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1
I N T R O D U C T I O N

The Standard Model successfully describes the fundamental interactions of ele-

mentary particles, except gravity. The violation of the CP symmetry, i.e. charge

conjugation and parity, in the weak interactions is depicted by the Standard Model

through the Cabibbo-Kobayashi-Maskawa (CKM) paradigm and the parameters

which naturally accounts for the CP violation are the sides and the angles of the

CKM Unitarity Triangle. The CP violation amount accounted in the SM description

is not enough to explain the asymmetry between matter and anti-matter observed

in the universe. For this reason important efforts are put in place to improve the

knowledge and the precision of the CP violation measurements and to measure the

relevant parameters of the CKM unitarity triangle which are not predicted by the

theory. A deep investigation of the CP violation sector is particularly promising as

it can indirectly reveal effects due to physics beyond the Standard Model. Through

the production of virtual particles in loop transitions it is possible to test higher

energy scales than the one of the particles which are directly produced. The LHCb

experiment located at CERN is designed to study beauty and charm hadrons de-

cays, in particular to perform precise measurements of CP violation effects and to

search for physics beyond the Standard Model through B mesons rare decays.

Indeed weak decays containing heavy quarks, as b and c, are extremely suitable

to measure Standard Model parameters and to test its validity. More specifically,

B mesons decays represent the most direct way to measure the parameters of the

theory which are related to CP violation effects since they predominantly decay

through weak processes. One of the least well measured CKM parameter is the

angle γ of the Unitarity Triangle (UT). Babar and Belle Collaborations have already

measured it, and now LHCb is starting to perform the most precise measurements.

Very recently the LHCb collaboration has measured γ for the first time, in the

decay mode B0
s → D∓s K± by means of a tagged time-dependent analysis [1]. This

1
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decay is dominated by tree-level diagrams (loop contributions to this decay are

negligible) allowing to perform precise measurements not being limited by the

theoretical uncertainties related to loop processes. The sensitivity to γ arises from

the interference between b → c and b → u transitions in the B0
s → D∓s K± decays

since they show CP violation effect in the interference between decays with B0
s − B0

s

mixing and without. A crucial ingredient of the analysis is the need to tag the

flavour of the B0
s and B0

s mesons at production time. LHCb has developed several

Flavour Tagging algorithms. One of these, the NNetSSK, is particularly relevant

for B0
s decays and thus for the B0

s → D∓s K± analysis. Details on the development

and calibration of such algorithms in the B0
s → D−s π+ decays are presented in

this thesis, followed by the description of the first measurement of γ from a time-

dependent analysis in the B0
s → D∓s K± decays using the dataset collected by LHCb

during Run1.

This thesis is organized as follows: in Chapter 2 an introduction to the physics

phenomena depicted in this dissertation is given, followed by the description of

the LHCb experimental apparatus in Chapter 3. The Flavour Tagging tool is in-

troduced in Chapter 4 and the study of the calibrations in the B0
s → D−s π+ is de-

scribed in Chapter 5. In Chapter 6 the first measurement of γ in the B0
s → D∓s K±

decays using the data set collected by LHCb in the 2011 is presented. The Chapter

7 is dedicated to the updated B0
s → D∓s K± analysis for measuring γ exploiting the

full Run1 data set. In Chapter 8 a summary of the results is given.
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The chapter aims to provide an introduction to the physics phenomena depicted

in this dissertation. After a brief summary of the Standard Model concept of parti-

cle physics, a description of CP violation in the Standard Model is given. Particular

relevance is given to the phenomenological model for beauty (B) mesons decays,

which can manifest CP violation in three different ways. Finally an experimental

overview on the CP violation measurements related to the angle γ is provided,

focusing on the time-dependent measurement of γ in B0
s → D∓s K± decays.

2.1 the standard model of particle physics

The Standard Model (SM) [2] of particle physics describes the fundamental enti-

ties, quarks and leptons, of which all matter is composed and it depicts the funda-

mental forces which governs nature, except gravity. Either quarks and leptons are

fermions, i.e. half-integer spin (1/2) particles.

3
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• Quarks are characterized by 6 flavours with fractional electric charge: up

(u), charm (c), top (t): +2/3e and down (d), strange (s), beauty (b): −1/3e,

where e is the electric charge of the electron. Quarks carry color charge (red,

blue or green) of Quantum Chromodynamics (QCD) and they are bound by the

strong interaction in color singlet called hadrons. Hadrons are distinguished

in baryons, bound states of three quarks (qqq), and mesons, composed by a

couple of quark and anti-quark (qq̄)1.

• Leptons are distinguished in three families which relate a charged particle

and a neutral one called neutrino: (electron e, νe), (muon µ, νµ) and (tau τ,

ντ).

Each fermion has an anti-particle which has exactly the same mass and spin but

it is characterized by opposite quantum numbers. The basic properties of the

elementary particles in the Standard Model are summarized in Tab.1. Elementary

particles exhibit an increasing mass moving from the first generation to the third

one.

Table 1.: Main properties of elementary particles.

Name Spin[h̄]
Generation

Electric Charge Colour Charge
1st mass 2nd mass 3rd mass

Quarks
± 1

2 u 1.8-3.0 MeV c 1.27 GeV t 173 GeV 2
3 e red, blue, green

± 1
2 d 4.5-5.3 MeV s 95 MeV b 4.18 GeV − 1

3 e red, blue, green

Leptons
± 1

2 e 0.511 MeV µ 105.7 MeV τ 1.78 GeV −e -

± 1
2 νe < 2 eV νµ < 2 eV ντ < 2 eV 0 -

The Standard Model describes the interactions between the elementary particles

merging the description of the strong, the electromagnetic and the weak interac-

tions via the direct product of the SU(3)C ⊗ SU(2)I ⊗U(1)Y gauge groups. The

interactions between the elementary particles take place through the exchange of

integer-spin particles called Gauge bosons while the mass of the particles is given

by the interaction with the Higgs boson for both quarks and leptons. They are

summarized in Tab.2.

1 More complex states such as tetra-quarks and penta-quarks are also allowed and recently discovered.
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Table 2.: Gauge bosons and Higgs particle in the Standard Model. Values taken

from [3].

Name Spin [h̄] Mass [GeV/c2] Mediated Force

Gluon g 1 0 strong

Photon γ 1 0 electromagnetic

W+, W− 1 80.39± 0.02 weak (charged current)

Z0 1 91.188± 0.002 weak (neutral current)

Higgs particle H0 0 125.09 ± 0.24 -

Strong interactions are described by the SU(3)C gauge symmetry of the QCD,

where C indicates the color charge and it defines the strong couplings among

quarks. The generators of such non abelian group are 3× 3 matrices and the 3

eigenvalues are labelled as red, blue and green. The gluons (see Tab.2) are media-

tors of the strong interaction and they are 8 bi-colored massless bosons. Hadrons

are color singlet and this is due to color confinement. The confinement of the

color charge, within a distance exceeding the nucleon radius, is due to the fact that

gluons have color charge and thus self-interact. The electromagnetic and weak in-

teractions are unified in a common theoretical description via the direct product of

SU(2)I ⊗U(1)Y gauge groups where I and Y stay for the weak Isospin and Hyper-

charge symmetries. The SU(2) invariance requires three vector boons, W1, W2 and

W3, and and U(1) one , B0, boson. The SU(2)I ×U(1)Y symmetry is spontaneously

broken by the Higgs mechanism. The Spontaneous Symmetry Breaking (SSB) is

operated by the Higgs field which is represented by a scalar, complex doublet, in

which the ground state is not invariant under the SU(2)I and U(1)Y symmetries,

but it is for the electric charge operator, described by a U(1)Q gauge group. Accord-

ing to the Goldstone’s theorem 3 vector bosons gain a mass, while the generator

of the U(1)Q remains massless. In this framework the three massive vector bosons

are W+ and W− and the Z0. The two charged bosons arise as a combination of W1

and W2. The neutral one is a linear combination of the third SU(2)I boson with the

U(1)Y boson B0. The remaining massless boson corresponds to the photon which

is a particular linear combination of W3 and B0 bosons. The Higgs field permeates

the whole space and it is associated to a particle called Higgs boson discovered in
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2012 by ATLAS [4] and CMS [5]. The masses of fundamental fermions arise from

the interaction with the Higgs boson.

2.2 cp violation in the standard model

The violation of the CP symmetry, i.e. charge conjugation and parity, is one of

the SM sector which is currently under deep investigation. The first evidence of

parity violation in weak interaction arose from an experiment in 1956 on beta de-

cay of 60Co nuclei (Wu et al.,1957). It implies that in nature only left-handed (right-

handed) neutrino (anti-neutrino) exists, while a parity transformation, which means

a space coordinates inversion, would lead a left-handed neutrino into a right-

handed neutrino. The same kind of violation takes place under charge conjugate

transformations which transforms a particle into its anti-particle. In 1957 L.D. Lan-

dau proposed that the combined C and P symmetries should be considered as an

invariant for weak interactions. In 1964 James Cronin e Val Fitch found experimen-

tally a CP violation effect in neutral kaons decays which was also observed for B

mesons in 2001
2. Provided that the CPT theorem [6] holds for a Lorentz invari-

ant quantum field theory with a hermitian hamiltonian, the CP transformation is

equivalent to T transformation. This states definitely that the weak interaction is

not invariant neither for time reversal transformation T whose violation has been

first observed in the K system. The direct observation of the violation of the T

symmetry in the B0 has been made by the Babar collaboration [7]. The Standard

Model of particle physics includes this effects in the description of weak inter-

action. CP conjugates processes involving weak interactions occur through the

exchange of charged vector bosons W±, which are the interaction carriers of the

weak charged current. The weak interaction acts in different way for left-handed

and right-handed particles and weak charged current interaction couples only to

2 B meson are mesons that contain a b or b̄ and another quark of the 1
st or 2

nd family.
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left-handed particles (L label), in particular for quarks it can be described in the

following way:

− gw√
2
(ūL, c̄L, t̄L) γµW+

µ VCKM


dL

sL

bL

+ h.c. (2.1)

plus the hermitian conjugate term.

The VCKM term describes the mixing between quarks in the weak interaction.

The gw parameter is the coupling constant of weak interaction, W+
µ corresponds

to the field of the W± boson and γµ are the Dirac’s matrices in four dimensional

space-time.

2.2.1 The CKM formalism

The couplings between quarks are described by a 3× 3 unitarity matrix VCKM

called the Cabibbo-Kobayashi-Maskawa matrix (CKM matrix). The CKM matrix act-

ing on the physical quarks (d, s, b), the ones involved in the other fundamental

interactions, represents the quarks as weak eigenstates (d′, s′, b′):


d
′

s
′

b
′

 = VCKM


d

s

b

 =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




d

s

b

 . (2.2)

In other words, the weak eigenstates are linear combinations of the physical quarks.

A 3× 3 complex matrix has 18 parameters, which reduce to 9 thanks to the uni-

tarity condition (V†V=VV† = 1). The 6 quark phases are free and they can be

factorized out as relative phases remaining with one global phase. In this way

the independent parameters of the VCKM can be described by four independent

parameters: three real angles describe the quark mixing and an irreducible, non

null, imaginary phase accounts for the CP-violation effect. Notice that in case of a

model with two generation of quarks, no CP violation could be described by the

CKM paradigm. Within the Standard Model framework the quark mixing, i.e. the

possibility to change the quark flavour and the CP-violation effect are embedded in
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the weak charge current interaction. A common way to display the VCKM elements

dependence on the free parameters is the following:

VCKM =


c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

 (2.3)

where cij and sij indicate the cosine and the sine of the three real angles θ12, θ23

and θ13 which connect different quark generations. The δ parameter is the com-

plex phase responsible of CP violation effects. The diagonal elements represent

transition between quarks within the same family and their amplitudes are close

to one. Moving from 1→ 2, 2→ 3 and 1→ 3 family transition the amplitude mag-

nitude becomes smaller. This sort of rank can be visualized adopting a different

parametrization called Wolfenstein parametrization to express the matrix element.

Indeed expanding in powers of the small parameter λ = s12 = sin θ12
3 = 0.22 the

VCKM matrix is the following:

VCKM =


1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4) (2.4)

defining:

s12 = λ =
| Vus |√

| Vud |2 + | Vus |2
, (2.5)

s23 = Aλ2 = λ

∣∣∣∣Vcb

Vus

∣∣∣∣ , (2.6)

s13eiδ = V∗ub = Aλ3(ρ + iη). (2.7)

The parameters of the CKM matrix are not predictable by the model but they are

experimentally determined. In Eq.2.8 the best estimates of the moduli of CKM

matrix elements are reported:

VCKM =


0.97427± 0.00014 0.22536± 0.00061 0.00355± 0.00015

0.22520± 0.00061 0.97343± 0.00015 0.0414± 0.0012

0.00886+0.00033
−0.00032 0.04050.0011

0.0012 0.99914± 0.00005

 (2.8)

values are taken from [3].

3 θ12 is the Cabibbo angle θc
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2.2.2 The Unitarity triangles

The unitarity of the CKM matrix, translates into 9 orthogonality conditions

among its matrix elements:

3

∑
i=0
|Vij|2 = 1 con j = 1, 2, 3 (2.9)

3

∑
i=0

VjiV∗ki = 0 =
3

∑
i=0

VijV∗ik j, k = 1, 2, 3, j 6= k (2.10)

For the off-diagonal terms 6 orthogonality conditions are:

VudV∗ub + VcdV∗cb + VtdV∗tb = 0 (λ3, λ3, λ3)(db)

VusV∗ub + VcsV∗cb + VtsV∗tb = 0 (λ4, λ2, λ2)(sb)

VudV∗us + VcdV∗cs + VtdV∗ts = 0 (λ, λ, λ5)(ds)

VudV∗td + VcsV∗ts + VubV∗tb = 0 (λ3, λ3, λ3)(ut)

VcdV∗td + VcsV∗ts + VcbV∗tb = 0 (λ4, λ2, λ2)(ct)

VudV∗cd + VusV∗cs + VubV∗cb = 0 (λ, λ, λ5)(uc), (2.11)

which can be represented as triangles in the complex plane. The area of all these

triangles is the same and the strength of the CP-violation. It corresponds to half of

the Jarlskog invariant:

|JCP| = |Im[VijVklV∗ij V
∗
kj]|, i 6= k, j 6= l (2.12)

whose small size quantifies the strength of the CP violation in the SM, JPC ≈
A2λ6η ≈ O(10−5). Substituting to the matrix elements the corresponding Wolfen-

stein parametrization expression in Eq 2.11, immediately appears that only the

triangles labelled (db) and (ut) have the sides of the same order, while all the oth-

ers look substantially degenerates. The triangle involving transitions with the top

quark, the (ut) one, is difficult to be experimentally accessible due to the fact that

t quarks decay before forming an hadron. The Unitarity Triangle (UT) which is

experimentally more interesting from the point of view of CP violation measure-

ments is the first one, labelled as (db). The involved matrix elements are exper-

imentally accessible in B mesons decays. Including also the λ5 terms given the
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increased precision of current experiments, each side of the triangle can be ex-

pressed in terms of the Wolfenstein parameters:

• V∗ubVud = Aλ3(ρ + iη)(1− λ2

2 )

• V∗cbVcd = −Aλ3

• V∗tbVtd = Aλ3((1− ρ− iη) + λ2(ρ + iη)).

In general, each side is then normalized by the Aλ3 factor, leading to a represen-

tation in terms of the ρ̄ = ρ(1− λ2

2 ) and η̄ = η(1− λ2

2 ) parameters. The angles of

this unitarity triangle are then defined as follows:

α = Φ1 = arg(− V∗tbVtd

V∗ubVud
), (2.13)

β = Φ2 = arg(−V∗cbVcd

V∗tbVtd
), (2.14)

γ = Φ3 = arg(−V∗ubVud

V∗cbVcd
). (2.15)

Fig.1 shows the normalized Unitarity Triangle in term of the variables (ρ̄, η̄). The

Figure 1.: Representation of the Unitarity Triangle in the complex plane.

direct measurement of sides and angles of the Unitarity Triangle is a crucial test of

the SM and comparisons between the different evaluations can reveal the presence

of new phenomena beyond the SM itself.

The combination of all the current experimental results and theoretical predic-

tions (from Lattice QCD) related to the Unitarity Triangle parameters is depicted

in Fig.2. Indeed, to determine the CKM parameters, several measurements of

lifetimes and branching fraction ratios (in B and K decays) as well as the mixing
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Figure 2.: Current constraints on the Unitarity Triangle parameters in the complex

plane: including direct measurements of angles (left), not including them

(right) [9].

frequencies (∆md(s)) and the mixing phases of B mesons are needed. In addition

theoretical estimations from lattice QCD are also needed. The overall fit to deter-

mine the CKM parameters is performed using averaging the direct measurements

of the Unitarity Triangle angles, α, β and γ (Fig.2 left) performed by different col-

laborations. The fit for the CKM parameters can be done letting the angles of the

UT to be determined by the overall fit (Fig.2 right). In Table 3 the values from

direct measurements of the CKM angles are reported. The poor precision of the

direct measurement of γ makes the comparison with the overall fit determination

not affordable.

Table 3.: Current results for the CKM Unitarity Triangle angles from direct mea-

surements and from the overall fit without including the direct measure-

ments taken from [9].

The CKM angle Direct measurements [◦] Result from the overall fit [◦]

α 87.6+3.5
−3.3 91.5+4.2

−1.3

β 21.85+0.68
−0.67

γ 73.2+6.3
−7.0 66.9+1.0

−3.7

Several collaboration as Belle at KEK (Japan), Babar at SLAC (USA) and LHCb at

CERN (Switzerland) have contributed to the study of the SM in the B sector with

excellent results. In particular they have measured γ and the average values are

reported in Tab.4.
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Table 4.: Recent combinations of γ measurements by the LHCb, Belle and Babar

collaborations. Results are taken from CKMFitter group [9] except LHCb*

which is taken from [10] and still not used in the CKMfitter combination

for γ.

Experiment Combination of γ measur. [◦]

LHCb 74.6+8.4
−9.2

LHCb* 70.9+7.1
−8.5

Belle 70± 18

Babar 73± 13

The current knowledge of the Unitarity Triangle does not indicate evidence of

discrepancy with the Standard Model but the CP violation sector can be the right

place to get indirect evidence of Physics phenomena beyond the Standard Model.

Indeed the CP violation amount accounted in the SM description is not enough to

explain the asymmetry between matter and anti-matter observed in the universe.

For this reason important efforts are put in place to improve the precision of the

CP violation measurements and of CKM matrix. In particular being γ the least

known angle, more precise measurements are needed. The combination of the

LHCb measurements of γ is described in this thesis in Sec.6.10.

2.3 B meson physics

Weak decays of hadrons containing heavy quarks, as b and c, are extremely suit-

able to measure Standard Model parameters and to test its validity. More specif-

ically, they represent the a direct way to measure Unitarity Triangle parameters

since they show CP violation effects. B mesons are particles made by a b or an b̄

quark bounded with another lighter quark (c,u, d or s). They are relatively heavy

(mB ' 5GeV) and have relatively long lifetime (τB ' 1.5ps) since they mainly de-

cay through weak interactions. The following sections are dedicated to illustrate

properties of neutral B mesons.
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2.3.1 Mixing of neutral B mesons

Flavour oscillation of neutral B mesons has been observed in 2001 and it relies

on the non conservation of flavour in the weak interaction. B0
q and its antiparticle

B0
q (q = d, s)

B0
q = |bq >, B0

q = |bq > (2.16)

differ only by the flavour quantum number F, ∆F = 2. The B0
q ↔ B0

q transition can

take place through two |∆F| = 1 transitions:

B0
q

∆F=1−−−→ I ∆F=1−−−→ B0
q or B0

q
∆F=−1−−−−→ I ∆F=−1−−−−→ B0

q

where I is a common intermediate state. The mixing takes place through a second-

order diagram with the exchange of two W± bosons where the intermediate state

is composed mainly by the top quark (virtual state). In Fig.3 the dominant box

diagrams responsible for B0
q − B0

q mixing are shown.

b t d, s

W W
d, s t b

b W d, s

t t
d, s W b

Figure 3.: Dominant box diagrams for the B0
q − B0

q transition (q = d or s).

Let’s consider the initial state |ψ(t = 0) >= a(0)|B0
q > +b(0)|B0

q >. The time

evolution of this initial state can introduce other possible final states in addition to

|B0
q > and |B0

q > but, since we are interested in the flavour mixing, we can focus

ourselves on the values of a(t) and b(t) neglecting the other possible final states.

The time evolution is described by the Schrödinger equation:

i} ∂

∂t
ψ(t) = Hψ(t) (2.17)

where

ψ(t) =

 a(t)

b(t)

 . (2.18)
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The hamiltonian operator can be written as

H = M− i
2

Γ =

 M11 − i
2 Γ11 M12 − i

2 Γ12

M21 − i
2 Γ21 M22 − i

2 Γ22

 =

 M0 − i
2 Γ M12 − i

2 Γ12

M∗12 − i
2 Γ∗12 M0 − i

2 Γ


where the mass matrix M and the decay matrix Γ are 2× 2 hermitian matrices.

The CPT invariance leads to:

• M11 = M22 = M0 and Γ11 = Γ22 = Γ.

• M21 = M∗12 and Γ21 = Γ∗12.

The weak eigenstates are determined diagonalizing the H matrix and they can be

generically written as linear combinations of the considered flavour eigenstates:

|BL >= p|B0
q > +q|B0

q >, |BH >= p|B0
q > −q|B0

q >, (2.19)

where |p|2 + |q|2 = 1 and(
q
p

)2

=
M∗12 − iΓ∗12/2
M12 − iΓ12/2

. (2.20)

The eigenvalues are:

λi =

(
M0 ±

∆m
2

)
− i

2

(
Γ± ∆Γ

2

)
(2.21)

with i = H, L. The two eigenvalues λL,H are related to the mass and width differ-

ences as follows:

M0 =
MH + ML

2
(2.22)

∆m ≡ mH −mL = Re(λH − λL) (2.23)

Γ =
ΓH + ΓL

2
(2.24)

∆Γ ≡ ΓH − ΓL = −2Im(λH − λL). (2.25)

The time evolution of weak mass eigenstates can be written as:

|BL(t) >= e−iλLt|BL >, |BH(t) >= e−iλH t|BH > . (2.26)

For B0
d mesons ∆Γ is approximately zero while for B0

s mesons ∆Γs 6= 0, and LHCb

measured it to be of (0.106 ± 0.013)ps−1 [72].
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2.3.2 Time evolution of flavour eigenstates

Starting from a pure matter state:

|B0
q(t = 0) >=

1
2p

(|BL(t = 0) > +|BH(t = 0) >) (2.27)

it evolves in time using Eq.2.26-2.19 as following:

|B0
q(t) > =

1
2p

(|BL(t) > +|BH(t) >) =
1

2p
(e−iλLt|BL(0) > +e−iλH t|BH(0) >)

(2.28)

=
1

2p
(e−λLt(p|B0

q > +q|B0
q >) + e−λH t(p|B0

q > −q|B0
q >))

= g+(t)|B0
q > +

q
p

g−(t)|B0
q >,

where:

g±(t) =
1
2

[
e−iλLt ± e−iλH t

]
. (2.29)

An anti-matter component arises in the time evolution of a pure matter initial state.

Due to mixing both the B0
q and the B0

q initial states can decay into the same final

state f and its charge conjugate f̄ . The decay amplitudes are given by:

A f =< f |H|B0
q >, A f =< f |H|B0

q >, A f =< f |H|B0
q >, A f =< f |H|B0

q >

(2.30)

where the CPT invariance assures that:

|A f | = |A f |, |A f | = |A f |. (2.31)

All the necessary ingredients to describe the decay of a B0
q meson produced at

time t = 0 to a final state f at time t have been already provided, so that the

corresponding decay rate can be written as:

dΓB0
q→ f (t)

dt
= |

〈
f |H|B0

q(t)
〉
|2 = |g+(t)A f +

q
p

g−(t)Ā f |2

= |A f |2
(
|g+(t)|2 + |λ f |2|g−(t)|2 + λ∗f g+(t)g∗−(t) + λ f g∗+(t)g−(t)

)
=

1
2
|A f |2e−Γt

[
(1 + |λ f |2) cosh(

∆Γ
2

t)+

(1− |λ f |2) cos(∆mt)− 2Re(λ f ) sinh(
∆Γ
2

t)− 2Im(λ f ) sin(∆mt)
]

.

(2.32)
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Similarly the decay rate for B0
q → f is:

dΓ
B0

q→ f
(t)

dt
= |

〈
f |H|B0

q(t)
〉
|2

=
1
2
|A f |2|

p
q
|2e−Γt

[
(1 + |λ f |2) cosh(

∆Γ
2

t)−

(1− |λ f |2) cos(∆mt)− 2Re(λ f ) sinh(
∆Γ
2

t) + 2Im(λ f ) sin(∆mt)
]

.

(2.33)

The parameter λ f is defined as:

λ f =
1

λ f
=

q
p

A f

A f
. (2.34)

The decay rates to the f final state, B0
q → f and B0

q → f , are described by the same

equations of 2.32 and 2.33 substituting the parameter λ f with:

λ f =
1

λ f
=

q
p

A f

A f
. (2.35)

Factorizing out the (1+ |λ f |2) in Eq.2.32 and 2.33, it is possible to highlight the CP

asymmetry observables as coefficients of the trigonometric functions:

C f =
1− |λ f |2
1 + |λ f |2

, S f =
2Im(λ f )

1 + |λ f |2
, A∆Γ

f =
2Re(λ f )

1 + |λ f |2
(2.36)

and for the B0
q(B0

q)→ f decays:

C f̄ = C f ⇒ CPT invariance, S f̄ =
2Im(λ f̄ )

1 + |λ f̄ |2
, A∆Γ

f̄ =
2Re(λ f̄ )

1 + |λ f̄ |2
. (2.37)

Flavour specific decays

A particular type of B meson decay is the so called flavour specific decay. In these

decays the final states f can be reached only by the B and not by the B; viceversa

for the f final state. As a consequence, for flavour specific decays A f = A f = 0

and λ f = λ f = 0; so that in the decay rate only the cosine and the hyperbolic

cosine survive:
dΓB0

q→ f (t)

dt
=

1
2
|A f |2e−Γt

[
cosh(

∆Γ
2

t) + cos(∆mt)
]

(2.38)

dΓ
B0

q→ f
(t)

dt
=

1
2
|A f |2|

p
q
|2e−Γt

[
cosh(

∆Γ
2

t)− cos(∆mt)
]

. (2.39)
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Assuming that the CP asymmetry in the B0
q mixing is negligible (|q/p| = 1) the

mixing asymmetry can then be written as:

Amix(t) =
dΓ/dt(B0

q → f (t))− dΓ/dt(B0
q → f (t))

dΓ/dt(B0
q → f (t)) + dΓ/dt(B0

q → f (t))
=

cos(∆mqt)

cosh(∆Γq
2 t)

. (2.40)

This expression represents the theoretical mixing asymmetry in the hypothesis that

the determination of the production B meson flavour given the final state f or f

is perfect. In general this is not the case because of the B0
q mixing or because of

wrong identification of the final state particles. The modifications of the mixing

asymmetry due to experimental effects will be presented in the following Chapters.

2.4 different types of cp violation

CP violation phenomena have been observed so far in Kaons and more recently

in the B meson systems and they are driven by a phase which enter in the decay

amplitude, as described in Sec.2.2.1. To be sensitive to the CP violation phase it

is necessary to analyze a decay in which at least two amplitudes which behave

differently under CP transformation contribute:

|A|2 = |A1 + eiψ A2|2 CP−→ |A1 + e−iψ A2|2 = |A|2. (2.41)

In this way the squared modulo of the decay amplitudes for the decay and its CP

conjugate depends on the CP-violating phase:

|A|2 = |A1|2(1 +
|A2|2
|A1|2

± |A2|
|A1|

cos(ψ)). (2.42)

Such interference can occur in different process leading to three different categories

of CP violating processes:

• in decays, also called direct CP-violation

• in mixing, also called indirect CP-violation

• in the interference between decay and mixing.

Direct CP violation occurs for neutral and charged mesons, while CP violation in

mixing and in the interference between decay and mixing can take place only for
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neutral mesons. CP violation in decays occurs if the probability of B0
q → f decay

is different from the B0
q → f one:

∣∣∣∣ A f
A f

∣∣∣∣ 6= 1. The CP asymmetry in decay can be

measured in several decays (B+ → DK+, B0 → DK∗0, B→ Kπ etc) through:

ACP =
Γ(B0

q → f )− Γ(B0
q → f )

Γ(B0
q → f ) + Γ(B0

q → f )
=
|A(B0

q → f )|2 − |A(B0
q → f )|2

|A(B0
q → f )|2 + |A(B0

q → f )|2

=
1− |A f /A f |2

1 + |A f /A f |2
6= 0. (2.43)

CP violation in mixing takes place when the oscillation probability B0
q → B0

q is

different from B0
q → B0

q . This means that |q/p| 6= 1 and |λ f | 6= 1 and it can be

measured in flavour specific decays as the semi-leptonic decays:

ACP =
Γ(B0

q → l−ν̄X)− Γ(B0
q → l+νX)

Γ(B0
q → l−ν̄X) + Γ(B0

q → l+νX)
=

1− |q/p|4
1 + |q/p|4 6= 0. (2.44)

CP violation in B0
d(s) mixing has not been observed yet4 and it is expected to be

small (O(10−4)). Current measurements have limited experimental precision and

don’t show any deviation from expectation.

The third type of CP violation occurs in the interference between decay without

mixing and decay with mixing: A(B→ f ) and A(B→ B→ f ) and this is possible

when Im(λ f ) = Im( q
p

A f
A f
) 6= 0. Final states which are accessible by both the B and

B mesons (non flavour specific decays as B0
s → D∓s K± ,B0 → D−π+ , B → ππ,

B0
s → JψΦ etc) may show this kind of CP violation effect . The CP asymmetry in

the interference between mixing and decayis measured through time-dependent

analyses which require the use of Flavour tagging algorithm (see Chapter 4) to infer

the initial flavour of the B meson. One of such decays for the B0
s and B0

s mesons is

the D∓s K±, in which the CP violation measurement is described in this thesis.

2.5 measurement of γ through B decays

The sensitivity to the angle γ in B mesons decays arises from tree-level B→ DK

decays and in loop-level measurements of B → h+h
′− decays. Tree-level decays

4 A part the D0 result [14] which has not been confirmed by other measurements.
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occur by the exchange of a W± vector boson and their theoretical prediction are

very precise. The Feynman diagrams of the tree-level B → DK decays are shown

in Fig.4.

�B−

K−

D0 → [f ]D

u

b

u

s

c

u

�B− D0 → [f ]D

K−

u

b

u

c

s

u

Figure 4.: Feynman diagrams of the B→ DK tree-level decays.

Figure 5.: Feynman diagrams contributing to the B → h+h
′− decays: Tree (T),

Penguin (P), Penguin Annihilation (PA), Colour-suppressed Electroweak

Penguin (PC
EW) and Exchange (E).

For B → h+h
′− decays loop diagrams give sizeable contribution to the decay

amplitude. The Feynman diagrams contributing to the amplitudes of B → h+h
′−

decays are shown in Fig.5. Assuming the validity of the U-spin symmetry among

B0
d and B0

s decays which differ only by the spectator quark (d or s) and taking

the values of the mixing phases φd and φs from independent measurements it is

possible to measure the γ angle in time-dependent analyses. Loops diagram have



20 physics introduction

the W± boson in the loop and a gluon or a photon or Z0 is emitted from the

loop. Within the loop any virtual particle of the correct quantum numbers can

be exchanged, including high mass super-symmetric particles, provided they have

a non negligible coupling. On the other hand γ measurements from tree-level

decays have not contributions from next-order diagrams and they can be used as

a Standard Model benchmark for γ that compared with the measurement from

loop decays might indicate the effect of new physics. As reported in Sec.2.2.2, the

precision on γ from direct measurements must be improved in order to compare

it with the theoretical prediction, and LHCb is dominating the sensitivity on this

CKM parameter exploiting both tree and loop level decays. In the following we

will concentrate on γ angle measurements from tree-level decays.

2.5.1 Tree-level decays to measure γ

Measurement of γ from tree-level decays are considered clean since the eventual

contribution from loops diagram to these decays is estimated to be very small:

δγ/γ ≈ O(10−7) [20]. The sensitivity to γ from tree-level decays arises from the

interference between b → u and b → c quarks transitions in the decay of a B

meson to a final state with a charmed meson. These decays are characterized by

small branching ratios O(10−4; 10−5) and this explains why the precision on γ is

so far limited. Depending on the considered B decay, two kinds of CP violation

process carry the dependence on γ: CP violation in decays and CP violation in the

interference between mixing and decay. The former is measurable through time-

integrated analysis in several B → Dh decays, where the B can be a B± or a B0, h

can be a K±, K∗0,π± and D is a D0 or a D0 meson. For the first time LHCb has

also exploited multi-body B decays as B→ DKππ final states [15].

In this kind of decays the B meson decay can occur via a charmed meson or its

anti-particle. The crucial point is that both the D0 and the D0 mesons can decay in

the same final state and the sensitivity to γ depends on the interference between

these two paths where fD is the final state of both the D0 and the D0 mesons. The

D0-D0 mixing effect must be taken into account. An illustrative schematic view is

given in Fig.6. The size of the interference depends on the weak phase γ, the rB
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Figure 6.: Illustration of γ sensitivity in tree-level decays with direct CP violation.

parameter which is the amplitude ratio (rB = Γ(B→ DK)/Γ(B→ DK)) and on δB

which is the CP-invariant strong phase difference. Of course rB and δB are different

for each B decay while γ is common, so that many independent measurements

can be combined to improve the precision on this CKM angle. Three methods of

extracting γ have been determined depending on the D meson final state:

• the Gronau-London-Wyler (GLW) method [17] for fD being CP eigenstates

(D0 → K+K− or D0 → π+π−).

• the Atwood-Dunietz-Soni (ADS) method [18] for fD being flavour-specific

eigenstates (D0 → K+π− or D0 → K+π−π+π−). The D meson decay param-

eters, rD and δD, enters in the game and they usually are taken from other

measurements.

• the Giri-Grossman-Soffer-Zupan (GGSZ) method [19] for fD being self-conjugate

three-body decays (D0 → K0
SK+K− or D0 → K0

Sπ+π−). Being fD a three-

body decay rD and δD vary across the phase space. Different analysis meth-

ods have been used also by LHCb to account for them (Model dependent

[21] and Model independent measurements [22] ).

