ns'™s must be less than
1000;

the number of reconstructed tracks in the VELO detector Ngeks must
be less than 200.

The events passing these requirements are further filtered in order to iden-
tify candidates for D° — K*K~ and D° — nF 7~ decays, whose selection
requires each charged track to be identified either as a K or as a w. The
probability for a track to be a w, K, p, e or i is computed combining the
information provided by several sub-detectors.

Defining £LB(A) the probability of a track to be the A particle according
to B sub-detector information, we can write to the total likelihood of a track
to be a particle A as follows

L e) _ ﬁRICH(e) « ECALO(G) > £MUON(ILL)7

(
E(N) _ £RICH(M) % ﬁCALO(e) > CMUON(M),
E(K) _ ERICH(K) > ECALO(e) > ﬁhﬁUON(M)’
E(p) _ ﬁRICH(p) > ﬁCALO(e) % ﬁMUON(M)’
L(r) = LRICH (1) % LOALO () 5 [MUON( )y, (3.9)

The particle-identification variable used in LHCb to discriminate between
the different hypotheses is the so-called Aln £ that in the case of K and w
is given by

AlnL(K —7)=InL(K)—InL(n). (3.10)

The more Aln L is greater than 0 the more is probable that the particle will
be a K and conversely the more A In £ is smaller than 0 the more is probable
that the particle will be a 7, so for D° daughter tracks we require:

e AlnLg, > 5 to distinguish a kaon;
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e AlnL,x < —5 to distinguish a pion.

No particle identification cut is applied to the slow pion 7, arising from
the D* decay. Other offline conditions on the D° decay products are the
following;:

e the transverse momentum for each of the two tracks pse" greater than

250 MeV /¢;
e the y? value of the impact parameter 3 greater than 9;

e the x? value of the reconstructed track (y?/NDF)Tre* normalized to
the number of degrees of freedom, less than 5.

Each pair of tracks which satisfies these conditions is then combined through
a kinematic fit in order to verify if it might be connected to a common vertex
(CV) and, in the affirmative case, it makes up a D° candidate. All D°
candidates must also fulfill the additional post-fit selection requirements:

e the x? value of the fit at the common vertex xZ less than 9;

e the x? value of the IP x% respect to the primary vertex less than 9;

the transverse momentum greater than 2 GeV/¢;

e a narrow mass window of 1844-1884 MeV /c? on the reconstructed in-
variant mass spectrum;

the decay time 7 multiplied by the speed of light ¢ greater than 100
Jim.

Now the D° candidates are combined with the slow pion to reconstruct
the D** — DO candidates, for which the following post-fit conditions have
been applied:

e the x? value of the fit at the common vertex yZy less than 15;
e a mass window for the variable
ém = m(D*T) —m(D") — m(7*F), (3.11)

where m(A) is the reconstructed invariant mass of the A particle, in-
cluded between 0.2 and 12 MeV /2.
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We exploit the variable dm instead of the D*T mass because m(D*¥) re-
constructed with a true D° and a pion from background shows a distribution
very similar to those of the signal, while dm does not. For this reason dm is
more reliable.

The data sets used for the analysis have been processed using the De-
cayTreeFitter (DTF) package. This algorithm takes a complete decay chain,
parametrizes it in terms of vertex positions, decay lengths (distance between
the production and decay vertex) and momentum parameters, and then fits
these parameters simultaneously, taking into account the relevant constraints,
such as the measured parameters of the final state tracks and photons, 4-
momentum conservation at each vertex, etc. We use DecayTreeFitter with
the constraint that the D** decay chain has to point back to a reconstructed
primary vertex in the event, together with two additional quality controls:
first, we require that DTF converges and second, we require a y? of the
fit less than 150 for 5 degrees of freedom. The usage of DTF leads to an
improvement of the D** mass resolution and then in the precision of A, 4.

All the offline constraints on the event selection described so far are sum-
marized in Tab. and have been applied on both 2011 and 2012 data
samples.
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’ Cut type \ Cut variable \ Accepted regions ‘
Nev [1,3]
NTracks < 400
Global Npits < 500
Nlusters < 1000
Niracks < 200
Aln ﬁKﬂ- > 5
Aln ﬁﬁK < =5
D decay products | pseh [MeV/c] > 250
Xip >9
(X2/NDF)T7‘ack <5
Xev <9
Xip <9
D? post-fit pr [GeV/c] > 2
m(DP) [MeV/c?] | [1844, 1884]
cr [pm] > 100
. Y2 <15
D post-fit S [Mev/c?] 02,12]

Table 3.2: Table summarizing all the offline conditions applied to collected
data in order to select only significant events. The meaning of these cuts is

described in the text.
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3.3.1 Fiducial cuts

The LHCb detector has been designed to be left-right symmetric but however
small alignment and asymmetric efficiency effects can break the symmetry.
In addition, the magnetic field significantly breaks this left-right symmetry
because of his action on charged particles carrying a low momentum.
This is irrelevant for K™K~ and 777~ final states because they are charge-
symmetric states and then D° and D" have the same efficiency by construc-
tion, but, on the contrary, the m, used for the flavour tagging is highly sen-
sitive to this effect.
In fact, a soft pion with a typical momentum p, of 5 GeV/c and p, ~ 100-200
MeV /c changes direction under the action of the magnetic field by roughly
250 mrad, that is a scale comparable with the angular acceptance of LHCb
(300 mrad). This involves that at large angles in the zz plane the positive
or negative soft pion is much more likely to remain within the horizontal
detector acceptance, giving rise to edge regions where the local asymmetry
is large up to 100%. This effect can be seen in Fig. and [3.3] where the
dependence of p, vs p, is shown and in Fig. where the large asymmetry
regions affecting the raw asymmetry distributions can be seen. Owing to
these large asymmetry zones, the slow pion detection asymmetries Ap(7s),
contributing to the different A,.,(f), become too large to be compatible
with the hypothesis of cancellation between the detector effects and cause
second-order contributions which break the linearity of Eq. (3.5).

