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Abstract

In this thesis, a search for CP violation in Λ0
b→ pK− and Λ0

b→ pπ− decays using the full
Run 1+2 dataset gathered by the LHCb experiment is presented. The sample corresponds
to an integrated luminosity of 9 fb−1 of proton-proton collisions at centre-of-mass energies
of 7, 8 and 13TeV, collected between 2011 and 2018. Several corrections accounting
for particle identification, trigger, Λ0

b production, as well as detection asymmetries of
final-state particles are needed to extract the physical CP asymmetries and are determined
in this thesis. The CP asymmetries corresponding to the Run 1 dataset are measured to
be

ACP (pK
−) = (0.09± 1.53± 0.72)%,

ACP (pπ
−) = (−0.52± 1.89± 0.56)%,

where the first uncertainty is statistical and the second systematic. The results are
compatible with the ones from a previous iteration of the analysis and supersede them
thanks to a significant reduction in the systematic uncertainties. The CP asymmetries
corresponding to the Run 2 dataset are measured to be

ACP (pK
−) = (−1.45± 0.75± 0.43)%,

ACP (pπ
−) = (0.34± 0.95± 0.43)%.

When combining the values from Run 1 and Run 2 the following values are found

ACP (pK
−) = (−1.12± 0.67± 0.36)%,

ACP (pπ
−) = (0.15± 0.85± 0.36)%,

which are the world-best measurements of these asymmetries from a single experiment to
date, and are compatible with the CP symmetry conservation hypothesis within 1.5σ and
0.2σ, respectively.
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Introduction

The violation of the CP symmetry (CPV) is described in the Standard Model (SM)
through the presence of a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, that describes the transitions between up- and down-type quarks [1, 2]. However,
the amount of CPV currently observed in the SM is not sufficient to justify the observed
baryon asymmetry of the Universe, which can be explained if three conditions are met [3]:

B non-conservation obviously, the baryon number must not be a conserved quantity for
an asymmetry between matter and antimatter to appear; currently, the conservation
of B is a weak symmetry in the SM, justified simply by the lack of evidence of its
violation;

C and CP violation the need for C symmetry violation is clear, as any process
X→ Y + Z would otherwise be counterbalanced by the C-conjugate X→ Y + Z;
but CP violation is also needed: if we consider as an example the decay of a particle
X to a pair of left-handed (right-handed) quarks qLqL (qRqR), then CP conservation
would imply Γ(X→ qLqL) + Γ(X→ qRqR) = Γ(X→ qLqL) + Γ(X→ qRqR), i.e. no
baryon asymmetry would be created;

Loss of thermal equilibrium this is needed because if the Universe was at thermal
equilibrium any process that could introduce an imbalance between baryons and
antibaryons would be countered by the opposite process, thus restoring equilibrium;

The first observation of CPV dates back to the 1960s in neutral kaon decays [4], and
much later was also observed in the B0 [5,6], B0

s [7], and B+ systems [8]. In 2019 the LHCb
collaboration reported also the first observation of CPV in charm decays [9]. To date,
however, CPV is still unobserved in the baryon sector. In 2016 the LHCb collaboration
reported an evidence of CPV in the Λ0

b→ pπ−π+π− decays [10] with a significance of 3.3σ,
but the updated measurement did not confirm the evidence [11].

The decays of the Λ0
b (bud) baryon to two-body charmless final states, pK− or pπ−,

are a promising place to search for CPV that may arise from the interference between
tree and penguin topologies that contribute to the decay amplitudes, given a nonzero
strong and weak relative phases. Examples of Feynman diagrams contributing to the
Λ0

b → pK− and Λ0
b → pπ− decays are shown in Fig. 1. Theoretical computations of

branching fractions and CP asymmetries for these two decays have been performed only in
recent times, and they tend to predict values for ACP of the order of a couple of percents
for both channels, although with large uncertainties in some cases. Experimentally, the
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Figure 1: Examples of Feynman diagrams representing (top left) the penguin EW topology, (top
right) the penguin QCD topology and (bottom) the tree-level topology contributing to Λ0

b→ pK−

(b→ suū transition) and Λ0
b→ pπ− decays (b→ duū transition).

Table 1: Current knowledge of direct CP asymmetries in Λ0
b→ pK− and Λ0

b→ pπ− decays. The
measurements are performed by the CDF [12] and LHCb [13] collaborations. The last column
reports the world averages computed by the Particle Data Group [14].

CDF LHCb PDG average

ACP (pK
−) (−10± 8± 4)% (−2.0± 1.3± 1.9)% (−2.5± 2.5)%

ACP (pπ
−) ( 6± 7± 3)% (−3.5± 1.7± 2.0)% (−2.5± 2.2)%

CP asymmetries have been measured by the CDF [12] and LHCb [13] collaborations, as
summarised in Table 1; the latter result dominates the world average, which is compatible
with the no-CPV hypothesis. With the addition of Run2 statistics and new developments
in the determination of nuisance asymmetries, a significant reduction of the uncertainties
can be achieved, opening the possibility to observe CPV. Even in the case CPV would
not be observed, more precise determinations of the CP asymmetries in Λ0

b→ pK− and
Λ0

b→ pπ− decays remain interesting as an input to the theoretical models used to deal
with the effect of residual strong interaction in hadronic Λ0

b decays, that represent the
main source of theoretical uncertainties.

In this document, a measurement of ACP (pK
−) and ACP (pπ

−) using the full Run
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1+2 dataset collected by the LHCb experiment will be presented, with a sample size
corresponding to 9 fb−1 of pp collisions at centre-of-mass energies of 7, 8 and 13TeV. The
document is structured in three chapters: in Chapter 1, a theoretical description of CP
violation in the SM will be presented, together with a focus on two-body charmless decays
of b-hadrons that constitute the topic of the analysis; in Chapter 2, the LHCb detector
will be described in detail, explaining the various components that allow it to reconstruct
the decay products of b- and c-hadrons, as well as the dedicated variables and trigger
components that will be used in the analysis; finally, in Chapter 3 the analysis will be
discussed, starting from the strategy and going through the data selection, the calibration
of the particle identification efficiencies, the definition of the invariant-mass models used
to extract the signal yields with maximum-likelihood fits, the computation of all the
nuisance experimental asymmetries, and the determination of the final result.
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Chapter 1
Theory of CP violation in the Standard Model

The Standard Model (SM) of particle physics describes three of the four fundamental
interactions with the exception of gravity, i.e. the electromagnetic, weak, and strong
interaction. The SM is formulated as a quantum field theory describing the dynamics of
all particles, both elementary and composite.

There are 25 fundamental particles in the SM: 6 quarks (u, d, c, s, b, t), 6 leptons (e,
νe, µ, νµ, τ , ντ ), 8 massless bosons of the strong interaction (g), 3 massive bosons of the
weak interaction (W+, W−, Z0), 1 massless boson of the electromagnetic interaction (γ),
and 1 massive Higgs boson (H), responsible for the masses of all particles interacting with
its field. Fermions, which include quarks and leptons, are grouped into multiplets based
on the symmetries of the underlying Yang–Mills theories, as shown in Table 1.1. Each
interaction if based on a symmetry group: SU(3) for the strong inteaction, SU(2) for the
weak interaction, and U(1) for the electromagnetic interaction.

The electric charge of each particle can be obtained from the Gell-Mann–Nishijima [15,
16] formula Q = T3 + Y/2, where T3 is the third component of the weak isospin. The
electric charges come out to be −|qe| for leptons, 0 for neutrinos, +2/3|qe| for up-quarks
and −1/3|qe| for down-quarks.

1.1 The GWS model of electroweak interactions
In the SM, the electromagnetic and weak interaction are unified into the electroweak
interaction by the Glashow–Weinberg–Salam (GWS) model [17–19], which describes the
dynamics and the interactions with other particles of the 4 electroweak gauge bosons. The
model can be showcased by writing the following Lagrangian [20,21]:

L = LK + Lg + LH + LY, (1.1)

where LK is the kinetic term, Lg the gauge term, LH the Higgs term, and LY the Yukawa
term. The kinetic term starts in the form of a free propagator of massless particles:

LK = iψ∂µγµψ, (1.2)

where γµ are the four Dirac matrices, ψ = ψ†γ0, and the spinor fields ψ, of which there are
three generations, consist of the five representations shown in Table 1.1. Equation (1.2)

11



Chapter 1. Theory of CP violation in the Standard Model

Table 1.1: Arrangement of the SM fundamental particles in multiplets. The superscript i spans
over the three generations of particles.

Multiplet Symbol SU(3) charge SU(2) charge Hypercharge

Left-handed fermions ℓiL 1 2 -1
Right-handed fermions ℓiR 1 1 -2

Left-handed quarks qiL 3 2 1/3
Right-handed up-quarks uiR 3 1 4/3
Right-handed down-quarks diR 3 1 -2/3

can be made gauge-invariant by substituting the partial derivative with the covariant
derivative, defined as

Dµ = ∂µ + igsG
µ
aλa + igW µ

b σb + ig′BµY, (1.3)

where λa are the 8 Gell-Mann matrices, σb the 3 Pauli matrices, Gµ
a , W

µ
b , and Bµ are

respectively the fields for the gluons, the weak bosons, and the hypercharge boson, while
gs, g, and g′ are three coupling constants. With this modification, the kinetic term also
acquires interaction terms with the gauge bosons; for example, we can write explicitly the
coupling to the left-handed quarks:

LK(qL) = iqLD
µγµqL

= iqL(∂
µ + igsG

µ
aλa + igW µ

b σb + ig′BµY )γµqL. (1.4)

The gauge term encodes the interaction amogn the gauge bosons:

Lg = −
1

4
Ga

µνG
aµν − 1

4
W b

µνW
bµν − 1

4
BµνB

µν , (1.5)

where

Gaµν = ∂µGν
a − ∂νGµ

a + gsf
abcGµ

aG
ν
c , (1.6)

W bµν = ∂µW ν
b − ∂νW µ

b + gεbcdW µ
c G

ν
d, (1.7)

Bµν = ∂µBν − ∂νBµ, (1.8)

are the strentgh tensors of the three gauge fields, and fabc and εbcd are respectively the
structure constants of SU(3) and SU(2).

The third piece is the Higgs field term, which is responsible for the mass of all particles;
it is defined as

LH = (Dµϕ)
†(Dµϕ)− V (ϕ)

= (Dµϕ)
†(Dµϕ)− µ2ϕ†ϕ− λ(ϕ†ϕ)2, (1.9)

with ϕ = (ϕ+, ϕ0) being a scalar isospin doublet. The potential V (ϕ) has an infinite
number of minimum states satisfying ϕ†ϕ = µ2/λ = v2/2, with v ≈ 246GeV the vacuum
expectation value of ϕ. Thanks to this, the number of degrees of freedom of the scalar
field can be reduced to one by expanding it around one particular minimum state:

ϕ =
1√
2

(
0

v +H

)
. (1.10)
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1.1. The GWS model of electroweak interactions

A massive scalar field H, called the Higgs boson, appears as a result of the spontaneous
breaking of the SU(2) symmetry due to the particular choice of the vacuum state. This
process takes the name of the Higgs mechanism, although it was simultaneous developed
also by Englert, Brout, Guralnik, Hagen, and Kibble [22–24]. With this new addition, the
first term in Equation (1.9) can be modified to show an interaction between the Higgs
field and four new gauge bosons, obtained as the following combinations of the initially
massless W µ

b and Bµ fields:

W±
µ =

W µ
1 ∓ iW µ

2√
2

, (1.11)
(
Zµ

Aµ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
W µ

3

Bµ

)
, (1.12)

where sin θW = g/
√
g2 + g′2. These four bosons are respectively the W±, the Z0, and the

photon γ, and they acquire masses of vg/2, v
√
g2 + g′2/2, and 0, respectively.

Finally, the last piece of the SM Lagrangian is the Yukawa term, which contains the
interaction between the fermions and the Higgs field:

LY = −(Y d
ijqLiϕdRj + Y u

ij qLiϕ̃uRj + Y ℓ
ijℓLiϕℓRj + h.c.), (1.13)

where ϕ̃ = iσ2ϕ
∗, “h.c.” stands for hermitian conjugate, and Y d

ij , Y u
ij , and Y ℓ

ij are the
3× 3 complex Yukawa matrices: After the breaking of the electroweak symmetry and the
substitution of ϕ from Equation (1.10),the Yukawa term becomes (we focus just on the
quarks from now on):

LY = −(Y d
ijqLiϕdRj + Y u

ij qLiϕ̃uRj + h.c.)

= −( v√
2
Y d
ijdLid

′
Rj +

v√
2
Y u
ijuLiuRj + h.c.+ interaction terms), (1.14)

where mass terms for the fermions have appeared; the physical states can then be made
visible by diagonalizing the Yukawa matrices with four unitary matrices:

Md =
v√
2
V d
LY

dV d†
R , Mu =

v√
2
V u
L Y

uV u†
R . (1.15)

If we now write explicitly the two isospin components of the left-handed quarks, i.e.
qL = (uL, dL), Equation (1.14) becomes (exploiting the unitarity condition V u,d†

L,R V
u,d
L,R = 1):

LY = −(dLiV
d†
L V d

LM
d
ijV

d†
R V d

RdRj + uLiV
u†
L V u

LM
u
ijV

u†
R V u

RuRj + h.c.+ . . . )

= −(d′LiM
d
ijd

′
Rj + u′LiM

u
iju

′
Rj + h.c.+ . . . ), (1.16)

where we defined the quark mass eigenstates

d′Li = V d
LijdLj, dRi = V d

RijdRj (1.17)
u′Li = V u

LijuLj, uRi = V u
RijuRj. (1.18)

If we express the SM Lagrangian in terms of the quark mass eigentstates instead of the
weak interaction eigenstates, a fundamental change happens in the interaction mediated

13



Chapter 1. Theory of CP violation in the Standard Model

b c
Vcb

W

b c
V ∗
cb

W

Figure 1.1: Feynman diagram describing the role of the CKM matrix entries in a charged-current
quark transition.

by the W± boson (also called charged-current interaction):

Lcc
K =

g√
2
uLiγ

µW−
µ dLi +

g√
2
dLiγ

µW+
µ uLi + . . .

