
C
ER

N
-T

H
ES

IS
-2

01
7-

00
7

//
20

17

Measurement of the CP violation parameter AΓ in
D0→ K +K − and D0→π+π− decays

Classe di Scienze Matematiche e Naturali
Corso di Perfezionamento in Fisica

PhD Thesis

Pietro Marino

Advisor: Dr. Michael J. Morello

February 2017





Abstract

Time-dependent CP asymmetries in the decay rates of the singly Cabibbo-suppressed decays

D0→ K +K − and D0→π+π− are measured in pp collision data at centre-of-mass energies of 7

and 8TeV collected by the LHCb detector during LHC Run I, corresponding to an integrated

luminosity of 3 fb−1. The strong-interaction decay D∗+→ D0π+ is used to infer the flavour of

the D0 mesons at production. The asymmetries in effective decay widths between D0 and D0

decays, sensitive to indirect CP violation, are measured to be

AΓ(D0→ K +K −) = (−0.30±0.32±0.10)×10−3,

AΓ(D0→π+π−) = ( 0.46±0.58±0.12)×10−3,

where the first quoted uncertainty is statistical, and the second systematic. These measure-

ments show no evidence of CP violation and improve on the precision of the previous best

measurements by nearly a factor of two.
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Introduction

Over the course of the last 30 years, the Standard Model (SM) of elementary particles and

their interactions has been extensively tested by experiments, establishing it as an extremely

predictive and accurate description of Nature. Nevertheless, open questions and weaknesses

remain, which suggest the need for a more fundamental theory. SM is not able to account for

the cosmological observed baryonic-asymmetry and for the presence of Dark Matter in our

Universe; the very low value of the Higgs mass is explained only through an “unnatural” fine-

tuning cancellation between the radiative corrections and the bare mass; many parameters

are necessary to account, in one-to-one correspondence, for the observed masses and mixings

of quarks and leptons; lastly the gravity is not yet satisfactorily included in the model.

The search for experimental deviations from SM predictions, pointing the way to a different,

more fundamental theory, is therefore the primary goal of the High Energy Physics community.

From the experimental point of view this quest is conducted at two frontiers: (i) the “high

energy frontier”, which directly searches for hints of physics beyond the Standard Model (BSM)

increasing the energy scale, and (ii) the “high intensity frontier” looking for inconsistencies

between experimental measurements and theory predictions. At the first frontier, where

ATLAS and CMS experiments are today the major players, New Physics (NP) is directly probed

producing particles at more and more high energy and the main limitation comes only from

the maximum achievable energy. The second frontier, instead, is based on performing more

and more precise measurements, of known processes, by looking for discrepancies from SM

predictions, and allows the indirect exploration of energies even higher than those accessible

though direct searches. Of particular importance are processes having a low level of “SM noise”,

or in other words, processes suppressed within the SM or where the SM contribution is known

with high precision. This is the domain of Heavy Flavour Physics, currently probed mainly

by the LHCb, Belle II and BES III experiments, where the non-invariance of fundamental

interactions under the combined symmetry transformations of charge conjugation and parity

inversion (CP violation) plays a key role.

CP violation is described within the Standard Model through the Cabibbo-Kobayashi-Maskawa

(CKM) mechanism [1, 2] by the presence of a single complex phase in the unitary three-

generation quark-mixing matrix. All direct measurements of elementary particle phenomena

to date support the CKM phase, within the current theoretical and experimental uncertainties,

being the dominant source of CP violation observed in quark transitions. However, widely
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Introduction

accepted theoretical arguments and cosmological observations, as mentioned above, suggest

that the SM might be a lower-energy approximation of more generally valid theories which

are likely to possess a different CP structure and therefore should manifest themselves as

deviations from the CKM scheme.

The charm sector is today a particularly good candidate to probe possible deviations from

the theory, since the expected CP violation in the SM does not exceed O (10−2) [3–6], and a

sizeable CP asymmetry would stand up as a possible manifestation of NP. The system of D

neutral mesons is the only one in which the oscillation of an up-type quark can occur, and it

is the only one sensitive to possible contributions to CP violation of up-type quark through

mixing loops. In fact, top quarks decay before hadronizing [7], and particles composed by u

and u, like π0 and η, are their own antiparticle, thus they are not able to oscillate as a matter of

principle. Only very recently experiments have been able to collect and analyse huge samples

of charm decays O (107) approaching for the first time the upper boundaries of the range of SM

predictions, and possible NP contributions may completely have been missed by experimental

searches so far. Therefore, the charm sector is a unique portal for obtaining an access to a new

flavour dynamics. In addition, the complementarity to B and K meson systems, that have

been much more deeply experimentally studied in the past decades, makes the exploration of

the charm sector important by itself, for improving the current knowledge of heavy flavour

dynamics within the SM. CP violation has not yet been observed in the charm sector, and

only recently the slow mixing rate of the D0–D0 flavour oscillations has been established [8],

providing definitely a full range of probes for mixing and CP violation.

Except for a limited series of relevant experimental observables, hadronic uncertainties may

greatly impact/limit the sensitivity of charm decays in probing new effects [9]. However, the

increasing in precision of experimental measurements, together with the foreseen reduction

on the uncertainties of several QCD parameters, should lead to a significant shrinkage of the

theoretical uncertainties in the charm sector, and in many other flavour areas, allowing a

powerful test of SM predictions in the next and far future. Anyway, it is worth to point out

that an extensive study of the charm decays, and in general of the heavy flavour physics, at

much higher precision than today is fundamental to over-constrain the theory parameters,

and in particular the CKM scheme, that is a crucial ingredient for the SM and for any new

exotic theory, which must include the flavour structure.

Examples of experimentally clean channels allowing the study of the CP violation in the

charm system are the neutral singly-Cabibbo-suppressed decays into CP-eigenstates, such

as D0→ f , where f = K +K − and f = π+π−, which are now available in large numbers from

hadron collisions. A golden observable sensitive to possible effects of CP violation is the AΓ
parameter, defined as the asymmetry of the effective decay widths Γ̂, i.e. the inverse of the

effective lifetimes, of the D0 and D0 decays

AΓ ≡
Γ̂(D0→ f )− Γ̂(D0→ f )

Γ̂(D0→ f )+ Γ̂(D0→ f )
. (1)

2
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Due to the slow mixing rate (x = ∆M/Γ < 1%, y = ∆Γ/2Γ < 1%) [10], and in the limit of

negligible CP violation in the mixing, it can be found that AΓ ≈ −x sinφD and its measure-

ment translates into a constraint of the mixing phase φD , if the value of the x parameter is

determined elsewhere. This also implies that AΓ ≤ |x| < 5×10−3, and therefore, from an exper-

imental point of view, it is particularly relevant to increase as much as possible the precision

on the measurement of such an observable, well beyond the level of 10−3.

This thesis presents the world best measurement of the CP violation AΓ parameter with pp

collision data collected by LHCb in Run I, corresponding to an integrated luminosity of 3 fb−1,

with 1 fb−1 collected during 2011 at a centre-of-mass energy of 7TeV and the remaining 2 fb−1

collected during 2012 at a centre-of-mass energy of 8TeV. The achieved uncertainty on AΓ
is for the first time approaching a level of about 10−4 and the final result fully dominates

the world average being the most precise measurement of CP violation ever of the LHCb

experiment. Beyond the intrinsic importance of searching for first hints of CP violation in

the charm sector at an unprecedented level of precision, the experimental methodologies

developed in the thesis demonstrate that LHCb will be able to perform this measurement

even at higher precision by fully exploiting the larger data samples that will be available in the

future LHC Runs (LHCb-Upgrade and Future Upgrades).

I personally presented the results described in this thesis, for the first time, on behalf the

LHCb Collaboration, at the VIII International Workshop on Charm Physics (CHARM 2016), 5-9

September 2016 - Bologna (Italy) [11] and a public LHCb document [12] was released at that

time to accompany them. They will be submitted soon to the Physical Review Letters journal

by the LHCb Collaboration and hopefully published before the dissertation of this thesis.

The thesis is structured as follows. Chapter 1 introduces the theoretical framework of the CP

violation within the Standard Model and the formal definition of the AΓ observable. Chapter 2

describes the main experimental techniques to measure AΓ along with the current experimen-

tal status. Chapter 3 briefly outlines the experimental apparatus, with particular attention on

the LHCb sub-detectors relevant for the measurement described in the thesis. The candidates

reconstruction and selection are reported in chapter 4, together with the signal extraction.

Chapter 5 is devoted to the description of the subtle, and therefore very dangerous, time-

dependent detection charge asymmetries present in the reconstructed data sample, and to the

innovative correction, specifically developed in this thesis, to keep such effects under control

at a level of 10−4. Afterwards, chapter 6 reports the measurement of the AΓ observable in

D0→ K +K − and D0→π+π− decay modes. The following two chapters 7 and 8 are dedicated to

the estimation of systematic uncertainties. The dominant systematic uncertainty is separately

discussed in chapter 7, where a new approach, which uses both analytical and data-driven

information, has been successfully devised. Finally, chapter 9 presents the final results and a

discussion of their impact on the current experimental panorama.
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1 Theory and motivations

A brief review1 of the Standard Model of particle physics is given in this chapter, with a partic-

ular attention to the Cabibbo-Kobayashi-Maskawa scheme and the charge-parity symmetry

(CP ) violation in the charm sector. The theoretical framework and the formalism, specialised

in the two body D0→ h+h− decays where h is a charged pion or kaon, are extensively covered.

These decays are a privileged laboratory to explore for the first time the CP violation mecha-

nism in the charm sector with a precision approaching SM expectations, and are the main

subjects of this thesis.

1.1 The Standard Model of Particle Physics

The Standard Model of particle physics describes the three out of the four fundamental known

forces of the Nature, which are the strong and weak nuclear forces and the electromagnetic

force.2 The SM consists of twelve half-odd-integer spin particles (fermions), which are the

fundamental building blocks of matter, and several bosons, particles having integer spin,

that mediate the forces in the SM (see tab. 1.1). The Standard Model is a non-abelian, local

gauge-invariant theory, and as such it is defined by its symmetry properties. The group of

symmetry of the SM is the direct product of the following Lie groups

GSM = SU (3)C ⊗SU (2)L ⊗U (1)Y. (1.1)

The SU (3)C term describes the symmetry of the strong force theory (Quantum Chromody-

namics or QCD), where C refers to the color charge of the fields under transformations of

this group; the SU (2)L ⊗U (1)Y term describes the symmetry of electroweak interactions as

introduced by the theory of Glashow-Weinberg-Salam [15–17], where L indicates the chirality

of the weak interactions and Y refers to the hypercharge.

1Many sources were used to compile this chapter, but the formalism adopted closely follows ref. [13]. The basic
principles of the Standard Model are briefly introduced, while those relevant for the understanding of the CP
violation are discussed with more details. A comprehensive and detailed description of the Standard Model can be
found in many textbooks, as for example in ref. [14]

2 The fourth force is the gravitational force that is not accounted for in the SM.

5



Chapter 1. Theory and motivations

Table 1.1 – Particles of the Standard Model.

fermions bosons

quarks
u c t g
d s b γ

leptons
e− µ− τ− Z
νe νµ ντ W ±

H 0

Table 1.2 – The SU (3)C ⊗ SU (2)L ⊗U (1)Y representations of the fermions fields of the
Standard Model and their transformation properties. Doublets of SU (2)L group are
explicitly written. In addition, the transformation properties of the fields with respect to
the electromagnetic group U (1)em are also reported.

Field SU (3)C SU (2)L U (1)Y U (1)em

quarks

Q I
Li =

[
u I

Li

d I
Li

]
3 2 1/6

[
2/3

−1/3

]
u I

Ri 3 1 2/3 2/3
d I

Ri 3 1 −1/3 −1/3

leptons
LI

Li =
[
νI

Li

l I
Li

]
1 2 −1/2

[
0

−1

]
l I

Ri 1 1 −1 −1

The fundamental building blocks of matter are the half-odd-integer spin particles that are

representations of the GSM group. They are replicated in three generations, each of them

consisting of five representations

Q I
Li , u I

Ri , d I
Ri , LI

Li , `I
Ri . (1.2)

where i = 1,2,3 is the flavour (or generation) index, the index L(R) indicates the left (right)

chirality and the index I denotes the interaction eigenstates. The transformation properties

of the fields under the GSM group can be compactly indicated by the dimensions of their

representations. Thus, any field can be represented by a triplet (α, β, y) where α and β are

the dimensions of the representation of the SU (3)C and SU (2)L groups, respectively, and y

is the hypercharge, namely the dimension of the representation of the U (1)Y group. Fields

representations are reported in tab. 1.2.

6



1.1. The Standard Model of Particle Physics

In addition to fermions representation, there is a single scalar representation (1,2,1/2)

φ=
[
φ+

φ0

]
, (1.3)

which assumes a vacuum expectation value of

〈φ〉 = 1p
2

[
0

v

]
.

Thus, it is often parametrised as

φ= exp

[
i
σi

2
θi

]
1p
2

[
0

v +H

]
,

where σi are the Pauli’s matrices, θi are three real fields and H is the Higgs boson field. The

non-zero vacuum expectation generates a spontaneous breaking of the gauge group

GSM = SU (3)C ⊗SU (2)L ⊗U (1)Y → SU (3)C ⊗U (1)em,

where the SU (2)L ⊗U (1)Y “collapses” to the group of symmetry of the electromagnetism

U (1)em.

The Standard Model Lagrangian, LSM, is the most general renormalisable Lagrangian consis-

tent with the gauge symmetry of equation (1.1) and the particles content of eqs. (1.2) and (1.3),

and it can be written as the sum of four terms

LSM =Lkinetic +Lgauge +LHiggs +LYukawa.

The Lkinetic term contains the kinetic terms for Dirac fermions as iψγµ∂µψ, where, in order

to preserve the gauge invariance, the derivative ∂µ is replaced with the covariant derivative Dµ

defined as

Dµ = ∂µ+ i gsGµ
a La + i gW µ

b Tb + i g ′BµY . (1.4)

The La ’s, with a = 1, . . . ,8, are the SU (3)C generators (the 3×3 Gell-Mann matrices λa/2 for

triplets, 0 for singlets), the Tb ’s, with b = 1,2,3, are the SU (2)L generators (the 2× 2 Pauli

matrices σb/2 for doublets, 0 for singlets), and the Y is the U (1)Y charge. A gauge boson is

associated to each generator. Thus, Gµ
a are the eight gluon fields, mediators of the strong force,

W µ

b are the three weak interaction bosons and Bµ is the single hypercharge boson. The W µ

b
and Bµ bosons, after the spontaneous symmetry breaking, translate to the W ± and Z massive

bosons and to the massless photon, since U (1)em remains a symmetry of the Lagrangian. The

coefficients gs , g and g ′ are the coupling constants. Thus, the kinetic term in the case of

7



Chapter 1. Theory and motivations

left-handed quarks Q I
L becomes

Lkinetic(Q I
L) = iQ

I
Li γµ

(
∂µ+ i

2
gsGµ

aλa +
i

2
gW µ

b σb +
i

6
g ′Bµ

)
Q I

Li . (1.5)

Similarly, the other kinetic terms can be written for all the fermions fields of tab. 1.2 and for

the scalar field of eq. (1.3). The Lkinetic part of the SM Lagrangian is CP invariant.

The interaction of the fermions with the gauge bosons is introduced through the covariant

derivative. These bosons have gauge kinetic terms as well, and these are grouped in the Lgauge

term of the Lagrangian

Lgauge =−1

4
(Ga

µνGµν
a +W b

µνW µν

b +BµνBµν),

where Bµν = ∂µBν − ∂νBµ, W b
µν = ∂µW b

ν − ∂νW b
µ − gεb j kW j

µW k
ν and Ga

µν = ∂µGa
ν − ∂νGa

µ −
gs f a j kG j

µGk
ν are the field strengths tensors. This term of the Lagrangian is also CP invari-

ant3.

The Higgs term, instead, describes the scalar self interaction and it can be written as

−LHiggs =µ2φ†φ−λ(φ†φ)2,

where λ is the Higgs self-coupling strength and µ= v
p
λ. This term of the Lagrangian is also

CP invariant.

Lastly, the Yukawa quark interaction term is given by the following equation

−LYukawa = Y d
i j Q

I
Liφd I

R j +Y u
i j Q

I
Li φ̃u I

R j +Y l
i j L

I
Liφ`

I
R j +h.c., (1.6)

where φ̃ = iσ2φ
† and h.c. stands for the hermitian conjugate terms. The LYukawa term is

generally CP violating. Due to the spontaneously symmetry breaking (recalling that ℜ(φ0) →
(v + H)/

p
2) the ground state of φ generates in the Yukawa interactions of eq. (1.6) the La-

grangian mass terms

−LM = M i j
d d

I
Li d I

R j +M i j
u u I

Li u I
R j +M i j

`
`

I
Li`

I
R j +h.c., (1.7)

with masses Mq,` = vY q,`/
p

2 (q = u,d). Since neutrinos do not have Yukawa interactions in

the Standard Model, they are predicted to be massless. Equation (1.7) contains terms involving

different quark flavours, i 6= j . It is known that quarks are produced by strong interactions and

these mass (or strong) eigenstates do not necessarily need to be identical to the interaction (or

weak) eigenstates of eq. (1.7). The mass eigenstates correspond, by definition, to the states

where the mass matrices are diagonal, thus, it is possible to find two unitary matrices, VqL and

3 There is an additional gauge–invariant and renormalisable operator in the QCD Lagrangian that could violate
the CP symmetry. However, experimentally this is very suppressed. More details about this “strong CP problem”
can be found in ref. [18].

8



1.2. The CKM matrix

VqR , such that

VqL Mq V †
qR = mq (q = u,d),

with mq diagonal and real. The quark mass eigenstates are then identified as

q i
L =V i j

qL q I
L j , q i

R =V i j
qR q I

R j , (q = u,d), (1.8)

and in terms of mass eigenstates eq. (1.7) can be written as

−LM = mi j
d d Li dR j +mi j

u uLi uR j +h.c.,

where

mi , j
q = vp

2
(V iα

L,q )∗Y q
αβ

V β j
R,q .

The charged current interactions for quarks (that are the interactions of the charged SU (2)L

gauge bosons W ±
µ = (W 1

µ ∓ iW 2
µ )/

p
2), described in eq. (1.5) in the interaction basis, have the

following form in the mass basis

−L
q

W ± =
gp

2
ui

Lγ
µ (VuLV †

dL)i j d j
LW +

µ +h.c..

where the unitary matrices VuL and VdL account for the rotation between the interaction

eigenstates and the mass eigenstates.

1.2 The CKM matrix

The unitary 3×3 matrix,

VCKM ≡VuLV †
dL =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vt s Vtb

 , (1.9)

is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix of quarks [1, 2]. Generally, a n ×n

complex matrix U has 2n2 degrees of freedom, however unitarity (U † = U−1 ⇔ UU † = I )

provides n2 constraints, reducing the number of degrees of freedom to n2. In addition, in the

particular case of the CKM matrix, the Lagrangian allows the redefinition of the phases of each

quark field, obtaining (see eq. (1.8)){
uLi → (VuL)i l e−iφl u I

Ll

dL j → (VdL) j k e−iωk d I
Lk

⇒ (VuLV †
dL)i j → eiφl (VuLV †

dL)i j e−iωk = ei (φl−ωk )(VuLV †
dL)i j ,

where, for n generations, there are 2n −1 phase differences that can be removed from CKM

matrix opportunely choosing φl and ωk (with l = 1, . . . ,n and k = 1, . . . ,n). Consequently, any

9



Chapter 1. Theory and motivations

n ×n complex matrix, describing the mixing between n generations of quarks has a number

of free parameters equal to

2n2 −n2 − (2n −1) = (n −1)2,

and since an orthogonal n ×n matrix (U T =U−1 ⇔UU T = 1) has n(n −1)/2 real parameters

(angles), the number of complex phases is equal to

(n −1)2 − n

2
(n −1) = (n −1)(n −2)

2
.

For n = 2, corresponding only two generations, the mixing matrix has only one free real

parameter, the so-called Cabibbo angle θC

VC =
[

cosθC sinθC

−sinθC cosθC

]
,

and the CP symmetry cannot be violated. For n = 3, instead, the physical free parameters are

four: three rotation angles (corresponding to the Euler angles) and one complex phase, and

therefore the CP symmetry can be violated. This can be made manifest by choosing an explicit

parametrization of the CKM matrix [19]

VCKM =

 c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13e iδ c12c23 − s12s23s13e iδ s23c13

s12s23 − c12c23s13e iδ −c12s23 − s12c23s13e iδ c23c13

 , (1.10)

where ci j ≡ cosθi j and si j ≡ sinθi j , the three θi j are the real angles corresponding to a x y z-

Euler rotation and δ is the CKM phase and corresponds to the single source of CP violation in

the quark sector in the Standard Model. The mass and interaction eigenstates are schematically

represented in fig. 1.1a.

Although the representation of eq. (1.10) is exact and makes explicit the rotation between the

two quark bases (interactions and masses), the phenomenological behaviour is not easily

evident. With this aim, a useful parametrization is that one from Wolfenstein [20], where the

hierarchy of the various elements is made manifest. A set of four real parameters (λ, A,ρ,η)

are defined as follows

λ= s12, Aλ2 = s23, Aλ3(ρ− iη) = s13e−iδ,

where the parameter λ = |Vus | ≈ 0.22 (the Cabibbo angle) plays the role of an expansion

parameter. By expanding to O (λ5) the CKM matrix can be written as [20]

VCKM =

 1− 1
2λ

2 − 1
8λ

4 λ Aλ3(ρ− iη)

−λ+ 1
2λ

5 A2(1−2(ρ+ iη)) 1− 1
2λ

2 − 1
8λ

4(1+4A2) Aλ2

Aλ3[1− (ρ+ iη)]+ 1
2λ

5 A(ρ+ iη) −Aλ2 + 1
2λ

4 A(1−2(ρ+ iη)) 1− 1
2λ

4 A2

+O (λ6),

10



1.3. Unitary triangles

|d〉 |s〉

|b〉

|d ′〉
|s ′〉

|b′〉

(a) Quark mass eigenstates interactions
representation.

u c t

d s b

O (λ3)

O (λ2)

O (λ)

O (1)

(b) Mass and interaction eigenstates de-
cay scheme.

Figure 1.1 – Graphical representation of CKM mechanism.

where it clearly appears that, with a good approximation, the VCKM matrix is close to the unit

matrix with small off-diagonal terms. The order of magnitude of each element can be also

easily read from the power of λ (see fig. 1.1b).

The current knowledge of the modulus of the CKM matrix elements, extracted from a global fit

to all the experimental observables, as obtained from ref. [21], is reported below

|VCKM| =


0.97425+0.000071

−0.000097 0.22542+0.00042
−0.00031 0.003714+0.000072

−0.000060

0.22529+0.00041
−0.00032 0.973394+0.000074

−0.000096 0.04180+0.00033
−0.00068

0.008676+0.000087
−0.000150 0.04107+0.00031

−0.00067 0.999118+0.000024
−0.000014

 .

1.3 Unitary triangles

As stated above, the CKM matrix is a unitary matrix and the unitarity condition V †
C K M VC K M = I

leads to nine relationships among the matrix elements that can be summarised as∑
k∈{u,c,t }

V ∗
ki Vk j = δi j , i , j ∈ {d , s,b}, (1.11)

where δi j is the Kronecker delta. Six of these nine relationships, with i 6= j , imply that a sum

of three complex numbers is zero and it can be visualised as a triangle in the complex plane

(this explains the name “unitary triangles”). Among these six unitary triangles, one is chosen

to be “The Unitary Triangle” (i = d , j = b)

V ∗
ud Vub +V ∗

cd Vcb +V ∗
td Vtb = 0, (1.12)

11
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Figure 1.2 – Current experimental status of the global fit to all available experimental
measurements related to the unitarity triangle phenomenology [21]. The parameters ρ

and η are related to the CKM matrix elements by the equation ρ+ iη=−V ∗
ud Vub

V ∗
cd Vcb

(see text

for details).

where the phase convention is chosen in order to make the V ∗
cd Vcb term real (aligning one side

of the triangle to the real axis). In addition, eq. (1.12) is rescaled by V ∗
cd Vcb to make the length

of this side equal to the unit, obtaining the following relationship

V ∗
ud Vub

V ∗
cd Vcb

+1+
V ∗

td Vtb

V ∗
cd Vcb

= 0. (1.13)

The parameters describing the amount of CP violation are therefore the angles of the triangle

which are defined as

α= arg

[V ∗
ud Vub

V ∗
td Vtb

]
, β= arg

[V ∗
td Vtb

V ∗
cd Vcb

]
, γ= arg

[ V ∗
cd Vcb

V ∗
ud Vub

]
.

The current experimental knowledge of the unitary triangle is reported in fig. 1.2.

1.3.1 Charm triangle parameters

Charmed meson decays involve quark transitions from the c quark to lighter quarks, and

therefore the elements of the CKM matrix involved are those of the first two rows. The relevant

unitary relationship for charm mesons is then

V ∗
cd Vud +V ∗

csVus +V ∗
cbVub = 0,

that can be rewritten into a more compact form, introducing the coefficientΛq =V ∗
cqVuq (q ∈

{d , s,b}), obtaining

Λd +Λs +Λb = 0.

12



1.4. Neutral meson mixing

Λd ∼O (λ)

Λs ∼O (λ)
Λb ∼O (λ5)

Figure 1.3 – Schematic representation of unitary triangle for charm meson decays. The
vertical direction is enlarged by a factor of twenty with respect to the horizontal one.

W

u

c

u

s

s

u

Vcs

V §
us

W

u

c

u

d

d

u

Vcd

V §
ud

Figure 1.4 – Leading tree-level Feynman diagrams for the singly Cabibbo-suppressed
D0(cu)→ K −(su)K −(su) and D0(cu)→π+(ud)π−(ud) decays.

In the Wolfenstein parametrisation the values ofΛq are the following

Λd =−λ+ λ3

2
+ λ5

8
(1+4A2)−λ5 A2(ρ+ iη)+O (λ7),

Λs =λ−
λ3

2
− λ5

8
(1+4A2)+O (λ7),

Λb =λ5 A2(ρ− iη)+O (λ11),

resulting into a squashed triangle for the charm physics, since it has two sides having almost

the same size (|Λd | = |Λs |+O (λ4)), as schematically reported in fig. 1.3.

Charmed meson decays involving amplitudes proportional toΛd ≈Λs ≈λ, are called singly

Cabibbo-suppressed (SCS) amplitudes, as D0→ K +K − and D0→π+π− decays, see fig. 1.4, and

they are the main subjects of this thesis. Instead, D0→ K −π+ decays, involving amplitudes

proportional to V ∗
csVud ≈ 1−λ2/2 are therefore called Cabibbo-favoured (CF), see fig. 1.5. In

addition, D0→ K +π− decays are called doubly Cabibbo-suppressed (DCS) since they involve

amplitudes proportional to V ∗
cd Vus ≈λ2.

1.4 Neutral meson mixing

As described in the previous sections, the quark flavour eigenstates are not eigenstates of

the weak Hamiltonian, leading to processes that link quarks of different flavours, as shown

in fig. 1.1b. These processes allow connecting a neutral (qq ′) meson to its antimeson through a

rotation between flavour eigenstates and mass eigenstates. Therefore, neutral mesons are not

eigenstates of the free Hamiltonian, hence they do not evolve as free particles but through the

so-called “mixing”phenomenon. The formalism of the time evolution of the D0(cu)–D0(cu)

13
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W

u

c

u

s

d

u

Vcs

V §
ud

Figure 1.5 – Leading tree-level Feynman diagram for the Cabibbo-favoured D0(cu)→
K −(su)π+(ud) decay.

system is described in the following and the resulting equations can be also applied to the

other three meson systems where the mixing occurs in the SM: K 0–K 0, B 0–B 0, B 0
s –B 0

s . While

the equations are general, the mixing phenomenology is completely different among these

four systems, and it will discussed in sub-sec. 1.4.2.

1.4.1 Time evolution of flavour eigenstates

Neutral charm mesons are produced by strong interactions and they are flavour eigenstates.

An initial state, |ψ(0)〉, is therefore a superposition of |D0〉 and |D0〉 states

|ψ(0)〉 = a(0)|D0〉+b(0)|D0〉,

and it will evolve into a superposition of all states allowed by energy-momentum conservation

|ψ(t )〉 = a(t )|D0〉+b(t )|D0〉+
∑
n

cn(t )|n〉,

where |n〉 represents all the possible states that can decay into, with coefficients cn(t) =
〈n|H |ψ〉 and H is the effective Hamiltonian. Since we are interested in a(t) and b(t), for t

values much larger than typical scale of strong interactions, the time evolution of a single state

|ξ〉 can be schematised, using the Wigner-Weisskopf approximation [19, 22], as

|ξ(t )〉 = e−i M t e−Γt/2|ξ(0)〉, (1.14)

where e−i M t describes the time evolution of a stable state with energy E = M , while e−Γt/2

takes into account the unstable nature of the state. The probability to find the state at time t is

therefore equal to

|〈ξ(0)|ξ(t )〉|2 = e−Γt .

The time evolution reported in eq. (1.14) is the solution of the following Schödinger equation

i
d

dt
|ξ(t )〉 =

(
M − i

Γ

2

)
|ξ(t )〉, (1.15)
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1.4. Neutral meson mixing

where M − iΓ/2 is a non-Hermitian Hamiltonian (otherwise the state cannot decay). The

equation (1.15) can be generalised as a two-state system describing the neutral mesons as

follows

i
d

dt

[
|D0(t )〉
|D0(t )〉

]
=

(
M − i

Γ

2

)[
|D0(t )〉
|D0(t )〉

]
=

([
M11 M12

M21 M22

]
− i

2

[
Γ11 Γ12

Γ21 Γ22

])[
|D0(t )〉
|D0(t )〉

]
. (1.16)

The CPT invariance implies that M11 = M22 = M and Γ11 = Γ22 = Γ. In addition, M12 =
M∗

21 and Γ12 = Γ∗21 since the matrices M and Γ are Hermitian. The M matrix represents the

transitions with dispersive intermediate states (“off-shell” transitions), while Γ represents the

transitions with absorptive intermediate states (“on-shell” transitions). The eigenvalues can

easily calculated and are

λ± = M + i
Γ

2
±pq ;

where p and q are two complex numbers given by

p =
√

M12 − i
Γ12

2
and q =

√
M21 − i

Γ21

2
=

√
M∗

12 − i
Γ∗12

2
. (1.17)

The eigenvectors are (p,±q)T , corresponding to the λ± eigenvalues, thus the neutral meson

mass eigenstates |D1,2〉 are linear combinations of the strong interactions eigenstates |D0〉
and |D0〉,[

|D1〉
|D2〉

]
=

[
p q

p −q

][
|D0〉
|D0〉

]
=Q

[
|D0〉
|D0〉

]
. (1.18)

Thus, the time evolution for |D1〉 and |D2〉 is the following

|D1,2(t )〉 = e−iλ±t |D1,2〉,

that can be rewritten in the flavour states basis (using eq. (1.18)) as[
|D0(t )〉
|D0(t )〉

]
=Q−1

[
e−iλ+t 0

0 e−iλ−t

]
Q

[
|D0〉
|D0〉

]
=

[
g+(t ) q

p g−(t )
p
q g−(t ) g+(t )

][
|D0〉
|D0〉

]
, (1.19)

where

g+(t ) =e−i M t e−Γt/2 cos(pqt ),

g−(t ) =−e−i M t e−Γt/2i sin(pqt ).
(1.20)

The mass eigenstates |D1,2〉 are eigenstates of the Hamiltonian of eq. (1.16) with masses, M1,2,

and widths, Γ1,2, therefore the λ± eigenvalues correspond to the eigenvalues λ1,2

λ± = M + i
Γ

2
±pq = M1,2 − i

Γ1,2

2
=λ1,2.
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Thus, the following relationships hold:

pq = 1

2

(
∆M − i

2
∆Γ

)
,

M = M1 +M2

2
,

Γ= Γ1 +Γ2

2
,

where

∆M ≡ M2 −M1 =−2ℜ(pq), ∆Γ≡ Γ2 −Γ1 = 4ℑ(pq). (1.21)

The time evolution functions of eq. (1.20) can be written in terms of the mass eigenstate

parameters as

g+(t ) =e−i M t e−Γt/2
[

cos
∆M t

2
cosh

∆Γt

4
− i sin

∆M t

2
sinh

∆Γt

4

]
,

g−(t ) =e−i M t e−Γt/2
[
−cos

∆M t

2
sinh

∆Γt

4
+ i sin

∆M t

2
cosh

∆Γt

4

]
,

(1.22)

Thus, a pure |D0〉 or |D0〉 state at time t = 0 will therefore evolve as

|D0(t )〉 = g+(t )|D0〉+ q

p
g−(t )|D0〉,

|D0(t )〉 = g+(t )|D0〉+ p

q
g−(t )|D0〉,

respectively. The probability for a state, produced at t = 0 with a well-defined flavour content,

of having the same initial flavour content at t > 0, is then

Prob(D0 → D0; t ) = |〈D0(t )|D0〉|2 = |g+(t )|2,

Prob(D0 → D0; t ) = |〈D0(t )|D0〉|2 = |g+(t )|2.