In order to exclude the edge regions, leading to excessive raw asymmetries
that would distort the measurement, we constrain p, and p, by implementing
the following approximate parametrization of the boundary

[pe| < a(p: — po) (3.12)

with o = 0.317), pg = 2400 MeV /c and which corresponds to red lines in Fig.
and [3.3} here |p,| stands for the absolute value.
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Figure 3.2: Illustrative p, vs p, distributions of reconstructed D** — D7}
(upper) and D*~ — D%, (lower) candidates for KK (left) and 77 (right)
final states. Plots refer to 2011 data, as an example, taken with the magnet
polarity pointing up and the red lines are the boundaries that we apply (see
Eq. ) to discard regions with large raw asymmetry values. Similar
plots produced with 2012 data show the same behaviour.
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Figure 3.3: Tllustrative p, vs p, distributions of reconstructed D** — D7}
(upper) and D* — D%, (lower) candidates for KK (left) and w7 (right)
final states. Plots refer to 2011 data, as an example, taken with the magnet
polarity pointing down and the red lines are the boundaries that we apply
(see Eq. ) to discard regions with large raw asymmetry values. Similar
plots produced with 2012 data show the same behaviour.
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However, we have left-right asymmetry also in another region of the
(pz, p.) plane. This effect is due to the presence of the beampipe in the
VELO, where tracks that are swept back to the left (and vice versa) passing
through the uninstrumented beampipe region instead of the tracking stations.
We can exclude them by fixing the following constraints

Ipy/p:| <0.02 AND p; — Sip. < |pz| < p2 + Bap: (3.13)

with py = 418 MeV/c, py = 497 MeV/c, By = 0.01397, B, = 0.01605 and
Ipy/p-| and |p,| are absolute values.
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Figure 3.4: Tllustrative plots of the raw asymmetry distributions as a function
of p, and p, in [%| for KK (upper) and 77 (lower) final states with the
magnet pointing up (left) and down (right). Plots show cuts that we applied
to exclude large raw asymmetry regions.
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3.4 Fit model

In order to extract the raw asymmetry we perform a x? fit to the binned
invariant mass distribution ém for D** and D*~ candidates simultaneously,
using the following probability density function (PDF)

F(g,0m) = K [(1 + qAraw) NG - Sq(dm) + (1 + qApg) Nikie; - B(6m)] , (3.14)

which is a function of dm and of the discrete observable ¢ = +1 identifying
the D** final state, namely ¢ = +1 corresponds to D*T — D7 decay and

g=—1to D* — EOW; decay. The parameters A,,,, and Ay, are the raw

asymmetries of signal and background component, respectively defined as

Nsig(D*+) _ Nsig(D*f)
Nt ’

kag(D*+) _ kag(D*f)
Nika ’
(3.15)
where N&& and N, are the total numbers of signal and background events.
Sy(0m) and B(dm) are the probability density functions used to model the
signal and background shapes and K is a normalization constant

Araw =

Abkg =

K= JF(q, dm)dom. (3.16)

g=%1

By means of Eq. we extract the raw asymmetries and their statistical
uncertainty directly from the fit.

The signal component has been parametrized as the convolution of a triple
Gaussian with an asymmetric tail function accounting for the final state QED
radiation [54} [55]. The signal probability density function varies with ¢ and
assumes the following expressions

Si1(0m) =A1[0(m — p) - (0m' — p)°] (3.17)
® G3(dm — om’; s fu, fs, 01,09, 03)
S_i(6m) =A1[O(dm" — u(1 + Ap)) - (6m' — (1 + Ap))?]
® Gs(om — om’; (1 + Ap); f1, f3,01(1 + Ac), 02(1 + Ac), 03(1 + Ao))

where the convolution runs over ém’, Ay, and A_; are normalization con-
stants, © is the Heaviside (step) function, p is the mean mass, s is a tail
parameter, the symbol ® stands for the convolution product, G5(-) is the
sum of three Gaussian distributions, f; and f3 are the relative fractions of
the first and third Gaussian and oy, 05, 03 are the widths. The parameters
Ap and Ac has been introduced because reconstructed final states DO}

and ﬁowg might have different means and resolutions.
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The background is described through the following empirical distribution
om — dmy om
B =J|[|1-— - D|l——-1 1
(om) J[ exp ( c )] + (5m0 ) , (3.18)

where J is a normalization constant, dmy is the point where the function
drops to zero and C', D are shape parameters.

The values of raw asymmetries and other fit parameters are extracted
minimizing the following x?