In recent years, extensions of these methods have been successfully used by LHCb,

like the quasi-GLW and quasi-ADS methods, adding a neutral pion to the D final

states (D → h
′+h−π0). Time-integrated analyses are performed through an invari-

ant mass fit devoted to measure ratios and asymmetries of the decay widths of

B+ vs B−, or B0 vs B0. These observables bring the dependence on γ, but also

on rB and δB which are not known with great precision from theory and thus are
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measured as well by each analysis. Depending on the considered B and D decay,

and thus on the adopted analysis method, γ and δB can be determined with more

or less ambiguity. The interplay of the different B± → DK± measurements per-
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Figure 7.: Two-dimensional CL distributions of γ vs. rDK
B (left) and γ vs. δDK

B for

various B+ → DK+ decays [10].

formed by LHCb for the γ (rB, δB) determination is reported in figure 7. There

isn’t a golden mode, but each of them help to constrain γ. ADS and GLW de-

cays provide very narrow solutions for γ but with the larger level of ambiguity

while the GGSZ decay finds one solution with a larger uncertainty. Similarly to

B+ → DK+ decay, sensitivity to γ can be gained analysing B+ → Dπ+ decays. In

this case rB is smaller (rB ≈ 0.01) than B→ DK (rB ≈ 0.1), and for this reason they

are less sensitive to γ. On the other hand these decays have a larger branching

ratios (10−3). Also neutral B0 decays, as the B0 → DK∗0, are sensitive to γ. They

have larger rB values (rB ≈ 0.3) than the charged modes however they are affected

by larger contribution of backgrounds as the ones from B0
s and also with the resid-

ual non resonant Kπ events. Although they have lower statistics (BR 10−5 vs. 10−4)

with respect to the charged modes, the B0 modes combined together are starting

to constrain γ, as reported in Fig.8. Also for neutral B decays the ADS and GLW

modes provide more precise γ and δDK∗0
B determinations but with the larger level

of ambiguity while the GGSZ decay finds one broader solution.
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2.6 measurement of the ckm angle γ in B0
s → D∓s K± decays

In addition to the time-integrated analyses, B decays which show CP-violation

effects in the interference between decay and mixing can be used to determine

γ through time-dependent analysis. Time-dependent measurements to extract γ

have been done so far by Babar and Belle by using the B0 → D (∗)∓π± decays

(in which the magnitude of the interference was limited by the small value of the

amplitude ratio rB≈0.1). Very recently the LHCb collaboration has measured, for

the first time, the angle γ in the decay mode B0
s → D∓s K± by means of a time-

dependent analysis [1]. Such decay mode has the advantage to have a larger value

for rB (≈0.5) since the B0
s → D−s K+ and the B0

s → D−s K+ amplitudes are of

the same order of magnitude allowing a large interference effect. The physical

description of the decay rate is given in Sec.2.3.2 and the resulting CP-asymmetry

for B0
s and B0

s with f = D−s K+ and f = D+
s K− can be expressed as:

A f
C P ( t) =

dΓ
dt (B0

s → f )( t) − dΓ
dt (B0

s → f )( t)
dΓ
dt (B0

s → f )( t) + dΓ
dt (B0

s → f )( t)

=
−C f cos(∆m s t) + S f sin(∆m s t)

cosh( ∆Γ s
2 t) + A∆Γ

f sinh( ∆Γ s
2 t)

. (2.45)

and an analogous expression can be written for f . Four decay rates B0
s → D−s K+ ,

B0
s → D+

s K− , B0
s → D−s K+ and B0

s → D+
s K− are used by the fit to determine the

CP observables defined by equations 2.36-2.37. The CP observables can be written



24 physics introduction

in terms of the weak phases difference (γ -2β s), the amplitude ratio rB and the

strong phase difference δB as follows:

C f =
1 − r2

B
1 + r2

B
, S f =

2rB sin(δB − (γ − 2β s ))

1 + r2
B

, A∆Γ
f =

−2rB cos(δB − (γ − 2β s ))

1 + r2
B

(2.46)

S f̄ =
−2rB sin(δB + (γ − 2β s ))

1 + r2
B

, A∆Γ
f̄ =

−2rB cos(δB + (γ − 2β s ))

1 + r2
B

(2.47)

where rB is the magnitude of the ratio of decay amplitudes: |AB0
s→ f /AB0

s→ f |, and

βs (' −2φs ) is the mixing phase for B0
s mesons. Thanks to the possibility to

measure the five CP observables from a tagged time-dependent fit, the ambiguity

on γ is limited to two possible solutions (γ and γ + π). In this thesis it will be

described one of the most important tool to perform time-dependent measurement,

the Flavour Tagging, and also the first measurement of γ from a time-dependent

analysis in the B0
s → D∓s K± decay mode using the dataset collected by LHCb in

the 2011. The updated measurement of γ exploiting the full Run1 data sample of

B0
s → D∓s K± events is on-going. The major improvements of this updated analysis

will be described in the final chapter.
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After a brief description of the main features of the Large Hadron Collider

(LHC), the LHCb experimental apparatus used for the studies presented in this

thesis is described conferring particular relevance to the sub-detectors which play

a crucial role for the analysis described in this dissertation.

3.1 the large hadron collider

The LHC is a proton-proton collider [27] built by the European Organization

for Nuclear Research (CERN) in the vicinity of Geneva (Switzerland). The LHC is

located 100 m underground along a 27 km long tunnel. The LHC is designed to

accelerate proton beams up to an energy of 7 TeV, leading to a center of mass energy

of
√

s=14TeV and to a peak luminosity of L = 10
34cm−2s−1. The two counter-

rotating proton beams are bent by dipolar NbTi superconducting magnets that

require to be maintained at a temperature of 1.9K. The peak dipole magnetic field

25



26 the lhcb experiment

is of 8.33T. Different bunch filling schemes can be produced corresponding to a

different interaction frequency. For example, in the nominal configuration, the

beams are structured in 2808 bunches containing each ∼ 1011 protons and spaced

by 25ns. The beam collision frequency is then 40MHz. During 2011 and 2012 data

taking the LHC worked with a lower interaction frequency.

In correspondence of the four interaction points, four experimental setup are

located. ATLAS (A Toroidal LHC ApparatuS [28]) and CMS (Compact Muon

Solenoid [29]) are general purposes detectors. The ALICE experiment (A Lead

Ion Collision Experiment [30]) is devoted to study through Lead ions head-on

collisions a state of matter wherein quarks and gluons are freed. The LHCb ex-

periment (Large Hadron Collider beauty) will be described in details in the next

section.

Figure 9.: A schematic representation of the LHC accelerator system and the posi-

tion of the four experiments ATLAS, CMS, ALICE and LHCb.

A schematic view of the LHC accelerator system is reported in Fig. 9.
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3.2 the lhcb experiment

The LHCb experiment is designed to study beauty and charm hadrons decays, in

particular to perform precise measurements of CP violation effects and to search

for physics beyond the Standard Model through rare decays. The optimal lumi-

nosity for the experiment is such that there are at maximum 2.5 p p collisions per

bunch crossing. To decrease the instantaneous luminosity with respect to the one

delivered to the other experiments which is of 10
34cm−2s−1, the two proton beams

are tilted each others so that the beams do not collide head-on and the interaction

area is larger. This technique is called luminosity levelling and it allows LHCb to

maintain the required luminosity constant to a level of 10
32cm−2s−1.

The integrated luminosity delivered by LHCb during 2010, 2011 and 2012 data

taking are summarized in Tab.5. The center of mass energy has been increased

from 7TeV to 8TeV in 2012.

Table 5.: Integrated luminosity delivered by LHCb during 2010, 2011 and 2012 data

taking. For each data taking period also the average number of interac-

tions per bunch crossing (µ) and the peak luminosity are reported.

Year Lint [fb−1]
√

s [TeV] µ Lpeak [1032 cm−2s−1]

2010 0.037 7 1− 2.5 1.6

2011 1.0 7 1.5− 2.5 4.0

2012 2.2 8 ' 1.8 4.0

At the LHC the b − b̄ quarks production cross-section is dominated by gluon-

gluon fusion and quark-antiquark annihilation (hard QCD scattering), and thus it

mainly occurs in two cones pointing in the forward and backward regions respect

to the beams direction ( Fig. 10). In contrast to the other detectors, LHCb is a

single-arm forward spectrometer with a pseudorapidity η1 between 1.8 and 4.9.

The estimated b − b̄ cross-section at
√

s = 14 TeV is around 500 µb of which 200

µb within the LHCb acceptance. The physics program related to spectroscopy

and study of B decays requires to have at least one b(b̄) quark in the detector ac-

ceptance. Instead several of the CP violation measurements which involve B0
s or

1 η = − ln
[
tan θ

2

]
where θ is the angle of the particle’s momentum respect to the beam axis.
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Figure 10.: b− b̄ production cross-section at
√

s= 8 TeV as a function of polar angles.

In red the part of the distribution within the LHCb acceptance. Figure

taken by [33].

B0
d decays need to have both the b and b̄ hadrons within the LHCb acceptance in

order to determine the flavour at production time. Events containing both b and b̄

are important for Flavour Tagging algorithms which reconstruct the non signal b

hadron decay to infer the signal B meson flavour at production time. More details

on Flavour Tagging algorithms will be given in the dedicated Chapter 4. The c− c̄

cross-section is 20 times larger than the σbb̄ allowing LHCb to perform interesting

measurements also in the charm sector. Despite the hadronic environment of pp

collision represents a challenge for event reconstruction, LHCb has demonstrated

to be able to perform precise measurements with high statistics even beyond ex-

pectations.
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The LHCb detector is composed of several sub-detectors as shown in Fig.11. The

following subsections will describe each sub-detector with more details for those

which have more impact on the analysis presented in this thesis.

Figure 11.: Layout of the LHCb detector in y− z plane. From left to right: the VEr-

tex LOcator, RICH1 and RICH2 indicate the Ring Imaging Cherenkov

detectors, TT and T1-T3 denote the tracking stations, M1-M5 are the

muons detectors. SPD and PS, as well as ECAL and HCAL compose the

Calorimeters system. The coordinate system is a right-handed Carte-

sian system where the z axis corresponds to the beam direction, the y

axis is contained in the non-bending plane while the x axis is oriented

horizontally towards the bending plane.
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3.2.1 The tracking system

The tracking system provides information to reconstruct charged particle trajec-

tories, to measure their momentum and to reconstruct the vertices of the decays.

It consists of four sub-detectors employing different technologies and geometries:

the VErtex LOcator (VELO), the Tracker Turicensis (TT), the Inner Tracker (IT) and

the Outer Tracker (OT). These latter two are both placed in T1-T2-T3 stations.

The Vertex Locator

The VErtex LOcator is devoted to the vertices determination. Indeed it is de-

signed to provide precise determination of the position of the charged tracks close

to the interaction point. The Primary Vertex (PV) indicates the position of the pp

collisions, while the Secondary Vertex (SV) relates to the position of the particle

decay. Indeed b-hadrons have displaced production and decay vertex (∼ 0.5 cm)

because of their relatively long lifetimes. The precise measurement of b-hadrons

flight distance (| ~PV− ~SV |) together with momentum information from other sub-

detectors allows to reconstruct the b-hadrons decay time. This is a fundamental

observable for each time-dependent CP violation measurement in b-hadrons de-

cays as well as lifetime and ∆Γ(s) measurements. The resolution of the primary

vertex depends on the number of tracks used to reconstruct the vertex, on aver-

age it is 71 µm in the z direction and 13 µm in the perpendicular direction [34].

Another important variable to detect properly B meson decays is the Impact Pa-

rameter (IP) of a track, defined as the distance between the track and the PV at

the track’s point of closest approach to the PV. Long lifetime particles, such as B

and D mesons, are characterized by large IP and they can be distinguished from

particles originated directly from pp collisions requiring an IP larger than a given

value. The IP resolution depends on the multiple scattering effect (≈ 1/PT where

PT is the transverse momentum) due to the detector material, on the resolution of

the positions of track hits and on the distance of the first hit of a track from the

PV. Figure 12 shows the IPx and IPy resolutions as a function of the momentum of

the track extracted from data and the comparison between data and simulation for

the IP dependence on the inverse of the transverse momentum. Time-dependent
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Figure 12.: IPx and IPy dependence on the momentum (left) and IPx dependence

on 1/PT in data and simulation. Figure taken from [34].

measurements, in particular the ones related to B0
s decays require a good time res-

olution σt in order to resolve the fast B0
s − B0

s oscillations and measure properly the

decay amplitude. Decay time is computed by the following formula

t =
mBdB

PB
(3.1)

where dB is the B meson flight distance: d = | ~SV− ~PV|, mB and PB are respectively

the mass and the momentum of the B meson. Of course the position of the sec-

ondary vertex is determined with a poorer resolution with respect ot the PV due

to the fact that the number of tracks is much lower and they all are in the forward

region. The distribution of the time resolution and its dependence on are reported

in Fig.13. The σt evaluation underestimates the real resolution on the decay time

and for this reason it needs to be calibrated.

In order to reduce the distance from the beam and to use less material as possible

the VELO has been placed in a secondary vacuum environment. To preserve the

vacuum condition of the beams line, an intermediate layer, called RF foil is placed.

This foil can be very thin and made by an aluminum alloy which minimize the

multiple scattering effect between the PV and the first hit of the track allowing the

VELO sensors to stay as close as possible to the beam line. The VELO is made by

21 semicircular tracking stations surrounding the beam axis at a distance of 8 mm

in nominal working conditions (see Fig.14).

To protect the detector from beam interaction with the sensors during beam

injection, each station has left and right parts which can be displaced during the
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Figure 13.: Dependence of the decay time resolution on the B momentum (left) and

on the estimation of the decay time error (right) [34].

Figure 14.: Cross section of the VELO in the x− z and y− z plane showing the 21

modules [31].

beam injection and moved close to each other once the beam is stable. The half

disk shape modules (Fig.15) are silicon wafers covered by aluminum strips. There

are two kinds of VELO sensors, depending on which spatial coordinate they are

sensitive to: r, which is the radial distance of the hit from the beam axis, and φ,

which is the polar angle and it ranges from 15 mrad to 390 mrad. Each sensor has

a diameter of 84 mm and a thickness of 300 µ m.
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Figure 15.: Schematic view of r and φ sensors [31].

The Tracker Turicensis

The Tracker Turicensis (TT) is placed between the RICH1 detector and the mag-

net and it is designed to reconstruct long-lived particles. The TT is composed by

four layers of silicon micro-strip detectors with a thickness of 500 µm grouped

into two stations TTa and TTb. According to the particle occupancy, each layer is

subdivided into sections. In order to determine the transverse component of the

momentum, the TT is composed by 3 types of layers: the X layers have vertical

readout strips, while U and V are stereo layers rotated by +5◦ and −5◦ respec-

tively along the y axis. The TTa (TTb) stations are composed by the X-U (X-V)

layers, respectively. Figure 16 outlines the layout of TTa. The TT covers an area of

8.4 cm2 with a single hit resolution of 50µ m. Given the proximity to the magnet,

the TT sees a residual magnetic field.
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Figure 16.: Layout of two TT detection layers (X and U)[36].

The Inner Tracker

The Inner Tracker (IT) is the closest part of the T1-T3 stations to the beam pipe,

located downstream the LHCb magnet. It is cross shaped and made by four de-

tector boxes surrounding the beam axis (Fig.17). Each IT station is composed by

4 layers of silicon micro-strips, as the TT, following the X-U-V-X arrangement. In

this acceptance region, 1.3% of the LHCb acceptance, the particle flux is extremely

high and the silicon detectors must have radiation hardness properties. The pitch

between the sensors is 200µm and the single hit resolution is 50 µm as for TT.

Figure 17.: Layout of a single layer (X) of the IT detector [36].
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The Outer Tracker

The Outer Tracker (OT) covers the area outside the IT acceptance in the T1-

T3 tracking stations downstream the LHCb magnet as shown in Fig.18. The OT

consists of gaseous straw-tube detectors. The gas mixture is composed by Ar, Co2

and O2 in the following percentages: 70%, 28.5% and 1.5%. The OT covers an

acceptance of 300 mrad (250 mrad) in the horizontal (vertical) plane. As for the

IT, each of the three OT stations is composed by four layers of straw tubes in the

X-U-V-X configuration. Each layer is made of a double layer of straw tubes.

Figure 18.: Schematic view of the tracking system. The blue colored parts represent

the OT while the purple ones represent the TT and IT trackers. Figure

taken from[31].

The straws have an inner diameter of 4.9 mm and in the center of the straws

there is a 24 µm diameter gold coated tungsten wire. The spatial resolution of the

single straw tube is 200 µm . The position of the interaction is given by the position

of the hit straw tube and by the drift time.
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3.2.2 The LHCb magnet

Figure 19.: Perspective view of the LHCb dipole magnet. The interaction point lies

behind the magnet [31].

A dipole magnet placed in between the TT and the T1-T3 stations is used to

bend charged tracks in order to measure the momentum of the charged particles.

It is composed by two symmetric non-superconductive aluminum coils arranged

above and below the beam axis, as it is represented in Fig. 19. A charged particle

is bent when passing through a magnetic field depending on its momentum. The

curvature of the trajectory allows to determine the charge and the momentum of

the particle.

The magnetic field is along the y axis and its integrated value is 4Tm with a

precision of about 4× 10−4. The polarity of the magnetic field can be switched

during data taking to minimize possible detection asymmetries that can affect the

accuracy of asymmetry measurements.
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3.2.3 Mass and Momentum resolution

The momentum resolution for long tracks is measured using data samples of

J/ψ → µ+µ− decays. In Fig.20 the relative momentum resolution versus the mo-

mentum for long tracks obtained using J/ψ decays is shown. The momentum

resolution is of about 0.5 % for momentum particles below 20 GeV/c reaching the

0.8% for momentum particles around 100 GeV/c. The mass resolution is stud-

ied using six di-muons resonances which show a clear mass peak and share the

same topology: J/ψ, ψ(2S), Υ(1S), Υ(2S) and Υ(3S) mesons plus the Z0 boson. A

loose selection is applied to get the invariant mass distribution that is fitted with

a Double Gaussian plus a power low tail to account for final state radiation. The

background component is modelled by an exponential shape. The fitted values of

the mass resolution for the six resonances are reported in Fig. 21 (right). The rela-

tive mass resolution as a function of the mass of the dimuon resonances is shown

in Figure 21 where the mass resolution is at the 0.5% level up to the Υ masses.
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Figure 20.: Relative momentum resolution versus momentum for long tracks in

data obtained using J/ψ decays. Figure taken from [32].
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J/ψ 14.3 ± 0.1
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Figure 21.: Relative mass resolution as a function of the mass of the dimuon reso-

nance (left) and mass resolution values for the six dimuon resonances

(right). Figures taken from [32].

3.2.4 Particle Identification

In pp collisions it is crucial for the reconstruction of b-hadron decays to identify

the different charged particles such as electrons, muons, protons, kaons and pions.

The sub-detectors which contribute to the particles identification are: the Ring

Imaging Cherenkov detectors, the calorimeters system and the Muon detector. In

the following subsections a brief description of each of them will be presented.

The Ring Imaging Cherenkov detectors

The Ring Imaging CHerenkov detectors (RICH) employ the Cherenkov effect

[37] to measure the particle’s velocity. When a charged particle passing through a

medium has a velocity which is larger than the speed of light in vacuum, c′ = c/n,

it emits the typical Cherenkov radiation. The Cherenkov radiation is the emission

of photons in a cone centered along the propagation direction with a characteristic

angle called θC which relies on the particle’s velocity and on the refraction index

n, accordingly to this formula:

cos θc =
c′

v
=

1
βn

. (3.2)

Thus the measurement of the Cherenkov angle θC determines the velocity of the

particle.
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Figure 22.: Right: Cherenkov angle versus particle momentum for RICH radiators.

Figure taken from [31]. Left: Kaon identification and pion misidentifica-

tion as a function of the track momentum measured on Run1 data. Plot

for two different DLL(K − π) requirements are shown. Figure taken

from[32].

This information, joined to the measurement of the momentum from the track-

ing system, allows to obtain the mass of the charged particle and consequently to

define the particle identity. In the LHCb environment the momentum spectrum is

quite large ranging from 1 to 100 GeV/c. In order to cover efficiently the whole

momentum spectrum it is required to use different media, called radiators. In Fig.

22 the dependence of the Cherenkov angle on the particle momentum is shown

using three kinds of radiators: Areogel, C4F10 and CF4. The Areogel has a larger

discriminating power at low momentum while the C4F10 and CF4 media are more

indicated to distinguish between high momentum particles.

Table 6.: Gas admixture, refractive index (and the wavelength which they corre-

spond) and yield of photo-electrons for each track with β = 1 .

Gas n λ [nm] Yield fo p.e.

RICH1 C4F10 1.0014 400 30

RICH1 Aerogel 1.03 400 6.5

RICH2 CF4 1.0005 400 22
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The RICH1 is located in front of the magnet with an acceptance ranging from 25

mrad to 250 mrad (300 mrad) in the vertical (horizontal) direction. It is filled with

Areogel and C4F10 radiators which makes the RICH1 sensitive to low momenta

particles and to identify protons. The RICH2 is placed immediately after the T1-T3

tracking stations. It designed to identify high momentum particles. For this reason

its acceptance is limited between 15 mrad and 120 mrad (100 mrad) along the x

(y) direction and it uses CF4 radiator. The refraction index and the photo-electrons

yield are summarized in Tab. 6 for each medium.

Figure 23.: Schematics of RICH1 and RICH2 detectors. Figure taken from [31].

The Cherenkov radiation is focused via spherical and plane mirrors to the Hy-

brid Photo Detectors (HPD) that convert photons in electrons (photo-electrons).

On the focal plane the Cherenkov light forms rings and the radius determines

the Cherenkov angle θC. Associating the Cherenkov ring image, which means a

velocity, to a track, which means a momentum, a mass hypothesis can be extracted.

For each mass hypothesis a likelihood is calculated using the informations from

RICH detectors, calorimeters and the muon system. The difference in logarithmic

likelihood, defined as DLL(A− B) = lnLA − lnLB, is the observable used for the
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particle identification. Roughly speaking, in case of DLL(K − π) < 0 the particle

is more likely to be a pion rather than a kaon. As an important example, in

the B0
s → D∓s K± decays the final charged particles are mainly pions and kaons,

furthermore one of the most relevant peaking background is the B0
s → D−s π+

which has a larger branching fraction (O(15)). It becomes crucial for the analysis to

distinguish between the two different bachelor particles and the related observable

is PIDK=DLL(K − π). Thus an extensive use of the PIDK is done both in the

selection and in the fitter itself. As can be seen from Figs.22 choosing DLL(K −
π) > 0 (kaon hypothesis better than pion hypothesis) the average kaon efficiency

(K → K) identification over the momentum spectrum is ∼ 95% while the pion

misidentification (π → K) is ∼ 10%. Choosing DLL(K − π) > 5 results in a

pion misidentification of ∼ 3%. Similarly also for proton hypothesis choosing

DLL(p− π) > 5 reduce the pion misidentification.

3.2.5 The calorimeters system

The calorimeters system is designed to identify hadrons, electrons and photons

as well as to measure their energy and position. The system exploits absorber

materials to trigger the interaction of the particles which is predominantly an elec-

tromagnetic or hadronic shower whose signal is collected by a layer of active ma-

terial. The Scintillating Pad Detector (SPD), the Preshower (PS) detector and the

Electromagnetic calorimeter are devoted to the identification of electrons and pho-

tons and are placed behind the first Muon station M1. The angular acceptance

is between 30 mrad and 300 mrad (250 mrad) horizontally (vertically). The SPD

and the PS are made of scintillating pads whose granularity varies depending on

the distance from the beam axis to guarantee an optimal detector occupancy. In

the SPD a photon doesn’t produce any signal before triggering a shower while the

electron does. In this way the SPD is able to distinguish between electrons and

photons which passing trough the 15 mm of lead after the SPD generate a shower

in the PS. In contrast, charged hadrons as pions do not produce a shower, allowing

the PS to distinguish them from electrons. Each ECAL cell is composed by 2 mm

plates of lead alternated by 4 mm layers of scintillating pads. Particles passing
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through the ECAL, which corresponds to 25 radiation lengths X0, deposit their

energy and electrons and photons are absorbed. The ECAL energy resolution is a

function of energy:

σE

E
=

10%√
E/GeV

⊕ 1%, (3.3)

where the symbol ⊕ indicates sum in quadrature of the two terms. The last

element of the calorimeters system is the HCAL in which neutral and charged

hadrons deposit their remaining amount of energy. It is made by alternating iron

absorbers and scintillating tiles reaching 5.6 nuclear interaction lengths (λint) of

hadrons in iron. The energy resolution is given by:

σE

E
=

69%√
E/GeV

⊕ 9%. (3.4)

The granularity of the calorimeters system is outlined in Fig. 24. The electron iden-

tification efficiency of the calorimeters system with a requirement of DLLcalo(e−
h) > 2 is 91.9%, with a mis-identification rate of 4.5%. Including information from

the RICH detectors the electron efficiency raises up to 97% for a mis-identification

rate lower than 2% [38]. Large energy deposit in ECAL and HCAL are the first

signature used by the L0 trigger to accept an event.

Figure 24.: Schematic representation of modules and granularity of the ECAL (left)

and HCAL (right). Only the top right quarter is shown. The black area

corresponds to the empty space occupied by the beam pipe [31].
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3.2.6 Muon detector

The most downstream detector component of the LHCb apparatus is the Muon

detector which is composed by 5 stations M1-M5. As for the other detectors, also

in this case each station is subdivided in regions (R1-R4) characterized by differ-

ent granularities. The first station M1 is located before the calorimeters system,

while the remaining stations are placed behind the HCAL. Each Muon station is

equipped with chambers which consist of gaseous detector: The innermost part

of M1 (M1R1) uses gas electron multipliers (GEM) given the high particle fluence,

while all other regions and stations are made by multiwire proportional chambers

(MWPC). Between the muon stations 80 cm thick iron walls are used to absorb

hadrons. The layout of the five stations is shown in Fig.25 and Fig.26.

Figure 25.: Side view of the five stations of the muon detector. Figure taken

from[31].
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Figure 26.: Schematic representation of the muon chamber assembly showing the

different granularities [31].

The Muon detector covers an acceptance between 20− 300 mrad in the horizon-

tal plane and 16− 258 mrad in the vertical one. The average muon identification

efficiency of 98% can be achieved with a pion and kaon misidentification level be-

low 1%, the hadron misidentification probabilities are below 0.6%. The signatures

in the muon detector are used by the L0 trigger to select an event.

3.2.7 The LHCb trigger

In the first years of operation (2010-2012) LHC worked at reduced energy and

a bunch crossing of 15 MHz instead of 40 MHz. The data recording and storage

capabilities require a much lower frequency. The LHCb trigger system is designed

to reduce such rate to an acceptable limit which is set to 5 kHz. Indeed in the pp

collision, only a small fraction of the events are potentially interesting. The LHCb

trigger makes this first level selection via three stages: an hardware trigger called

Level 0 (L0), which is synchronous with the bunch crossing frequency, and two soft-

ware triggers called High Level Trigger 1 (HLT1) and High Level Trigger 2 (HLT2).

The trigger schema is summarized in Fig.27 where the two HLT are denoted with

Software High Level Trigger. The L0 selection is based on the information related

to particles transverse momentum or energy and its bandwidth is subdivided in

different percentages among hadrons (h), muons (µ,µµ) and electrons and photons
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(e,γ). The Software High Level Trigger runs offline reconstruction using different

inclusive and exclusive selection algorithms.

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

2 kHz 
Inclusive

Topological

5 kHz (0.3 GB/s) to storage
2 kHz 

Inclusive/
Exclusive 

Charm

1 kHz
Muon and 
DiMuon

LHCb 2012 Trigger Diagram

Figure 27.: LHCb trigger schema. Figure taken from [24].

Hardware Trigger

b-hadron decays are characterized by particles with high pT spectra and larger

impact parameter with respect to particles produced in the PV, respectively due to

the large values of B mass and lifetime. The L0 trigger has to spot these general

signatures of interesting decays and to reduce the rate of accepted events to 1

MHz. To reject events with multiple interactions, which need long times to be

processed, the L0 trigger cuts on the maximum number of hits in the SPD. An

event is accepted by the L0 trigger if at least one of this condition is satisfied:
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• L0-Muon: a track in the Muon detector (i.e. one hit in each of the 5 stations)

with transverse momentum (pT) above a given threshold;

• L0-DiMuon: two tracks in the Muon detector with p1
T · p2

T larger than a given

threshold;

• L0-Hadron: a cluster in HCAL with transverse energy above a given thresh-

old;

• L0-Photon: a cluster in ECAL with transverse energy above a given thresh-

old;

• L0-Electron: a cluster in ECAL with transverse energy above a given thresh-

old, anticipated by hits in the PS and at least one hit in the SPD.

Table 7.: Typical L0 thresholds used in Run1. Table taken from [32].

pT or ET SPD

2011 2012 2011 and 2012

L0-Muon [GeV/c] > 1.48 > 1.76 < 600

L0-DiMuon [(GeV/c)2] > (1.296)2 > (1.6)2 < 900

L0-Hadron [GeV] > 3.5 > 3.7 < 600

L0-Photon [GeV] > 2.5 > 3 < 600

L0-Electron [GeV] > 2.5 > 3 < 600

The L0 thresholds are determined in order to maximize the trigger efficiencies of

particular benchmark decays. The threshold values for 2011 and 2012 years of data

taking are different (see Tab.7), given the different center of mass energy and so

different b− b̄ cross-section over the total one.

Software trigger

The events that pass the L0 trigger are processed by the software trigger which

is subdivided in two stages HLT1 and HLT2. It runs on a large computing clus-

ter called Event Filter Farm (EFF). The HLT1 performs a partial reconstruction of

L0 candidates, thus the requirements are applied to a subset of the final parti-

cles. Exploiting the information from the VELO and the T1-T3 stations tracks with

high transverse momentum and high displacement from the primary vertex are
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searched. Peculiar requirements are used depending on the L0 decision. Candi-

dates which satisfies the requirements obtain a positive 1Track decision. The HLT2

performs a more precise reconstruction using exclusive and inclusive algorithms.

There are inclusive topological algorithms and they reconstruct b-hadrons decays

looking at 2-, 3- or 4-body vertex and are labeled as 2-, 3- or 4-body TopoBBDT.

Topological algorithms requires a secondary vertex with a large value of the scalar

sum of the transverse momenta (pT) of the tracks, and a significant displacement

from the primary interaction vertex. At least one of the tracks used to form this

vertex is required to have pT > 1.7 GeV/c, an impact parameter (IP) χ2 with re-

spect to the primary interaction> 16, and a track fit χ2 per degree of freedom

χ2/nd f < 2. The χ2
IP is defined as the difference between the χ2of the PV re-

constructed with and without the considered track. A multivariate algorithm is

used for the identification of the secondary vertices The remaining trigger lines

are inclusive or exclusive algorithms devoted to reconstruct c-hadrons decay. One

of the inclusive trigger lines is the InclPhi that selects φ(1020) → K+K− decays

without any request on the mother particle. Either the topological algorithms and

the InclPhi one are used by the B s → Dsh analysis.

3.2.8 Reconstruction algorithms

The reconstruction of tracks and primary vertices is based on several algorithms

of pattern recognition. Starting from the charged particle hits in the detector, a

track is formed using different tracking strategy depending on the type of track.

The tracks are classified as:

• VELO tracks : signatures only in the VELO detector. They are useful to

determine the primary vertex and are reconstructed as straight line since

they do not pass through the magnetic field;

• Upstream tracks : they contain hits in the VELO and in the TT detectors.

They are usually low momentum tracks that are bent out of the LHCb detec-

tor acceptance by the magnetic field;
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• Downstream tracks : tracks reconstructed with the TT and the T1-T3 tracking

stations. They are useful to reconstruct long lived particles such as KS and Λ

which often decay after the VELO;

• Long tracks : they have hits in all sub-detectors, from the VELO to the T1-T3

stations. They have the most precise momentum measurement and thus they

are the most important for b-physics measurements;

In order to find the best estimate of the track parameters a fit, called Kalman fit,

is performed to all found tracks. Within the fit procedure a multiple scattering

correction is applied as well as possible energy loss effects. Then the best track

is created and all the other ones are discharged. Each track and its related uncer-

tainty are defined by a state vector and its covariance matrix. The relevant track

parameters are the momentum, the change of slope and the track point which is

closest to the PV.

3.2.9 The LHCb software

The LHCb experiment makes use of several software packages to generate simu-

lated data and to analyze collected data. The software is based on ROOT [39] and

Gaudi [40] frameworks. The main packages are:

• GAUSS [41]: is responsible of the events simulation. It is structured in sev-

eral packages which take care of different processes. PYTHIA is used to

generate the pp interaction, while the hadrons decays are reproduced by Evt-

Gen [42]. The simulation of the particle interaction with the LHCb detector

is described by GEANT4.

• BOOLE [43]: reproduce the digitization of the front end electronics and the

detector responses in simulated events.

• MOORE [44]: simulates the response of the software trigger stage

• BRUNEL [45]: performs the full events reconstruction starting from raw data.

It is used for real and simulated events.
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• DaVinci [46]: reconstructs the decay chain combining together the different

particles. It can use the decay tree fitter (DTF) to refit all the vertices in-

volved in the chain applying kinematical constraints, if required or useful.

The DaVinci project can be used for simulated and real data.

• URANIA [47]: is a collection of packages devoted to the data analysis. The

physics analysis presented in this thesis is a based on the B2DXFitters pack-

age, which is a part of the Urania project.
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As it has been described in chapter 2, CP violation and mixing measurements

of neutral B mesons decays require the determination of the initial flavour of the

reconstructed B meson, i.e. whether it contained a b (B0) o b̄ (B0) quark at pro-

duction time. To infer the B initial flavour it is not enough the knowledge of

its decay product charge because of the B0
q − B0

q oscillations in time and the fact

that the final state could be in common to both B0
q and B0

q decay. The technique

that allows to determine the production B flavour is referred to as Flavour Tagging

(FT). Given the physics purposes of the LHCb experiment, the FT represents an

important tool employed in all the time-dependent analysis. This chapter starts

describing the Flavour Tagging principles and its related observables. Then two

particular taggers are taken under consideration, the Neural Network Same Side

Kaon (NNetSSK) [48] and the Opposite Side (OS) [49].

4.1 flavour tagging definitions

At LHC, b and b̄ quarks are produced in pairs by strong interaction in pp colli-

sions. Each quark hadronise independently and can produce different species of

b-hadrons: B+, B0
d, B0

s , B+
c mesons or Λb baryon. FT algorithms determine if a

given B signal decay contains a b or an b̄ quark at production time by exploiting

51
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the properties of correlated charged particles (tagging particle) reconstructed in

the same collision. At LHCb several FT algorithms exist and they are classified as

Opposite Side (OS) taggers and Same Side (SS) taggers. In Fig.28 a schematic rep-

resentation of the different taggers developed in LHCb is shown. Opposite Side

taggers exploit the decay of the other b-hadron to infer the flavour of the signal B

meson. Different OS algorithms exist: they exploit different decay processes of the

opposite side b-hadron: OS Kaon inclusively reconstructs b → c → s transitions,

OS electron and OS muon inclusively reconstruct leptonic decay, while the OS

charge vertex looks for the whole charge of the secondary vertex. An additional

OS tagger recently developed, the OS charm [50], is based on the semi-exclusive

reconstruction of secondary charged charm hadrons from the decay of the other

b-hadron. In contrast, Same Side taggers aim to select charged particles that are

produced in the same hadronization process of the signal B meson. Depending on

the species of the B meson, different types of particle can be produced: for B0
d SS

pions and protons, while for B0
s SS Kaons. In Fig.29 the charge correlation among

the B0
s , B0

d and B+ mesons with the SS tagging particles is shown.

Figure 28.: Schematic representation of the possible taggers to infer the B flavour.

The image summarizes the case of the B0 → J/ψK∗0 decay channel.
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Figure 29.: Schematic representation of the charge correlation between B0
s , B0

d and

B+ and the possible tagging particles.