Instead the probability of changing the flavour content is given by

Prob(D0 → D0; t ) = |〈D0(t )|D0〉|2 =
∣∣∣∣ q

p

∣∣∣∣2

· |g−(t )|2,

Prob(D0 → D0; t ) = |〈D0(t )|D0〉|2 =
∣∣∣∣ p

q

∣∣∣∣2

· |g−(t )|2,

where, as results from eq. (1.22),

|g±(t )|2 = 1

2
e−Γt

[
cosh

∆Γt

2
±cos∆M t

]
.

It is worth noting that the probability for a D0 → D0 transition is different from the probability

of D0 → D0 if |q/p| 6= 1.
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1.4. Neutral meson mixing

Table 1.3 – Approximate values for ∆M and ∆Γ in the four neutral meson systems.

meson system ∆M/Γ ∆Γ/(2Γ)

K 0–K 0 −0.95 0.99
D0–D0 0.005 0.006
B 0–B 0 0.77 −0.001
B 0

s –B 0
s 26.7 0.06

1.4.2 Mixing phenomenology

In the previous sub-section the time-evolution of the flavour eigenstates has been determined

in terms of ∆M and ∆Γ parameters, and approximate measured values of ∆M and ∆Γ are

reported in tab. 1.3. The probability as a function of the decay time for flavour-changing

and flavour-unchanging for all the four meson systems are also drawn in fig. 1.6, showing

that the D0–D0 mixing proceeds very slowly, being almost indistinguishable from the single

exponential behaviour.

The dynamics behind the ∆M and ∆Γ values is enclosed in the effective Hamiltonian of

eq. (1.16), precisely through the M12 and Γ12 elements, as it can be seen in eq. (1.17) and

eq. (1.21). The knowledge of such parameters is therefore crucial for the understanding of

the SM dynamics in the charm sector. There are two types of contributions to the mixing

amplitudes: the short distance and the long distance contributions.

Short distance contributions are fourth order interactions in the weak coupling as represented

by the Feynman diagram drawn in fig. 1.7a. These processes are called short distance contri-

butions since their typical scale length is much lower than the QCD scale (1/ΛQCD). However,

these contributions are strongly suppressed in the charm system, contrary to the B system

where the analogous box diagrams are dominant. The contribution of the b quark in the charm

box diagram (see fig. 1.7a) is CKM-suppressed by a factor |VubV ∗
cb |2/|VusV ∗

cs |2 ≈O (10−6). The

contribution from down and strange quarks is also strongly suppressed in the limit of SU (3)

flavour symmetry [9, 23] (GIM suppression mechanism is remarkable effective in the charm

system,Λ2
b = |VcbV ∗

ub |2 ≈λ10 ⇒Λd =−Λs). Even taking into account also the next-to-leading

order, the short distance contributions to x ≡∆M/Γ and y ≡∆Γ/(2Γ) mixing parameters are

predicted to be about O (10−6) [24]. These values are far below the current experimental mea-

sured values of x, y of the order O (10−2), thus the long distance contributions are dominant in

the D0–D0 mixing.

On the other hand, mixing can proceed through intermediate on-shell states common to the

D0 and the D0 meson, as schematically represented in fig. 1.7b, the so-called long distance

contributions. Unfortunately, precise calculations of long distance effects are difficult, and

have large uncertainties, being the value of charm quark mass placed somewhere on the

border of heavy and light quark systems. Prediction of D0–D0 mixing parameters from the
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Figure 1.6 – Flavour-changing and flavour-unchanging PDFs for the four neutral meson
systems (from left to right and from top to bottom): K 0–K 0, D0–D0 (note the logarithmic
scale), B 0–B 0, B 0

s –B 0
s . The single exponential function, black-dashed line, it is also drawn.

theory is a challenging task, and several orders of magnitude are spanned in the literature [25].

The size of the long distance contributions is determined by the amount of phase space

of the final states in common to the meson and the anti-meson. In the K 0–K 0 system this

contribution is almost maximal since there is a small number of possible final states for K 0 and

almost all of them are accessible also to the K 0. In the B 0 system the situation is the opposite,

there is a large number of possible final states for the B 0 but just a small fraction of them are

also accessible to the B 0. Several techniques are used to calculate the mixing parameters in

the SM. Inclusive approaches such as heavy quark effective field theory rely on expansions in

powers of the inverse of the quark mass, which are of limited validity because the intermediate

value of the charm quark mass [26, 27]. Alternatively, exclusive approaches are used [28, 29].

They rely on explicitly accounting for all possible intermediate states, which may be modelled

or fitted directly to experimental data. However, the D meson is not light enough to have few

final states, and in absence of sufficiently precise measurements of amplitudes and strong

phases of many decays, several assumptions are made limiting the predictions of such an

approach.

As a consequence, the SM predictions for mixing and for CP violation are affected by large

theory uncertainties. Thus, it is crucial to provide very precise measurements in the charm
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Figure 1.7 – Two diagrams contributing to the D0(cu)–D0(cu) mixing: (a) Feynman dia-
gram of short distance contribution, (b) long distance contribution.

sector.

1.5 C P violation formalism

The CP transformation law for a final state f is CP | f 〉 =ω f | f 〉 and CP | f 〉 =ω∗
f | f 〉, where ω f

is a complex phase (|ω f | = 1). For the particular case of a final CP eigenstate, as K +K − and

π+π−, where f = f , one obtains

CP | f 〉 = ηCP | f 〉,

with ηCP =±1 for even (+1) and odd (−1) final states. In addition, for a D0 meson decaying to

a CP eigenstate f the decay amplitudes can be defined as

A f = 〈 f |H |D0〉, A f = 〈 f |H |D0〉,

where H is the decay Hamiltonian. It is important to discuss the phases that can arise in those

amplitudes since they are responsible for the phenomenon of CP violation. Usually, two types

of phases are present and are called: weak and strong phases.

Weak phases come from any complex term in the Lagrangian appearing as complex conju-

gated in the CP-conjugate amplitude. Thus, they have different signs between A f and

A f . Since in the Standard Model Lagrangian these phases occur only in the CKM matrix,

which is part of the electroweak sector, they are called “weak phases”.

Strong phases come from final state interactions and they contribute to the amplitudes

through the intermediate on-shell states in the decay process. These phases arise even

if the Lagrangian is real and are called “rescatting phases”. If there are hadrons in the

final state, they are generated by strong interactions and therefore are also called “strong

phases”. Strong phases do not change sign under CP transformation.
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Since all the observables are related to the squared amplitudes, phases are not experimentally

measurable, but only phases differences are accessible. Thus, CP violation in the decay

appears as a result of the interference among various terms in the decay amplitude, and it does

not occur unless at least two terms have different weak phases and different strong phases. As

an example, let us consider a decay process which can proceed through several amplitudes

A f =
∑
k
|Ak |ei (φk+δk ), A f =

∑
k
|Ak |ei (−φk+δk )

where δk are the strong phases, which do not change sign under CP , and φk are the weak

phases. The difference between the two amplitudes is

|A f |2 −|A f |2 =−2
∑
l ,k

|Al ||Ak |sin(φl −φk )sin(δl −δk ).

To observe CP violation one needs |A f | 6= |A f |, therefore there must be a contribution from at

least two processes with different weak and strong phases in order to have a non vanishing

interference term.

Experimentally, there are three manifestations of CP-violation and they are enclosed in the

following variable

λ f =
q A f

p A f
=−ηCP RmR f eiφ f , (1.23)

where

Rm =
∣∣∣∣ q

p

∣∣∣∣ , R f =
∣∣∣∣∣ A f

A f

∣∣∣∣∣ , φ f = arg

(
q A f

p A f

)
.

1.5.1 C P violation in the decay

CP violation in the decay (also called direct CP violation) occurs when the decay amplitudes

for CP-conjugated processes are not equal. A golden observable sensitive to the CP violation

in the decay is the CP asymmetry defined as

ACP ( f ) = Γ(D→ f )−Γ(D→ f )

Γ(D→ f )+Γ(D→ f )
,

where Γ is the time-integrated decay width of the D→ f decay process and it is proportional

to the squared amplitude (Γ(P → f ) ∝|A f |2 and Γ(P → f ) ∝|A f |2), thus

ACP ( f ) = Adir
CP =

|A f |2 −|A f |2

|A f |2 +|A f |2
=

1−R2
f

1+R2
f

.
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1.6. D0 time-dependent decay rates to C P -eigenstates

Therefore, CP violation in the decay occurs if

R f =
∣∣∣∣∣ A f

A f

∣∣∣∣∣ 6= 1.

1.5.2 C P violation in the mixing

CP violation in the mixing occurs when the probability for the oscillation process depends on

the initial state, i.e. the probability for the D0→ D0 process is different from the CP-conjugated

one, D0→ D0. This is defined as

Rm =
∣∣∣∣ q

p

∣∣∣∣ 6= 1,

From the definition of q and p (see eq. (1.17)) follows∣∣∣∣ q

p

∣∣∣∣2

= |M∗
12 − iΓ∗12/2|

|M12 − iΓ12/2| ,

where only off-diagonal elements of the Hamiltonian of eq. (1.16) contribute. The off-diagonal

terms are proportional to the probability for the transition of |D0〉 to |D0〉 and vice versa; if

these terms are different CP violation in mixing follows.

1.5.3 C P violation in the interference

In the case of a common final state f shared simultaneously by the D0 and the D0 meson, the

CP symmetry can be violated in the interference between the decay without mixing, D0→ f ,

and the decay with mixing, D0 → D0 → f . It occurs when

arg(λ f )+arg(λ f ) 6= 0.

For final CP eigenstates, as K +K − and π+π−, the above condition simplifies to

ℑ(λ f ) 6= 0,

which is equivalent to φ f 6= {0,π}.

1.6 D0 time-dependent decay rates to C P -eigenstates

The singly Cabibbo-suppressed D0→ K +K − and D0→π+π− decays are the main subject of

this thesis. Their time evolution is then described in detail in the following, along with the

standard formalism currently used in the literature [10, 19]. The decay rates of these decays
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Chapter 1. Theory and motivations

are defined as

Γ(D0(t ) → f ) = N f |〈 f |H |D0(t )〉|2, Γ(D0(t ) → f ) = N f |〈 f |H |D0(t )〉|2,

where N f is the time-independent normalisation factor, including the results of the phase-

space integration4, and the effective weak interaction Hamiltonian is represented with H .

The decay rates can be calculated from eq. (1.19), obtaining

Γ(D0(t ) → f ) =
∣∣∣g+(t )A f +

q

p
g−(t )A f

∣∣∣2
, Γ(D0(t ) → f ) =

∣∣∣ p

q
g−(t )A f + g+(t )A f

∣∣∣2
,

and making use of eq. (1.22), they can be written as [30]

Γ(D0(t ) → f ) = 1

2
e−Γt |A f |2{(1+|λ f |2)cosh(yΓt )+ (1−|λ f |2)cos(xΓt )

+2ℜ(λ f )sinh(yΓt )−2ℑ(λ f )sin(xΓt )}

Γ(D0(t ) → f ) = 1

2
e−Γt |A f |2{(1+|λ−1

f |2)cosh(yΓt )+ (1−|λ−1
f |2)cos(xΓt )

+2ℜ(λ−1
f )sinh(yΓt )−2ℑ(λ−1

f )sin(xΓt )},

= 1

2
e−Γt |A f |2

∣∣∣∣ p

q

∣∣∣∣2

{(1+|λ f |2)cosh(yΓt )− (1−|λ f |2)cos(xΓt )

+2ℜ(λ f )sinh(yΓt )+2ℑ(λ f )sin(xΓt )},

(1.24)

where two dimensionless parameters x ≡∆M/Γ and y ≡∆Γ/(2Γ) are introduced.

1.6.1 Effective decay widths

Taking into account the current experimental sensitivity on x and y of the order of O (10−2) [10],

and also considering a time window Γt ∼ O (1), the time-dependent decay rates of equa-

tion (1.24) are well approximated by the following expressions

Γ(D0(t ) → f ) = e−Γt |A f |2
{
1+ℜ(λ f )yΓt −ℑ(λ f )xΓt

}+O ((yΓt )2)+O ((xΓt )2)

Γ(D0(t ) → f ) = e−Γt |A f |2
{
1+ℜ(λ−1

f )yΓt −ℑ(λ−1
f )xΓt

}+O ((xΓt )2)+O ((yΓt )2).

Expanding λ f as in eq. (1.23), one obtains

Γ(D0(t ) → f ) = e−Γt |A f |2
{
1−ηCP RmR f (y cosφ f −x sinφ f )Γt

}
Γ(D0(t ) → f ) = e−Γt |A f |2

{
1−ηCP R−1

m R−1
f (y cosφ f +x sinφ f )Γt

}
,

where the above expressions can be further approximated as a purely exponential forms (by

using Γ(D0(t ) → f ) ∝ e−Γt (1− zΓt + . . .) ≈ e−Γ̂t , if |z|¿ 1, with Γ̂= Γ(1+ z)) with the following

4 Since the main topic of this thesis is a measurement of an asymmetry, the normalisation factor N f can be
neglected without any loss of generality.
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1.7. Time dependent C P asymmetry

effective decay widths

Γ̂= Γ{
1+ηCP RmR f (y cosφ f −x sinφ f )

}
Γ̂= Γ{

1+ηCP R−1
m R−1

f (y cosφ f +x sinφ f )
}
.

(1.25)

Γ̂ and Γ̂ are defined as the effective decay widths of the D0 and D0 decaying to f , respectively.

1.7 Time dependent C P asymmetry

The time-dependent CP asymmetry is defined as the normalised rate difference of a D0

decaying to a final state f and a D0 decaying to the same final state

ACP (t ) ≡ Γ(D0(t )→ f )−Γ(D0(t )→ f )

Γ(D0(t )→ f )+Γ(D0(t )→ f )
.

Substituting the time-dependent rates from eq. (1.24) it follows that

ACP (t ) =

[(R2
m −1)(1+|λ f |2)cosh(yΓt )+ (R2

m +1)(1−|λ f |2)cos(xΓt )+
2(R2

m −1)ℜ(λ f )sinh(yΓt )−2(R2
m +1)ℑ(λ f )sin(xΓt )]

[(R2
m +1)(1+|λ f |2)cosh(yΓt )+ (R2

m −1)(1−|λ f |2)cos(xΓt )+
2(R2

m +1)ℜ(λ f )sinh(yΓt )−2(R2
m −1)ℑ(λ f )sin(xΓt )]

.

As in the previous section, the fact that x and y are small (.O (10−2)) allows expanding at the

first order (linear approximation5) in xΓt and yΓt the expression of ACP (t ), obtaining

ACP (t ) = Adir
CP + Aind

CP Γt +O ((xΓt )2)+O ((yΓt )2). (1.26)

The intercept term of ACP (t ) is

Adir
CP =

R2
m −|λ f |2

R2
m −|λ f |2

=
1−R2

f

1+R2
f

=
|A f |2 −|A f |2

|A f |2 +|A f |2
,

which vanishes if no-CP violation is present in the decay, R f = 1. The slope of ACP (t ) is

Aind
CP =

2ηCP R2
f

(1+R2
f )2

[
(R f Rm +R−1

f R−1
m )x sinφ f − (R f Rm −R−1

f R−1
m )y cosφ f

]
, (1.27)

and it contains all the three types of CP violation: in the decay (R f 6= 1), in the mixing (Rm 6= 1)

and in the interference between mixing and decay (φ f 6= 0,π). The comparison between

the time-dependent asymmetry and the linear approximation is reported in fig. 1.8 for the

values of parameters reported in tab. 1.4. The linear approximation of ACP (t ) works well with

5 Note that this is the definition of Aind
CP .
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Figure 1.8 – Comparison between the exact model of ACP (t ) and its linear approximation,
as reported in eq. (1.26). In addition, the time-integrated CP violation, 〈ACP (t)〉, is also
reported. The values used for the parameters are reported in tab. 1.4.

Table 1.4 – Approximated values of D0-system parameters.

x[%] y[%] φ[deg] Ad[%] = 1−R2
f

1+R2
f

Am[%] = R2
m−R−2

m

R2
m+R−2

m

0.06 0.46 9 −0.5 1

discrepancies of about O (10−4).

1.8 AΓ and yC P observables

Among all the various CP-violating observables in the charm sector, the following two observ-

ables are the more promising, and are defined as

AΓ ≡
Γ̂(D0→ f )− Γ̂(D0→ f )

Γ̂(D0→ f )+ Γ̂(D0→ f )
, yCP ≡ Γ̂(D0→ f )+ Γ̂(D0→ f )

2Γ
−1. (1.28)

where Γ̂, the effective decay width, is defined as

1/Γ̂= τ̂=
∫

t Γ(t )d t∫
Γ(t )d t

, (1.29)

and it refers to the value of lifetime, τ̂, measured using a single exponential model as it has

been done in eq. (1.25). Therefore, AΓ can be written as

AΓ =
Γ̂− Γ̂

2Γ(1+ yCP )
' Γ̂− Γ̂

2Γ
,
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1.8. AΓ and yC P observables

where the contribution of yCP .O (10−2) is neglected. Substituting the effective decay widths

reported in eq. (1.25)

AΓ =
ηCP

2

[
(RmR f −R−1

m R−1
f )y cosφ f − (RmR f +R−1

m R−1
f )x sinφ f

]
, (1.30)

yCP = ηCP

2

[
(RmR f +R−1

m R−1
f )y cosφ f − (RmR f −R−1

m R−1
f )x sinφ f

]
. (1.31)

The value of AΓ is related to the indirect CP violation (see eq. (1.27)) as follows

AΓ =−1

4

(1+R2
f )2

R2
f

Aind
CP . (1.32)

1.8.1 Experimental approximations

The current experimental values for the direct CP violation ACP (D0→ K +K −) = (0.01±0.14)×10−2

and ACP (D0→ π+π−) = (−0.11±0.13)×10−2 for D0→ K +K − and D0→ π+π− decays [10], re-

spectively, allows neglecting the CP violation in the decay and this implies of assuming

R f = |A f /A f | = 1. Thus, the more common expression of AΓ and yCP are

AΓ =
1

2

[(∣∣∣∣ q

p

∣∣∣∣− ∣∣∣∣ p

q

∣∣∣∣)y cosφ f −
(∣∣∣∣ q

p

∣∣∣∣+ ∣∣∣∣ p

q

∣∣∣∣)x sinφ f

]
, (1.33)

yCP = 1

2

[(∣∣∣∣ q

p

∣∣∣∣+ ∣∣∣∣ p

q

∣∣∣∣)y cosφ f −
(∣∣∣∣ q

p

∣∣∣∣− ∣∣∣∣ p

q

∣∣∣∣)x sinφ f

]
, (1.34)

where Rm = |q/p| and ηCP =+1, both for K +K − and π+π− final states. The contribution of

the CP violation in the mixing and in the interference are clearer visible in AΓ, than yCP . The

first term in AΓ (proportional to y cosφ f ) vanishes if no CP violation in the mixing is present,

|q/p| = 1. The second term of eq. (1.33) (proportional to x sinφ f ) is related to the CP violation

in the interference, and it is zero if and only if there is no CP violation in the interference

φ f = {0,π}.

In the approximation of no CP violation in the decay (R f = 1), the absolute value of AΓ is equal

to the indirect CP violation, as found in eq. (1.32)

AΓ =−1

4

(1+R2
f )2

R2
f

Aind
CP ≈−Aind

CP . (1.35)

Therefore, the time-dependent CP asymmetry of eq. (1.26) can be rewritten as

ACP (t ) = Adir
CP − AΓ

t

τD
,

where τD = 1/Γ is the lifetime of the flavour-specific mode D0→ K −π+ decay6.

6Note that a possible contribution of the doubly Cabibbo-suppressed (DCS) D0→ K+π− decay mode can be
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Universality

The values of AΓ and yCP are final state dependent, and such a dependency is enclosed in the

angle φ f , see eq. (1.33) and eq. (1.34), which is defined as

φ f = arg

(
q A f

p A f

)
,

where the phase arg(A f /A f ) can be different for f = K +K − or f =π+π− final states. Generally,

amplitudes for CP eigenstate final states can be written as

A f = AT
f e+iφT

f
[
1+ r f ei (δ f +ϕ f )],

A f = ηCP AT
f e−iφT

f
[
1+ r f ei (δ f −ϕ f )],

where AT
f e±iφT

f is the Standard Model tree level amplitude with its relative weak (CP violating)

phase. The ratio r f is the relative magnitude of contributions coming from all non-tree

level diagrams, that can introduce a different weak phase ϕ f , and δ f is a strong phase (CP

conserving). Since penguin diagrams contribution is expected to be small (O (10−6))[31], the

terms proportional to r f can be neglected obtaining

A f

A f
= ηCP

AT
f e−iφT

f
[
1+ r f ei (δ f −ϕ f )

]
AT

f e+iφT
f
[
1+ r f ei (δ f +ϕ f )

] ≈ ηCP e−2iφT
f .

In addition, as reported in sec. 1.3.1, neglecting terms of the orderΛb/Λs = |V ∗
cbVub |/|V ∗

csVus | ≈
O (10−3), the angle φT

f is zero or π, since only real CKM elements are involved. In this assump-

tions, φ f is therefore independent from the final state (universal) and it is equal to φD , defined

as

φD = arg

(
q

p

)
.

Therefore, with the approximations described above, the universal expressions of AΓ and yCP

are

AΓ =
1

2

[(∣∣∣∣ q

p

∣∣∣∣− ∣∣∣∣ p

q

∣∣∣∣)y cosφD −
(∣∣∣∣ q

p

∣∣∣∣+ ∣∣∣∣ p

q

∣∣∣∣)x sinφD

]
, (1.36)

yCP = 1

2

[(∣∣∣∣ q

p

∣∣∣∣+ ∣∣∣∣ p

q

∣∣∣∣)y cosφD −
(∣∣∣∣ q

p

∣∣∣∣− ∣∣∣∣ p

q

∣∣∣∣)x sinφD

]
, (1.37)

where the universality holds only in the SM.

safely neglected. Corrections to the flavour-specific D0→ K−π+ decay lifetime are of the order DCS/CF · (x, y),
where DCS/CF = |Vcd V ∗

us |/|VcsV ∗
ud | ≈O (10−2). Thus, corrections to the lifetime are about O (10−4) and in ACP (t )

of about O (10−6), hence completely negligible with the current experimental sensitivity.
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1.8. AΓ and yC P observables

Given the current experimental measurements of x, y [10], in the limit of small CP violation in

the mixing, |q/p| ' 1, AΓ can be approximated as −x sinφD and its measurement translates

into a constraint of the mixing phaseφD , if the value of x is determined elsewhere. This implies

AΓ ≤ |x|. 5×10−3. For yCP instead, yCP ≈ y cosφD and again yCP ≤ |y |. 7×10−3. Therefore,

it is crucial, from an experimental point of view, to increase as much as possible the precision

on the measurement of these two observables, well below the level of 10−3, in order to search

for hints of CP violation in the charm sector, which are still unobserved.

The work described in this thesis is focussed on the measurement of only one of the two,

AΓ, and aims at performing the world best measurement using the full Run I data sample

of D0 → K +K − and D0 → π+π− decays, collected with the LHCb experiment at the Large

Hadron Collider. Beyond the intrinsic importance of searching for first hints of CP violation

in the charm sector at an unprecedented level of precision, the experimental methodologies

developed in the thesis aim also at demonstrating that LHCb will be able to perform the

measurement of the AΓ parameter at even higher precision by fully exploiting the larger data

samples that will be available in the future LHC Runs (LHCb-Upgrade (Run III) and Future

Upgrades of LHCb). AΓ is a golden observable and it is very likely that it will be the first place

where CP violation in the charm sector will be experimentally observed.
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2 Measurement overview and current
experimental status

A brief description of the main experimental techniques to measure AΓ observable is given.

These are common to all the experiments, either for those installed at hadron colliders or

at e+e− colliders, and deserve a brief introduction for a better understanding of the next

chapters.

2.1 D0→ h+h− decays and flavour tag

A measurement of CP asymmetry requires to identify the flavour of the decaying particle.

While the flavour of a charged particle can be easily determined by the total charge of its decay

products, for a neutral particle, where the total charge of the final state is null, the situation is

more difficult. To overcome this challenge, usually, the production mechanisms are exploited.

The idea is to collect the neutral mesons produced into a charged final state where the particles

produced together with the neutral meson are used to infer its flavour. This is also particular

relevant because the flavour can change during the time evolution of the meson, and the AΓ
observable requires to know the flavour at the production (see eq. (1.28)).

The flavour of the D0(D0) mesons decaying to h+h− (where h stands for a kaon or a pion) is

determined at the production (t = 0) in general through two decay chains

• D∗+→ D0π+ and D∗−→ D0π−,

• B → D0`−ν`X and B → D0`+ν`X .

In the latter, D0 mesons are produced in a semileptonic B decay, and the charge of the lepton

` can be used to infer their flavour. The relationship between the lepton charge and the D0

flavour is assured by the transitions b→ cW − and b→ cW +, as shown in fig. 2.1. These D0

decays are called “secondary decays”, since they come from a subsequent B meson decay.

The measured relative branching fraction for a mixture of B±/B 0/B 0
s decaying to D0`−ν`X is

Γ(b→ D0`−ν`X )/Γtot = (6.81±0.34)%, where X indicates anything needed to complete the

decay [19].
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Figure 2.1 – Tree-level Feynman diagrams for (left) B → D0`−ν`X and (right) B →
D0`+ν`X decays.
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Figure 2.2 – Tree-level Feynman diagrams for (left) D∗+→ D0π+ and (right) D∗−→ D0π−.

On the other hand, D∗+→ D0π+ and D∗−→ D0π− decays are called “prompt decays”, since

D∗± mesons decay immediately after being produced. They occur because of the strong

interaction, implying that the quarks flavour remains unchanged, leading to the correspon-

dence between the charge of the pion and the D0 flavour, as reported in fig. 2.2. The relative

branching fraction for these decays is Γ(D∗+→ D0π+)/Γtot = (67.7±0.5)% [19].

Since the measurement of AΓ described in this thesis uses the strong D∗+→ D0π+ decay

chain, the following sections are devoted to the experimental challenges of this method,

unless otherwise stated.

2.2 From the theory to the AΓ measurement

Historically, the measurement of AΓ has been performed starting from its definition, as re-

ported in eq. (1.33). This can be easily rewritten in terms of the effective lifetimes

AΓ ≡
Γ̂(D0→ f )− Γ̂(D0→ f )

Γ̂(D0→ f )+ Γ̂(D0→ f )
= τ̂(D0→ f )− τ̂(D0→ f )

τ̂(D0→ f )+ τ̂(D0→ f )
, (2.1)

since Γ̂= 1/τ̂, where τ̂ is the effective lifetime defined in eq. (1.29). Thus, AΓ can be extracted

measuring the lifetime separately for the D0 and the D0 meson using a single exponential

model. However, the measurement of an absolute lifetime in an hadron collider environment
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2.2. From the theory to the AΓ measurement

is challenging due to the bias introduced by trigger requirements (see sub-sec. 3.2.9 and

sec. 4.2), that are based on lifetime related quantities, in order to efficiently select D0 meson

decays. As a result, the D0 decay time distribution is not anymore a pure exponential, being

sculpted in a non trivial manner. For this reason, the measurement of AΓ has been in the past

a prerogative of e+e− machines, where events are inclusively triggered without any bias to the

decay time [32, 33].

The challenge of measuring absolute lifetimes is to know (with the desired level of accuracy)

the acceptance function. In general, the acceptance function, A, maps the true distribution, F ,

to the reconstructed one, f ,

f (θ) = A(θ) ·F (θ),

where θ represent one or more observables, as the proper decay time, the momentum of the

particle, the pseudo-rapidity and so forth. A standard approach to extract the acceptance

function uses the realistic Monte Carlo simulation. However, that is not sufficiently reliable

for the AΓ measurement, approaching an unprecedented level of precision (O (10−4)). A

fully data-driven method to extract the acceptance function has been used in LHCb for the

AΓ measurement, performed in 2010 and 2011 with an integrated luminosity of 209 pb−1

and 1 fb−1, respectively (see sec. 2.5). This method, called “swimming”, consists in moving

the D0 along its momentum-direction and re-run all the trigger and offline reconstruction

algorithms to know if the event would pass or not the selection [34]. In this way, a per-

candidate acceptance function versus the D0 proper decay time can be extracted, from which

is possible to obtain the total acceptance function, re-running the swimming procedure for

each event in the data sample. The systematic uncertainties achieved using this procedure

have been assessed to be much lower than the statistical uncertainty allowing a competitive

measurement of AΓ [35]. Although its success, it is not clear if the implementation of such

technique is affordable also in the future, with data samples much larger in size than the

current available statistics. The swimming method demands a huge computing power, since it

requires to re-run the full trigger chain and the reconstruction algorithms around a hundred

of times on each event [36].

To overcome the challenge of measuring the acceptance function, an alternative approach is

used to measure AΓ. The value of indirect CP violation is approximatively equal to AΓ, expect

for the sign, as reported in eq. (1.35), and therefore the time-dependent CP asymmetry is well

approximated as

ACP (t ) ≈ Adir
CP + Aind

CP
t

τD0
= Adir

CP − AΓ
t

τD
, (2.2)

and AΓ can be extracted from a fit to a straight line of the measured ACP (t). This approach

does not require the knowledge of the acceptance function since any acceptance effect cancels

out in the asymmetry. The measurement of AΓ with this approach has been already performed

by CDF [37] and LHCb [35, 38].
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Chapter 2. Measurement overview and current experimental status

2.2.1 Raw CP asymmetry

From an experimental point of view, the observed decay widths asymmetry, Araw(t ), is defined

as

Araw(t ) = Γobs(t )−Γobs(t )

Γobs(t )+Γobs(t )
,

where the observed decay width is

Γobs(t ) = 1

N

dN (t )

dt
,

and dN (t) is the number of the reconstructed D∗ mesons associated to a D0 meson having

a decay time in the interval [t , t +dt ]. This is related to the number of generated D∗ meson

decays, n(t ), through

N (t ) ∝ εAn(t ),

where A is the acceptance function and ε is total efficiency for reconstructing a D∗ meson.

Thus, the observed asymmetry does not directly correspond to the CP asymmetry needed to

extract AΓ, reported in eq. (2.2). Indeed, the raw asymmetry is

Araw(t ) = ε+n+(t )−ε−n−(t )

ε+n+(t )+ε−n−(t )
,

where the acceptance function A cancels in the ratio, while in general reconstruction efficien-

cies are different. For small asymmetries O (1%), Araw(t ) can be rewritten as

Araw(t ) = ACP (t )+ AD + AP +O (A3). (2.3)

where AP is the initial production asymmetry and AD is the detection asymmetry in recon-

structing D∗+ decay, and O (A3) indicates terms as AD AP ACP (see app. B for the mathematical

formalism). When the D∗+ → D0π+ → [h+h−]Dπ
+ meson decays to K +K − or π+π−CP eigen-

states, the non-vanishing part of the detection asymmetry can be ascribed only to the detection

(trigger, reconstruction and selection) of the soft pion

AD = Aπs
D ,

assuming that the total efficiency can be factorised into ε(D∗+) = ε(D0) · ε(π+). In general

soft pion and production asymmetries are independent of D0 decay time, however, due to

second-order effects and artificial detector-induced correlation between momentum and

decay time, a small D0 decay time dependence can appear, as described in chap. 5, and must

be correctly accounted for. Thus, after correcting for any detector induced time-dependent

instrumental effects, any observed significant slope in Araw(t) would indicate a significant

time-dependence of ACP (t ), namely a non-zero AΓ.
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2.3. Control channel: D0→ K −π+ decays

2.3 Control channel: D0→ K −π+ decays

The measurement of the AΓ parameter is very precise, therefore the entire analysis procedure

must be validated to ensure the robustness and reliability of the experimental methods and

a complete control of the systematic uncertainties. The high statistics Cabibbo-favoured

D0→ K −π+ decays fulfil this need, since the genuine physical time-dependent CP asymme-

try is expected to be undetectable [39] (see also app. A). In analogy to the time-dependent

asymmetry of D0 → K +K − and D0 → π+π− decays, the time-dependent asymmetry of the

D0→ K −π+ decays can be written as

AKπ
CP (t ) = Adir

CP − AKπ
Γ

t

τD
, (2.4)

where AKπ
Γ . O (10−5) is called “pseudo-AΓ”. Instrumental asymmetries are expected to be

larger in the D0→ K −π+ sample because of the additional effects coming from the different

interaction probability with matter of opposite-charged kaons. Also in this case for small

asymmetries, the raw asymmetry can be rewritten as

AKπ
raw = AD + AP +O (A3). (2.5)

where AP is the initial production asymmetry and AD is the detection asymmetry in recon-

structing D∗+ final decay products, which contains also non-vanishing term from the D0

decay products, being no CP symmetric

AD = AKπ
D + Aπs

D .