F i,émi . Ntot +Nt0t VV@—Nz 2
% Z[ (g ) - (Nsie BKG) ] (3.19)

g;

i

where the sum runs over the total number ¢ of bins and W;,N; and o; are
respectively the width, the total number of events (signal and background)
and the statistical error of the i-th bin. The number of bins used for all the
results shown in the following is 236.
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3.4.1 Illustrative fits of the full 2011 and 2012 samples

In this section we show plots and results of the fits to the entire 2011 and 2012
data samples in order to provide a comprehensive overview of all parameters
entering in the fit model. Fits are performed separately for D° — KK~
and D° — 7t7~ decays. Plots of the dm distributions are shown in Fig.
and in Tab. are summarized all fit outputs.
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Figure 3.5: dm distributions of D° — K+ K~ (left) and D° — 7™7~ (right)
decays using the entire 2011 (upper) and 2012 (lower) data samples with
the result of the x? fit (blue line). The dashed gray line is the projection of
the background component. The histograms under the plots (pulls) display
the difference between the value of the fit function and the value of the
corresponding bin divided by its error: this gives a visual estimate of the
agreement between the fit model and the experimental points.

As we can see from Tab. [3.3] the number of reconstructed D° — K+ K~
and D' — w7~ decays (total number of signal events) is respectively
(2.598 +0.003) x 10° and (0.7819+0.0017) x 10¢ with 2011 data and (6.145 +
0.005) x 10% and (1.868 & 0.003) x 10° with 2012 data.



) D’ > KtK~ DY — gt~
Fit output Parameter 5011 ‘ 5010 “ 5011 ‘ 5010
Avaw [7] -0.95+0.07 —101.55 £ 0.04 —0.80 £ 0.12 —139.05 £ 0.08
Global Apig (%] -0.8540.12 —1.44+0.07 —0.54 + 0.19 ~1.12£0.12
N, 2 597 67043 022 | 6 145 257 +4 761 | 781 866+ 1 714 | 1 868 123 + 2 740
Nt 1049 90542 754 | 2 750 176 =4 390 | 371 134 £1 590 | 1 011 522 &2 578
s -0.9954+0.0003 | —0.9952 + 0.0002 | —0.9948 + 0.0005 | —0.9946 + 0.0004
p[MeV/c®] | 5.8667+0.0003 | 5.8683 + 0.0002 5.868 + 0.001 5.8693 + 0.0004
Ap [MeV/c?] | 0.0005£0.0004 | 0.0007 & 0.0003 | 0.0005 £ 0.0007 | 0.0006 & 0.0005
fi 0.41+0.01 0.48 £ 0.01 0.42 £ 0.02 0.113 4 0.004
Signal f 0.49+0.01 0.42 + 0.01 0.47 +0.03 0.44 £ 0.02
o1 [MeV/c?] 0.356+0.004 0.201 + 0.001 0.35 4 0.01 0.82 + 0.02
oy [MeV/c?] 0.89+0.02 0.87 £ 0.01 0.82 +0.03 0.34 +0.01
o3 [MeV/c? 0.20040.001 0.356 £ 0.003 0.202 + 0.003 0.201 4 0.002
Ao [MeV/c?] | -0.00240.002 —0.004 £ 0.001 0.001 + 0.003 —0.002 £ 0.002
dmg [MeV/c?] -0.4240.02 —0.42 £ 0.01 —0.45 £+ 0.03 —0.45 £ 0.02
Background | C [MeV/c?] 6.68+0.47 6.70 £ 0.28 4.97 £ 0.51 5.29 +0.34
D 0.013+0.001 0.013 + 0.001 0.007 + 0.003 0.009 + 0.002

Table 3.3: Table summarizing the outputs of all parameters entering in the fit model for D° - K*K~ and D° —

w7~ decays with the full 2011 and 2012 data samples. Note that 2012 values of A,,,, are blind.
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3.5 Sub-samples

In order to perform the measurement of AAcp, we divided both 2011 and
2012 full data sets into sub-samples and we measured AAcp independently
in each of them. In particular we split in magnet polarities (Up or Down) and
in two separate type of events with different kinematic characteristics, which
are respectively TOS (Trigger On Signal) and TIS (Triggered Independently
of Signal). In a TOS event the hardware trigger decision is caused by one
of the two D° meson decay products, while in a TIS event a track decaying
from the other charmed hadron present in the event originates the positive
trigger response.

In fact, for each c¢ pair produced, it may occur that one of the ¢ quark
hadronizes to a D° meson with both decay products with a transverse en-
ergy less than 3.5 GeV. In this case the L0 hadronic trigger does not fire and
so the other charm hadron might decay for example through a semileptonic
mode, giving rise to a muon with high py that fires the LO muonic trigger.
The division of data in magnet polarities is necessary as the slow pion detec-
tion asymmetry Ap(ms) is different in each polarity, then, in order to have a
perfect cancellation in

AACP = Araw(KJrKi) - Araw(ﬂ-Jrﬂ-i)u

AAcp has been measured in two independent data samples.
For an analogous reason we distinguish among TOS and TIS events because
the TIS trigger can cause additional asymmetries .
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3.6 Reweighting

Ap(D*) and Ap(ms) generally depend on the kinematics of the decays, that
in case of different kinematic distributions between D** and 7} may cause
a not perfect cancellation of production and detection asymmetry in AAcp.
For this reason, in order to avoid potential second-order effects, we equalize
the kinematics of the D* decay products through a reweighting operation.