Given a reconstructed B signal candidate, which can be a B0
d , B0

s and a B+, each

FT algorithm provides a tag decision d based on the charge of the selected tagging

particle. For initial B signal containing a b quark the tag decision is +1 (-1), while

if the algorithm failed to find the tagging particle the tag decision is 0 and the B

candidate results untagged. For each non-zero tag decision the algorithm estimates

the probability of the provided tag decision to be wrong. The mistag probability, η,

ranges from 0.0 (perfectly tagged) to 0.5 (randomly tagged). The performances of

flavour tagging algorithms can be studied in B± decays and in B0
d and B0

s flavour

specific decays and they are driven by two quantities: the tagging efficiency εtag

and the mistag fraction ω. The tagging efficiency is defined as:

εtag =
NT

NT + NU
, (4.1)
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where NT stands for the number of tagged events and NU stands for the number

of untagged events. The mistag ω is the fraction of events with the wrong tagging

decision which corresponds to η if the tagger is calibrated:

ω =
NW

NR + NW
(4.2)

where NW and NR are respectively the numbers of wrong and right tagged events.

The mistag can be easily measured with B± meson decays comparing the tag deci-

sion with the charge of the B0
q meson itself. For neutral B decays, to flavour specific

final states, due to B0
q − B0

q mixing the mistag can be extracted only by a fit to the

decay time distribution.

The fraction of wrong tagged events ω and the tagging efficiency εtag affect the

measured decay rate with respect to what is theoretically expected. The decay

rates of Bq → f , Bq → f and the respective CP conjugates decays, become:

ΓTagged
obs (Bq(t)→ f ) = εtag[(1−ω)Γ(Bq(t)→ f ) + ωΓ(Bq(t)→ f )]

ΓTagged
obs (Bq(t)→ f ) = εtag[(1−ω)Γ(Bq(t)→ f ) + ωΓ(Bq(t)→ f )]

ΓTagged
obs (Bq(t)→ f ) = εtag[(1−ω)Γ(Bq(t)→ f ) + ωΓ(Bq(t)→ f )]

ΓTagged
obs (Bq(t)→ f ) = εtag[(1−ω)Γ(Bq(t)→ f ) + ωΓ(Bq(t)→ f )]

ΓUntagged
obs (t) = (1− εtag)[Γ(Bq(t)→ f ) + Γ(Bq(t)→ f )]

ΓUntagged
obs (t) = (1− εtag)[Γ(Bq(t)→ f ) + Γ(Bq(t)→ f )] (4.3)

where Γobs represents the observed decay rate. The first four expressions are the

tagged decay rates while the last two represents the decays rates for the untagged

events. For simplicity in these equations it is assumed the same mistag and εtag

for initial B0
q and B0

q mesons (ω = ω and εtag = εtag). The time-dependent ampli-

tude for the εtag fraction of events is reduced by the dilution factor, (1− 2ω) that

depends on the mistag:

A f
obs =

Γobs(Bq(t)→ f )− Γobs(Bq(t)→ f )
Γobs(Bq(t)→ f ) + Γobs(Bq(t)→ f )

= (1− 2ω)
Γ(Bq(t)→ f )− Γ(Bq(t)→ f )
Γ(Bq(t)→ f ) + Γ(Bq(t)→ f )

= (1− 2ω)A f = DA f (4.4)

where A f is the theoretical mixing amplitude. The effect of the dilution factor is

to reduce the amplitude of the oscillation in the decay rate as can be seen in Fig.30
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where each plot shows the oscillated and non-oscillated B decay rates in the ideal

case and in case of ω = 0.3. The sensitivity to A f depends on the mistag as follows:

σA f =
σA f

obs

1− 2ω
(4.5)

where the error on ω has been neglected.
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Figure 30.: The black curve represents the oscillated B mesons while the red curve

represents the non-oscillated events. The left plot shows the case of

an ideal measurement in case of perfect tagging. The right plot corre-

sponds to a mistag of 0.3.

Determining the σA f
obs

through error propagation, one can express se sensitivity

to the amplitude as:

σA f =

√
1−A f

obs

2√
εe f f N

(4.6)

which shows that to minimize the error on the amplitude the effective efficiency or

tagging power

εe f f = εtag(1− 2ω)2 (4.7)

must be maximized. Thus the figure of merit that measures the performance of

flavour tagging algorithms is the tagging power. At LHCb, each tagging algorithm

has been optimized in order to maximize the tagging power (Eq.4.7) using data

samples or simulated events. The estimated mistag probability η needs to be cal-

ibrated to well represent the measured mistag ω. More details on the calibration
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will follows in Sec.4.3. The mistag probability can be used to assign larger weights

to events with low mistag probability and thus to increase the overall significance

of an asymmetry measurement. Indeed it has been proved that the εe f f results

improved when it is evaluated on a per-event basis:

εe f f =
1
N

N

∑
i=1

D2
i =

1
N

N

∑
i=1

(1− 2ω(ηi))
2 (4.8)

where N is the total number events and ω = 0.5 (D=0) for untagged events.

4.2 flavour tagging algorithms

The implementation of flavour tagging algorithms can be described in three

steps: pre-selection, selection of tagging particles and evaluation of the tagging

decision and of the mistag probability η.

The preselection is common to all tagging algorithms and it is devoted to select

tracks which come from the same pp collision of the signal B but it should not be

a decay product of the signal. Minimal requirements are imposed on the goodness

of the track reconstruction and on the kinematics. More details on the pre-selection

criteria are reported in Tab 8. The selection of the tagging tracks and the mistag

probability estimation strictly depends on the specific taggers. For the purpose

of the B0
s → DsK analysis and for the research activity I performed, in the next

sections two particular taggers are described with much more details. They are

the NNetSSK and the combination of the different OS taggers.

4.2.1 NNetSSK tagger

The NNetSSK tagger is a new kind of tagger developed by LHCb in recent years

[48]. Given the better performance, it replaces the previous SSK tagger which used

to select tracks candidates for the tagging particles on a cut-based approach. The

NNetSSK tagger employs two Neural Networks, referred as NN1 and NN2 for

brevity. The aim of NN1 is to distinguish fragmentation tracks correlated to the

signal B from tracks originating from the OS b-hadron decay and tracks originated

from soft QCD processes in pp collisions. Both these two last categories of events



4.2 flavour tagging algorithms 57

Table 8.: Pre-selection requirements common to all tagging algorithms. All the cuts

refer to the Reco14 optimisation. The track type are defined in Sec.3.2.1.

The angle θ is defined with respect to the beam pipe; |∆φ| is the differ-

ence in the polar angle φ between the tagging track candidate and each

reconstructed decay product of the signal B decay; The IP significance is

computed with respect to the primary vertex associated to the signal B

(PV) or to possible additional primary vertices (PU, pileup). The require-

ments on ∆φ vetoes all reconstructed daughter particles of the signal B.

Pre-selection

p ∈ [2, 200]GeV/c

pT < 10 GeV/c

long or upstream track

charge: ±
θ > 12mrad

|∆φ| > 5 mrad

min. IPPU significance > 3

/∈ signal decay chain

ghost probability < 0.5

not a clone particle

are referred as underlying events (UE) in the following. The output of NN1, nn1,

is the probability, on a per-track base, that the selected charged track corresponds

to the fragmentation kaon accompanying the signal B0
s . For the successful training

of the NNet classifier it is important that all the different categories of tracks are

present in the data sample. NN2 provides the final tagging decision and the rel-

ative mistag probability combining the information from tracks selected by NN1.

This approach has the advantage with respect to the old SSK tagging algorithm

that multiple tracks with similar quality can be selected and handled. The nn1 out-

put and the particle ID information of these tracks are inputs of the NN2 as well

as the number of tracks in the events, the number of Primary Vertices (PVs), and

also the pT of the B0
s candidate. The NNetSSK tagger is developed using a large
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Table 9.: Input variables to the NN1 for the discrimination between the fragmenta-

tion tracks and the UE tracks. The relative transverse momentum defined

as pTrel =
√

p2
track − p2

Lrel
, where the longitudinal momentum of the tag-

ging track is defined as pLrel = ~pB0
s
· ~ptrack/

∣∣∣~pB0
s

∣∣∣, and the distance in the

polar angle, φ, and the pseudorapidity, η, between the tagging track can-

didate and the B0
s candidate, ∆φ and ∆η, respectively.

Variable

number of PVs

IP

IP/σIP

χ2
track/ndf

pTrel

∆φ

∆η

p

pT

number of tagging track candidates

pT,Bs

samples (160K) of MC B0
s → Dsπ reconstructed events. The MC sample has been

reweighted to match the kinematic distribution of data (Number of PV, Number

of tagging tracks, Impact parameter). The information at the generator level are

used in the training of the neural networks. The relative tagging performance are

then evaluated using B0
s → Dsπ data samples which are also used to calibrate the

predicted mistag ω(η) (see Sec.4.3).

NNetSSK implementation

The first neural network NN1 has to disentangle fragmentation tracks from all

the other tracks that can be globally referred to as underlying events (UE). In Tab.9

the input variables used to train NN1 in its final configuration are listed.
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To facilitate the learning process of the NN1, we require that the tagging track

candidates pass additionally to the common tagging preselection minimum kaon

PID requirements, i. e.DLL(K − π) > 0.75 and DLL(K − p) > −8.5, enriching in

Kaon candidates.

Figure 31a shows the NN1 response for fragmentation tracks (signal) and UE

tracks (backgrounds), for both the training and the test samples. Indeed the origi-

nal sample has been divided in a training sample used for the learning process of

the neural network and in a test sample used to verify that the configured neural

network does not suffer of overtraining effects. A good discrimination is visible be-

tween the background and the signal. The distributions of the training sample and

the test sample are in good agreement, which serves as an indication that the NN1

is not overtrained. As the training procedure relies on simulated events, we check

the NN1 output distribution in data. Figure 31b shows that the NN1 responses

for all tagging track candidates in the simulation and in the data are similar. The

visible remaining differences are likely to be due to residual discrepancies in the

distributions of input variables, especially to the differences in the χ2
track/ndf from

the track fit.
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Figure 31.: Verification plots for the training of NN1. Shown are (a) the NN1 out-

put distribution for fragmentation tracks (signal, blue) and UE tracks

(background, red dashed area) in simulations and (b) the comparison

of the NN1 response in the data and the simulation.

Tagging track candidates with NN1> 0.65 are then considered as input to the

NN2. This selection removes a large fraction of background tracks and corre-

sponds to a tagging efficiency larger than 50%. This requirement is chosen such
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that for about 50% of the B0
s signal candidates there is at least one tagging track

candidate left. In MC this corresponds to a tagging efficiency of about 50%, and

in data of about 65%. Figure 32 shows the number of tagging track candidates per

event that survive this cut for all B0
s candidates (tagged and untagged) in the data

and in the simulation. For the tagged candidates, on average there are 1.6 tracks

per-event in the data and 1.4 tracks in simulation, respectively. Before the cut, the

sample of tagging track candidates in the MC contains 0.9 fragmentation tracks

and 8.2 UE tracks; after the cut, 0.5 fragmentation tracks and 1.1 UE tracks.
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Figure 32.: Multiplicity of tagging track candidates selected by NN1 for data (red)

and simulation (black). The first bin represents untagged candidates.

The second neural network, NN2, determines the tagging decision and the

mistag probability for the flavour of B0
s and B̄0

s among the tagging tracks candi-

dates which pass the NN1 selection. Its input variables are: the number of tagging

track candidates, the transverse momentum of the B0
s , the number of PVs, and the

q × DLL(K − π) and q × nn1 variables for the individual tracks (q is the charge

of the kaon tagging candidate). The final configuration accepts events with up

to three tagging tracks candidate. If no second or third tagging track candidate

is available the corresponding input variables to NN2 are set to zero. Figure 33a

shows the NN2 output distribution for signal candidates produced as B0
s and signal

candidates produced as B0
s , for both the training and test samples. The distribu-

tions feature a good discrimination between the two flavours, especially in the tails,

where the mistag probability is lower. In absence of CP and K+/K− asymmetries

the output of NN2 can be directly interpreted as the mistag probability where the

nn2 distributions for B0
s and B0

s are mirrored at nn2 = 0.5 as shown in Fig.33a. Thus

η = nn2 and d = −1 for B0
s , η = 1− nn2 and d = +1 for B0

s .
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Figure 33.: Verification plots for the training of the second neural network. Shown

are the response for B0
s and B̄0

s in the simulation (a) and the comparison

of the response of the NN2 in the data and the simulation (b).

4.2.2 OS tagger

Opposite side tagging algorithms [49] exploit the flavour of the B signal meson

looking at the decay products of the opposite b-hadron. In the case of single

particle algorithms the particles are muon, electron and kaons, while vertex charge

tagging algorithm calculates the weighted charge of the tracks that originates from

a common opposite side secondary vertex. Single particle tagging algorithms select

a µ±, e± from semi-leptonic decay of the opposite b-hadron or K± from the b →
c → s transition making some requests to ensure that they come from a b-hadron

decay such as a large impact parameter significance with respect to the primary

vertex (IP/σIP ) and a large transverse momentum pT. Also particle identification

is used to define each tagger. In addition a cut on the Ghost Probability is applied.

This is the probability for a track to be made from a random combination of hits.

For each of the OS tagging algorithms the selection is optimized by means of an

iterative procedure in which the value of εe f f is plotted as a function of the cut

value of a given observable. The cut value that maximises the εe f f is chosen as a

reference. Given that the OS is independent on the signal, the procedure has been
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applied on data sample of B+ → JψK+ decays. The tagging performance for each

OS tagger are reported in Tab.10.

Table 10.: OS tagging algorithms performance from optimization in B+ → J/ψK+

decay mode.

Algorithm εtag [%] ω [%] εe f f [%]

OSµ 5.43 ± 0.05 29.97 ± 0.39 0.87 ± 0.04

OSe 1.62 ± 0.03 29.46 ± 0.70 0.27 ± 0.02

OSK 17.08 ± 0.07 39.16 ± 0.24 0.80 ± 0.04

OSvtx 17.76 ± 0.08 39.59 ± 0.23 0.77 ± 0.03

OS 30.95 ± 0.09 - 2.75 ± 0.08

The estimation of per-event mistag probability for the decision to be wrong (η)

is done using a multivariate classifier (neural networks) that exploits kinematic

and geometric properties of the tagging track as long as properties of the event

and of the signal B. The multivariate classifier is trained to identify as signal the

tracks that give the right tag decision based on the comparison between the charge

of the tagging particle and of the charge of the signal. In order to determine the

optimal performance, the data sample used should contain only signal events. This

is guaranteed by applying a selection that minimise the background and by using

the sWeights technique to produce background-subtracted samples.

4.2.3 Mistag probabilities and combination of taggers

As we have seen before, for each tagger the probability of the tag decision to be

wrong is estimated event by event by using a neural network (or in general a multi-

variate classifier) that combines the properties of the tagger and of the event itself.

If there is more than one tagger available per event, their decisions and mistag

probabilities are combined to provide a final decision and mistag probability on

the initial flavour of the signal B. In this way the overall sample of tagged events
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gets increased. The combined probability P(b) that the signal contains a b-quark

is calculated as:

P(b) =
p(b)

p(b) + p(b̄)
, P(b̄) = 1− P(b) (4.9)

where

p(b) = ∏
i

(
1 + di

2
− di(1− ηi)

)
, p(b̄) = ∏

i

(
1− di

2
+ di(1− ηi)

)
(4.10)

Here, di is the decision taken by the i − th tagger based on the charge of the

particle with the convention di = 1(−1) for the signal B containing a b̄(b) quark

and ηi the corresponding predicted mistag probability. The combined tagging

decision and the corresponding mistag probability are d = −1 and η = 1− P(b)

if P(b) > P(b̄), otherwise d = +1 and η = 1 − P(b). Due to the correlation

among taggers, which is neglected in Eq.4.10, the combined probability is slightly

overestimated. The largest correlation occurs between the vertex charge tagger and

the other OS taggers, since the secondary vertex may include one of these particles.

To correct for this overestimation, the combined OS probability is calibrated as

well.

4.3 flavour tagging calibration

One important element of the tagging is the mistag probability η: it can be used

to weight each event increasing the εe f f . The last step regards the possibility to

further improve the tagging performances calibrating the estimated mistag η in

order to match the observed mistag. Each tagging algorithm has been developed

and optimized using one particular decay mode which can be different from tagger

to tagger. Indeed the NNetSSK has been optimized on B0
s → D−s π+ simulated

events while the OS taggers on B+ → J/ψK+ data. To check the mistag estimation

provided by the tagger and to improve the portability of each optimized tagger to

other decay modes the measured mistag ω is determined as a function of the η

estimate. Usually the calibration function is defined as:

ω(η) = p0 + p1 · (η− < η >) (4.11)
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where p0 and p1 are the calibration parameters and < η > is the measured value

of η average. This is important also to make combination of tagging responses

when more than one tagger is available. The calibration procedure is done on data

of flavour specific decays. Indeed the charge of the final state f is correlated to

the flavour of the B meson, thus in this kind of decays it is possible to perform

a direct measurement of the mistag. In order to distinguish signal events of the

flavour specific decay we are interested in from background events, an invariant

mass fit of the B meson is performed extracting signal weights. By means of the

sPlot technique [52], applying the sWeights event by event a statistical background

subtraction is performed obtaining a sample equivalent to pure signal events. In

B± decays (which are flavour specific by definition) the measured ω can be eval-

uated comparing the flavour of the reconstructed B± meson to the charge of the

tagging particle. If they have the same charge the tagging decision is right, oth-

erwise it is wrong. Using Eq.4.2, the η distributions for right and wrong tagged

events are used to display the measured mistag fraction ω as a function of η and

the tagging calibration parameters are extracted using Eq.4.11. For neutral flavour

specific decay modes, after the invariant mass fit, a fit to the flavour oscillation

asymmetry as a function of the B decay time is performed. The mistag ω mea-

sured fitting the oscillation amplitude as reported in equations 4.3. Of course

the mixing frequency, ∆mq, as well as the B0
q lifetime (q = d,s) and ∆Γs are taken

from independent measurements. Examples of flavour-specific B decay modes are

B+ → J/ψK+, B0 → J/ψK∗0, B0 → D(∗)−µ+νµ, B+ → D0π+ and B0
s → D−s π+. A

first calibration of the NNetSSK tagger using the B0
s → D−s π+

2012 data has been

obtained from a preliminary study and the results of this calibration (p0 = 0.436,

p1 = 0.9 and 〈η〉 = 0.430) have been applied internally to the Flavour Tagging code.

Also the OS tagger is pre-calibrated in the Flavour Tagging code applying the ref-

erence calibration parameters found in the B+ → J/ψK+ decays. The results pre-

sented in the next Chapter are obtained from the mistag derived after this internal

pre-calibration of the NNetSSK tagger (which is applied in DaVinci). Systematic

uncertainties on the flavour tagging calibration parameters must be considered by

the time-dependent analyses for CP-violation. Systematics uncertainties are due

to systematics effects related to the fit model used to extract the calibration param-
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eters p0 and p1, but also to kinematic differences among the calibration channels

and the other analysis channels. There could be a dependence of the flavour tag-

ging calibration parameters on the B initial flavour. This initial flavour asymmetry

in the tagging calibration is measured. Detailed and quantitative information on

flavour tagging calibrations of NNetSSK and OS using the flavour specific decay

B0
s → D−s π+ are given in the next chapter.
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In order to use the mistag event by event and to take advantage on the combination

of different taggers, the predicted mistag η must be checked and calibrated with

data. The Flavour Tagging strategy for the Run1 data is to compare calibrations

from as many as possible control channels in order to verify and estimate the

portability of the calibration from one channel to another one. Using simulated

events the portability of the calibration is verified also for CP violating decays.

The Flavour Tagging calibrations of the NNetSSK and the OS combination in the

flavour specific decay mode B0
s → Dsπ are described in this chapter. The relevance

of this study finds its main reasons in the following topics:

• B0
s → Dsπ is the main suitable flavour specific decay mode for calibrating

the SSK taggers

• B0
s → Dsπ is the main control channel for the B0

s → DsK decay which al-

lows to measure γ. This analysis uses the NNetSSK and the OS taggers to

determine the flavour of the B0
s mesons.

67
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run1 data

The fit strategy to extract Flavour Tagging calibrations in the flavour-specific

B0
s → D−s π+ decay mode is described in Sec.5.1, while Sec.5.2 and Sec.5.3 are ded-

icated respectively to the Flavour Tagging calibration of NNetSSK and OS taggers.

5.1 fit strategy

Since the B0
s → D−s π+ is a neutral channel, the mistag is measured performing a

time-dependent measurement of the oscillation amplitude to measure the mistag.

For this reason after the fit to the B0
s invariant mass, which discriminates signal

events from backgrounds, a fit to the signal decay time distribution is performed.

The analysis of B0
s → D−s π+ decays presented in this section is based on the full

Run1 sample (3.0 fb−1) of pp collisions data taken in 2011 (
√

s=7 TeV) and in 2012

(
√

s=8 TeV). The event selection and the fit procedure is based on the analysis of

B0
s → DsK and B0

s → D−s π+ decays for the measurement of the CKM angle γ

performed using the 2011 sample (1fb−1 ) [54] and it will be described in Chapter

6. The full Run1 analysis uses the events reconstructed by the Reco14 version of

the software and that pass the B02DPiD2HHHBeauty2CharmLine stripping line

selection of the Stripping v20r0 (2012) and v20r1 (2011) production. The offline

event selection is based on the output of a BDT trained to recognize signal decays

(BDT1 output > 0.5) from background combinatorial events. In addition, a good

identification of the pion from B0
s → D−s π+ ( namely bachelor pion in the following)

(DLL(K-π) < 0) is required. No specific requirements for the trigger are applied.

Firstly the B0
s mass distribution (mBs ) of the selected B0

s candidates is fitted with

a probability density function (PDF) to describe the signal and the different back-

ground contributions. Then, a fit to the B0
s decay time distributions of the events

tagged as mixed, tagged as unmixed and untagged is performed, by using the sFit

method [55]. This procedure exploits the cancellation of the background contri-

bution that is obtained assigning to each event the signal sWeights determined by

the mass fit. The requirement for this procedure to be applicable is that the mass

1 We use the BDT that optimised the selection for Reco12 sample, which might be not optimal for

Reco14 data, but not wrong. Indeed the selected sample presents already a good background sup-

pression and signal purity.
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observable is not correlated from the observables of the sFit. This requirement was

verified using simulated events both for signal and background decays.

5.1.1 Mass Fit

The B0
s mass distribution of the selected B0

s → D−s π+ events are reported in

Fig.34 where the signal peak is clearly visible and at lower mass values partially

reconstructed events are selected. The fit to the B0
s mass distribution has to distin-

guish signal events from backgrounds extracting the signal sWeights. The signal

PDF is a Double Crystal Ball function, defined as follows:

PDFsig(m) = f CB1(µ, σ1, α1, n1) + (1− f )CB2(µ, σ2, α2, n2) (5.1)

where the mean is common and left free in the fit to data as well as the relative

fraction f . The tail parameters and the sigmas are fixed to the result of a fit to the

B0
s → Dsπ simulated data. The parameters values are listed in Table 11. The back-

ground contributions are of three types: the background due to mis-identified par-

ticles (mis-ID background) from wrongly reconstructed B0
s and Λb decays, the par-

tially reconstructed B0
s decays and the combinatorial backgrounds. The B0 → Dsπ,

B0 → Dπ, B0
s → DsK and the Λb decays rely on the mis-identification of one parti-

cle in the final state or in the mis-identification of the B meson. The B0
s → Dsρ and

B0
s → D∗s π decays are partially reconstructed backgrounds. The parametrization

of these backgrounds have been taken from simulated events, reweighted for the

efficiency corrections due to the PID cut computed with the PIDCalib tool [56].

The combinatorial background is formed by those events in which the particles

involved in the signal decay are randomly selected among the tracks of the pp

collision. Combinatorial background is described by an exponential function. For

simplicity, we don’t split the data sample according to the Ds decay modes (φπ,

K∗K, non resonant KKπ, Kππ and πππ) as it is done for the B0
s → D∓s K± analysis.

It has been verified that the signal yields of the individual Ds decay sum up to

the same value obtained fitting the mass distribution of the merged samples. For

this reason we merge together the Ds decay modes in a single sample and both

magnet polarities are included. The fit to the B0
s mass distribution is performed
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two times. A first time in the wide mass window [5100-5600] MeV/c2 to determine

the contributions of the different backgrounds and a second time in a narrow mass

region [5320-5600] MeV/c2 to extract the signal sWeights.
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Figure 34.: Fit to the B0
s → D−s π+ invariant mass distribution in the B0

s mass win-

dow [5100-5600] MeV/c2used to determine the relative fraction for each

background component.

The total mass PDF is:

PDF(m) = nsig · PDFsig(m) +
N

∑
k=1

nk · PDFk
bkg(m) (5.2)

where nsig and nk are respectively the signal and the individual background yields 2

while PDFsig and PDFbkg are the PDFs for signal and background events. Figure 34

show the fit to the mass distribution for 2011 34a, 2012 34b and 2011+2012 34c data

samples.

All backgrounds yields are floating in the fit, except for the B0 backgrounds

different form B0 → D−s π+ decays, which are set to zero in the fit to 2011+2012

data as it is found to be negligible in the fit to 2011 and 2012 samples. The back-

ground yields determined by the mass fit and rescaled to a narrow mass range

of [5320;5600] MeV/c2are reported in Tab.12 and they are used to determine the

relative fraction fk = nk/ntot of each background component.

2 A poissonian term is implicitly considered in the fit to data by means of the extended maximum

likelihood fit.
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Table 11.: Parameters of the PDF describing the signal (Double Crystal Ball) and

the combinatorial background obtained from the fit to B0
s → D−s π+ data

for 2011, 2012 and 2011+2012 samples. Fixed parameters are obtained

from a fit to simulated signal events.

PDFsig(m) fixed

n1 1.1

n2 5.8

α1 2.13

α2 -2.07

σ1 [MeV/c2] 12.69

σ2 [MeV/c2] 20.49

PDFsig(m) 2011 2012 2011+2012

µ(B0
s )[MeV/c2] 5370.5±0.1 5370.47±0.08 5370.46±0.07

f 0.530±0.015 0.51±0.01 0.514±0.009

nsig 27 870±199 66960±311 94833±372

PDFcomb(m) 2011 2012 2011+2012

α [MeV/c2]−1 -0.0044±0.0002 -0.0042±0.0002 -0.0042±0.0001

ncomb 5355.4±191 14096±325 19462±376

The second mass fit in the narrow mass range [5320;5600] MeV/c2determines the

sWeights assigning to each event a weight corresponding to the hypothesis of signal

or background. Only the signal and the total background yields are floating, while

the fraction of each background contribution is fixed. The total PDF is described

by Eq. 5.3-5.4:

PDFtot(m) = nsig · PDFsig(m) + nbkg · PDFbkg(m) (5.3)

where PDFbkg(m) is defined in the following way:

PDFbkg(m) =
N−1

∑
k=1

fk · PDFk
bkg + (1−

N−1

∑
k=1

fk) · PDFN
bkg (5.4)
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Table 12.: Yields of the background contribution in the mass range

[5320:5600] MeV/c2from the results of the fit to the

[5100:5600] MeV/c2mass range for 2011, 2012 and 2011+2012 sam-

ples.

background yield 2011 2012 2011+2012

B0 → Dsπ 37.4±2.9 95.1±4.8 132.6±5.6

all other B0 decays 0±121 0 ±98 0 (fixed)

B0
s → DsK 705±87 2001±141 2703±166

B0
s → Dsρ 2.9±0.7 7.6±1.2 10.5±1.4

B0
s → D∗s π 30.3±10.6 738±17 1040±20

Λb → Λcπ 478±135 710±227 1184±263
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Figure 35.: Fit to the B0
s → D−s π+ invariant mass distribution in the [5320-5600]

MeV/c2mass window used to extract the sWeights.

Figure 35 shows the result of the second mass fit where the total measured yields

are nsig = 95 002± 343 and nbkg = 24 182± 216 in the merged sample 2011 + 2012.

5.1.2 Time sFit

The fit to the B0
s decay time, t, is performed using the sFit method [55]. The

background events are subtracted applying the sWeights previously extracted from
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the mass fit, event by event. In this way the PDF is simplified to the signal compo-

nent only. The signal PDF is based on the B0
s decay rate amplitudes to the different

final states, Γ(t), and accounts for several experimental factors, such as the mistag

dilution, 1− 2ω, the tagging efficiency εtag , the time resolution, R(t− t′) and the

time acceptance, a(t):

PDF(t) = a(t)
(
Γ(t′)⊗ R(t− t′)

)
. (5.5)

The decay rates are defined by Eq.2.38 where |λ| = 0 since the B0
s → D−s π+ is a

flavour-specific decays and the equations can be simplified in this way:

Γ(t′) ∝ εtag e−t′/τs

(
cosh

(
∆Γs

2
t′
)
+ qmix (1− 2ω) cos

(
∆mst′

))
(5.6)

is the amplitude for tagged events and

Γ(t′) ∝
(
1− εtag

)
e−t′/τs cosh

(
∆Γs

2
t′
)

, (5.7)

the amplitude for untagged events; qmix represents the mixing state, which is de-

fined as the product of the tagging decision with the charge of the reconstructed

final state (here qmix assumes the meaning of +1/−1 for unmixed/mixed events).

The CP violation in B0
s mixing (|q/p| 6= 0) is neglected.

The time resolution model R(t − t′) is a sum of three Gaussian functions, ob-

tained by fitting the resolution distribution resulting from the sum of single Gaus-

sian functions with widths sampled from the per-event decay-time error distri-

bution of data. To correct for the measured underestimation of the decay-time

error for data, an overall scale factor of 1.37 is applied to each widths [54]. Studies

performed on different decay channels indicate that the time resolution has not un-

dergone relevant changes between Reco12 and Reco14 data; thus, we assume the

parametrization used for Reco12 data reported in Table 13. The average effective

time resolution, evaluated as:

< σe f f >= SF ·
√

f1σ2
1 + f2σ2

2 + (1− f1 − f2)σ2
3 (5.8)

is of 49 fs.
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Table 13.: Parameters of the triple gaussian time resolution model determined from

a fit to the B0
s → D−s π+ events. The scale factor represents the multi-

plicative factor applied to the sigmas in order to describe the resolution

in data (see Ref. [59]). The average effective time resolution is reported

in the last row.

parameter value

µ [ps ] 0

σ1 [ps ] 0.0215

σ2 [ps ] 0.0368

σ3 [ps ] 0.0638

f1 0.372

f2 0.565

Scale factor 1.37

< σe f f > [ps ] 0.049

The selection of events (trigger, offline selection) introduces an acceptance func-

tion on the decay time distribution. Its shape a(t) has been derived in MC and

corresponds to the parametrization described in [60]:

a(t) =

 0 : when (at)n − b < 0 or t < 0.2ps

(1− 1
1+(at)n−b ) · (1− βt) : otherwise

(5.9)

The acceptance parameters are determined by fitting the B0
s → D−s π+ data with

the B0
s lifetime fixed to the reference value of PDG 1.466 ps [62] in the nominal fit

for the extraction of the tagging calibration. The value of ∆ms is fixed to the LHCb

measurement of 17.768 ps−1 [64]. No differences have been seen in the calibration

parameters if ∆ms is allowed to float within the measurement uncertainty (±0.0238

ps−1), by means of a gaussian constraint in the fit. The ∆Γs parameter is fixed in the

fit to: 0.1 ps−1 [61]. Their central values have negligible impact to the calibration

parameter.

The tagging calibration parameters are determined by substituting Eq. 4.11 in

place of ω in Eq. 5.6, where p0 and p1 are the only floating parameters of the

nominal fit. In this case the PDF depends also on the predicted mistag η, whose
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distribution is taken from data. This method is referred to as unbinned and it

has been chosen as the nominal one to extract the tagging calibration parameters.

Alternatively, it is possible to determine the average mistag fraction ω by fitting

the decay time distribution of candidates split into bins of the predicted mistag

η. This method, commonly called fit in categories or binned, is particularly useful

for checking the linearity of the calibration. The (〈η〉cat, ωcat) data points are fitted

with the linear function in Eq. 4.11 to measure the calibration parameters p0 and

p1.

5.2 calibration of the nnetssk tagger

The calibration of SSK taggers can be done only using B0
s decays as shown in

Fig.29. Although also in the fragmentation from processes leading to B+ SS kaons

can be produced in addition to SS pions, the pions contamination might alter the

SSK calibration results. Recently the B∗s2 → B+K− decay mode has been used for

the first time to make a calibration of the SSK tagger even if at the moment it has

limited impact due to low statistics. The NNetSSK calibrations in B0
s → D−s π+

and B∗s2 → B+K− have combined together [65]. The NNetSSK calibration has been

extensively studied in the B0
s → D−s π+ decay mode. Semileptonic B0

s decays have

large statistics, but they are not used for tagging calibration purposes due to the

large, time dependent, time resolution. The η distribution is shown in Figure 36.

The results of the tagging calibration in B0
s → D−s π+ for the 2011 and 2012

samples are reported, separately, in order to verify the compatibility of the results.

The results of the calibration performed with both fit approaches, unbinned and

binned, are reported in Tab. 14, where p0 and p1 are the tagging parameters, 〈η〉 is

the average value of the predicted mistag evaluated on data and εtag is the tagging

efficiency before the calibration. In Fig. 37a and 37b the plots with the binned fit

in categories of η are reported respectively for 2011 and 2012 data. The data points

are the ωcat values measured by means of a simultaneous time fit in 5(8) categories

of η for the 2011(2012) sample. The plots well show the linearity between η and

the measured mistag ω for both samples, showed also by the χ2/NDF reported in

Tab.14. The 2011 and 2012 values are compatible in less than 1 σ for p0 − 〈η〉 and
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Figure 36.: Predicted mistag distribution of signal events obtained applying

sweights for the 2011+2012 sample.
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Figure 37.: Average mistag fraction ωcat in bins of predicted mistag probability

η. The solid line is the result of a linear fit to the data points and

the dashed line is the calibration obtained from the unbinned fit. The

shaded area corresponds to the 95% Confidence Level of the linear fit

to data points.
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Table 14.: Results of the NNetSSK tagging calibration parameters p0 and p1 ob-

tained by the unbinned and the binned fit to the decay time distribution

of the 2011 and 2012 data samples. The tagging efficiencies εtag are com-

puted before the calibration.

2011 p0 p1 〈η〉 p0 − 〈η〉 ρ(p0, p1) εtag (%) χ2/NDF

unbinned 0.4440±0.0081 1.106±0.130 0.4399 0.004±0.008 0.040 64.6 -

binned 0.4439±0.0081 1.129±0.133 0.4399 0.004±0.008 0.012 64.6 0.07

2012 p0 p1 〈η〉 p0 − 〈η〉 ρ(p0, p1) εtag (%) χ2/NDF

unbinned 0.4424±0.0053 0.923±0.083 0.4368 0.006±0.005 0.040 63.5 -

binned 0.4423±0.0054 0.932±0.085 0.4368 0.006±0.005 0.015 63.5 0.84

in 1.2 σ for p1. For this reason the two samples are merged providing a unique set

of flavour tagging parameters for the Run1 data sample.

Figure 38 shows the calibration plot for the merged 2011+2012 data sample. Each

data point in the plot corresponds to the measured values of ωcat and 〈η〉cat re-

ported in table 15 together with the definition of categories. The linearity between

η and the measured mistag ω is satisfactory as the linear fit chisquare value is

χ2/NDF = 9.2/7. In addition to the linear fit (full line), the calibration obtained

from the unbinned approach (dashed line) is superimposed; the results are in

agreement. Table 16 reports the results of the calibrations using the unbinned and

binned methods. We consider the unbinned fit as the reference calibration; the

difference between the two approaches is taken as a systematic uncertainty.