The time-dependent term ACP (t) is omitted in eq. (2.5) because it is expected to be much

smaller than our current experimental uncertainty (see ref. [39] and app. A). As explained

above, generally, detection and production asymmetries are independent of D0 decay time.

However, a small D0 decay time dependence is found for AKπ
raw, as will be described in chap. 5,

and it can be only ascribed to detector induced effects. These effects are very dangerous and

must be corrected in order to measure AΓ on D0→ K +K − and D0→π+π− decays.

2.4 Physical background to AΓ: secondary decays

When the flavour of the D0 meson is tagged through the D∗+ decays, it is necessary account

for the fact that the D∗+ meson can be produced either directly from the primary interaction

or from a decay of a B meson, the so-called secondary decays1. Proper decay time of D0

mesons is reconstructed from the distance of the decay vertex of the D0 to the primary vertex

of collision, therefore the reconstructed decay time of secondary decays is biased towards

larger values, because of the large lifetime of B meson (more details on secondary decays are

1These processes are very similar to those described in sec. 2.1 used to tag the flavour of the D0 meson, and
therefore are indicated as secondary decays.
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−2 −1 0 1 2 3

AΓ [10−3]

Belle 2012

Babar 2012

LHCb 2013 D∗+ tag, KK

LHCb 2013 D∗+ tag, ππ

CDF 2014

LHCb 2015 µ tag

World average

−0.30 ± 2.00 ± 0.80

0.88 ± 2.55 ± 0.58

−0.35 ± 0.62 ± 0.12

0.33 ± 1.06 ± 0.14

−1.20 ± 1.20

−1.25 ± 0.73

−0.59 ± 0.40

Figure 2.3 – Current experimental status on AΓ. From top to bottom Belle 2012 [32], BaBar
2012 [33], LHCb 2013 D∗+ tag K K [35], LHCb 2013 D∗+ tag ππ [35], CDF 2014 [37], LHCb
2015 µ tag [38].

given in chap. 7). Thus, secondary decays represent a physical background that has to be

subtracted to avoid biases in the AΓ measurements.

At e+e− machines, secondary decays background is reduced to a negligible level requiring

a threshold on D0 momentum measured in the centre-of-mass frame. At hadron colliders,

instead, secondary decays are subtracted using variables related to the impact parameter of

the D0 mesons.2

The situation is different if the D0 meson flavour is tagged through secondary decays (sec. 2.1),

i.e. D0 coming from B meson decays. In this case, the D0 decay time is measured from the

decay vertex of the B meson, therefore it is independent from the B decay time, and no bias is

introduced.

2.5 Current experimental status

The value of AΓ was measured in the past at the B-factories and recently also at CDF. In the

last years LHCb entered the game as the leading player. All the available measurements are

reported in fig. 2.3.

2 The definition of the impact parameter is reported in chap. 4.
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2.5.1 Experiments at e+e− colliders

Two measurements are available from the experiments at e+e− colliders: one from Belle

collaboration [32] and the other one from BaBar collaboration [33]. Both exploit the D∗+

decays to tag the flavour of the D0 mesons, as explained in sec. 2.1. The value of AΓ is

measured simultaneously for the D0 → K +K − and the D0 → π+π− decays. The effective

lifetimes (see eq. (2.1)) of D0 and D0 mesons, decaying to K +K − and π+π−, are extracted

through a likelihood fit to the decay time distributions. The analyses strategies are validated

on the D0→ K −π+ decay mode, as explained in sec. 2.3. Secondary decays background (see

sec. 2.4), as already mentioned, is reduced to a negligible level with a requirement on the D0

momentum in the centre-of-mass frame of the e+e− collision for both measurements. The

measured values of AΓ are

AΓ(K K +ππ; Belle) = (−0.30±2.00±0.80)×10−3,

AΓ(K K +ππ; BaBar) = ( 0.88±2.55±0.58)×10−3,

where the first error is statistical and the second one is systematic. The dominant sources of

systematic uncertainties come from the uncertainty on acceptance function and from the

background parametrisation for the Belle measurement [32]. Instead, for the BaBar measure-

ment [33], the total systematic uncertainty is driven by the uncertainty on the selection made

on D0 candidates decay time error.

2.5.2 Experiments at hadron colliders

The AΓ value was also measured at CDF experiment based on a pp collider, and at LHCb

experiment based on a pp collider.

AΓ at CDF

The AΓ measurement at CDF [37] exploits the indirect CP method, as reported in eq. (2.2),

therefore the sample is divided in bins of the D0 decay time and a linear fit to the time-

dependent CP asymmetry is performed to extract the value of AΓ. The flavour of the D0 is

tagged using the D∗+ decays, as explained in sec. 2.1. In each decay time bin, secondary

decays background is subtracted through a fit to the distribution of the D0 impact parameter.

The value of AΓ is measured independently in the D0→ K +K − and D0→ π+π− decays and

they are found to be [37]

AΓ(K K ; CDF) = (−1.90±1.50±0.40)×10−3,

AΓ(ππ; CDF) = (−0.10±1.80±0.30)×10−3,

where the first uncertainty is statistical and the second one is systematic. The dominant

systematic uncertainty is due to the subtraction of the secondary decays, in particular due

to the parametrisation of the secondary component in the D0 impact parameter fit. Back-
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ground subtraction in the D0→ K +K − decay sample largely contributes to the final systematic

uncertainty of AΓ(K K ), due to the larger mis-reconstructed background with respect to the

D0 → π+π− decay mode. The two measurements of AΓ in the D0 → K +K − and D0 → π+π−

decays are then combined together obtaining

AΓ(K K +ππ; CDF) = (−1.20±1.20)×10−3.

AΓ at LHCb

The AΓ observable is measured with two statistically independent samples by the LHCb

collaboration. One measurement uses the D∗+ decays to identify the D0 meson flavour [35],

while the other one uses the D0 meson coming from the semileptonic B decays (B → D0µνµX

decays), called semileptonic AΓ [38]. The two measurements adopt a different approach to

extract the value of AΓ. Thus, they will be separately discussed.

Semileptonic AΓ The semileptonic AΓ measurement [38] is performed over the full Run I

data sample collected by LHCb, corresponding to an integrated luminosity of 3 fb−1. The

method used to extract AΓ is the one reported in eq. (2.2), and therefore the sample is divided

in bins of D0 decay time. The D0 signal yield is extracted through a simultaneous (between

D0 and D0) maximum likelihood fit to the D0 invariant mass in each decay time bin. The

measurement is validated on the D0 → K −π+ sample obtaining a value for pseudo-AΓ in

good agreement with the hypothesis of no CP violation, AΓ(Kπ) = (0.09±0.32)×10−3. The

measured values of AΓ in D0→ K +K − and D0→π+π− decays are

AΓ(K K ; LHCbµ tag) = (−1.34±0.77+0.26
−0.34)×10−3,

AΓ(ππ; LHCbµ tag) = (−0.92±1.45+0.25
−0.33)×10−3,

where the first uncertainty is statistical and the second one is systematic. The dominant

systematic uncertainty is due to the mis-tag of the D0 meson flavour. Other systematic

uncertainties come from the detection asymmetry and from the D0 mass model, especially in

the D0→ K +K − decay mode. The combined value of AΓ is

AΓ(K K +ππ; LHCbµ tag) = (−1.25±0.073)×10−3.

D∗+ tagged AΓ The AΓ observable is measured in the D∗+-tagged sample, using only about

one third of the total integrated luminosity of the full Run I data sample, corresponding to

1 fb−1 [35]. The value of AΓ is extracted with both methods: measuring the effective lifetimes

as in eq. (2.1) and extracting AΓ from the time-dependent asymmetry as described in eq. (2.2).

To extract the value of AΓ from the individual effective lifetime measurements an accurate

knowledge of the acceptance function is needed, since the requirements applied to select the

D0 candidates sculpt the decay time distribution. The swimming technique (see sec. 2.2) is
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used to overcome this challenge. The secondary decays background is subtracted though a

maximum likelihood fit to the χ2
IP(D0), a variable related to the impact parameter3 of the D0

meson. The results for AΓ are

AΓ(K K ; LHCbD∗+ tag) = (−0.35±0.62±0.12)×10−3,

AΓ(ππ; LHCbD∗+ tag) = ( 0.33±1.06±0.14)×10−3,

where the first error is statistical and the second one is systematic. The systematic uncertainties

are driven by the knowledge of the acceptance function (0.09×10−3 and 0.11×10−3 for D0→
K +K − and D0→π+π− decay modes, respectively). The other dominant contribution comes

from the subtraction of secondary decays background (0.07×10−3 for both decay modes).

The second measurement uses the same data sample, corresponding to 1 fb−1, and extracts

AΓ through the time-dependent charge asymmetry (see eq. (2.2)). Signal yields and secondary

decays background are assessed simultaneously through a maximum likelihood fit to the

D0 mass, the mass difference between the D∗ and the D0, and the χ2
IP(D0) in each decay

time bin. However, a significant discrepancy between results for the two magnet polarities

is observed4. A systematic uncertainty is therefore assigned of 0.58×10−3 (0.82×10−3) for

AΓ(K K ) (AΓ(ππ)), comparable with the statistical uncertainty of 0.65×10−3 (1.22×10−3). In

addition, the systematic uncertainty associated to the secondary decays background are of

the same magnitude. Thus, this analysis has been used as a cross-check of the first one (the

one with the effective lifetimes method).

AΓ in this thesis

In this thesis the measurement of AΓ with the full LHCb Run I data sample, corresponding to

an integrated luminosity of 3 fb−1, is presented. The identification of the D0 meson flavour at

production is inferred by the the sign of the charge of the pion of the strong D∗+→ D0π+ decay.

The aim of this work is double, providing the world best measurement of the AΓ parameter

in order to look for the first hints of CP violation in the charm sector and simultaneously

to demonstrate that this measurement can be performed even at much higher statistics by

drastically reducing the current systematic uncertainties.

Since the method of performing the individual measurement of the effective lifetimes is not

practicable for future measurements because its excessive demanding of computing power, the

approach of measuring AΓ through the slope of the time-dependent CP asymmetry remains

the only possible way to be pursued in order to achieve a precision of order 10−4 or below.

However, the current available LHCb measurement [35] on 1 fb−1, where both approaches

have been carried on for extracting AΓ, seems to point to a unsatisfactory picture where

the level of systematic uncertainties (0.89×10−3 for the D0→ K +K − and 1.13×10−3 for the

D0→π+π−) would prevent any attempt to improve the precision of the measurement by using

3The definition of the χ2
IP is reported in chap. 4.

4Magnetic field is periodically reversed at LHCb, see sec. 3.2.
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the second method.

The work described in this thesis is therefore focussed on the the approach of measuring AΓ
through the slope of the time-dependent CP asymmetry. The idea is to completely revisit

such a methodology, in order to simplify the analysis as much as possible in preparation of

future high precision measurement with larger data samples, and simultaneously in order

to drastically reduce the systematic uncertainties at the level or better than the approach

of the measurement of effective lifetimes. This analysis is therefore devised to overcome

the challenges of the previous LHCb measurement [35], and it is driven by the simplicity.

The three-dimensional simultaneous likelihood fit is avoided due to the complexity of such

technique in an high statistics regime. Signal yields are simply extracted through a sideband

subtraction (see chap. 4). The source of the discrepancy between the two magnet polarities is

tracked down and an innovative technique is devised to correct for such an effect (see chap. 5).

The secondary decays background is faced with a new method specifically devised to keep

under control the associated systematic uncertainty (see chap. 7).
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This chapter briefly describes the Large Hadron Collider accelerator and the LHCb experiment,

focusing on the relevant subsystems for the measurement of the AΓ observable, such as the

tracking and trigger systems. Exhaustive descriptions of the experimental apparatus can be

found in the references given through the chapter.

3.1 LHC

The Large Hadron Collider (LHC) is a two-ring-hadron accelerator installed inside a 27km

tunnel, placed 100m underground across the Swiss and French borders [40]. The LHC is a

part of the accelerator complex, see fig. 3.1 at the European Organisation for Nuclear Research

laboratory (CERN). The LHC machine is designed to collide protons up to a centre-of-mass

energy,
p

s, of 14TeV, at an instantaneous luminosity of 1034 cm−2 s−1.

Before the injection into the LHC ring, the protons (obtained from ionised hydrogen atoms

deprived of their electrons) have to pass several accelerator systems. First of all, they are

accelerated at the Linear Accelerator (LINAC 2) to an energy of 50MeV, and then injected into

the Proton Synchrotron Booster (BOOSTER), where the beams reach energies of 1.5GeV. At

this point, the beams are further accelerated in the Proton Synchrotron (PS) to 25GeV and in

the Super Proton Synchrotron (SPS) reaching the energy of 450GeV needed for the injection in

the LHC ring. Finally, the beams are accelerated in the main LHC ring, through radiofrequency

cavities, reaching the highest energy. The orbit of beams are controlled through a complex

system of magnets (called the “optics” of the machine), using several dipole, quadrupole,

sextupole and octupole superconducting magnets. Beams are not continuous but divided in

bunches, packets of protons that collide in four nominal interaction points, where the four

main experiments are set up, which are LHCb, ATLAS, CMS and ALICE.

Currently, the LHC is running at its highest energy of 13TeV. However, the analysis described

in this thesis uses data collected in the past run of the LHC machine, called Run I. Run I starts

on March 30th 2010 when the first proton-proton collision at 3.5TeV occurred. The beam
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Figure 3.1 – Schematic view of the complex of CERN accelerators.

energy remained constant until the end of 2011. Then, it was increased to 4TeV for all the 2012,

when the Run I ends. After a pause of two years, where several checks and upgrades have been

made on magnets, LHC restarts at the beginning of 2015 at an energy of 13TeV.

3.1.1 Luminosity at LHCb

The events rate (number of events per second) of any process generated in the LHC proton-

proton collisions is given by

dN

dt
=L ·σ, (3.1)

where σ is the cross section of the given process and L is the instantaneous luminosity of the

machine. For Gaussian distributed colliding bunches, the luminosity can be written as [40]

L = nb frev
n2γ

4πσeff
x σy

where nb is the number of bunches per beam, frev is the revolution frequency, γ is the relativis-

tic gamma factor and n is the number of protons in each bunch. σeff
x is the standard deviation

of the transverse profile of bunch modified for a geometrical correction factor that takes into

account that the collision is not head-on but there is a crossing angle, θc , between the two

beams

σeff
x =σx ·

√
1+

(
θcσz

2σ∗

)2

,
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3.2. LHCb Experiment

Figure 3.2 – Delivered (dark coloured lines) and recorded (light coloured lines) LHCb
integrated luminosities.

where σz is the RMS bunch length, and σ∗ the transverse RMS of the beam size at the interac-

tion point. At LHCb the cross angle is about 0.4mrad.

While CMS and ATLAS aim to the maximum peak luminosity of 1034 cm−2 s−1, LHCb is de-

signed to operate at an instantaneous luminosity of 2×1032 cm−2 s−1. Thus, LHCb is equipped

with a luminosity levelling apparatus, consisting into an adjustment of the transversal beams

overlap, in order to keep constant the instantaneous luminosity during the fill. However, in the

2012 data taking, given the good response of the detector, LHCb was able to run at a luminosity

of 4×1032 cm−2 s−1, the double of the design luminosity.

The instantaneous luminosity, L , integrated over the data-taking time provides the integrated

luminosity L = ∫
L dt , which is directly related to the number of events delivered, see eq. (3.1).

The integrated luminosity recorded by the LHCb experiment is 1.11 fb−1 in 2011 at
p

s = 7TeV

and 2.08 fb−1 in 2012 at
p

s = 8TeV, as shown in fig. 3.2.

3.2 LHCb Experiment

The LHCb experiment is designed to study the physics of beauty and charm quarks. Charm

and beauty hadrons cannot be produced directly from the valence quarks of the proton (uud),

but from the interactions of two partons leading to the creation of bb and cc pairs.1 These pairs

are likely produced along the beam axis, as shown in fig. 3.3, and therefore, the LHCb detector

is designed as a single arm forward spectrometer with a pseudorapidity (η=− log(tan(θ/2))) of

2 < η< 5, with an acceptance between 10 and 250mrad (300mrad) in the vertical (horizontal)

1b and c could be also produced from decays of heavier resonances, e.g. t →W +b, W +→ cs, Z → bb(cc) etc..
However, these production mechanisms are suppressed with respect to the strong pairs production. For instance,
the production with the top contributes to the total bb cross section of about σ(pp → t t → bbX )/σ(pp → bbX ) ≈
174pb/72µb ≈ 2×10−6 at

p
7TeV [19].
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Figure 3.3 – bb angular production distribution at
p

s = 7TeV obtain from PYTHIA [41].

plane. In addition, the forward geometry favours the reconstruction og b- and c-hadrons

with large Lorentz boost. A big boost allows a precise measurement of secondary vertex since

the space travelled in the laboratory system is sufficiently large and a very good decay time

resolution can be achieved.

The LHCb detector is schematically represents in fig. 3.4, and from left to right the main

subdetectors are:

VELO the Vertex Locator, placed around the interaction region, is a silicon strip detector

which provides a precise reconstruction of the decay vertices;

RICH1 the Ring Imaging Cherenkov detector providing information for particle identification

and it is placed just after the VELO;

TT the Tracker Turicensis is the first tracking station placed just before the magnet;

T1, T2, T3 the tracking stations placed forward with respect to the magnet;

RICH2 the second Ring Imaging Cherenkov detector covering a different momentum range

with respect to the RICH1;

ECAL the electromagnetic calorimeter system, which is necessary for triggering besides the

identification of electrons and photons;

HCAL the hadronic calorimeter system, used also for trigger on hadrons;

Muon Stations the Muon Stations are placed in the furthest part of the detector from the

interaction region. Only muons can reach these stations without being stopped from

the detector material placed before.
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Figure 3.5 – The magnetic field strength along the y-axis as function of z coordinate.
Below the corresponding z location of the tracking detectors are shown. The different
type of tracks distinguished in LHCb are also reported. Image taken from ref. [42].

3.2.1 Coordinate system

The LHCb coordinate system is a right-handed system, centered in the nominal LHC interac-

tion point. The z-axis points along the clockwise rotating beam direction (looking at the LHC

ring from above). The x-axis points in the horizontal direction away from the centre of the

LHC. The y-axis completes the right-handed system pointing vertically upwards.

3.2.2 Magnet

A no-superconducting dipole magnet is placed between the TT and the T-stations and it

is used to measure the momentum of particles. The magnet is formed by two coils placed

with a small angle with respect to the beam axis, to increase the opening window with z in

order to follow the acceptance of the LHCb detector (see fig. 3.4). The main component of

the magnetic field is along the y-axis (By ) as shown in fig. 3.5, therefore, the (x, z)-plane can

be considered with good approximation the bending plane. The maximum magnetic field

strength is above 1T, while its integral is about
∫
~B ·d~l = 4Tm. All the tracking detectors are

located outside the magnetic dipole, as shown in fig. 3.5. The magnetic field is measured

before the data-taking periods with Hall probes to obtain a precise map, which is crucial to

have a good momentum resolution and consequently a good mass resolution that helps to
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Figure 3.6 – Run number distribution divided by magnet polarity for 2011 and 2012 data
sample.

select more efficiently processes of interest.

Among the main LHC experiments, the LHCb detector has a unique feature consisting into the

possibility to reverse the polarity of the magnetic field (MagUp or MagDown). This allows a pre-

cise control of the charge asymmetries introduced by the detector. Particles hit preferentially

one side of the detector, depending on their charges, generating large detection asymmetries.

If data samples collected with the two different polarities have approximately equal size and

the operating conditions are stable enough, effects of detection charge asymmetries are ex-

pected to cancel. The magnet polarity is therefore reversed approximatively every two weeks

to meet these constraints as shown in fig. 3.6. In the measurement reported in this thesis, the

polarity reversing is not explicitly exploited since the two samples with different polarities are

analysed independently. However, this feature allows testing the robustness and the reliability

of the analysis, since the measured value of AΓ has to come out to be independent from the

magnet polarity, see chap. 5.

3.2.3 Vertex Locator

The VErtex LOcator (VELO) is a silicon detector placed close to the collision point [43]. Its main

purpose is to precisely measure tracks direction in order to find displaced vertices with respect

to the primary vertex of collision. At the energy provided by LHC, B (D) hadrons produced by

the proton-proton collisions have a mean distance flight of about 1cm (0.3cm). The VELO

exploits this feature in order to select signals decays and reject most of the backgrounds. It

consists of a series of 21 circular silicon modules arranged perpendicularly along the beam

line, as shown in fig. 3.7. Each module is subdivided into two halves placed on the left and on

the right of the beam direction. Each of them includes two sensors specialised to measure
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.

– 16 –

Figure 3.7 – Position of the VELO modules along the beam axis. Figure taken from ref. [44].
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Figure 5.4: Sketch illustrating the rf geometry of the VELO sensors. For clarity, only a portion
of the strips are illustrated. In the f -sensor, the strips on two adjacent modules are indicated, to
highlight the stereo angle. The different arrangement of the bonding pads leads to the slightly
larger radius of the R-sensor; the sensitive area is identical.

is 38 µm, increasing linearly to 101.6 µm at the outer radius of 41.9 mm. This ensures that mea-
surements along the track contribute to the impact parameter precision with roughly equal weight.

The f -sensor is designed to readout the orthogonal coordinate to the R-sensor. In the simplest
possible design these strips would run radially from the inner to the outer radius and point at the
nominal LHC beam position with the pitch increasing linearly with radius starting with a pitch of
35.5 µm. However, this would result in unacceptably high strip occupancies and too large a strip
pitch at the outer edge of the sensor. Hence, the f -sensor is subdivided 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 µm) that of the inner region (78.3 µm), which ends at the same radius. The design of the
strips in the f -sensor is complicated by the introduction of a skew to improve pattern recognition.
At 8 mm from the beam the inner strips have an angle of approximately 20� to the radial whereas
the outer strips make an angle of approximately 10� to the radial at 17 mm. The skew of inner and
outer sections is reversed giving the strips a distinctive dog-leg design. The modules are placed so
that adjacent f -sensors have the opposite skew with respect to the each other. This ensures that
adjacent stations are able to distinguish ghost hits from true hits through the use of a traditional
stereo view. The principal characteristics of the VELO sensors are summarized in table 5.1.

The technology utilized in both the R- and f -sensors is otherwise identical. Both sets of
sensors are 300 µm thick. Readout of both R- and f -sensors is at the outer radius and requires
the use of a second layer of metal (a routing layer or double metal) isolated from the AC-coupled
diode strips by approximately 3 µm of chemically vapour deposited (CVD) SiO2. The second
metal layer is connected to the first metal layer by wet etched vias. The strips are biased using

– 21 –

Figure 3.8 – Illustration of R and ϕ sensors of the VELO modules. Figure taken from
from ref. [44].

R and ϕ coordinates (see fig. 3.7). The R-sensors measure the radial distance with circular-

shaped strips with a minimum pitch of 38µm and the innermost radius of 8.2mm, increasing

linearly to 101.6µm at the outer radius of about 41.9mm (see fig. 3.8). The ϕ-sensors are

subdivided in two regions to cope with the high occupancy. The inner region consists of 683

strips extending to a radius of 17.25mm, where the outer region starts filling all the remaining

active area with 1365 strips (see fig. 3.8). The VELO sensors are mounted on retractile modules

inside a vessel that maintains vacuum allowing to move them far (VELO open) or close (VELO

close) to the beam. Indeed, during the injection procedures the aperture needed by the LHC

is larger than the VELO beam-hole (active area starts at 8.2mm). Therefore, VELO modules

are moved away from the beam at a distance of 3cm to avoid damage sensors. The modules

are in addition shielded by a 300µm-thick radio-frequency foil (RF-foil), made of an alloy of

aluminium (AlMg3), from the beam induced currents.
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Figure 3.9 – Illustration of the TT detector. Figure taken from ref. [46].

3.2.4 Tracker Turicensis

The Tracker Turicensis (TT) [45] is a silicon microstrip detector placed just before the dipole

magnet (see fig. 3.4 and fig. 3.5). It consists of four layers (150cm×130cm) grouped in two

stations separated of about 30cm along the beam line. The four layers are arranged in a

“x-u-v-x” pattern. The first and last layer (“x” configuration) consist of vertical strips, see

fig. 3.9, while the “u” and “v” layers are rotated by ±5◦. The slight rotation with respect to the

vertical layers avoid the ambiguities that would arise with an horizontal orientation providing a

measurement in y-direction as well, albeit at lower resolution. The sensors of the TT are 11cm

long and 7.8cm wide counting 384 strips with a strip pitch of 198µm. The TT has a duplice

purpose: firstly it is mainly used to reconstruct trajectory of low-momentum particles that

are swept away from the acceptance by the magnet. Moreover, it is also used to reconstruct

long-lived particles, as K 0
S andΛ0, which decay outside the VELO region.

3.2.5 T-stations

The T-stations, T1, T2, T3, are placed right after the magnet dipole, as shown in fig. 3.4. They

cover an area of approximatively (6×5)m2 as shown in fig. 3.10. T-stations are made by two

parts, an Inner Tracker (IT) and an Outer Tracker (OT). To cope with the high occupancy in

the region close to the beam pipe, the IT is based on silicon micro-strip device. Instead, the

OT covering the majority of the T-stations are made by a more affordable straw tube detector.
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layers have vertical detection cells, the u- and
v-layers have detection cells rotated clock-wise,
resp. counter clock-wise, by a stereo angle of
5�. This layout provides a precise measure-
ment of track coordinates for momentum de-
termination in the bending plane of the magnet
and su�cient resolution for pattern recognition
in the vertical coordinate.

A sketch of the front view of a tracking sta-
tion is shown in Figure 2.1, indicating the sen-
sitive detector elements and the overall dimen-
sions of the active area. The four Inner Tracker
boxes are shown, covering a cross-shaped area
around the central hole through which the
LHC beam-pipe passes the detector. The re-
mainder of the acceptance is covered by long
Outer Tracker straw drift-tube modules. The
Inner Tracker covers only 1.3% of the sensitive
surface of the tracking station, but approxi-
mately 20% of all charged particles that are
produced close to the interaction point and go
through the tracking stations pass through its
area.

595

45
0

Figure 2.1: Front view of a tracking station.
Dimensions are given in cm.

The arrangement of detectors along the LHC
beam pipe is indicated in Figure 2.2 which
shows a sketch of a top view of a tracking sta-
tion. The pp-interaction region is to the left.
As shown in the sketch, the detector boxes of
the Inner Tracker are positioned upstream of
the four detection layers of the Outer Tracker,
and the left/right boxes of the Inner Tracker
are positioned upstream of the top/bottom

boxes. Each Inner Tracker box contains four
detection layers. The sensitive elements of the
di↵erent Inner Tracker boxes overlap with each
other and with adjacent Outer Tracker mod-
ules in both horizontal and vertical direction
in order to guarantee full acceptance coverage
and allow for relative alignment of the detec-
tors using shared tracks.

xxvvxx uu

15.5 20.0
1.0

xxvvxxuu

xxvvxxuu

xxvvxxuu

INNER
TRACKER

OUTER  TRACKER

Figure 2.2: Top view of a tracking station. Di-
mensions along the beam axis are given in cm.
Lateral dimensions are not to scale.

2.1.2 Inner Tracker

The concept of a cross-shaped Inner Tracker
station, assembled from four detector boxes
was first described in [8].

The layout of an x-detection layer and of a
stereo layer (u- or v-layer) in station T2 are
shown in Figure 2.4. The e↵ective sensitive
area covered by an x-layer is sketched in Fig-
ure 2.3 and its dimensions for each of the three
tracking stations are summarised in Table 2.2.

The inner acceptance of the Inner Tracker is
described by a square around the LHC beam
pipe. Its size is slightly di↵erent for each sta-
tion, as it follows the conical shape of the
beam pipe. The dimensions given in Table 2.2
take into account a distance of 1.2 cm between
the outer radius of the beam pipe and the

LHCb Inner Tracker Technical Design Report — CERN/LHCC 2002-029

Figure 3.10 – Front view of the T-stations. The orange inner part represents the IT, while
the blue part represents the OT. All the dimensions reported are in cm. Figure taken from
ref. [45].
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Table 2.2: Dimensions of the Inner Tracker sensitive area in x-layers. Labels are explained in
Figure 2.3.

xmin = ymin xcen ycen xmax ymax

[cm] [cm] [cm] [cm] [cm]

T1 9.2 26.45 10.9 62.1 20.0

T2 9.9 26.45 10.9 62.8 20.7

T3 10.6 26.45 10.9 63.5 21.4

−Xmax −Xmin Xmin Xmax
Ymax

Ymin

−Ymin
−Ymax

Xcen−Xcen

−Ycen

Ycen

Figure 2.3: Shape of Inner Tracker sensitive
area.

inner edge of the Inner Tracker active area.
This distance can be broken down into a clear-
ance of 0.5 cm between beam pipe and Inner
Tracker mechanics, 0.3 cm thickness of the In-
ner Tracker insulation box, 0.2 cm clearance
between Inner Tracker box and silicon ladder
and 0.2 cm dead area on the silicon ladder, the
latter being due to ladder mechanics and high-
voltage protection (guard ring and n-well) on
the silicon sensors.

The shape and the dimensions of the outer
acceptance limit were derived from the follow-
ing requirements:

• average occupancies in the innermost
modules of the Outer Tracker should not
exceed the level of 10% at the LHCb de-
sign luminosity of L = 2 ⇥ 1032cm�2s�1

(equivalent to 15% at “high” luminosity
of L = 5 ⇥ 1032cm�2s�1);

• the sensitive areas of Inner and Outer
Tracker overlap by approximately 1 cm;

• the area covered by the expensive sili-
con microstrip detectors should be kept
as small as possible;
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Figure 2.4: Layout of x-layer (top) and stereo
layer (bottom) in T2. Dimensions are given in
cm and refer to the sensitive surface covered
by the Inner Tracker.

• the modularity of standard detectors used
in Inner and Outer Tracker should be re-
spected.

The outer dimensions di↵er slightly for the
three tracking stations, due to the increasing
diameter of the beam pipe and the use of stan-
dard silicon sensors for all stations.

2.2 Detector Boxes

An isometric view of a left/right detector box,
assembled from two-sensor ladders, is shown
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inner edge of the Inner Tracker active area.
This distance can be broken down into a clear-
ance of 0.5 cm between beam pipe and Inner
Tracker mechanics, 0.3 cm thickness of the In-
ner Tracker insulation box, 0.2 cm clearance
between Inner Tracker box and silicon ladder
and 0.2 cm dead area on the silicon ladder, the
latter being due to ladder mechanics and high-
voltage protection (guard ring and n-well) on
the silicon sensors.

The shape and the dimensions of the outer
acceptance limit were derived from the follow-
ing requirements:

• average occupancies in the innermost
modules of the Outer Tracker should not
exceed the level of 10% at the LHCb de-
sign luminosity of L = 2 ⇥ 1032cm�2s�1

(equivalent to 15% at “high” luminosity
of L = 5 ⇥ 1032cm�2s�1);

• the sensitive areas of Inner and Outer
Tracker overlap by approximately 1 cm;

• the area covered by the expensive sili-
con microstrip detectors should be kept
as small as possible;
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Figure 2.4: Layout of x-layer (top) and stereo
layer (bottom) in T2. Dimensions are given in
cm and refer to the sensitive surface covered
by the Inner Tracker.

• the modularity of standard detectors used
in Inner and Outer Tracker should be re-
spected.

The outer dimensions di↵er slightly for the
three tracking stations, due to the increasing
diameter of the beam pipe and the use of stan-
dard silicon sensors for all stations.

2.2 Detector Boxes

An isometric view of a left/right detector box,
assembled from two-sensor ladders, is shown
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Figure 3.11 – Front view of one station of the IT station. Left, the vertically-oriented layer,
right, a tilted one. All the dimensions reported are in cm. Figure taken from ref. [45].