=
g√
2
u′Li(V

u
L V

d†
L )γµW−

µ d
′
Li +

g√
2
dLi(V

d
LV

u†
L )γµW+

µ u
′
Li + . . . , (1.19)

i.e. the possibility to mix between quark families opens up. The probability of the transition
is encoded in the so called 3 × 3 Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing
matrix [1, 2]

VCKM = V u
L V

d†
L . (1.20)

It is chosen by convention to set the interaction and mass eigenstates equal for up-type
quark, while for down-type quarks these are related by:



d
s
b


 =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





d′

s′

b′


 (1.21)

This notation makes clear that the elements of the CKM matrix (1.21) act as propor-
tionality constants of the amplitude of a charged-current transition between a down-type
quark and an up-type quark, while the amplitudes related to antiquarks are proportional
to the entries of V ∗

CKM. This is shown in Figure 1.1.

1.2 The CKM matrix
The magnitudes of the elements of the CKM matrix Vij correspond to the probabilities of a
charged-current transition from a quark i to a quark j. The elements can be parametrised
with a certain number of free parameters. Any N × N complex unitary matrix can be
completely described with 1

2
N(N − 1) angles and 1

2
(N − 1)(N − 2) phases. For N = 3,

this means 3 Euler angles θ1, θ2, θ3, and a single phase δ. Using the notation sij = sin θij,

14



1.2. The CKM matrix

cij = cos θij, a possible parameterization of the CKM matrix is:

VCKM =



1 0 0
0 c23 s23
0 −s23 c23






c13 0 s13e
−iδ

0 1 0
−s13eiδ 0 c13






c12 s12 0
−s12 c12 0
0 0 1




=




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


 . (1.22)

The magnitude of the elements of the CKM matrix can be measured by studying SM
processes involving the corresponding quarks [25] The latest results can be summarised as
follows:

|Vud| can be obtained from meaurements of the neutron lifetime and branching fractions
of pion decays; the currently most precise results come from superallowed 0+ → 0+

nuclear beta-decays [26] and yield

|Vud| = 0.97373± 0.00031;

|Vus| can be obtained in several ways: by studying semileptonic K-decays such as
K0

L→ πeν, K0
L → πµν, K± → π0e±ν, and K± → π0µ±ν, which yield the prod-

uct of Vus and the kaon form factors at q2 = 0 [27]; and by computing the kaon and
pion decay constants to get |Vus/Vud| [28]; the current best estimate comes from
averaging these two results:

|Vus| = 0.2243± 0.0008;

|Vub| can be obtained in three ways: with a study of inclusive B→ Xuℓνℓ decays; by
measuring such decays exclusively, the most promising being B→ πℓνℓ; and by
combining measurements of different branching fractions to get |Vub|/|Vcb|; the
current experimental average combines the exclusive and inclusive results, while
using the ratio information as a cross-check [29], resulting in

|Vub| = (3.82± 0.20)× 10−3;

|Vcd| was originally measured by analysing charm production in neutrino and antineu-
trino scattering on nuclei [30]; nowadays, more direct results can be obtain from
semileptonic and leptonic charm decays, e.g. D→ (K, π)ℓν and D+→ (µ+, τ+)ν; all
the three methods can be combined to obtain the most precise estimate [29,31]

|Vcd| = 0.221± 0.004;

|Vcs| governs the dominant decay mode of the charm quark, and its magnitude can be
measured with semileptonic D decays or leptonic Ds decays using external inputs for
the form factors and decay constants; both these methods are averaged for maximum
precision [29]:

|Vcs| = 0.975± 0.006;

15



Chapter 1. Theory of CP violation in the Standard Model

|Vcb| can be obtained, much like |Vub|, by measuring exclusive and inclusive decays of
B-mesons to open charm final states and combining the results to get the value [32]

|Vcb| = (40.8± 1.4)× 10−3;

|Vtd|, |Vts| cannot be precisely measured at tree-level due to the extremely low chance of
the top quark to decay to anything other than a b quark. therefore their values must
be inferred with indirect measurements; some examples of processes allowing access
to Vtd and Vts are B–B oscillations [33], B→ Xsγ decays [34,35], and the ratios of
branching fractions of B→ ργ and B→ K∗γ decays; the current best estimates are

|Vtd| = (8.6± 0.2)× 10−3, |Vts| = (41.5± 0.9)× 10−3;

|Vtb| limits where set at the Tevatron computing the ratios B(t→ Wb)/B(t→ Wq) [36,
37], while it is now measured directly at the LHC by studying single top quark
production [38]; the combination of the two methods is used as the world average:

|Vtb| = 1.014± 0.029.

A global picture of the CKM matrix can be built by performing a global fit of all available
measurements, and including the unitarity condition as a constraint. The final result is
the following [32]

|VCKM| =



0.97435(16) 0.22500(67) 0.00369(11)

0.22486(67) 0.97349(16) 0.04182
(+85)
(−74)

0.00857
(+20)
(−18) 0.04110

(+83)
(−72) 0.999118

(+31)
(−36)


 (1.23)

The presence of the complex phase δ in Equation (1.22) allows for CP symmetry to be
violated (N = 3 is the lowest possible number of fermion generations to have a phase
appear in the CKM matrix), but it is not a sufficient condition; a relation between the
quark masses and the elementes of the matrix must also hold [39]:

JCP
(
m2

t −m2
c

) (
m2

t −m2
u

) (
m2

c −m2
u

) (
m2

b −m2
s

) (
m2

b −m2
d

) (
m2

s −m2
d

)
̸= 0, (1.24)

where
JCP =

∣∣Im
(
ViαVjβV

∗
iβV

∗
jα

)∣∣ (i ̸= j, α ̸= β) (1.25)

is called the Jarlskog invariant. Equation (1.24) implicitly contains all the necessary
conditions for CP violation to arise in the SM:

1. mu ̸= mc ̸= mt, md ̸= ms ̸= mb, i.e. there should not be mass degeneracy within up-
and down-type quarks;

2. The three mixing angles θ1, θ2, and θ3 should not be 0 or π
2
;

3. The phase δ should not be 0 or π.
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1.2. The CKM matrix

Inspecting the CKM matrix reported in (1.23), it can be seen that the elements on the
diagonal are close to 1, and that they get smaller the further away from the main diagonal,
indicating a less common transition between different quark families. This hierarchy can
be made more evident by employing the so-called Wolfenstein parameterisation1 [40]. It is
based on the four parameters A, λ, ρ, and η, defined by

λ = s12 =
|Vus|√

|Vud|2 + |Vus|2
≈ 0.22, (1.26)

Aλ2 = s23 = λ

∣∣∣∣
Vcb
Vud

∣∣∣∣ ≈ 0.04, (1.27)

Aλ3(ρ+ iη) = s13e
iδ = V ∗

ub ≈ 4× 10−3. (1.28)

With these definitions, the CKM matrix can be written as a power series of λ. For example,
if we go up to third order we get

VCKM =




1− λ2/2 λ Aλ3 (ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3 (1− ρ− iη) −Aλ2 1


+O

(
λ4
)
; (1.29)

the hierarchy is clearly visible now: the elements on the main diagonal are 1 at leading
order, while we have to reach third order to see the first non-vanishing elements in the
off-diagonal places.

The unitarity condition of the CKM matrix, VijV ∗
ik = δjk and VijV ∗

kj = δik, leads to 12
equations relating the matrix entries, three sums equalling 1 in the main diagonal and the
remaining ones summing to 0. The latter can be geometrically interpreted as the vanishing
sums of three complex numbers, i.e. as triangles in the complex plane which all share the
same area of JCP/2. Two of these equations are particularly interesting, as they contain
terms of the same order in λ:

VudV
∗
ub︸ ︷︷ ︸

Aλ3(ρ+iη)

+VcdV
∗
cb︸ ︷︷ ︸

−Aλ3

+ VtdV
∗
tb︸ ︷︷ ︸

Aλ3(1−ρ−iη)

= 0, (1.30)

V ∗
udVtd︸ ︷︷ ︸

Aλ3(1−ρ−iη)

+V ∗
usVts︸ ︷︷ ︸
−Aλ3

+ V ∗
ubVtb︸ ︷︷ ︸

Aλ3(ρ+iη)

= 0. (1.31)

The triangle defined by Equation (1.30) is used as a benchmark to constrain the parameters
of the CKM matrix and is referred to as the Unitary Triangle (UT). If we divide all its
sides by VcdV ∗

cb, its vertices move to (0, 0), (1, 0), and (ρ, η) = (ρ(1− λ2/2), η(1− λ2/2)),
while the internal angles are:

α = arg

(
− VtdV

∗
tb

VudV ∗
ub

)
≈ arg

(
−1− ρ− iη

ρ+ iη

)
, (1.32)

β = arg

(
−VcdV

∗
cb

VtdV ∗
tb

)
≈ arg

(
− 1

1− ρ− iη

)
, (1.33)

γ = arg

(
−VudV

∗
ub

VcdV ∗
cb

)
≈ arg (ρ+ iη) . (1.34)

1Bear in mind that any parameterisation of the CKM matrix is arbitrary and none is intrinsically better;
on the other hand, some parameterisations can be more insightful than others from a phenomenological
point of view.
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βγ

α
∣∣∣∣
VudV

∗
ub

VcdV ∗
cb

∣∣∣∣

∣∣∣∣
VtdV

∗
tb

VcdV ∗
cb

∣∣∣∣

(0, 0) (1, 0)

(ρ, η)
ℑ(z)

ℜ(z)

Figure 1.2: Graphical representation of the unitary triangle defined by Equation (1.30) in the
complex plane.
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FIG. 4. ρ̄-η̄ planes with the SM global fit results in various configurations. The black contours display the 68% and 95%
probability regions selected by the given global fit. The 95% probability regions selected are also shown for each constraint
considered. Top-Left: full SM fit; Top-Right: fit using as inputs the “tree-only” constraints; Bottom-Left: fit using as inputs
only the angle measurements; Bottom-Right: fit using as inputs only the side measurements and the mixing parameter εK in
the kaon system.

fit configuration ρ̄ η̄

full SM fit 0.161(10) 0.347(10)

tree-only fit ±0.158(26) ±0.362(27)

angle-only fit 0.156(17) 0.334(12)

no-angles fit 0.157(17) 0.337(12)

TABLE IX. Results for the ρ̄ and η̄ values as extracted from the various fit configurations. The Universal Unitarity Triangle
(UUT) fit includes the three angles inputs and the semileptonic ratio |Vub/Vcb| [91].

1. By fitting the “tree-only” constraints, i.e. processes for which a contribution from new physics is with the
highest probability absent, we test the possibility that all the sources of CP violation come from physics beyond
the SM. The results shown in the top-right panel, which have a two-fold sign ambiguity in the ρ̄-η̄ values, show
that the SM alone contributes to the largest part of the observed CP violation at low energy;

2. We analysed the results that can be obtained by using only the information coming from the measured angles,
“angle-only” fit, bottom-left panel;

3. We analysed the results that can be obtained from the triangle sides fit and ε, “sides+ εK” fit, bottom-right
panel.

Figure 1.3: Current experimental status of the properties of the unitary triangle [41].

The UT is shown in Figure 1.2, while the most recent experimental constraints, obtained
combining the measurements of several different observables, are reported in Figure 1.3.

The presence of the complex phase in the CKM matrix opens the possibility for CP
symmetry to be violated in the charged-current quark interactions. On a more general
basis [42], CP violation depends on the existence of more than one amplitude for the
same process, with different weak and strong phases. The name “weak” and “strong” do
not refer to the interaction responsible for it, but only to their behaviour under a CP
transformation: we call weak the CP -odd phases and strong the CP -even ones.

Weak phases can originate as complex couplings in the Lagrangian, as they do for
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1.3. Two-body b-hadron decays

example in the Fermi theory of the neutron decay with the vector and axial components
of the hadronic current [43]. Another possibility is to appear as a complex phase in the
CKM matrix, as the δ parameter in Equation (1.22) does. Strong phases, on the other
hand, have two possible sources: one as the trace of a product of an even number of γ
matrices together with γ5 entering the Lagrangian, and the other comes from final-state
interaction (FSI), where an initial state i decays weakly to an intermediate state f ′ which
then scatters to a final state f via a strong or electromagnetic amplitude.

It is important to notice that these phases do not have any physical meaning by
themselves, since it is always possible to change them at will with a phase transformation.
Instead, the relative phase of two competing contributions, i.e. the difference of the phases
of the two amplitudes, does not change with a rephasing and therefore has a physical
importance. To understand why CP can only occur when at least two different amplitudes
with different weak and strong phases contribute to the same decay, we can start with
the simple example of a single-amplitude process i→ f and its CP -conjugate equivalent
i→ f , mediated by a Hamiltonian H:

⟨f |H|i⟩ = Aei(δ+ϕ), (1.35)
〈
f
∣∣H
∣∣i
〉
= Aei(δ−ϕ+θ), (1.36)

where A is a real positive number, ϕ is a weak CP -odd phase, δ a CP -even strong phase,
and θ a spurious phase introduced by the CP transformation. It can be immediately seen
that in this scenario CP in conserved, since | ⟨f |H|i⟩| −

∣∣ 〈f
∣∣H
∣∣i
〉∣∣ = |A| − |A| = 0.