Figure 39 shows the mixing asymmetry for B candidates in one period of the

mixing oscillations (folding the full decay time distribution), with the fit projec-

tion overlaid for events with predicted mistag η in different ranges. The data are

sWeighted to consider only the signal candidates; all the candidates tagged by the

NNetSSK are considered. The offset t0 = 0.2 ps corresponds to the preselection

requirement on the decay time. The two asymmetry plots show the impact of the

mistag dilution on the mixing amplitude. Indeed selecting events with low mistag

value (η < 0.35) increases the mixing amplitude.
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Figure 38.: Average mistag fraction ωcat in bins of predicted mistag probability η.

The red line is the result of a linear fit to the 2011+2012 data points and

the black line is the calibration obtained from the unbinned fit. The

shaded areas correspond to 68 and 95% Confidence Level of the linear

fit to data points.

Table 15.: Results of the simultaneous time fit on 2011+2012 data for the average

mistag ωcat and tagging efficiency εtag in bins of the predicted mistag

probability η.

category definition 〈η〉cat ωcat εtag (%)

η < 0.23 0.20 0.175±0.032 0.9

0.23 ≤ η < 0.28 0.26 0.226±0.027 1.6

0.28 ≤ η < 0.32 0.30 0.342±0.026 2.1

0.32 ≤ η < 0.35 0.34 0.356±0.024 2.3

0.35 ≤ η < 0.38 0.37 0.375±0.021 3.0

0.38 ≤ η < 0.42 0.40 0.434±0.014 7.1

0.42 ≤ η < 0.445 0.434 0.430±0.012 8.8

0.445 ≤ η < 0.47 0.458 0.458±0.0095 14.2

0.47 ≤ η < 0.5 0.487 0.489±0.0072 24.2

5.2.1 Flavour tagging asymmetries

Performances and calibrations of the tagging algorithm can depend on the B0
s meson

initial flavour, due to the different interaction cross sections of K+/K− with mat-
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Table 16.: Results of the NNetSSK tagging calibration parameters p0 and p1 ob-

tained by the unbinned and the binned fit to the time distribution of the

merged data sample (2011+2012). The result of the unbinned fit is con-

sidered as the reference calibration. The quoted tagging efficieiency is

computed after the calibration.

p0 p1 〈η〉 p0 − 〈η〉 ρ(p0, p1) εtag (%)

unbinned 0.4429±0.0044 0.977±0.070 0.4377 0.0052±0.0044 0.042 60.38±0.16

binned 0.4427±0.0044 0.983±0.072 0.4377 0.0050±0.0045 0.025 60.38±0.16
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Figure 39.: Asymmetry between the number of mixed and unmixed B candidates

in one period of the mixing oscillations (folding the full decay time

distribution), with the fit projection overlaid. The data are sWeighted

to consider only the signal candidates. In the left plot, all the candidates

tagged by the NNetSSK are considered, with their per-event mistag; in

the right plot, only the events with η < 0.35. The offset t0 = 0.2 ps

corresponds to the preselection requirement on the decay time.

ter. Differences between the calibrations results according to the initial flavour,

generally referred to as “flavour tagging asymmetries", are studied in data using

a large statistics control sample of prompt Ds → φ(K+K−)π+ decays which have

the advantages to be charged particles. As well as B0
s mesons, the hadronization
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of prompt Ds involves a quark c̄ and a pair of s− s̄ which can produce a same side

[66]. Even if the fragmentation process and the kinematic range are different, the

asymmetry due to the different interaction between K+/K− can be evaluated and

assumed to be valid also for B0
s mesons.

Table 17.: Selection cuts for prompt Ds candidates.

parameter value

DLL(K− p) > −10

isMuon 0

|m(K+K−)−mφ(1020)| < 7 MeV/c2

m(K+K−π) [1920,2040] MeV/c2

Prompt Ds decays are selected from candidates that pass the “D2hhhControl_-

KKPiLine” stripping selection and the additional criteria listed in Table 17. Fig-

ure 40 shows the invariant mass distribution of the selected candidates. A fit to the

invariant mass distribution m(KKπ) is performed to separate the signal from the

background. A sum of two gaussians with a common mean is used for the signal,

while an exponential shape is used to describe the background. In total ∼ 784 000

signal events are selected from the 2011 and 2012 samples. The contribution of

background is ∼ 43 000 events. The signal sWeights from the mass fit are used

to produce the η distributions of the wrong and right tagged signal events, with

the sPlot method. The ratio of the "Wrong/Right+Wrong" histograms defines the

calibration plot for the predicted mistag. Right and wrong tagged events are clas-

sified simply comparing the tagging decision with the charge of the reconstructed

Ds candidate.3 Figure 40 right, shows the difference of the calibration plots. A

linear fit to the data points gives the following parameters: ∆p0 = −0.015± 0.003,

∆p1 = 0.016± 0.030, in perfect agreement to the difference of the parameters p0

and p1 of the linear fit to D−s and D+
s : ∆p0 = −0.014± 0.003, ∆p1 = 0.020± 0.030.

Differences between the Ds and B0
s phase spaces have been accounted for by re-

weighting the Ds candidates to match the B0
s transverse momentum distribution of

B0
s → D−s π+ , B0

s → J/ψφ , B0
s → φφ , and B0

s → DsDs decays. The differences

3 To match the decision of the B0
s case the tagging decision is reversed.
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Ds candidates. Right: difference of the NNetSSK calibration plots for

prompt Ds (D−s − D+
s ), the line correspond to the best fit of the data

points with a linear funcion.

of the measured tagging parameters (pi(B)− pi(B̄, i = 0, 1) and tagging efficiency

(∆εtag ) in the D−s and D+
s re-weighted samples allow the determination of the

tagging asymmetry reported in Table 18.

For comparison, the evaluation of the initial flavour tagging asymmetry is also

performed using samples of simulated events corresponding to the B0
s → D−s π+

and B0
s → J/ψφ decays. The calibration parameters are evaluated exploiting the

information of the true flavour present in MC. The results are reported in Table 18;

they are in reasonable agreement with the results obtained using the Ds sample.

As reference values for ∆p0, ∆p1 and ∆εtag have been taken the ones obtained by

the Ds re-weighted to match pT of B0
s → D−s π+ sample, and as systematic uncer-

tainties have been taken the maximum difference between the values obtained by

the re-weighted Ds samples to match pT spectra of the considered decays.

5.2.2 Systematic uncertainties

Usually in tagged, time-dependent fit the tagging calibration parameters are

constrained through gaussian function where the sigma is equal to the sum of
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Table 18.: Initial flavour asymmetry of calibration parameters and tagging effi-

ciency, evaluated using MC samples of B0
s → D−s π+ and B0

s → J/ψφ

decays, and data sample of Ds decays re-weighted for the B0
s transverse

momentum of B0
s → D−s π+ , B0

s → J/ψφ , B0
s → φφ and B0

s → DsDs de-

cays. We take as reference values the ones from the Ds data re-weighted

for the B0
s → D−s π+ pT distribution and obtained by fixing 〈η〉 to the

reference value of B0
s → D−s π+ (0.4377); the first uncertainty is statistical;

the second one is the systematic. The systematic uncertainty is defined

as the maximum difference of the individual Ds results re-weighted to

match the distribution of pT or number of tracks observed in different

channels with respect to the values corresponding to the re-weighting to

the B0
s → D−s π+ .

data sample ∆p0 ∆p1 ∆εtag (%)

MC B0
s → D−s π+ -0.0126±0.0034 0.004±0.031 +0.40±0.30

MC B0
s → J/ψφ -0.0137±0.0007 0.016±0.008 +0.11±0.06

Ds re-weighted to match pT of B0
s → D−s π+ −0.0163±0.0022 –0.031±0.025 +0.17±0.11

Ds re-weighted to match pT of B0
s → J/ψφ −0.0141±0.0031 0.009±0.028 −0.49±0.11

Ds re-weighted to match pT of B0
s → φφ −0.0166±0.0025 –0.047±0.029 0.17±0.12

Ds re-weighted to match pT of B0
s → DsDs −0.0193±0.0042 –0.048±0.038 0.12±0.12

systematic uncertainty ±0.0030 ±0.040 0.66

Ds re-weighted to match nTrack of B0
s → D−s π+ –0.0152±0.0022 0.051±0.025 0.28±0.11

Ds re-weighted to match nTrack of B0
s → J/ψφ –0.0152±0.0031 0.053±0.028 0.39±0.12

Ds re-weighted to match nTrack of B0
s → φφ –0.0154±0.0025 0.071±0.029 0.43±0.13

Ds re-weighted to match nTrack of B0
s → DsDs –0.0154±0.0042 0.064±0.038 0.29±0.12

systematic uncertainty ±0.0002 ±0.020 0.15

Reference values –0.0163±0.0022±0.0030 –0.031±0.025±0.045 0.17±0.11±0.68

statistical and systematic errors. The sources of systematic uncertainties can be

divided in two categories: the first one is related to the fit method and calibration

strategy; the second one is related to the use of a universal calibration. Indeed

it accounts for the dependencies of the calibration parameters on the kinematics

of the signal B or the event properties and the possible differences that can arise

porting the calibration from the control decay to any other signal decay.
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Table 19.: Systematic uncertainties related to the fit model and calibration method

of NNetSSK.

Source σp0 σp1

calibration method 0.0002 0.0060

B0
s → DsK yield 0.0001 0.0085

PDF mass model signal 0.0001 0.0022

PDF mass model background 0.0015 0.0245

time resolution 0.0033 0.0600

time acceptance <0.0001 <0.001

values of ∆Γs, Γs, and ∆ms <0.0001 <0.001

sum in quadrature 0.0036 0.0657

fit model and calibration method. Table 19 summarizes the system-

atic uncertainties related to the fit model and calibration method. The σp0 and σp1

values represent the maximum deviation of the calibration parameters measured

in each test with respect to the reference values quoted in Table 16. The total sys-

tematic uncertainty is the sum in quadrature of all the errors. As explained in

section 5.1.2, the calibration parameters are determined by two methods, the un-

binned fit and the fit in categories. The difference between the results of the two

calibration methods is considered as a systematic uncertainty. Other sources of un-

certainties are related to the fit model and to the background contamination. We

study the impact on the calibration parameters of a variation of the B0
s → D∓s K±

background contribution, which peaks under the signal, by fixing in the mass fit

the yield of the B0
s → D∓s K± background to be twice or half of the nominal value.

In addition the signal PDF for the mass distribution has been changed from a sum

of two Crystal Ball functions to a sum of two Gaussian functions, to evaluate the

systematic related to the signal model applied. Its contribution to the uncertainty

is negligible. By using generation of pseudo-experiments ("toys studies" see Ap-

pendix A.2), we compute the effect of choosing a wrong parametrisation of the

combinatorial background: we generate the combinatorial events with a differ-

ent model (exponential+constant PDF) with respect to the default model used to
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fit (single exponential PDF) the data and the generated toys. Similarly, we also

address the systematic uncertainties due to choice of the shapes of the physics

backgrounds in the mass fit: we change the shapes of the PDF in generation, and

fit with the nominal ones. By doing these variations, a bias of about 35% of the

statistical error is observed in both p0 and p1; this bias is taken as the systematic

uncertainty due to the PDF mass model of backgrounds. The effect of the uncer-

tainty in the time resolution has been studied varying the correction scale factor

of 1.37 by ∼ ±10% (1.28 and 1.48, similar values are used by the ∆ms analysis [59]

in the systematic evaluation). Its contribution is the dominant part of the system-

atic uncertainty to the tagging calibration. We investigated the effect of the time

acceptance function on the tagging calibration parameters, by producing several

pseudo-experiments where the data are generated using the nominal acceptance

function and have been fitted with an acceptance function in which each param-

eter is varied by ±1σ; no significant effect is observed (absolute variations on pi

are of the fraction of per mille). The effect on the calibration parameters of the

variation of the parameters ∆ms, ∆Γs and B0
s lifetime is also negligible within their

experimental accuracy.

event properties and B kinematics . The tagging calibration shows a

dependency on the properties of the event (tracks and PV multiplicities) and on the

kinematics of the signal B (transverse momentum pT ,φ angle, and η). Therefore,

the calibration parameters measured in a control sample of a given decay can be

applied to another decay mode as long as the distributions of such variables are

similar. This is not the case, given the different selection applied to identify the

signal decays. Since we want to use a unique calibration for all the CP analyses, the

systematic uncertainties need to account for these residual variations. Systematic

uncertainties are then assigned to address the portability of the calibration derived

in the control decay to another decay. For this reason the variations on p0 and p1

with respect to the nominal calibration have been evaluated by re-weighting the

B0
s → D−s π+ candidates to match the distributions of the transverse momentum

pT , the φ angle and the track multiplicity for different decays.4 The following

4 The pseudorapidity η is highly correlated with pT , and the number of PV with the track multiplicity.
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B0
s decay modes are considered: B0

s → J/ψφ, B0
s → DsDs and B0

s → φφ. For a given

variable, the largest variation observed in the re-weighting for the different decays

is taken as the systematic uncertainty; we consider as variation the half-difference

between the nominal calibration (no re-weighting applied), and the calibration

after the re-weight. The re-weighting procedure is applied to one variable at the

time, neglecting their correlations. To have larger statistical samples and simplify

the analysis, the procedure is applied to B0
s → D−s π+ simulated events. The results

are reported in Table 20; the final systematic uncertainty is computed as the sum

in quadrature of the individual contributions. Figure 41 shows the distributions

of the pT (B0
s ), φ and of the number of tracks in the event for the different decays

used in the re-weighting procedure.
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Figure 41.: Distributions of (a) pT (B0
s ), (b) φ and (c) track multiplicity for B0

s →
D−s π+ , B0

s → Jψφ, B0
s → φφ and B0

s → DsDs decays in simulation.

5.2.3 Test in MC samples

In order to prove the portability of the calibration obtained from B0
s → D−s π+

decays to other B0
s decay modes, a study is performed using simulated samples

of B0
s → D−s π+ , B0

s → J/ψφ and B0
s → D+

s D−s decays. In Figure 42 the calibra-

tions obtained with the three samples are reported in Table 21. The calibrations

are obtained exploiting the information on the true initial flavour available in the
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Table 20.: Systematic uncertainties on the NNetSSK calibration related to the event

properties and the B kinematics evaluated by means of a re-weighting

procedure of simulated B0
s → D−s π+ events to match the pT(B0

s ), φ and

the tracks multiplicity distributions of B0
s → J/ψφ, B0

s → D+
s D−s and

B0
s → φφ.

observable used for re-weighting σp0 σp1

pT 0.0011 0.030

φ 0.00001 0.00025

nTracks 0.00055 0.0061

sum in quadrature 0.0012 0.030

simulations. The value of p0 − 〈η〉 is compatible with zero in the three cases and

the curves are in agreement, although there is a small deviation in the p1 value for

the B0
s → D+

s D−s with respect to the other decays. Such deviation is understood

as being related to differences in the phase space: in fact it is strongly reduced

if the samples are re-weighted to match the B0
s → D+

s D−s transverse momentum

distribution (Fig. 42b), proving the need of the systematic uncertainty calculated

in the previous section.

5.2.4 NNetSSK calibration summary and performances

The final calibration parameters in the B0
s → D−s π+ decays with their statistical

and total systematic uncertainties are reported in Table 22. The systematic un-

certainties don’t include the flavour tagging asymmetry, which should be added

in quadrature to the systematic uncertainty in the case a given analysis doesn’t

correct for the asymmetries explicitly in the fit to the data. The calibrations pa-

rameters of B0
s → D−s π+ decays are combined together with the one obtained in

the B∗s2 → B(∗)+K− control channel [48], and the final tagging parameters for the

NNetSSK taggers are:

< η > = 0.4377,
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Table 21.: NNetSSK Calibration in different MC samples.

p1 p0 − 〈η〉
B0

s → D−s π+
0.9814 ± 0.007 0.0005 ± 0.0009

B0
s → J/ψφ 0.9754 ± 0.006 0.0000 ± 0.0005

B0
s → D−s D+

s 1.066 ± 0.021 0.0027 ± 0.0028

After Reweighting

B0
s → D−s π+

1.031 ± 0.007 -0.0010 ± 0.0009

B0
s → J/ψφ 1.013 ± 0.007 0.0019 ± 0.0009

B0
s → D−s D+

s 1.066 ± 0.021 0.0027 ± 0.0028

p0− < η > = 0.0070 ± 0.0039 ± 0.0035,

p1 = 0.925 ± 0.061 ± 0.059,

∆p0 = -0.0163 ± 0.0022 ± 0.0030,

∆p1 = -0.031 ± 0.025 ± 0.045,

∆εtag = (0.17 ± 0.11 ± 0.68)%,

where the first uncertainty is statistic and the second one is systematic. The tagging

efficiency and tagging power of the NNetSSK tagger (εe f f = (1.80±0.19(stat)±0.17(syst))%

evaluated event by event as in Eq.4.8, εtag =(60.38±0.16 (stat))%) improve with re-

spect to the ones of the cut-based SSK algorithm ( εe f f = 1.19 ± 0.14, εtag = 15.7%).

The development of NNetSSK represents an important progress that leads to an

improvement for many CP physics analyses of B0
s decays. It is employed in mea-

surement of time-dependent CP violation in several B0
s decays [68, 69, 1, 70, 71],

confirming the good performances observed in B0
s → D−s π+ decays; in B0

s →
J/ψφ decays, the NNetSSK tagging power obtained in the full Run I data set is

(1.26± 0.17)% [68], to be compared with (0.66± 0.13)% in the same data set with

the cut-based SSK tagger [72].
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Figure 42.: Calibration plots of the NNet SSK tagger in different MC samples:

B0
s → D−s π+ , B0

s → J/ψφ and B0
s → D+

s D−s . The left plot 42a corre-

sponds to the distributions of the selected events, in the right plot 42b

the B0
s → D−s π+ and B0

s → J/ψφ samples have been reweighed to

match the B0
s → D+

s D−s transverse momentum distribution.

Table 22.: Final calibration parameters for the NNetSSK tagger in which the first

uncertainty is statistical and the second one is systematic. Also Initial

flavour asymmetry in the flavour tagging calibration is reported.

p0 p1 〈η〉

0.4429±0.0044±0.0035 0.977±0.070±0.068 0.4377

∆p0 ∆p1 ∆εtag [%]

−0.0159±0.0022±0.0016 −0.031±0.025±0.040 0.17±0.11±0.66
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5.3 calibration of os tagger

The B0
s → D−s π+ decay mode is used to check the calibration of the OS tag-

gers combination (OSe,OSµ,OSK and OSVtx defined in Tab.10) following the same

procedure used for the NNetSSK tagger. The tagging calibration parameters have

been evaluated using both the unbinned fit and the fit in category. The bins of η,

the measured ωcat and the < ηcat > are reported in Tab.23 while the binned fit is

shown in Fig.43. In Table 24 the calibration parameters of the merged sample 2011

+ 2012 are reported using the unbinned and binned fit method. As for the other

taggers, the result of the unbinned fit is considered as the reference calibration for

the B0
s → D−s π+ decay mode.

Table 23.: Results of the simultaneous time fit on 2011+2012 B0
s → D−s π+ data for

the average mistag ωcat in bins of the predicted mistag probability η of

the OS combination.

category 〈η〉cat ωcat ε (%)

η < 0.17 0. 31 0.34 ± 0.02 6.78

0.17 ≤ η < 0.24 0.37 0.41 ± 0.02 4.16

0.24 ≤ η < 0.31 0.41 0.45 ± 0.01 9.70

0.31 ≤ η < 0.35 0.44 0.47 ± 0.02 5.27

0.35 ≤ η < 0.38 0.46 0.50 ± 0.01 7.13

0.38 ≤ η < 0.43 0.48 0.50 ± 0.01 14.44

0.43 ≤ η < 0.5 0.48 0.50 ± 0.01 14.44

The systematics related to the B0
s → D−s π+ fit strategy are reported in Tab. 25.

The time resolution uncertainty represents the dominant source of the systematic

errors and globally they are of the same order of the statistical errors.

The OS tagger in the B0
s → D−s π+ decay mode has a tagging power of: εeff=

(3.15 ± 0.23 ± 0.24)% evaluated using Eq.4.8, where the first uncertainty is statis-

tical the second one is systematic. The values of the calibration here determined

contribute to the final estimation of the OS tagger calibration which is evaluated

as the weighted average of values corresponding to different control channels:

B+ → J/ψK+, B+ → D0π+, Bd → D∗−µ+νµ, B0 → J/ψK∗0 and B0
s → D−s π+ .



90 flavour tagging calibration using B0
s → D−s π+

run1 data

grint
Entries  30

Mean   0.3999

RMS    0.1413

pred
η

0 0.1 0.2 0.3 0.4 0.5 0.6

ω

0

0.1

0.2

0.3

0.4

0.5

0.6

grint
Entries  30

Mean   0.3999

RMS    0.1413

 / ndf 2χ  7.492 / 5

p0        0.005857± 0.3925 

p1        0.06137± 1.065 
_mean η      0± 0.3687 

 / ndf 2χ  7.492 / 5

p0        0.005857± 0.3925 

p1        0.06137± 1.065 
_mean η      0± 0.3687 

LHCb

Figure 43.: Fit in category for the OS tagger in the 2011 + 2012 B0
s → D−s π+ data.

The dashed line is the ideal calibration: p0 = 〈η〉 and p1 = 1. The shaded

area is the 95% Confidence Level

Table 24.: Results of the time fit on 2011+2012 B0
s → D−s π+ data for the OS cali-

bration parameters p0 and p1 using the unbinned and binned fit of the

predicted mistag probability η. The reference calibration is the results of

the unbinned fit.

p0 p1 〈η〉 (fixed) ∆p0 εtag (%)

unbinned fit 0.3925 ± 0.0058 1.052 ± 0.054 0.3687 0.0238 ± 0.0058 37.2

binned 0.3925 ± 0.0059 1.065 ± 0.061 0.3687 0.0238 ± 0.0059 37.2

In such evaluation each decay mode provides: calibration parameters, statistical

errors and systematics errors related to the implemented analysis.

In Table 26 for each control channel the calibration parameters are reported with

the statistical and systematic uncertainty connected with that specific channel. As

reference values for the OS tagger has been considered the weighted average of

p0 − 〈η〉 and p1 on the five control channels, since the measurements are com-

patible. This strategy is aimed to define a coherent picture providing a universal

calibration. For this reason a deep study has been done in order to evaluate which

is the impact of a kinematic distribution in several physics channels which differs

from the one of the calibration channel. The difference in the tagging calibration
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Table 25.: Systematic uncertainties of the OS combination related to the fit model

for p0 and p1 from the B0
s → D−s π+ analysis. They are evaluated as the

maximum difference with the reference values.

Syst. source σp0 σp1

calibration method 0.0 0.013

B0
s → DsK yield 0.0004 0.019

time resolution 0.0055 0.055

PDF mass model signal 0.0003 0.001

sum in quadrature 0.0055 0.057

Table 26.: Calibration parameters of the combined OS tagger extracted from differ-

ent control channels. Statistic and systematic uncertainties are quoted.

control ch. p0 p1 〈η〉
B+ → J/ψK+

0.3927 ± 0.0014 ± 0.0015 0.978± 0.012 ± 0.005 0.3919

B+ → D0π+
0.3854 ± 0.0016 ± 0.0015 0.984 ± 0.008 ± 0.005 0.3836

B0 → J/ψK∗0 0.399 ± 0.003 ± 0.0060 0.978 ± 0.021 ± 0.039 0.390

B0 → D∗−µ+νµ 0.3953 ± 0.0019 ± 0.0069 0.949 ± 0.010 ± 0.057 0.3872

B0
s → D−s π+

0.3972 ± 0.0097 ± 0.0071 1.061 ± 0.063 ± 0.049 0.3813

parameters due to the difference in phase space between calibration and physics

channels are considered as systematics effects. The final average values are quoted

Table 27.: Final calibration parameters for the OS tagger in which the first uncer-

tainty is statistical and the second one is systematic. Also Initial flavour

asymmetry in the flavour tagging calibration is reported.

p0 − 〈η〉 〈η〉 p1

0.0062 ± 0.0019 ± 0.0040 〈η〉decay 0.982 ± 0.007 ± 0.034

∆p0 ∆p1 ∆εtag [%]

+0.014 ± 0.0012 +0.066 ± 0.012 -0.0008 ± 0.0007
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in Tab. 27 with a statistical error in which are included the systematics related

to each control channel and a systematic error which accounts for phase space

differences among the calibration channel and different physics channels.

The initial flavour asymmetry has been evaluated in charged control channels

B+ → J/ψK+ and B+ → D0π+, measuring the calibration parameters on B+ and

B− samples separately. The values are reported in Tab.27.
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integrated luminosity collected at
√

s = 7 TeV of pp collisions by the LHCb exper-

iment pubblished in Ref. [1]. To measure the CP violating observables it is nec-

essary to perform a fit to the decay time distribution of the selected B0
s → D±s K∓

candidates. The B0
s → D−s π+ decay is used as a control mode for the optimization

of the selection, for studying and constraining some background contributions and

for the calibration of flavour tagging algorithms. In addition the B0 → D−π+ de-

cay mode is used to evaluate differences between data and MC samples that are

used to improve the simulation of the events.

6.1 data sample

The dataset used in this analysis comprises two distinct sub-samples recorded

with opposite direction of the magnetic field in the spectrometer dipole: 0.44 fb−1

with the magnet up and 0.59 fb−1 with the magnet down polarities, for a total

of ≈ 1 fb−1 of integrated luminosity. The events are reconstructed using version

Reco12 of the reconstruction algorithm. In addition to the B0
s → D∓s K± decays

two other control modes have been employed in the analysis: the B0
s → D−s π+

and the B0 → D−π+ . The former differs from the signal decay only by the

bachelor particle hypothesis (Kaon or Pion). The latter has a larger statistics and it

allows to estimate the correction factors to make the MC samples more similar to

data. The following Ds decays are considered: D−s → K−K+π−, D−s → K−π+π−,

D−s → π−π+π−. The Ds → KKπ sample is further divided into three subsamples:

Ds → Φπ, Ds → K∗K and the remaining Ds → (KKπ)non resonant. In this way

different optimized selections are applied to the three subsamples being looser

in the case of intermediate resonances. These D−s candidates are subsequently

combined with a companion particle to form the B0
s → D−s K+ or the B0

s → D−s π+

decay candidates.

6.1.1 Monte Carlo Simulation

Several Monte Carlo (MC) samples with the MC11a configuration were used in

the analysis, notably for selection, normalisation and background studies. A full
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list is given in Tab. 28. All MC samples are selected using the same criteria as

the data except for the requirements on the particle identification whose effect is

emulated by means of a data driven method. MC samples of B0
s → D−s π+ are

widely used to cross-check the flavour tagging results and to verify the portability

to the B0
s → D∓s K± channel. In all the other case the MC samples are used to

determine distributions of the observables which enter in the fit.

Table 28.: MC samples used during the analysis for selection and background stud-

ies. The second column indicates the specific B-daughter decay and in

the last column the main use of each sample is reported.

Sample Sample size Use

B0
s → D−s π+ D−s → KKπ 1052495 Signal study, Flavour Tagging, Time acceptance

B0
s → D−s π+ Ds → Kππ 3093985 Signal study, Flavour Tagging, Time acceptance

B0
s → D−s π+ Ds → πππ 1053991 Signal study, Flavour Tagging, Time acceptance

B0
s → D∓s K± D−s → KKπ 1887293 Signal study, Flavour Tagging, Time acceptance

B0
s → D∓s K± Ds → Kππ 1008497 Signal study, Flavour Tagging, Time acceptance

B0
s → D∓s K± Ds → πππ 1027996 Signal study, Flavour Tagging, Time acceptance

B0
s → D∗−s π+ D−s → KKπ 524098 Background study

B0
s → D−s ρ+ D−s → KKπ 2019391 Background study

Λ0
b → D−s p D−s → KKπ 539994 Background study

Λ0
b → D∗−s p D−s → KKπ 630598 Background study

Λ0
b → Λ+

c π− Λc → pKπ 2033496 Background study

Λ0
b → Λ+

c K− Λc → pKπ 519495 Background study

B0 → D−π+ D → Kππ 1016198 Obtain Data/MC corrections, estimate yields

B0 → D−K+ D → Kππ 958393 Background study

In addition to the signal samples listed in Tab. 28, we requested the production

of additional Monte Carlo simulated events for the B0
s → D−s π+ and B0

s → D∓s K±

final states, 12.5 million of each for the D−s → K−K+π− final state and 2.5 million

of each for the D−s → π−π+π−final state. These samples are needed to reduce

the uncertainty in the acceptance description and the associated systematic uncer-

tainty.
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6.2 event selection

Event selection for the B0
s → D∓s K± , B0

s → D−s π+ and B0 → D−π+ channels

consists of several steps; they can be summarized as: trigger and stripping selec-

tion, offline selection which contains also the particle identification requirements.

trigger strategy All events are required to be triggered by the signal (TOS)

on the "1TrackAlll0" line in the HLT1 and on the "2-"," 3-", or "4-body" "TopoBBDT"

lines or the "inclusive φ" trigger in HLT2.

stripping selection B0
s → D∓s K± candidates are selected using the strip-

ping line called B02DKD2HHHBeauty2CharmLine based on the Stripping17 process-

ing. The B0
s → D−s π+ and B0 → D−π+ candidates are taken from a different

stripping line, B02DPiD2HHHBeauty2CharmLine, in which the bachelor track has

the pion mass hypothesis.

At stripping level no PID selection is applied; loose pre-selection criteria on the

particle’s kinematics and displacement from the primary interaction are used to

select events. To further reduce the rate of selected events a multi-variate based

classifier is used. In all cases the D(s) meson is reconstructed on the output of the

stripping from three particles originating from the same vertex with the appropri-

ate mass hypotheses; a “bachelor” track is then added to form the B candidates. A

kinematic fit based on the DecayTreeFitter tool to the B decay chain is performed

to further improve the selection. When computing the B mass, the D mass is con-

strained to its nominal value (separately for the D and Ds hypotheses). When

computing the B lifetime, the B is additionally constrained to point to the primary

interaction. The final selection results in a small number of multiple candidates, be-

low 2%, and all are kept in the final analysis. In addition the B0
s mass is evaluated

constraining the Ds mass to the current PDG value.

offline selection The offline selection consists of different requirements:

• kinematic requirements common to all modes: reconstructed Ds mass in

[1930,2015 ]MeV/c2and Ds lifetime > 0 ps . Specific requirements on the
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Table 29.: Branching fractions of B0
s decays are taken from Ref. [73], those of

Ds decays are taken from the PDG [62], while fs/ fdis the ratio of

hadronization factors which corresponds to the combination of the

LHCb measurements using hadronic and semi-leptonic B meson decays

[74].

Channel Branching fraction

B0
s → D∓s K± (1.90± 0.12(stat)± 0.13(syst)± 0.14( fs/ fd))× 10−4

B0
s → D−s π+ (2.95± 0.05(stat)± 0.17(syst)± 0.22( fs/ fd))× 10−3

D−s → KKπ (5.49± 0.27)× 10−2

D−s → K−π+π− (6.9± 0.5)× 10−3

D−s → π−π+π− (1.10± 0.06)× 10−2

fs/ fd 0.259± 0.015((stat)&(syst))

Ds separation vertex are used to suppress charmless backgrounds (listed in

Tab.30 for each Ds final state)

• Multivariate selection to suppress combinatorial background. The TMWA

tool used in this analysis is the Boosted Decision Tree Gradient (BDTG) [75].

• PID requirements on the final charged particles reported in Tab.31

• selection to suppress mis-reconstructed peaking backgrounds (D , Λ+
c and

J/ψ decays) specific for each Ds final states. The vetoes are applied in terms

of PID requirements and invariant mass range typical of the vetoed particles

(full list in Tab.30)

Optimization of both the BDTG output cut and the PID cut of the bachelor particle

to maximize the signal significance is performed. The reported values are the

nominal ones, after the optimization.

The core of the offline selection relies on the BDTG selection and on the PID

requirement. The BDTG selection is devoted to suppress combinatorial events

and it follows a data-driven approach. The classifier is trained on B0
s → D−s π+

, D−s → KKπ data samples where combinatorial events are selected from upper

B0
s mass sidebands (m(B0

s )> 5450 MeV/c2). Signal events are defined as data
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weighted by the sWeights extracted from a fit to the B0
s mass where a gaussian

(exponential) function describes signal (background) component. Kinematic vari-

ables are combined as input information for the classifier. Half of the B0
s → D−s π+

(D−s → KKπ ) data sample is used to train the BDTG, the other half is used to

check that the BDTG output does not suffer of overtraining effects. In Fig.44 the

BDTG response for signal (red histogram) and background (blue histogram) events

is shown separately for the training sample (left) and the test sample (right).
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Figure 44.: BDTG response distributions for training (left) and test (right) samples

of B0
s → D−s π+ . The red histogram corresponds to signal weighted by

the signal sWeights, while the blue shows background.

The BDTG selection is in common for all decay channels (B0
s → D∓s K± , B0

s →
D−s π+ and B0 → D−π+ )followed by the PID requirements on the final charged

particles. The PID criteria are based on the difference of the logarithm of the

likelihood (DLL) of a track to be of each particle type, a proton, a pion, a kaon,

a muon or an electron. The observable is defined as PIDK = DLL(K-π), similarly

for PIDp = DLL(p - π). The PID performance depends on the momentum track,

so that a PID cut will change the momentum distribution of that final particle. As

a consequence also the mass shape may change, and this is particularly relevant

for those backgrounds which are selected thanks to the mis-identification of one

or more particle. The PID performance, efficiency and mis-identification rate, are

evaluated for each PID cut applied in the analysis using calibration samples of

D∗ → Dπ data from the PIDCalib tool [56]. The optimal PID cuts are reported in

Tab.31.
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Table 30.: Kinematic selection requirements and Vetos definition specific for each

Ds mode.

Ds decay mode Description Requirement

D−s → KKπ Ds vertex separation χ2(wrt. B0
s ) > 2

D0 veto:

m(K+K−) < 1840 MeV/c2

D veto:

PIDK of same charge K > 10, or

Ds under D hypothesis not in [1840, 1900] MeV/c2

Λcveto:

p veto, same charge K PIDK− PIDp > 5, or

Ds under Λchypothesis not in [2255, 2315] MeV/c2

D−s → φπ− m(K+K−) in [1000, 1040] MeV/c2

D−s → K∗0K− m(K+K−) not in [1000, 1040] MeV/c2

m(π−K+) in [842, 942] MeV/c2

D−s → (KKπ)nonres m(K+K−) not in [1000, 1040] MeV/c2

m(π−K+) not in [842, 942] MeV/c2

D−s → K−π+π− Ds vertex separation χ2(wrt. B0
s ) > 9

D0 veto:

m(K+π−) < 1750 MeV/c2

D veto:

PIDK of opposite charge π < −10, or

PIDK of opposite charge K > 20, or

Ds under D hypothesis not in [1839, 1899] MeV/c2

Λcveto:

p veto, same charge K PIDK− PIDp > 5, or

Ds under Λchypothesis not in [2255, 2315] MeV/c2

D−s → π−π+π− Ds vertex separation χ2(wrt. B0
s ) > 9

D0 veto:

Both m(π+π−) < 1700 MeV/c2
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Table 31.: PID selection requirements.