The reweighting procedure is made up of the following steps:
e choose the kinematic variables of interest;

e obtain the kinematic distributions in those variables separately for
K*K~ and 777~ and divide signal from background;

e produce normalized histograms of the unequal kinematic distributions
and take their ratio;

e calculate weight for each K™K~ event: this weight is given by the ratio
of normalized distributions N(D° — 7F7~)/N(D° — KTK ) in the
bin where the candidate falls.

The background subtraction, necessary to equalize the signal kinematic dis-
tributions, is performed thanks to the sPlot RooFit package, which allows
to separate the signal and background distributions by assigning a weight to
each event (sWeights) [56]. A weight for a given kinematic bin is calculated as
the ratio of the N(D® — 777~)/N(D° — K*K~) normalized yields in that
bin. This procedure is used to define weights as a one-dimensional function of
the azimuthal angle ¢ and as a function of (|p|, pr), that is two-dimensional
since momentum and transverse momentum are correlated variables. The
overall weight for a given candidate is finally given by the product of the
two weights. The reweighting operation is performed on the D* meson but
affects also the D® and the 7, which are automatically reweighted owing to
their correlation with the D*.

In Fig. and are shown the comparison of kinematic distributions of
variables |p|, pr, ¢ and n for the D* before and after the reweighting proce-
dure for 2011 TOS and TIS events with up magnet polarity, as an example.
The pseudorapidity has not been directly reweighted but is automatically
adjusted because of its correlation with |p| and pr given by |p| = pr coshn.
The histograms are scaled to have the same area. The histograms under
them show the bin-per-bin ratio between the D° — 7+7~ and D* - KT K~
distributions. All the other similar plots for both 2011 and 2012 data, are
shown in Appendix A.
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2011 data.
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Figure 3.7: |p|, pr, ¢ and 7 distributions of D* before (left) and after (right)
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2011 data.
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3.7 AAcp with 2011 data

As said before AAcp has been measured independently in 2 (magnet polarity)
x 2 (TOS or TIS) sub-samples. All the raw asymmetries, together with the
reweighted ones for the K* K~ final state, are shown in Tab. [3.4] where is also
reported AAcp for both reweighted and not reweighted case. The number
of yields for each sub-sample is summarized in Tab. [3.5

In Fig. and are shown dm distributions for K*K~ and 77~ final
states while in Fig are shown om distributions for K™K~ after the
reweighting procedure. The result of a binned y? fit is overlaid on each dm
distribution.
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Figure 3.8: dm distributions for D° — K™K~ (left) and D° — 77~ (right)
with the magnet polarity pointing up and for TOS (upper) and TIS (lower)
events, with the result of the x? fit superimposed (blue line). The red line
is the projection of the signal PDF, while the dashed gray one is the PDF
projection for background.
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| Quantity | Magnet Trigger  Value [%]  Reweighted value [%] |
Up TOS —-143+0.17 —1.44+0.17
Down TOS —0.72+0.14 —0.68 £ 0.15
Arauw(KTKT) Up TIS —1.98+0.14 —1.96 £ 0.15
Down TIS —0.17 £ 0.12 —0.16 £ 0.12
Up TOS —0.96 +£0.31
Down TOS —0.41+0.25
Arau(mim) Up  TIS —173+026
Down TIS —0.09 £ 0.22
Up TOS —0.46 +0.35 —0.47 +0.35
Adcp Down TOS —0.31+0.29 —0.26 +0.29
Up TIS —0.25+0.29 —0.23 £ 0.29
Down TIS —0.08 £ 0.25 —0.07+£0.25
AAzp Combined 024 +0.14 022+ 0.15

Table 3.4: Table summarizing the results of the baseline analysis for all the
independent sub-samples, respectively divided according to the D° decay
mode, the magnet polarity and the trigger decision. The table includes the
observed raw asymmetries and their reweighted value with the only statistical
uncertainties. The last item, AAcp Combined, is the weighted average of the
above AAcp asymmetries.

’ Quantity \ Magnet Trigger Yields ‘

Up TOS 384 200 + 955
Down  TOS 560 809 + 1 256
Naig(KTKT) Up TIS 597 920 + 1 525
Down  TIS 848 686 + 1 789

Up TOS 118 577 + 615

N () Down  TOS 173 131 + 957
59 Up TIS 179 646 + 928
Down  TIS 253 852 + 963

Table 3.5: Signal yields split according to the D° decay mode, the magnet
polarity and the trigger decision.
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The final result for 2011 data using the new reprocessing is
AAcp = [—0.22 + 0.15(stat.)]|% (3.20)

that differs from zero by 1.5 standard deviations.

3.7.1 Comparison of 2011 results with different repro-
cessing

The previous analysis on 2011 data was carried out with a different repro-
cessing (recol2-Strippingl7), as already discussed. The analysis performed
in this thesis makes use of a data sample processed with the most recent ver-
sion of the reconstruction software (recol4-Stripping20rl), which improves
the overall performances on the tracks reconstruction. In general, when the
same data sample (in this case the 2011 one) is reprocessed by different ver-
sions of reconstruction and stripping software, due to changes in calibration,
alignment, requirements in tracking algorithms, etc., it is possible that af-
ter the different reprocessing the final data samples have a common and not

common sub-samples. This can lead to different final results as we observed
for AAcp:

AAcp = [—0.22 + 0.15(stat.)]% [recol2-Strippingl7] (3.21)
AAcp = [—0.34 + 0.15(stat.) ] % [recol4-Stripping20r1].