Inner Tracker

The Inner Tracker (IT) [45] is a micro-strip silicon detector mounted in the three tracking

stations (T1, T2, T3). Each station consists of four overlapped detection planes. The planes

configuration is the same of TT subdetector with two of them oriented vertically and the other

two mounted with a stereo angle ±5◦, see fig. 3.11. The characteristics of silicon microstrip

sensors are the same as those used for the TT with a pitch of 198µm but are up to 22cm long.

Overall, the IT contains 129,024 strips, with a hit efficiency of above 99% and the occupancies

are in order of few percent [45]. The total size of Inner Tracker subdetector is about 1.2m on

the bending plane (x coordinate) and about 40cm on the vertical plane (y coordinate).

Outer Tracker

The Outer Tracker (OT) [47] is a gaseous ionisation detector consisting of straw tubes operating

as proportional counters. As the IT, the OT is arranged in three stations composed by four
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Figure 3.12 – Left, illustration of the OT detector planes. Right, module section. All the
dimensions are in cm. Figures taken from ref. [47].

detection planes, as shown in fig. 3.12. The planes configuration is equal to the IT and the TT

ones (x-u-v-x) with two planes vertically oriented and the others two tilted of ±5◦. The drift

tubes are 2.4m long with an inner diameter of 4.9mm, see fig. 3.12. The anode is a tungsten

wire with a diameter of 25µm coated with gold. The anode wires operate at a difference of

potential of +1150V with respect to the conducting plated tube. The gas mixture filling the

tube is Ar/CO2/O2 (70%/28.5%/1.5%) to achieve a drift time of 50ns. Typical occupancies are

at the order of 10% and hit efficiency above 99% for tracks passing close to the centre of a tube.

3.2.6 Cherenkov detectors

Two Ring Imaging Cherenkov detectors (RICH) are used in LHCb to discriminate charged

pions, kaons and protons. A charged particle crossing with a velocity v a medium with

refraction index n, emits Cherenkov light, where photons have an angleΘC with respect to the

particle momentum given by the following relation

cosΘC = 1

βn
,

with β = v/c, and c is the speed of light. If the particle momentum p is known, a relation

between the Cherenkov angleΘC and the mass of the particle holds

ΘC = arccos

(
1

n

√
1+

(mc

p

)2
)

, (3.2)

allowing the identification of the particle. For higher momenta the equation above tends to

cosΘC = 1/n, thus in order to cover a large range of momenta two RICH detectors are used in
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ⇠8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.

– 73 –

Figure 3.13 – Cherenkov angle versus particle momentum. The curves corresponding
to the various radiators used in RICH1 and RICH2 and to the various particle types are
reported. Figure taken from ref. [44].

LHCb with radiation media with a different refraction index. The RICH1 placed right after the

VELO and before the TT covers the low momentum particles in a range of 1–60GeV/c using

as radiation media the aerogel (n = 1.03) and C4F10 (n = 1.0014) which produce Cherenkov

angles of Θmax
C = 242mrad and Θmax

C = 53mrad, respectively. The second RICH detectors

RICH2, located instead behind the T-stations, uses C F4 (n = 1.0005) as radiator and covers

a momentum range between 15GeV/c and 100GeV/c, see fig. 3.13. The emitted Cherenkov

photons in both RICH detectors are directed to a lattice of photo-detectors (Hybrid Photon

Detector, HPD) by an optical system made of spherical and plane mirrors. Photo-detectors

are placed outside the detector acceptance and shielded against residual magnetic fields. The

HPDs detect photons in the 200–600nm spectrum.

3.2.7 Calorimeter system

The LHCb calorimeter system [48] measures the energy depositions and their positions and

it performs electron, photon and hadron identification. It also provides information for the

first hardware level of the trigger (see sub-sec. 3.2.9). The calorimeter system consists of

four main sub-detectors (see fig. 3.14): the Scintillator Pad Detector (SPD), the PreShower

detector (PS), the electromagnetic (ECAL) and hadron (HCAL) calorimeters. The SPD allows

separating charged and uncharged particles as photons from electrons. The PS placed after

15mm of lead absorber, is used to separate charged pions from electrons. The ECAL and the

HCAL calorimeters measure the deposited energy and the position of the electromagnetic

showers, produced by electrons and by photons, and of the hadron showers, respectively. Each

sub-detector is divided into regions where differently sized sensors are used. The PS, SPD

and ECAL are divided into three regions while the HCAL only into two regions, as shown in

fig. 3.15. The size of sensor elements increases going far from the beam-pipe where occupancy

descreases. All four subsystems use scintillating light that is produced and transmitted to
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trigger, and therefore has to be provided with sufficient selectivity in a very short time. The set of 

constraints resulting from this functionality defines the general structure and the main characteristics 

of the calorimeter system and its associated electronics [1]. The ultimate performance for hadron and 

electron identification will be obtained at the offline analysis level. This stage, however, has little 

influence on the detector design.  

 

Figure 1. 
LHCb layout. 

The Calorimeter is composed of an electromagnetic calorimeter (ECAL), followed by a hadron 

calorimeter (HCAL), and before both of them there is a double detector made by three layers, the 

Scintillator Pad Detector (SPD), a 2.5 radiation lengths lead wall, and the Preshower (PS) [3]. The 

SPD/PS system helps the calorimeter on the requirement of good background rejection and reasonable 

efficiency on the detection of photons with enough precision to enable the reconstruction of B-decay 

channels containing a prompt photon or π0
 and on the electron identification. The SPD (Scintillator 

Pad Detector) identifies charged particles, and allows electrons to be separated from photons. The 

PreShower detector identifies electromagnetic particles. The electro-magnetic calorimeter ECAL, of 

the shashlik type, measures the energy of electromagnetic showers. The hadronic calorimeter HCAL, 

made of iron with scintillator tiles, measures the energy of the hadrons. 
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Figure 2. Signal deposited on the different 

parts of the calorimeter by an electron, a 

hadron, and a photon. 

3.  SPD/PS design 
The SPD and PS are two planes of scintillator pads separated by a lead 12 mm thick sheet. A groove in 

each pad holds the helicoidal wave lift shifting (WLS) optical fiber which collects the scintillating 

light (Figure 5). The transmission of this light is done by long clear fibers to multi-anode 

photomultipliers tubes (MAPMT) that are located, along with the Very Front End (VFE) electronics in 

boxes above and below the detector in order to optimize the light yield at the MAPMTs. To handle the 

data for the first trigger level as quickly as possible, the signals are shaped directly at the VFEs. While 

XIII International Conference on Calorimetry in High Energy Physics (CALOR 2008) IOP Publishing
Journal of Physics: Conference Series 160 (2009) 012046 doi:10.1088/1742-6596/160/1/012046

2

Figure 3.14 – Signal deposit by electrons, photons and hadrons in different sub-detectors
of the calorimeter system. Figure taken from ref. [49].
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Figure 6.21: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One
quarter of the detector front face is shown. In the left figure the cell dimensions are given for the
ECAL.

6.2.1 General detector structure

A classical structure of an electromagnetic calorimeter (ECAL) followed by a hadron calorimeter
(HCAL) has been adopted. The most demanding identification is that of electrons. Within the
bandwidth allocated to the electron trigger (cf. section 7.1.2) the electron Level 0 trigger is required
to reject 99% of the inelastic pp interactions while providing an enrichment factor of at least 15
in b events. This is accomplished through the selection of electrons of large transverse energy
ET . The rejection of a high background of charged pions requires longitudinal segmentation
of the electromagnetic shower detection, i.e. a preshower detector (PS) followed by the main
section of the ECAL. The choice of the lead thickness results from a compromise between
trigger performance and ultimate energy resolution [122]. The electron trigger must also reject a
background of p0’s with high ET . Such rejection is provided by the introduction, in front of the
PS, of a scintillator pad detector (SPD) plane used to select charged particles. A thin lead converter
is placed between SPD and PS detectors. At Level 0, the background to the electron trigger will
then be dominated by photon conversions in the upstream spectrometer material, which cannot
be identified at this stage. Optimal energy resolution requires the full containment of the showers
from high energy photons. For this reason, the thickness of ECAL was chosen to be 25 radiation
lengths [123]. On the other hand, the trigger requirements on the HCAL resolution do not impose
a stringent hadronic shower containment condition. Its thickness is therefore set to 5.6 interaction
lengths [124] due to space limitations.

The PS/SPD, ECAL and HCAL adopt a variable lateral segmentation (shown in figure 6.21)
since the hit density varies by two orders of magnitude over the calorimeter surface. A segmenta-
tion into three different sections has been chosen for the ECAL and projectively for the SPD/PS.
Given the dimensions of the hadronic showers, the HCAL is segmented into two zones with larger
cell sizes.

All calorimeters follow the same basic principle: scintillation light is transmitted to a Photo-
Multiplier (PMT) by wavelength-shifting (WLS) fibres. The single fibres for the SPD/PS cells are
read out using multianode photomultiplier tubes (MAPMT), while the fibre bunches in the ECAL
and HCAL modules require individual phototubes. In order to have a constant ET scale the gain in
the ECAL and HCAL phototubes is set in proportion to their distance from the beampipe. Since
the light yield delivered by the HCAL module is a factor 30 less than that of the ECAL, the HCAL
tubes operate at higher gain.

– 97 –

Figure 3.15 – Segmentation of one quadrant of (left) PS, SPD, ECAL and (right) HCAL.
Cells dimension are also given. Figure taken from ref. [44].

the Photomultipliers (PMTs) through wave shifting fibres. The thickness of PS and SPD is 0.1

nuclear interaction length (λint) and 2 electromagnetic interaction lengths (X0). The ECAL

have a thickness of 25X0 (1.2λint) to fully contained the electromagnetic showers from high

energy photons. The energy resolution for ECAL isσ(E )/E = 10%/
p

E/GeV⊕0.9% [50]. Instead

the HCAL has a thickness of only 5.6 nuclear interaction lengths due to the limited space

available and its energy resolution is σ(E)/E = 69%/
p

E/GeV⊕9% [50].

3.2.8 Muon detectors

The muon system [51] placed at the end of the LHCb detector is designed to detect muons

in the LHCb acceptance. It provides trigger information and particle identification in the

offline analysis. It consists into five stations (M1–M5). The first one, M1, is placed before

the calorimeter system in order to reduce possible effects of multiple scattering of muons

trajectory due to the calorimeter material budget. M2–M5 are placed after the hadronic

calorimeter and iron absorber planes with a thickness of 80cm are placed between them,

as shown in fig. 3.16. The minimum muon momentum to go through all the stations and

absorbers is of about 6GeV/c . Each of the muon stations is divided in four regions R1–R4 with

finer segmentation close to the beam pipe where particle multiplicity is higher. All stations
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Figure 3.16 – Illustrations of the muon system. Left, a side-view of the muon detectors,
right, a front-view of the stations layout. Figure taken from ref. [51].

use multiwire proportional chambers (MWPC) except for the region of M1 stations closest to

the beam pipe, which uses triple-GEM detectors (to cope with the higher flux and occupancy).

Both detectors are able to collect the signal in less than 20ns with an efficiency larger than

95%, satisfying the requirements to be used in the hardware stage of the trigger.

3.2.9 Trigger

The LHCb trigger is designed to select bottom and charmed hadrons from pp collisions, re-

ducing the nominal bunch crossing of 40MHz to a 5kHz output rate, as shown in fig. 3.17. This

is done in three stages. The earliest trigger level (Level-0 or L0) based on custom electronics is

designed to perform the first filtering of the events, reducing the event rate to 1MHz for the

next trigger level. Second (High Level Trigger 1 or HLT1) and third (High Level Trigger 2 or

HLT2) trigger levels are software based running on a dedicated computing farm, performing a

full reconstruction of the events. HLT1 filters heavy hadron events in an inclusive way and

reduces the rate of accepted events to about 80kHz. HLT2 is based on the same software used

by HLT1 but it performs an exclusive selection of beauty and charm decays. The HLT2 trigger

reduces the events rate to 5kHz (3kHz in 2011) in order to be stored.

Level-0 Trigger (L0)

The L0 exploits fast detectors, able to provide valuable information without performing com-

plicated reconstruction algorithms. It aims at finding hadrons, electrons, photons and muons

with high transverse momentum, which are a distinctive signature for beauty and charmed

hadrons decays. Three independent triggers running in parallel are used.
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Figure 3.5: Trigger flow of the LHCb experiment illustrating trigger selections and typical event–
accept rates after each stage.

to have large flight distance and high transverse momentum. Exclusive trigger selections aim
at specific b hadron decays. They require all decay products to be reconstructed and impose
stringent requirements on quantities such as the candidate mass. Their event–accept rates are
usually modest but the associated event samples can hardly be used for channels different from
those they target. Accepted events at the first and second level are finally written to storage.

All stored events are then processed offline, using more sophisticated algorithms and adding
the latest alignment and calibration information. Offline reconstructed events are then divided
into separate streams targeted at studying subsets of interesting physics channels, such as the b

or c hadron streams, which are the starting point of the physics analysis.

Typical high–level trigger event–accept rates in 2011, at a luminosity of 3.5 ⇥ 1032cm�2s�1

and with 1296 bunches colliding in LHCb, were 30 kHz for the first level and 3 kHz for the second
level [28]. A diagram of the trigger flow is shown in Fig. 3.5.

3.4 The online system

The online system [33] includes all the processes necessary to transfer data from the front–end
boards to permanent storage. It consists of three main components: the data acquisition system,
the timing and fast control system, and the experiment control system, which are schematically
shown in Fig. 3.6.
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Figure 3.17 – Illustration of the trigger scheme of the LHCb experiment.

L0 Muon It uses information coming from the hits in the five muon chambers to identify high

transverse momentum muons. Chambers are divided into fields of interest, hits in the

same field of interest from different chambers are connected to form muon segments.

The reconstructed segments are then extrapolated to the nominal interaction point and

a value for the transverse momentum of the muon is estimated. Two classes of events

are accepted: events where at least one muon candidate has a transverse momentum

greater than a threshold and events where a muon pair with the product of transverse

momenta exceeding a given threshold.

L0 Hadron It uses the information of HCAL. Hadronic showers are identified and their trans-

verse energy is measured. The transverse energy is calculated in a cluster of 2×2 cells

as

ET =
4∑

i=1
Ei sinθi ,

where Ei is energy deposited in the cell i and θi is the angle between the beam axis

and the direction of a neutral particle, assumed to come from the mean position of the

interaction point. An event is accepted if at least one cluster with transverse energy

greater than a given threshold is present. The threshold for ET during 2011 (2012)

data-taking period was 3.5GeV (3.7GeV).

L0 Photon/Electron It uses the electromagnetic calorimeter ECAL, the PS and the SPD detec-

tors, working as the L0 Hadron trigger described above.
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The High Level Trigger (HLT)

For events passing the L0 trigger, the full set of detector information is transferred to the Event

Filter Farm (EFF), where the HLT runs asynchronously to the bunch crossing. The HLT is a

software based C++ application performing a fast full reconstruction of events. About 29000

copies of the HLT application run concurrently in the EFF. The HLT consists of two stages. The

first stage (HLT1) processes the full L0 rate (1MHz) and uses partial event reconstruction to

reduce the rate to 80kHz. Then in the second stage (HLT2) a complete event reconstruction is

performed with some simplifications that are needed to satisfy the time constraints.

HLT1 The VELO reconstruction is fast enough to perform a full 3D pattern recognition and

primary vertex (PV) finding for all events entering the HLT. Only the VELO tracks having

a significant impact parameter (IP) with respect to all PVs and a minimum pT are passed

through the forward tracking algorithm that searches for matching hits in the tracking

stations. The tracks are required to be separated from the primary vertex, to have a good

track quality and a high transverse momentum to fired the trigger.

HLT2 The HLT2 stage performs a full event reconstruction in an almost offline-like recon-

struction quality. Only tracks with p > 5GeV/c and pT > 300MeV/c are used due to

time constraints. HLT2 is composed of inclusive and exclusive selections. A number of

different event selection strategies can be used according to the topology of the decays

of interest.

Trigger decisions are organised in trigger lines, which are sequences of reconstruction and se-

lection algorithms to trigger a given category of events. Different trigger lines select decays with

different signatures. Specific choices of the trigger selection used for the AΓ measurements

described in this thesis are reported in sec. 4.2.

3.2.10 Data processing

Events accepted by the trigger system are recorded on streamed files (so called RAW files) and

sent to different TIER2 computing centres. There, data are replicated, reconstructed and after

successful verification, they are permanently stored. The majority of the physics analyses

requires very specialised selections, and further reconstruction steps, that is very CPU-time

and storage consuming. This further offline step is centralised into the so-called stripping

phase, the output of which is finally available to the analysts.

3.2.11 Event reconstruction

Events contain information about one or more interesting decays that has to be collected and

categorised. Particles trajectories, identification of the vertices, and identification of the type

2 Telecomunications Infrastructure Standard for Data Centre.
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of the particles involved, are the fundamental information to perform the final measurement

and are briefly outlined below.

Track reconstruction

Trajectories of charged particles, here referred as tracks, are reconstructed in the LHCb using

the hits of the tracking subdetectors (VELO, TT and T-stations). Tracks reconstruction starts

with the pattern recognition where a sequence of hits produced by the charged particle is

identified. Different types of tracks are distinguished in LHCb according to the subdetectors

crossed, as shown in fig. 3.5

• VELO tracks are tracks with only VELO hits. They are used in the primary vertex recon-

struction and as seeds for reconstructing long and upstream tracks.

• Upstream tracks are low momentum tracks with hits only in the VELO and TT since they

are swept out the LHCb acceptance by the magnetic field.

• T tracks are formed only using hits into the T-stations. They are used to form downstream

and long tracks.

• Downstream tracks are reconstructed only in the TT and in the T-stations. These are

mainly long-lived particles as the K 0
S decaying outside the VELO region.

• Long tracks require particles traversing the full tracking system. They are reconstructed

combining hits from the VELO and the T-stations, and when possible hits from TT are

added. These tracks have the most precise momentum resolution and they are the

tracks used in the AΓ measurement.

Long tracks are reconstructed with two different algorithms in LHCb: one proceeds forward

(forward tracking) in which VELO tracks are extrapolated to the T-stations, the other one uses

the T tracks as seeds extrapolating them backward to the VELO looking for a match with the

VELO tracks. Then a Kalman filter [52] is applied to extract precisely track parameters taking

into account multiple scattering and energy loss due to the ionisation. The χ2/ndf of the fit is

used to determine the quality of the reconstructed track. If tracks share the same hits, the one

with the best χ2/ndf is retained. Mis-reconstructed (fake) tracks, those not corresponding to a

trajectory of any real charged particle, are reduced with a neural network classifier which uses

as input the result of the track fit, the kinematics of the reconstructed track and the number

of measured hits in the tracking stations versus the number of expected hits. The tracking

algorithms can also generate clones which does not have any hits in common. This happens

when hits of different tracking detectors are reconstructed as independent tracks even though

they belong to the same charged particle. Since these clones share the same information, they

are reduced with a requirement based on the Kullback-Liebler divergence which exploits the

Shannon information of the track [53].

The relative momentum resolution for particles traversing the whole tracking system is about

δp/p = 0.5% at 20GeV/c, rising to about 0.8% for particles around 100GeV/c [42]. This trans-

lates into a relative mass resolution, σm/m, of about 5 per mille up toΥmasses. The primary
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vertex resolution, which is mainly driven by the VELO reconstruction, depends on the number

of tracks originating from the primary vertex. For vertices with more than about 25 tracks, a

primary vertex resolution of 13µm in the x–y plane and 71µm along the beam axis is achieved.

The impact parameter resolution with respect to these vertices is less than 35µm for particle

with transverse momenta greater than 1GeV/c.

Particle identification

Particle identification in LHCb is achieved exploiting different subdetectors: the calorimeter,

the two RICH detectors and the muon stations. The measured Cherenkov angle in the RICH

detectors is combined with the momentum measured by the tracking system to infer the

mass of the particle (see eq. (3.2)). The identification of a track reconstructed in the tracking

system as a muon is based on the association of hits around its extrapolated trajectory in

the muon system. The calorimeter system is used to identify photons, electrons and π0

candidates. Neutral particles are distinguished from charged studying the presence or absence

of tracks in front of the energy deposits. The shape of the cluster provides the information to

distinguish photons from π0 mesons. The particle identification (PID) information obtained

separately from the muon, RICH, and calorimeter systems is combined to provide a more

powerful identification. A likelihood information for a particle hypothesis X is produced by

each sub-system and added linearly to a combined likelihood, L (X ). The likelihood is usually

calculated relatively to the pion hypothesis, L (π), since pions are the most abundant species

produced and detected at LHCb. The difference between the logarithms of two likelihoods

with the X and the π hypothesis is referred as DLLXπ ≡ logL (X )− logL (π). The larger the

DLLXπ value is, the more likely is for the particle to belong to the X species, rather than to be

a pion. To select pions small or negative values can be required. The performances in the K –π

separation are reported in fig. 3.18.
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Figure 3.18 – Kaon identification efficiency (red) and pion misidentification rate (black)
measured on data as a function of track momentum for two different requirements on
DLL. Taken from ref. [54].
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4 Reconstruction and selection of D0

mesons

This chapter describes the main stages used to extract the D∗+ → D0(→ h+h−)π+ decays

(referred as “signal”) from other events (“background”).

4.1 D∗+→ D0(→ h+h−)π+ decays at LHCb

The measurement reported in this thesis uses pp collision data produced at the LHC and

recorded with the LHCb experiment. Two data samples are analysed: one, collected during

2011, with an energy at centre-of-mass of
p

s = 7TeV; the other one with an energy of
p

s =
8TeV, collected during 2012. The 2011 and 2012 data samples correspond to a integrated

luminosity of 1.1 fb−1 and 2.1 fb−1, respectively.

The total data sample is divided into four subsamples by the year of data-taking {2011, 2012}

(which corresponds also to a different energy) and by the magnet polarity {MagUp, MagDown}.

The value of AΓ is measured independently on the four subsamples. In this way, the robustness

and reliability of the analysis strategy can be tested, since the measured value of the AΓ
observable has to come out to be compatible among the four subsamples, independently from

the centre-of-mass energy and the magnet polarity.

The D∗+→ D0π+ and D∗−→ D0π− decay chains are reconstructed, where the D0 and the D0

mesons decay to the final state h+h−, and h stands for a pion or a kaon.1 The D∗± mesons

are mainly produced by strong interactions in the primary vertex of the pp collision and

immediately decay to D0π+ and D0π− products. The Q-value of D∗± decays is very small, less

than 6MeV/c2, thus the pion momentum is very low translating into a large track curvature,

consequently it is referred as “soft pion”. The D0 lifetime is about 0.41ps [19] and the average

momentum at LHCb is about 60GeV/c leading to a typical flight distance of about 4mm. The

decay vertices of D0 mesons can be therefore distinguished from the primary vertex of the pp

interaction, as depicted in fig. 4.1. Due to the long D0 lifetime, the two daughter tracks have

generally a large impact parameter, allowing a good signal background separation. Due to the

1Except when otherwise explicitly stated, charge-conjugate processes are implied.

59



Chapter 4. Reconstruction and selection of D0 mesons

~p(h+)

~p(h−)

~p(D0)

−→
I P (h+)

PV /D∗+ DV~d
~p(π+

s )

Figure 4.1 – Schematic illustration of a D0→ h+h− decay, not drawn to scale. The ellipse
represents the primary (red) and secondary (green) vertex. Particles momenta are re-

ported as thick black arrows. Impact parameters vector (
−→
I P ) for the two daughter tracks

and the displacement vector (~d) for the D0 are also reported.

large number of soft tracks produced in the event, the major source of background are fake

D∗+ candidates formed by a true D0 meson and a random pion from the event.

Prior of discussing the details of online and offline selection, it is useful to define some relevant

quantities used in the analysis. All these quantities are calculated in the laboratory frame, and

some of them are illustrated in fig. 4.1. The quantities reported are general and can be applied

to each particle or a set of particles depending on the variable.

Primary vertex (PV) the space-point of the reconstructed primary pp interaction.

Secondary decay vertex (DV) the space-point in which the decay of the long-lived particle

occurs. The spatial vector from the primary vertex to the secondary vertex is denomi-

nated displacement vector (~d), and for a particle with mass m and momentum~p the

displacement vector is defined as ~d = γ~βct = (~p/m)ct , where c indicates the speed of

light and t is the proper decay time of the particle.

Impact Parameter (I P ) the module of the three-dimensional impact parameter vector of a

particle. Generally, given a vertex ~v0 and a particle trajectory that can be parametrised

in the VELO (straight line) as ~v(t ) =~vp +~pt , where ~p is the particle momentum and ~vp

is a generic point of the trajectory, the impact parameter vector is defined as the vector

formed by the nearest point of the track to ~v0

−→
I P = (~vp −~v0)−

~p · (~vp −~v0)

|~p|2 ~p.

D0 daughters have in general large impact parameters with respect to the primary vertex

because of the displaced vertex of the D0 meson. Instead, the I P of D0 meson with

respect to the PV tends to be close to zero within the experimental uncertainty, in the

assumption of “prompt” decays (i.e. coming from the PV, see sec. 2.1).
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DIRA the cosine of the direction angle, i.e. the angle between the momentum of the particle

and the displacement vector, DIRA ≡ (~p · ~d)/(|~p||~d |). For a fully reconstructed particle

its total momentum tends to be aligned to the displacement vector resulting into a DIRA

close to the unit. This is useful in reducing the contribution of the partially reconstructed

backgrounds of the D0 meson.

DOCA the three-dimensional distance of closest approach between the trajectories of two

particles. Particles coming from a decay of a common mother particle are likely close to

each other translating into a small DOCA.

χ2-distance the distance in χ2 unit between two spatial points. Given two points, ~v1 and

~v2, with covariance matrices cov1 and cov2, respectively, the χ2-distance is defined as

(~v1 −~v2)T (cov1 −cov2)−1(~v1 −~v2).

χ2
IP the χ2

IP for a particle is defined as the difference in χ2 of the primary vertex fit with and

without considering the particle in the fit. For a particle not coming from the PV, χ2
IP

assumes grater values than a prompt particle (i.e. coming from the PV).

∆m the mass difference between the reconstructed invariant mass of the D∗+ and the invari-

ant mass of D0. The ∆m variable as a natural cut-off limit at the mass of the π+. The

small Q-value of the D∗+→ D0π+ decays translates to a very narrow peak in the ∆m

distribution allowing an efficient separation with respect to the random background.

4.2 Trigger system

The first selection of D0 candidates decaying to two hadrons is performed by the trigger. Only

candidates that have fired a specific trigger chain are used. The trigger chain (see sub-sec. 3.2.9)

aiming at selecting D0→ h+h− decays is a specific combination of triggers requirements in

the three levels: L0, HLT1 and HLT2.

The L0 hadron trigger (see sub-sec. 3.2.9) selects decays of B and D mesons basing its decision

on the deposit energy in the calorimeter system. However, its discriminator power is not

particularly remarkable, having an efficiency of about 50% in selecting D0 → h+h− decays.

Requiring at the offline level D0 candidates that fired the L0 hadron trigger would translate

into a loss of a significant fraction of collected events. Therefore, no L0 trigger requirements

are applied, asking for the logical OR of all the L0 triggers. In principle, this choice may be

difficult to treat since different thresholds in momentum and different event topologies coexist

in the same sample. However, this is mitigated by tighter requirements of further trigger stages

and of the offline selection. Possible residual biases due to this choice are assessed to be

completely negligible at the current sensitivity, as reported in sec. 8.4.

At HLT1 level, at least one of the D0 daughters has to fire the Hlt1TrackAllL0 line. This line

aims at selecting a single detached high momentum good-quality track to identify B and D

mesons decays, independently from which L0 trigger line fired. Requirements on the total
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Table 4.1 – Summary of trigger requirements. The letter h is for K or π.

Trigger Line Quantity Requirement Unit

Hlt1TrackAllL0

VELO hits > 9 -
VELO missing hits < 3 -
hits > 16 -
track χ2/ndf < 2 -
p(h) > 3 GeV/c
pT(h) > 1.6 GeV/c
χ2

IP(h) > 16 -
IP(h) > 0.1 mm

Hlt2CharmHadD02HH_D02xx

track χ2/ndf < 3
p(h) > 5 GeV/c
pT(h) > 800 MeV/c
χ2

IP(h) > 9 -
pT(hh) > 2 GeV/c
DOCA < 0.1 mm
largest h pT > 1.5 GeV/c
m(

∑
pµ) ∈ [1715,2065] MeV/c2

fit vertex χ2(D0)/ndf < 10 -
DIRA > 0.99985 -
DV χ2-distance from PV > 40 -
m(D0) ∈ [1790,1930] MeV/c2

number of hits, the number hits in the VELO and χ2/ndf of the track assure its good-quality.

Requirements on the momentum and on the pT are also applied, as reported in tab. 4.1. In

order to select tracks coming from long-lived particles (as the D0 meson) requirements on the

IP and the χ2
IP of the track with respect to the primary vertex are also applied.

At the second level of the HLT, D0 candidates have to fire one of the following two trigger

lines Hlt2CharmHadD02xx OR Hlt2CharmHadD02HH_D02xx, where xx stands for: RS in D0→
K −π+ decays, KK in D0→ K +K − decays and PiPi in D0→π+π− decays. Hlt2CharmHadD02xx
triggers did run at the beginning of 2011 data taking being superseded later by the trigger

Hlt2CharmHadD02HH_D02xx. These triggers aim at selecting two tracks which made a good

vertex (detached from the primary vertex) and with an invariant mass compatible with the

D0 mass. The D0 candidates reconstruction starts looking for two tracks. These should have

a good quality (χ2/ndf <3) and should not come from the primary vertex (χ2
IP >9) since the

D0 mesons travels few millimetres before decaying. In addition, minimal requirements on

the momentum (p > 5GeV/c) and the transverse momentum (pT > 800MeV/c) of the tracks

are also applied. Then, tracks are combined to form a D0 candidate, they have to be close

to each other, and the requirement on the DOCA (< 0.1mm) is applied with this purpose.

Their invariant mass, calculated as the sum of the four-momenta vectors (m(
∑

pµ)) has to

62



4.3. Preselection

be compatible with the D0 meson mass, lying in the range [1715,2065]MeV/c2. In addition,

the transverse momentum of the pair is required to be greater than 2GeV/c and at least

one daughter should have a pT greater than 1.5GeV/c. If a pair of tracks survives all these

requirements, it is considered a good candidate for a D0→ h+h− decay. Thus, the two tracks

are combined performing a vertex fit, in which the χ2/ndf is required to be lower that 10. The

detached nature of the decay is re-required on the D0 candidate, asking for a χ2-distance

between the secondary vertex and the primary vertex larger than 40. Partially-reconstructed

background is suppressed requiring the DIRA to be greater than 0.99985. At the end, a mass

window around the D0 nominal mass is applied. The list of cuts required on the data sample

are summarised in tab. 4.1.

4.3 Preselection

The event reconstruction and a loose preselection of D0 and D∗+ candidates are centrally

made by the collaboration. This process is called stripping as explained in sub-sec. 3.2.10,

and the different set of cuts applied to select a particular decay are grouped in the so-called

stripping line. The relevant stripping lines for the measurement reported in this thesis are the

D2hhPromptDst2DxxLine lines, where xx stands for RS in the case of D0→ K −π+ decays, KK
for D0→ K +K − decays and PiPi for D0→ π+π− decays, and requirements are summarised

in tab. 4.2. The reconstruction of D0 candidates proceeds as in the trigger. First of all a set

of good tracks are selected. Then, all the possible pairs are formed, and those passing all the

requirements are retained as D0 candidates. An additional pion is searched to form the D∗+

candidates.

The preselection re-confirms the good quality of tracks (χ2/ndf < 3), the momentum thresh-

olds (p > 5GeV/c, pT > 800MeV/c) and their displaced nature (χ2
IP > 9) required at the trigger

level. In addition, to further reduce the number of clones, a selection on the Kullback-Liebler

distance (DK L , see sub-sec. 3.2.11) is applied. To suppress mis-reconstructed backgrounds,

particle identification (PID) requirements are applied to the daughters tracks, through the

DLLKπ variable. As described in sub-sec. 3.2.11, positively larger values of the DLLKπ corre-

spond to an higher probability to be a kaon, and viceversa, negatively lower values to a pion.

Thus, DLLKπ > 0 is required for kaons and DLLKπ < 0 for pions in D0→ K +K − and D0→π+π−

decay modes. The kaons from D0→ K −π+ decays have to meet a DLLKπ requirement equal to

DLLKπ > 5.