Let us now introduce an additional contribution to the decay amplitude instead:

⟨f |H|i⟩ = A1e
i(δ1+ϕ1) + A2e

i(δ2+ϕ2), (1.37)
〈
f
∣∣H
∣∣i
〉
= A1e

i(δ1−ϕ1+θ) + A2e
i(δ2−ϕ2+θ), (1.38)

in this case, the difference of the two CP -conjugated amplitudes does not cancel out:

| ⟨f |H|i⟩|2 −
∣∣ 〈f
∣∣H
∣∣i
〉∣∣2 = −4A1A2 sin(δ1 − δ2) sin(ϕ1 − ϕ2), (1.39)

therefore CP violation can occur if δ1 ̸= δ2 and ϕ1 ̸= ϕ2 (and obviously A1 ≠ 0, A2 ̸= 0).
A common experimental observable to search for CP violation in this case is the CP
asymmetry

ACP =
| ⟨f |H|i⟩|2 −

∣∣ 〈f
∣∣H
∣∣i
〉∣∣2

| ⟨f |H|i⟩|2 +
∣∣ 〈f
∣∣H
∣∣i
〉∣∣2 =

−2A1A2 sin(δ1 − δ2) sin(ϕ1 − ϕ2)

A2
1 + A2

2 + 2A1A2 cos(δ1 − δ2) cos(ϕ1 − ϕ2)
(1.40)

1.3 Two-body b-hadron decays
Hadronic two-body decays of beauty hadrons provide an interesting testbench for studying
CP violation in the SM, thanks to the number of different Feynman topologies that
can contribute to each decay. The relatively high contribution of loop transitions can
potentially enhance the effect of new particles and interactions beyond the SM.

A general two-body B decay is mediated by the process b → q1q2d(s), with q1, q2 ∈
{u, d, c, s}. The Feynman diagrams contributing to this transition can be divided into two
categories: tree-level and loop (also called penguin) topologies. The flavour content of the
final state restricts the possible combinations:
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W

b

d(s)

q2

q1

W

b

d(s)

q2

q1

Figure 1.4: Example of Feynman diagrams for a b→ q1q2d(s) transistion at tree-level (left) and
with a first-order QCD correction (right).

W

g

b

q1

q1

d(s)u, c, t

W

Z/γ

b

q1

q1

d(s)u, c, t

Figure 1.5: Example of Feynman diagrams for a b→ q1q2d(s) QCD (left) and EW (right) penguin
transition.

• q1 ̸= q2 ∈ {u, c}: only possible at tree-level;

• q1 = q2 ∈ {u, c}: possible both at tree-level and via loops;

• q1 = q2 ∈ {d, s}: only possible via loops;

examples of such a diagram can be seen in Figures 1.4 and 1.5.
In order to describe the weak decays of b-hadrons, the strong interaction between

the constituent quarks must also be taken into account. The typical approach is to treat
it under the framework of operator product expansion (OPE), in which a separation of
the energy scales of short-distance (high-energy) and long-distance (low-energy) contri-
butions is defined by a parameter µ [44–47]. Any contributions from particles heavier
than µ enter only through the Wilson coefficients Ci(µ), which account for all short-
distance effects; long-distance strong-interaction contributions, instead, are included in
the corresponding matrix elements of local operators Qi(µ) that need to be evaluated
with non-perturbative techniques. This factorization of the two energy regimes allows an
effective weak Hamiltonian to be written in the following way [48]:

⟨f |Heff |B⟩ =
GF√
2

∑

i

V CKM
i Ci(µ) ⟨f |Qi(µ)|B⟩ , (1.41)

whereGF/
√
2 = g2/(8M2

W ) is the Fermi constant and V CKM
i are factors related to the CKM

matrix elements that set the strentgh with which each operator enters the Hamiltonian. As
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1.3. Two-body b-hadron decays

the amplitude shouldn’t depend on the energy scale µ, it is required that the µ dependence
of the Ci(µ) cancels the dependence of the Qi(µ).

To illustrate the use of OPE, let us first start with the simple example of a purely
weak tree-level transition. Neglecting QCD corrections for the moment, the effective
Hamiltonian can be written as [42,49]

Heff =
GF√
2
V ∗
q2r
Vq1b

M2
W

k2 −M2
W

(riqi2)V−A(q
j
1b

j)V−A

= −GF√
2
V ∗
q2r
Vq1b(r

iqi2)V−A(q
j
1b

j)V−A +O
(
k2

M2
W

)
, (1.42)

where r ∈ {d, s}, the indices i and j label the quark colour, and the terms of O
(

k2

M2
W

)
can

be neglected given the smallness of the transferred momentum k, that is of the order of
the quark masses, with respect to MW . The label V and A refer to the vector and axial
current respectively, i.e.

(qq′)V±A = qγµ(1± γ5)q′. (1.43)

Since no QCD correction is considered yet, Equation (1.42) is equivalent to having a
Wilson coefficient C2(µ) = 1 and a single matrix element

Q2 = (riqi2)V−A(q
j
1b

j)V−A. (1.44)

If we now add a simple QCD correction such as a gluon connecting two quark currents
(like in Figure 1.4 on the right), this must necessarily mix different color charges, therefore
we are required to add an operator of the form

Q1 = (riqj2)V−A(q
j
1b

i)V−A (1.45)

and a corresponding Wilson coefficient C1(µ). The effective Hamiltonian then becomes

Heff = −GF√
2
V ∗
q2r
Vq1b(C1(µ)Q1 + C2(µ)Q2). (1.46)

Generalising now the procedure to all possible topologies of Feynman diagrams that can
contribute to a two-body hadronic B decay, we can write the effective Hamiltonian as

Heff =
GF√
2

[
V ∗
urVub

2∑

k=1

Ck (µ)Q
ur
k + V ∗

crVcb

2∑

k=1

Ck (µ)Q
cr
k − V ∗

trVtb

10∑

k=3

Ck (µ)Q
r
k

]
, (1.47)

where the 10 operators (and relative Wilson coefficients) are grouped into three categories:

• Current-current tree-level operators (q ∈ {u, c})

Qqr
1 = (riqj)V−A(q

jbi)V−A (1.48)
Qqr

2 = (riqi)V−A(q
jbj)V−A (1.49)
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• QCD penguins (e.g. Figure 1.5, left):

Qr
3 = (ribi)V−A

∑

q∈{u,d,c,s,b}

(qjqj)V−A, (1.50)

Qr
4 = (ribj)V−A

∑

q∈{u,d,c,s,b}

(qjqi)V−A, (1.51)

Qr
5 = (ribi)V−A

∑

q∈{u,d,c,s,b}

(qjqj)V+A, (1.52)

Qr
6 = (ribj)V−A

∑

q∈{u,d,c,s,b}

(qjqi)V+A, (1.53)

• Electroweak penguins (e.g. Figure 1.5, left):

Qr
7 =

3

2
(ribi)V−A

∑

q∈{u,d,c,s,b}

eq(q
jqj)V+A, (1.54)

Qr
8 =

3

2
(ribj)V−A

∑

q∈{u,d,c,s,b}

eq(q
jqi)V+A, (1.55)

Qr
9 =

3

2
(ribi)V−A

∑

q∈{u,d,c,s,b}

eq(q
jqj)V−A, (1.56)

Qr
10 =

3

2
(ribj)V−A

∑

q∈{u,d,c,s,b}

eq(q
jqi)V−A. (1.57)

This summarizes the OPE approach to computing decay amplitudes. Provided the necessary
changes are applied to the hadronix matrix elements in Equations (1.48) to (1.57) for
different exclusive final states, this approach can be considered “universal”, meaning that
all the results shown above can be applied equally to every B decay governed by the same
quark-level transition b→ q1q2d(s). The difficult task is then to actually compute each
matrix element; there are different methods available to do so, each with its own tradeoffs
between ease of computation, need for experimental input, and size of the theoretical
uncertainties. Since a detailed explanation of the various methods is beyond the scope of
this thesis, we will just give a brief description of them:

QCD Factorization (QCDF): this approach is based on the assumption that factor-
ization holds when hadrons containing quarks of mass mq larger than the strong
interaction scale ΛQCD are involved, which allows to compute amplitudes at leading
order in ΛQCD/mq [50–53].

Perturbative QCD (pQCD): starting on the same footing as QCDF, it goes further
into computing higher-order QCD corrections thanks to a resummation of Sudakov
effects [54–56]. In this way, less experimental inputs are needed compared to QCDF.

Soft Collinear Effective Theory (SCET): a more recent technique in which the emis-
sion of soft and collinear gluons is studied, allowing factorization to be generalised
at all orders of αs [57–60].
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Figure 1.6: Feynman diagrams of processes contributing to two-body charmless B meson decays:
tree-level (T ), QCD penguin (P ), electroweak penguin (PEW), penguin annihilation (PA), and
exchange (E). The equivalent diagrams for baryon decays can be easily obtained by adding one
spectator quark line.

QCD Light-Cone Sum-Rules: computations of hadronic two-body B decay ampli-
tudes have been shown to be feasible with QCD sum rules as well [61–63].

Let us now focus on the phenomenology of charmless two-body b-hadron decays, which
we will generally refer to as Hb→ h+h′−. This category comprises the decays B0→ K+K−,
B0→ π+π−, B0→ K+π−, B0

s → K+K−, B0
s → π+π−, B0

s → π+K−, Λ0
b → pK−, and

Λ0
b→ pπ−2. Many different observables can be studied for these decays, such as branching

fractions, integrated CP asymmetries, as well as time-dependent CP asymmetries for
neutral B mesons. This group of decays have been extensively studied both at past and
present accelerator facilities [7,13,64–80]. The discussion above regarding the computation
of the decay amplitudes for hadronic two-body decays of b-hadrons naturally applies also
to the subgroup of charmless decays, but in this case the interpretation of the experimental
results is not simple, because of the sizable contributions from penguin topologies that
these decays contain alongside the tree-level transitions, making it harder to evaluate the
underlying CKM phases. On the other hand, the higher relative size of loop diagrams to
the total decay amplitude allows for possible New Physics (NP) contributions to amplify
CP -violating effects.

In the SM, the topologies contributing to the B→ h+h′− decay amplitudes [81] are
tree-level (T ), QCD penguin (P ), electroweak penguin (PEW), penguin annihilation (PA),
and exchange (E), which are shown in Figure 1.6. The T , P , and PEW topologies have in
common the presence of a spectator quark, while in PA and E all initial- and final-state
quarks are involved. The latter are expected to be suppressed by a factor fB/mB ≈ 5%,
2From now on, the inclusion of CP -conjugate decays is implied throughout this document.
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Table 1.2: Scheme of the contribution of Feynman diagrams from Figure 1.6 to each B→ h+h′−

decay. The current knowledge of the branching fraction of each decay is also reported [32].

Decay T P PEW PA E B [10−6]

B0
s→ K+K− ✓ ✓ ✓ ✓ ✓ 26.6(22)

B0→ K+π− ✓ ✓ ✓ ✗ ✗ 19.6(5)
B0

s→ π+K− ✓ ✓ ✓ ✗ ✗ 5.8(7)
Λ0

b→ pK− ✓ ✓ ✓ ✗ ✗ 5.4(10)
B0→ π+π− ✓ ✓ ✓ ✓ ✓ 5.12(19)
Λ0

b→ pπ− ✓ ✓ ✓ ✗ ✗ 4.5(8)
B0

s→ π+π− ✗ ✗ ✗ ✓ ✓ 0.7(1)
B0→ K+K− ✗ ✗ ✗ ✓ ✓ 0.078(15)

where fB is the decay constant of the B meson [82]. The individual contributions of these
diagrams to each decay is reported in Table 1.2. Some decays are related by a simple
exchange of two quarks, that can be summarised as follows:

B0→ π+π−
︸ ︷︷ ︸

T+P+2/3PEW+PA+E

d←−−→ s B0
s→ K+K−
︸ ︷︷ ︸

T+P+2/3PEW+PA+E

, (1.58)

B0→ K+π−
︸ ︷︷ ︸

T+P+2/3PEW

d←−−→ s B0
s→ π+K−
︸ ︷︷ ︸

T+P+2/3PEW

, (1.59)

B0→ K+π−
︸ ︷︷ ︸

T+P+2/3PEW

d
spect.←−−→ s B0

s→ K+K−
︸ ︷︷ ︸

T+P+2/3PEW+PA+E

, (1.60)

B0→ π+π−
︸ ︷︷ ︸

T+P+2/3PEW+PA+E

d
spect.←−−→ s B0

s→ π+K−
︸ ︷︷ ︸

T+P+2/3PEW

, (1.61)

Λ0
b→ pπ−
︸ ︷︷ ︸

T+P+2/3PEW

d←−−→ s Λ0
b→ pK−
︸ ︷︷ ︸

T+P+2/3PEW

, (1.62)

where the notation d
(spect.)←−−−→ s indicates a symmetry with respect to the exchange between

a d and an s interacting (spectating) quark.
Regarding the Λ0

b → pπ− and Λ0
b → pK− decays, theoretical computations of the

branching fractions and CP asymmetries have been performed only in recent times.
Several different approaches have been used, such as QCDF [83,84], pQCD [85], and the
MIT bag model [86]. The results of these computations, together with the experimental
measurements done by CDF [70] and LHCb [13] collaborations, and their average [32],
are reported in Table 1.3 and shown in Figure 1.7. Theoretical computations for the
Λ0

b → pK− decay tend to predict a large positive value for the CP asymmetry, which
has been instead measured as negative, though with large uncertainties and hence still
compatible with 0. This indicates that newer and more precise measurements are needed
in order to improve the knowledge on CP violation in baryon decays.
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Figure 1.7: Comparison between the theoretical estimates of ACP (Λ
0
b→ pπ−) (top) and ACP (Λ

0
b→

pK−) (bottom) and the values measured by the CDF and LHCb collaborations, together with
the PDG average of the two.
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Chapter 1. Theory of CP violation in the Standard Model

Table 1.3: Current theoretical and experimental knowledge of the CP -violating properties of the
decays Λ0

b→ pK− and Λ0
b→ pπ−.