In this section we investigate if the observed difference in the central value
is due to a systematic effect arising from the two different reprocessing or
can be justified as a statistical fluctuation.

We divided the two data samples (for simplicity we label recol2-Stripping17
as R12 and recol4-Stripping20rl as R14) by means of the run number and
event number, which identify unambiguously an event, and we obtained the
following sub-samples:

R12notR14: Events which contain a candidate passing the selection in R12
but did not for R14, processed with R12;

R12inR14: Events which contain a candidate passing the selection in R14
and in R12, processed in R12;

R14inR12: Events which contain a candidate passing the selection in R14
and in R12, processed in R14;

R14notR12: Events which contain a candidate passing the selection in R14
but did not for R12, processed with R14;
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Then the samples R12inR14 and R14inR12 both contain the same set of
events, but analyzed in different reprocessing. By dividing each of the above
data sample in the usual trigger sub-samples (TOS or TIS) and magnet
polarities ones (Up or Down), we measured A,4,, by means of a binned x? fit
as previously described. In Tab.|3.7 are shown the results. The common data
samples show very similar A,,,, values, even if there are two particular cases
which do not. They are D° — 77~ Magnet-Down and Magnet-Up TOS.
The difference is not yet understood and will be object of further studies
aiming to evaluate systematic uncertainties which are beyond the goal of

this thesis. The observed differences are then reflected in the calculation of
AAcp as shown in Tab.

| Magnet polarity | Trigger | Data sample | AAcp [%] |

R14notR12 0.67 £ 0.82
TOS R14%nR12 —0.80 £ 0.39
R12inR14 | —0.66 £+ 0.39
Up R12notR14 | —0.16 £ 0.92
R14notR12 0.65 £ 0.66
TIS R14inR12 | —0.42 +0.33
R12inR14 | —0.37 +£0.33
R12notR14 | —0.01 £0.78

R14notR12 0.25 £ 0.65

R14inR12 | —0.39 +0.33

TOS R12inR14 | —0.58 +0.33

Down R12notR14 | 0.44 + 0.69
R14notR12 | —0.07 + 0.54

TIS R14inR12 | —0.13 +£0.28

R12inR14 | —0.09 + 0.28

R12notR14 | —0.82 £+ 0.59

Table 3.6: AAcp values for different data sub-samples and different repro-

cessing of 2011 data.




Decay Magnet polarity ‘ Trigger ‘ Data sample ‘ Ayaw [%] ‘ Ngig ‘ Npkg ‘
R14notR12 | —1.50 £ 0.39 | 75175 | 24464
Tog | RMINRI2Z | —142+019 | 307337 | 65676
R12inR14 | —1.45+0.19 | 302 994 | 63457
. B R12n0tR14 | —0.59+0.45 | 57416 | 17574
D®— KTK Up RI14n0tR12 | —2.29+ 0.32 | 123 204 | 74811
IS R14inR12 | —1.89+0.16 | 471 897 | 199 036
R12inR14 | —1.83+0.16 | 465 199 | 190 868
R12notR14 | —1.31+0.38 | 85176 | 52838
R14notR12 | —2.18+0.72 | 22302 | 7198
tog | RMIMRI2 | —0.62+034 | 92786 | 20218
RI12inR14 | —0.7940.34 | 94911 | 19583
DOy e Up R12notR14 | —0.43+0.80 | 17667 | 5213
R14notR12 | —2.93+0.57 | 38667 | 21513
19 R14inR12 | —1.4740.29 | 138982 | 61656
R12inR14 | —1.4640.29 | 139 969 | 60449
R12n0tR14 | —1.30+0.68 | 26534 | 16041
R14notR12 | —1.17+0.32 | 116 108 | 37335
tog | RUMINRI2 | —058+0.16 | 442951 | 04548
R12inR14 | —0.6240.16 | 434 287 | 91421
. o R12notR14 | 0.18+0.34 | 100 282 | 29307
Dl — KTK Down R14notR12 | —1.43+0.26 | 186 924 | 111 203
19 R14inR12 0.20+0.13 | 659 030 | 283 587
R12inR14 0.21+0.13 | 645 302 | 273 999
R12n0tR14 | —0.34+0.29 | 148 861 | 86404
R14n0tR12 | —1.42+0.57 | 34587 | 11295
tog | RI4INRI2 | —0.19+0.29 | 133115 | 28104
R12inR14 | —0.034 + 0.285 | 134 638 | 28397
DO s Do R12notR14 | —0.26+0.60 | 31286 | 8634
R14notR12 | —1.37 £ 0.48 | 54856 | 36534
19 R14inR12 0.33+0.24 | 195164 | 88766
R12inR14 0.304+0.24 | 194 844 | 87673
R12notR14 | 048+052 | 45210 | 27136

Table 3.7: A, 4, values for different data sub-samples and different reprocessings of 2011 data.
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3.8 AAcp with 2012 data

Similarly to the previous section all the raw asymmetries, together with the
reweighted ones for the K™K~ final state, are shown in Tab. together
with AAcp for both reweighted and not reweighted case. The number of
yields for each sub-sample is summarized in Tab. [3.9