D0 candidates are then obtained from the selected tracks, and the same selection of the trigger

(tab. 4.1) is required on D0 candidates, except for tighter requirements on the DIRA, the DOCA

and the mass window corresponding to [1765,2065]MeV/c2.

The D0 candidates are then combined with pions to form D∗+ candidates. No requirements are

applied on soft pions but χ2/ndf lower than 5. Only two requirements on the D∗+ candidates

are applied, on the χ2/ndf and on the mass difference between the D∗+ and the D0 candidates,
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Table 4.2 – Summary of stripping requirements. The letter h is for K or π.

Candidate Quantity Requirement Unit

h

DK L(h) > 5000 -
pT(h) > 800 MeV/c
p(h) > 5 GeV/c
track χ2/ndf(h) < 3 -
χ2

IP(h) > 9 -
(D0→ K −π+) DLLKπ(π), DLLKπ(K ) < 0, > 5 -
(D0→ K +K −) DLLKπ(K ) > 0 -
(D0→π+π−) DLLKπ(π) < 0 -

D0

pT(D0) > 2 GeV/c
p(D0) > 5 GeV/c
DV χ2-distance from PV > 40 -
DIRA > 0.9999 -
DOCA < 0.07 mm
pT of at least one daughters > 1.5 GeV/c
fit vertex χ2(D0)/ndf < 10 -
m(D0) ∈ [1765,2065] MeV/c2

D∗+

πs track χ2/ndf < 5 -
fit vertex χ2(D∗)/ndf < 100 -
∆m = m(D0π+)−m(D0) < 160 MeV/c2

as reported in tab. 4.2.

4.4 Offline Selection

Additional requirements are added on top of the stripping selection, as reported in tab. 4.3.

In particular, to further suppress the contamination from misidentified events, pions and

kaons from D0 decays are required to meet tighter PID criteria with respect to the preselection,

namely DLLKπ(π) <−5 and DLLKπ(K ) > 5, respectively. Contamination from D decays not

produced in the primary pp interaction vertex (secondary D decays), is also reduced by

requiring the χ2
IP of the D0 candidates not to exceed 9 (see fig. 4.2).2 As described in sub-

sec. 3.2.3, the VELO detector is shielded by the radio-frequency by a thin aluminium foil

(RF-foil). Particles can interact with the matter of the RF-foil producing D mesons. In order to

remove these candidates, the signed distance Rx y between the D0 decay vertex (DV) and the

primary vertex (PV) in the transverse plane defined as

Rx y = sgn(DVx )
√

(DVx −PVx )2 + (DVy −PVy )2,

2A systematic uncertainty will be assigned to the residual contamination of secondary decays in chap. 7.
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Table 4.3 – Offline requirements added on the top of the stripping selection of tab. 4.2.

Quantity Requirement Unit

DLLKπ(K ) > 5 -
DLLKπ(π) <−5 -
χ2

IP(D0) < 9 -
Rx y < 4 mm
m(D0) ∈ [1840.84,1888.84] MeV/c2
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Figure 4.2 – Distribution of the logarithmic of the χ2
IP(D0) variable: (a) in LHCb Monte

Carlo sample and (b) in the data, where the dashed line and arrow indicate the cut applied.

where the subscripted index indicates the x or y coordinates of the vertices, has to be less than

4mm in modulus (the inner radius of the RF-foil is about 4.5mm [55]), as shown in fig. 4.3. A

signal region in the D0 mass is defined by further restricting to D0 candidates with an invariant

mass within ±24MeV/c2 (≈±3σ of mass resolution) (see fig. 4.4) of the known D0 mass [19].

The mass difference ∆m ≡ m(hhπs)−m(hh), where h stands for K or π and πs is the soft

pion of the D∗+ → D0π+ decays, provides a powerful discrimination between signal and

background. The signal D∗+→ D0π+ decays features a narrow peak centred at the nomi-

nal value mD∗+ −mD0 = (145.43±0.07)MeV/c2 [19], consistent with the experimental reso-

lution. The background from properly-reconstructed D0 decays associated with a random

pion features as smoothly-growing, square-root-like shape in the ∆m distribution. Mis- and

partially-reconstructed decays show a peaking enhancement in the ∆m distribution although

somewhat broader than the experimental resolution (see sec. 8.3), not visible in fig. 4.5 having

a small fraction compared to the signal.

The resolution of the ∆m distribution is essential to separate the signal from the background

components. To improve the signal resolution of the ∆m distribution, the D∗+ mesons are

constrained to point back to the primary vertex, refitting the entire decay chain D∗+→ D0(→
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Figure 4.3 – Distribution of signed radial distance, Rx y , for D0 decay vertices. The visible
structures are due to the RF-foil and to the VELO layers. The dashed line represents the
cut applied, |Rx y | < 4mm (see text for details).

hh)π+ as a whole [56]. The resolution of the ∆m distribution is shrunk of about a factor 3, as

shown in fig. 4.5. However, this constraint may sculpt the ∆m distribution of backgrounds

in a non trivial way, making more complicated the extraction of signal decays. For instance,

D∗+ mesons coming from a B meson decay do not point to primary vertex. The application

of such a constrain re-adjusts the values of the momenta and of the opening angles of the

particles resulting into a biased invariant mass for D∗+ and D0 mesons, sculpting the ∆m

distribution in a non trivial way. However, the selection on the χ2
IP(D0) to be lower than 9

reduces drastically the fraction of secondary decays in the sample to a few percents. Therefore,

the ∆m distribution is not significantly affected.

The resulting∆m distributions after requiring the final offline selection are shown in fig. 4.6 for

all the subsamples. Prominent signals are observed over moderate backgrounds, dominated

by random associations of real D0 decays with uncorrelated pions.
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4.5. Multiple candidates

4.5 Multiple candidates

A fraction of events contains the so-called multiple candidates where the same D0 candidate

is associated with different soft pions to create a “good” different D∗ candidates, able to pass

all the requirements entering the final data sample. The fraction of multiple candidates found

is about 8%(12%) for the D0→ K −π+ decays in 2011 (2012) sample. A slightly higher fraction

of multiple candidate is found for D0→ K +K − and D0→ π+π−, equal to 15%(17%) for 2011

(2012) sample for both the decays. In order to avoid possible biases, one D∗ candidate is

chosen randomly discarding the others of the same events. This choice is reproducible since a

fixed seed is used in the procedure. The impact of such a choice is evaluated in sec. 8.5, where

the differences with alternative approaches are quantified to be much lesser than the final

statistical and systematic uncertainties.

4.6 Sideband subtraction and∆m fit

The small residual random pion background under the signal peak, clearly visible in fig. 4.6, is

removed by performing a sideband subtraction using the ∆m mass difference, by choosing a

range within [144.45,146.45]MeV/c2 for the signal region, corresponding to about ±5σ region

around the measured mean value of the peak, and a range within [149,154]MeV/c2 for the

background, as shown in fig. 4.7. All the distributions of interested observables, except those

of∆m, are filled with the candidates within the signal and background mass region, as defined

above. Candidates falling in the signal mass region enter the distribution with a weight of one,

while candidates falling in the background mass region enter with an appropriate negative

weight, proportional to the ratio of number of background candidates in the signal region

to those in the background region. This ratio is extracted by fitting the ∆m distribution

with a binned maximum likelihood fit. A Johnson distribution [57], J , plus the sum of

three Gaussians, G , is used, as probability density function (PDF), to empirically model the

distribution of the signal peak:

Psgn(∆m|θsgn) = f J J (∆m|µJ ,σJ ,δJ ,γJ )+ f1G (∆m|µ1,σ1)+
+ f2G (∆m|µ2,σ2)+ (1− f J − f1 − f2)G (∆m|µ3,σ3),

where

J (x|µ,σ,δ,γ) = 1

I J

exp
[
− 1

2

(
γ+δsinh−1( x−µ

σ

))2
]

√
1+ ( x−µ

σ

)2
,

G (x|µ,σ) = 1

IG
exp

[
− 1

2

( x −µ
σ

)2]
,

and where I J and IG are the normalisation factor in the mass fit range [139.6,154.5]MeV/c2.

θsgn = ( f J ,µJ ,σJ ,δJ ,γJ , f1,µ1,σ1, f2,µ2,σ2,µ3,σ3) is the vector of signal parameters to be de-

termined from the fit. The random pion background is modeled with an empirical threshold
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Figure 4.7 – Sideband subtraction regions: in blue the signal region, in red the background
region. (Left) linear scale, (right) logarithmic scale.

function, defined as

Pbkg(∆m|θbkg) = 1

IB

(
1−exp

[
− ∆m −m0

c

]
+b

(∆m

m0
−1

))
,

where the θbkg = (m0,c,b) is the vector of background parameters to be determined from

the fit and IB is the normalisation factor in the mass fit range [139.6,154.5]MeV/c2. The total

extended PDF can be then written as

P (∆m|θ) = Nsgn

Nsgn +Nbkg
Psgn(∆m|θsgn)+

Nbkg

Nsgn +Nbkg
Pbkg(∆m|θbkg),

where Nsgn, Nbkg and θ = (θsgn,θbkg) are free parameters to be determined from the fit. The

fits projection for D0 → K +K −, D0 → π+π− and D0 → K −π+ candidates, passing the final

offline selection and the multiple candidates rejection, are reported in fig. 4.8, fig. 4.9 and

fig. 4.10, respectively. All the subsamples separated by magnet polarity and energy are fitted

independently. In addition, the fits are performed integrating over all the proper decay time

values and not in each decay time bin. This choice reduces drastically the complexity of the

measurement since only one fit per subsample (4) per decay mode (3) is performed for a total

of twelve fits, these are much less than the total number of fits that should have been done in

the other case (360). A systematic uncertainty is assessed on the final measurement regarding

this procedure (see sec. 8.2).

The purity of the samples is above 96%, and S/B in the signal region is of about 29, for all

the sub-samples. Signal yields are reported in tab. 4.4. In the following chapters all plots and

numbers are sideband subtracted.
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Figure 4.8 – Distribution of the mass difference ∆m for the D0→ K +K − decays. The fit
result is overlaid.
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Figure 4.9 – Distribution of the mass difference ∆m for the D0→ π+π− decays. The fit
result is overlaid.
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Figure 4.10 – Distribution of the mass difference ∆m for the D0→ K −π+ decays. The fit
result is overlaid.
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Chapter 4. Reconstruction and selection of D0 mesons

Table 4.4 – Signal yields in millions of candidates, extracted from fits of ∆m-distributions
(as described in sec. 4.6), after requiring the offline selection described in sec. 4.4.

sample/[106] D0→ K −π+ D0→ K +K − D0→π+π−

2011 Up 10.7 1.2 0.36
2011 Down 15.5 1.7 0.53
2012 Up 30.0 3.3 1.02
2012 Down 31.3 3.4 1.07

Total 87.5 9.6 2.98

4.7 Charge-randomised sample

In general any experimental technique may posses some unknown subtle biases, that must be

studied and quantified to perform a robust and reliable measurement. This is particularly true

when the target, as in the AΓ measurement, is a very precise measurement of CP asymmetry.

Generally, these biases are studied through detailed Monte Carlo samples generated accord-

ingly to the features of the signal sample. However, in the measurement reported in this thesis

the generation of a large sample of simulated decays is impracticable due to the required

huge statistics. Thus, a data-driven method is developed to search for hidden biases using the

so-called charge-randomised samples. The flavour of the D0 meson is inferred from the charge

of the soft pion in the D∗+→ D0π+ decay chain, as explained in chap. 2. Therefore, if one

randomly re-assigns the charge of the soft pions, the correspondence between the D0 flavour

and the sign of the charge of the soft pion is lost. Thus, the charge-randomised sample is made

by the same events used in the final measurement where the charge of the soft pions has been

randomly chosen. In this sample all the asymmetries (physical or induced by the detection)

are zero by definition. That is why any possible bias introduced by the used experimental

technique, can easily be detected.

The number of charge-randomised samples that can be generated is very large, and it corre-

sponds to the number of ways of peaking N /2 unordered elements from N elements, which is

G = ( N
N /2

)
, where N is the total number of events. All these G sub-samples can be combined

in a pair associating one to the positive charged pion (D0) and the other one to the negative

charged pion (D0), resulting into a total number of charge-randomised samples of C = (G
2

)
. The

large number of charge-randomised samples assures also their statistical independency. For

N =O (106), C is extremely large, thus, the probability of having events in common (associated

with the right charge) is negligible3.

An additional benefit of the charge-randomised samples is the extreme facility and rapidity to

generate them. Indeed, only an addition call to a random generator function with respect to

the time to run over all the events is needed.

3For instance, if N = 106 the number of combination is about (using the Stirling’s approximation for the factorial)
C ≈ 101311481.
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5 Detector-induced time-dependent
charge asymmetries

This chapter is devised to the evaluation of the non-negligible residual detector induced charge

asymmetries affecting the measurement of AΓ. A fully data driven correction to account for

these asymmetries has been developed using the high statistics Cabibbo-favoured D0→ K −π+

decay mode and tested at very high precision.

5.1 Introduction

The measurement of CP asymmetries is an experimental challenge, and this is particularly

true at hadron colliders, where events are much more complex than those produced and

collected at e+e− machine. The need to implement very selective requirements at the trigger

stage can introduce biases in the collected events, sculpting the kinematic distributions of the

decays. Particles with different charges result into different reconstruction efficiencies and

acceptances (especially if they have a low momenta). The situation is further complicated

by production asymmetries, since the production of a meson and its anti-meson differs in

the case of pp collisions. As a result two nuisance parameters are present: the detection

charge asymmetry, AD, and the production asymmetry, AP, which accounts for the different

probability of producing a meson or an anti-meson. Therefore, the measured raw asymmetry

can be written as the sum of different terms

Araw(t ) = ACP (t )+ AD + AP +O (A3),

as reported in eq. (2.3), where the observable of interest ACP (t ) must be disentangled from AD

and AP. Measuring the integrated CP asymmetry,
∫

ACP (t )dt , requires to know the values of

the production and the detection asymmetries with a precision of the same order or better

than that one of the final measurement. It is easy to understand that this is a tough job.

However, time-dependent asymmetries, as the measurement of AΓ described in this thesis,

bypass some of these hurdles since all the global charge asymmetries, as the detection and

the production asymmetries do not depend on the D0 meson decay time. Thus, in the AΓ
measurement the production asymmetry AP, which is the asymmetry in production D∗+
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Figure 5.1 – Proper decay time distribution of D0→ K −π+ candidates. Events with proper
decay time lower than 0.6τD0 (dashed red line) are excluded as described in the text.

mesons, and the detection asymmetry AD, which is the asymmetry in reconstructing the

D∗+→ D0π+ decays are not, at least in principle, nuisance parameters. However, studying in

detail the D0→ K −π+ control channel decay, it was found that the detection asymmetry is

not completely independent from the D0 proper decay time. This is unexpected and it can be

explained through an artificial detection-induced correlation between momentum and proper

decay time of the D0 meson, likely due to the complex and highly selective requirements (both

at online and offline level) used to reconstruct D∗+→ D0π+ candidates. Thus, it results that

the detection asymmetry needs to be accurately assessed in order to measure AΓ, since it has

a very dangerous time-dependent nature. Following sections are therefore entirely devoted to

this item.

5.2 Control channel pseudo-AΓ

Time-dependent instrumental effects are studied through the measurement of pseudo-AΓ
on D0→ K −π+ decays, as described in sec. 2.3. Candidates are required to satisfy the offline

selection described in sec. 4.4. The secondary decays contribution, estimated to be below 3%

with respect to the prompt component, can be safely neglected in these studies. This is a good

approximation for studying detector-induced charge asymmetries, since secondary contri-

bution is assessed to be a small contribution to AΓ (.O (10−3)) and a systematic uncertainty

will be assigned (see chap. 7). Sample is split into 29 bins of proper decay time (see app. D

for the definition of bins range) in the range [0.6,20]τD0 (where τD0 ' 0.41ps is the current

measured value of the D0 lifetime [19]), with about the same number of events and different

sizes. Candidates with t ∈ [0,0.6]τD0 are excluded (see fig. 5.1) to remove regions in which the

LHCb efficiency is particularly low. These events are prone to large uncertainties due to very

low acceptance values and might not cancel out properly in the ratio. In each proper decay
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Figure 5.2 – Raw asymmetry AKπ
raw as function of D0 proper decay time for MagUp and

MagDown samples, in 2011 (left) and 2012 (right), with offline selection described in
sec. 4.4.

time bin i th the raw asymmetry is measured as

AKπ
raw(ti ) = N+(ti )−N−(ti )

N+(ti )+N−(ti )
,

where i = 1, . . . ,29, N±(ti ) is the number of reconstructed D± candidates in the time bin i th,

and ti is the average measured proper decay time of the reconstructed D0 meson in the time

bin i th. N± are extracted by counting the number of events in the ∆m mass range within

[144.45,146.45]MeV/c2 corresponding to about ±5σ region around the measured mean value

of the signal peak. The random pion background is sideband subtracted, as described in

sec. 4.6.

The value of pseudo-AΓ (AKπ
Γ ) is extracted through a linear fit of AKπ

raw(ti ) measurements as a

function of the proper decay time using the following linear function

AKπ
raw(t ) = A0 − AKπ

Γ

t

τD0
.

where A0 is a constant including all non time-dependent asymmetries. If all instrumental

asymmetries are time-independent AKπ
Γ would be compatible with zero within the statistical

uncertainty reached with the present data. Results of the linear fit of the D0 → K −π+ data

samples are reported in fig. 5.2 and tab. 5.1, for 2011, 2012, MagUp and MagDown data samples,

respectively. A significant slope is observed with MagUp polarity, at 5.5σ and 4.3σ from zero

for 2011 and 2012 data, respectively. The weighted average is far from zero at 4.1σ level, with a

statistical uncertainty of 0.10×10−3. Since no CP violation occurs in the Cabibbo-favoured

D0→ K −π+ mode (see app. A), the observed significant slopes can only be ascribed to detector-

induced effects and no measurement of AΓ can be attempted until they are understood and

corrected.
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Table 5.1 – Pseudo-AΓ results. The offline selection described in sec. 4.4 is applied to the
D0→ K −π+ control sample. The significance with respect to zero is also reported.

sample AKπ
Γ [10−3] significance [σ]

2011 MagUp 1.65±0.30 5.5
2011 MagDown −0.11±0.25 0.4
2012 MagUp 0.77±0.18 4.3
2012 MagDown −0.06±0.17 0.3

weighted average 0.41±0.10 4.1
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Figure 5.3 – Raw asymmetry as function of px and pz of soft-pions, for the D0→ K −π+

2012 sample with MagUp (left) and MagDown (right) polarity.

5.3 Time-dependent instrumental effects

As mentioned in sec. 2.3, eq. (2.5)

AKπ
raw = AD + AP +O (A3)

assumes that AD and AP are time-independent, and that the physics asymmetry ACP (t ) can

be neglected. However, a time dependence may be hidden in the detection asymmetry AD.

If the detection asymmetry depends on the decay kinematics (which is not an uncommon

occurrence), and at the same time the kinematics and proper decay time are not statistically

independent, the detection asymmetry may indirectly acquire a time dependence.

The charge asymmetries in the reconstruction and selection of soft pions like the ones used

in the present measurement to identify the D0 flavour are sizeable and strongly momentum-

dependent. A pion with a pz ' 5GeV/c and px ∼ 100÷200MeV/c changes its direction, due

to the magnetic field, of a quantity of ≈ 250mrad, which is comparable to the entire LHCb

acceptance of 300mrad; this generates large differences in acceptance for positively and

negatively charged pions, as can be seen in fig. 5.3. In addition, it must be noted that even
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Figure 5.4 – Left, mean x-coordinate of the soft pion momentum in different blocks of
run number with about the same population. Right, average raw asymmetry, between
MagUp and MagDown samples, as function of x-coordinate of the soft pion momentum
in two different run periods.

particles hitting the same location on a given detector layer, will intersect different sub-

detectors with different trajectories according to their charge and momentum. Averaging

the results from the two magnet polarities does not necessarily eliminate the problem with

the degree of precision needed in analyses like the present one, because of variation of run

and detector conditions over time. This is manifest in fig. 5.4 where the average asymmetry

between MagUp and MagDown samples changes significantly with the run number.

On the other hand, the existence of a statistical dependence between decay time and kine-

matics can be clearly seen, for instance, from the momentum distributions of D0 candidates

in different proper decay time bins, as shown in fig. 5.5. To check whether the observed

correlations are actually capable of generating significant time-dependent asymmetries, the

value of AKπ
Γ is measured in different bins of D0 momentum, by splitting the sample in three

independent subsamples with roughly equal populations:

• 0 < p(D0)/(GeV/c) ≤ 50,

• 50 < p(D0)/(GeV/c) ≤ 75,

• p(D0)/(GeV/c) > 75.

The results are reported in fig. 5.6, where to quantify the compatibility of the different AKπ
Γ

values they are fit to a common constant. The value of pseudo-AΓ returned from the fit is AKπ
Γ =

(0.48±0.10)×10−3, in close agreement with the weighted average reported in tab. 5.1, while

the χ2/ndf = 46/11 indicates that they are strongly statistically incompatible (Prob(χ2|ndf) ≈
3×10−6).

5.4 Symmetrisation procedure

Generally speaking, the observed distribution of a set of observables in data can be thought

of as the product of the actual distribution (as produced by the physics process), multiplied
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Figure 5.5 – Momentum distribution of D0 candidates in different bin of proper decay
time. The sample showed is 2012 MagUp.

by the acceptance/efficiency function of the detector. If such data is then used to perform a

CP asymmetry measurement, the results will in general be different from the true value of

the observable in the original data, due to dis-uniformities in detector efficiency. However,

in order to avoid biasing the CP asymmetry of data, it is not really necessary for the detector

effciency to be uniform over the whole space; all is really necessary is for the efficiency of the

detector to be CP-symmetric.

By design, the nominal geometry of the LHCb detector is indeed approximately CP-symmetric.1

If one considers a transformation formed by a reflection around a vertical plane passing

through the z-axis, and charge inversion, this will transform a curved track trajectory into

a mirror trajectory on the other side of the detector - which is expected to have the same

acceptance, at least under nominal geometry assumptions and neglecting material effects.

In practice, this nominal symmetry is broken by the various real-life effects. What is most

important for the present measurement is not a global deviation of the efficiency from CP-

symmetry (that would only produce a constant shift), but the fact that such asymmetry may

be dependent on event observables - in particular, on the D0 decay time.

As discussed in the previous section, such asymmetry actually exists and is not negligible, so

the detector efficiency needs to be corrected to eliminate or reduce its CP asymmetry, or at

least its dependence on particle momentum, that is the relevant factor causing a decay-time

dependence. A further evidence of the lack of CP-symmetry of the acceptance can be obtained

by comparing the observed charge asymmetries for different magnet polarities as shown in

fig. 5.7: they would be expected to be equal, but in fact their difference are strongly statistically

significant. Indeed, these differences have been driving the largest systematic uncertainty in

1Here, material effects are neglecting, otherwise for a complete CP-symmetry the detector should be swapped
with its antimatter counterpart.
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the previous LHCb AΓ measurement described in ref. [35], as also explained in sub-sec. 2.5.2.

In order to measure this effect, the distribution of observed charge asymmetry of the soft pion

is plotted as a function of its emission angle theta θx and k, a variable proportional to the track

curvature, defined as

k = 1√
p2

x +p2
z

, θx = arctan

(
px

pz

)
,

where px and pz are the x and z components of the soft pion momentum, and the y direc-

tion is perpendicular to the bending plane. Distributions of (k,θx ) space for positively- and

negatively-charged soft pions are shown in fig. 5.8, while fig. 5.9 shows the ratio in this space,

once the sign of θx is flipped in the denominator. If there was no CP asymmetry in the

sample or in the detector, this distribution would be symmetric under the CP transformation
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Figure 5.8 – Distributions of (k, θx ) for positively-charged soft pions (left) and negatively-
charge soft pions. The D0→ K −π+ decays sample it is represented.

N+(k,θx ) → N−(k,−θx ).

The data clearly show that this distribution is not symmetric, and in fact the variations are

much larger in size than those expected from the physics CP asymmetry of the sample, which

are expected below the percent level. There are strong point-to-point variations that must

clearly be attributed to detector effects, not to the physics. In order to remedy this situation the

distribution is used as a measurement of detector deviations from the CP-symmetry. Applying

an acceptance correction to the data based on this distribution, reweighing the number of

events N+(k,θx ) to be the same to the number of events N−(k,−θx ) the most of the CP-

asymmetries of the detector are corrected. Small dis-uniformities in θy = arctan(py /pz ) are

also present (see fig. 5.10) and they cannot be neglected, therefore the acceptance correction

is applied in bins of the three-dimensional (k,θx ,θy ) space reweighing the number of the D∗+

events N+(k,θx ,θy ) to be equal to the θx flipped number of D∗− events N−(k,−θx ,θy ). This

appears as the most natural choice being the kinematics of the soft pion entirely described by

the (k,θx ,θy ) space and since any observed instrumental effects must be ascribed to the soft

pion. Details on how the reweigh is done are reported in app. E.

A residual global asymmetry may still survive due the physical CP asymmetry present in the
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original data, but what is most important is that any dependence of such detector asymmetry

on momenta is removed, because the correction is performed separately for every bin of

track curvature. A confirmation of the effectiveness of this procedure is given by the fact that,

when applying the procedure separately and independently to each subsample, the results

spontaneously converge to agree with each other as reported in fig. 5.12. The symmetrisation

is applied separately to each period, as there is no guarantee that the detector asymmetries

stayed constant in time (see fig. 5.4), although an overall correction for the whole sample

should give a similar result. Of course, this correction has the side effect of also canceling any

net average physics CP asymmetry of the sample - this is however irrelevant for the purpose

of AΓ measurement, that is only relying on the slope of that asymmetry as a function of decay

time. As a cross-check, sec. 5.4.2 shows the effect of injecting an artificial slope into the sample,

and then correcting with the procedure described: the average CP asymmetry is zeroed, but
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Figure 5.11 – Soft pions px distribution. Left, the distribution before the (k,θx ) symmetri-
sation and right, after the (k,θx ) symmetrisation. At the bottom the same distributions
where the sign of px has been flipped for the distributions of negative pions (px →−px ).

the slope is unaffected.

5.4.1 Effects of the correction

An alternative visualisation of the (k,θx ) space can be obtained in the more familiar (px , pz )

space, which is in one-to-one correspondence with it. Figure 5.11 shows the distributions of px

of the soft pion before (5.11a) and after (5.11b) the symmetrisation procedure in the (k,θx ,θy )

space for 2011 MagUp sub-sample. The momentum-dependent asymmetry is clearly visible

as is the lack of symmetry in the comparison of the two distributions after flipping the sign of

θx , fig. 5.11c. In tab. 5.2, fig. 5.12 and fig. 5.13 are shown results for different periods and as a

function of D0 momentum when the symmetrisation procedure is applied to the data samples

selected using the offline selection. Comparison with results without symmetrisation of
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Figure 5.12 – Results for AKπ
Γ in different years and polarities (left) before and (right) after

CP symmetrisation. Label 2011 (2012) is abbreviated 11 (12) and MagUp (MagDown) is
abbreviated Up (Dw).

tab. 5.1 is also reported. It can be seen from these results that after the correction the weighted

Table 5.2 – Results for AKπ
Γ before and after the symmetrisation procedure.

sample AKπ
Γ (raw)[10−3] AKπ

Γ [10−3]

2011 MagUp 1.65±0.30 0.56±0.30
2011 MagDown −0.11±0.25 0.04±0.25
2012 MagUp 0.77±0.18 −0.01±0.18
2012 MagDown −0.06±0.17 0.23±0.18

weighted average 0.41±0.10 0.16±0.10

average of AKπ
Γ gets closer to zero, going from (0.41±0.10)×10−3 to (0.16±0.10)×10−3 (1.6σ).

The χ2/ndf between the four sub-samples moves to 3.01/3 from 33.05/3, corresponding to a

change of 30 units. The level of compatibility of AKπ
Γ between the different sub-samples as

a function of D0 momentum improves as well, going from χ2/ndf = 46.05/11 to 12.59/11. In

summary, the correction devised causes a dramatic improvement of the quality of the results,

being fully compatible with no slope hypothesis.

5.4.2 Could the symmetrisation procedure bias the value of AΓ?

A possible concern is whether the correction procedure might suppress or reduce a possible

physical CP asymmetry actually present in the data, thus harming the measurement. To

check for this possibility, a test is made by artificially injecting an asymmetry in the data. To

disentangle the effect of the correction on the true AΓ from the fake AΓ induced by detector-

effects, a data sample where the charge of the soft pions has been chosen randomly is used (see
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Figure 5.13 – AKπ
Γ results with offline selection for different years and polarities as a
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Figure 5.14 – AKπ
Γ in 2012 MagUp charge-randomised sample with and without the sym-

metrisation procedure applied, when an artificial time-dependent asymmetry, indepen-
dent from kinematics, is injected in data.

sec. 4.7). In this way, any detector-induced effect cancel, the net effect of the correction can

be spotted. An artificial sample is created by applying a random filtering of D∗+ candidates

according to an efficiency proportional to proper decay time, with a value of AKπ
Γ (artificial) =

3.00×10−3, (about a factor 10 larger than the statistical uncertainty of this subsample), and

then applied our usual fitting and symmetrisation procedures (fig. 5.14). There results for AΓ
are

AKπ
Γ (before symmetrisation) =(3.00±0.17)×10−3,

AKπ
Γ (after symmetrisation) =(2.95±0.17)×10−3.

that are both in agreement with the true value of AKπ
Γ = 3.00×10−3.
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5.4.3 Indirect generation of time-dependent asymmetries

To verify the hypothesis mechanism of generation of a time-dependent asymmetry from a

purely momentum-dependent asymmetry in the (k,θx ) distribution, an artificial test sample is

produced by reweighing the px distributions in the data, as reported in fig. 5.15. Distributions

of positively and negatively charge pions in px > 0 region are scaled by a constant factor,

to generate a much larger CP asymmetry. As a results, a large time-dependent asymmetry

becomes clearly visible (fig. 5.15), with a dependence that is not even compatible with a straight

line. This clearly demonstrates the actual effectiveness of the hypothesised mechanism in

generating significant time-dependent effects through the presence of a correlation between

momentum and proper decay time. As a further cross-check of the hypothesis, the correction

procedure is applied to this artificially created AKπ
Γ and checked that artificial slope disappears,

as reported in fig. 5.15 (bottom right). This is a further confirmation of the robustness and the

validity of the correction procedure.

87



Chapter 5. Detector-induced time-dependent charge asymmetries

−

E
v
en

ts

50

100

150

200

250

300

3
10×

positive pions

negative pions
2011Down

]c) [MeV/sπ(
x

p
1000− 0 1000

­
+

N
+

N

­
­N

+
N

0.2−

0.1−

0
0.1
0.2

(a) Soft pions px distribution.

−

E
v
en

ts

50

100

150

200

250

300

3
10×

positive pions

negative pions
2011Down

scaled

]c) [MeV/sπ(
x

p
1000− 0 1000

­
+

N
+

N

­
­N

+
N 0.1−

0

0.1

(b) Soft pions px distribution artificially
reweigh.

τt/
0 5 10

(t
)

ra
w

A

0.02−

0.015−

0.01−

0.005−

0

0.005

0.01  / ndf 2χ   15.8 / 27

cte       0.0006157±0.01478 − 

slope     0.0002708±05 −8.2e− 

 / ndf 2χ   15.8 / 27

cte       0.0006157±0.01478 − 

slope     0.0002708±05 −8.2e− 

 / ndf 2χ   15.8 / 27

cte       0.0006157±0.01478 − 

slope     0.0002708±05 −8.2e− 

(c) Time-dependent asymmetry for
2011 MagDown sample corresponding
to the px distribution reported in (a).

τt/
0 5 10

(t
)

ra
w

A

0.02−

0.01−

0

0.01

0.02

0.03

0.04
 / ndf 2χ  73.75 / 27

cte       0.0006283±0.005686 − 

slope     0.0002764± 0.001661 

 / ndf 2χ  73.75 / 27

cte       0.0006283±0.005686 − 

slope     0.0002764± 0.001661 

 / ndf 2χ  18.88 / 27

cte       0.0006306± 0.000572 

slope     0.0002775±05 −7.44e− 

 / ndf 2χ  18.88 / 27

cte       0.0006306± 0.000572 

slope     0.0002775±05 −7.44e− 

artificial

artificial + CP­symm.

 / ndf 2χ  73.75 / 27

cte       0.0006283±0.005686 − 

slope     0.0002764± 0.001661 

 / ndf 2χ  18.88 / 27

cte       0.0006306± 0.000572 

slope     0.0002775±05 −7.44e− 

(d) Time-dependent asymmetry for
2011 MagDown sample corresponding
to the px distribution reported in (b), before
and after the symmetrisation.