Ds decay mode Description Requirement

Bachelor track B0
s → D−s π+ PIDK < 0

B0
s → D∓s K± PIDK > 5

D−s → KKπ

D−s → φπ− Both kaons PIDK > −2

D−s → K∗0K− Same charge kaon PIDK > 5

Opposite charge kaon PIDK > −2

D−s → (KKπ)nonres Both kaons PIDK > 5

D−s → K−π+π− Kaon PIDK > 10

Both pions PIDK < 5

Both pions PIDp < 10

D−s → π−π+π− All pions PIDK < 10

All pions PIDp < 10

6.3 multi-dimensional fit

The B0
s → D∓s K± decay mode is characterized by a relatively small branching

fraction (10−4) and by the presence of other similar hadronic decays which can

mimic the signal. In order to get a better discrimination between signal and back-

ground events a fit (namely Multi-dimensional fit or MDfit) is performed to the

distributions of B0
s and Ds reconstructed masses and of the PID of the bachelor

kaon (PIDK). The PIDK observable is able to disentangle decays with different

bachelor particles as pions, kaons and protons. This strategy has allowed to use

a more efficient selection, with looser cuts, since backgrounds event can be sep-

arated exploiting the different distributions of the observables used in the MDfit.

The Multi-dimensional fit is common to the two different approaches that have

been developed to extract the CP-observables. The first approach is a time sFit

where the sWeights are obtained from the Multi-dimensional fit and applied to the

time fit in order to subtract all the background events. The second approach is to

perform a classical fit in four dimension: B0
s and Ds masses, PIDK and decay time
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without any background subtraction. More details on the time fitters will be given

in Sec.6.6.

The structure of the PDF used by the Multi-dimensional fit can be defined as

follows:

PDF(mBs , mDs , PIDK) =
i

∑ PDFi(mBs) · PDFi(mDs) · PDFi(PIDK) (6.1)

where i indicates signal and backgrounds components. Three kinds of backgrounds

can be distinguished: decays in which one or more particles are not reconstructed

(partially reconstructed backgrounds), fully reconstructed decays in which one or

more particles could be mis-identified (Mis-ID backgrounds) and events which are

randomly selected as signal events (combinatorial events).

The Multi-dimensional fit strategy can be illustrated through these key points:

• Simultaneous Maximum Unbinned likelihood fit to the five Ds final states

in order to get advantage in the determination of common parameters while

exploiting the different features of each decay mode

• The Multi-dimensional fit is performed for both B0
s → D∓s K± and B0

s →
D−s π+ independently

• Observables fit ranges:

– m(B0
s ) ∈ [5300,5800] MeV/c2

– m(Ds ) ∈ [1939,2015] MeV/c2

– log(PIDK) ∈ [log(5),log(150)] for B0
s → D∓s K±

– −PIDK ∈ [0,150] for B0
s → D−s π+

• Many of the probability density functions (PDFs) make use of predefined

shapes that have as free parameter only the normalization. They are gener-

ally called templates and can be obtained through different models depend-

ing on what is more appropriate: RooKeysPdf and RooBinned1DQuinticBase.

• Probability density functions describing the PIDK distributions are obtained

using the PID calibration samples The PIDK cuts for the bachelor particles

are applied to these samples and then they are reweighted to match the
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kinematic distributions of signal and backgrounds decays. The so obtained

distributions are used to get the PIDK templates for the Multi-dimensional

fit.

• PID performance are included to correct mass shapes for Mis-ID backgrounds

and to constrain the expected yields.

• All B0
s mass templates taken from MC are corrected for a mass shift due

to imperfect detector alignment which has been evaluated as the difference

between the signal mass peak in data and MC: ∆ = 3.9± 0.2 MeV/c2.

• No correlation has been assumed among the observables of the fit, so that the

three PDFs (PDF(m(B0
s )), PDF(m(Ds )) and PDF(PIDK)) factorizes. Studies

confirming this assumption have been done on MC.

6.3.1 Probability Density Functions

signal The shapes of the signal mass distributions are affected by the detector

resolution and by the contribution of radiative decays of the B0
s and Ds decays. To

describe the radiative tail in the lower mass region a gaussian model is not enough.

It has been found that a Double Crystal Ball (Eq.5.1) function [58] well suite the

signal mass distributions either for B0
s and Ds mass. The parameters of the Double

Crystal Ball are extracted from B0
s → D−s π+ and B0

s → D∓s K± simulated events

for each of the 5 subsamples: D−s → (KKπ)nonres , D−s → φπ− ,D−s → K∗0K−

,D−s → K−π+π− , D−s → π−π+π− and they are listed in Tab.32 and in Tab. 33

respectively for B0
s → D−s π+ and B0

s → D∓s K± . To avoid to consider the samll

fraction of mis-reconstructed events, selected decays are required to match the

correct signal decay chain (true ID). In the simulated sample the selection steps are

applied as well as PID efficiencies. For brevity only the B0
s mass shapes parameters

are reported. Signal shapes for B0
s → D∓s K± (B0

s → D−s π+ ) are reported in Fig.46

(in Fig.45) and the Double Crystal Ball parameters are listed in .

In the fit to data all signal B0
s and Ds mass parameters are fixed, except the mean

and corrections to account for differences in the mass resolutions between data

and MC (evaluated in the B0 → D−π+ decay mode).
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Figure 45.: Signal B0
s mass shapes of B0

s → D−s π+ as evaluated from MC on the

joint magnet up and down samples, separately for each Ds final states.

The right plots show the pull distributions.

The signal PIDK shapes are obtained as described in previous section and they

are shown in Fig.47 for both B0
s → D−s π+ and B0

s → D∓s K± .

combinatorial background Combinatorial is a combination of pure com-

binatorial events, where all the four final particles are selected randomly, and of

true Ds accompanied by a random bachelor particle. The shape for combinatorial

backgorund is determined on data looking at the events in the B0
s mass upper

sideband within the nominal Ds mass range ([1939,2015] MeV/c2).

The B0
s mass distribution of combinatorial events is described:

• in B0
s → D∓s K± , all Ds final states by a single exponential

• in B0
s → D−s π+ , all D−s → KKπ final states by a single exponential plus a

constant

• in B0
s → D−s π+ , D−s → K−π+π− and D−s → π−π+π− final states by a single

exponential

Combinatorial shapes for B0
s → D−s π+ (B0

s → D∓s K± ) events are shown in Fig.48

(49) The parameters are left free in the Multi-dimensional fit.
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Table 32.: Parameters of the Double Crystal Ball function describing the signal

B0
s shapes of B0

s → D−s π+ , obtained from signal MC, separately for

each Ds final state. Parameters without uncertainties are fixed in the fit.

Parameter D−s → (KKπ)nonres D−s → φπ− D−s → K∗0K− D−s → K−π+π− D−s → π−π+π−

µ(B0
s ) [MeV/c2] 5366.3 ± 0.04 5366.3 ± 0.02 5366.3 ± 0.02 5366.2 ± 0.04 5366.2 ± 0.05

σ1 [MeV/c2] 11.54 ± 0.13 16.60 ± 0.17 11.65 ± 0.14 11.43 ± 0.13 11.39 ± 0.10

σ2 [MeV/c2] 16.18 ± 0.09 11.49 ± 0.08 15.00 ± 0.09 16.87 ± 0.12 17.65 ± 0.10

α1 1.91 -2.09 1.70 1.91 2.09

α2 -2.04 1.89 -1.84 -2.26 -2.33

n1 1.13 ± 0.02 5.27 ± 0.26 1.27 ± 0.02 1.16 ± 0.02 1.27 ± 0.02

n2 6.14 ± 0.51 1.15 ± 0.02 9.66 ± 0.09 4.12 ± 0.33 4.02 ± 0.36

f 0.54 ± 0.04 0.44 ± 0.02 0.54 ± 0.03 0.54 ± 0.04 0.70 ± 0.02

To account for the two types of combinatorial events, the Ds mass shape is de-

fined by the sum of the Double Crystal Ball used for signal and a single exponen-

tial for D−s → (KKπ)nonres , D−s → φπ− and D−s → K∗0K− final states. For the

D−s → K−π+π− and D−s → π−π+π− final states a single exponential is enough

since the true Ds are completely removed by the BDTG cut. In this way the fraction

of events which are true Ds are treated as signal events in the Ds mass variable and

the remaining events are considered as pure combinatorial events. The Ds mass

distribution for combinatorial events are reported in Fig.50 for B0
s → D−s π+ and

in Fig.51 for B0
s → D∓s K± . Apart from the Double Crystal Ball signal parameters

which are in common with the signal, the exponential parameters as well as the

relative fractions of true Ds are floating in the fit to data.

Combinatorial events can be composed by events which have as bachelor particle

pions, kaons or protons. In order to accurately describe the distribution of PIDK

for these events the PDFs is defined as follows:

PDFPIDK = fPIDK1PDFPIDK1 +(1− fPIDK1)[ fPIDK2PDFPIDK2 +(1− fPIDK2PDFPIDK3)]

(6.2)

and the relative fractions of each contribution are let free in the fit to data. The

different PDFPIDKi shapes are obtained from the PID calibration samples for pi-

ons and kaons while for protons a different set of Λ0
b → Λ+

c π− sample is used.
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Figure 46.: Signal B0
s mass shapes of B0

s → D∓s K± as evaluated from MC on the

joint magnet up and down samples, separately for each Ds final states.

The right plots show the pull distributions

As usual, PIDK distributions from the calibration samples need to be reweighted

to match the kinematic distributions of combinatorial events data. This is done

through a data driven method which allows to extract the kinematic distributions

(pT,nTracks) for the bachelor particle of combinatorial events in the nominal mass

range ([5300,5800]MeV/c2) and uses these distributions to weight the PIDK distri-

butions from the calibration samples.

In Fig.52 PIDK templates for combinatorial events are reported for both B0
s →

D−s π+ and B0
s → D∓s K± . .

partially reconstructed backgrounds Decays in which one or more

particles are missed are called here partially reconstructed backgrounds. Typically

the B0
s mass distribution of these events peak in the low mass range but they can

extend till the signal region. Partially reconstructed backgrounds are considered:

• B0
s → D∗−s π+for the B0

s → D−s π+ decay mode

• B0
s → D−s ρ+, B0

s → D∗−s π+, Λ0
b → D−s p , Λ0

b → D∗−s p for the B0
s → D∓s K±

decay mode.
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Table 33.: Parameters of the Double Crystal Ball function describing the signal

B0
s shapes of B0

s → D∓s K± , obtained from signal MC, separately for

each Ds final state.

Parameter D−s → (KKπ)nonres D−s → φπ− D−s → K∗0K− D−s → K−π+π− D−s → π−π+π−

µ(B0
s ) [MeV/c2] 5366.3 ± 0.02 5366.5 ± 0.03 5366.4 ± 0.03 5366.0 ± 0.08 5366.2 ± 0.05

σ1 [MeV/c2] 10.72 ± 0.12 11.23 ± 0.08 10.77 ± 0.09 11.27 ± 0.30 11.39 ± 0.10

σ2 [MeV/c2] 16.01 ± 0.11 17.02 ± 0.10 15.34 ± 0.08 19.41 ± 0.93 17.65 ± 0.10

α1 2.21 2.21 2.05 2.40 2.09

α2 -2.42 -2.19 -2.03 -3.42 -2.33

n1 1.00 ± 0.02 1.12 ± 0.02 1.21 ± 0.02 0.98 ± 0.05 1.27 ± 0.02

n2 3.15 ± 0.22 3.61 ± 0.19 6.57 ± 0.46 0.52 ± 0.29 4.02 ± 0.36

f 0.62 ± 0.02 0.70 ± 0.02 0.58 ± 0.13 0.78 ± 0.05 0.70 ± 0.01
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Figure 47.: RooBinned1DQuinticBase templates for signal PIDK. Left: B0
s → D−s π+

. Right: B0
s → D∓s K± .

The B0
s mass shapes for these partially reconstructed backgrounds are taken using

simulated backgrounds events reconstructed under the wrong mass hypothesis

and they are corrected for PID efficiencies and data/MC differences. Since all the

considered partially reconstructed backgrounds decay through a Ds meson, the

Ds mass shapes is taken to be as for the signal.

The PIDK shapes of partially reconstructed backgrounds are determined in the

usual way using the PID calibration samples.
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Figure 48.: Combinatorial background B0
s mass shapes of B0

s → D−s π+ as evalu-

ated, separately for each Ds final state. The right plots show the pull

distributions

fully reconstructed backgrounds Fully reconstructed backgrounds are

considered those decays where particle misidentification takes place and/or where

another mother particle decays exactly in the same final state as the signal one. In

Tab.34 the fully reconstructed backgrounds included in this analysis are listed.

Different methods have been used to obtain the B0
s mass shapes for these back-

grounds.

• Mass shapes for backgrounds which decay in the same signal final state use

the Double Crystal Ball of the signal. The means are shifted by the well

known m(B0
s ) - m(B ) = 86.9 MeV/c2 mass difference while the sigmas are

corrected by the width ratio B0
s → D∓s h±/B0 → D∓s h± measured in MC

samples.

• The B0 → D−π+ as background of the B0
s → D−s π+ and the B0

s → D−s π+

as background of the B0
s → D∓s K± are the most relevant fully reconstructed

backgrounds (second row of Tab.34). For this reason their B0
s mass shapes

are obtained by a data-driven approach which employs a pure data sample of

the considered decay reconstructed under the signal mass hypothesis for the

misidentified particle. Through the PID calibration samples, PID efficiency
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Figure 49.: Combinatorial background B0

s mass shapes of B0
s → D∓s K± as evalu-

ated, separately for each Ds final state in the upper B0
s sidebands in

order to study the PDF in a region of pure combinatorial events. The

right plots show the pull distributions

and Mis-ID rate are extracted as functions of the momentum and applied to

obtain the correct B0
s mass shape.

• The shapes of the remaining fully reconstructed backgrounds are taken from

MC, corrected by the momentum-dependent PID efficiency and by residual

kinematic discrepancies between data and MC.

The Ds mass shape for the fully reconstructed backgrounds is considered as the

signal one if it contains a Ds meson. In the case of the B0 → D−π+ decay the

same data driven approach is used to get the Ds mass shapes. The PIDK shapes

are obtained from the PID calibration samples, which got reweighted to match the

kinematics found in the relevant signal samples. When the final state is the same

the one of the signal, the same PIDK shape is employed. In the other cases a fixed

shape is used.
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Figure 50.: Combinatorial background Ds mass shapes of B0
s → D−s π+ as evalu-

ated (in the upper B0
s sidebands), separately for each Ds final state. The

right plots show the pull distributions

6.3.2 Summary of fixed yields

All backgrounds yields are free in the fit except yields of those backgrounds

which can be constrained by means of measured yields (as for B0 → D−π+ and

B0
s → D−s π+ decay modes), ratios of branching fractions and PID efficiencies. A

summary of the yields is given in Tables 35 and 36.

6.3.3 Results of the Multi-dimensional fit to B0
s → D−s π+

The fit results to the B0
s → D−s π+ mass distribution, separately for each consid-

ered sample are shown in Fig. 53, Fig. 54, Fig. 55 for the B0
s and Ds masses, and

PIDK, respectively. Finally, the fitted parameters are listed in Tab. 73. The Ni are

the yields of the signal and background contributions. In the signal model only

the means of the double Crystal Ball are floating for the B0
s and Ds masses. The

parameters f1 is the relative fraction between modes in the group 1: B0
s → D∗−s π+,

B0 → D−s π+ . The fractions f CombBs are the fractions between an exponential

and flat distribution in B0
s mass, whereas f CombDs are the fractions between an

exponential and signal shape in Ds mass. The f CombPIDK is a fraction between
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Figure 51.: Combinatorial background Ds mass shapes of B0

s → D∓s K± as evaluated

(in the upper B0
s sidebands), separately for each Ds final state. The right

plots show the pull distributions.

pion and kaon components in the PIDK combinatorial shape, shared among all

subsamples. The total signal yield of B0
s → D−s π+ decays is found to be of ≈ 28

200 events.

6.3.4 Results of the Multidimensional fit to B0
s → D∓s K±

The fit to the B0
s → D∓s K± distribution is constructed analogously to the B0

s →
D−s π+ fit.

The backgrounds are arranged into five groups, defined in Tab. 39.

The expected yields are summarized in Tab. 35.

The fit results to the B0
s → D∓s K± separately for each considered sample, and

combined, are shown in Figs. 56, 57, 58, and 59. Finally, the fitted parameters are

listed in Tab. 40. The Ni are the yields of the signal and background contributions.

The floating parameters of the signal model are only the means of the double Crys-

tal Ball used to describe B0
s and Ds masses. The fractions f CombDs are the fractions

between an exponential and signal shape in Ds mass. The f CombPIDK(1,2) are a frac-

tion between pion, kaon and proton components in the PIDKcombinatorial shape,
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Figure 52.: Combinatorial background PIDK templates used in the B0
s → D−s π+ fit

(left) and B0
s → D∓s K± fit (right), combined for magnet polarities.

shared among all subsamples. The total signal yield of B0
s → D∓s K± events is of ≈

1750 events.

As it can be seen by the plots, the result of the Multi-dimensional fitter provides

a good description of the data allowing to discriminate signal and background

events to extract the sWeights on a per-event basis. Such discrimination between

signal and backgrounds represents a crucial ingredient to measure the CP observ-

ables of the B0
s → D∓s K± decay in both the two developed approaches:

• one is a time sFit which is based on a statistics-based backgrounds subtrac-

tion (sPlot techiniques) applying the sWeights event by event. As already seen

in previous chapter, the sFit simplifies the analysis requiring only to describe

PDF of the signal component

• the second approach is the cFit, i.e. a fit to the B0
s mass, Ds mass, PIDK and

B0
s decay time in which signal and background decays have to be correctly

describe in all the four observables to measure the CP observables in the

B0
s → D∓s K± decays. In the cFit the results of the Multi-dimensional fitter

(yields and PDF’s parameters) are fixed. As it will be shown in the next

sections, this second approach requires many more ingredients with respect

to the sFit.
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Table 34.: Fully reconstructed backgrounds considered in the nominal fits to B0
s →

D−s π+ and B0
s → D∓s K± .

Channel Background to How

B0
s → D−s K+ B0

s → D−s π+ π+ → K+ (bachelor)

B0 → D−π+ → (K+π−π−)π+ B0
s → D−s π+ → (K+K−π−)π+ π− → K− (D)

B0 → D−π+ → (K+π−π−)π+ B0
s → D−s π+ → (π+K−π−)π+ K+ → π+ and π− → K− (D)

B0 → D−s π+ B0
s → D−s π+ Same final state

Λb → Λ−c π+ → ( p̄K+π−)π+ B0
s → D−s π+ → (K+K−π−)π+ p̄→ K− (D)

B0
s → D−s π+ B0

s → D−s K+ π+ → K+ (bachelor)

B0 → D−s K+ B0
s → D−s K+ Same final state

B0 → D−K+ → (K+π−π−)K+ B0
s → D−s K+ → (K+K−π−)K+ π− → K− (D)

Λb → Λ−c K+ → ( p̄K+π−)K+ B0
s → D−s K+ → (K+K−π−)K+ p̄→ K− (D)

Table 35.: Constrained yields in the B0
s → D∓s K± MD fit.

Par. D−s → (KKπ)nonres D−s → φπ− D−s → K∗0K− D−s → K−π+π− D−s → π−π+π−

B0 → D−K+
17.0 0.0 5.0 0.0 0.0

B0 → D−π+
14.0 0.0 3.0 3.0 0.0

Λ0
b → Λ+

c K− 15.0 2.0 4.0 0.0 0.0

Λ0
b → Λ+

c π− 11.0 1.0 3.0 0.0 0.0

Table 36.: Constrained yields in the B0
s → D−s π+ MD fit.

Background D−s → (KKπ)nonres D−s → φπ− D−s → K∗0K− D−s → K−π+π− D−s → π−π+π−

B0 → D−π+
374.0 6.0 93.0 30.0 0.0

Λ0
b → Λ+

c π− 290.0 36.0 69.0 1.0 0.0

B0
s → D∓s K± 40.0 47.0 40.0 8.0 21.0

Table 37.: Definition of background groups in the B0
s → D−s π+ MD fit.

Group Channels

1 B0
s → D∗−s π+, B0 → D−s π+ ,

2 B0 → D−π+

3 Λ0
b → Λ+

c π−

4 B0
s → D∓s K±

5 Combinatorial background
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Table 38.: Fitted values of the parameters for the B0
s → D−s π+ signal MD fit. The

slopesBs(Ds) are the slopes of combinatorial background in 10−3 units.

Parameter D−s → (KKπ)nonres D−s → φπ− D−s → K∗0K− D−s → K−π+π− D−s → π−π+π−

NBs→Dsπ 4667 ± 76 10284 ± 108 7304 ± 91 1671 ± 44 4338 ± 73

NGroup1 88 ± 19 112 ± 22 89 ± 18 31 ± 11 54 ± 16

NComb 2587 ± 67 1153 ± 57 1173 ± 51 1096 ± 38 3021 ± 65

NBs→Dsπ total yield: 28264 ± 182

slopeBs -6.20 ± 0.66 -8.75 ± 1.19 -8.41 ± 0.91 -1.98 ± 0.25 -2.19 ± 0.16

slopeDs -4.53 ± 0.93 -2.75 ± 1.77 -4.81 ± 1.50 -4.24 ± 1.29 -2.58 ± 0.78

f CombBs 0.78 ± 0.06 0.66 ± 0.05 0.77 ± 0.05 only exponential only exponential

f CombDs 0.97 ± 0.02 0.62 ± 0.03 0.84 ± 0.03 only exponential only exponential

µ(B0
s ) [MeV/c2] 5369.9 ± 0.1

µ(Ds ) [MeV/c2] 1969.8 ± 0.1

f1 0.807 ± 0.787

f CombPIDK 0.913 ± 0.009

Table 39.: Definition of the background groups in the B0
s → D∓s K± MD fit.

Group Type Channels

1 Bachelor K B0 → D−s K+

2 Bachelor π B0
s → D−s π+ , B0

s → D∗−s π+, B0
s → D−s ρ+

3 Λb decays Λ0
b → D−s p , Λ0

b → D∗−s p

4 – B0 → D−K+ , B0 → D−π+

5 – Λ0
b → Λ+

c K− , Λ0
b → Λ+

c π−

6 Combinatorial –
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Figure 53.: Result of the simultaneous fit to the B0
s → D−s π+ candidates. Distri-

butions of B0
s mass for Ds final states with combined magnet polarities,

from top left to bottom: D−s → (KKπ)nonres , D−s → φπ− , D−s → K∗0K−

, D−s → K−π+π− , D−s → π−π+π− .



6.3 multi-dimensional fit 115

lab2_MM
1930 1940 1950 1960 1970 1980 1990 2000 2010

])2
C

an
di

da
te

s 
/ (

 0
 [

M
eV

/c

50

100

150

200

250

300

350 Data
πs D→

s
Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

]2) [MeV/c
s

m(D
1940 1960 1980 2000

-4
-2
0
2
4

lab2_MM
1930 1940 1950 1960 1970 1980 1990 2000 2010

])2
C

an
di

da
te

s 
/ (

 0
 [

M
eV

/c

100

200

300

400

500

600
Data

πs D→
s

Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

]2) [MeV/c
s

m(D
1940 1960 1980 2000

-4
-2
0
2
4

lab2_MM
1930 1940 1950 1960 1970 1980 1990 2000 2010

])2
C

an
di

da
te

s 
/ (

 0
 [

M
eV

/c

50

100

150

200

250

300

350

400

450

500
Data

πs D→
s

Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

]2) [MeV/c
s

m(D
1940 1960 1980 2000

-2
0
2
4

lab2_MM
1930 1940 1950 1960 1970 1980 1990 2000 2010

])2
C

an
di

da
te

s 
/ (

 0
 [

M
eV

/c

20

40

60

80

100

120 Data
πs D→

s
Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

]2) [MeV/c
s

m(D
1940 1960 1980 2000

-2

0

2

lab2_MM
1930 1940 1950 1960 1970 1980 1990 2000 2010

])2
C

an
di

da
te

s 
/ (

 0
 [

M
eV

/c

20

40

60

80

100

120

140

160

180

200

220 Data
πs D→

s
Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

]2) [MeV/c
s

m(D
1940 1960 1980 2000

-2
0
2
4

Figure 54.: Result of the simultaneous fit to the B0
s → D−s π+ candidates. Distri-

butions of Ds mass for Ds final states with combined magnet polarities,

from top left to bottom: D−s → (KKπ)nonres , D−s → φπ− , D−s → K∗0K−

, D−s → K−π+π− , D−s → π−π+π− .



116 measurement of γ angle from the analysis of B0
s → D∓s K± using 1fb

−1

lab1_PIDK
0 20 40 60 80 100 120 140

C
an

di
da

te
s 

/ (
 1

 )

10

210

310 Data
πs D→

s
Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

bachelor -PIDK [1]
0 50 100 150

-4
-2
0
2
4

lab1_PIDK
0 20 40 60 80 100 120 140

C
an

di
da

te
s 

/ (
 1

 )

10

210

310
Data

πs D→
s

Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

bachelor -PIDK [1]
0 50 100 150

-2
0
2
4

lab1_PIDK
0 20 40 60 80 100 120 140

C
an

di
da

te
s 

/ (
 1

 )

10

210

310 Data
πs D→

s
Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

bachelor -PIDK [1]
0 50 100 150

-2
0
2
4

lab1_PIDK
0 20 40 60 80 100 120 140

C
an

di
da

te
s 

/ (
 1

 )

10

210

Data
πs D→

s
Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

bachelor -PIDK [1]
0 50 100 150

-2
0
2
4

lab1_PIDK
0 20 40 60 80 100 120 140

C
an

di
da

te
s 

/ (
 1

 )

10

210

310 Data
πs D→

s
Signal B
Combinatorial

π D→dB
πcΛ →bΛ

π(*)
s D→(d,s)B

Ks D→sB

LHCb

bachelor -PIDK [1]
0 50 100 150

-2

0

2

4

Figure 55.: Result of the simultaneous fit to the B0
s → D−s π+ candidates. Dis-

tributions of −PIDK mass for Ds final states with combined magnet

polarities, from top left to bottom: D−s → (KKπ)nonres , D−s → φπ− ,

D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Table 40.: Fitted values of the parameters for the B0
s → D∓s K± signal MD fit. The

slopesBs(Ds) are the slopes of combinatorial background in 10−3 units.

Parameter D−s → (KKπ)nonres D−s → φπ− D−s → K∗0K− D−s → K−π+π− D−s → π−π+π−

NBs→DsK 309 ± 21 576 ± 27 475 ± 24 107 ± 13 301 ± 22

NGroup1 18 ± 7 34 ± 8 39 ± 9 9 ± 5 27 ± 8

NGroup23 225 ± 21 498 ± 30 327 ± 24 89 ± 16 258 ± 25

NComb 487 ± 27 311 ± 26 258 ± 22 428 ± 24 946 ± 37

NBs→DsK total yield: 1768 ± 49

slopeBs -3.17 ± 0.41 -1.82 ± 0.63 -2.91 ± 0.61 -1.09 ± 0.38 -1.55 ± 0.27

slopeDs -4.29 ± 2.05 -2.92 ± 3.54 -3.39 ± 3.10 -0.00 ± 1.02 -1.97 ± 1.36

f CombDs 0.95 ± 0.05 0.54 ± 0.07 0.80 ± 0.08 only exponential only exponential

µ(B0
s ) [MeV/c2] 5370.4 ± 0.5

µ(Ds ) [MeV/c2] 1969.8 ± 0.1

f CombPIDK1 0.504 ± 0.032

f CombPIDK2 0.346 ± 0.079
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Figure 56.: Result of the simultaneous fit to the B0
s → D∓s K± candidates. Distri-

butions of B0
s mass for Ds final states with combined magnet polarities,

from top left to bottom: D−s → (KKπ)nonres , D−s → φπ− , D−s → K∗0K−

, D−s → K−π+π− , D−s → π−π+π− .
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Figure 57.: Result of the simultaneous fit to the B0
s → D∓s K± candidates. Distri-

butions of Ds mass for Ds final states with combined magnet polarities,

from top left to bottom: D−s → (KKπ)nonres , D−s → φπ− , D−s → K∗0K−

, D−s → K−π+π− , D−s → π−π+π− .
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Figure 58.: Result of the simultaneous fit to the B0
s → D∓s K± candidates. Distri-

butions of log(PIDK) mass for Ds final states with combined magnet

polarities, from top left to bottom: D−s → (KKπ)nonres , D−s → φπ− ,

D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Figure 59.: The simultaneous fit to the B0
s → D∓s K± candidates for both polarities

and all Ds final states combined, from top left to bottom: B0
s mass,

Ds mass, log(PIDK).
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6.4 flavour tagging calibration

The CP violating coefficients can be measured in B0
s → D∓s K± decays and the

sensitivity of this measurement depends on the dilution D due to the mistag prob-

ability ω,

D = 1− 2ω . (6.3)

The statistical precision is proportional to the inverse square root of the effective

tagging efficiency εeff as shown by Eq.4.6. The analysis uses the OS and the

NNetSSK taggers whose development and optimization have been described in

Chapter 4.

It must be clarified here that the 1 fb−1 data sample used for this analysis

has been obtained with a different stripping version (Stripping17 instead of Strip-

ping20) and a different reconstruction algorithm (Reco12 instead of Reco14) and a

different tuning of the FT algorithms with respect to what described in Chapter 5.

For this reason a dedicated study of the FT performances and calibration for the 1

fb−1 B0
s → D∓s K± analysis has been performed.

To extract the calibration parameters in the B0
s → D−s π+ decay the sFit approach

has been used where the corresponding sWeights are determined by the Multi-

dimensional fit described in Sec.7.4.3 and the ∆ms parameter is fixed to the LHCb

measured value of 17.768 ps −1.

The already mentioned two calibration approaches, unbinned and binned, have

been considered to extract the flavour tagging calibration parameters. The binned

approach split the the data sample in 7 categories of η containing comparable statis-

tics of signal events for both taggers. A simultaneous fit to the time distribution of

the different samples determines the average mistag ωcat in each category.

6.4.1 Calibration of OS tagger

In Fig. 60 the measured mistag in the B0
s → D−s π+ data sample is plotted against

the mean predicted mistag for each category. The data points show a clearly linear

dependency, and nicely fit the function of Eq. 4.11. The results of the tagging



6.4 flavour tagging calibration 123

calibration parameters using both the approaches are compatible, as shown in

Tab. 41.
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Figure 60.: The measured OS mistag from the time fit in B0
s → D−s π+ control mode

against the average predicted mistag for each category. The error bars

represent only the statistical uncertainties. The blue curve is the linear

fit to the 7 data points, the light blue area defines the 68% confidence

level region of the calibration function (statistical only).

Table 41.: Calibration parameters of the combined OS tagger extracted from B0
s →

D−s π+ decays. For a perfectly calibrated tagger one expects p1 = 1 and

p0 − 〈η〉 = 0.

p0 p1 〈η〉 εtag [%] εe f f [%]

unbinned 0.3972 ± 0.0096 0.991 ± 0.110 0.3813 38.7 ± 0.3 2.70

binned 0.3972 ± 0.0097 1.009 ± 0.116 0.3813

The average of the two values is taken as a reference for B0
s → D−s π+ channel

and quoted in Tab. 42. Indeed the calibration procedure for the OS tagger us-

ing Reco12 2011 data has been done on several control channels: B+ → J/ψK+,

B+ → D0π+, Bd → D∗−µ+νµ, B0 → J/ψK∗0 and B0
s → D−s π+ . The possibil-

ity to use several control channels is helpful to evaluate the calibration but also

to check how similar are the calibrations from different decay modes (portability)

and to estimate systematics effects. The corresponding values of the calibration
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parameters are summarized in Tab. 42. For each control channel the calibration

Table 42.: Calibration parameters of the OS tagger extracted from different control

channels. Statistic and systematic uncertainties are quoted.

control channel p0 p1 〈η〉
B+ → J/ψK+

0.3927 ± 0.0014 ± 0.0015 0.9818 ± 0.017 ± 0.005 0.3919

B+ → D0π+
0.3854 ± 0.0016 ± 0.0015 0.9722 ± 0.017 ± 0.005 0.3836

B0 → J/ψK∗0 0.399 ± 0.003 ± 0.0060 0.882 ± 0.043 ± 0.039 0.390

B0 → D∗−µ+νµ 0.3953 ± 0.0019 ± 0.0069 0.946 ± 0.019 ± 0.061 0.3872

B0
s → D−s π+

0.3972 ± 0.0097 ± 0.0071 1.000 ± 0.116 ± 0.047 0.3813

parameters are reported with the statistical and systematic uncertainty connected

with that specific channel. As reference values for the OS tagger has been consid-

ered the weighted average of p0− 〈η〉 and p1 on the five control channels, since the

measurements, even if quite different, are compatible given the current statistics.

This strategy is aimed to define a coherent picture providing a universal calibra-

tion which at the moment is reasonably assumed with the current precision. The

final average values employed in the B0
s → D∓s K± analysis are quoted in Tab. 43

with a statistical error in which are included the systematics related to each control

channel and a systematic error which accounts for phase space differences among

different channels. As average mistag < η > is taken the one of the B0
s → D−s π+

Table 43.: The reference values for the OS tagger calibration are quoted, includ-

ing the systematic uncertainties that account for differences measured in

different channels.

p0 p1 〈η〉 εe f f [%]

0.3834 ± 0.0014 ± 0.0040 0.972 ± 0.012 ± 0.035 0.3813 3.13 ± 0.06 ± 0.16

decay mode since it is the more similar channel to the B0
s → D∓s K± one.
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6.4.2 Calibration of NNetSSK tagger

With the 2011 statistics the NNetSSK tagger can be calibrated only in B0
s →

D−s π+ channel. In this analysis the new NNetSSK tagging algorithm described in

Sec.4.2.1 has been used.
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Figure 61.: The measured NNetSSK mistag from the time fit against the average

predicted mistag for each category in the B0
s → D−s π+ decay mode.

The blue curve is the linear fit to the 7 data points.

In Tab. 44 the calibration parameters and the measured performance obtained

from the sFit to the decay time distribution of B0
s → D−s π+ decays are reported.

Table 44.: Calibration parameters of the NNetSSK tagger extracted from B0
s →

D−s π+ decays.

tagger p0 p1 〈η〉 εtag [%] εe f f [%]

NNetSSK unbinned 0.4244 ± 0.0086 1.255 ± 0.140 0.4097 47.7 ± 0.3 2.17

NNetSSK binned 0.4244 ± 0.0086 1.18 ± 0.15 0.4097 - -

For reference, also the performance of the former SSK tagger (referred as cut

based) have been evaluated and found much lower (εtag = 15.15 % and εe f f = 1.37

%) than the ones of the NNetSSK. Fig. 61 shows the dependency of the measured

mistag on the average predicted mistag obtained by the fit in category approach

for the new SSK tagger.
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The improvements in the SSK algorithm based on Neural Network classifiers

are visible in the enhancement of the tagging performances with respect to the cut

based SSK tagging algorithm. This makes straightforward the decision to use the

new tagger in the B0
s → D∓s K± analysis.