In Fig. and are shown the dm distributions for K™K~ and 77—
final states, while in Fig are shown the dm distributions for K+ K~ after
the reweighting procedure. The result of a binned x? fit is overlaid on each
om distribution.
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Figure 3.11: dm distributions for D° — K+ K~ (left) and D* — 7w+~ (right)
with the magnet polarity pointing up and for TOS (upper) and TIS (lower)
events, with the result of the x? fit superimposed (blue line). The red line
is the projection of the signal PDF, while the dashed gray one is the PDF
projection for background.
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Figure 3.12: dm distributions for D° — KT K~ (left) and D° — n+7~ (right)
with the magnet polarity pointing down and for TOS (upper) and TIS (lower)
events, with the result of the x? fit superimposed (blue line). The red line
is the projection of the signal PDF, while the dashed gray one is the PDF
projection for background.
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| Quantity | Magnet Trigger Value [%] Reweighted value [%] |
Up TOS —101.89 +£0.10 —101.88 £ 0.11
A (K+E) Down TOS —101.08 +0.10 —101.04 + 0.11
Up TIS —102.40 + 0.08 —102.37 £+ 0.09
Down TIS —100.86 + 0.08 —100.84 + 0.08
Up TOS —139.36 £0.19
A (77 Down TOS  —130.40 +£0.18
e Up TIS —139.75 £ 0.15
Down TIS —138.73 £ 0.15
Up TOS 37.48 + 0.22 37.48 £0.22
Adcp Down TOS 37.32+0.21 37.36 £0.21
Up TIS 37.36 + 0.17 37.38 £0.18
Down TIS 37.87T £0.17 37.89 £0.17
AAcp Combined 37.53 + 0.09 37.56 £ 0.10

Table 3.8: Table summarizing the results of the baseline analysis for all the
independent sub-samples, respectively divided according to the D° decay
mode, the magnet polarity and the trigger decision. The table includes the
observed raw asymmetries and their reweighted value with the only statistical
uncertainties. The last item, AAcp Combined, is the weighted average of the

above AAcp asymmetries. Note that all values are blind.

’ Quantity \Magnet Trigger

Yields ‘

Up TOS 10407 80 + 1 763
Down  TOS 1064071 + 1 842
Naig (KT KT) Up TIS 1716 088 + 2 665
Down  TIS 1770 384 + 2 593
Up TOS 315 481 + 910
Ny () Down  TOS 330 269 £ 987
59 Up TIS 516 794 £ 1 459
Down  TIS 542 240 + 1 467

Table 3.9: Signal yields split according to the D° decay mode, the magnet
polarity and the trigger decision.
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The final result is
AAcp = [37.56 £+ 0.10(stat.)]% (3.22)

which is blind.

3.9 Crosschecks

Fits in bins of x?,(7)

One of the most controversial aspects of the 2011 analysis was the study
of AAcp as a function of the x? of the impact parameter of the slow pion.
AAcp is a physical quantity and must not depend on kinematics. For this
reason, in the previous analysis several dependencies were studied such as:
AAcp vs D° proper time, |p|, pr, ¢ and n of the D*, etc. No dependencies
had been found except in the case of AAep as a function of x%,(7s) (see
Fig. [46]. Because of this trend it was assigned the largest systematic
uncertainty of the analysis, 7.e. the dominant one, that is 0.08% on an overall
systematic uncertainty of 0.10%.

This study has been repeated with 2011 data with the new reconstruction
and with 2012 data. AAcp as a function of x?p(ms) is shown in Fig.
and [3.16] for the various sub-samples. In Fig [3.17] and [3.1§ we show the
combination of various sub-samples for 2011 and 2012 data.

The study shows that AAep does not exhibit any trend. We can conclude
that the effect observed in the previous analysis was due to a statistical
fluctuation. So this source of systematic uncertainty is no more necessary.
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Figure 3.14: Variation of AAcp as a function of the x? of the slow pion
impact parameter with the old processing of the full 2011 data sample. As we
can see there is a decreasing trend for x75(m,) > 10 that led to the assignment
of the largest systematic uncertainty of the analysis, that is 0.08%.
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Figure 3.15: Variation of AAcp with x?p(7s) in 2011 data exploiting the
new reprocessing for TOS (upper) and TIS (lower) events with the magnet
polarity pointing up (left) and down (right). The last bin is for x7p () > 20
and the range of plots is truncated in order to avoid meaningless x axis values.
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Figure 3.16: Variation of AAcp with x?p(7s) in 2012 data for TOS (upper)
and TIS (lower) events with the magnet polarity pointing up (left) and down
(right). The last bin is for x?p(m,) > 20 and the range of plots is truncated
in order to avoid meaningless = axis values.



3.9 Crosschecks 94

x2 / ndf 16.65/9
a 0.1 Prob 0.05446
p0 -0.002405 + 0.001438

<

<0.08
0.06
0.04

0.02
ot~ 4
& car ¢

4t

-0.02

——

-0.04
-0.06

-0.08

0. 14— Lo b by by by by
' 5 10 15 20 25 30
g (IPXZ)

o

Figure 3.17: Variation of AAcp as a function of the x? of the slow pion
impact parameter with the new reprocessing of the full 2011 data sample.
As we can see the plot does not exhibit any trend.
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Conclusions

This thesis presents the measurement of time-integrated CP violation in the
charm sector using D° — K+*K~ and D° — 77~ decays at LHCb, us-
ing the full data sat currently available at LHCb, corresponding to an inte-
grated luminosity of 3 fb~!'. The analysis has been performed measuring

the difference between the decay rates of D° and D’ mesons, i.e. their
raw asymmetries, into the final CP eigenstates K™K~ and n*7~, namely
AAcp = Ao (KTK ) — Apgo(m 7).