ACP (Λ
0
b→ pπ−) ACP (Λ

0
b→ pK−)

[%] [%]

Theoretical

[85] (pQCD) −32+49
−1 −3+25

−4

[84] (NLO QCDF) −3.37+0.29
−0.37 10.1+1.3

−2.0

[83] (QCDF) −3.9± 0.4 6.7+0.3
−0.2 ± 0.3

[86] (MIT bag model) −4.4± 0.1 6.7± 0.0

Experimental

CDF [70] 6± 7± 3 −10± 8± 4
LHCb Run 1 [13] −3.5± 1.7± 2.0 −2.0± 1.3± 1.9

PDG [32] −2.5± 2.9 −2.5± 2.2
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Chapter 2
The LHCb detector

2.1 The Large Hadron Collider
The Large Hadron Collider (LHC) [87], situated approximately 100 meters underground
near Geneva and spanning a length of 26.7 km, is a hadron synchrotron that occupies
the tunnel once utilized by the Large Electron Positron collider. Engineered for proton
collisions with a center-of-mass energy of 14TeV and an instantaneous luminosity exceeding
1034 cm−2 s−1, as well as lead ion collisions at 2.76TeV per nucleon with an instantaneous
luminosity of 1027 cm−2 s−1, the LHC directs hadron beams in opposite directions within
two accelerating rings. These beams converge at four interaction points, where the
experiments ALICE, ATLAS, CMS, and LHCb are installed.

Due to the impracticality of accelerating protons directly to 7TeV from a quasi-rest
state, a series of preaccelerators — Linac2, Proton Synchrotron Booster (PSB), Proton
Synchrotron (PS), and Super Proton Synchrotron (SPS) — are employed. The process
begins with Linac2 accelerating protons to 50MeV, injecting them into the PSB, which
elevates their energy to 1.4GeV. Subsequently, the PS increases their energy to 25GeV,
forming proton bunches, each comprising about 1011 protons. These bunches are then
transferred to the SPS, where they are accelerated to 450GeV. Finally, the proton bunches
are injected from the SPS into the LHC, where their energy is raised to the target value.
A schematic representation of the CERN accelerator complex is depicted in Figure 2.1.

During the initial run (Run 1) of data collection, the LHC collided protons at center-
of-mass energies of 7 and 8TeV in 2011 and 2012, respectively. In the second run (Run 2),
spanning the years 2015-2018, the collision energy increased to 13TeV.

2.2 The LHCb detector
The LHCb experiment [89,90] was originally designed to study processes involving beauty
and charm hadrons. The core objectives of the collaboration include probing physics
processes within and beyond the Standard Model by studying CP violation in b or c
decays, observation of rare processes, heavy-quark spectroscopy, and searches for exotic
states. During the years the physics programme of the experiment has widened beyond the
original design to include electroweak physics, heavy ions, and fixed-target measurements.

LHCb is designed as a single-arm forward spectrometer with a geometrical acceptance
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Chapter 2. The LHCb detector

Figure 2.1: The CERN accelerator complex [88].

spanning [10, 250] mrad in the vertical plane and [10, 300] mrad in the horizontal plane.
The unique geometry of the LHCb detector is driven by the fact that the majority of
bb pairs resulting from pp collisions hadronize into b hadrons with a significant boosts
towards the forward (or backward) beam direction, maintaining a small angle with respect
to the beam axis, as illustrated in Fig. 2.2.

The LHCb collaboration has measured the bb production cross-section in the
pseudorapidity1 range 2 < η < 5 at center-of-mass energies of 7 and 13TeV, yielding
(72.0 ± 0.3 ± 6.8)mb and (144 ± 1 ± 21)mb, respectively [91]. The LHCb experiment
is also well-suited for the investigation of charm physics, with the added advantage
that the cc production cross-section is notably higher than that of bb, specifically
(1419 ± 12 ± 116 ± 65)mb [92] and (2369 ± 3 ± 152 ± 118)mb [93] at

√
s = 7 and

13TeV, respectively.
To maintain a low pile-up and minimize radiation damage to detector elements near

the beam pipe, the luminosity at the interaction point of LHCb is deliberately kept below
the maximum achievable from the LHC by adjusting the transverse separation between the
beams. This is achieved through a luminosity leveling technique [94], where the beams are
progressively brought closer to each other in the transverse plane to maintain a constant
collision rate throughout the beam’s lifetime. In 2011, the instantaneous luminosity was
set at approximately 3× 1032 cm−2 s−1, followed by 4× 1032 cm−2 s−1 in 2012, 2015, 2016,

1The pseudorapidity of a particle traveling at a polar angle θ with respect to the beam axis is defined as
η = − log

(
tan θ

2

)
.
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Figure 2.2: Production angles with respect to the beam direction of bb pairs in simulated pp
collisions at

√
s = 8TeV. The red area represent the geometrical acceptance of LHCb.

and 2017, and about 5× 1032 cm−2 s−1 in 2018. The total integrated luminosity collected
by the LHCb experiment up to now is summarized in Figure 2.3.

In Fig. 2.4 a diagram of the full LHCb detector that operated in Run 1 and 2 is shown;
a right-handed coordinate system is defined such that the z axis is oriented along the beam
and the y axis along the vertical pointing upwards. The apparatus comprised multiple
sub-detectors, each with a design optimized to measure a specific property of particles
produced in the pp collisions. These detectors can be broadly categorized into two classes
based on their purposes:

• the Tracking system, consisting of the Vertex Locator (VELO), the magnet, the
Trigger Tracker (TT), and three tracking stations (T1–T3);

• the Particle Identification (PID) system, including two Ring Imaging Cherenkov
detectors (RICH1 and RICH2), the Electromagnetic Calorimeter (SPD, PS, and
ECAL), the Hadronic Calorimeter (HCAL), and five muon stations (M1–M5);

Each sub-detector will be described in detail in the following sections.

2.3 The LHCb tracking system
The tracking system of the LHCb experiment is engineered to reconstruct the trajectories
of charged particles and measure their momentum starting from the VELO, situated in
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Chapter 2. The LHCb detector

Figure 2.3: Integrated luminosity collected at LHCb, divided by years of data taking.
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Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.

– 2 –

Figure 2.4: Side view of the LHCb detector in the (y, z) plane. The various sub-detectors are
also shown and labelled.
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2.3. The LHCb tracking system

close proximity to the interaction point. Silicon trackers are employed to capture the
coordinates of particles traveling in close proximity to the beam axis, while the outer
tracker, consisting of straw-tubes, covers the broader acceptance region externally. The
inclusion of a dipole magnet enables the precise measurement of particle’s momentum.

2.3.1 The Vertex Locator

Beauty and charm hadrons, which decay weakly, travel approximately 1 cm within the
LHCb detector before decaying. Consequently, the presence of displaced secondary vertices
is a distinctive characteristic of b- and c-hadron decays. The precise reconstruction of
these vertices at a micro-metric scale is crucial to select signal events while effectively
rejecting the majority of background events. A high spatial resolution is also essential to
conduct time-dependent analyses, relying on the accurate measurement of the particles’
decay time.

The VELO detector [95,96], positioned closest to the interaction point, meets these
requirements with the following key features (see Figure 2.5):

• The resolution on the position of the primary vertex (PV), when reconstructed with
25 tracks, is 71µm along the z-axis (beam direction) and 13µm in the transverse
plane;

• The resolution on the impact parameter (IP) of charged tracks, calculated with
respect to the PV along x or y, is below 35 µm for particles with pT > 1 GeV/c and
decreases asymptotically to 12 µm at high transverse momentum;

• The decay time of heavy-flavoured hadrons is measured with a typical resolution of
about 50 fs;

Comprising 23 modules placed orthogonally to the beam, the VELO detector employs
radiation-tolerant silicon strip sensors, each 300µm thick. Split into left and right parts,
each station measures the radial coordinate and azimuthal angle of charged tracks using
two distinct types of modules, called R and ϕ sensors, respectively. Two stations equipped
solely with radial sensors are positioned upstream of the interaction point to gauge the
number of interactions per collision and provide pile-up information for the trigger.

During LHC injection, the two sides are moved to a safety distance of 3 cm from the
beam, while during collisions of stable beams, they are brought closer to a distance of
only 5mm. The modules are housed in a vacuum vessel separated from the beam vacuum
by a 0.5mm aluminum sheet. A schematic representation of the VELO is illustrated
in Figure 2.6.

2.3.2 The Trigger Tracker

The Trigger Tracker (TT) is a four-layer detection system positioned after the RICH1
sub-detector and before the magnetic dipole, located approximately 2.4 m from the beam
interaction region. The system consists of two stations, TTa and TTb, each containing
two layers, with a separation of about 30 cm. Employing silicon microstrip technology,
the TT uses 500µm thick vertical micro-strips, with pitch of 200µm and lengths up to
38 cm. In the first and fourth layers, the strips are oriented parallel to the vertical axis,
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Figure 2.5: Summary of the performance of the VELO: x, y, and z PV position resolution versus
track multiplicity (top), IP resolution versus 1/pT (bottom left), decay time resolution versus
momentum (bottom right).

while in the second and third layers, they are tilted by +5◦ and −5◦, respectively; this
design, called x–u–v–x, allows both the x and y coordinates of the hits in the detector
(see Figure 2.7) to be reconstructed.

The role of the TT is to supply reference segments, enhancing the resolution of
momentum and trajectory by combining tracks from the VELO and tracking stations,
consequently reducing the occurrence of fake tracks. It also serves the purpose of providing
transverse momentum information of high-pT tracks for the High Level Trigger, as well as
for low-momentum tracks that are bent outside of the detector acceptance before reaching
the tracking stations. The single-hit resolution of the TT during Run 1 was approximately
52 µm with a hit efficiency above 99.7% (as depicted in Fig. 2.8).

2.3.3 The tracking stations

The tracking stations T1, T2, and T3 are positioned behind the magnet, are divided in
two parts that employ different technologies: the Inner Tracker (IT), in the region closer
to the beam pipe, and the Outer Tracker (OT), covering the outer part of the detector.

The IT [97] features silicon micro-strip sensors in four cross-shaped detection layers
(see Figure 2.9, left); in each layer, the top and bottom modules contain one row of seven
sensors, while the left and right modules contain two rows of seven sensors. The sensors
have a pitch of 198µm, providing a single-hit resolution of about 50 µm with an efficiency
above 99.8%, as shown in Figure 2.10. The overall dimensions of the IT sub-detector are
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

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

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

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

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

– 16 –

Figure 2.6: Cross-section in the (x, z) plane of the VELO silicon sensors, at y = 0, with the
detector in the fully closed position. The front face of the first modules is illustrated in both
the closed and open positions. The two pile-up veto stations are located upstream of the VELO
sensors.
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Figure 2.7: Layout of the x-layers of the TTa (left) and TTb (right) stations. Dimensions are
reported in centimeters.
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approximately 1.2m in the bending (x) plane and 40 cm in the vertical (y) plane.
The OT [98] comprises three stations made of four layers arranged in a x–u–v–xlayout;

the total active area of the detector is 5971× 4850mm2 (Figure 2.9, right). Each layer
is made of straw tubes, arranged in two staggered layers of 64 tubes in total, each with
a diameter of 4.9mm and filled with a 70/30% mixture of Argon and CO2 to achieve a
drift time below 50 ns and a drift-coordinate resolution of 205µm. The hit efficiency is
very high for tracks passing close to the center of the straw, while it falls rapidly when a
particle passes closer to the edge of the tube due to the longer drift time, as it can be
seen in Figure 2.11.

2.3.4 The magnet

The magnetic field in the LHCb experiment is generated by a warm dipole magnet [99]
positioned between the (TT) and the first tracking station T1. The magnetic field allows
the momentum of charged particles to be inferred by measuring the bending angle of
tracks before and after the magnet.

The magnet is composed of a 1450 t yoke and two inclined coils weighting 54 t, with a
geometry adapted to the detector acceptance (see Figure 2.12); the maximum magnetic
field strength in the y direction is 1T, and the field integral

∫
B dz over the total detector

length is approximately 4Tm. The polarity of the magnet is regularly flipped during
data acquisition to compensate any left-right asymmetry introduced by the detector, as
positively and negatively charged particles experience opposite deflections. The nominal
current in the coils is 5.85 kA with a peak capacity of 6.6 kA, yielding an electric power
dissipation of 4.2MW.
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Figure 5.23: View of the four IT detector boxes arranged around the LHC beampipe.

Figure 5.24: Layout of an x detection layer in the second IT station.

IT detector modules

An exploded view of a detector module is shown in figure 5.25. The module consists of either one
or two silicon sensors that are connected via a pitch adapter to a front-end readout hybrid. The
sensor(s) and the readout hybrid are all glued onto a flat module support plate. Bias voltage is
provided to the sensor backplane from the strip side through n+ wells that are implanted in the n-
type silicon bulk. A small aluminium insert (minibalcony) that is embedded into the support plate
at the location of the readout hybrid provides the mechanical and thermal interface of the module
to the detector box.

Silicon sensors. Two types of silicon sensors of different thickness, but otherwise identical in
design, are used in the IT.17 They are single-sided p+-on-n sensors, 7.6 cm wide and 11 cm long,
and carry 384 readout strips with a strip pitch of 198 µm. The sensors for one-sensor modules
are 320 µm thick, those for two-sensor modules are 410 µm thick. As explained in section 5.2.4
below, these thicknesses were chosen to ensure sufficiently high signal-to-noise ratios for each
module type while minimising the material budget of the detector.