Similarly to what discussed in Sec.5.2.2, systematics uncertainties on the tagging

calibration parameters for the NNetSSK have been evaluated by using different

time resolution model (single gaussian based on the event-by-event time error and

fixed triple gaussian of equivalent mean resolution), by varying the time resolution

(by ±10%), by using different fit models and by varying the fraction of the B0
s →

D∓s K± background (of +100% or −50% the fraction). The reference parameters for

the analysis of B0
s → D∓s K± are the average values between the unbinned fit and

the fit in category, as they are quoted in Tab. 45. The correlation between p0 and

p1 is small, less than 0.03.

Table 45.: Calibration parameters of the NNetSSK tagger, based on the Neural Net-

work classifier, extracted from B0
s → D−s π+ data. The first uncertainty is

statistic and the second one is systematic.

p0 p1 〈η〉 p0− 〈η〉 εe f f [%]

0.4244 ± 0.0086 ± 0.0071 1.218 ± 0.150 ± 0.104 0.4097 0.0147 2.11 ± 0.35 ± 0.27

6.4.3 Comparison of Tagging Performance in B0
s → D−s π+ and B0

s → D∓s K±

In order to use B0
s → D−s π+ as a tagging calibration channel for B0

s → D∓s K± , it

is mandatory to confirm that the taggers perform identically on the two channels,

or at least they have the same calibration. The distributions of η for MC signal can-

didates corresponding to the two channels is compared in Fig. 62 and are in good

agreement (quantitatively the Kolmogorov Test evaluates a compatibility probabil-

ity of 0.994 for the OS and 0.44 for the NNetSSK).

While the fact that the distributions of the calibrated mistag probability η agree

between the two channels is promising, this element alone is not sufficient to

demonstrate that the calibration parameters will be portable between the two chan-
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Figure 62.: η distributions for the OS combination (left) and the SS kaon tagger

(right) in simulated data. Black is B0
s → D∓s K± and red is B0

s → D−s π+

.

nels. We rely on calibration results on simulated events between the two decay

modes to justify this assumption.

The distribution of ω in bins of η for selected B0
s → D−s π+ and B0

s → D∓s K±

events in simulation is shown in Fig. 63. It can be seen that the agreement between

the two channels is very good, and also that the dependence of ω on η appears to

be linear. This dependence is then fitted using Eq. 4.11. The results of the fit using

Eq. 4.11 are overlaied in Fig. 63. The fitted values of p0 are in very good agreement

between the two channels, and are close to the ideal value of 〈η〉. The fitted values

of p1 agree with each other to better than one standard deviation, and are close to

the ideal value of 1. These results motivate our assumption that the calibration of

B0
s → D−s π+ and B0

s → D∓s K± is the same.

Once the tagger is shown to be consistent between the calibration channel and

analysis channel in simulation, the same check was performed in data. Taking the

B0
s → D−s π+ and B0

s → D∓s K± samples and weighting each event with its signal

sWeight we plot the predicted mistag distributions as before in Fig. 64.
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Figure 63.: Dependency of the observed mistag ω on calibrated mistag η, for se-

lected B0
s → D−s π+ (black) and B0

s → D∓s K± (red) events in simulation.

Left is OS tagging, right is NNetSSK.
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Figure 64.: η distributions for the OS (left) and the NNetSSK (right) taggers. Red

is B0
s → D∓s K± data and black is B0

s → D−s π+ data. The Kolmogorov

test gives 0.94 for the OS and 0.05 for the NNetSSK taggers.

6.4.4 Tagging asymmetries

In addition to the calibrations discussed in the previous sections, each tagger

also has been calibrated on samples split by initial charge, to address a possible

tagging asymmetry. Each tagger has been calibrated applying the following rela-

tions that allow for different calibrations on samples split by the initial flavour:

ω = p0 +
∆p0

2
+ (p1 +

∆p1

2
) · (η − 〈η〉) f orB0

s (6.4)

ω̄ = p0 −
∆p0

2
+ (p1 −

∆p1

2
) · (η − 〈η〉) f orB0

s . (6.5)
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Here, p0 and p1 are the calibration constants from the previous sections, and

∆p0 and ∆p1 parameterize the differences. For the OS tagger the initial flavour

asymmetry is easily evaluated through the charge of the B meson in the decay

B+ → J/ψK+. For the NNetSSK tagger in principle is not straightforward to eval-

uate p0 and p1 separately for B0
s and B̄0

s due to oscillations. Since the initial flavour

asymmetry describes the effect on the tagging parameters of the different inter-

actions between matter and anti-matter it can be evaluated between K+ and K−

tagging particles. Similarly to what is described in Sec.5.2.1 ,this evaluation has

been done on simulated events and on real data using prompt D±s . In Tab. 46 the

inital flavour asymmetry for p0, p1 and εtag are reported.

Table 46.: Initial flavour asymmetry for OS tagging extracted from B+ → J/ψK+

decays and for NNetSSK tagging extracted from prompt D±s reweighting

the pT distribution to B0
s → D−s π+ .

tagger ∆p0 ∆p1 ∆εtag [%]

OS 0.0124 ± 0.0021 0.095 ± 0.024 -0.197 ± 0.126

NNetSSK -0.020 ± 0.004 -0.01 ± 0.03 0.022 ± 0.004

6.4.5 OS and NNetSSK combination

The use of both the NNetSSK and the OS tagger information, provides an in-

crease in the tagging performance for the B0
s → D∓s K± analysis: the effective avail-

able statistics is more than doubled. The NNetSSK and OS taggers are virtually

independent as they rely on different physics processes. Indeed no correlation is

visible between the predicted mistag for events that are tagged by both the taggers,

as demonstrated in Fig. 65. The combination of the tagging decisions and the as-

sociated mistag prediction is trivial for events where only one of the two taggers

fired. To gain further in tagging power, for the events that have decisions from

both taggers the combination of tagging responses is done following the standard

formula reported in Sec.4.2.3 where it is crucial to note that the combination as-

sumes that the taggers are calibrated and uncorrelated. The data are split in three
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Figure 65.: Scatter plot of OS mistag (on y-axis) and NNetSSK mistag (on x-axis).

different samples depending on the tagging decision: OS only tagged, NNetSSK

only tagged and OS and NNetSSK tagged events. The tagging performances in the

three sub-samples are reported in Tab. 47 for B0
s → D−s π+ .

Table 47.: The Flavour Tagging performances for only OS tagged, only SSK tagged

and both OS and SSK tagged events for B0
s → D−s π+ .

B0
s → D−s π+ εtag [%] εe f f [%]

OS only 19.80 ± 0.23 1.61 ± 0.03 ± 0.08

SSK only 28.85 ± 0.27 1.31 ± 0.22 ± 0.17

both OS-SSK 18.88 ± 0.23 2.15 ± 0.05 ± 0.09

total 67.53 5.07

total (previous result [76]) 40 1.9

The total tagging power is about 5.1%, which represents an important enhance-

ment with respect to the 1.9% of the previous analysis [60], performed on the

same data sample but using a previous version of the OS tagger only and a differ-

ent strategy for selecting and fitting data.

The mistag templates for only the OS, only the NNetSSK and both taggers ob-

tained from sWeighted B0
s → D−s π+ data are shown in Fig. 66.
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Figure 66.: The mistag templates obtained from sWeighted B0
s → D−s π+ data. From

left to right: only the OS, only the NNetSSK, both taggers.

The uncertainties on the calibration of the OS and NNetSSK taggers are then

propagated to the combination of both taggers (from Tables 43, 45 and 46). This

is most significant for the B0
s → D∓s K± fits due to their sensitivity to these uncer-

tainties (because C f , S f and S f could be directly influenced by any slight mis-

calibration). It also allows to treat the small asymmetries in tagging calibration

after the combination of taggers by “recalibrating” ηcomb. depending on true initial

B flavour and type of tagged event (OS only, NNetSSK only, both). Propagating

the uncertainties of the OS and NNetSSK tagger calibrations to the result of the

combination gives rise to the following fluctuations (see Tab.48) about the point

of perfectly calibrated taggers including initial flavour asymmetries for the three

categories of tagged events.

Table 48.: Propagation of tagging calibrations uncertainties after combination of

taggers.

〈ηcomb.〉 p0 p1

B OS only 0.37 0.377± 0.004 1.05± 0.04

B NNetSSK only 0.415 0.405± 0.007 1.00± 0.15

B both 0.339 0.338± 0.006 1.03± 0.04

B OS only 0.371 0.366± 0.004 0.950± 0.040

B NNetSSK only 0.415 0.425± 0.011 1.00± 0.15

B both 0.339 0.339± 0.006 0.971± 0.040
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Similarly, it is possible to propagate the tagging efficiencies εOS, εSSK and their

variations with initial B flavour ∆εOS, ∆εSSK through the combination (assuming

uncorrelated taggers). This will yield the tagging efficiencies and tagging efficiency

asymmetries for the categories of tagged events reported in Tab.49.

Table 49.: Tagging efficiencies and tagging efficiency asymmetries atage f f for OS

only, NNetSSK only and both OS and NNetSSK tagged events.

εtag [%] ∆εtag [%]

OS only 0.202± 0.002 −0.0028± 0.0016

NNetSSK only 0.292± 0.002 0.0018± 0.0010

both 0.185± 0.002 −0.0023± 0.0016

6.5 time resolution and time acceptance

The decay time is reconstructed with a limited resolution, the main reason being

the limited spatial resolution of the B decay vertex (referred as Secondary Vertex).

The time resolution affects the capability to properly solve the observable oscil-

lation in the B0
s decays because it introduces a dilution term in the decay time

amplitude, in addition to the already mentioned dilution factor due to flavour

tagging:

Aobs(t) ≈ (1− 2ω)e−
(∆msσt)

2

2 Ath(t). (6.6)

To get unbiased results and optimize the sensitivity to the CP observables con-

tained in the Ath(t) term of previous equation it is important to have a correct

description of the decay time resolution model. In addition also the determination

of the flavour tagging calibration parameters discussed in previous section (6.4) is

strictly correlated to the dilution related to the time resolution. In this case, as

in many other LHCb analyses, it has been used a time resolution function which

has a different width for each event. This is possible because the reconstruction

algorithm provides, in addition to the decay time measurement, also an estimation
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of the decay time error δt based on the uncertainity on the SV and B momentum.

Such estimation needs to be calibrated in order to match the actual time resolution.

The analysis for ∆ms measurement [59] performed a calibration study between

the estimated δt and the time resolution seen in data. This has been done using

prompt Ds associated to a random π tracks which form a fake B0
s candidate pro-

duced at time equal 0. Using this data sample a scale factor between the per-event

time error δt, that was estimated by the lifetime fit, and the true time resolution σt

was measured. The result for the scale factor SF is summarized in Tab. 50. While

this is an old result, we feel that the size of the systematic uncertainty (in line with

what other time dependent analyses, e. g.B→ h+h− took), will cover any potential

issues with it. Considering that the time resolution is used on a per-event basis it

Table 50.: Results of the time resolution study of the ∆ms analyses [59] and [61].

The effective mean time resolution, the scale factor with the relative un-

certainties and the average dilution factor Dt are quoted.

sample time resolution SF syst. SF Dt

fake B0
s 44 fs 1.37 [1.25, 1.45] 0.737

becomes a variables of the fit which needs to be described by the appropriate PDF.

The dilution factor corresponding to the effective time resolution is evaluated to be

of 0.737, larger than the dilution due to imperfect tagging (from values in Tab.47√
εe f f
εtag

= 0.274 ).

The selection requirements may introduce some acceptance effects in the decay

time distribution which needs to be accounted by in the PDF. The strategy is to

measure the decay time acceptance function fitting the decay time distribution of

the values of B0
s → D−s π+ decay fixing Γs and ∆Γs and floating the acceptance

parameters. The B0
s → D∓s K± time acceptance is then determined by correcting

the B0
s → D−s π+ acceptance by the ratio of B0

s → D∓s K± /B0
s → D−s π+ acceptances

determined in MC samples.

The acceptance function is described by splines, which are polynomial functions

which can be implemented in an analytic way in the decay time fit following the

method described in [77]. These splines have six free parameters. The spline
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boundaries (“knots”) were chosen in an ad- hoc manner to produce a smooth

acceptance shape, and placed at 0.5, 1.0, 1.5, 2.0, 3.0, 12.0 ps for the nominal fit con-

figuration. Essentially there are more knots at smaller lifetimes where the function

varies more rapidly, and fewer at high lifetimes where we expect a flat behaeviour

with a possible slow drop due to an upper acceptance effect from the VELO re-

construction. We studied the effect of the choice of knot positions by doubling the

number of knots and repeating the fits, but this results in negligible changes.

We assume the same acceptance function for all the 5 Ds decay modes, while

determining the ratio on MC, we rescale the samples according to the statistics

observed in data. The fits to the simulated events are shown in Fig. 67 and Tab. 51.

The ratio of two splines is given simply by the ratio of its coefficients, which is

also given in Tab. 51. The correlation matrices are considered for B0
s → D−s π+ and

B0
s → D∓s K± fit and for ratios.

We observe the B0
s → D−s π+ and B0

s → D∓s K± acceptances to be significantly

different. Although all ratios are within 2σ of unity, the proper computation of the

p-value for the compatibility hypothesis gives 3.8× 10−5 (4.1σ). A systematic is

assigned due to our imperfect knowledge of the time acceptance.
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Figure 67.: MC Acceptances for B0
s → D−s π+ (left) and B0

s → D∓s K± (right). The

acceptance function is shown in red, while the total fit curve is blue.
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Parameters Fit to B0
s → D−s π+ Fit to B0

s → D∓s K± B0
s → D∓s K± /B0

s → D−s π+

v1 0.512 ± 0.008 0.498 ± 0.008 0.973 ± 0.022

v2 0.745 ± 0.012 0.742 ± 0.013 0.996 ± 0.024

v3 0.996 ± 0.015 0.981 ± 0.017 0.985 ± 0.023

v4 1.131 ± 0.018 1.163 ± 0.020 1.028 ± 0.024

v5 1.231 ± 0.017 1.242 ± 0.019 1.009 ± 0.021

v6 1.227 ± 0.027 1.285 ± 0.030 1.047 ± 0.034

Table 51.: Parameters of the time acceptance from a fit to the time distribution of

B0
s → D−s π+ and B0

s → D∓s K± MC events and their ratio.

6.6 time fit

As mentioned at the beginning of this chapter, two fit approaches have been

used to measure the CP observables:

• sFit: decay time fit of the events weighted by the Multi-dimensional fitter

sWeights, in which a statistical backgrounds subtraction allow to manage only

the signal component

• cFit: standard fit of the events in which all backgrounds component needs

to be described for each observable of the fit. The results of the Multi-

dimensional fitter, i.e. yields and shapes parameters, are fixed in the cFit.

The observables involved in the decay time fit are the B0
s decay time and its error

estimation δt, the tagging decision d, the predicted mistag η and the charge of the

bachelor particle q which is used to identify the final state. The cFit in addition has

the three observables of the Multi-dimensional fitter: B0
s mass, Ds mass and PIDK

for the bachelor particle.

The tagging calibration parameters and uncertainties of the OS and NNetSSK

taggers can be found in Section 6.4.5. The tagging calibration parameters in the

B0
s → D∓s K± fits on data are thus constrained in the fit to the central values and
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uncertainties define the Gaussian constraints. We fix the values of the following

parameters to the central values:

Γs = (0.661± 0.007)ps−1 , (6.7)

∆Γs = (0.106± 0.013)ps−1 , (6.8)

ρ(Γs, ∆Γs) = −0.39, (6.9)

they are taken from current LHCb measurements [72]. In addition, the B0
s →

D∓s K± fit is executed fixing ∆ms to the LHCb measurement value ∆ms = 17.768±
0.024 ps−1 [64] and the acceptance parameters to the values found in the B0

s →
D−s π+ fit multiplied by the correction given in Tab. 51. We assume no production

asymmetry and constrain the signal detection asymmetry to 1%± 0.5% (in our sign

convention this means a 1% higher detection asymmetry for positive kaons). The

decay time fit (both sFit and cFit) described so far, is also performed to the B0
s →

D−s π+ sample to measure the acceptance parameters in data (the one reported

in Sec.6.5) where the mixing frequency ∆ms is left free as a cross-check of the fit

procedure.

6.7 results of the sfit

The sFit approach is based on the sPlot technique where the sWeights are ex-

tracted from the Multi-dimensional fit on the five Ds final states.

6.7.1 sFit in B0
s → D−s π+

For the B0
s → D−s π+ time fit, the PDF is obtained convoluting the B0

s decay rate

(described in Sec.2.3.2) with a single Gaussian time resolution and multiplied by

the acceptance function (Sec. 6.5):

PDF =
dΓBs→Dsπ(t, d, q)

dt
⊗ G(0, δt)× a(t) . (6.10)

where d and q represent the tagging decision and the charge of the bachelor parti-

cle.
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The free parameters in the fit are ∆ms and the six parameters describing the time

acceptance function. The distributions of δt and η are taken from the sweighted

data. The data distribution superimposed with the time sFit result is presented in

Fig. 68. The fitted values are listed in Tab. 52 and the correlation matrix is consid-

ered. The fitted ∆ms agrees extremely well with the existing LHCb measurement

∆ms = (17.768± 0.024)ps−1 [64].
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Figure 68.: Time distribution of the B0
s → D−s π+ data sample. Bottom plot shows

pulls.

Table 52.: Fitted values to the B0
s → D−s π+ time distribution for the sFit .

Parameter Fitted value

∆ms 17.772± 0.0215 ps−1

acceptance function

v1 0.459± 0.032

v2 0.690± 0.052

v3 0.885± 0.065

v4 1.130± 0.081

v5 1.223± 0.076

v6 1.228± 0.121
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6.7.2 sFit in B0
s → D∓s K±

For the B0
s → D∓s K± fit the decay amplitude depends on 5 additional CP pa-

rameters (see Chapter 2), which are limited to the fit range [−4, 4], corresponding

to about 6σ based on the expected uncertainties seen in the Toy-MC studies. The

fitted values for the CP observables are listed in Tab. 53 and in Tab. 54 the correla-

tions are reported. The B0
s decay time distribution with the superimposed fit result

are plotted in Fig. 69. The other parameters of the time sFit are constrained to the

values reported in Tab.48 and in Tab.49.

Table 53.: Fitted values of the CP observables to the B0
s → D∓s K± time distribution

for sFit . All parameters different than CP observables are constrained

in the fit.

Parameter Fitted value

C f 0.52± 0.25

S f −0.90± 0.31

S f 0.36± 0.34

D f −0.29± 0.42

D f −0.14± 0.41

As is discussed in detail in Sec. 6.9, most systematics are obtained from large

scale toy studies. Nevertheless the stability of the data fit when varying the fixed

parameters (whether in the mass or time fits), when smearing the acceptance func-

tion correction, or when varying the decay time resolution or reconstruction bias

is checked.
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Table 54.: Correlation matrix of the B0
s → D∓s K± CP sFit . Here we have restricted

ourselves to correlations between the CP parameters for readability, as

the tagging efficiencies all have negligible correlations with the CP pa-

rameters anyway. As can be seen the only large correlation is the 50%

between D f and D f , which is understandable because they are both

sensitive to the slowly varying hyperbolic terms induced by ∆Γs.

Parameter C f D f D f S f S f

C f 1.000 −0.071 −0.097 0.117 0.042

D f −0.071 1.000 0.500 0.044 −0.003

D f −0.097 0.500 1.000 0.013 −0.005

S f 0.117 0.044 0.013 1.000 −0.007

S f 0.042 −0.003 −0.005 −0.007 1.000
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Figure 69.: Time sFit to the B0
s → D∓s K± data sample. Bottom plot shows pulls.

6.8 results of the cfit

The cFit is a full fit to all the observables of the Multi-dimensional fitter (m(B0
s ),

m(Ds ) and PIDK) and of the time sFit. The main difference with the Multi-

dimensional fitter described in Sec.6.3 is that the cFit uses a restricted B0
s mass

range ([5320,5420]MeV/c2). The Multi-dimensional fit result provides:
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• all the yields for signal and backgrounds decays, scaled in a narrower mass

range [5320,5420]MeV/c2

• the observables templates needed by the cFit for the B0
s , Ds masses and

PIDK

The main difference with respect to the time sFit is that the data sample con-

tains signal and background events which need to be accounted for in the time-

dependent part of the PDF for all the different background components. The

following template formula fits for signal and backgrounds decays:

PDF(mBs ,mDs , log(PIDK), t, ω, σt, d, q) = a(t) · PDF(mBs , mDs , log(PIDK))·

PDF(δt) ·
∫

k dk F(k)·(∫
dt′Γtheo(t′, kΓ, k∆Γ, k∆m; εtag, ω, d, q) · G(t− t′, 0, σt)

)
(6.11)

The description of P(mBs , mDs , log(PIDK)) is taken straight from the MD fit in

Sec. 6.3 where the mass templates and all yields are split by Ds final states, while all

other cFit components are common for all Ds decay modes. The theoretical decay

rate distribution of Γtheo(t) is essentially discussed in Chapter 2, Sec.2.6. PDF(δt)

represents the distribution of decay time estimated errors seen in data. From the

point of view of the decay time distribution, the several backgrounds component

can be grouped as depicted in Tab.55 since they have different behaviors in time

and physics properties requiring different treatments. All modes (signal and back-

Table 55.: Categorisation of the different physics backgrounds for the cFit. See text

for an explanation of the categories.

Dsπ-like DsK-like non-oscillating

Bs → D−s π+ Bs → D±s K∓ Λb → D−s p

Bs → D∗−s π+ Bd → Dπ Λb → D∗−s p

Bs → D−s ρ+ Λb → Λ+
c K−

Bd → D−s K+ Λb → Λ+
c π−

Bd → D−K+

Bd → D−s π+
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grounds) have the same spline-based acceptance function.

The cFit approach needs to correct for the wrong estimation of the decay time of

background decays by means of a multiplicative factor generally called k-factor:

k =
(m/p)true

(m/p)erec
(6.12)

where "true" refers to the true 4-momentum of the mother particle (B0
s ) and "erec"

emulates the mistakes of the event reconstruction (mis-identifying or losing a par-

ticle). The k-factors are evaluated simulated samples of backgrounds events.

decay time distributions To determine the decay time distribution of each

backgrounds it is useful to underline which is the time evolution of the considered

b-hadron:

1. Λ0
b: non-oscillating backgrounds → simple exponential is used setting life-

time to the current world averages Specifically, we constrain to ΓΛb = 0.700±
0.012 ps−1. Terms which have to do with tagging are dropped for these back-

grounds.

2. Bs → Dsπ-like: Bs at decay time can only decay to one final state f and a Bs

can only decay to the charge-conjugated final state f . The CP parameters are

fixed by physics (C f = C f̄ = 1, S f = S f̄ = D f = D f̄ = 0) and Γtheo(t) looks

like the one used for the B0
s → D−s π+ decay.

3. Bs → DsK-like: Bs at decay time can decay to either f or its charge-conjugate

f , and a Bs at decay time can likewise decay to both f and f . The CP parame-

ters are assumed to be unknown and are thus floated in the fit with gaussian

constraints to enhance fit stability.

Depending on the background, a specific treatment of the flavour tagging parame-

ters is adopted.

cp parameters For the signal B0
s → D∓s K± decay the set of C f , D f , D f , S f

, S f parameters is floating and no constraints are applied. For the backgrounds,

we float an effective |λ f |, weak and strong phase in the fit which is common for

all DsK-like modes, and calculate C f , D f , D f , S f , S f based on these floating
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parameters. This approach keeps the CP parameters of the background physical

at all times, helping fit stability.

combinatorial background lifetime Since in our analysis the combina-

torial background is among the most prominent sources of background, a good

description of its lifetime is an important cFit task.

For the combinatorial background, the (apparent) lifetime depends on the kine-

matics of random tracks and their distribution in phase space since also the ef-

ficiency of different taggers depends on kinematical properties of the (apparent)

B candidate, combinatorial events can have different lifetimes depending on the

tagging category of that event. We thus fit the lifetime of the combinatorial back-

grounds separately for untagged, OS only, NNetSSK only and OS+NNetSSK events

on data with the full selection applied, using a the high mass sideband of mBs >

5700MeV/c2.

6.8.1 B0
s → D∓s K± fit results

In figure 70 the fit to the decay time distribution in B0
s → D∓s K± decays is

shown: on the left plot is reported the sFit while on the right plot is reported the

cFit. In Tab. 56 the results of the decay time fit are reported for both the fitters. The

statistical and systematic uncertainties are quoted for each CP observable. The two

time fit methods give compatible results and at the moment we are dominated by

the low statistics.
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Figure 70.: Result of the decay time (on the left side) sFit and (on the right side)

cFit to the B0
s → D±s K∓ candidates.

Table 56.: Fitted values of the CP observables to the B0
s → D±s K∓ decay time distri-

bution. The statistical and systematic uncertainties are also quoted.

Parameter sFit fitted value cFit fitted value

C f 0.52 ± 0.25 ± 0.04 0.53 ± 0.25 ± 0.04

A∆Γ
f 0.29 ± 0.42 ± 0.17 0.37 ± 0.42 ± 0.20

A∆Γ
f̄ 0.14 ± 0.41 ± 0.18 0.20 ± 0.41 ± 0.20

S f -0.90 ± 0.31 ± 0.06 -1.09 ± 0.33 ± 0.08

S f̄ -0.36 ± 0.34 ± 0.06 -0.36 ± 0.34 ± 0.08

6.9 systematics uncertainties

The main systematic uncertainties are due to the fixed parameters of the fit:

∆ms, Γs and ∆Γs and from the limited knowledge of the decay time resolution

and acceptance. In order to estimate these uncertainties a large set of pseudo-

experiments (1000) is used with the statistics seen in data. The pseudo-experiments

are generated with the average of the cFit and sFit fit values and subsequently they

are processed by the full data fitting procedure where each parameter (∆ms, Γs, ∆Γs

and the SF of time resolution) is varied according to its systematic uncertainty. The

difference with the nominal fit is considered as systematic uncertainty. Splitting

the samples in bins of BDTG reveals a small systematic effect which is taken into

account. The uncertainties related to the tagging parameters are already included
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Table 57.: Systematic uncertainties related to the sFit results expressed as fractions

of the statistical uncertainties.

Source C f S f S f̄ A∆Γ
f A∆Γ

f̄

∆ms 0.062 0.104 0.100 0.013 0.013

time resolution 0.104 0.092 0.096 0.004 0.004

acceptance Γs, ∆Γs 0.043 0.039 0.038 0.427 0.437

sample splits 0.124 0.072 0.071 0.000 0.000

total 0.179 0.161 0.160 0.427 0.437

Table 58.: Systematic uncertainties related to the cFit results expressed as fractions

of the statistical uncertainties.

Source C f S f S f̄ A∆Γ
f A∆Γ

f̄

∆ms 0.068 0.131 0.126 0.014 0.011

time resolution 0.131 0.101 0.103 0.004 0.004

acceptance Γs, ∆Γs 0.050 0.050 0.043 0.461 0.464

sample splits 0.102 0.156 0.151 0.000 0.000

total 0.187 0.234 0.226 0.466 0.470

in the statistical errors since for these parameters gaussian constraints are used

and so are not considered further.

The decay time acceptance mostly affects the CP coefficients related to the hy-

perbolic terms of the decay rate (A∆Γ
f and A∆Γ

f̄ ). An increase in the statistics of the

B0
s → D−s π+ data would improve the description of the acceptance function. Fur-

ther studies have been done splitting the data sample into two subsets according

to the two magnet polarities and the hardware trigger decision. In Tables 57 and

58 we report the systematic uncertainties as fractions of the statistical uncertainties

respectively for the sFit and for the cFit results. The cFit and sFit results are in

good agreement and differences between the two fitters are evaluated from the dis-
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tributions of the per-pseudoexperiment differences of the fitted values. Both fitters

return compatible results.

6.10 the γ angle determination

In order to extract the value of the γ angle the method consists in maximizing

a likelihood including the physics parameters: γ, φs (-2β s), rDs K , δ and the CP

violating observables expressed through Eq.2.46 of Chapter 2. The value of γ as

well as that of rB and δB are determined by this likelihood maximization while the

value of φs is fixed to an independent measurement performed by LHCb [72]. The

profile likelihood contours in two dimensions are reported in Fig.71 showing the

agreement between the sFit and cFit results.
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Figure 71.: Profile likelihood contours of γ vs. rDsK, and γ vs. δ. The contours are the

nσ profile likelihood contours, where ∆χ2 = n2 with n = 1, 2. The markers

denote the best-fit values. All errors (stat. and syst.) are included.

The extraction of γ is reported in Fig.72. The cFit results have been arbitrarily

chosen being compatible with the sFit ones and we quote γ =(115
+26
−35(stat)+8

−25(syst)±
4 (φs))◦ at 68% Confidence Level (CL), where the intervals are expressed modulo

180
◦.

The LHCb experiment has measured the γ angle also in other tree-level pro-

cesses, as it has been discussed in Chapter 2 using time-integrated analysis. The

measurement of γ in the B0
s → D∓s K± decay has never been done by other col-

laboration and it represents the first time-dependent measurement done by LHCb

to determine γ. The advantage of this decay is that it has a larger interference
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Figure 72.: Graph showing 1-CL for γ using the cFit (green) and sFit (blue) CP parameters.

All errors (stat. and syst.) are included.

factor governed by the value of rB ≈ 0.5 with respect to the other tree-level decays

already employed by LHCb. The time-dependent analysis allows to solve the fast

oscillation of B0
s mesons, given also the good precision with which ∆ms is already

measured. Measuring also the CP observables related to the hyperbolic terms of

the decay rate (A∆Γ
f ) reduces the ambiguity on the γ measurement. Another impor-

tant advantage with respect to time-integrated measurements is that the external

parameters needed by this time-dependent analysis are already well established.

On the other hand the analysis is limited by the low statistics of this channel and

by the fact that the actual sensitivity to the CP observables gets reduced by the

tagging performance.

Recently the LHCb collaboration has presented an overall combination of B →
DK tree-level measurements for determining γ [10]. The results are obtained from

time-integrated analyses of:

• B+ → DK+, with D → h+h−, GLW/ADS, 3 f b−1

• B+ → DK+, with D → h+π−π+π−, quasi-GLW/ADS, 3 f b−1

• B+ → DK+, with D → h+h−π0, quasi-GLW/ADS, 3 f b−1

• B+ → DK+, with D → K0
Sh+h−, model independent GGSZ, 3 f b−1
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• B+ → DK+, with D → K0
SK+π−, GLS, 3 f b−1

• B0 → DK+π−, with D → h+h−, GLW Dalitz, 3 f b−1

• B0 → DK∗0, with D → K+π−, ADS, 3 f b−1

• B0 → DK∗0, with D → K0
Sπ+π−, model dependent GGSZ, 3 f b−1

• B+ → DK+π+π−, with D → h+h−, GLW/ADS, 3 f b−1

The measurement of γ using B0
s → D∓s K± data sample (1 f b−1) described in this

chapter is included in the combination. The results presented here represents an

update which supersedes the previous combination by adding more decay chan-

nels and updating the most of measurements to the full Run1 data sets. The input

measurements provide sensitivity to γ in the interference between b → c and

b → u transition, as described with more detail in Chapter 2. The B+ → DK+

modes offer the best sensitivity interplaying measurements with multiple narrow

solutions for γ (ADS/GLW modes δγ ≈ 8◦) with other which have single broad

solutions (GGSZ modes δγ ≈ 15◦). The overall combination accounts for D0 − D0

mixing corrections and for CP violation effects in the D → h+h− decays. In Fig.73

1-CL curves for rDK
B , δDK

B , rDK∗
B , δDK∗

B and γ are shown with the 1σ and 2σ levels.

In Fig.73 the profile likelihood two-dimensional contours for rDK
B , δDK

B , rDK∗
B , δDK∗

B

and γ are shown.

LHCb has measured the γ angle from tree-level decays to be: γ = (70.9+7.1
−8.5)◦ at

68% CL modulo 180
◦ and it represents the most precise determination of γ from a

single experiment to date. The contribution of the B0
s → D±s K∓ measurement to the

combination is small for the moment but it represents an additional independent

way to measure γ and it will contribute mostly given the enhancement in statistics

of the next analysis with
∫
L = 3 fb−1.
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tral values (solid vertical lines) and 1σ uncertainties (dashed vertical

lines) labelled.
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The chapter describes the studies performed so far for the analysis of B0
s → D∓s K±

decays with the full Run1 data sample (2011 at
√

s = 7 TeV and 2012 at
√

s = 8

TeV), which corresponds to an integrated luminosity of 3 fb−1. The strategy follows

the main steps of the 1 fb−1 analysis described in the previous chapter with some

updates and improvements. The selection has been updated with respect to the

one used for 1 fb−1 analysis. A good quality of the Multi-dimensional fit to the data

distribution of the B0
s → D−s π+ and B0

s → D∓s K± channels was already achieved.

The results of the Multi-dimensional fitter for both B0
s → D∓s K± and B0

s → D−s π+

are satisfactory.

Considering the agreement between the results obtained by the time sFit and

the cFit of the previous analysis, this analysis update will use only the time sFit

given its major simplicity. The time sFit has still to be finalized. Several studies

to investigate additional systematics effects with respect to the past analysis have

151



152 B0
s → D∓s K± analysis using run1 data

been done. The following sections document the status of the analysis and its

major improvements.

7.1 preliminary studies

The enhancement of statistics may reveal minor systematic deviation introduced

by the fit strategy that weren’t observed in the analysis of 1 fb−1. A first test has

been performed by means of pseudo-experiments in which 3 times the 1 fb−1 statis-

tics has been generated and fit with the default fit strategy (Multi-dimensional fit,

time sFit). The aim of this test is double: test if any bias arises due to the in-

creased statistics and evaluate the expected sensitivity on the CP parameters. The

event generator uses the PDFs and the CP values of the observables correspond-

ing to the nominal fit of the 1 fb−1 B0
s → D∓s K± data sample. The result of the

Multi-dimensional fitter on the 930 pseudo-experiments shows that all the floating

parameters (signal and background yields) are correctly determined.

Figures 75 show pull distributions1 of the 5 CP-observables extracted from the

time sFit corresponding to the pseudo-experiments samples. The pull distributions

have the expected normal Gaussian distributions, indicating that both the values

and the errors are correctly determined.

In Tab.59 the results of the pseudo-experiment test with the increased statistics

is compared with the results of a similar test performed for the 1 fb−1 analysis.

The estimated errors scale as expected due to the increase in statistics of a factor

three. These results assures that the sophisticated description we used so far, even

if the number of events is increased, does not introduce any bias.

7.1.1 Correlations among observables

Correlations among the observables involved in the fitter are possible and in

principle they can be different from signal to any other background decays. In

previous analysis the correlations among the observables were neglected, since in

1 pulli =
xi

gen−xi
fit

σi
fit
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Table 59.: Pseudo-experiments for the 5 CP observables extracted from a simulated

statistics of 3 and 1 fb−1 of B0
s → D∓s K± decays.