Figure 5.15 – Soft pions px distribution for 2011 MagDown sample and relative measured
AKπ
Γ , before and after the artificially reweighing of px distribution.
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5.5 Robustness cross-checks

To test the robustness of the procedure used, the value of AKπ
Γ is cross-checked versus several

variables. First of all, the value of AKπ
Γ as function of the D0 momentum has been checked as

already shown (see fig. 5.14), and also as function of the pT and the px of the D0 meson, is

evaluated. In addition, the value of AKπ
Γ is further evaluated as function of D0 pseudo-rapidity,

η, and the number of primary vertices in the event, nPV. The range of bins chosen is reported

in tab. 5.3. Figures 5.16 and 5.17 reports the value of AKπ
Γ as function of the variable discussed

above, before and after the correction. Since AΓ value is expected to be independent from

these variables the compatibility to be a constant is checked through a χ2 fit, as reported

in the figures. Before the reweigh, besides the aforementioned D0 momentum, the value of

AKπ
Γ has a strong dependence on η of the D0 meson (χ2/ndf = 48.79/11) and the number of

primary vertices (χ2/ndf = 47.11/11). These are in agreement with the fact that the detection

asymmetry depends on the momentum of the soft pion. In addition a mild dependence on

px (D0) (χ2/ndf = 20.30/11) is present. All these dependencies are cured after applying the

correction, confirming its reliability.

Table 5.3 – Bins definition for each variable reported.

variable bin 1 bin 2 bin 3 unit

p(D0) [0, 50] ]50, 75] [75, ∞[ GeV/c
pT(D0) [0, 5] ]5, 7] [7, ∞[ GeV/c
|px (D0)| [0, 2] ]2, 4] [4, ∞[ GeV/c
η(D0) [2, 3.1] ]3.1, 3.6] [3.6, 5] -
nPV 1 2 [3, ∞[ -
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Figure 5.16 – Value of AKπ
Γ as a function of pT and px of the D0 meson, (left) before and

(right) after the correction.
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Figure 5.17 – Value of AKπ
Γ as a function of pseudorapidity of the D0 meson and the

number of primary vertices, (left) before and (right) after the correction.
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6 The extraction of AΓ parameter

This chapter is devoted to the extraction of the AΓ observable in D0→ K +K − and D0→π+π−

decays with its final statistical uncertainty.

6.1 Analysis strategy

The AΓ observable in D0→ K +K − and D0→π+π− decays is measured exactly as in the D0→
K −π+ decay control sample. The method devised to calibrate the detector response to the

detection charge asymmetries described in chap. 5 is used in the final measurements. The

residual contamination from secondary decays from b-hadrons is still present, at few percents

level, and a systematic uncertainty is discussed and assessed in chap. 7.

To avoid any potential bias, the measurement was finalised, determining either the statistical

and the systematic uncertainties, prior to examine the results (blind analysis). A random shift

between [−0.03,0.03] was applied to the extracted AΓ, the same for all the four subsamples

and for D0→ K +K − and D0→π+π− decays. The AΓ values were unblinded only after the final

approval by the LHCb collaboration.

An overview of the analysis for extracting AΓ from D0→ K +K − and D0→π+π− decays, follows.

1. Samples are selected using the criteria described in chap. 4. The same selection is ap-

plied to all the three decay modes. The only differences are due to the PID requirements

for obvious reasons (see tab. 4.2).

2. The random pion background is subtracted using the ∆m sideband, as described in

sec. 4.6.

3. Detection charge asymmetries are corrected reweighing the data in the (k,θx ,θy ) space

of the soft pion kinematics, as described in chap. 5. The weights for the correction

are extracted independently for each decay mode from data itself (see Appendix E for

weights details).

4. Samples are split in bins of D0 proper decay time. The decay time bins boundaries are
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the same for all the three decay modes, but the central value is calculated independently

taking into account the decay time distribution inside the bin.

5. AΓ is extracted through a linear fit to the asymmetries as function of the D0 proper decay

time.

6.2 Results

The final measurements on the full Run I data sample, corresponding to 3 fb−1 of integrated

luminosity, are

AΓ(D0→ K +K −) = (−0.30±0.32)×10−3,

AΓ(D0→π+π−) = ( 0.46±0.58)×10−3,
(6.1)

where only statistical uncertainty is reported. Results for each subsample are plotted in fig. 6.1

and reported in tab. 6.1. Straight line fits of the time-dependent asymmetry are reported in

fig. 6.2, while the residuals of individual fits, for all the four subsamples are reported in fig. 6.3.

The weighted average asymmetries are reported in fig. 6.4.

Table 6.1 – Results of AΓ in D0→ K +K −, AK K
Γ , and D0→ π+π−, Aππ

Γ , decay before (raw)
and after the correction procedure. All the results are reported in units of 10−3.

sample AK K
Γ (raw) AK K

Γ Aππ
Γ (raw) Aππ

Γ

2011 MagUp 2.23±0.89 0.46±0.90 4.94±1.62 3.80±1.65
2011 MagDown 0.29±0.74 −0.54±0.75 −0.71±1.35 −1.76±1.37
2012 MagUp 1.13±0.54 −0.86±0.54 3.54±0.98 1.42±0.99
2012 MagDown 0.61±0.53 0.10±0.53 0.23±0.95 −0.50±0.96

weighted average 0.93±0.31 −0.30±0.32 1.77±0.57 0.46±0.58
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Figure 6.1 – Results for (top) AK K
Γ and (bottom) Aππ

Γ . The black open markers represent
the value of AΓ after the CP-symmetrisation. The red squared markers are the raw AΓ
values, before correcting for detector-induced charge asymmetries. The hatched regions
represent the weighted averages over the four subsamples of AΓ. The label 2011 (2012) is
abbreviated 11 (12) and MagUp (MagDown) is abbreviated U (D).
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Figure 6.2 – Asymmetry as function of t/τD (left) before and (right) after the correction,
for D0→ K +K − and D0→π+π− decay modes, with the straight line fit overlaid.

−3
0
3

11
U

p

Pulls of D0 → K−K+ (corr.)

−3
0
3

11
D

w

−3
0
3

12
U

p

0 2 4 6 8 10
t/τD

−3
0
3

12
D

w

(a) D0→ K +K −.

−3
0
3

11
U

p

Pulls of D0 → π−π+ (corr.)

−3
0
3

11
D

w

−3
0
3

12
U

p

0 2 4 6 8 10
t/τD

−3
0
3

12
D

w

(b) D0→π+π−.

Figure 6.3 – Normalised residual distribution for AΓ fits in D0→ K +K − and D0→ π+π−

decay modes, after the correction, for all the four subsamples.
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line represent the best fit.
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6.3 Robustness cross-checks

Several checks have been performed, as done for the D0→ K −π+ decay mode. The value of

AΓ in D0→ K +K − and D0→ π+π− decay modes is measured as a function of the following

variables: p(D0), pT(D0), |px (D0)|, η(D0) and nPV, in order to verify the robustness and the

reliability of the analysis procedure. The range of the chosen bins for each variable is the same

used for the measurement of AKπ
Γ (see tab. 5.3), and are reported in tab. 6.2 for convenience.

Figures 6.5 and 6.6 show AK K
Γ values returned from the fits in the different bins for each of the

chosen observable, while figures 6.7 and 6.8 show the same values for Aππ
Γ . It can be seen from

these results that after the symmetrisation correction, the values of AΓ are in agreement with

the hypothesis of no dependence among several observables. Although an incompatibility

with a constant survives after the correction in transverse momentum of the D0 meson for the

D0→π+π− decay sample (see fig. 6.7), it cannot be excluded to be just a statistical fluctuation.

Indeed, this AΓ dependence over the transverse momentum of the D0 meson is not observed

in the D0→ K +K − and D0→ K −π+ decay modes after the correction, which has a statistics

about a factor 3 and 30 larger than the D0→π+π− decay (see tab. 4.4), respectively.

Table 6.2 – Bins definition for each variable reported.

variable bin 1 bin 2 bin 3 unit

p(D0) [0, 50] ]50, 75] [75, ∞[ GeV/c
pT(D0) [0, 5] ]5, 7] [7, ∞[ GeV/c
|px (D0)| [0, 2] ]2, 4] [4, ∞[ GeV/c
η(D0) [2, 3.1] ]3.1, 3.6] [3.6, 5] -
nPV 1 2 [3, ∞[ -
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Figure 6.5 – Measured AΓ in D0→ K +K − decays (AK K
Γ ) as a function of p, pT and px of

the D0 meson, before (left) and after (right) the correction.
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Figure 6.6 – Measured AΓ in D0→ K +K − decays (AK K
Γ ) as a function of η of the D0 meson

and the number of primary vertex, nPV, before (left) and after (right) the correction.

100



6.3. Robustness cross-checks

c 50 GeV/≤)
0

p(D c 75 GeV/≤)
0

50 <p(D c 75 GeV/≥)
0

p(D

]
­3

 [
1
0

π
π Γ

A

15−

10−

5−

0

5

10

15

20 2011Up 2011Down

2012Up 2012Down

fit

2/ndf   = 12.74/11χ

2|ndf) = 0.311χProb(

 0.57±const. = 1.75 

no CP symm.

(a) Aππ
Γ vs. p (D0) before the correction.

c 50 GeV/≤)
0

p(D c 75 GeV/≤)
0

50 <p(D c 75 GeV/≥)
0

p(D

]
­3

 [
1
0

π
π Γ

A

15−

10−

5−

0

5

10

15

20 2011Up 2011Down

2012Up 2012Down

fit

2/ndf   = 13.45/11χ

2|ndf) = 0.265χProb(

 0.58±const. = 0.45 

  CP symm.

(b) Aππ
Γ vs. p (D0) after the correction.

c)<5 GeV/
0

(D
T

0<p c)<7 GeV/
0

(D
T

5<p c)>7 GeV/
0

(D
T

p

]
­3

 [
1
0

π
π Γ

A

15−

10−

5−

0

5

10

15

20 2011Up 2011Down

2012Up 2012Down

fit

2/ndf   = 39.17/11χ

2|ndf) = 0.000χProb(

 0.57±const. = 0.84 

no CP symm.

(c) Aππ
Γ vs. pT (D0) before the correction.

c)<5 GeV/
0

(D
T

0<p c)<7 GeV/
0

(D
T

5<p c)>7 GeV/
0

(D
T

p

]
­3

 [
1
0

π
π Γ

A

15−

10−

5−

0

5

10

15

20 2011Up 2011Down

2012Up 2012Down

fit

2/ndf   = 36.69/11χ

2|ndf) = 0.000χProb(

 0.58±const. = 0.32 

  CP symm.

(d) Aππ
Γ vs. p (D0) after the correction.

c)|<2 GeV/
0

(D
x

|p c)|<4 GeV/
0

(D
x

2<|p c)|>4 GeV/
0

(D
x

|p

]
­3

 [
1
0

π
π Γ

A

15−

10−

5−

0

5

10

15

20 2011Up 2011Down

2012Up 2012Down

fit

2/ndf   = 23.70/11χ

2|ndf) = 0.014χProb(

 0.57±const. = 1.17 

no CP symm.

(e) Aππ
Γ vs. px (D0) before the correction.

c)|<2 GeV/
0

(D
x

|p c)|<4 GeV/
0

(D
x

2<|p c)|>4 GeV/
0

(D
x

|p

]
­3

 [
1
0

π
π Γ

A

15−

10−

5−

0

5

10

15

20 2011Up 2011Down

2012Up 2012Down

fit

2/ndf   = 19.84/11χ

2|ndf) = 0.048χProb(

 0.58±const. = 0.51 

  CP symm.

(f ) Aππ
Γ vs. px (D0) after the correction.

Figure 6.7 – Measured AΓ in D0→π+π− decays (Aππ
Γ ) as a function of p, pT and px of the

D0 meson, before (left) and after (right) the correction.
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Figure 6.8 – Measured AΓ in D0→π+π− decays (Aππ
Γ ) as a function of η of the D0 meson

and the number of primary vertex, nPV, before (left) and after (right) the correction.
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6.4 Analysis validation

To further validate the analysis procedure, 103 “pseudo-experiments” are generated from

the data itself. These samples are generated resetting any possible existing CP asymmetry

by artificially reassigning a random charge to the soft pion, as explained in sec. 4.7. Then,

these samples are reprocessed using exactly the same code machinery used to perform the

main measurement. This is done for all four subsamples (2011,2012)× (MagUp,MagDown),

and then the average is calculated, exactly as in the real measurements. Figure 6.9 shows

the normalised residuals (defines as the difference between the true value of AΓ and the

reconstructed one divided for its statistical uncertainty) obtained for the D0 → K +K − and

D0→π+π− decay modes. The results exhibit means compatible with zero at a level of precision

of 3.2% and standard deviations compatible with the unit at a level of precision of 2.3%, thus

confirming the reliability of our analysis procedure and associated statistical uncertainties.

In addition, five different values of artificial AΓ are generated in order to check the linearity of

the analysis procedure. This test is done with charge-randomised sample (see sec. 4.7) from

D0→ K +K − decays. The results are reported in fig. 6.10, and as it can be seen the measurement

accurately tracks the input value of AΓ.
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Figure 6.9 – Normalised residuals for AΓ in D0 → K +K − and D0 → π+π− decay modes
obtained in toys based on random soft pion charge assignment after the correction
procedure (see text for details).
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7 Systematic uncertainty on secondary
decays

Contribution of secondary decays to the measured AΓ has been neglected so far, although a

residual contamination persists in the final data sample. This chapter is devoted to an accurate

study of such a contamination, and a systematic uncertainty is assessed to cover any possible

bias on AΓ.

7.1 Introduction

A contamination of charm mesons produced in b-hadron decays (secondary decays) in the fi-

nal sample may introduce time-dependent dangerous biases that may affect the measurement

of AΓ. The reconstructed decay-time of the D0 mesons candidates is systematically larger

than their genuine decay time, being calculated with respect to the primary vertex, which

does not coincide with the D0 production vertex, as schematically shown in fig. 7.1. Even if

the contamination from secondary decays in the final data sample is reduced to a few percent

level, thanks to the the requirement on the impact parameter χ2
IP of the D0 candidate (see

chap. 4), its impact on the AΓ measurement must be accurately quantified.

~p(h+)

~p(h−)

~p(D0)

−→
I P (h+)

PV /D∗+ DV~d
~p(π+

s )

~p(h+)

~p(h−)

~p(D0)

−→
I P (D0)

~p(µ)

B/D∗+ DV

PV

~d

~p(π+
s )

~p(X )

Figure 7.1 – Simple sketch of a prompt D∗ decay (left) and a secondary D∗ decay (right),
not drawn to scale.
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Chapter 7. Systematic uncertainty on secondary decays

The reconstructed D0 proper decay time is defined as

t (D0) = |~d |
γβc

= |~d |mD0

pD0
,

where |~d | is the reconstructed spatial distance between the D0 decay vertex and the primary

vertex of the collision, and γβ= pD0 /mD0 c is the reconstructed Lorentz boost of the D0 meson.

mD0 and pD0 are the invariant mass and the momentum of the D0 meson, respectively. In the

case of a secondary decay the distance |~d | does not correspond to the true distance travelled

by the D0 meson, since the D∗ does not decay immediately in the PV, as can be seen in fig. 7.1.

Hence, for secondary decays the D0 proper decay time is biased to higher values, and the

contribution of secondary decays to the measured raw asymmetry can be easily written as

Araw(t ) = (1− fsec(t ))Appt(t )+ fsec(t )Asec(t ), (7.1)

where Appt and Asec are the raw asymmetry for the prompt and secondary component, re-

spectively, equal to

Appt(t ) =
N+

ppt(t )−N−
ppt(t )

N+
ppt(t )+N−

ppt(t )
,

Asec(t ) = N+
sec(t )−N−

sec(t )

N+
sec(t )+N−

sec(t )
.

The fraction of secondary decays in the sample is fsec(t ) = Nsec(t )/(Nsec(t )+Nppt(t )), where

Nsec(t ) = N+
sec(t )+N−

sec(t ) and Nppt(t ) = N+
ppt(t )+N−

ppt(t ) are the total number of reconstructed

prompt and secondary decays, respectively. In order to measure the asymmetry of prompt

component, Appt, the contribution of secondary decays must be accurately accounted for.

A rough estimation of the fraction of secondary decays can be easily extracted using the

available information from past LHCb measurements on the same data sample [8, 58]. fsec(t )

can be considered, as a good approximation, to increase almost linearly with decay time

from about 0.0% at t/τD0 = 0, up to about 14% at decay time equal to t/τD0 = 10. The

production asymmetry of B mesons has been measured to be about O (1%) [59], and can be

safely assumed to be time-independent and the dominant contribution of Asec. Thus, a rough

estimate of the bias on AΓ, due to the presence of such a contamination is about 10−4. Since

the statistical uncertainties on AK K
Γ and Aππ

Γ are larger than 10−4, secondary contribution is

thus not subtracted but a systematic uncertainty is associated to such a choice.

7.2 Model of secondary decays

The fraction of secondary decays can be calculated with a good level of approximation just

using a simple analytical approach, with some reasonable assumptions

• the B → D∗X → [D0π]D∗ X decay occurs in one spatial dimension, the z-direction (b-
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Figure 7.2 – Secondary PDF (a) and the relative fraction (b) as function of D0 proper decay
time assuming that secondary decays happens in one spatial dimension.

hadrons decays have a large boost in the z-direction);

• same acceptance function on proper decay time both for prompt and secondary decays.

The first assumption is motivated by the LHCb geometry. In fact, b-hadrons decays are

reconstructed only at very high values of pseudo-rapidity, and consequently they have a large

boost. The second assumption, instead comes from the fact that secondary decay are similar

to prompt decays at lower values of decay time. For a detailed discussion on the accuracy

of these assumptions see app. F and sec. 7.5 where all possible systematic effects on the

procedure are studied and quantified.

The PDF of prompt decays is a simple exponential function with a coefficient equal to the

measured D0 lifetime τD0 ≈ 0.41ps [19]

Pppt(t ) =PD0 (t ) = 1

τD0
exp

[
− t

τD0

]
(t ≥ 0).

For secondary decays, under the assumptions listed above, the total PDF of a D0 decay coming

from a b-hadron decay can be written as the convolution of the PDF of the B decay and the

PDF of the D0 decay

Psec(t ) = (
PB ∗PD0

)
(t ) =

=
∫ ∞

0

1

τB
exp

[
− t − t ′

τB

]
· 1

τD0
exp

[
− t ′

τD0

]
dt ′

=
exp

[
− t
τB

]
−exp

[
− t
τD0

]
τB −τD0

(t ≥ 0);

where τB ≈ 1.57ps [19] is the measured average lifetime of the mixture of b-hadrons produced

in the pp collisions. The PDF for prompt and secondary decays are reported in fig. 7.2a. The
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Chapter 7. Systematic uncertainty on secondary decays

fraction of secondary decays as a function of the D0 proper decay time can be written as

fsec(t ) = nsec · A(t )Psec(t )

nppt · A(t )Pppt(t )+nsec · A(t )Psec(t )
(7.2)

where nsec is the total number of secondary decays and nppt the total number of prompt

decays. A is the total acceptance function in reconstructing a D∗ decay, assumed to be the

same for prompt and secondary decays. The fraction of secondary decays is plotted in in

fig. 7.2b for different values of the total fraction of secondary decays ftot = nsec/(nsec +nppt) =
1%,2%,5%,10%.

7.3 Evaluation of secondary fraction fsec

In order to estimate with a good level of approximation the behaviour of fsec as a function

of the decay time of the D0 meson both data and the analytical model described above are

used. The main challenge to extract fsec is the level of knowledge of the sculpting caused by

the selection requirements on the decay time distribution Psec(t) of the secondary decays.

This sculpting is mainly driven by the requirement on the χ2
IP of the D0 meson, necessary to

suppress the contamination of secondary decays, see chap. 4. Its impact cannot be assessed

relying on the full realistic LHCb simulation since the available statistics is not sufficient

by large to achieve the desired level of precision. Furthermore, even without any statistical

limitation, it is very hard to only rely on the MC for reproducing with the sufficient level of

precision such effects.

However, it can be safely assumed that the effect of requiring χ2
IP(D0) < 9 decreases as a

function of the the decay time, thus fsec(t) tends to be equal to the secondary fraction that

one would obtain without applying any requirement on χ2
IP(D0) going towards lower time

values. From the other side the distribution of the proper decay time at lower time values

(t < 2τD0 ) is namely sculpted by the requirements on the χ2
IP and on the momenta of the D0

decay products, however the total acceptance function can be approximately extracted from

data by looking at the ratio between the proper decay time distribution and a pure exponential

function with the D0 lifetime as a slope (see fig. 7.3). As said above, the acceptance is assumed

to be the same for prompt and secondary components. Using the simple analytical model

described in sec. 7.2 and the acceptance function of fig. 7.3 the PDF Psec(t) for secondary

decays can be analytically written.

The absolute normalisation of secondary PDF can be measured by data itself by fitting a distri-

bution where prompt and secondary decays can be distinguished, as the χ2
IP(D0) distribution.

In order to fit this, the model of prompt component is extracted from the first bin of the proper

decay time distribution and it is fixed in the fit of other time bins. In particular, the fit is

performed only for the last four bins (higher decay time), where the measurement of fsec is

much more reliable, being the relative fraction of secondary decays large and the two separate

peaks are clearly visible. The fit projections are reported in fig. 7.4. While the quality of the fits
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Figure 7.3 – Selection acceptance relative to a pure exponential distribution.

is not excellent, it is totally satisfactory for the purpose of assessing a systematic uncertainty.

Using the analytical function Psec(t), along with the absolute normalisation extracted as

described above, the absolute number of secondary decays Nsec(t ) as a function of the decay

time can be extracted without any requirement on the χ2
IP(D0) variable, being the analytical

model very reliable in absence of sculpting of the distribution at higher time values. At this

point, by making the difference (bin by bin) with the observed total decay time distribution,

the number of prompt decay Nppt(t ) as a function of time can be easily extracted, for obtaining

fsec. This is shown by blue triangles in fig. 7.5 where the last four bins are extracted directly

from data without any input from the analytical model.

For the final measurement, however, the fraction of secondary decays requiring χ2
IP(D0) < 9 is

needed. For the last four bins of the decay time distribution the fits to data (see fig. 7.4) directly

provide the prompt and secondary contribution, interpolating over the range log(χ2
IP(D0)) <

log(9) ' 2.2, and the results are reported in fig. 7.5 with black dots. Since at lower time the effect

of the sculpting of the requirement on the χ2
IP(D0) tends to disappear, fsec(t) is empirically

approximated as the function (red dashed line) intersecting the black dots at higher proper

decay time and the blue triangles at lower proper decay time. This represents with a good

approximation the fraction of secondary decays when the requirement χ2
IP(D0) < 9 is applied.

7.4 Evaluation of Asec

In order to asses the systematic uncertainty on AΓ using eq. (7.1) Asec(t ) needs to be estimated.

This is extracted by data itself, by inverting the cut on χ2
IP(D0), requiring log(χ2

IP(D0)) > 4,

in order to have a pure sample of secondary decays, without any contamination of prompt

decays. Asec(t) is fit to a constant, see fig. 7.6, and results are reported on tab. 7.1 for the

different subsamples. The fact that Asec(t ) may receive a small time dependent contribution

from AK K
Γ and Aππ

Γ is discussed in the next section.
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Figure 7.4 – Projections of χ2
IP(D0) distribution fits in different bins of the D0 meson decay

time to extract the normalisation factor. The model of prompt decays is extracted from
the first bin of the decay time reported in (a).
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Figure 7.5 – Secondary fraction fsec(t ). Zoom on y-axis is shown on the right.

Table 7.1 – Fit results of Asec(t ) to a constant.

sample const [10−3]

2011 MagUp 5.60±2.12
2011 MagDown 3.15±1.77
2012 MagUp 5.87±1.28
2012 MagDown 4.32±1.26
weighted average 4.80±0.75

7.5 Systematic uncertainty and robustness checks

In order to quantify the effect of secondary decays on the AΓ measurement in each time bin ti ,

Appt(ti ) is evaluated by inverting eq. (7.1), as follows

Appt(ti ) = 1

1− fsec(ti )
(Araw(ti )− fsec(ti )Asec(ti )).

The difference between the slopes resulting from the fit of Araw(ti ) and Appt(ti ) values is named

∆, and it is separately measured for the D0→π+π−, D0→ K +K − and D0→ K −π+ decay modes.

While Araw(ti ) values are the measured asymmetries in each time bin, and are separately taken

for each decay mode to estimate the correction ∆, Asec(ti ) and fsec(ti ) are evaluated using the

analytical functions Asec(t) and fsec(t) extracted from the high statistics D0→ K −π+ mode,

as described in sec. 7.3 and sec. 7.4. No appreciable differences are expected for fsec(t) in

the three different data samples, and therefore it can be safely assumed to be the same. As

far as Asec, the only difference may come from a possible time dependent contribution from

the measured AΓ, however it has been verified that such an effect is negligible because of

the dilution due to the larger time values of secondary decays with respect to prompt decays.

Figure 7.7 shows the slopes of Appt(t) and Asec(t) when an AΓ equal to 1σ of the statistical

uncertainty of AK K
Γ and Aππ

Γ is injected.
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Figure 7.6 – Asec(t ) for all the four subsamples, in the D0→ K −π+ mode.

To keep into account the effect due to a time dependent contribution of the measured AΓ
through the Araw(ti ) values, the extraction of ∆ is repeated on 1000 pseudo-experiments, that

are generated by randomly varying Araw(ti ) within their Gaussian statistical uncertainties. For

each pseudo-experiment Araw(ti ) and Appt(ti ) are fitted to a straight line and the distribution

of the difference ∆ between the two slopes is plotted. Results are reported in fig. 7.8 where the

fit to a Gaussian is overlaid, while tab. 7.2 summarises the values returned from the fit, of each

data sample, for the mean (∆) and its uncertainty sigma (σAΓ).

The impact on ∆ of the uncertainty on Asec and fsec(t ) are also studied. If Asec is varied within

±1σ of its statistical uncertainty a variation on ∆ of σAsec = 0.012×10−3 is found, the same

for all data samples. Different empirical models for fsec(t) are studied, as shown in fig. 7.9.

Table 7.2 – ∆ results from pseudo-experiments in unit of 10−3.

sample ∆ σAΓ σAsec σ fsec

√
∆2 +σ2

AΓ
+σ2

Asec
+σ2

fsec

D0→ K −π+ 0.094 0.008 0.012 0.035 0.101
D0→ K +K − 0.065 0.022 0.012 0.041 0.081
D0→π+π− 0.113 0.041 0.012 0.026 0.123
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Figure 7.7 – Appt(t) and Asec(t) when an AΓ equal to 1σ of the statistical uncertainty of
(left) AK K

Γ and (right) Aππ
Γ is injected.

The maximum variation of ∆ is equal to σ fsec = (0.035, 0.041, 0.026) × 10−3 for the (D0 →
K −π+, D0 → K +K −, D0 → π+π−), respectively. They correspond to the same black-dashed

curve reported in fig. 7.9, that has to be compared with the red-dashed curve corresponding to

our nominal and best estimate of fsec(t ). The obtained values for σ fsec , reported in tab. 7.2, are

smaller than the values obtained for the correction ∆, despite the wild variations covered by

the used empirical models for fsec. Possible differences in the acceptance function between

prompt and secondary decays (assumed to be the same for extracting fsec(t )) result therefore

well covered by the range spanned by this test, being much smaller (see app. F).

In conclusions a conservative systematic uncertainty on the presence of a residual contami-

nation of secondary decays is assessed, for D0→ K +K − and D0→π+π−, equal to the sum in

quadrature

∆AΓ =
√
∆2 +σ2

AΓ
+σ2

Asec
+σ2

fsec

obtaining a total uncertainty for D0→ K +K − and the D0→π+π−

∆AK K
Γ = 0.08×10−3,

∆Aππ
Γ = 0.12×10−3.

These correspond to the total effect of not subtracting at all such a background from the final

data sample and, as expected, they come out to be much smaller than the current statistical

uncertainty both for the D0→ K +K − and D0→π+π−.
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Figure 7.8 – ∆ results from pseudo-experiments. ∆ is expressed in 10−3 units.

0 2 4 6 8 10
t/τD

0

10

20

30

40

50

60

f s
ec

(t
)[

%
]

max variation on AΓ

nominal model
no χ2

IP (D0) requirement

0 2 4 6 8 10
t/τD

0

2

4

6

8

10

12

14

f s
ec

(t
)[

%
]

max variation on AΓ

nominal model
no χ2

IP (D0) requirement

Figure 7.9 – Different empirical models for secondary fraction fsec (t). Zoom on y-axis is
shown on the right panel.
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8 Robusteness checks and systematic
uncertanties

This chapter is focussed on describing in detail the cross-checks performed to confirm the sta-

bility of the analysis and the residual systematic effects that may impact the AΓ measurement.

It turned out that all studied systematic effects are significantly smaller than the statistical

uncertainties.

8.1 Discretisation of the correction procedure

The choice of the binning size of the reweigh procedure to correct time dependent detection

asymmetries is driven by the statistics of the less abundant D0→π+π− data sample. The size

of the bins cannot be too large in order to avoid the degradation of the effect of correction1,

while in the other way it cannot be too fine to avoid to make statistical fluctuations too

large. While the effect of statistical fluctuations due to the finite bin size is measured with

randomised samples (see sec. 6.4), and is included in the quoted statistical uncertainty, the

fact of approximating a continuous function, in the three-dimensional (k,θx ,θy ) space, with

an histogram (in each bin the reweighing function is assumed to be constant) may affect the

AΓ measurement.

In order to investigate such an effect the measurement of AKπ
Γ on the high statistics D0→ K −π+

mode is repeated varying the size of the binning scheme2 by a factor s = 1/8,1/4,1/2,2,4,8,

where each space dimension is rescaled with the same factor s1/3. Results are reported on

tab. 8.1 and on fig. 8.1 where s = 1 obviously corresponds to the binning size of the central

analysis. The behaviour of AKπ
Γ as a function of the binning size is as expected and confirms

that the binning size of the central analysis is optimal, by minimising the statistical fluctuations

without degrading the correction.

Conservatively, a systematic uncertainty equal to ∆AΓ = 0.02×10−3 is assessed, which is the

1The limit case of a reweighing with just one single bin would correspond to do not apply any correction, but
only an equalisation of the total number of D0 and D0 candidates.

2In the central analysis (50, 55, 11) bins for the (k, θx , θy ) space are used, respectively. See app. E for details.
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Chapter 8. Robusteness checks and systematic uncertanties

Table 8.1 – AKπ
Γ results with different bin size of the correction reweighing.

s 1/8 1/4 1/2 1 2 4 8

AKπ
Γ [10−3] 0.25 0.19 0.18 0.16 0.15 0.16 0.15

#total bins
100 200

310×

]
-3

 [
10

π
K Γ

A

0

0.05

0.1

0.15

0.2

0.25

0.3
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0.4

Figure 8.1 – AKπ
Γ as a function of binning size of the correction reweighing. The red square

represents the nominal binning scheme.

larger value of the difference between AKπ
Γ obtained with factors s = 1/2 and s = 2 and the

central analysis s = 1.

8.2 Subtraction of random pion background

The small random pion background is removed by performing a sideband subtraction based

on the mass difference ∆m, as described sec. 4.6. The signal region is [144.45,146.45] MeV/c2,

corresponding to about ±5σ around the mean value of the peak, and the sideband is taken

in the interval [149,154] MeV/c2. The contribution of events in the sideband is subtracted by

giving them a negative weight, determined by a normalisation factor given by the ratio of the

total number of background events in the peak region to the number of such events in the

sideband region.

As a check of the overall impact of the background subtraction on the final measurement the

analysis is repeated without performing any background subtraction. The changes relative

to the nominal fit are ∆AK K
Γ = 0.12×10−3 and ∆Aππ

Γ = 0.08×10−3. These variations may also

contain a statistical component; what is clear it that it is a small effect, and the systematic

uncertainty associated to this subtraction is expected to be quite small.

The subtraction procedure relies on two things: (i) the correct determination of the normalisa-

tion factor and (ii) the assumption that the impact on AΓ of the background events located

under the peak is the same as for those found in the sideband. The effect of uncertainties

on the result of the subtraction is therefore given by two contributions: one is of the order of
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8.2. Subtraction of random pion background
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Figure 8.2 – Measurement of AKπ
Γ in the ∆m sideband.
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Figure 8.3 – Distribution of decay time in the ∆m peak and sideband regions.