The analysis is based on 2011 data, collected at y/s = 7 TeV and correspond-
ing to an integrated luminosity of 1 fb™!, and 2012 data, collected at /s = 8
TeV and corresponding to an integrated luminosity of 2 fb=!. As 2012 data
have been analyzed for the first time and not yet reviewed by the LHCb Col-
laboration, the corresponding result is shown as a blind value, 4.e the central
value is shifted by a random unknown number. This blinding procedure aims
at preventing both analysts and reviewers to introduce systematic biases in
the measurements by knowing the central value. This is a procedure usually
adopted by the LHCb Collaboration.

Analyzing 2011 data we have obtained

AAcp = [-0.22 + 0.15(stat.)|%
and with 2012 data
AAcp = [37.56 £+ 0.10(stat.)]%,

where the uncertainties are statistical only.

Although a complete study of systematic uncertainties is beyond the scope
of this thesis, the most important systematic of the previous analysis has been
studied. It was assigned because a correlation between the impact parameter
of the slow pion used for the flavour tagging and AAep was found. In general
one expects no dependency of the value of AAcp on any variable, but one
was observed: the higher the value of the impact parameter, the lower the
value of AAep was. The statistics available at that time was not enough to

95
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exclude a possible systematic mechanism and a conservative choice was then
assigning a systematic uncertainty of 0.08%. Performing the same study, we
have found that this correlation was due to a statistical fluctuation and then
we have demonstrated that it is no longer necessary to take into account.

By combining the 2011 and 2012 results, the final statistical precision is
0.08%. When this analysis will be completed and published, this will be the
most precise single measurement of CP violation in the charm sector.



Appendix A

In this appendix we show all the remaining plots of the kinematic variables
Ip|, pr, ¢ and n for the D* meson before and after the reweighting procedure.
We show kinematic distributions for both 2011 and 2012 data.

97



98

15
=3

Events / (1500 )
A o = 3 R
ANRRANAAMARRNERRR R R

-
-
L
e

~
',

x10°

&
g
8

I
100

I
120

|
140 160 1i
Tpl Mevic]

§ 'vuln'r‘nf-‘_iq'u'b'

5
=)

e
>

Events /( 158)

r_swlw ]

S B TR
[T
'ﬂ.l_=
g

S

2

I
4000

I I I
6000 8000 10000

I
12000

|
14000 16000 18000

P, MeVic]

0.24
0.22

Events / (0.0628319 )
°
8

[ 3
-
" am

Y

i,

"

"% g,
a =u =

-

Events /(0.1)

RN

L]

bvlt'niau‘_'rji‘a'b'
1

Events /(1500 )

Events/(158)

Events / ( 0.0628319 )

Events/(0.1)

>

8

3

N & o @

e,

"
L. "
-
"
-,

N
8
9
3

°
> et

TR

(Rkar = L

=9
e,

L.
T,

I
4000

I
6000

I
8000

I
10000

I
12000

|
14000

16000 18000
P, MeV/c]

0.16

..,_q‘;
- e
-

TR

"

'}.

I

" anm

,,,4
[

04

0.2

A

et

T
1
[
I

x10°

Figure A.1: |p|, pr, ¢ and n distributions of D* before (left) and after (right)
reweighting for TOS events with the magnet polarity pointing down. The
black dots are D° — KT K~ while the the red ones are D° — 7w+t7~. Plots

refer to 2

011 data.



99

Events / (1500)

160
Tpl Mevic]

5
=3

035

Events /( 158)

W

o
TTRT[TRTA T

4000 6000 8000

00
P, [MeVic]

1.

1 |

W ‘1 ‘\ \ ‘
od * “

87

83

fili

9

°
Y
2

o o °
22 o8
> 3 n N

Events / (0.0628319 )

°
2

-
»,

2 ]
012 ] -l

et

e

LY

w b
008
0.06
| L L | | | |
3 2 El 0 1 3
o
1
jE] ‘
12
]
o4
08
07
|
o
= -
S T == &
2 [
§ 08— - &
w o or -
L - -
06—
L - -
04— ES *
L - -
21—
02 - -
L -
L ar -
T Sl L L | o’ N |
25 3 35 ] [ 5
n
e
x| ==
2B 4
] S T -
0dEC -
08 ’ P
87 - |
a3 |
13

Events /(1500 )

(x10°

S9882 cna:
TR

=9
e,

035

Events/(158)

P e

6000 8000 10000

00
P, MeV/c]

S9882 cna:
TRRTTY

M ;iH HHHH H

Events / ( 0.0628319 )

P

-

‘”‘w"“ ,

,,,4
|
°

i
R Rk

Events/(0.1)

08

06

04

0.2

RERAsRASl
!
!
|
1
!
|
|
|
!

et

Figure A.2: |pl|, pr, ¢ and n distributions of D* before (left) and after (right)
reweighting for TIS events with the magnet polarity pointing down. The

black dots are D° —
refer to 2011 data.