17The sensors were designed and produced by Hamamatsu Photonics K.K., Hamamatsu City, Japan.
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Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.

5.3.2 Detector technology

Design

The design of the straw-tube module is based on the following requirements:

• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 5.36. The modules are composed
of two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed of individual straw

– 63 –

Figure 2.9: Left: view of one layer of the IT detector, with the four detector modules in a cross
shape aroud the beam pipe. Right: arrangement of the OT modules and layers in cyan, with the
IT stations in purple.
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Figure 2.11: Hit efficiency in the OT modules as a function of the track distance from the center
of the straw.
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Figure 4.1: Perspective view of the LHCb dipole magnet with its current and water connections
(units in mm). The interaction point lies behind the magnet.

coils with respect to the measured mechanical axis of the iron poles with tolerances of several
millimeters. As the main stress on the conductor is of thermal origin, the design choice was to
leave the pancakes of the coils free to slide upon their supports, with only one coil extremity kept
fixed on the symmetry axis, against the iron yoke, where electrical and hydraulic terminations
are located. Finite element models (TOSCA, ANSYS) have been extensively used to investigate
the coils support system with respect to the effect of the electromagnetic and thermal stresses
on the conductor, and the measured displacement of the coils during magnet operation matches
the predicted value quite well. After rolling the magnet into its nominal position, final precise
alignment of the yoke was carried out in order to follow the 3.6 mrad slope of the LHC machine
and its beam. The resolution of the alignment measurements was about 0.2 mm while the magnet
could be aligned to its nominal position with a precision of±2 mm. Details of the measurements of
the dipole parameters are given in table 4.1. A perspective view of the magnet is given in figure 4.1.

The magnet is operated via the Magnet Control System that controls the power supply and
monitors a number of operational parameters (e.g. temperatures, voltages, water flow, mechanical
movements, etc.). A second, fully independent system, the Magnet Safety System (MSS), ensures
the safe operation and acts autonomously by enforcing a discharge of the magnet if critical param-
eters are outside the operating range. The magnet was put into operation and reached its nominal

– 12 –

Figure 2.12: Perspective view of the LHCb dipole magnet.
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2.3.5 Track reconstruction

Track reconstruction [100] involves reconstructing the trajectories of charged particles as
they traverse the tracking system, which includes the VELO, TT, IT, and OT detectors.
Different track types are defined based on their paths through the spectrometer, each
serving specific purposes:

• Long tracks traverse the entire system, providing precise momentum estimates
crucial for physics analyses.

• Upstream tracks pass through VELO and TT, often utilized to understand back-
grounds in RICH1.

• Downstream tracks pass through TT and T stations, aiding in the reconstruction of
long-lived particles such as K0

S and Λ decaying outside VELO’s reach.

• VELO tracks traverse only the VELO, and are useful for primary vertex reconstruc-
tion.

• T tracks pass only through T stations, mainly due to particles produced in secondary
interactions, and are valuable for RICH2 data analysis.

Figure 2.13 illustrates tracks reconstructed in a typical event. The long track reconstruction
starts in the VELO, with two complementary algorithms integrating information from
downstream tracking stations: the track matching algorithm combines VELO tracks with
segments from T stations, while the forward tracking algorithm utilizes VELO and a single
T station hit to determine particle momentum and trajectory. Downstream and upstream
tracks are found by extrapolating T and VELO tracks, respectively, incorporating hits
from TT. The final step involves fitting the tracks using a Kalman filter [101], considering
factors like multiple scattering and energy loss. The quality of the reconstructed track is
assessed by the χ2 per degree of freedom of the fit, and state vectors at specific z-positions
represent the reconstructed tracks. During Run 1 and Run 2, the average tracking efficiency
was above 96%, going slighlty below that only in high-multiplicity events (more than 200
tracks). The relative momentum resolution depends on the particle’s momentum, going
from 0.5% for low-momentum tracks to about 1% for p > 150 GeV/c. The performance of
the tracking algorithm can be seen in Fig. 2.14.

2.4 The LHCb particle identification system
Particle identification is a fundamental task of the LHCb detector, to ensure that the final
states of b- and c-hadron decays are correctly reconstructed. The indentification of pions,
kaons, protons, electrons, photons, and muons is done using informations from the RICH
system, the calorimenters, and the muon stations. We will now describe in detail each one
of these sub-dectectors.

2.4.1 The RICH detectors

The two Ring Imaging Cherenkov (RICH) detectors [102], RICH1 located between the
VELO and the TT, and RICH2 between T3 and the first station of the muon detector,
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strentgh as a function of the distance from the interaction region is shown.
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are dedicated to the discrimination of charged light hadrons. Their structure is presented
in Figure 2.15. Their working principle is based on Cherenkov radiation, which is the
emission of light from a charged particle travelling through a medium with a velocity
greater than the speed of light in that medium. Under this condition, Cherenkov photons
are emitted on a conical wave-front of aperture angle θc, given by

cos θc =
1

βn
, (2.1)

where n is the refractive index of the medium and β the velocity of the particles as a
fraction of the speed of light c. By measuring the Cherenkov angle and combining it
with the momentum of the particle it is then possible to infer the particle mass and thus
identify it.

In order to cover complementary momentum ranges, the two RICH use different
radiators. RICH1 uses two radiators: a 5 cm layer of aerogel (n = 1.03), suitable for low
momentum particles, and fluorobutane (C4F10, n = 1.0014), which fills the remaining
85 cm of the tank and is needed for higher momentum particles; these two radiators
provide π −K discrimination up to 50 GeV/c. The layer of aerogel has been removed
between Run 1 and Run 2. For RICH2, tetrafluoromethane (CF4, n = 1.0005) has been
chosen as radiator, allowing to cover the high momentum range up to 100 GeV/c (and
slighlty above), with a limited angular acceptance of [15, 120] mrad in the horizontal plane
and up to 100mrad in the vertical plane.

Both RICH1 and RICH2 reflect the Cherenkov light with a combination of spherical
and flat mirrors, projecting the photons onto a grid of Hybrid Photon Detectors (HPDs),
located out of the spectrometer acceptance in a region shielded against the residual
magnetic field. The HPDs are vacuum photon detectors where a photon impacting on a
photocathode releases photoelectrons, which are then are accelerated and multiplied by a
voltage of typically 10 to 20 kV onto a silicon detector.

Figure 2.16 shows the dependence of the Cherenkov angle on the momentum for
different particles. The angular resolution of the two detectors was measured to be
(1.618 ± 0.002)mrad for RICH1 and (0.68 ± 0.02)mrad for RICH2. Due to resolution
effects, the presence of photons coming from other particles in the event, and the complexity
of the problem, a dedicated algorithm is adopted to obtain optimal performances [103].
The first step is assigning the pion mass hypothesis to all reconstructed tracks in the event,
since the most abundant particles produced in pp collisions are pions. Then, a global event
likelihood is computed from the distributions of the photon yield of each track under this
first hypothesis. After that, the particle hypotheses are changed, one track at a time, to
one of the other possible choices (K, p) while leaving all other particles unchanged. The
particle type which yields the largest increase in the global likelihood is identified, and
the corresponding mass hypothesis is set for that track. The procedure is repeated for all
tracks, until no significant change in the event likelihood is observed.

After the optimal configuration of particle types has been found, PID variables are
computed to be stored and used during the analysis to select final-state particles. For
each particle in an event, the following DLL variables are defined:

DLLKπ(h) = logLK(h)− logLπ(h), (2.2)
DLLpπ(h) = logLp(h)− logLπ(h), (2.3)
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ∼8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.
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Figure 6.4: (a) Top view schematic of the RICH 2 detector. (b) A schematic layout of the RICH 2
detector. (c) A photograph of RICH 2 with the entrance window removed.

shielding is accommodated. To shorten the overall length of the detector, the reflected images
from tilted spherical mirrors are reflected by flat secondary mirrors onto the detector planes.
The requirement that the photon detectors are situated outside the full LHCb acceptance
defines the lateral dimensions of the detector. The total radiation length of RICH 2, including
the gas radiator, is about 0.15 X0.

• the lower angular acceptance of the RICH 2 detector, 15 mrad, is limited by the necessary
clearance of 45 mm around the beampipe. This distance is required to accommodate the
heating jacket and thermal insulation which is required for the bakeout of the vacuum cham-
ber (chapter 3). To gain mechanical stability of RICH 2 and minimize the material in the
acceptance of the spectrometer, the detector does not split in two halves along the x = 0
plane.

• as for RICH 1, the HPDs are located in large iron boxes in order to be shielded from the
fringe field of the LHCb dipole.

Optical system

The final adjustment of the optical layout of RICH 2 has been performed with the aid of simulation,
in a similar way to that described in section 6.1.1. This involves defining the position and radius
of curvature of the two spherical mirror planes, the position of the two flat mirror planes, and
the position of the two photon detector planes. The smearing of the reconstructed Cherenkov angle
distribution provides a measure of the quality of the focusing. The RMS of the emission-point error
should be small compared to the other contributions to the Cherenkov angle resolution such as the
pixelization of the photon detectors and the chromatic dispersion of the radiator. The latter effect is
the limiting factor for the resolution in RICH 2, and corresponds to an uncertainty of 0.42 mrad on
the Cherenkov angle per photon [91]. The optical elements of RICH 2 must therefore be set such
that the emission-point error is small compared to this value.

The parameters resulting from the optimization procedure have been adopted for the engi-
neering design of RICH 2. The spherical mirrors have radius of curvature 8600 mm with centres of
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Figure 2.15: Side view of the (left) RICH1 detector and (right) RICH2 detector.

meaning that a negative value of the DLL represent a higher chance of the particle being
a pion, and either a kaon or a proton otherwise. The performances of the DLL variables
for pion, kaons and protons are reported in Figure 2.17.

2.4.2 The calorimeters

The LHCb calorimeter system [104] identifies hadrons, electrons, and photons while
providing information on their transverse energy or momentum fast enough to be used at
the first stage of the trigger. The calorimeter system is placed between the first and the
second muon station and is composed of a scintillating pad detector (SPD), a thin lead
converter, a preshower (PS), an electromagnetic calorimeter (ECAL) and an hadronic
calorimeter (HCAL), each one of them made of alternating layers of scintillating and
absorbing material. Upon hitting the absorbing material, particles lose energy and produce
electromagnetic or hadronic cascades which excite the molecules of the scintillating
material, that in turn emit electromagnetic radiation in an amount proportional to
the initial energy of the impinging particle. The light is carried away by optical fibres
with wavelength-shifting (WLS) properties to photon detectors, respectively multi-anode
photomultipliers (MAPMTs) in the SPD and PS and phototubes in ECAL and HCAL.
The WLS is needed to shift the wavelength of the radiation such that the light reaching
the PMT is at the optimal wavelength for collection. Since the hit density varies by two
orders of magnitude over the surface of the calorimeters, they are split in cells with a
variable lateral segmentation, as shown in Figure 2.18; ECAL and SPD/PS are divided
into three different sections, HCAL in two.

The SPD/PS system consists of a 15mm thick (2.5 radiation lengths, X0) lead con-
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Figure 2.16: Reconstructed Cherenkov angle as a function of particle momentum in RICH1 for µ,
π, K and p. The data was collected using only isolated tracks, for which the photon rings can be
clearly reconstructed.

verter sandwiched between two planes of 15mm polystyrene-based scintillating pads.
The SPD allows charged and neutral particles to be distinguished, since only charged
particles produce light in the scintillator material, providing π0 background rejection. The
discrimination of charged pions from electrons is enhanced by the PS, where the latter
release a larger amount of energy with respect of the former. The sensitive area of these
two detectors is 7.6× 6.2m2.

In the beam direction, the ECAL is made of 66 modules of 2mm of lead followed
by 4mm thick scintillator tiles, amounting to a total of 25 X0, sufficient for a full
containment of the electromagnetic showers. The energy resolution of the ECAL is given
by (see Figure 2.19)

σ(E)

E
=

(13.5± 0.7)%√
E

⊕ (0.320± 0.030)

E
⊕ (5.2± 0.1)% (2.4)

where E is expressed in GeV and ⊕ indicates a sum in quadrature.
Since the trigger requirements for HCAL are not as stringent as those for ECAL,

the total thickness of the HCAL is 1.2m due to space limitations, corresponding to 5.6
interaction lengths; The HCAL alternates 4mm scintillator planes to 16mm iron plates,
with the special feature of having the scintillating tiles installed parallel to the beam, to
enhance light collection. The energy resolution of the HCAL (see Figure 2.19) is

σ(E)

E
=

(69± 5)%√
E

⊕ (9± 2)%, (2.5)

with E expressed in GeV.
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Figure 2.17: Efficiencies of correctly and incorrectly identifying hadrons from the RICH detec-
tors while requiring different values of the DLL variables (described in the text). Top left: K
identification and π −K misidentification. Top right: p identification and π − p misidentification.
Bottom: p identification and K − p misidentification.

With the use of the informations coming from the SPD and PS, the calorimeter system
is able to provide γ/π0 discrimination, as shown in Figure 2.20. In addition, similarly
to what happens for RICH, a DLL variable is defined in order to discriminate between
hadrons and electrons, which gets information from the ECAL, the HCAL and the PS
and correlates it with the momentum of the track, obtaining a likelihood for the electron
and hadron hypothesis:

DLLCALO
eh = DLLECAL

eh +DLLHCAL
eh +DLLPS

eh . (2.6)

The performance of DLLCALO
eh is illustrated in Figure 2.21; for example, by requiring

DLLCALO
eh > 2, an electron efficiency of 90% can be achieved while keeping the e→ h

mis-identification rate below 3%.