σ f ×|AΓ(bkg)|, the other is about f ×σ(AΓ(bkg)), where f is the background to signal ratio

under the peak, and AΓ(bkg) is the value of AΓ for the background events. As it can be seen

in fig. 8.2, the value of AΓ(bkg) is quite small O (10−4); this, combined with the smallness of

the background fraction f ' 0.03, implies that the first contribution to the uncertainty will

necessarily be ¿ 10−6, and therefore completely negligible.

The second point essentially translates into requiring that the slope of the asymmetry of the

events in the sideband is the same as the background events under the peak - and secondarily

that the sample distribution over decay time is not too different. The latter assumption is

checked in fig. 8.3 where it can be clearly seen that the distributions of decay times in the

peak and sideband regions are remarkably similar to each other. This implies that in any

linearly weighted combination of the two samples, the slopes of their asymmetries will linearly

combine. Finally, in order to test the reliability of the chosen sideband in reproducing the

distribution of background events under the peak, additional studies are performed taking 3

different sidebands, one to the left and two to the right of the signal peak (covering a region

similar to the one chosen for the measurement). By measuring the asymmetry slope in these
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Figure 8.4 – Measurement of AKπ
Γ in the different ∆m sidebands. The blue vertical lines

represent the signal region. The red horizontal line is the average value of the data points.

3 regions, it can be checked whether there are any significant variations in different regions

of ∆m. In principle no significant effects are expected, being this a random combinatorial

background. The results are shown in fig. 8.4. It can be seen that the values are all quite

small and there is no statistically significant dependence. The uncertainty of the extrapolation

under the peak is even lower that the statistical fluctuation associated to the events in the

sideband used for the actual subtraction. While there is a statistical component to that number,

conservatively its full value is taken as systematic uncertainty on the extrapolation from the

sideband region to the peak region. Therefore, the uncertainty contribution f ×σ(AΓ(bkg)) is

determined as 0.011×10−3, for both K K and ππ modes.

8.3 Peaking backgrounds

While the combinatorial background is accurately subtracted with the∆m sideband procedure,

partially- or mis-identified D0 decays may peak in the ∆m distribution, thus mimicking the

signal distribution of a real D∗ → D0π→ [h+h−]π decays, and represent a background compo-

nent (“peaking background”) that is not removed by the sideband-subtraction procedure. In

particular, the D0 mass distribution of D0→ K +K − decays is most likely affected by “peaking

background” since the kaon mass hypothesis can compensate for a loss in invariant mass

when decays as D0→ K −π+π0, D0→ K −π+π− and D+
s → K +K −π+ are partially-reconstructed.

These decays, however, do not peak in the D0 mass, but they appear as having a broad distri-

bution, in some cases contaminating the D0 signal mass window (see refs. [8, 35, 58]).

In order to assess the systematic uncertainty due to the presence of these residual backgrounds

under the signal region of ∆m distribution, the D0 mass sidebands, defined as the region

within [mD0 −6σ,mD0 −3σ]∪ [mD0 +3σ,mD0 +6σ]MeV/c2 where σ= 8MeV/c2, are studied3.

3As reminder, the signal region is defined as candidates falling in the D0 mass window within [mD0 −3σ,mD0 +
3σ]MeV/c2 see chap. 4
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Figure 8.5 – The distributions of the D0 mass, before (in red) and after (in black) the ∆m
sideband subtraction.

The distributions of the D0 mass, before and after the ∆m sideband subtraction, are shown

in fig. 8.5, where the requirement of belonging to the signal mass region [mD0 −3σ,mD0 +
3σ]MeV/c2 is relaxed with respect to the final measurement, in order to visualise what happens

in the D0 mass sidebands. The presence of a small residual background cannot be excluded,

also after the∆m sideband subtraction, in particular for the D0→ K +K − decay mode. In order

to quantify the size of this “peaking background” in the sample, the ∆m distribution in the

D0 mass sidebands is fit, using the same PDF for signal and random pion background, as

described in sec. 4.6. All the parameters for the signal and the random pion background are

fixed to those extracted from the fit to the full data sample, except for the addition of a scale

factor (σi → s ·σi ) to the signal shape, in order to take into account that D0 candidates are

selected in the D0 mass sidebands (including also candidates with soft photon emission) and

a wider signal peak in ∆m distribution is expected. A Gaussian component is also added to

model contribution of mis-reconstructed decays. The fit results are reported in fig. 8.6 for the

D0→ K +K − and D0→ π+π− decay modes. For the D0→ K +K − decay mode a contribution

(grey region) of mis-reconstructed decays is clearly visible, while for D0→π+π− the returned

fraction is compatible with zero. The number of mis-reconstructed decays within the ∆m

signal region of fig. 8.6a is about 17×103 for the D0 → K +K − decay mode, and assuming a

linear behaviour for the background in the D0 mass (motivated by previous studies [8, 35, 58,

60]) it is possible to extrapolate a contamination of mis-reconstructed decays of about 0.51%,

under the nominal signal region.

In order to assess a systematic uncertainty associated to this small contamination on the
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Figure 8.6 – ∆m distribution of the (a) D0→ K +K − and (b) D0→π+π− candidates in the
D0 mass sidebands. The vertical red dotted line represents our signal region.

final measurement, the measurement of AK K
Γ has been repeated in the D0 mass sidebands

and outside the signal region of fig. 8.6a, obtaining a value of (1.70±0.90)×10−3. This mea-

surement receives contributions both from random pions background (76%) and from mis-

reconstructed background (24%), that must be disentangled. However, AΓ of random pi-

ons background can be measured using the ∆m sidebands (within the D0 signal region

[mD0 −3σ,mD0 +3σ]MeV/c2) and it comes out to be compatible with zero at a level of pre-

cision of 0.36×10−3 as reported in fig. 8.2.4 Thus, the value of AΓ due to peaking back-

ground, Amis
Γ , is extracted by (1.70±0.90)×10−3 = 0.24 · Amis

Γ +0.76 · Arnd
Γ , where substituting

Arnd
Γ = 0.36×10−3, it comes out Amis

Γ = (5.94±2.61)×10−3. Thus, the assigned systematic

uncertainty is 0.05×10−3 (≈ max(0.51% · (5.94±2.61)×10−3)) because the presence of mis-

reconstructed decays in the D0→ K +K − decay mode. As far as the D0→ π+π− decay mode

any systematic uncertainty is assigned, because the same effect is .O (10−6).

8.4 L0 trigger effects

No requirement is applied at the first level of the LHCb trigger, as described in sec. 4.2, and

this translates into the logical OR of all the L0 triggers. In order to check the stability of the

measurement because of this choice, all samples are split into two statistically independent

subsamples, according to two different trigger categories, and the measurement is repeated

independently on each of them. The two trigger categories are

4Since no difference is expected between the D0→ K−π+, D0→ K+K− and D0→ π+π− in the random pion
background, the high statistics D0→ K−π+ data sample is used to extract AΓ (see fig. 8.2 and fig. 8.4). However, the
same measurement in the D0→ K+K− mode return AΓ compatible with zero with a precision of about 1.5×10−3.
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8.5. Multiple candidates

• L0TOS - if the D0 candidate fired the L0Hadron (see sec. 4.2);

• L0TOS - otherwise (including also events where the L0Hadron did not fire at all);

where TOS stands for Trigger On Signal and means that the signal decay is sufficient to generate

a positive trigger response. Repeating the measurements on the high statistics D0→ K −π+

decay mode, the value obtained are AKπ
Γ (L0TOS) = (0.17±0.17)×10−3 and AKπ

Γ (L0TOS) =
(0.12±0.13)×10−3 in perfect agreement with each other. Thus, no systematic uncertainty is

assigned on this trigger choice.

8.5 Multiple candidates

Multiple candidates are randomly chosen (see sec. 4.5) in order to avoid possible biases. In or-

der to check the impact of such a choice on the final measurement, AKπ
Γ is measured retaining

all multiple candidates. In this way, a possible effect due to the presence of multiple candidates

would be amplified in the final measurement. The returned value is (0.14±0.10)×10−3. The

very small shift of 0.02×10−3 with respect to the central value cannot be only ascribed to a

possible bias generated by multiple candidates. A statistical component is entangled and it

should be considered in the comparison between the two values. However, the obtaining

shift is small with respect to the current statistical uncertainty and a rigorous evaluation of

statistical correlations of the two sample would further reduce the size of the observed shift.

Thus, no systematic uncertainty is assigned.

8.6 Decay time resolution

The decay time resolution σt ≈ 50fs is expected to have a negligible impact on the measure-

ment, since it is much smaller than the D0 lifetime and since it is the same for D0 and D0.

However, it does affect the observed time scale and therefore the measured AΓ. The size of

this effect is quantified by measuring AΓ on 900 pseudo-experiments by generating 106 D

candidates for each of them. An exponential function sculpted by the acceptance function is

smeared with a Gaussian resolution function having a standard deviation equal to σt , and is

used to generate the proper decay time distribution for D0 and D0 candidates, for different

values of AΓ. The difference between the measured value (Ameas
Γ ) and the true value (Atrue

Γ ) is

distributed as a Gaussian with a mean compatible with zero at the level of 0.01×10−3. This is

repeated for three different values of Atrue
Γ =−0.6×10−3,0,+0.6×10−3, and results are reported

in fig. 8.7. The values Atrue
Γ =±0.6×10−3 are chosen because of the statistical uncertainty of

the D0→ π+π− measurement, being the larger one. The value Atrue
Γ = 0 is just a crosscheck

between the two values of interest, since for Atrue
Γ = 0 any bias is expected by construction at

any value of the time resolution.

In conclusion, the bias on the AΓ measurement, due to the decay time resolution, is certainly

below 0.01×10−3 since no significant deviation from zero is observed at this level of precision.

This is smaller than our dominant systematic uncertainty by about a factor of 10, therefore
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Figure 8.7 – Ameas
Γ - Atrue

Γ as a function of different values of Atrue
Γ . The fit to a (left)

constant and to (right) a straight line are overlaid.

any systematic uncertainty is assigned.

8.7 Summary

Summary of systematic uncertainties is reported in tab. 8.2. The dominant systematic un-

certainty comes from the residual secondary contribution (see chap. 7). The systematic

uncertainty associated to the secondary contribution corresponds to the whole size of the

effect, as explained in chap. 7, resulting into a conservative estimation, where large room of

improvement is possible. In the D0→ K +K − decay mode also the contribution of the peaking

background translates into a significant systematic uncertainty. Nevertheless, the total sys-

tematic uncertainty is less than one third of the statistical uncertainty (see chap. 6) confirming

the robustness and reliability of the measurement.

Table 8.2 – Summary of systematic uncertainties reported in units of 10−3.

Syst. sources ∆AΓ(D0→ K +K −) ∆AΓ(D0→π+π−)

Secondary decays 0.08 0.12
Correction discretisation 0.02 0.02
Background subtraction 0.01 0.01
Peaking background 0.05 –

Total 0.10 0.12
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9 Results and conclusion

This chapter presents the final result of this thesis and a discussion of its impact in the current

experimental landscape.

9.1 Final results

The full LHCb Run I data sample, corresponding to 3 fb−1 of integrated luminosity, is used to

measure the CP violation AΓ parameter in the singly-Cabibbo suppressed D0→ K +K − and

D0→π+π− decay modes, obtaining

AΓ(D0→ K +K −) = (−0.30±0.32±0.10)×10−3,

AΓ(D0→π+π−) = ( 0.46±0.58±0.12)×10−3,

where the first uncertainties are statistical and the second are systematic. The results for the

two decay modes are consistent and show no evidence of CP violation. These results are

the most precise measurements to date of these quantities and are consistent with previous

measurements [32, 33, 37] and with the previous LHCb results [35] obtained from a subsample

of the data analysed in this thesis, that they supersede with an improvement in precision of

nearly a factor 2. They are also consistent with the AΓ measurements [38] performed by LHCb

in the separate muon-tagged sample over the same data taking period.

9.1.1 Combination

Assuming that the value of AΓ is universal, i.e. independent from the final state as described

in sub-sec. 1.8.1, the results for the D0 → K +K − and the D0 → π+π− decay modes can be

combined together being the measurement of the same quantity. The statistical uncertainties

between the two measurements are independent, while the systematic uncertainties are not

and they have to be appropriately treated. Systematic uncertainties and their correlations

between the two measurements are reported in tab. 9.1. Systematic uncertainties on secondary

decays are conservatively assumed to be fully correlated between the two measurements. The
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Chapter 9. Results and conclusion

Table 9.1 – Systematic uncertainties on AK K
Γ and Aππ

Γ along with their correlations.

syst. uncertainty source AK K
Γ Aππ

Γ correlation

Secondary decays 0.08 0.12 100%
CP-sym. reweighing 0.02 0.02 100%
Background subtraction 0.01 0.01 100%
Peaking background 0.05 − 0%

−2 −1 0 1 2 3

AΓ [10−3]

Belle 2012

Babar 2012

CDF 2014

LHCb 2015 µ tag

LHCb 2016 D∗+ tag

World average

−0.30 ± 2.00 ± 0.80

0.88 ± 2.55 ± 0.58

−1.20 ± 1.20

−1.25 ± 0.73

−0.13 ± 0.28 ± 0.10

−0.32 ± 0.26

Figure 9.1 – World weighted average of AΓ including the measurement reported in this
thesis (LHCb 2016 D∗+ tag, reported in red). The hatched region represents the 1σ band
for the world average. The other measurements are Belle 2012 [32], BaBar 2012 [33], CDF
2014 [37] and LHCb 2015 µ-tag [38].

two measurements are then combined using the best linear unbiased estimator (BLUE) [61]

obtaining the following value

AΓ(K K +ππ) = (−0.13±0.28±0.10)×10−3.

where the first uncertainty is statistical and the second one is systematic. This is the most

precise measurement of CP violation in the charm sector, leading the world average, as shown

in fig. 9.1.

The result is also compatible with the AΓ measurement [38] performed by LHCb in the statisti-

cally independent muon-tagged sample over the same data-taking period. Therefore, they are

combined to yield the overall LHCb Run I result

AΓ(K K +ππ,LHCb Run I) = (−0.29±0.28)×10−3.
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9.2. AΓ implications on charm CP violating parameters

9.2 AΓ implications on charm CP violating parameters

While the value of AΓ is directly related to the indirect CP violation, AΓ =−Aind
CP , as described

in chap. 1, the direct CP violation, Adir
CP , can be inferred by measuring the time-integrated CP

asymmetry 〈ACP (t)〉. It comes from the integral of the time-dependent asymmetry, ACP (t)

(see eq. (1.26)), over the observed decay time distribution, D(t ),

〈ACP (t )〉 =
∫

dt ACP (t )D(t )∫
dt D(t )

=
∫

dt

(
Adir

CP + Aind
CP

t

τD0

)
D(t )/

(∫
dt D(t )

)
= Adir

CP + 〈t〉
τD0

Aind
CP ,

where 〈t〉 = ∫
dt tD(t )/

(∫
dt D(t )

)
is the average decay time in the reconstructed sample. As

for AΓ, 〈ACP (t )〉 can be separately measured both for D0→π+π− and D0→ K +K −. However,

absolute CP asymmetry measurements are experimentally challenging in LHCb, because

of the presence of nuisance parameters, as the production and the detection asymmetries

(see sub-sec. 2.2.1). Thus, the difference between the asymmetry of the D0→ K +K − and the

D0→π+π− decay modes, ∆ACP , where the detection and the production asymmetries cancel

out, is a better observable and its value is

∆ACP ≡ ACP (D0→ K +K −)− ACP (D0→π+π−)

≈∆Adir
CP + ∆〈t〉

τ
Aind

CP ,

where ∆Adir
CP is the difference between the direct CP violation in D0→ K +K − and D0→π+π−

decay modes and ∆〈t〉 is the difference between the average reconstructed decay times

〈t(K +K −)〉 and 〈t(π+π−)〉. The measurements of ∆ACP and AΓ observables by LHCb are

combined to infer the individual values of ∆Adir
CP and Aind

CP , where the latter is assumed to be

the same for D0→ K +K − and D0→ π+π− modes. All the measurements are assumed to be

statistically independent and systematic uncertainties are assumed to be fully uncorrelated. A

χ2 is used to combine all the measurements and the final results are shown in the (Aind
CP ,∆Adir

CP )

plane of fig. 9.2. The values of the indirect and the direct CP asymmetries are found to be

Aind
CP = ( 0.29±0.28)×10−3,

∆Adir
CP = (−0.56±0.76)×10−3,

and are consistent with the hypothesis of CP symmetry with a p-value of 0.79. These are

definitively the “final words” of the LHCb experiment on the CP violation of D0 mesons

decaying to two bodies.

LHCb has also recently provided individual time-integrated measurements of ACP (D0 →
K +K −) and ACP (D0 → π+π−) [65]. The same procedure described above can be separately

repeated for the D0→ K +K − and the D0→π+π− to infer values of the indirect and the direct
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Figure 9.2 – Contour plot of ∆Adir
CP and Aind

CP . The point at (0,0) denotes the hypothesis
of no CP violation. The solid bands represent the measurements in refs. [38, 62, 63] and
those reported in this thesis (AΓ prompt). The value of yCP is taken from ref. [64]. The
contour lines shows the 68% (solid), 95% (dashed) and 99% (dotted) confidence-level
intervals from the combination.

CP violation in the two decay modes. The results are

Aind
CP (D0→ K +K −) = ( 0.45±0.29)×10−3,

Adir
CP (D0→ K +K −) = (−0.37±1.56)×10−3.

Aind
CP (D0→π+π−) = (−0.27±0.49)×10−3,

Adir
CP (D0→π+π−) = ( 1.13±1.78)×10−3.

and are reported also in fig. 9.3. Both results are compatible with the CP symmetry hypothesis,

and they are the most precise measurements of these observables. However, contrary to the

combination of ∆Adir
CP and Aind

CP reported in fig. 9.2, which is free from any external experi-

mental and theoretical constraint, ACP (D0→ K +K −) and ACP (D0→π+π−) [65] are measured

assuming no CP violation in the charm-mixing and in the Cabibbo-favoured D0 → K −π+,

D+→ K −π+π+ and D+→ K 0π+ decay modes.

9.3 Future perspectives

This thesis describes the measurement of AΓ with the full Run I data sample collected by

the LHCb experiment, corresponding to 3 fb−1 of integrated luminosity. The large statistics

accumulated during the Run I will be exceeded during the current Run II. The total recorded
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Figure 9.3 – Contour plot of Adir
CP and Aind

CP in the (left) D0→ K +K − and the (right) D0→
π+π− decay modes. The point at (0,0) denotes the hypothesis of no CP violation. The
solid bands represent the measurements in ref. [65] (ACP prompt + SL), ref. [38] (AΓ SL)
and those reported in this thesis (AΓ prompt). The contour lines shows the 68% (solid),
95% (dashed) and 99% (dotted) confidence-level intervals from the combination.

luminosity during the 2015 and 2016 is about 0.3 fb−1 and 1.7 fb−1, respectively, for a total

integrated luminosity of 2 fb−1. Due to the increasing of the centre-of-mass energy, from 8TeV

to 13TeV, and several improvements in the trigger and data acquisition systems, the number

of reconstructed D0→ h+h− is about a factor 3 per fb−1 times larger than in Run I. Thus, it is

very likely to expect a statistical sensitivity to AΓ with the total Run I and Run II data sample of

about1

σAΓ(Run I & Run II) =σAΓ(Run I)

√
3

3+2×3
= 0.32×10−3

√
3

9
≈ 0.18×10−3,

still far away from the systematic uncertainty of the measurement reported in this thesis. The

Run II will continue in 2017 and 2018, assuming the same performances of the 2016, the total

integrated luminosity (Run I + Run II) recorded by LHCb will be about 8.4 fb−1. The sensitivity

to AΓ will be about 0.11×10−3, compatible with the systematic uncertainty assessed in the

measurement reported in this thesis.

An upgrade of the LHCb detector is expected to be installed in the Long Shutdown II (2019-

2020), in order to collect up to 50 fb−1 of integrated luminosity during the Run III (2021-2023).

Assuming to have the same efficiency of the Run II, the collected statistics will be about 150

times the Run I statistics (about 1.5 billion of D0→ K +K − events), leading to a sensitivity for

AΓ of

σAΓ(Run III) =σAΓ(Run I)

√
3

150
≈ 0.05×10−3,

1The statistical error on AΓ is assumed to scale as the inverse of the square root of the number of events.
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which is only a factor two smaller than the current systematic uncertainty. This point is

extremely relevant because it demonstrates that the measurement of the AΓ parameter, as

described in this work, can be easily extended, as it is, to the future LHCb-Upgrade sample. It is

not absurd to think that with some extra work LHCb will be able to extract the effect due to the

contamination of secondary decays in the final data sample with a rough precision of about

10%, reducing the current systematic uncertainty (corresponding to the whole size of the

effect) to the value of about 0.06×10−3, compatible with the expected statistical uncertainty

of the Run III.

9.4 Conclusions

This thesis reports the world best measurement of the time-dependent CP asymmetries in

the decay rates (AΓ) of the singly Cabibbo-suppressed decays D0→ K +K − and D0→π+π− in

pp collision data at centre-of-mass energies of 7 and 8TeV collected by the LHCb detector

during the LHC Run I, corresponding to an integrated luminosity of 3 fb−1. The results are

consistent with CP conservation and improve by nearly a factor two the previous world leading

measurements, also obtained by LHCb using the 2011 subsample of the current data. In the

end, they are the LHCb final words with the Run I data sample and are the most precise result

of CP violation of the experiment to date.

The presented measurements are statistical limited and the current precision of the assessed

systematic uncertainty will be reached in the next years only with the full data sample that

will be collected by the future LHCb upgrade (2021-2023). Therefore, beyond the intrinsic

value of performing the world best measurement of the AΓ observable, in order to search first

hints of CP violation in the charm sector, the work documented in this thesis proves that high

precision CP violation measurements will be feasible in the future with an unprecedented

level of precision, greatly increasing the possibility of observing the CP violation in the charm

sector.
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A D0→ K ∓π± decay rates

The high statistics Cabibbo-favoured (CF) D0→ K −π+ decays data sample plays a central role

in the analysis being an excellent control channel. In fact, the expected value of pseudo-AΓ
on this data sample is undetectable at the current experimental sensitivity. While the time-

dependent decay rates for a D0 meson decaying to CP eigenstate f are reported in chap. 1,

here the calculation of the pseudo-AΓ is reported in detail.

The amplitudes for CF D0→ K −π+ decays and doubly Cabibbo-suppressed (DCS) D0→ K +π−

decays are defined as

AK −π+ = 〈K −π+|H |D0〉, AK +π− = 〈K +π−|H |D0〉,
AK +π− = 〈K +π−|H |D0〉, AK −π+ = 〈K −π+|H |D0〉,

where H is the decay Hamiltonian.

The time-dependent decay rates for the CF D0→ K −π+ and D0→ K +π− decays are

Γ(D0(t )→ K −π+) = 1

2
e−Γt |AK −π+ |2{(1+|λK −π+ |2)cosh(yΓt )+ (1−|λK −π+ |2)cos(xΓt )

+2ℜ(λK −π+)sinh(yΓt )−2ℑ(λK −π+)sin(xΓt )},

Γ(D0(t )→ K +π−) = 1

2
e−Γt |AK +π− |2{(1+|λ−1

K +π− |2)cosh(yΓt )+ (1−|λ−1
K +π− |2)cos(xΓt )

+2ℜ(λ−1
K +π−)sinh(yΓt )−2ℑ(λ−1

K +π−)sin(xΓt )}.

Expanding at the first order in xΓt and yΓt the decay rates for the CF D0 decays are

Γ(D0(t )→ K −π+) = e−Γt |AK −π+ |2{1+ℜ(λK −π+)yΓt −ℑ(λK −π+)xΓt },

Γ(D0(t )→ K +π−) = e−Γt |AK +π− |2{1+ℜ(λ−1
K +π−)yΓt −ℑ(λ−1

K +π−)xΓt }.

where

|λK −π+ | =
∣∣∣∣ q AK −π+

p AK −π+

∣∣∣∣≈O (10−2), |λ−1
K +π− | =

∣∣∣∣ p AK +π−

q AK +π−

∣∣∣∣≈O (10−2), (A.1)
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Appendix A. D0→ K ∓π± decay rates

because of the ratio DCS/CF ≈λ2 =O (10−2).

For completeness, the decay rates of DCS D0→ K +π− and D0→ K −π+ decays are also reported,

and they are

Γ(D0(t )→ K +π−) = 1

2
e−Γt |AK +π− |2{(1+|λK +π− |2)cosh(yΓt )+ (1−|λK +π− |2)cos(xΓt )

+2ℜ(λK +π−)sinh(yΓt )−2ℑ(λK +π−)sin(xΓt )},

Γ(D0(t )→ K −π+) = 1

2
e−Γt |AK −π+ |2{(1+|λ−1

K −π+ |2)cosh(yΓt )+ (1−|λ−1
K −π+ |2)cos(xΓt )

+2ℜ(λ−1
K −π+)sinh(yΓt )−2ℑ(λ−1

K −π+)sin(xΓt )}.

Since |AK +π− |2 ≈ |AK −π+ |2 ≈O (λ4) at least the second order in xΓt and yΓt has to be retained,

thus

Γ(D0(t )→ K +π−) = e−Γt |AK +π− |2
{

1+ℜ(λK +π−)yΓt −ℑ(λK +π−)xΓt

+ (1+|λK +π− |2)y2 − (1−|λK +π− |2)x2

4
Γ2t 2

}
,

Γ(D0(t )→ K −π+) = e−Γt |AK −π+ |2
{

1+ℜ(λ−1
K −π+)yΓt −ℑ(λ−1

K −π+)xΓt

+ (1+|λK −π+ |2)y2 − (1−|λK −π+ |2)x2

4

}
.

Expanding calculations and neglecting terms as |AK +π− |2x2, |AK +π− |2 y2, |AK −π+ |2x2 and |AK −π+ |2 y2

that are of the order O (10−7), the time-dependent decay rates of DCS decays are

Γ(D0(t )→ K +π−) = e−Γt |AK +π− |2
∣∣∣∣ q2

p2

∣∣∣∣{|λ−1
K +π− |2 +ℜ(λ−1

K +π−)yΓt +ℑ(λ−1
K +π−)xΓt + x2 + y2

4
Γ2t 2

}
,

Γ(D0(t )→ K −π+) = e−Γt |AK −π+ |2
∣∣∣∣ p2

q2

∣∣∣∣{|λK −π+ |2 +ℜ(λK −π+)yΓt +ℑ(λK −π+)xΓt + x2 + y2

4
Γ2t 2

}
.

A.1 Pseudo-AΓ

The time-dependent asymmetry of the control sample used in the AΓ measurement is defined

as

ACP (t ) = Γ(D0(t )→ K −π+)−Γ(D0(t )→ K +π−)

Γ(D0(t )→ K −π+)+Γ(D0(t )→ K +π−)
.

Expanding ACP (t ) at the first order in xΓt , yΓt one obtains

ACP (t ) = Adir
CP + Aind

CP Γt ,
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where

Adir
CP = |AK −π+ |2 −|AK +π− |2

|AK −π+ |2 +|AK +π− |2
,

and

Aind
CP = 2|AK +π− |2|AK −π+ |2(|AK −π+ |2 +|AK +π− |2)2

[
y
(ℜ(λK −π+)−ℜ(λ−1

K +π−)
)−x

(ℑ(λK −π+)−ℑ(λ−1
K +π−)

)]
.

In order to estimate an upper bound for the indirect CP violation in the D0→ K −π+ decays,

the current experimental knowledge [10] is used to set x ≈ 0.3×10−2, y ≈ 0.7×10−2, and RD =
|AK +π− |2/|AK −π+ |2 = |AK −π+ |2/|AK +π− |2 equal to ≈ 0.35×10−2. The maximum value of Aind

CP is

realised when λK −π+ and λ−1
K +π− are real and have opposite signs, obtaining Aind

CP ≈ 5×10−5

which is a factor of two below the current statistical uncertainty of 10×10−5 on pseudo-AΓ
(see chap. 5). Therefore, the indirect CP violation of the CF D0→ K −π+ decay can be safely

assumed to be undetectable with the current sensitivity.
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B Mathematical formalism

B.1 Tagged D0→ h+h− events

The number of reconstructed D∗±, as a function of the D0 proper decay time, t , can be written

as

N±(t ) = N∗
2

B∗
Dπ

∫
dp∗dph+dph−dps ρ

±
∗ (p∗)

×ρ±
0 (t )ρ∗

hh(ph− , ph+ , ps |p∗)εhh(ph− , ph+ , t )ε±s (ps) (B.1)

where N∗ is the total number of D∗+ and D∗− mesons, p∗, ph− , ph+ , ps are the three-momenta

of the D∗, h−, h+ and the soft pion, respectively. ρ+
∗ and ρ−

∗ are the densities in phase space

of D∗+ and D∗− (they are function of the production cross sections and experimental ac-

ceptances); B∗
Dπ is the branching fraction of D∗+→ D0π+ and D∗−→ D0π−, assumed to be

charge symmetric; ρ∗
hh is the density in phase space of the soft pion and h+h− pair from

D0 decay; ρ+
0 and ρ−

0 are the densities in decay time of the D0 and D0 mesons; εhh is the

detection efficiency of the h+h− pair from D0 decay; and ε+s and ε−s are the detection efficien-

cies of the positive and negative soft pions, respectively1. Conservation of four-momenta

is implicitly assumed in all the densities. Densities are normalised as
∫

dp∗ρ(p±
∗ ) = 1 and∫

dph+dph−dpsρ
∗
hh(ph− , ph+ , ps |p∗) = 1 for each p∗.

The difference between the yields is therefore

N+(t )−N−(t ) = N∗
2

B∗
Dπ

∫
dp∗dph+dph−dps ρ

∗
hh(ph− , ph+ , ps |p∗)εhh(ph− , ph+ , t )

× [
ρ+
∗ (p∗)ρ+

0 (t )ε+s (ps)−ρ−
∗ (p∗)ρ−

0 (t )ε−s (ps)
]
;

defining ρ∗ = (ρ+
∗+ρ−

∗ )/2, δρ∗ = (ρ+
∗−ρ−

∗ )/(ρ+
∗+ρ−

∗ ), ρ0 = (ρ+
0 +ρ−

0 )/2, ACP (t ) = (ρ+
0 −ρ−

0 )/(ρ+
0 +

1The efficiency for detecting a D∗+ is assumed to be factorable in the detection efficiency of the D0 daughters
and the detection efficiency of the soft pion, namely εs±

hh (ph− , ph+ , ps , t ) = εhh (ph− , ph+ , t )ε±s (ps ).
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ρ−
0 ), εs = (ε+s +ε−s )/2, δεs = (ε+s −ε−s )/(ε+s +ε−s ), the difference can be written as2

N+(t )−N−(t ) = N∗
2

B∗
Dπ

∫
dp∗dph+dph−dps ρ

∗
hh(ph− , ph+ , ps |p∗)ρ∗(p∗)ρ0(t )

×εhh(ph− , ph+ , t )εs(ps)
[
(1+δρ∗)(1+ ACP )(1+δεs)− (1−δρ∗)(1− ACP )(1−δεs)

]
.

Since all these asymmetries are of the order O (10−2), expanding the products and neglecting

third order ACPδ
2 and δ3 terms, the difference is

N+(t )−N−(t ) = N∗B∗
Dπ

∫
dp∗dph+dph−dps ρ

∗
hh(ph− , ph+ , ps |p∗)ρ∗(p∗)ρ0(t )

× εhh(ph− , ph+ , t )εs(ps)
[
δρ∗(p∗)+ ACP (t )+δεs(ps)

]
, (B.2)

In similar way, neglecting second order terms ACPδ and δ2, it can be obtained for the sum

N+(t )+N−(t ) = N∗B∗
Dπ

∫
dp∗dph+dph−dps ρ

∗
hh(ph− , ph+ , ps |p∗)ρ∗(p∗)ρ0(t )

× εhh(ph− , ph+ , t )εs(ps).

Therefore, the raw asymmetry can be written as

Araw(t ) = N+(t )−N−(t )

N+(t )+N−(t )

= ACP (t )+
∫

dp∗ F hh∗
∗ (p∗, t )δρ∗(p∗)+

∫
dps F hh∗

s (ps , t )δεs(ps),
(B.3)

where

F hh∗
∗ (p∗, t ) =

∫
dph+dph−dps ρ

∗
hh(ph− , ph+ , ps |p∗)ρ∗(p∗)εhh(ph− , ph+ , t )εs(ps)∫

dp∗dph+dph−dps ρ
∗
hh(ph− , ph+ , ps |p∗)ρ∗(p∗)εhh(ph− , ph+ , t )εs(ps)

,

F hh∗
s (ps , t ) =

∫
dp∗dph+dph− ρ∗

hh(ph− , ph+ , ps |p∗)ρ∗(p∗)εhh(ph− , ph+ , t )εs(ps)∫
dp∗dph+dph−dps ρ

∗
hh(ph− , ph+ , ps |p∗)ρ∗(p∗)εhh(ph− , ph+ , t )εs(ps)

.