Parameter µ of pull σ of pull average uncertainty

3 fb−1 C f -0.052 ± 0.034 0.931 ± 0.024 0.143

1 fb−1 C f 0.052 ± 0.034 0.925 ± 0.028 0.249

3 fb−1 S f -0.083 ± 0.035 0.975 ± 0.027 0.198

1 fb−1 S f -0.095 ± 0.032 0.860 ± 0.026 0.345

3 fb−1 S f̄ 0.117 ± 0.036 1.005 ± 0.026 0.202

1 fb−1 S f̄ 0.052 ± 0.037 0.976 ± 0.027 0.350

3 fb−1 D f 0.029 ± 0.036 0.990 ± 0.029 0.237

1 fb−1 D f -0.010 ± 0.040 1.056 ± 0.030 0.407

3 fb−1 D f̄ 0.026 ± 0.038 1.051 ± 0.029 0.241

1 fb−1 D f̄ 0.001 ± 0.039 1.054 ± 0.032 0.415

MC they were found to be small. In the current analysis a more accurate estima-

tion is desired in order to define the best fit strategy. In case the impact of such

correlation on the CP observables are large we can decide to improve the PDF

description, otherwise we will have to evaluate the corresponding systematic un-

certainty. Given the limitations in producing large samples of MC events that are

required by a deeper study of such effect, an original approach has been devel-

oped and implemented. The idea is to produce samples of the main backgrounds

decays with a simplified but fast generator, to emulate the detector reconstruction,

to apply the core of the selection cuts and to evaluate the correlation between each

pair of observables used in the fitter. A very simple way to generate large samples

of n-body decays is to use the TGenPhaseSpace class [78] provided by the root

package [39]. This class allows to generate any particle decay accounting for the

phase space distributions knowing the the particle’s kinematics and the masses

of the decay products. The momentum P, the pseudorapidity η and the Φ angle

of the particle are extracted randomly from the distributions observed in MC. In

this way the four-vector of each particle is defined, ~Pi = (pT,i, ηi, Φi, Mi), and used

together with the masses of the decay products generate the particle decays. The
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TGenPhaseSpace returns the four-vector of each daughter particles which can be

used to emulate another decay, simulating in this way a full decay chain. The tool

is used for generating signal events B0
s → DsK and the output of the first decay is

used to generate Ds → KKπ. The same procedure has been repeated to generate

samples of all relevant background decays:

• Bs → Dsρ, Ds → KKπ, ρ→ ππ0

• Bd → DK, D → Kππ

• Λb → D∗s p, D ∗
s → Dsγ, Ds → KKπ

• Λb → Ds p, Ds → KKπ

• Λb → Λcπ, λc → Kpπ

• Λb → ΛcK, λc → Kpπ

• Bs → D∗s (γ)K D∗s → Dsγ, Ds → KKπ

• Bs → D∗s (γ)π, D∗s → Dsγ, Ds → KKπ

• Bs → Dsπ, Ds → KKπ

• Bd → Dπ, D → Kππ

• Bd → DsK, Ds → KKπ

Dynamic effects due to intermediate resonances and effects related to the spin of

the particles might change the angular distributions. For simplicity, at this stage of

the study, they are not considered. The generation tool only provides information

on the considered decay and cannot reproduce fully a pp collision event, as it is

characterized by tens of additional particles.

Parametric functions are used to emulate the effect of the detector reconstruction

and of the signal selection. The effect of the particle reconstruction by the LHCb

detector, such as the momentum smearing, has been already studied by LHCb [81]

and it can be considered common to different decays and analyses. On the other

hand the emulation of the event selection is specific of the considered analysis and

it is tuned on the considered channel. Details are given in the appendix A.3. The
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observables used for the B0
s → D∓s K± time-dependent analysis for the correlations

study are: m(B0
s ), m(Ds ), PIDK of the bachelor particle, the B0

s decay time t and

its error δt. The whole procedure has been developed for B0
s → D∓s K± events

and tuned with the signal MC sample comparing several distributions (kinematics

of the involved particles and observables) till they match. Then, the main back-

grounds which contribute to the B0
s → D∓s K± selected events have been generated

and selected applying exactly the same procedure used for signal events. In Fig.

111 the B0
s and Ds mass distributions as well as the PIDK of the bachelor particle

are reported for signal and backgrounds decays. Scatter plots among each pair of

observables of the Multi-dimensional fitter and of the time sFit, shown in Fig.112,

113, 114, 115, 116, 117, 118, 119, ?? and 121 of appendix A.3, do not highlight

large correlations. The corresponding correlation factors, reported in Tab. 60 and

Tab. 61: are lower than 10% between MDFitter and time sFit observables, support-

ing our assumptions of independent observables which makes possible the sFit

method.

Table 60.: Emulated backgrounds with the corresponding number of events and

correlation factors (%) between MDFitter observables and time sFit ones.

Correlations (%)

Channel Entries δt,mBs δt,PIDK tR,PIDK tR,mBs tR,mDs δt,mDs

Bs → DsK 84268 0.85 0 0 0.28 -0.14 0.31

Bs → Dsρ 593627 1.61 4.86 1.86 1.15 -0.29 -0.29

Bd → DK 66001 3.01 4.87 1.10 2.44 2.58 3.00

Λb → D∗s p 14001 1.00 6.87 2.06 -0.094 0.29 0.85

Λb → Ds p 44001 3.18 7.73 1.26 2.68 -0.73 0.19

Λb → Λcπ 45001 1.83 5.40 1.68 1.09 -0.26 -0.23

Λb → ΛcK 63001 2.44 5.89 0.85 0.07 -0.22 -0.36

Bs → D∗s (γ)K 238535 0.21 5.20 1.99 -1.80 0.16 0.26

Bs → D∗s (γ)π 331049 2.34 3.46 1.26 3.03 -0.27 0.51

Bs → Dsπ 500001 5.12 4.58 2.40 3.91 -0.15 0.27

Bd → Dπ 60001 1.83 4.19 0.63 2.21 2.40 2.62

Bd → DsK 301275 4.10 5.14 -3.70 -3.54 0.57 0.20

A common feature to all the emulated decays, seen also in MC, is the correlation

among the decay time and its error which ranges between 17-23%. For several de-
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Table 61.: Emulated backgrounds with the corresponding number of events and

correlation factors (%) among observables used in the MDFitter and in

the time sFit separately.

Correlations (%)

Channel Entries mBs ,mDs mBs ,PIDK mDs ,PIDK tR,δt

Bs → DsK 84268 15.08 4.90 3.05 23.77

Bs → Dsρ 593627 0.30 1.64 -0.16 21.56

Bd → DK 66001 12.23 -27.61 11.97 23.50

Λb → D∗s p 14001 -0.28 -8.39 -1.40 17.08

Λb → Ds p 44001 1.09 -11.91 -1.05 18.75

Λb → Λcπ 45001 -0.75 8.16 -0.31 20.58

Λb → ΛcK 63001 0.73 20.85 0.48 20.77

Bs → D∗s (γ)K 238535 6.74 -10.31 1.74 22.66

Bs → D∗s (γ)π 331049 1.77 12.96 -0.53 21.66

Bs → Dsπ 500001 4.90 17.64 -0.30 21.68

Bd → Dπ 60001 7.19 4.85 1.09 20.94

Bd → DsK 301275 2.44 -21.10 5.98 20.06

cays, the correlation among the B0
s mass and the PIDK is found to be larger than

10%, but in any case lower than 28%. Given that the size of correlations is not so

large, we are still allowed to neglect the correlations in the fit. The impact of such

approximation will be evaluated by means of pseudo-experiment and accounted in

the systematic uncertainties. The samples of events generated with the TGenPhas-

eSpace will be used to model the background contribution with the correlation

among observables. Bootstrap method will be eventually used to enlarge further

the statistics if needed. Then the nominal fitter (with neglected correlations) is

used to see what it would be the impact of such neglected correlations on the CP

observables. The pseudo-experiments study has to be finalized.

7.1.2 Effects of a time-dependent tagging efficiency

Studies of Flavour tagging performances have shown that the tagging efficiency

slightly depends on the B decay time. For SS taggers this can be due to a correlation

between the signal B and the tagging particle kinematics, introducing a modulation
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of the εtag from the momentum of the tagging particle and of the B momentum.

For the OS taggers such effect should be smaller. Such a dependency is commonly

neglected fit to the time distributions of tagged events and the tagging efficiency

is always assumed as a constant. With the following study we wanted to evaluate

the impact of such approximation neglecting the time dependence of the tagging

efficiency on the CP observables in the B0
s → D∓s K± fit.

The B0
s → D−s π+ data are used to provide all the relevant flavour tagging infor-

mation for the B0
s → D∓s K± time-dependent analysis and for both the NNetSSK

and the OS taggers the tagging efficiency versus the decay time has been investi-

gated. Figure 78 reports Run1 data the decay time dependence of the εtag for the

OS and NNetSSK taggers. A linear fit of the decay time dependence of the εtag

returns a slope of: αOS = (-0.0029 ± 0.0018) ps−1 and αNNetSSK = (-0.0080 ± 0.0026)

ps−1. While αOS is consistent with zero, αNNetSSK is about 3 σ away from zero.

A priori it is not clear how this dependence would affect the CP observables if

neglected, so a pseudo-experiments test is done generating the tagging efficiency

with the decay time-dependence of NNetSSK εtag (Sample A) and fitting for the

CP observables neglecting it. In addition to the sample of pseudo-experiment

with the time-dependent tagging efficiency, a second set of toys with constant tag-

ging efficiency is produced to have a reference unbiased result to compare with.

Such sample (Sample B) largely overlaps with the corresponding sample with the

tagging dependency on time simulated (Sample A). The fitted values of the CP

observables do not show any bias in the pull distribution (see Fig.122) as it is re-

ported in Tab.62. The "toy-by-toy" comparison of the result obtained from the two

samples (A and B) does not show any bias (pull plots in Fig.124), the larger effect is

around 3% (see Tab.63). Since the number of generated pseudo-experiment is not

huge (100 toys), an analogous test is done enhancing the time dependence effect

by a factor 10 with respect to what we see in data. Also in this case the pull distri-

butions of the CP observables are reasonable and the toy by toy difference shows a

maximum effect of the 6%. The conclusion is that the dependence of the NNetSSK

εtag on the decay time can be reasonably neglected in the fit. Once the fit strategy

to data is in its final shape further studies with a larger number of toys will be

performed in order to finalize the evaluation of residual systematic uncertainities.
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Table 62.: CP observables mean value and σ of the pull distributions for the toys

set generated with a tagging efficiency which depends on the decay time

and for the toys set generated with a constant tagging efficiency.

Sample Parameter µ of pull σ of pull average uncertainty

A εtag (t)

C f 0.23 ± 0.17 1.11 ± 0.24 0.15

D f̄ -0.16 ± 0.18 1.13 ± 0.25 0.24

D f 0.07 ± 0.14 1.02 ± 0.17 0.24

S f̄ 0.21 ± 0.15 1.10 ± 0.20 0.20

S f 0.17± 0.15 0.98 ± 0.24 0.20

B εtag const.

C f 0.24 ± 0.13 1.02 ± 0.15 0.15

D f̄ -0.16 ± 0.18 1.12 ± 0.26 0.24

D f 0.21 ± 0.16 0.99 ± 0.21 0.23

S f̄ 0.03 ± 0.23 1.35 ± 0.30 0.20

S f 0.16 ± 0.24 1.42 ± 0.40 0.20

Table 63.: CP observables mean value and σ of the pull distributions for the toy-by-

toy difference among Toys set with εtag (t) and εtag = const.

Parameter µ of pull σ of pull

C f 0.023 ± 0.015 0.150± 0.011

D f̄ -0.0012± 0.0021 0.0172 ± 0.0018

D f -0.0002 ± 0.0020 0.0194 ± 0.0014

S f̄ 0.030 ± 0.014 0.139 ± 0.011

S f -0.014 ± 0.016 0.153 ± 0.011
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For the moment the response of these preliminary studies allow to conclude that

we don’t need to change the fit strategy. Thus the core of the updated analysis is

very similar to the one with the 1 fb−1 integrated luminosity.
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Figure 75.: From left to right, the fitted value of the C f , S f , S f , D f , D f observables,

the corresponding error and pull distributions resulting from the time

sFit to B0
s → D∓s K± pseudo-experiments are reported.
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Figure 76.: Emulated bakgrounds decay distributions for Bs mass, Ds mass and

PIDK for the bachelor particle.
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ror.
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7.2 data sample and mc simulation

The analysis of B0
s → D∓s K± decays presented in this chapter is based on the

full Run1 sample (3.0 fb−1) of pp collisions data taken in 2011 (
√

s=7 TeV) and

in 2012 (
√

s=8 TeV). The events are reconstructed using version Reco14 of the re-

construction algorithm. For the 3 fb−1 analysis the same stripping lines of the 1

fb−1 analysis have been used (see Sec.6.2). As for the analysis of 1 fb−1 (Chap-

ter 6), in addition to the B0
s → D∓s K± decays the B0

s → D−s π+ decay mode is

largely employed in the analysis. Starting from the reconstructed charged parti-

cles, the following 5 Ds decays are selected: D−s → K−K+π−, D−s → K−π+π−,

D−s → π−π+π− where in the Ds → KKπ selected sample two resonant structures

are determined forming the three final samples:Ds → Φπ, Ds → K∗K and the re-

maining Ds → (KKπ)non resonant. These D−s candidates are subsequently combined

with a companion particle to form the B0
s → D−s K+ or the B0

s → D−s π+ decay

modes. In all cases the Ds meson is reconstructed on the output of the stripping

from three particles with the appropriate mass hypotheses; a “bachelor” track is

then added to form the B candidates. When computing the B mass, the D mass

is constrained to its nominal value (separately for the D and Ds hypotheses) us-

ing the standard DecayTreeFitter tools. When computing the B lifetime, the B is

additionally constrained to point to the primary interaction, using again the De-

cayTreeFitter tools. The final selection results in a small number of multiple can-

didates, below 2%, and all are kept in the final analysis. Offline PID requirements

are designed in such a way that all ten B0
s → D∓s K± and B0

s → D−s π+ samples are

orthogonal to each other (PIDK > 5 and PIDK < 0 respectively).

Several Monte Carlo (MC) samples with the updated MC2012 configuration are

used in the analysis, notably for selection, normalization and for the study and

extraction of signal and background models in the different observables. A full

list is given in Tab. 64. All MC samples are selected using the same criteria as the

data.

The statistics of the MC samples for B0
s → D∓s K± and B0

s → D−s π+ decays are

lower since for this analysis the strategy to determine the time acceptance will be

based on a data driven method (swimming see Ref.[79]).
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Table 64.: MC samples used during the analysis for selection, normalization, ex-

traction of signal and background models for the different observables.

The second column indicates the specific B-daughter decay.

Sample Sample size Use

B0
s → D−s π+ D−s → KKπ 5188118 Signal study, Flavour Tagging

B0
s → D−s π+ D−s → K−π+π− 529804 Signal study, Flavour Tagging

B0
s → D−s π+ D−s → π−π+π− 1024641 Signal study, Flavour Tagging

B0
s → D∓s K± D−s → KKπ 5121168 Signal study

B0
s → D∓s K± D−s → K−π+π− 562885 Signal study

B0
s → D∓s K± D−s → π−π+π− 1018581 Signal study

B0
s → D∗−s π+ D−s → KKπ 2101381 Background study

B0
s → D−s ρ+ D−s → KKπ 2067161 Background study

Λ0
b → D−s p D−s → KKπ 506641 Background study

Λ0
b → D∗−s p D−s → KKπ 572773 Background study

Λ0
b → Λ+

c π− Λc → pKπ 2101092 Background study

Λ0
b → Λ+

c K− Λc → pKπ 542701 Background study

B0 → D−π+ D → Kππ 5141477 Obtain Data/MC corrections, Background study

B0 → D−K+ D → Kππ 1052943 Background study
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7.3 event selection

The recorded data samples pass subsequent selection requirements, each one

being tighter than the previous one. They can be summarized as: trigger strategy,

stripping selection, offline selection which contains also the particle identification

requirements.

trigger strategy The trigger strategy does not undergo relevant changes

but only minor adjustment related to the employment of swimming method. All

events are required to be TOS (Triggered on Signal) on the 1TrackAllL0 line in

HLT1 and on the 2-,3-body. Unlike the published analysis, the trigger line 4-body

is excluded because difficult to treat with the swimming method (losing only 2%

of the events).

stripping selection The stripping selection has been updated using the

last version of stripping processing (Stripping21), already validated and employed

by several analysis. There aren’t significative difference in the stripping selection

with respect to the 1 f b−1 analysis.

offline selection The offline selection is composed by different ingredients

which do not undergo relevant changes from what has been done for the 1 f b−1

analysis:

• kinematic requirements common to all modes: Ds mass in [1930,2015]MeV/c2,

Ds lifetime > 0ps . Specific requirements on the Ds separation vertex are used

to suppress charmless backgrounds and they are reported in Tab.30 for each

Ds final state

• gradient boosted decision tree (BDTG) to suppress combinatorial events

• optimization of the BDTG output cut to maximized the signal significance

• PID requirements on the final charged particles reported in Tab.31
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• definition of vetoes for D , Λ+
c and J/ψ decays specific for each Ds final states

(see Tab.30)

The offline selection is very similar to the one adopted by the previous analysis,

despite the fact that the studies on the BDTG selection has been redone using the

current dataset in order to be more effective in discriminating signal from back-

grounds given the larger statistics and the different reconstruction algorithm used.

Indeed the main goal of the BDTG selection is to suppress combinatorial events

and it follows a data-driven approach. The classifier is trained on B0
s → D−s π+

, D−s → KKπ data samples and the kinematic variables used as input informa-

tion for the classifier are the same of the old BDTG. Both signal and combinato-

rial samples are extracted from B0
s → D−s π+ data. As it has been done for the

previous BDTG, the signal events are extracted through a B0
s mass fit in a nar-

row region around the signal peak (5310MeV/c2< m(B0
s )<5430 MeV/c2) using

sWeights while the combinatorial events are selected from upper B0
s mass side-

bands (m(B0
s )> 5450 MeV/c2). Half of the B0

s → D−s π+ data sample is used to

train the BDTG, the other half is used to check that the BDTG output does not suf-

fer of overtraining effects. In Fig.79 the BDTG response for signal (red histogram)

and background (blue histogram) events is shown for the training sample and the

test sample. The new BDTG has better performance with respect to the old one in

terms of background to signal ratio and background rejection. This BDTG is used

in all the data samples: B0
s → D∓s K± , B0

s → D−s π+ and also B0 → D−π+ .
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Figure 79.: BDTG response distributions for training and test samples. The red

histogram corresponds to signal weighted by the signal sWeights, while

the blue shows combinatorial background.
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The BDTG selection is followed by the PID requirements on the final charged

particles depending on the Ds decay mode and on the bachelor particle. The PID

criteria are exactly the same of the ones applied in the 1 f b−1 analysis. The PID

performance, efficiency and mis-identification rate, for each PID cut applied in the

analysis have been determined using the D∗ data samples from the PIDCalib tool

in which the reconstruction algorithm and stripping version are the same as for

the analyzed data samples. PID cuts are the same as the ones applied in the 1

fb−1 analysis (see Tab.31). The optimization of the BDTG selection cut has been

determined looking at the Multi-dimensional fitter result to B0
s → D∓s K± data

corresponding to different cut values. The optimal value has been empirically

decided looking at the signal significance2 and signal purity3 distributions with

respect to the combinatorial backgrounds. In Tab.65 the performance of the BDTG

at the optimal cut value are reported. Both the signal significance and signal purity

values increase by increasing the cut value of the BDTG, reaching a plateau for

BDTG > 0.0, which is assumed as reference cut value.

Table 65.: BDTG performance evaluated at the optimal cut value of > 0.0.

BDTG cut εsig [%] Purity · εsig [%] Signal Significance · εsig [%]

BDTG > 0.0 96.1 82.4 93.8

Although the current BDTG has very similar inputs as the previous one, a differ-

ent impact on the distributions of combinatorial events is visible, in particular this

will be evident looking at the Ds mass distribution in Sec.7.4.1. The overall selec-

tion turns out to be improved with respect to the previous one: the observed signal

yield is larger than the expected one (Nsig = 3 Nsig(1fb−1) for both B0
s → D∓s K± and

B0
s → D−s π+ decay modes as reported in Tab.66, and also the signal to background

ratio is increased in this updated analysis.

The selected events are reported in Fig.80 for B0
s → D∓s K± (left) and B0

s → D−s π+

(right) decay modes. The signal peak is clearly visible on top of the combinatorial

events. A contribution from partially reconstructed backgrounds in the lower mass

region is also evident. In the following section details on the Multi-dimensional

2 Signal Significance S/
√

S + B.
3 Signal Purity S/S+B.
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Table 66.: Comparison between signal yields and signal to background ratio in the

updated analysis (3 f b−1) and in the previous one (1 f b−1). Nbkg corre-

sponds to the sum of all the background contributions.

Channel 3 f b−1 1 f b−1

Nsig (B0
s → D∓s K± ) 5825 ± 95 1 768 ± 49

Nsig (B0
s → D−s π+ ) 91 409 ± 346 28 264 ± 182

Nsig/Nbkg (B0
s → D∓s K± ) 0.54 0.43

Nsig/Nbkg (B0
s → D−s π+ ) 3.17 2.7
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Figure 80.: B0
s → D∓s K± (left) and B0

s → D−s π+ (right) events after the overall selec-

tion on the 3 f b−1 data set with the superimposed B0
s mass distributions

for the different background components described in Sec.7.4.1.

fit and its results to extract signal weights in B0
s → D∓s K± and B0

s → D−s π+ decay

mode will be given.
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7.4 multi-dimensional fit

The aim of the Multi-dimensional fit to both B0
s → D∓s K± and B0

s → D−s π+

is to extract signal weights in order to perform a decay time fit in which only

signal events are considered thanks to the statistics-based background subtraction

applying signal sWeights to the sample of selected events. The fit strategy of the

Multi-dimensional fitter of the 3 fb−1 data sample is very similar to the one of the

1 fb−1 data sample (see Sec.6.3) except for the following changes:

• B0
s → D−s π+ fit uses the logarithm of the PIDK observable: -log(PIDK) ∈

[-7.0,5.0]

• Updated description of the masses and PIDK PDFs of the combinatorial

backgorund (related to the fratures of the new BDT)

• Updated mass and PIDK PDFs based on the updated MC samples, PID and

Mis-ID efficiencies

• Updated data/MC corrections obtained using the result of the fit to the B0 →
D−π+ data sample. A fit to the B0 invariant mass distribution split by year

and magnet polarity

Samples corresponding to the two magnet polarities and years of data taking are

merged together and the corresponding PDFs are added with relative weights

defined according to the measure luminosities [ f b−1]: 0.546 (2011, Down), 0.408

(2011, Up), 0.932 (2012, Down) and 0.954 (2012, Up). Like for the 1 fb−1 analysis,

a maximum likelihood fit of the 5 sub-samples (D−s → (KKπ)nonres , D−s → φπ−

,D−s → K∗0K− ,D−s → K−π+π− , D−s → π−π+π− ) is performed simultaneously.

7.4.1 Probability Density Functions

signal The procedure to determine the PDF of the signal strictly follows what

described for 1 fb−1 analysis (see Sec.6.3.1). The parameters of the PDF(m(B0
s ))

and PDF(m(Ds )) are determined from the fit to the current MC sample.
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Given the high similarity among the signal shapes in the different Ds final states,

also seen in the previous analysis, and the lower statistics with respect to the B0
s →

D−s π+ sample, the signal parametrization for the B0
s → D∓s K± sample is common

to all the 5 final states, while for the Ds mass it is split in three components: D−s →
KKπ , D−s → K−π+π− and D−s → π−π+π− . Figure 82 (in Fig.81) shows the result

for B0
s → D∓s K± (B0

s → D−s π+ ) fit to the B0
s mass distribution. The corresponding

parameters are listed in Tab.67 and in Tab. 68 respectively for the B0
s invariant

mass in B0
s → D−s π+ and B0

s → D∓s K± decays.

The parameters of the fit to the Ds mass are reported in Tab.69 for B0
s → D−s π+

and in Tab.70 for B0
s → D∓s K± samples while the fit result and the data samples

are plotted in Fig.83 for B0
s → D−s π+ and in Fig.84 for B0

s → D∓s K± events.
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Figure 81.: Fit to B0
s invariant mass in B0

s → D−s π+ signal MC events on the joint

magnet up and down samples, separately for Ds final states. From top

left to bottom right: D−s → (KKπ)nonres , D−s → φπ− , D−s → K∗0K− ,

D−s → K−π+π− and D−s → π−π+π− .

The signal parametrizations are satisfactory as also visible from the pulls. In

the fit to data, all signal B0
s and Ds mass parameters are fixed, except the mean

values which are floating. Moreover, in order to account for eventual differences

in the mass resolutions between data and MC, a scale parameter R is introduced

(R = σdata/σMC) and left free in the fit to data.
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Table 67.: Parameters of the Double Crystal Ball describing the signal B0
s shapes

of B0
s → D−s π+ , obtained from signal MC, separately for each Ds final

state.

Ds decay mode

Parameter KKπnonres φπ− K∗0K− K−π+π− π−π+π−

µ(B0
s ) [MeV/c2] 5367.2 ± 0.1 5367.2 ± 0.07 5367.0 ± 0.08 5366.9 ± 0.18 5367.0 ± 0.11

σ1 [MeV/c2] 11.75 ± 0.48 13.31 ± 0.12 12.02 ± 0.55 16.57 ± 0.70 13.40 ± 0.29

σ2 [MeV/c2] 18.92 ± 1.05 28.55 ± 1.19 19.64 ± 1.51 10.99 ± 0.63 26.15 ± 2.22

α1 2.15 ± 0.18 1.90 ± 0.10 2.39 ± 0.13 1.45 ± 0.11 1.77 ± 0.15

α2 -2.20 ± 0.10 -2.39 ± 0.08 -2.33 ± 0.09 -2.05 ± 0.22 -2.44 ± 0.16

n1 0.64 ± 0.31 2.62 ± 0.69 0.39 ± 0.24 4.58 ± 3.86 3.14 ± 1.47

n2 2.51 ± 0.31 1.31 ± 0.17 2.10 ± 0.28 1.96 ± 0.35 1.48 ± 0.37

f 0.56 ± 0.08 0.86 ± 0.02 0.60 ± 0.10 0.61 ± 0.08 0.81 ± 0.04

The signal PIDK shapes for both B0
s → D−s π+ and B0

s → D∓s K± are determined

from PID calibration data samples reweighted by the kinematic distributions from

signal simulated samples as for the 1 f b−1 analysis.

combinatorial Combinatorial events are composed by combinatorial events

in which all the final charged tracks are selected randomly plus a fraction of combi-

natorial events in which a true Ds is associated to a random bachelor particle. The

shape for combinatorial events is determined on data looking at the B0
s mass up-

per sideband but in the nominal Ds mass range ([1930,2015]MeV/c2). The B0
s mass

distribution of combinatorial events is described:

• by a single exponential in B0
s → D∓s K±

• by a single exponential plus a constant in B0
s → D−s π+ .

In the fit to each Ds final states the combinatorial parameters are left free.

In the published analysis combinatorial events in the Ds mass observable were

described by an exponential for pure combinatorial events and only for D−s →
KKπ modes the Double Crystal Ball used for the signal events is added to describe

combinatorial events which are formed by a true Ds . It turns out that this descrip-
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Table 68.: Parameters of the Double Crystal Ball describing the signal B0
s shapes of

B0
s → D∓s K± , obtained from signal MC. Parameters without uncertain-

ties are fixed in the fit to MC events.

Parameter All

µ(B0
s ) [MeV/c2] 5367.4 ± 0.05

σ1 [MeV/c2] 12.92 ± 0.16

σ2 [MeV/c2] 19.94 ± 0.41

α1 1.9

α2 -1.56

n1 0.69 ± 0.08

n2 4.47 ± 0.12

f 0.49 ± 0.03

tion is no more reasonable for the updated analysis. Indeed two modifications

wereneeded to get a good agreement with data:

• to add the contribution of a Double Crystal Ball function also for the D−s →
K−π+π− and D−s → π−π+π− final states,

• to introduce an independent free scale factor R for the Double Crystal Ball

resolution describing the Ds peak in combinatorial background.

The need of this extended parametrization of the combinatorial background is

a consequence of the new BDTG selection and it is particularly important for

B0
s → D−s π+ given the larger statistics with respect to B0

s → D∓s K± In Figure 85,

the Ds mass distribution for signal (under the B0
s peak) and for backgrounds (in

B0
s sidebands) events are plotted for D−s → φπ− and D−s → π−π+π− final states,

while the Ds component is clearly visible in both Ds decay modes, the width of the

peak is similar to the one of the signal for D−s → φπ− , while it is much broader for

D−s → π−π+π− decay mode. In Figure 86, the same data set are selected applying

the old BDTG. In this case the Ds components in D−s → π−π+π− decay mode is

not present

The exponential parameters, as well as the relative fractions of true Ds and the R

parameter of the combinatorial Double Crystal Ball, are floating in the fit to data.
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Table 69.: Parameters of the Double Crystal Ball describing the signal Ds shapes

of B0
s → D−s π+ , obtained from signal MC, separately for each Ds final

state.

Ds decay mode

Parameter KKπnonres φπ− K∗0K− K−π+π− π−π+π−

µ(Ds ) [MeV/c2] 1969.2 ± 0.06 1969.2 ± 0.01 1969.2 ± 0.05 1969.3 ± 0.09 1969.5 ± 0.09

σ1 [MeV/c2] 5.81 ± 0.43 5.47 ± 0.15 5.78 ± 0.13 12.62 ± 1.61 9.06 ± 0.44

σ2 [MeV/c2] 5.35 ± 0.23 5.69 ± 0.15 5.72 ± 0.20 6.65 ± 0.30 8.16 ± 0.18

α1 1.09 ± 0.12 1.10 ± 0.07 1.25 ± 0.07 1.45 ± 0.13 0.80 ± 0.07

α2 -1.15 ± 0.15 -1.01 ± 0.05 -1.09 ± 0.08 -3.68 ± 0.43 -1.20 ± 0.10

n1 8.49 ± 4.14 6.16 ± 1.16 7.88 ± 1.69 16.15 ± 3.63 91.50 ± 91.50

n2 12.77 ± 8.04 20.07 ± 6.33 31.1 ± 16.2 0.0 ± 0.004 8.16 ± 0.18

f 0.46 ± 0.09 0.46 ± 0.04 0.55 ± 0.06 0.27 ± 0.08 0.41 ± 0.06

Combinatorial events can be composed by events which have as bachelor particle

pions, kaons or protons. In order to accurately describe these events PIDK shapes

are evaluated for the three particle hypothesis:

PDFPIDK = fPIDK1PDFPIDK1 +(1− fPIDK1)[ fPIDK2PDFPIDK2 +(1− fPIDK2PDFPIDK3)]

(7.1)

and the relative fractions are let free in the fit to data. The different PDFPIDKi

shapes are obtained from the PID calibration samples for pions, kaons and protons,

the data driven procedure discussed in Sec.6.3.1 is applied here to the updated

data samples. A more detailed description is now required to model the PIDK

distributions for the combinatorial in B0
s → D−s π+ decays. The PIDK observable

is very correlated to the kinematics of the bachelor particle and the bachelor pion

in B0
s → D−s π+ decays show different kinematic distributions among the Ds final

states as reported in Fig.87. Then the PIDK shapes are split on the Ds final states

(see Fig.88).

This further splitting is used in B0
s → D−s π+ fit but not in B0

s → D∓s K± .

partially reconstructed backgrounds The description of partially re-

constructed backgrounds does not change with respect to the previous analysis:
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Figure 82.: Fit to B0
s invariant mass in B0

s → D∓s K± signal MC events on the joint

magnet up and down samples and Ds final states.

all the shapes have been updated to the new data sets of MC and PID calibration

samples and efficiencies.

fully reconstructed backgrounds The description of fully reconstructed

backgrounds undergoes only minor changes and tunings with respect to what is

done for the 1 f b−1 analysis. The fully reconstructed backgrounds included in this

analysis are listed in Tab.34 of the previous chapter. Different methods have been

used to obtain the B0
s mass shapes for these backgrounds.

• Mass shapes for backgrounds which decay in the same signal final state

adopt the Double Crystal Ball of the signal. The means are shifted by the

well known [?] m(B0
s ) - m(B ) = 86.9MeV/c2mass difference while the sigmas

are corrected by the width ratio B0
s → D∓s h±/B0 → D∓s h± measured in MC

samples.

• The B0 → D−π+ background of the B0
s → D−s π+ and the B0

s → D−s π+

background of the B0
s → D∓s K± are the most relevant fully reconstructed
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Table 70.: Parameters of the Double Crystal Ball describing the signal Ds shapes

of B0
s → D∓s K± , obtained from signal MC, separately for each Ds final

state. Parameters without uncertainties are fixed in the fit to MC events.

Ds decay mode

Parameter KKπ K−π+π− π−π+π−

µ(Ds ) [MeV/c2] 1969.2 ± 0.02 1969.3 ± 0.08 1969.4 ± 0.09

σ1 [MeV/c2] 7.95 ± 0.11 10.75 ± 0.55 8.56 ± 0.19

σ2 [MeV/c2] 4.75 ± 0.06 6.17 ± 0.22 7.82 ± 0.17

α1 1.83 2.13 0.90

α2 -2.22 -3.55 -0.93

n1 2.72 ± 0.15 0.65 ± 0.27 23.0 ± 16.5

n2 1.57 ± 0.08 0.0 ± 0.10 80.0 ± 79.9

f 0.48 ± 0.02 0.39 ± 0.06 0.54 ± 0.02

backgrounds (second row of Tab.34). In this updated analysis the B0
s mass

shapes for these two backgrounds are obtained from MC, since the previous

approach does not provide satisfactory results in the fit.

• The shapes of the remaining fully reconstructed backgrounds are taken from

MC, corrected by the momentum-dependent PID efficiency and by residual

kinematic discrepancies between data and MC.

The Ds mass shape for the fully reconstructed backgrounds is considered as the

signal one for backgrounds with true Ds mesons. In the case of the B0 → D−π+

decay it is taken from MC. The PIDK shapes are obtained from the PID calibration

samples, which are reweighted to match the kinematics found in the relevant signal

samples. When the final state is the same as the one of the signal, the same PIDK

shape is employed. In the other cases the RooBinned1DQuinticBase is used to

obtain the PIDK template.

7.4.2 Summary of fixed yields

The yields of some backgrounds contribution (in particular fully reconstructed

backgrounds) need to be fixed because difficult to determine due to the fact that
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Figure 83.: Fit to Ds invariant mass in B0
s → D−s π+ signal MC events on the joint

magnet up and down samples, separately for Ds final states. From top

left to bottom right: D−s → (KKπ)nonres , D−s → φπ− , D−s → K∗0K− ,

D−s → K−π+π− and D−s → π−π+π− .

they peak under the signal and it would be difficult for the fitter to recognize them.

The B0 → D−π+ yield in the B0
s → D−s π+ sample is estimated by multiplying the

yield of the B0 → D−π+ obtained from the mass fit to this control mode to the ratio

of selection efficiencies for B0 → D−π+ in B0
d and B0

s data sets evaluated from MC.

A similar procedure is also used to estimate the yields of Λ0
b → Λ+

c π− in the B0
s →

D−s π+ fit. In this case the the Λ0
b → Λ+

c π− data sample is obtained reconstructing

the B0
s → D−s π+ data sample under the Λ0

b → Λ+
c π− mass hypothesis. The B0

s →
D∓s K± background yield in the B0

s → D−s π+ sample is related to the signal yield

through a factor which accounts for the relative branching fraction between the

two decay modes and the ratio of the PID Mis-ID and efficiency for the PIDK cut

since the rest of the selection and the kinematic distributions are expected to be

identical. This factor has been evaluated in MC and the B0
s → D∓s K± background

yields have been determined in a first MDFitter, and then fixed in the nominal one.