2.4.3 The muon system

The muon identification system of the LHCb experiment [105] is a crucial component
designed to accurately identify and track muons, playing a pivotal role in the L0 trigger
of the experiment. Comprising five stations (M1-M5) of rectangular shape, this system
employs advanced detectors and strategic placement along the beam axis to ensure
comprehensive coverage and effective identification of muons.
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Figure 2.18: Lateral segmentation of one quarter of the (left) SPD, PS, and ECAL and (right)
HCAL. The cell dimension must be reduced by about 1.5% for SPD and PS.
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Figure 6.36: The average signal pulse shape of 30 GeV electrons in tile layers at different depths.

Another important feature of the HCAL is its signal timing properties. A precise signal shape
measurement has been done with an electron beam of 30 GeV hitting layers of tiles at different
depths. For this purpose the HCAL modules have been rotated by 90◦ and moved transversely with
respect to beam line. Average pulse shapes of the detected signals are shown in figure 6.36. The
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Figure 2.19: Energy resolution of (left) ECAL and (right) HCAL.
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Figure 2.20: Photon identification efficiency as a function of π0 rejection efficiency measured from
simulation (red) and data (blue).
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Figure 2.21: Electron identification rate (left) and e→ h mis-identification (right) as a function
of momentum, for different requirements on DLLCALO

eh .

The full muon system spans a total area of 435m2 and consists of 1380 chambers.
Stations M2 to M5 are strategically positioned downstream of the calorimeters and are
interspersed with 80 cm thick iron absorbers. This arrangement serves the dual purpose
of selecting penetrating muons and enhancing the efficiency of muon identification. The
minimum momentum required for a muon to traverse all five stations is approximately
6 GeV/c, considering a total absorber thickness of approximately 20 interaction lengths,
including the calorimeters.

Station M1, located in front of the calorimeters, plays a crucial role in improving the
transverse momentum measurement in the first level hardware trigger. The geometry of
the five stations is projective, meaning that the transverse dimensions of each station scale
with the distance from the interaction point. This projective geometry ensures optimal
coverage and sensitivity across the entire angular spectrum.

The detection elements primarily consist of Multi-Wire Proportional Chambers
(MWPC), with the exception of the highest rate region in M1, where triple Gas Electron
Multiplier (GEM) detectors are employed. The choice of detectors is carefully calibrated
to meet the specific demands of different regions within the muon system.

The detectors provide space point measurements of the muon tracks, supplying a binary
yes/no decision to both the trigger processor and the Data Acquisition (DAQ) system.
The system achieves this by partitioning the detectors into rectangular logical pads, and
the dimensions of these pads define the (x, y) resolution in the plane perpendicular to the
beam axis.

Each station is further divided into four regions (R1 to R4) with increasing distance
from the beam axis. The linear dimensions of these regions and their segmentation follow
a specific ratio (1:2:4:8), ensuring that the channel occupancies are comparable across each
region of a given station (see Fig. 2.22). This design approach optimizes the performance
and reliability of the muon identification system.

The majority of the muon chambers are equipped with MWPC using Ar/CO2/CF4

(40/55/5 %) as the gas mixture. Only the inner part of the first station (M1) is instrumented
with triple-GEM detectors filled with Ar/CO2/CF4 (45/15/40 %).

Each muon station is designed to operate with an efficiency above 99% in a 20 ns time
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chamberelectronicsandthe trigger proces-
sor from 55,296to 25,920.Thecrossingof
thestripsis performedby thetriggerproces-
sor. Stripsareemployedin stationsM2–M5.
Thedimensionsof thehorizontalandverti-
cal stripsarelimited by the logical channel
occupancy.

Becauseof theveryhighparticleratesin sta-
tion M1, strip readoutis not possiblethere.
Similarly, in region R1 of stationsM4 and
M5 the intermediatestepof stripsis not re-
alized,as the reductionin logical channels
wouldbeinsignificant.

2. Logical channels– physicalchannels:
Thechamberelementreadoutby onefront-
endchannelis referedto asphysicalchan-
nel in the following. Themaximumsizeof
the physicalchannelsis constrainedby the
requirementsfor efficient operationof the
chambers,discussedin Section2. Therefore
in generalphysicalchannelsaresmallerthan
logical channels.Physicalpadreadoutpro-
viding aspacepoint is preferred,wherepos-
sible,asthis doesnot requiretheadditional
logical AND of the two coordinatesin anx
andy strip readoutof thechamberandsub-
sequentloss of efficiency. This schemeis

3

Figure 7 Side view of the muon systemin the y¦ z
plane

2.4.2 Chamber arrangement

Thechosenchamberheightsof 20–30cmmatches
the requiredy-granularity in region R4. In the
caseof MWPCs,this allows theuseof theanode-
wire readout,which provides a factor two larger
pulseheight than the cathodesignaland thus al-
lows larger input capacitances.Moreover, con-
structingall chamberswith thesameheightin one
stationavoids complicationsin theboundaryarea
betweendifferent regions. The chamberlengths
area consequenceof theaim to have thesmallest
possiblenumberof differentchambertypeswithin
eachstation.For region R4,chamberconstruction
issueslimited thechamberlength.

Thesamechamberdimensionshave beencho-
senfor MWPCsandRPCs. Although the bound-
arybetweenthetwo technologieshasbeendefined,
having the samechamberdimensionsmakes one
technologythe backupfor the other in somere-
gionsof themuonsystem.

At the centreof eachstationwill be a 44mm
(42mmin M1) thick Aluminium chamber-support

structure.Thechambersarepositionedat four dif-
ferent z positionsrelative to this support,z1§ 2 in
front and z3§ 4 behind. All chambersin the same
horizontalrow areeitherin front of, or behindthe
support. The chamberswill be arrangedas indi-
catedin Figures7, 8 and9, wherethreeviews of
themuonsystemareshown.

The positioningof the chambersin the x � y
planewithin a stationis donein sucha way asto
preserveasmuchaspossiblethefull projectivity of
thelogical layout. This is mandatoryfor a correct
executionof theL0-muontriggeralgorithmandto
minimisethegeometricalclustersizeandgeomet-
rical inefficienciesat the boundaryof the cham-
bers. The logical layout is definedat the central
planeof the stationandthesensitive areaof each
chamberis sizedas if it were at this plane. The
x- andy-positionsof the centresof eachchamber
within astationareobtainedsimplyby positioning
eachchambercentreso that it projectsfrom the
interactionpoint (IP) to its positionin the logical
layoutat thecentralplaneof thestation. In doing
so, the chambersat positionsz1§ 2 will overlap in
x with their neighbours.The overlap however is
alwayslessthanhalf of onelogical channel.Sim-
ilarly, theholesintroducedbetweenthechambers
at positionsz3 § 4 aresmall, andarefurther limited
by thethicknessof thechambersof £ 75mm in z.
Viewedfrom the interactionpoint the total lossin
angularacceptanceis lessthan0.1%. The corre-
spondingy-overlapsarenegligible dueto thesmall
y-dimensionsof thechambers.

13

Figure 2.22: Left: front view of one stations of the muon system, where the segmentation in four
regions can be seen. Right: side view of the muon system in the (y, z) plane.

window, maintaining a noise rate below 1 kHz per physical channel. These performance
criteria were successfully achieved during operation, as documented in [106]. Overall, the
LHCb muon identification system stands as a sophisticated and reliable tool for the precise
identification and tracking of muons in the demanding environment of high-energy particle
collisions.

The muon identification procedure [107] is divided in three steps. The first step, which
is based on the penetration of a candidate into the muon system, produces a binary
variable called IsMuon; the higher the momentum of the track, the higher the number
of stations traversed that are required to provide a positive decision. The second step
is the computation of a likelihodd for the muon and non-muon hypothesis, taking into
account the pattern of the hits around the tracks extrapolated from the tracking system
to the muon chambers; the logarithm of the ratio between the muon and non-muon
hypotheses, called, muDLL, is used as discriminating variable. Finally, a combination of all
the informations from the RICH, the calorimenters and the muon stations is combined
to provide DLL variables for electron, muon, kaons, and protons, as they were defined
in Eqs. (2.2) and (2.3). The performances of IsMuon and muDLL are illustrated in Fig. 2.23.

2.5 The LHCb trigger
The trigger algorithm of the LHCb experiment is a sophisticated system designed to
efficiently select and record relevant events for physics analysis, operating within the
challenging environment of the LHC. The LHCb experiment operated, during Run 1 and
Run 2, at an average luminosity of 2× 1032 cm−2 s−1, significantly lower than the LHC’s
maximum design luminosity. This deliberate choice not only makes radiation damage more
manageable but also ensures that the number of interactions per crossing is dominated by
single interactions, simplifying triggering and reconstruction processes with low channel

45



Chapter 2. The LHCb detector

Momentum [GeV/c]
0 20 40 60 80 100

IMε

0.75

0.8

0.85

0.9

0.95

1

1.05

IsMuon

muDLL>1.74

muDLL>2.25

LHCb
(a)

Momentum [GeV/c]
0 20 40 60 80 100

)µ
→

(p
IM

℘

0

0.005

0.01

0.015

0.02

0.025

0.03
LHCb

(b)

Momentum [GeV/c]
0 20 40 60 80 100

)µ
→π(

IM
℘

-310

-210

-110 LHCb
(c)

Momentum [GeV/c]
0 20 40 60 80 100

)µ
→

(K
IM

℘

-310

-210

-110 LHCb
(d)

Figure 2.23: Muon identification efficiency (a) and misidentification efficiencies for protons (b),
pions (c), and kaons (d) as a function of the track momentum. The efficiencies after requiring
IsMuon and with the addition of muDLL > 1.74 and muDLL > 2.25 are shown.

occupancy.
To achieve the necessary reduction in event rate from the initial frequency of about

10MHz to a few hundred Hz, the LHCb trigger [108–110] employs a three-level hierarchical
system: Level-0 (L0), High Level Trigger 1 (HLT1), and High Level Trigger 2 (HLT2).
L0, implemented in custom electronics, operates on the hardware level and relies on
information from the calorimeter and muon systems to make rapid decisions, reducing
the event rate to below 1MHz, allowing the entire detector to be read out. The HLT1
runs on a cluster of CPUs, called the Event Filter Farm (EFF), to perform a partial event
reconstruction and select candidates, reducing the input rate to around 40 kHz after the
first stage. After that, HLT2 runs a more complete reconstruction and applies a final
selection before saving the event to storage, with a final output rate of 2-5 kHz. We will
now describe in more detail each stage of the trigger.
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Figure 2.24: Performance of the Level-0 (left) muon trigger and (right) hadron trigger as a
function of transverse momentum.

2.5.1 Level-0 trigger

The L0 trigger consists of three independent units: the Calorimeter trigger, the Muon
trigger, and the Pile-Up trigger. Operating synchronously with the 40MHz bunch crossing
rate of the LHC, they help identifying the distinctive features of b-hadron decays, i.e.
leptons, hadrons, or photons with a high transverse momentum.

Calorimeter trigger High-ET deposits are searched for in the calorimeter system by
inspecting clusters formed by 2×2 cells, large enough to contain most of the shower’s
energy but small enough to avoid overlap between different particles. The total ET

deposited in the HCAL and the SPD multiplicity is computed at this stage; the
latter is also used to reject event with no visible interactions. Different particle types
(e, γ, h) can be identified using informations from the SPD, PS, and the calorimeters;
this way, three different types of candidates are built: L0Hadron is the cluster with
the highest ET in the HCAL; L0Photon is the cluster wit the highest ET in the
ECAL with corresponding hits in the PS and no hit in the SPD; L0Electron has
the same requirement as L0Photon, with the addition of hits in the SPD as well.
The ET deposit in each cluster is computed, and the trigger fires only if there is at
least one candidate above a certain threshold in the event.

Muon trigger High-pT tracks in the muon stations are searched for, by subdividing the
detector in 192 towers pointing to the interaction region. The two tracks with the
highest pT in each quadrant of the system are identified, and a selection is applied
based on the highest pT (L0Muon) or on the product plargest

T p2nd largest
T (L0DiMuon).

Pile-Up trigger This part of the trigger employs the upstream stations of the VELO
(see Fig. 2.6) to veto empty-beam (eb) bunch crossings, where no particles are
produced in the detector acceptance, and to get a rough estimate of the event
multiplicity, both for triggering and luminosity measurement purposes [111].

The performances of the L0 muon and hadron triggers are shown in Fig. 2.24
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Figure 2.25: Left: HLT1 efficiencies of selected D and B decays. Right: HLT1 muon trigger
efficiency from B+→ J/ψK+ decays as a function of B+ pT.

2.5.2 High Level Trigger 1

When events are accepted by the L0 trigger, they are transmitted to the EFF, where
they are further scrutinised by the High Level Trigger, which is designed to efficiently
process and reduce the event rate, ensuring that only the most relevant events are stored
for subsequent analysis.

The reconstruction algorithms used in the HLT are similar to those employed offline,
with some simplifications necessary to meet the stringent time constraints. For example,
the VELO reconstruction algorithm, which performs a full 3D pattern recognition, is
adapted to run on all events entering the HLT, meaning that certain offline-specific features,
such as a second pass on unused hits to enhance efficiency for tracks pointing away from
the beam-line, are omitted due to CPU constraints. The HLT1 employs various criteria
to select VELO tracks, limiting their number and applying quality cuts based on the
impact parameter (IP) and expected number of hits. In cases where muon identification is
required, a fast muon identification algorithm is also applied.

The HLT1 trigger algortihms (also called lines) cover a range of physics channels,
including inclusive beauty and charm triggers, single and dimuon triggers, and specific
triggers for high transverse momentum electrons, di-protons, displaced vertices, or high ET
jets. Each trigger line consists of a sequence of reconstruction algorithms and selections,
returning an accept or reject decision. Additionally, the HLT includes lines dedicated
to luminosity measurements, physics triggers with looser cuts, low multiplicity events,
large transverse momentum jets, and various monitoring and calibration purposes. The
performances of a selection of HLT1 lines as a function of particle kinematics are shown
in Fig. 2.25.