(B.4)

F hh∗
∗ (p∗, t ) is the normalised density phase space of the D∗ meson, and Fs(ps , t ) is the recon-

structed density phase space of the soft pion. Two terms can be recognised in eq. (B.3) besides

the physical time-dependent CP violation ACP (t ) (see chap. 1): the first one
∫

dp∗ F hh∗
∗ (p∗, t )δρ∗(p∗)

is the asymmetry between the observed phase spaces of D∗+ and D∗− integrated over the

phase space (with the constraint p∗ = ph− +ph+ +ps), which is by definition the production

asymmetry of the D∗ meson in the sample, AP; the second term is the asymmetry of the

observed phase spaces of the soft pion efficiency integrated over the phase space, namely the

detection asymmetry of soft pions, Aπs
D . The raw asymmetry can be written as

Araw(t ) = ACP (t )+ AP(t )+ Aπs
D (t ),

2 The following relation is exploited α+ −α− = α((1+δα)− (1−δα)), with α = (α+ +α−)/2 and δα = (α+ −
α−)/(α++α−).
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B.2. Tagged D0→ K −π+ events

which is the same expression used in chap. 2 (see eq. (2.3)). The detection asymmetry of the

D∗+ → D0π+ → [h+h−]π+ decay chain is due only to the reconstruction efficiency asymmetry

of soft pions δεs(ps) as expected. Both the production asymmetry and the detection asym-

metry acquire a time-dependency if the detection efficiency of reconstructing a D0 meson

decaying to h+h− final state is time-dependent.

The time-dependency of the production and soft pion detection asymmetries vanish if the

time-dependent term of the efficiency for detecting D0 → h+h− decays can be factorised,

namely εhh(ph− , ph+ , t) = εhh(ph− , ph+) ·ε(t). It is easy to prove that F hh∗
∗ and F hh∗

s are time-

independent in this case.

B.2 Tagged D0→ K −π+ events

The number of reconstructed D∗±, as a function of the D0 decay time, t , for D0→ K −π+ decays

can be written as

N±(t ) = N∗
2

B∗
Dπ

∫
dp∗dpK dpπdps ρ

±
∗ (p∗)

×ρ±
0Kπ(t )ρ∗

Kπ(pK , pπ, ps |p∗)εK ∓π±(pK , pπ, t )ε±s (ps) (B.5)

where N∗ is the total number of D∗+ and D∗− mesons, pK and pπ are the three-momenta

of the the kaon and the pion; εK −π+ and εK +π− are the detection efficiencies of the K −π+ and

K +π− pairs from D0 and D0 decays, respectively. The difference between D∗+ and D∗− event

yields is

N+(t )−N−(t ) = N∗
2

B∗
Dπ

∫
dp∗dpK dpπdps ρ

∗
Kπ(pK , pπ, ps |p∗)

×[
ρ+
∗ (p∗)ρ+

0Kπ(t )εK −π+(pK , pπ, t )ε+s (ps)

−ρ−
∗ (p∗)ρ−

0Kπ(t )εK +π−(pK , pπ, t )ε−s (ps)
]

= N∗
2

B∗
Dπ

∫
dp∗dpK dpπdps ρ

∗
Kπ(pK , pπ, ps |p∗)ρ∗(p∗)ρ0(t )

×εKπ(pK , pπ, t )εs(ps)
[
(1+δρ∗)(1+ AKπ

CP )(1+δεs)(1+δεKπ)

− (1−δρ∗)(1− AKπ
CP )(1−δεs)(1−δεKπ)

]
,

where the following additional quantities are defined: εKπ = (εK −π+ + εK +π−)/2 and δεKπ =
(εK −π+ − εK +π−)/(εK −π+ + εK +π−). Expanding the products and neglecting terms of the order

ACPδ
2 and δ3

N+(t )−N−(t ) = N∗B∗
Dπ

∫
dp∗dpK dpπdps ρ

∗
Kπ(pK , pπ, ps |p∗)ρ∗(p∗)ρ0(t )

×εKπ(pK , pπ, t )εs(ps)
[
δρ∗(p∗)+ AKπ

CP (t )+δεKπ(pK , pπ, t )+δεs(ps)
]
,
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Appendix B. Mathematical formalism

Similarly, neglecting all terms of the order δ2 and ACPδ, the sum of the reconstructed number

of D∗+ and D∗− is

N+(t )+N−(t ) = N∗B∗
Dπ

∫
dp∗dpK dpπdps ρ

∗
Kπ(pK , pπ, ps |p∗)ρ∗(p∗)ρ0(t )BKπ

× εKπ(pK , pπ, t )εs(ps),

The raw time-dependent asymmetry is therefore

AKπ
raw(t ) = N+(t )−N−(t )

N+(t )+N−(t )

= AKπ
CP (t )+

∫
dp∗ F Kπ∗

∗ (p∗, t )δρ∗(p∗)

+
∫

dpK dpπF Kπ∗
Kπ (pK , pπ, t )δεKπ(pK , pπ, t )+

∫
dps F Kπ∗

s (ps , t )δεs(ps),

where

F Kπ∗
Kπ (pK , pπ, t ) =

∫
dp∗dps ρ

∗
Kπ(pK , pπ, ps |p∗)ρ∗(p∗)εKπ(pK , pπ, t )εs(ps)∫

dp∗dpK dpπdps ρ
∗
Kπ(pK , pπ, ps |p∗)ρ∗(p∗)εKπ(pK , pπ, t )εs(ps)

is normalised density phase space of Kπ pair for the events in the data sample. While F Kπ∗
∗

and F Kπ∗
s are the analogous of F hh∗

∗ and F hh∗
s , respectively, for D0→ h+h− decays as reported

in eq. (B.4). The following terms can be recognised: the D∗+ production asymmetry AP(t ) =∫
dp∗ F Kπ∗

∗ (p∗, t )δρ∗(p∗); the soft pion detection asymmetry Aπs
D (t ) = ∫

dps F Kπ∗
s (ps , t ), and

there is the detection asymmetry of the Kπpair AKπ
D (t ) = ∫

dpK dpπF Kπ∗
Kπ (pK , pπ, t )δεKπ(pK , pπ, t ),

an additional term with respect to the D0→ h+h− case. Therefore, the time-dependent asym-

metry of D∗-tagged D0→ K −π+ decays can be compactly written as

AKπ
raw(t ) = AP(t )+ AKπ

D (t )+ Aπs
D (t ),

where the time-dependent CP asymmetry, AKπ
CP (t), is not reported since it is negligible with

the current sensitivity (see app. A).
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C AΓ plots Legend

In order to simplify the visualisation of all the information coming from the individual AΓ mea-

surement on the four subsamples (2011 MagUp, 2011 MagDown, 2012 MagUp, 2012 MagDown)

and their weighted average, a plot as the one reported in fig. C.1 is often shown across the

thesis. Here a short explanation of the notation used is given. The measured values of AΓ

0 1 2
Araw

Γ [10−3]

avg.

12Dw

12Up

11Dw

11Up

+0.41± 0.10

−0.06± 0.17

+0.77± 0.18

−0.11± 0.25

+1.65± 0.30

χ2/ndf : 33.05/3

χ2/ndf : 28.87/27

χ2/ndf : 57.10/27

χ2/ndf : 12.81/27

χ2/ndf : 36.17/27

Figure C.1 – Sample plot of AΓ measured values to explain the information that contains.

for each of the four subsamples are reported with black dots (the first four points from the

top). The name of the relative subsample is on the left. The values of AΓ returned from the

linear fit to Araw(t ) are reported on the right along with the returned fit quality χ2/ndf, below

each AΓ value. The value of the weighted average of the measurements performed on the

four subsamples is shown at the bottom, and the χ2/ndf of the compatibility among the

subsamples is also reported on the right.
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D Proper decay time bins

The intervals of the decay time bins, used in the analysis, are reported along with the number

of reconstructed candidates in each bin. The decay time bins are the same for all three decays

D0→ K −π+, D0→ K +K − and D0→ π+π− and are reported in tab. D.1, tab. D.2 and tab. D.3,

respectively.
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Appendix D. Proper decay time bins

Table D.1 – Proper decay time bins definition. For each bin and for each subsample, the
number of events after the sideband subtraction is reported. The events reported are for
the D0→ K −π+ decays sample.

D0→ K −π+ 11Up 11Dw 12Up 12Dw

0.600 < t/τD0 ≤ 0.815 3.39×105 5.04×105 9.04×105 9.42×105

0.815 < t/τD0 ≤ 0.918 3.69×105 5.51×105 1.05×106 1.10×106

0.918 < t/τD0 ≤ 1.002 3.76×105 5.57×105 1.08×106 1.12×106

1.002 < t/τD0 ≤ 1.079 3.75×105 5.53×105 1.07×106 1.11×106

1.079 < t/τD0 ≤ 1.153 3.79×105 5.58×105 1.08×106 1.13×106

1.153 < t/τD0 ≤ 1.224 3.79×105 5.55×105 1.07×106 1.12×106

1.224 < t/τD0 ≤ 1.294 3.77×105 5.48×105 1.06×106 1.10×106

1.294 < t/τD0 ≤ 1.364 3.80×105 5.55×105 1.07×106 1.11×106

1.364 < t/τD0 ≤ 1.434 3.77×105 5.47×105 1.06×106 1.10×106

1.434 < t/τD0 ≤ 1.506 3.78×105 5.49×105 1.06×106 1.10×106

1.506 < t/τD0 ≤ 1.580 3.76×105 5.45×105 1.05×106 1.09×106

1.580 < t/τD0 ≤ 1.656 3.73×105 5.41×105 1.04×106 1.09×106

1.656 < t/τD0 ≤ 1.735 3.74×105 5.40×105 1.04×106 1.08×106

1.735 < t/τD0 ≤ 1.818 3.71×105 5.37×105 1.03×106 1.07×106

1.818 < t/τD0 ≤ 1.904 3.68×105 5.29×105 1.02×106 1.06×106

1.904 < t/τD0 ≤ 1.996 3.68×105 5.30×105 1.02×106 1.07×106

1.996 < t/τD0 ≤ 2.094 3.67×105 5.25×105 1.02×106 1.06×106

2.094 < t/τD0 ≤ 2.201 3.65×105 5.25×105 1.02×106 1.06×106

2.201 < t/τD0 ≤ 2.316 3.61×105 5.16×105 1.01×106 1.05×106

2.316 < t/τD0 ≤ 2.443 3.58×105 5.14×105 1.00×106 1.04×106

2.443 < t/τD0 ≤ 2.586 3.56×105 5.10×105 9.96×105 1.04×106

2.586 < t/τD0 ≤ 2.747 3.52×105 5.05×105 9.85×105 1.02×106

2.747 < t/τD0 ≤ 2.935 3.49×105 4.98×105 9.74×105 1.01×106

2.935 < t/τD0 ≤ 3.160 3.43×105 4.91×105 9.57×105 9.95×105

3.160 < t/τD0 ≤ 3.442 3.37×105 4.81×105 9.41×105 9.78×105

3.442 < t/τD0 ≤ 3.819 3.28×105 4.68×105 9.17×105 9.54×105

3.819 < t/τD0 ≤ 4.390 3.13×105 4.45×105 8.74×105 9.08×105

4.390 < t/τD0 ≤ 5.553 2.79×105 3.98×105 7.75×105 8.07×105

5.553 < t/τD0 ≤ 20.00 1.21×105 1.73×105 3.37×105 3.51×105

0.600 < t/τD0 ≤ 20.00 1.02×107 1.47×107 2.85×107 2.97×107
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Table D.2 – Proper decay time bins definition. For each bin and for each subsample, the
number of events after the sideband subtraction is reported. The events reported are for
the D0→ K +K − decays sample.

D0→ K +K − 11Up 11Dw 12Up 12Dw

0.600 < t/τD0 ≤ 0.815 2.32×104 3.35×104 5.69×104 5.88×104

0.815 < t/τD0 ≤ 0.918 3.33×104 4.95×104 9.32×104 9.59×104

0.918 < t/τD0 ≤ 1.002 3.78×104 5.65×104 1.08×105 1.11×105

1.002 < t/τD0 ≤ 1.079 3.95×104 5.89×104 1.15×105 1.17×105

1.079 < t/τD0 ≤ 1.153 4.14×104 6.12×104 1.19×105 1.22×105

1.153 < t/τD0 ≤ 1.224 4.19×104 6.22×104 1.20×105 1.23×105

1.224 < t/τD0 ≤ 1.294 4.21×104 6.22×104 1.20×105 1.24×105

1.294 < t/τD0 ≤ 1.364 4.27×104 6.36×104 1.23×105 1.26×105

1.364 < t/τD0 ≤ 1.434 4.33×104 6.32×104 1.22×105 1.27×105

1.434 < t/τD0 ≤ 1.506 4.36×104 6.40×104 1.24×105 1.28×105

1.506 < t/τD0 ≤ 1.580 4.39×104 6.43×104 1.24×105 1.28×105

1.580 < t/τD0 ≤ 1.656 4.42×104 6.40×104 1.24×105 1.27×105

1.656 < t/τD0 ≤ 1.735 4.44×104 6.44×104 1.24×105 1.28×105

1.735 < t/τD0 ≤ 1.818 4.45×104 6.48×104 1.24×105 1.27×105

1.818 < t/τD0 ≤ 1.904 4.40×104 6.38×104 1.23×105 1.27×105

1.904 < t/τD0 ≤ 1.996 4.44×104 6.44×104 1.24×105 1.27×105

1.996 < t/τD0 ≤ 2.094 4.44×104 6.40×104 1.23×105 1.28×105

2.094 < t/τD0 ≤ 2.201 4.46×104 6.47×104 1.24×105 1.28×105

2.201 < t/τD0 ≤ 2.316 4.41×104 6.42×104 1.23×105 1.27×105

2.316 < t/τD0 ≤ 2.443 4.43×104 6.36×104 1.24×105 1.27×105

2.443 < t/τD0 ≤ 2.586 4.42×104 6.34×104 1.24×105 1.27×105

2.586 < t/τD0 ≤ 2.747 4.40×104 6.26×104 1.23×105 1.26×105

2.747 < t/τD0 ≤ 2.935 4.36×104 6.23×104 1.21×105 1.25×105

2.935 < t/τD0 ≤ 3.160 4.30×104 6.18×104 1.21×105 1.24×105

3.160 < t/τD0 ≤ 3.442 4.22×104 6.10×104 1.19×105 1.22×105

3.442 < t/τD0 ≤ 3.819 4.13×104 5.87×104 1.16×105 1.19×105

3.819 < t/τD0 ≤ 4.390 3.96×104 5.65×104 1.11×105 1.14×105

4.390 < t/τD0 ≤ 5.553 3.50×104 5.03×104 9.82×104 1.02×105

5.553 < t/τD0 ≤ 20.00 1.54×104 2.15×104 4.29×104 4.39×104

0.600 < t/τD0 ≤ 20.00 1.18×106 1.71×106 3.32×106 3.41×106
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Appendix D. Proper decay time bins

Table D.3 – Proper decay time bins definition. For each bin and for each subsample, the
number of events after the sideband subtraction is reported. The events reported are for
the D0→π+π− decays sample.

D0→π+π− 11Up 11Dw 12Up 12Dw

0.600 < t/τD0 ≤ 0.815 1.73×104 2.55×104 4.74×104 5.01×104

0.815 < t/τD0 ≤ 0.918 1.54×104 2.32×104 4.42×104 4.64×104

0.918 < t/τD0 ≤ 1.002 1.47×104 2.19×104 4.24×104 4.41×104

1.002 < t/τD0 ≤ 1.079 1.44×104 2.15×104 4.08×104 4.32×104

1.079 < t/τD0 ≤ 1.153 1.43×104 2.12×104 4.11×104 4.31×104

1.153 < t/τD0 ≤ 1.224 1.41×104 2.08×104 4.01×104 4.20×104

1.224 < t/τD0 ≤ 1.294 1.40×104 2.06×104 3.93×104 4.13×104

1.294 < t/τD0 ≤ 1.364 1.40×104 2.06×104 3.93×104 4.14×104

1.364 < t/τD0 ≤ 1.434 1.38×104 1.99×104 3.88×104 4.02×104

1.434 < t/τD0 ≤ 1.506 1.37×104 1.99×104 3.83×104 3.99×104

1.506 < t/τD0 ≤ 1.580 1.38×104 1.96×104 3.79×104 3.94×104

1.580 < t/τD0 ≤ 1.656 1.36×104 1.92×104 3.74×104 3.92×104

1.656 < t/τD0 ≤ 1.735 1.35×104 1.91×104 3.72×104 3.89×104

1.735 < t/τD0 ≤ 1.818 1.33×104 1.92×104 3.68×104 3.90×104

1.818 < t/τD0 ≤ 1.904 1.29×104 1.86×104 3.62×104 3.81×104

1.904 < t/τD0 ≤ 1.996 1.32×104 1.86×104 3.59×104 3.77×104

1.996 < t/τD0 ≤ 2.094 1.28×104 1.86×104 3.56×104 3.77×104

2.094 < t/τD0 ≤ 2.201 1.27×104 1.84×104 3.59×104 3.71×104

2.201 < t/τD0 ≤ 2.316 1.26×104 1.78×104 3.49×104 3.67×104

2.316 < t/τD0 ≤ 2.443 1.24×104 1.77×104 3.48×104 3.62×104

2.443 < t/τD0 ≤ 2.586 1.24×104 1.75×104 3.44×104 3.58×104

2.586 < t/τD0 ≤ 2.747 1.20×104 1.73×104 3.40×104 3.50×104

2.747 < t/τD0 ≤ 2.935 1.19×104 1.70×104 3.32×104 3.48×104

2.935 < t/τD0 ≤ 3.160 1.15×104 1.66×104 3.26×104 3.39×104

3.160 < t/τD0 ≤ 3.442 1.15×104 1.59×104 3.19×104 3.31×104

3.442 < t/τD0 ≤ 3.819 1.12×104 1.57×104 3.07×104 3.22×104

3.819 < t/τD0 ≤ 4.390 1.03×104 1.51×104 2.92×104 3.06×104

4.390 < t/τD0 ≤ 5.553 9.27×103 1.30×104 2.57×104 2.71×104

5.553 < t/τD0 ≤ 20.00 4.03×103 5.78×103 1.08×104 1.16×104

0.600 < t/τD0 ≤ 20.00 3.71×105 5.36×105 1.04×106 1.09×106
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E Reweighing details

The procedure of reweighing is a common technique used in the high energy physics, in

order to equalise the distributions of one or several variables. It is performed in several

different ways, here the standard approach is discussed along with its drawbacks, particularly

dangerous in an high precision measurement of CP asymmetry, as AΓ. In order to overcome

these difficulties, a new procedure to reweigh the data has been specifically developed for the

measurement of AΓ described in this thesis.

E.1 Symmetric reweigh

Let us suppose to have two classes of events, positive and negative events. Given a certain

observable x, each class has its own distribution for x, as shown in fig. E.1a. Let us also suppose

to known that these distributions are generated from the same parent distribution but they

have been differently modified by the fact that events are reconstructed by a real detector. The

idea is two use a reweigh procedure to restore their equality. A common choice is to reweigh

one category, the negative events, to the other one, using as weights the ratio of the positive

distribution to the negative distribution

ω(x) = n+(x)

n−(x)
,

where n+(x) and n−(x) are the distributions of x for positive and negative events, respectively.

Then, negative events are multiplied by the relative weight ω(x), obtaining the reweighed

distribution n−
ω(x), which is equal to the positive distribution n+(x) by construction, as shown

in fig. E.1b. However, the choice of reweighing the negative events to the positive ones is

arbitrary, since one can do the same thing reversing the procedure, namely reweighing the

positive distribution to match the negative one, using the inverse weights

ν(x) = n−(x)

n+(x)
,
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(b) Distribution of x after the reweigh.

Figure E.1 – Distribution of x for positive and negative events and relative reweighed
distributions.

as shown fig. E.1b. Applying these two procedures leads to an asymmetric situation since the

final reweighed distributions are different, even achieving the purpose of making equal the

two initial distributions. This is particularly dangerous when a measurement of asymmetry

between two classes of events is performed because it is intrinsically asymmetric and it may

introduce undesired artificial biases in the final measurement. Thus, a new method to reweigh

the two categories is devised, where the final reweighed distribution is the same and it does

not depend on the direction of the reweighing. This consists in reweighing the positive or the

negative distribution using the following weights

v(x) =
√

n−(x)

n+(x)
and w(x) =

√
n+(x)

n−(x)
,

respectively. Thus, the reweighed distributions n+
v and n−

w are identical. They are placed

somewhere between the two original distributions, and they do not depend on the choice to

reweigh the negative to the positive events or the other way around, as shown in fig. E.2.

E.2 Reweigh procedure of the asymmetry

In each proper decay time bin, labelled by the index α= 1, . . . ,29, the time-dependent asym-

metry, aαraw, is given by the expression

aαraw = nα+−nα−

nα++nα− ,

where nα± are the number of reconstructed D∗± decays in the decay time bin α. In order to

correct for the detector-induced charge asymmetries, as explained in chap. 5, the distributions

of positive and the negative charged soft pions must be opportunely equalised. Before de-
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Figure E.2 – Distribution of x for positive and negative events along with the symmetric
reweighed distribution, see text for details.

scribing the new devised reweigh procedure it is, however, very instructive to use the standard

technique and show how it fails in the measurement of AΓ described in this thesis.

With the standard procedure the reweigh can be done associating to each negative event a

weight equal to

ωl ,i , j =
∑
αnα+

l ,−i , j∑
αnα−

l ,i , j

, (E.1)

where the (k,θx ,θy ) bin is identified by the indexes (l , i , j ). Thus, in each proper decay time

bin the, the corrected asymmetry, aαcorr,w is

aαcorr,ω =
∑

l ,i , j nα+
l ,i , j −

∑
l ,i , j ωl ,i , j nα−

l ,i , j∑
l ,i , j nα+

l ,i , j +
∑

l ,i , j ωl ,i , j nα−
l ,i , j

. (E.2)

Alternatively, the positive events can be reweighed using as weights

νl ,i , j =
∑
αnα−

l ,−i , j∑
αnα+

l ,i , j

, (E.3)

and the relative corrected asymmetry is

aαcorr,ν =
∑

l ,i , j νl ,i , j nα+
l ,i , j −

∑
l ,i , j nα−

l ,i , j∑
l ,i , j νl ,i , j nα+

l ,i , j +
∑

l ,i , j nα−
l ,i , j

. (E.4)

The two choices seem equivalent but they are not. Although these procedures correct the

asymmetry and are widely used, they introduce a charge-bias in the corrected asymme-

try, Acorr, since as explained in the previous section they are intrinsically asymmetric. The
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Figure E.3 – Results of AΓ measured on charge-randomised D0→π+π− toys, reweighing
positive events (blue dots) with weights reported in eq. (E.1) or negative events (red
triangles) with weights reported in eq. (E.3).

amount of the bias introduced is generally very small and can be safely neglected, however

the measurement described in this thesis does not allows such an approximation. A set of

600 pseudo-experiments based on charge randomised samples is generated and the two

ways of reweighing, as reported in eq. (E.2) and eq. (E.4), are both applied to the same charge

randomised sample (see sec. 4.7). The residuals of the AΓ measurement on the charge ran-

domised samples are reported in fig. E.3. Both the reweighing procedures introduce a bias in

the measurement of AΓ– the biases have almost the same magnitude but opposite sign. In

the case of a CP measurement, as the one reported in this thesis, biases can be tracked down

testing the procedure under the CP operator. Indeed, if the procedure does not introduce

any bias the symmetry of the observable under CP remains unchanged. Thus, the correct

asymmetry has to change sign under CP . To verify this, the CP operator is applied to the

corrected asymmetry reported in eq. (E.2) obtaining

CP (aαcorr,ω) =
∑

l ,i , j nα−
l ,−i , j −

∑
l ,i , j CP (ωl ,i , j )nα+

l ,−i , j∑
l ,i , j nα−

l ,−i , j +
∑

l ,i , j CP (ωl ,i , j )nα+
l ,−i , j

=
∑

l ,i , j nα−
l ,−i , j −

∑
l ,i , j νl ,−i , j nα+

l ,−i , j∑
l ,i , j nα−

l ,−i , j +
∑

l ,i , j νl ,−i , j nα+
l ,−i , j

=−aαcorr,ν.

Reweighing the negative events with weights ω or the positive events with weights ν leads

to a different result, thus the corrected asymmetry is not antisymmetric under CP , and this

explains the observed biases.

Therefore, a new method to reweigh the (k,θx ,θy ) distribution of positive and negative charged

pions is devised. The method consists into the reweigh of the positive and negative events
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with the following weights

wl ,i , j =
√
ωl ,i , j =

√√√√∑
αnα+

l ,−i , j∑
αnα−

l ,i , j

and vl ,i , j =
√
νl ,i , j =

√√√√∑
αnα−

l ,−i , j∑
αnα+

l ,i , j

,

respectively. The corrected asymmetry is then

aαcorr =
∑

l ,i , j vl ,i , j nα+
l ,i , j −

∑
l ,i , j wl ,i , j nα−

l ,i , j∑
l ,i , j vl ,i , j nα+

l ,i , j +
∑

l ,i , j wl ,i , j nα−
l ,i , j

, (E.5)

and it can be easily proven that it does change sign under CP , CP (aαcorr) =−aαcorr, as the raw

asymmetry. Thus, this new devised method overcomes the issues of the standard procedure,

since the reweighing procedure cannot introduce any bias by definition. This is confirmed

repeating the measurement on pseudo-experiments as explained in sec. 6.4.

E.3 Reweighing weights

The corrected asymmetry, reported in eq. (E.5), is calculated determining the weights for

the reweighing from each decay mode. The number of the bins is driven by the π+π− data

sample, having the lower statistics, leading to a binning scheme of (50× 55× 11) for the

(k,θx ,θy ) distribution. Two-dimensional projections of the weights are reported in fig. E.4 for

all the three decay modes: D0→ K −π+, D0→ K +K − and D0→ π+π−. The weights are also

compared between different modes, and in order to quantify the level of compatibility in each

(k,θx ,θy )-bin a pull variable is calculated as

∆α,β(k,θx ,θy ) =
wα(k,θx ,θy )−wβ(k,θx ,θy )√

σ2
α+σ2

β

,

whereα,β represent the two decays modes in the comparison. w represents the weights andσ

is its statistical uncertainty. The weights comparisons∆Kπ,K K ,∆Kπ,ππ and∆K K ,ππ are reported

in E.5.
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Figure E.4 – Symmetrisation procedure weights for (top) D0 → K −π+, (middle) D0 →
K +K − and (bottom) D0→π+π− decay modes, in 2012MagDown sample.
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Figure E.5 – Comparison of weights of D0 → K −π+, D0 → K +K − and D0 → π+π− for
2012MagDown sample. The ∆α,β(k,θx ,θy ) distribution is plotted, see text for details.
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E.4 Statistical degradation

The reweighing of the sample reduces the total number of events, Ntot, to an effective number

of events, Neff. The statistical degradation due the reweighing procedure can be calculated as

Neff

Ntot
= 1

Ntot

(
∑
βhβ)2∑
βh2

β

,

where hβ represents a generic weight wl ,i , j or vl ,i , j and β runs over the total number of events.

Results are reported in tab. E.1, for D0 → K −π+, D0 → K +K − and D0 → π+π−, while fig. E.6

reports the one-dimensional histogram of the weights. The net effect of degradation of the

statistical uncertainties is very small, negligible with the quoted number of significant figures

(see fig. 5.12). Some large weights may impact the measurement, thus a sanity check rejecting

those events with weights outside the range [2/3,3/2] is performed. The value of AKπ
Γ is

unchanged.

Table E.1 – Statistical degradation due to correction procedure.

data sample D0→ K −π+ D0→ K +K − D0→π+π−

2011 MagUp 0.996 0.963 0.965
2011 MagDown 0.997 0.988 0.975
2012 MagUp 0.997 0.988 0.982
2012 MagDown 0.997 0.989 0.985
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Figure E.6 – Distribution of weights for the D0 → K −π+, D0 → K +K − and D0 → π+π−

decay modes. Top in linear scale, bottom logarithmic scale.
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F Studies of assumptions about sec-
ondary decays model

In order to determine the relative fraction of secondary decays fsec(t) the same acceptance

function for prompt and secondary components is assumed, since the topology of a prompt

D∗ decay is close to the topology of a secondary decay at lower decay time values (see chap. 7).

Here it is verified that the assessed systematic uncertainty on the presence of the secondary

decays in our final data sample conservatively covers for any effect due to possible differences

in the acceptance function between prompt and secondary component.

A kinematic phase space simulation (toy-MC) of prompt D∗+→ D0π+ decays and secondary

D∗+ decays coming from B 0 → D∗+µ−νµ decays, as a representative of the mixture of sec-

ondary decays, where the standard LHCb distributions for the input momenta spectra, ex-

tracted from PYTHIA, of B 0 and D∗+ mother particles are used and the returned decay time

is smeared with a Gaussian resolution of σt = 50fs. In order to approximately reproduce the

main features of momenta and lifetimes related quantities in the LHCb geometrical accep-

tance a set of minimal kinematic requirements are applied, that are reported on tab. F.1. Since

Table F.1 – Summary of kinematic requirements applied in the toy-MC. The letter h stands
for either K or π.

Quantity Requirements Units

θ(h) ∈ [150,300] mrad
pT(h) > 800 MeV/c
p(h) > 5 GeV/c
Impact parameter IP(h) > 0.08 mm
pT(D0) > 2 GeV/c
p(D0) > 5 GeV/c
Cosine of D0 pointing angle (a.k.a. DIRA) > 0.9999 -

the PV is not simulated in this simple toy-MC (this is well beyond the aim of these studies),

the effect of cutting on the χ2
IP(h) is reproduced by requiring the impact parameter of the D0

daughters to be larger than 0.08mm. This value has been chosen to reproduce the falling of
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Figure F.1 – Reconstructed decay time distribution and acceptances of simulated prompt
and secondary components.
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Figure F.2 – Ratio between acceptance functions of prompt component to secondary
component.

the IP(h) distribution observed in data.

109 prompt decays and 109 secondary decays are generated, and the proper decay time

distributions for both the components, passing the selection of tab. F.1, is reported in fig. F.1,

along with the total reconstruction acceptances. The resulting decay time distribution of

prompt component is similar to that one extracted from data of fig. 5.1, reassuring that this

simple toy-MC simulation is able to reproduce at least the main kinematic features of data.

The ratio between the two acceptance functions, of prompt and secondary components,

is shown in fig. F.2 and, as expected, is not flat. The extraction of fsec(t) is repeated using

the same procedure described in chap. 7 by scaling the proper decay time distribution of

secondary decays of the central analysis (analytical model sculpted with the acceptance from

data) with the acceptance ratio of fig. F.2 extracted from the toy-MC. Figure F.3 shows the

154



Dτt/
0 5 10

(t
)

se
c

f

0

0.1

0.2

0.3

0.4

0.5

0.6

acc. corrected with toy

nominal model

(a)

0 2 4 6 8 10 12
t/�D

0

10

20

30

40

50

60

f s
ec
(t

)[
%

]

LHCb preliminary⇥2
IP (D0) < 9

no ⇥2
IP (D0) requirement

(b)

Figure F.3 – (a) Comparison between fsec extracted by using the model of the central
analysis and fsec extracted by accounting for the acceptance ratio between prompt and
secondary component. (b) Extraction of fsec when the acceptance ratio is accounted for.

comparison between fsec(t) extracted by using the model of the central analysis and fsec(t)

extracted by accounting for the acceptance ratio between prompt and secondary component

(fig. F.3a), and the extraction of fsec(t ) when the acceptance ratio is accounted for (fig. F.3b).

The two curves are very close and the difference in assessing the systematic uncertainty

by using and not using the acceptance ratio is equal to 0.02× 10−3. This is smaller than

the quoted uncertainties for the secondary contamination due to the variations of fsec(t ) of

0.041×10−3 and 0.026×10−3 for the D0→ K +K − and D0→ π+π−, respectively, as reported

in tab. 7.2, and it is much smaller than the total systematic uncertainties assessed for the

presence of secondary decays contamination, 0.08×10−3 and 0.12×10−3 for the D0→ K +K −

and D0→π+π−, respectively
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