Kt K~ while the the red ones are D° — ntn~

. Plots



100

_ x10° _ 10°
g E L g s
g o & 2 LB o
- = 14 o
2 12— . 2 E ]
§ E " § 12 L]
g r u g 12p "
@ g0~ L] u E
= n 10— "
s m E .'
E = °E .
= E
E H = m
4= II B ..
2 A= ]
= Em
I I I I I x10° I I I I I I ? x10°
0 60 80 100 120 140 60 1 0 50 80 100 20 40 160 1
Ipl [MeV/c] Ip| [MeV/c]
.
b LT
e
- x10° - x10°
2 £ 23 C
Z ot Z ot ﬁ
) c q'} 2 C
£ 012~ 1 £ 012/~ F
@ a F o
01— i 01— ;
0.08— L) 0.08—
= E | ]
E oo F =
0.06— "W 0.06|—"§
Em Fof
004 004"
[ Fu
]
0.02, % 0.02g8-
.
" ul
| | | | | | | | | | | |
7000 6000 8000 10000 12000 14000 16000 18000 ° 4000 6000 8000 10000 12000 14000 16000 18000
Py [MeVic] Py [MeVic]
1. 1.
14 e
12 1255 . Ll
i51 51 = e T
od 045 Ty m“
08 085 ! U
07 07 EC
06 05 E-
8 03
2 024 =
8 o g
0.22— a8
§0 o g L -l'- Y
S o2 r". = S
Towt s M - S 3 =0 F '
ot n . " i . £ o
& 016 ! . n - o . & . ] . . ]
= ] ] -, » u Em [ ] []
04— u H . LI 014 " H ¥ ] "
E = n . " L] L] Ex a U - [] _f -
0121 |- " n . 012 . - = ' i .
1= T - | N 1= T .l . L
) T i = ] L] 4
008 0.08F
0061 I L I I I I 0081 I L I I I I
-3 2 1 0 1 2 3 -3 -2 1 o 1 2
¢ 0
1 1
3 ‘ HE ‘
12 12—
] WiEs
04 o4 ‘
25 ‘ i
07 07
06 08
8 88
= E =i = 0.9F L
s F - 5 09
S o8 =ty S TE T
s E - % 08 - -
E 07 - £ E
K E = x 5 o7 - -
0.6 E
E * * 06 = -
05— E
E * - osE- - -
E = E
04 . . 04 -
03 03fE - -
E ¥ E 3 TE -
E E -
02F . 1:# 02 -
E E -
1= - [ XI= -
E E E kg
B I | I | i, I o | | I | ey I
25 3 35 a4 45 5 25 3 35 4 a5 5
n n
i i \
| . | 1 A
| e | ¥ S = i
08 L 08 =
8 ] 8
b b |
8 88

Figure A.3: |p|, pr, ¢ and n distributions of D* before (left) and after (right)
reweighting for TOS events with the magnet polarity pointing up. The black
dots are D° — K* K~ while the the red ones are D° — 7+7~. Plots refer to
2012 data.
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Figure A.5: |p|, pr, ¢ and n distributions of D* before (left) and after (right)
reweighting for TOS events with the magnet polarity pointing down. The
black dots are D° — KT K~ while the the red ones are D° — 7w+t7~. Plots
refer to 2012 data.
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reweighting for TIS events with the magnet polarity pointing down. The
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Appendix B

Comparison of kinematic and A In £ distributions between
different reprocessing (R12 vs R14)

In this section, we performed a comparison of distributions of kinematic
variables |p|, pr,® and n for the D* and the momentum and particle iden-
tification distributions for the D° decay products. This study aim to reveal
possible differences between the two reprocessing. We found no differences
between the distributions analyzed. In each plot the red distribution rep-
resents the recol4-Stripping20rl data set while the black one represents the
recol2-Strippingl7 data set. Every histogram is scaled in order to have the
same area and therefore to be visually comparable.
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Figure B.1: Kinematic variables of D* for the D — K* K~ decay, in the
TOS sub-sample with the magnet polarity pointing up.
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Figure B.2: Kinematic variables of D* for the D° — 777~ decay, in the TOS
sub-sample with the magnet polarity pointing up.
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As can be seen from plots in Fig. and there are no really signifi-
cant differences between the sub-samples, although the ratio among the two
reconstruction is slightly better in the case of DY — K*K~ decays. Plots
of the other sub-samples are not displayed for the sake of brevity, but they
exhibit a completely analogous trend.
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Figure B.3: Momentum distributions of particles produced in the D° decay:
the upper plots refer to D° — K*K~ and the lower ones to D° — 7¥7~,
where on the left and on the right are respectively shown positive (P1) and
negative (P2) tracks. Plots refer to the TOS sub-sample with the magnet
polarity pointing up.
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Concerning the reconstructed momentum distributions (see Fig. of
the DY decay products, plots do not show any substantial difference between
the two reconstructions (the same statement holds true for the other sub-
samples).
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Figure B.4: Aln £ distributions of positive (1) and negative (2) K (upper)
and 7 (lower) splitting samples only by the magnet polarity that here points

down.

In conclusion we compare particle identification distributions (see Fig.
[B.4), which show the behavior of the Aln £ variable (PIDK in the plots) for
the DY decay products. In this case we note a significantly non uniform ratio
between the histograms, that for DY — K+ K~ vary most in the edge regions
and for D° — 777~ vary for any value of Aln L.
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