Of particular interest for the analysis presented in this document are the lines
Hlt1TrackAllL0 for Run 1 and Hlt1TrackMVA for Run 2: they are general-purpose
lines for selecting hadrons that are significantly displaced from the PV. The requirements
of these two lines are reported in Table 2.1
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Table 2.1: Requirements of the (top) Hlt1TrackAllL0 and (bottom) Hlt1TrackMVA trigger lines,
running respectively during Run 1 and Run 2. The value of C varied between 1.1 and 1.2
throughout the years.

Hlt1TrackAllL0

Variable Cut

Track IP > 0.1mm
VELO hits/track > 9

Missed VELO hits/track < 3
OT+IT hits/track > 16

Track χ2
IP > 16

Track pT > 1.8 GeV/c
Track p > 10 GeV/c

Track χ2/ndf < 2.5

Hlt1TrackMVA

Variable Cut

pT ∈ [1, 25] GeV/c
min(χ2

IP) > 7.4
Track χ2/ndf < 2.5
GhostProb < 0.2 (added in 2016)

log

(
χ2
IP

7.4

)
>

1

(pT − 1)2
+
C

25
(25− pT) (pT in GeV/c)

2.5.3 High Level Trigger 2

The second level of the High Level Trigger follows the initial reduction of events rate
achieved by HLT1. Operating on an event rate of about 43 kHz, HLT2 performs more
detailed reconstruction, focusing on specific physics goals of the LHCb experiment. In the
HLT2 stage, forward tracking of all (VELO) tracks is feasible given the reduced event
rate, but while offline reconstruction employs two tracking algorithms, HLT2 simplifies by
using an algorithm based only on VELO seeds. This simplification, however, leads to a
lower tracking efficiency of 1-2% per track compared to offline reconstruction. The search
is further limited to tracks with momenta greater than 5 GeV/c and transverse momenta
greater than 0.5 GeV/c, effectively reducing the search windows to manage processing time.
Muon identification in HLT2 involves applying the offline muon identification algorithm
to all tracks from the forward tracking. Tracks are also associated with ECAL clusters
to identify electrons. During Run 2 PID requirements for hadrons, determined from the
information provided by the RICH detectors, were also exploited in the HLT2 algorithms.

The output rate of HLT2, set at 3 kHz, encompasses various trigger lines, with a
significant portion dedicated to "topological" trigger lines designed to inclusively capture
b- and c-hadron decays, targeting hadrons with at least two charged particles in the final
state and a displaced decay vertex. The topological trigger lines make decisions based
on combinations of 2, 3, or 4 “Topo-Tracks”, which are a subset of HLT2 tracks with
additional requirements on track fit quality, impact parameter (IP), and muon or electron
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identification. N-body candidates are constructed based on the distance of closest approach
(DOCA) between Topo-Tracks. The mass window is defined based on the corrected mass,
defined as

mcorr =

√
m2 + |pTmiss|2 + |pTmiss|, (2.7)

where pTmiss is the missing energy in the transverse direction with respect to the flight
direction of the B meson. This variable allows for inclusive selections without a loose mass
window.

Together with topological or inclusive lines, HLT2 also contains exclusive trigger lines
designed for specific physics goals. For example most c-hadron decays, for which the rate
would exceed the allowance of an inclusive line, are selected by defining exclusive lines
tailored for each decay. These lines apply stringent cuts on invariant mass and angles to
ensure exclusive selections. Specific lines, such as those for D∗+→ D0π+, can be selected
inclusively, while others, targeting hadronic two-body and three-body decays, require full
reconstruction of decay products. The selection efficiency of a handful of HLT2 lines can
be seen in Fig. 2.26.

Additionally, HLT2 incorporates various exclusive and technical trigger lines for
specialized purposes, including luminosity measurements, prescaled physics lines, low
multiplicity events, and monitoring for quality feedback on the data. These lines contribute
to the overall flexibility and efficiency of the LHCb trigger system, ensuring that a diverse
range of physics processes is captured for subsequent analysis. For the scope of this thesis,
a dedicated HLT2 line was developed to identify and select Hb→ h+h′− decays. More
details on the algorithm sequence and applied requirements are provided in Section 3.2
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Figure 2.26: Efficiencies of selected HLT2 lines as a function of pT: beauty lines (top left), J/ψ
lines (top right), and charm lines (bottom).

51



Chapter 2. The LHCb detector

52



Chapter 3
Measurement of ACP (pK−) and ACP (pπ−)

In this chapter, the procedure to extract the CP asymmetries of Λ0
b→ pK− and Λ0

b→ pπ−

decays from the Run 1 and 2 dataset collected by the LHCb experiment is described.

3.1 Analysis strategy
The direct CP asymmetries in Λ0

b→ pK− and Λ0
b→ pπ− decays are defined as

ACP (pK
−) ≡ Γ(Λ0

b→ pK−)− Γ(Λ0
b→ pK+)

Γ(Λ0
b→ pK−) + Γ(Λ0

b→ pK+)
, (3.1)

ACP (pπ
−) ≡ Γ(Λ0

b→ pπ−)− Γ(Λ0
b→ pπ+)

Γ(Λ0
b→ pπ−) + Γ(Λ0

b→ pπ+)
, (3.2)

where Γ is the instantaneous decay rate of the process between parentheses. From the
experimental point of view the CP asymmetries can be expressed as the sum of various
contributions

ACP (pK
−) ≈ Araw(pK

−)−AD(p)−AD(K
−)−APID(pK

−)−AP(Λ
0
b)−Atrig(pK

−), (3.3)
ACP (pπ

−) ≈ Araw(pπ
−)− AD(p)− AD(π

−)− APID(pπ
−)− AP(Λ

0
b)− Atrig(pπ

−), (3.4)

where Araw(pK
−) and Araw(pπ

−) are the raw asymmetries between the yields observed
in data of the two charge-conjugated modes for the Λ0

b→ pK− and Λ0
b→ pπ− decays,

respectively. The other terms appearing in Eqs. (3.3) and (3.4) are nuisance asymmetries
introduced by experimental effects: AD(h) is the detection asymmetry for a given hadron,
with h ∈ {K, π, p}, APID(ph) are the asymmetries due to the particle identification (PID)
requirements imposed on the final-state particles, AP(Λ

0
b) is the Λ0

b production asymmetry,
arising from the different production cross-sections of Λ0

b and Λ0
b baryons, and Atrig(ph) are

the asymmetries introduced by the requirements imposed by the L0 and HLT1 triggers.
The raw asymmetries are measured by means of a simultaneous maximum-likelihood

fit to the invariant mass of the eight final-state samples in which the data are divided using
PID requirements: K+π−, π+K−, K+K−, π+π−, pK−, K+p, pπ+, and π+p. Fitting the
eight spectra simultaneously is needed to determine the contamination of mis-identified
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B→ h+h′− decays. The raw asymmetries are defined as

Araw(pK
−) =

N(Λ0
b → pK−)−N(Λ0

b → pK+)

N(Λ0
b → pK−) +N(Λ0

b → pK+)
, (3.5)

Araw(pπ
−) =

N(Λ0
b → pπ−)−N(Λ0

b → pπ+)

N(Λ0
b → pπ−) +N(Λ0

b → pπ+)
, (3.6)

where N is the signal yield of a given decay mode as determined from the fits. The selection
of the events will be described in Section 3.2, including the trigger and offline cuts, as well
as the description of the simulated samples used for the analysis. The calibration of the
Particle Identification (PID) performances, needed to correctly treat the contamination
from cross-feed decays and the potential impact on the raw asymmetries, is described
in Section 3.3. The models used to fit the data, covering all signal and background
components, are described in Section 3.4. A multivariate BDT classfier is employed to
further improve the purity of the sample, and a simultaneous optimization of the BDT and
PID cuts is performed to achieve the best sensitivity on the CP asymmetries, as will be
described in Section 3.5. In Section 3.6, more refinements of the mass models are presented,
as needed to take into account the effect of the optimised selection. The final results of
the fitting procedure are presented and discussed in Section 3.7, while the discussion of
the systematic uncertainties related to the fit model is reported in Section 3.8.

The detection asymmetry for a particle h can be written as

AD(h
+) ≡ εdet(h

+)− εdet(h−)
εdet(h+) + εdet(h−)

, (3.7)

where εdet(h±) is the detection efficiency of a positive or negative particle. This analysis
requires measuring three different asymmetries:

• the proton detection asymmetry, AD(p), that is determined by means of the same
strategy used in Ref. [112] relying on fully simulated events and validated with data;

• the kaon detection asymmetry, AD(K
−), is determined by correcting for the π

detection asymmetry the K+π− detection asymmetry. The latter is measured using
D+→ K−π+π+ and D+→ K0

Sπ
+ decays as described in Refs. [113,114];

• the pion detection asymmetry, AD(π
−), is taken from two independent studies for

Run 1 and Run 2: the former was performed in Ref. [115] by studying partially
reconstructed D∗+→ (D0→ K−π+π−π+)π+ decays, while the latter comes from
studies on D∗→ (D0→ K0

Sπ
+π−)π+ decays done in Ref. [116];

all these measurements will be presented in Section 3.9.
The PID asymmetries are defined as

APID(pK
−) ≡ εPID(pK

−)− εPID(pK+)

εPID(pK−) + εPID(pK+)
, (3.8)

APID(pπ
−) ≡ εPID(pπ

−)− εPID(pπ+)

εPID(pπ−) + εPID(pπ+)
, (3.9)

where the PID efficiencies ϵPID are those obtained from the PID calibration procedure
described in Section 3.3. The efficiency evaluation for the Λ0

b→ ph− sample is presented
in Section 3.10.
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3.1. Analysis strategy

The trigger asymmetry is the sum of the L0 and HLT1 trigger asymmetries. When
particles are responsible for the affirmative decision of a trigger algorithm (TOS or
Trigger On Signal), the induced asymmetry is determined using inclusive samples of
Λ0

b→ Λ+
c (pK

−π+)µ−νµX (for protons) andB+→ D0(K−π+)µ−νµX decays (for kaons and
pions). When the trigger algorithms select an event independently on the signal candidates
(TIS or Trigger Independent from Signal) the induced asymmetry is calibrated by
means of B+→ J/ψ(µ+µ−)K+ decays. The procedure used to determine these corrections
is described in Section 3.11.

The production asymmetry of the Λ0
b baryon was only measured directly in Run 1,

and since it is expected to decrease with increasing colliding energies, it can only be used
on the Run 1 sample, for which the results are reported in Section 3.12. To remove the
contribution from the Λ0

b production asymmetry in the Run 2 dataset, a control sample of
Λ0

b→ (Λ+
c → pK−π+)π− decays is used. The raw asymmetry for this decay can be written

as

Araw(Λ
0
b→ Λ+

c π
−) ≈ ACP (Λ

0
b→ Λ+

c π
−) + AD(p) + AD(K

−) + AD(π
+)

+ AD(π
−) + APID(pK

−π+π−) + AP(Λ
0
b) + Atrig(pK

−π+π−), (3.10)

where the detection, PID, and trigger asymmetries will be measured with the methods just
introduced and presented in Section 3.13. The CP asymmetry of the Λ0

b→ Λ+
c π

− decay,
being a Cabibbo-favoured decay, is expected to be compatible with 0 to a precision much
higher than the statistical power of this analysis, therefore we can neglect it in Eq. (3.10).
The integrated value of AP(Λ

0
b) is expected to differ between the Λ0

b→ ph− and Λ0
b→ Λ+

c π
−

samples, since it was shown in Ref. [112] that it depends at least on the pseudorapidity
of the baryon. Therefore, we will perform a reweighting of the Λ0

b → Λ+
c π

− sample to
equalise the momentum and pseudorapidity distributions to those of the Λ0

b→ ph− sample.
Everything considered, we can then combine Eq. (3.10) with Eqs. (3.3) and (3.4) to obtain
ACP (pK

−) and ACP (pπ
−):

ACP (pK
−) ≈Araw(pK

−)− AD(p|Λ0
b→ pK−)− AD(K

−|Λ0
b→ pK−)

− APID(pK
−)− Atrig(pK

−)− Araw(Λ
0
b→ Λ+

c π
−) + AD(p|Λ0

b→ Λ+
c π

−)

+ AD(K
−|Λ+

c → pK−π+) + AD(π
+|Λ+

c → pK−π+)

+ AD(π
−|Λ0

b→ Λ+
c π

−) + APID(Λ
0
b→ Λ+

c π
−) + Atrig(Λ

0
b→ Λ+

c π
−), (3.11)

ACP (pπ
−) ≈Araw(pπ

−)− AD(p|Λ0
b→ pπ−)− AD(K

−|Λ0
b→ pπ−)

− APID(pπ
−)− Atrig(pπ

−)− Araw(Λ
0
b→ Λ+

c π
−) + AD(p|Λ0

b→ Λ+
c π

−)

+ AD(K
−|Λ+

c → pK−π+) + AD(π
+|Λ+

c → pK−π+)

+ AD(π
−|Λ0

b→ Λ+
c π

−) + APID(Λ
0
b→ Λ+

c π
−) + Atrig(Λ

0
b→ Λ+

c π
−), (3.12)

where we introduced the notation AD(h
±|Λ0

b→ f) to indicate the detection asymmetry of
a particle h± measured on the sample Λ0

b→ f .
As the reader may have noted, some of the samples used to determine the nuisance

asymmetries are used multiple times, hence there are relevant correlations among the
various corrections that must be taken into account. The procedure to do so, based on
running a high number of pseudexperiments, is described in Section 3.14.