All the fixed yields are reported in Tables 71 and 72.
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Figure 84.: Fit to Ds invariant mass in B0
s → D∓s K± signal MC events on the joint

magnet up and down samples, separately for D−s → KKπ (left), D−s →
K−π+π− (center) and D−s → π−π+π− (right) decay modes.

Table 71.: Constrained yields in the B0
s → D∓s K± Multi-dimensional fit.

Ds decay mode

Background KKπnonres φπ− K∗0K− K−π+π− π−π+π−

B0 → D−K+
83.1 4.6 65.6 0.0 0.0

B0 → D−π+
50.0 2.6 38.6 9.0 0.0

Λ0
b → Λ+

c K− 48.8 7.5 14.4 0.0 0.0

Λ0
b → Λ+

c π− 29.2 4.3 8.5 0.0 0.0

7.4.3 Multi-dimensional fit to B0
s → D−s π+

In order to make a first validation of the signal and backgrounds descriptions

and also to see the complete shapes of partially reconstructed backgrounds, a fit to

the B0
s → D−s π+ invariant mass has been done fitting the B0

s mass distribution only

in a wide range: [5100,5800]MeV/c2. All the B0
s mass templates as well as signal

parametrization have been updated taking into account the larger mass range. To

fit the wider mass range an additional partially reconstructed background, which

Table 72.: Constrained yields in the B0
s → D−s π+ Multi-dimensional fit.

Ds decay mode

Background KKπnonres φπ− K∗0K− K−π+π− π−π+π−

B0 → D−π+
1618.0 86.5 1269 0.0 0.0

Λ0
b → Λ+

c π− 961.0 151.0 284.0 8.0 0.0

B0
s → D∓s K± 157.0 229 222 116 211
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Figure 85.: Ds mass distributions for B0
s → D−s π+ combinatorial (black) and signal

(red) events for D−s → φπ− (left) and D−s → π−π+π− (right) decay

modes.

is negligible in the nominal mass window, is required. It corresponds to the B0
s →

D−s ρ+decay mode. The fit result in the five Ds final states is reported in Fig.89,

and merged result is in Fig.90. The plots show a reasonable agreement between

data and our fit result. The number of signal yield is of ≈ 94 000 events, which

is a little bit higher than the one obtained by the nominal Multi-dimensional fit.

Notice that the fit to the B0
s → D−s π+ invariant mass is mono-dimensional, and

for this reason has a lower discriminating power between signal and backgrounds

than the Multi-dimensional one. Thus it is possible that some backgrounds events

are not well discriminated from signal events.

The results of the nominal B0
s → D−s π+ Multi-Dimendional fitter fits the B0

s mass,

Ds mass, and the PIDK variable of the 5 Ds final states are shown in Fig. 91, Fig. 92,

Fig. 93 for the B0
s and Ds masses, and PIDK, respectively.

The combined result for all subsamples are presented Fig. 94. The corresponding

fitted parameters are listed in Tab. 73. All the parameters related to combinatorial

events are floating in the fit. The yields for signal, combinatorial and partially re-

constructed events are quoted for each Ds final states. The total signal yields is of

≈ 91 400 events, that compared to the signal yield obtained in the 1 fb−1 analysis

is roughly a 20% larger than what expected from the increase in statistics. The
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Figure 86.: Ds mass distributions for B0
s → D−s π+ combinatorial (black) and signal

(red) events for D−s → φπ− (left) and D−s → π−π+π− (right) decay

modes applying the old BDTG selection.

combinatorial yield is of ≈ 23 000 events while the contribution of partially recon-

structed events is smaller, around 315 events. We see an improved background

rejection with respect to the corresponding background yields observed in 1 fb−1

analysis (see Tab.66). As expected, the R parameters are larger than 1.0 indicating

that the mass resolution in MC is too optimistic with respect to what we see in

data. A great improvement of the fit result is given by the use of independent R

parameters for the Double Crystal Ball of combinatorial events with respect to sig-

nal ones in the Ds invariant mass: RCombDs are significantly larger than the values

found for the RDs of signal. There is a good agreement between Multi-dimensional

fit result and the data distribution.

7.4.4 Multi-dimensional fit to B0
s → D∓s K±

The fit to the B0
s → D∓s K± distribution is constructed analogously to the B0

s →
D−s π+ fit.

The fit results are shown in Figs. 95, 96, 97, and 98. The corresponding fitted

parameters are listed in Tab. 74. The number of signal (combinatorial) events is

found to be of ≈ 6 000 (5 000) events and as for the B0
s → D−s π+ observed signal
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Figure 87.: From top to bottom Kinematic distributions of p, pT and nTracks of

bachelor particles for B0
s → D−s π+ combinatorial events in the signal

region [5300,5800]MeV/c2splitted for the different Ds final states (red

D−s → φπ− , blue D−s → K−π+π− , green D−s → K∗0K− , cyan D−s →
(KKπ)nonres , magenta D−s → π−π+π− ).

yield, it is a 20% larger (30% smaller) than what expected from the increase in

statistics with respect to the 1 fb−1 analysis. Such an improved level of background

rejection and signal selection is a feature of the new BDTG optimization.
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Figure 88.: PIDK distributions for pions (left) and kaons (right) for B0
s → D−s π+

combinatorial events split for the different Ds final states (red D−s →
K∗0K− , magenta D−s → φπ− , blue D−s → (KKπ)nonres , black D−s →
K−π+π− , cyan D−s → π−π+π− , ).
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Figure 89.: Fit to the B0
s → D−s π+ invariant mass distribution in the wide mass

region [5100,5800]MeV/c2in the different Ds final states from top left

to bottom right: D−s → φπ− , D−s → K−π+π− ,D−s → (KKπ)nonres ,

D−s → K∗0K− and D−s → π−π+π− .
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Figure 90.: Fit to the B0
s → D−s π+ invariant mass distribution in the wide mass

region [5100,5800]MeV/c2.



7.4 multi-dimensional fit 183

Table 73.: Fitted values of the parameters for the B0
s → D−s π+ signal MD fit. Means

are the parameters of the double Crystal Ball used to describe the signal

in B0
s and Ds masses. The slopeBs(Ds) are the slopes of combinatorial

background in 10−3 units. The fractions f CombBs are the fractions be-

tween an exponential and flat distribution in B0
s mass, whereas f CombDs

are the fractions between an exponential and signal shape in Ds mass.

The f CombPIDK is a fraction between pion and kaon components in the

PIDKcombinatorial shape.

Ds decay mode

Parameter KKπnonres φπ− K∗0K− K−π+π− π−π+π−

NBs→Dsπ 15 091 ± 140 32 354 ± 200 24 158 ± 168 5341 ± 92 14 465 ± 154

Tot. NBs→Dsπ total yield: 91 409 ± 346

NpartReco 39 ± 25 67 ± 31 143 ± 26 8 ± 27 60 ± 29

NComb 5 789 ± 119 3676 ± 119 2 248 ± 90 3 137 ± 95 8 381 ± 144

µ(B0
s ) [MeV/c2] 5 365.50 ± 0.06

RBs 1.057 ± 0.004 1.073 ± 0.002 1.049 ± 0.001

µ(Ds ) [MeV/c2] 1 969.8 ± 0.02

RDs 1.051 ± 0.004 1.04 ± 0.02 1.05 ± 0.01

slopeBs [(MeV/c2)−1] -4.76 ± 0.30 -12.41 ± 0.57 -4.35 ± 0.85 -9.57 ± 1.47 0.53 ± 0.04

f CombBs 0.97 ± 0.04 0.76 ± 0.02 0.86 ± 0.11 0.39 ± 0.04 0.52 ± 0.04

slopeDs [(MeV/c2)−1] -4.61 ± 0.96 -5.45 ± 0.41 -14.55 ± 2.14 -4.88 ± 1.57 -3.46 ± 1.43

f CombDs 0.47 ± 0.02 0.72 ± 0.02 0.65 ± 0.02 0.67 ± 0.03 0.75 ± 0.04

RCombDs 1.528 ± 0.043 1.611 ± 0.077 1.99 ± 0.092

f CombPIDK 0.73 ± 0.01 0.69 ± 0.02 0.69 ± 0.02 0.92 ± 0.01 0.90 0.01
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Figure 91.: Result of the simultaneous fit to the B0
s → D−s π+ candidates. Distri-

butions of B0
s mass for Ds final states with combined magnet polarities,

from top to bottom and left to right: D−s → (KKπ)nonres , D−s → φπ− ,

D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Figure 92.: Result of the simultaneous fit to the B0
s → D−s π+ candidates. Distribu-

tions of Ds mass for Ds final states with combined magnet polarities,

from top to bottom and left to right: D−s → (KKπ)nonres , D−s → φπ− ,

D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Figure 93.: Result of the simultaneous fit to the B0
s → D−s π+ candidates. Dis-

tributions of −log(PIDK) for Ds final states with combined magnet

polarities, from top to bottom and left to right: D−s → (KKπ)nonres ,

D−s → φπ− , D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Figure 94.: The simultaneous fit to the B0
s → D−s π+ candidates for both polarities

and all Ds final states combined for B0
s mass, Ds mass, −log(PIDK)

distributions.
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Table 74.: Fitted values of the parameters for the B0
s → D∓s K± signal MD fit. Means

are the parameters of the double Crystal Ball used to describe the signal

in B0
s and Ds masses. The slopeBs(Ds) are the slopes of combinatorial

background in 10−3 units. The fractions f CombBs are the fractions be-

tween an exponential and flat distribution in B0
s mass, whereas f CombDs

are the fractions between an exponential and signal shape in Ds mass.

f CombPIDK(1,2) are a fraction between pion, kaon and proton components

in the PIDK combinatorial shape, shared among all subsamples.

Ds decay mode

Parameter KKπnonres φπ− K∗0K− K−π+π− π−π+π−

NBs→DsK 1 007 ± 39.0 1 873 ± 51 1 566 ± 46 407 ± 30 973 ± 45

NBs→DsK total yield: 5825 ± 95

NB0→DsK 21 ± 11 62 ±14 50 ± 12 13 ± 8 41 ± 13

Nbachπ−p 820 ± 46 1 732± 60 1 268±52 263±32 1 040 ± 660

NComb 878 ± 55 634 ± 56 468 ± 50 968 ± 51 2 055± 66

µ(B0
s ) [MeV/c2] 5 365.4 ± 0.2

RBs 0.851 ± 0.016 1.014 ± 0.081 0.892 ± 0.046

µ(Ds ) [MeV/c2] 1 969.7 ± 0.1

RDs 1.10 ± 0.01 1.31 ± 0.05 1.26 ± 0.03

slopeBs [(MeV/c2)−1] -3.50±0.37 -1.79±0.51 -1.79±0.63 -1.15±0.34 -0.59±0.20

slopeDs [(MeV/c2)−1] -2.49±1.34 -11.77±2.55 -6.04±1.99 -1.30±1.22 -4.41 ±1.28

f CombDs 0.57±0.04 0.32±0.04 0.30±0.04 0.41±0.04 0.47±0.03

f CombPIDK1 0.13±0.03

f CombPIDK2 0.57±0.04
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Figure 95.: Result of the simultaneous fit to the B0
s → D∓s K± candidates. Distri-

butions of B0
s mass for Ds final states with combined magnet polarities,

from top to bottom and left to right: D−s → (KKπ)nonres , D−s → φπ− ,

D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Figure 96.: Result of the simultaneous fit to the B0
s → D∓s K± candidates. Distribu-

tions of Ds mass for Ds final states with combined magnet polarities,

from top to bottom and left to right: D−s → (KKπ)nonres , D−s → φπ− ,

D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Figure 97.: Result of the simultaneous fit to the B0
s → D∓s K± candidates. Distribu-

tions of log(PIDK) for Ds final states with combined magnet polarities,

from top to bottom and left to right: D−s → (KKπ)nonres , D−s → φπ− ,

D−s → K∗0K− , D−s → K−π+π− , D−s → π−π+π− .
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Figure 98.: The simultaneous fit to the B0
s → D∓s K± candidates for both polarities

and all Ds final states combined, from top to bottom and left to right:

B0
s mass, Ds mass, log(PIDK)distributions.



7.5 time sfit 193

7.5 time sfit

Several studies are on going to finalize the time-dependent part of the analysis

whose main ingredients are the ones of the 1 f b−1 analysis. Several improvements

are foreseen:

• Time Resolution: it is used on a per-event basis like for the 1 fb−1 anal-

ysis. A scale factor that must be applied to correct the error estimate to

match the proper time resolution. Updated studies on a consistent data sam-

ples of Run1 of prompt Ds decays are on-going. The reconstructed prompt

Ds mesons associated with a random tracks to form fake B0
s candidates of

which the true decay time is known and it is 0. The scale factor between

estimated decay time error and measure time resolution is computed.

• Time acceptance: We plan to determine the time acceptance from data using

a data-driven method that it is expected to reduce the systematics uncertain-

ties related to the acceptance, the lifetime and ∆Γs value. This method is

called swimming [79]. It is a data driven method to model per-event decay

time acceptance and it is already used by other analysis of charmless decays.

For each candidate which pass the selection (trigger, stripping and offline),

the primary vertex position is shifted recursively (± 600 mm) along the beam

axis (z-axis) determining a different decay time. Then it is checked whether

the candidate still pass the selection. From this procedure acceptance inter-

vals in decay time are determined for each selected event and introduced as

"observables" in the PDF description. In this way the determination of the

acceptance function is not correlated to the knowledge of the B0
s lifetime and

of the ∆Γs value, reducing the correlated systematics uncertainty which for

A∆Γ
f ( f )

observables are ' 0.43 the statistical uncertainty.

• Flavour Tagging: for the updated analysis we plan to calibrate and combine

the tagging decision and predicted mistag of the NNetSSK and OS taggers

during fitting. This approach is used also in other time-dependent analysis

and has the advantage of simplify by a lot the error propagation.
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Table 75.: Results of the OS and NNetSSK tagging calibration parameters p0 and

p1 obtained on the B0
s → D−s π+ Run1 data sample.

p0 p1 〈η〉 εtag (%)

OS 0.3898 ± 0.0040 0.9907 ± 0.043 0.3688 37.4

NetSSK 0.4459 ± 0.0034 0.9617 ± 0.0509 0.4377 63.6

The tagging calibration parameters need to be updated with respect to the ones

obtained in previous analysis since the data set is larger and different reconstruc-

tion algorithms are used so that also the tagging performance changes. Studies on

the tagging calibration have been already done using the B0
s → D−s π+ data sample

(see Chapter 5) by using a slightly different trigger, stripping and offline selection.

Also the mass fit to extract sWeights is different from the one discussed in Chapter

5 indeed It has been used the Multi-dimensional fitter to the B0
s → D−s π+ data de-

scribed in this chapter. To calibrate the NNetSSK and OS taggers it has been used

a time sFit with preliminary time resolution Scale Factor while the time acceptance

is still based on splines.

In Tab.75 the results of the tagging calibration for both the taggers are quoted:

they are in agreement with what is reported in Chapter 5. The study on the

systematic uncertainties of the calibration parameters can be inherited from what

has been already discussed in Chapter 5. The final calibration will be re-evaluated

once the time sFit will be in its final configuration. A first fit (sFit) to the decay

time distribution of tagged B0
s → D∓s K± decays with preliminary time resolution,

tagging calibration and time acceptance was performed. The results show that the

statistical uncertainties on the γ angle scales according to expectations4 with the

increased statistics.

4 a factor σ3 f b−1 (γ)/σ1 f b−1 (γ) ≈ 1/
√
(3).
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C O N C L U S I O N S

LHCb is successfully contributing to the measurements of CP violation in the

sector of B-meson decays, even beyond the initial expectations. This thesis has

documented the relevance of the LHCb contribution to the measurement of the γ

angle of the Unitarity Triangle. In addition to established reference decay modes

for measuring γ, several new channels and methods have been used for the first

time. Among these are multi-body B decays and time-dependent tagged analysis

of B0
s → D∓s K± decays. A combination of the available measurements of γ with

Run1 data already provides the most accurate determination from a single exper-

iment. The success of LHCb in this field is due to the high b − b̄ cross-section

available at LHC energies and to the specific features of the LHCb experiment

in reconstructing B meson decays. Among these are the dedicated trigger, mass

and vertex resolutions and the excellent particle identification capabilities. For the

tagged time-dependent analysis a crucial aspect is the possibility to identify the

initial flavour of the neutral B mesons. LHCb has developed several Flavour Tag-

ging algorithms which show good performances despite difficulties in identifying

tagging particles related to the hadronic environment of the pp collider. Particu-

lar relevance for the CP violation measurements in B0
s decays is brought by the

Same Side Kaon tagger. Such tagging algorithm is based on the use of Neural

Networks classifiers and it has been developed and optimized in the B0
s → D−s π+

decay mode. An original contribution of this thesis is the study of the perfor-

mance and the calibration of the NNetSSK tagger in B0
s → D−s π+ decays through

a time-dependent analysis of the B0
s − B0

s mixing. The measured tagging power is

εe f f = (1.80± 0.19(stat)± 0.17(syst))%.

The results of the B0
s → D∓s K± analysis using 1 fb−1 of data are presented

in this thesis. The analysis is based on a sophisticated multi-dimensional fitter

to discriminate signal from background and two fit approaches to determine the

195
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CP observables from the decay time distribution of tagged events exploiting the

NNetSSK tagger. The value of γ is found to be (115+28
−43)

◦ and contributes to the

combination of γ measurements evaluated by LHCb [10], [9]. The updated analysis

of full 3fb−1, Run1 data set of this decay mode has started. The expected precision

improvements due to larger statistics required detailed preparatory studies and

tunings of the analysis strategy documented in this thesis. The analysis needs to

be finalized and several improvements are on-going.
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Figure 99.: The signal yields distribution (top-right), the corresponding errors dis-

tribution (bottom-left) and the corresponding pull distribution obtained

from the 930 pseudo-experiments are reported.
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Figure 100.: The combinatorial yields distribution (top-right), the corresponding er-

rors distribution (bottom-left) and the corresponding pull distribution

obtained from the 930 pseudo-experiments are reported.
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Figure 101.: The B0 → DsK yields distribution (top-right), the corresponding er-

rors distribution (bottom-left) and the corresponding pull distribution

obtained from the 930 pseudo-experiments are reported.
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Figure 102.: The overall yields distribution of B0
s → D(∗)

s ρ(π), Λb → D(∗)
s p, B0

s →
D−s π+ backgrounds (top-right), the corresponding errors distribution

(bottom-left) and the corresponding pull distribution obtained from

the 930 pseudo-experiments are reported.
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a.2 validation of the B0
s → D−s π+

fit with toys and bootstraps

studies

In order to verify that the sFit to B0
s → D−s π+ data provides the correct values of

the flavour tagging parameters and that the fit to data is under control describing

all the relevant sources of backgrounds further studies have been done.

a.2.1 Toys studies

We check that the fit of the B0
s → D−s π+ decay provide a reliable determination

of the calibration parameters, and a proper estimation of the parameters’ uncer-

tainties, by performing studies with fast simulations (toys), as follows:

• we generate 500 samples, each simulating the full statistics of Run I data.

For the generation of the samples, we use the B2DXFitter code developed

for the B0
s → D∓s K± analysis [54], in order to be able to produce signal

and backgrounds candidates for all the variables used in the fit (mass, decay

time, decay time error, tag decision, per-event mistag). We make sure that

the signal and background templates of the mass distributions used in the

generation of the candidates are the same used in the maximum likelihood

fit to extract the sWeights.

• We fit the samples by applying the same procedure used for fitting the data:

– a mass fit in the [5100, 5600] MeV range to determine the fractions of

background in the [5300, 5600] MeV range

– a mass fit in the [5300, 5600] MeV range with fractions of background

fixed (signal and total background can float) to determine sWeights

– a time fit of the sWeighted events to extract the calibration parameters.

We check then the distributions of the fitted parameters (θ fit
i ), of their estimated

uncertainties (σθ i ), and of the pull, defined as:

pθ i =
θ

input
i − θ fit

i
σθ i

, (A.1)
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p0 − 〈η〉 p1

input values 0 1

average fit value and error 0.0001± 0.0049 1.006± 0.068

Pull mean −0.048± 0.045 0.057± 0.050

Pull sigma 0.936± 0.049 1.025± 0.042

Table 76.: Toys studies results for the calibration parameters; 500 samples gener-

ated.

p0 − 〈η〉 p1

input values 0 1

average fit value and error 0.000± 0.0046 0.999± 0.053

Pull mean 0.03± 0.05 0.08± 0.05

Pull sigma 0.94± 0.04 0.92± 0.04

Table 77.: Toys studies results for the calibration parameters; 500 samples gener-

ated (signal only).

where θ
input
i is the value of the parameter used in the generation of the candidates.

The results of the toys studies for the calibration parameters are reported in Tab. 76

and in Fig. 103: the pull distribution have Gaussian shapes, centred at zero, with

unitary widths; the estimates of the calibration parameters are unbiased.

As a further check, we repeat the toys studies by simulating only signal events

(thus avoiding the sWeights procedure). The results are still unbiased, as reported

in Tab. 77 and Fig. 104

As expected the errors reported in Tab.77 are lower than the errors in Tab.76

since they are evaluated without the contamination of backgorund events.
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Results – Reference fit

parameter signal Yield (narrow) �p0 p1

average results 41400±220 0.0001±0.0049 1.006±0.068
Pull mean 0.92±0.05 -0.048±0.045 0.057±0.050
Pull sigma 1.08±0.04 0.936±0.049 1.025±0.042

A significative larger yield of signal is found, but has no impact on the calibration
parameters.
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Figure 103.: Toys studies: distributions of the fitted values and of the pulls for

p0 − 〈η〉 and p1.
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Results – Cross check: Signal only

parameter �p0 p1

average results 0.000±0.0046 0.999±0.003
Pull mean 0.03±0.05 0.08±0.05
Pull sigma 0.94±0.04 0.92±0.04

Everything is consistent.
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Figure 104.: Toys studies (signal only): distributions of the fitted values and of the

pulls for p0 − 〈η〉 and p1.

a.2.2 Bootstrap studies

In order to verify that the fit to B0
s → D−s π+ data is under control, in particular

that there aren’t sources of backgrounds which are not considered it has been

decided to use the bootstrap [80] method to produce 10K sample of B0
s → D−s π+

events with the same statistic of the full Run I data set. Each sample is fitted with

the same procedure used in the analysis. The distribution of the fitted parameters,

p0 − 〈η〉 and p1, and of their fitted errors are shown in Fig. 105. The results are

summarised in Tab. 78: the RMS of the distribution of the fitted parameters is

in agreement with the mean of the distribution of the fitted error. Thus we can

conclude that the fit to the B0
s → D−s π+ data set is reliable and every background

component has its correct description in the fit model.
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p0 − 〈η〉 p1

nominal result 0.0052± 0.0044 0.977± 0.070

average fitted value 0.0061 0.967

RMS of fitted value 0.0044 0.068

average fitted error 0.0044 0.069

Table 78.: Bootstrap studies results for the calibration parameters; 10K boot-

strapped samples.

Additional studies for finalisation of LHCb-ANA-2014-003 – BOOTSTRAP

During the review we were asked to provide a proof that the fit to B0
s ! D�

s ⇡+ data is under control
and that the error estimate is correct.
In case of some source of background we neglected, the errors should be wrong.

Suggestion: BOOTSTRAP data distribution: 10k samples of the same statistics of the initial sample

compare the sigma of the fit value with the average error estimate

apply the full mass-fit & time-sFit chain

parameter value±� mean error
�p0 0.0061±0.0044 0.0044
p1 0.967±0.068 0.069

very good agreement with results from our data

sample

parameter value±error
�p0 0.0052±0.0044
p1 0.977±0.070
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Figure 105.: Bootstrap studies (10K samples): distributions of the fitted values and

of the fitted error of p0 − 〈η〉 and p1.
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a.3 tgenphasespace-based emulator

Correlations among the observables involved in the fitter are possible and in

principle they can be different from signal to any other background decays. In pre-

vious analysis the correlations among the observables have been neglected, since

in MC they are found to be small. In the current analysis a more accurate esti-

mation is desired in order to account for the correlations in the fitter itself if they

are found to be relevant or in the systematics uncertainties if it turns out they

are of small size. Given the limitations in producing large samples of MC events

that would be required by a deeper study of such effect, an original approach has

been developed and implemented. The idea is to generate samples of the main

backgrounds decays, to emulate the detector reconstruction, to apply the core of

the selection cuts and to evaluate the correlation between each pair of observables

used in the fitter.

The reconstruction of the events is done under the B0
s → D∓s K± hypothesis, in

the the Ds → KKπ non resonant final states, but can be easily extended to other

decay modes.

a.3.1 Events generation

A very simple way to generate large samples of n-body decays is to use the

TGenPhaseSpace class [78] provided by the ROOT package [39]. This class allows

to generate in the phase space each kind of decay starting from the knowledge

of mother particle’s kinematics. The momentum P, the pseudorapidity η and

the Φ angle of the initial particles are extracted randomly from the relative MC

distributions. In this way the four-vector of each mother particle is defined, ~Pi =

(pT,i, ηi, Φi, Mi), and used together with the masses of the daughter particles to

generate any kind of n-body decays. The TGenPhaseSpace returns the four-vector

of each daughter particles and the weight of the event, and this information are

used as kinematic input to generate daughter particles decays. The class is used

for generating signal events B0
s → DsK and the output of the first decay is used to
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generate Ds → KKπ. Moreover the same procedure has been repeated to generate

samples of several other decays:

• Bs → Dsρ, Ds → KKπ, ρ→ ππ0

• Bd → DK, D → Kππ

• Λb → D∗s p, D ∗
s → Dsγ, Ds → KKπ

• Λb → Ds p, Ds → KKπ

• Λb → Λcπ, λc → Kpπ

• Λb → ΛcK, λc → Kpπ

• Bs → D∗s (γ)K D∗s → Dsγ, Ds → KKπ

• Bs → D∗s (γ)π, D∗s → Dsγ, Ds → KKπ

• Bs → Dsπ, Ds → KKπ

• Bd → Dπ, D → Kππ

• Bd → DsK, Ds → KKπ

which are the main backgrounds of the B0
s → D∓s K± decays. Intermediate reso-

nances and effects related to the spin of the particles that might change the angular

distributions are not considered in the generation of the decays.

a.3.2 Events reconstruction and selection

The generation tool is simple and easy to be implemented but it only provides

information on the considered decay and doesn’t fully reproduce p− p collision

event that is characterized by tens of additional particles. Parametric functions are

used to emulate the effect of the detector reconstruction and of the signal selection.

Only the combinatorial background is not investigated with this method since the

information of the whole event is not available. For the same reason, the observ-

ables related to the flavour tagging tool can not be emulated from first principles

but only reproduced according to the distributions found in data. In this way they
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are generated independently from all the other observables involved in the fitter

and so it is not possible to evaluate correlations for them. The observables used for

the B0
s → D∓s K± time-dependent analysis and emulated for the correlations study

are: m(DsK), m(Ds(KKπ)), PIDK of the bachelor, the Bs decay time t and its error

δt.

The effect of the detector reconstruction is emulated by smearing the kinematic

variables of the particles in the final state, namely the candidate bachelor K and

the K, K, π from the Ds decays. Several effects are considered:

1. The smearing of the modulo of the momentum is evaluated following this

formula [81] extracted from previous studies on data:

p · (0.35 + 0.0017ṗ)/100. (A.2)

2. The smearing of the direction of the momentum has been extracted from the

signal MC in the distributions of Px/Pz − Ptrue
x /Ptrue

z and Py/Pz − Ptrue
y /Ptrue

z

for each final particle. The smearing of the momentum direction turns out to

be crucial to correctly reproduce the mass resolution of Bs and Ds distribu-

tions.

3. The information on the particle ID, which is widely used in the analysis,

has been emulated using a data-driven method based on control samples of

kaons, pions and protons and the tools provided by the PIDCalib package

[56]. From the PIDK distributions for kaons, pions and protons as function of

the momentum and η of the considered particle a value of PIDK is extracted.

The Ds candidate is reconstructed from the three final particles. After a kinematic

fit in which the mass constraint on the Ds is applied, the Bs candidate is formed.

A second step of the reconstruction regards the information related to the Bs

decay time as well as the information on the decay time error. The decay time is

generated using an exponential function with the Bs lifetime. From the generated

decay time is possible to evaluate the true flight distance:

d =
t · P · c

MBs

(A.3)

where t and P are respectively the generated values of the decay time and mo-

mentum, while for MBs it is used the PDG value. The uncertainty on the flight
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distance measurement is estimated using MC. Figure 106 shows the dependence

of the flight distance error on the measured momentum and flight distance and it

is used to extract a first estimation of the error on the flight distance. The corre-
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Figure 106.: Flight distance error distribution in terms of the measured momentum

and flight distance of the Bs meson in MC sample.

lations between the momentum and the flight distance are included in the flight

distance error estimation which has been corrected to match the flight distance res-

olution. The obtained flight distance resolution is used to smear the flight distance

emulating the effect of the detector on the reconstructed value of the decay time:

tR =
MR

Bs
· dR

PRc
(A.4)

where dR, PR and MR
Bs

are rispectively the reconstructed flight distance, momentum

and mass of the B meson. Propagating the error on the observable beforehand

mentioned, the error estimation on the decay time is obtained:

δtR = tR

√
(

σdR

dR
)2 + (

σPR

PR
)2 + ρ

σdR

dR

σPR

PR
(A.5)

where σPR = PR − PG and ρ = 0.1 taken from MC.

In the B0
s → D∓s K± analysis, the core of the selection consists of a BDTG selection

followed by PID requirements and vetoes depending on the final state. To each fi-

nal particle a cut for the geometrical acceptance is applied with the pseudorapidity

η which ranges from 1.8 to 5.0. For the Bs (Ds) mass distributions events which fall

in the mass window 5300-5800 (1930;2020) MeV are accepted. The BDTG response

can not be reproduced as a whole because many of the input variables related to
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the p-p collision are not provided by the TGenPhaseSpace generator. For this rea-

son parametric selection functions have been obtained fitting the ratio between the

reconstructed momentum (transverse momentum) distribution in MC and the mo-

mentum (transverse momentum) distribution produced as output of the emulator.

The selection function is applied to one particle at a time and recursively applied to

all of them. The level of agreement between the MC distributions and the emulated

ones can be improved repeating this procedure several times. In fact a correlation

among the Ds daughters momentum distributions is found so that applying the se-

lection function to one particle affects the momentum distribution of the other Ds

daughter. In Fig. 107 the momentum and transverse momentum distributions are

reported applying selection functions depending on the momentum to K bachelor

and the two Kaons from Ds decay. The level of agreement shown by these plots is

considered acceptable and reasonable for the purpose of this study. This aspect is

very channel-dependent and in case of a cut-based selection it could be emulated

in easier ways. The last part of the selection consists in the PID requirements. PID

criteria for the final particles have been applied according to what is done in the

analysis. The PID requirements for the bachelor Kaon and for the two Kaons of the

Ds → KKπ non resonant final state is PIDK > 5. Particles which do not satisfy the

PIDK > 5 requirement are considered Pions and the event is rejected if two Kaons

and one Pion are not found. To account for the effects of the selection efficiency

functions and of the PID requirements on the decay time, an acceptance function

depending on the flight distance of the Bs meson has been applied.

The whole procedure has been devoloped and cross-checked with the signal

MC sample comparing the invariant mass distributions of Bs and Ds as well as the

decay and the decay time and its error. In Fig. 108 the invariant mass distribution

for the Bs and Ds hadrons are shown with the corresponding distribution from

MC. Fitting the mass distribution with a simple gaussian the mass resolution for

Bs (Ds) is 0.01391 (0.00545) GeV for the emulated events and 0.01389 (0.00606)

GeV in the MC sample. The level of agreement between the emulated and the

MC distributions is satisfactory in particular for the masses resolution and the

decay time distributions. Considering the level of agreement between signal

distributions of emulated and simulated events satisfactory, all the background
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Figure 107.: Kinematic distribution for Bs, Ds, Kbach, K1, K2 and Pi in red from MC

and in blue from the output of the Emulator for signal B0
s → D∓s K±

events.

decays can be generated and selected with the described emulator, modifying only

the generation step.

a.3.3 Background emulation

The main backgrounds which contribute to the B0
s → D∓s K± selected events

have been generated and selected applying exactly the same procedure used for

signal events. The kinematic input used to generate Bd decays are the same used

for Bs while for Λb devays there are some differences and the proper Λb kinematic

distributions are extracted from MC. In Fig. 109 the momentum and η distributions

obtained from MC are compared for Bs, Bd and Λb hadrons. In addition to the

Flavour Tagging observables, generated independently and calibrated with proper

calibration parameters for Bd and Bs, also the mixing effect is described. In Tab.
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Figure 108.: Mass and decay time distributions for Bs and Ds, in red from MC and

in blue from the output of the emulator for signal B0
s → D∓s K± events.

79 the background decays with the expected contribution to the 3 fb−1 analysis

are listed. In Fig. 111 the Bs and Ds mass distribution as well as the PIDK of the

bachelor particle are reported for signal and backgrounds decays.

a.3.4 Correlations among observables

Scatter plots among each pair of observables are reported from Fig.112-121.

There aren’t evidences of strong correlations.
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Figure 109.: Comparison among Bs, Bd and Λb kinematic distributions from MC

samples. Left: P, right: η.
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Figure 110.: Emulated bakgrounds decay distributions for Bs mass, Ds mass and

PIDK for the bachelor particle.
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Figure 111.: Emulated bakgrounds decay distributions for Bs decay time and its

error.
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Figure 112.: Scatter plots Bs mass versus δt for each emulated decay starting from

the signal.
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Figure 113.: Scatter plots PIDK of bachelor particle versus δt for each emulated

decay starting from the signal.
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Figure 114.: Scatter plots PIDK of bachelor particle versus tR for each emulated

decay starting from the signal.
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Figure 115.: Scatter plots tR mass versus Bs for each emulated decay starting from

the signal.
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Figure 116.: Scatter plots tR mass versus Ds for each emulated decay starting from

the signal.
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Figure 117.: Scatter plots δt mass versus Ds for each emulated decay starting from

the signal.
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Figure 118.: Scatter plots Ds versus Bs mass for each emulated decay starting from

the signal.
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Figure 119.: Scatter Plots PIDK of bachelor particle versus Bs mass for each emu-

lated decay starting from the signal.
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Figure 120.: Scatter Plots PIDK of bachelor particle versus Ds mass for each emu-

lated decay starting from the signal.
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Figure 121.: Scatter plots δt versus tR for each emulated decay starting from the

signal.
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Table 79.: Emulated Backgrounds with the corresponding expected number of

events.

Decay Expected Yields

B0 → D−π+
60

B0 → D−K+
66

Bd → DsK 381

B0
s → D−s π+

2678

Λb → ΛcK 63

Λb → Λcπ 45

Λb → Ds p 44

Λb → D∗s p 14

Bs → D∗s (γ)π 727

Bs → Dsρ 727
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a.4 toys study for ε t a g versus time

a.4.1 Pull distributions

a.4.2 Toy by toy difference
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Figure 122.: CP observables, error and pull distributions for the Toys set ε t a g (t).
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Figure 123.: CP observables, error and pull distributions for the Toys set ε t a g =

const.
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Figure 124.: CP observables pull distributions for the toy by toy difference between

Toys set with ε t a g (t) and Toys set with ε t a g = const.
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