Finally, in Section 3.15, the final results for the CP asymmetries are presented and
discussed. The measurement is carried out for the total sample as well as divided by
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Table 3.1: Total integrated luminosity corresponding to the pp collisions collected by LHCb,
separated by year and magnet polarity. The corresponding centre-of-mass energy at which
collisions occurred in each year are also reported.

Year of data taking 2011 2012 2015 2016 2017 2018
√
s [ TeV ] 7 8 13 13 13 13

Integrated Luminosity [fb−1] 1.11 2.08 0.29 1.63 1.47 2.02

data-taking year and magnet polarity, in order to check that the value of ACP is consistent
across the subsamples, proving the robustness of the analysis method.

3.2 Data set and event selection
The data used in this analysis is taken from the pp collisions collected with the LHCb
detector during the Run 1 (2011 and 2012) and Run 2 (2015, 2016, 2017, and 2018) of the
LHC. The collisions occured at different centre-of-mass energies (

√
s = 7, 8 and 13TeV) in

different data-taking periods, corresponding to a total integrated luminosity corresponding
to about 9 fb−1. In Tab. 3.1, the breakdown of the centre-of-mass energies and total
collected luminosities, separated by year of data taking, is presented.

3.2.1 Stripping preselection

The collected sample is firstly filtered with a preselection (also called stripping) named
StrippingB2HHBDT, aiming at retaining as much signals as possible while reducing the
total sample size to a manageable level. The StrippingB2HHBDT algorithm combines pairs
of oppositely charged tracks in order to form Hb→ h+h′− candidates, where the pion mass
hypothesis is assumed for the final-state particles. For historical reasons, small differences
are present between the requirements applied by the algorithm used during Run 1 and
Run 2. In both versions, only good-quality tracks, i.e. with small normalised χ2 (χ2/ndf)
and small probability to be a ghost track (GhostProb), are used. Then, those with large
transverse momentum (pT) and incompatible to come from any of the primary pp-collision
vertices (primary vertices or PVs) are retained for the next steps. The incompatibility
for a track to come from any PV is obtained requiring large impact parameter (dIP) with
respect to all the PVs for Run 1 data, while for Run 2 data, the same effect is obtained
by requiring a large χ2

IP
1. For Run 1 data, pairs of tracks with a small distance of closest

approach (dCA) are fitted to a common vertex in order to form the Hb candidate, while
for Run 2 data a small normalised χ2 for the hypothesis of the two tracks to come from
the same vertex is used (χ2

DOCA/ndf) in addition to requiring a large scalar sum of the pT
of the two tracks (p+T + p−T). For the Run 1 preselection, only the candidates with a large
transverse momentum pHb

T , a small impact parameter with respect to the associated PV

1The χ2
IP is defined as the difference in the vertex-fit χ2 of a given PV reconstructed with and without

the track under consideration.
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Table 3.2: Summary of the values of the requirements used to form the Hb→ h+h′− candidates
by the B2HHBDT stripping line in Run 1 (left) and Run 2 (right). The meaning of the various
symbols is explained in the text.

Variable Cut

Track χ2/ndf < 3
Track GhostProb < 0.5

Track pT [ GeV/c ] > 1.0
Track dIP [µm] > 120

dCA [µm] < 100

dHb
IP [µm] < 120
tππ [ps] > 0.6

pHb
T [ GeV/c ] > 1.2

BDT output > −0.3
mπ+π− [ GeV/c2 ] ∈ [4.6, 6.4]

Variable Cut

Track χ2/ndf < 4
Track GhostProb < 3

Track pT [ GeV/c ] > 1.0
Track χ2

IP > 16
p+T + p−T [ GeV/c ] > 4.5
χ2

DOCA/ndf (Hb) < 9
χ2

FD (Hb) > 100
χ2

IP (Hb) < 9
DIRA(Hb) > 0.99

mπ+π− [ GeV/c2 ] ∈ [4.8, 6.2]

(dHb
IP )2 and a large decay time (tππ, computed assuming decay into the π+π− final-state)

are selected by the Run 1 version of the stripping preselection. The purity of the sample
is further improved for the Run 1 algorithm by means of a multivariate Boosted Decision
Tree (BDT) classifier. The BDT algorithm discriminates between signal and combinatorial
background on the basis of the smallest and largest pT of the two tracks, the smallest and
largest impact parameter (dIP) of the two tracks, the distance of closest approach (dCA)
between the two tracks, the quality of the common vertex fit of the two tracks (χ2

vtx),
the pT and dIP of the Hb candidate (pHb

T and dHb
IP ), and the flight distance (FD) of the Hb

candidate with respect to the associated PV. Background-like candidates are characterised
by smaller values of the BDT output while signal-like candidates show larger values for
the BDT output. The Run-2 version of the algorithm, instead, imposes limits on the
values of the χ2 of the impact parameter (χ2

IP), distance of closest approach (χ2
DOCA), and

flight distance (χ2
FD) of the Hb candidate with respect to the associated PV, as well as on

the cosine of the angle between the flight and momentum direction of the Hb candidate
(DIRA). No further refinement is applied in addition to this cut-based selection for the
Run-2 version of the algorithm. In Tab. 3.2 the values of the requirements applied by the
two versions of the stripping algorithm are reported.

Finally, as it will be described in Sec. 3.3, fiducial requirements are imposed on
the momentum (p) and pseudrapidity (η) of the final-state tracks of the Hb→ h+h′−

candidates. The fiducial region is defined as the area inside the polygon with vertices of
coordinates in the (p [GeV/c], η) plane (0, 2), (25, 2), (120, 3.747), (123, 4.2), and (0, 4.2).
The application of these fiducial requirements is needed to guarantee a proper coverage
of the phase space by the PID calibrations samples. Their effects on the analysis are
discussed in details in Sec. 3.3.1.

2The PV that fits best to the flight direction of the Hb candidate is taken as the associated PV.
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3.2.2 Trigger selection

Among the candidates surviving the stripping preselection only those that have been
acquired by specific trigger algorithms are retained. At the level of the hardware trigger, the
final-state particles of the Hb candidates are required to be responsible for the affirmative
decision of the L0Hadron trigger algorithm (L0HadronTOS), that means that at least one
of the clusters in the HCAL associated to the final-state particles must have a transverse
energy, ET, larger than a given threshold. In addition, also the Hb candidates in event
where the affirmative decision of the L0 trigger is due to particles not used to form the
Hb candidates are stored. This category goes under the naming of L0GloblaTIS (the
distrinction between TIS and TOS trigger decisions is explained in Section 3.1). At the
first stage of software trigger (HLT1) the Hb candidates are required to be responsible for
the affirmative decision of the Hlt1TrackAllL0 (in Run 1) or Hlt1TrackMVA (in Run 2)
algorithms, as described in Section 2.5. At the final stage (HLT2), the Hb candidates are
required to be responsible for the affirmative decision of the Hlt2B2HH algorithm, that is
a simplified version of the stripping algorithms described in Sec. 3.2.1. The requirements
applied by the Hlt2B2HH algorithm are reported in Tab. 3.2.

3.2.3 Simulated samples

Fully simulated samples of all Hb→ h+h′− decays, produced with the LHCb simulation
framework for Run 1 and Run 2, are used in several parts of this analysis. In LHCb,
pp collisions are simulated by Pythia [117, 118] with an LHCb-specific configuration,
while EvtGen [119] describes the decay of unstable particles, with Photos [120] man-
aging QED final-state radiation. The Geant4 toolkit [121,122] is used to simulate the
interactions between the generated particles and the detector. In these samples the data
taking conditions, trigger, reconstruction and stripping corresponding to the different
years have been reproduced in order to have events as similar as possible to real data. The
trigger conditions used for the largest part of the collected luminosity during the years are
simulated. The total amount of simulated events is generated such that the proportion
between data collected with the two magnet polarities is reproduced. In Table 3.3 we
report the amount of simulated events for all the Hb→ h+h′− decays. The reconstructed
candidates are required to pass all the preselections described in Sections 3.2.1 and 3.2.2.
In addition, only those associated with a true Hb→ h+h′− decay are retained.

3.3 PID calibration
The proper determination of the efficiencies introduced by the requirements on PID
variables is of the utmost importance for this analysis. All the different Hb → h+h′−

decay modes represent one of the main sources of background to each other, since their
invariant-mass distributions with one or both final-state particles misidentified peak very
close to where also the correctly identified modes do. The discriminating variables chosen
in this analysis to distinguish between pions, kaons, and protons are the DLL variables
described in Section 2.4.1.
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Table 3.3: Number of generated events, separated by data taking year.

Decay 2011 2012 2015 2016 2017 2018
[103] [103] [103] [103] [103] [103]

B0→ K+π− 368 692 1109 4722 7631 7621
B0→ π+π− 392 704 565 2361 3832 3806
B0→ K+K− 230 472 164 960 1693 1600
B0

s→ K+K− 374 700 523 2359 3834 3815
B0

s→ π+K− 353 709 292 1918 3161 3216
B0

s→ π+π− 255 489 167 965 1761 1574
Λ0

b→ pK− 167 305 142 976 1576 1536
Λ0

b→ pπ− 176 326 284 563 577 651

3.3.1 Calibration samples

In order to calibrate the efficiencies introduced by PID requirements applied on pions and
kaons, high-statistics and high-purity samples of D∗+→ D0(K−π+)π+ decays are used.
In the case of protons, instead, samples of Λ→ pπ− and Λ+

c → pK−π+ decays are utilised.
The kinematic features of these decays enable the identity of the final-state particles to be
determined without using any PID information. The residual background contamination
is removed from the samples using the sPlot technique [123]. The weighted samples are
provided centrally as part of the PIDCalibTool package of the LHCb Collaboration [124,
125]. As anticipated in Sec. 3.2.1, fiducial requirements are applied to the Hb candidates out
of the stripping selection. This is done in order to remove the Hb candidates having final-
state particles in regions of the phase-space that are not covered by the PID-calibration
samples. In Fig. 3.1 the (p, η) distributions of kaons, pions and protons are shown for both
PID-calibration samples and fully simulated Hb→ h+h′− decays, with the fiducial region
highlighted. From the distributions shown in Fig. 3.1, it is clear that a large portion of
Hb→ h+h′− candidates is removed when applying the fiducial requirements to both the
final state particles. The removed candidates amount to about 30% of the total sample.
However, it is important to note two relevant aspects:

• the regions of the phase space removed by the fiducial requirements are regions
where PID efficiencies are small, hence the events rejected by the fiducial cut would
most probably be removed also by any PID requirement;

• the sample lying outside of the fiducial region was kept in the previous version
of this analysis [13]. That decision implied a large systematic uncertainty in the
determination of the asymmetry introduced by PID requirements, due to the lack of
calibration protons in that region of the phase space. Considering the much improved
statistical precision expected in this analysis, it is fundamental to reduce accordingly
all the systematic uncertainties. Therefore, the loss of statistics introduced by the
fiducial cut is counterbalanced by the reduction in the systematic uncertainty due
to the chosen PID requirements.
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Figure 3.1: Distribution in the (p, η) plane of (top) kaons, (middle) pions and (bottom) protons
coming from (left) Hb→ h+h′− decays and (right) PID-calibration samples. The distribution
related to Hb→ h+h′− decays are taken from fully simulated events, while those related to PID
calibration samples are obtained from background-subtracted events, as explained in the text. In
all the cases, a magenta line is drawn to identify the fiducial region defined in Section 3.2.1.

3.3.2 Calibration procedure

The PID calibration procedure has been developed taking into account the following
considerations:

• in order to distinguish between three types of particles (pions, kaons and protons) it
is necessary to utilise two DLL variables for each final-state particle. For example,
in order to select kaons, requirements on both DLLKπ (in order to reject pions) and
DLLKp (in order to reject protons) must be applied. If a particle satisfies the criteria
defined to select kaons, then the kaon hypothesis is assigned to that particle;

• the value of DLL depends directly on the momentum of the particle through its
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relation with the emission angle of Cherenkov photons, as well as on its pseudorapidity
due to the different length of radiator material traversed at different angles. In
addition, since the two RICH detectors have different angular acceptances and
have radiators optimised for different momentum regions, the DLL values show a
dependence also on the pseudorapidity of the particle;

• since the RICH performance degrades with increased occupancy [103], the effect is
taken into account by studying the dependence of DLL with respect to an occupancy
figure Θ, chosen to be the number of tracks in the event (nTracks) in Run 1 and the
number of hits registered by the SPD detector (nSPDHits) in Run 2.

As a first step, for a given set of PID requirements, maps of PID efficiencies in bins of p,
η and Θ are determined. For example, in a given region of p, η and Θ, the efficiency of a
PID requirement applied to kaons, is given by the number of calibration kaons satisfying
that requirement divided by the total number of calibration kaons in that region. The
binning scheme used to divide the phase space is

Track momentum:
2 bins for 0 < p < 10GeV/c;
45 bins for 10 < p < 100GeV/c;
20 bins for 100 < p < 150GeV/c;
4 bins for 150 < p < 500GeV/c;

Track pseudorapidity:
10 bins for 1 < η < 6;

Number of tracks:
4 bins for 0 < nTracks < 400;
1 bin for 400 < nTracks < 600;

Number of SPD hits:
3 bins for 0 < nSPDHits < 450;
3 bins for 450 < nSPDHits < 1000;

Since the event occupancy and the kinematic of a particle are independent quantities,
the dependency of the efficiency from Θ is integrated out. Assuming the possibility of
analytically describing the PID efficiency, ε, as a function of p, η and Θ and the distribution
of SPD hits for the Hb→ h+h′− sample f (Θ), the procedure could be formalized by the
following equation

ε̄ (p, η) =

∫
ε (p, η,Θ) · f (Θ) dΘ, (3.13)

where ε̄ (p, η) is the PID efficiency as a function of p and η for a particle in the same
occupancy regime that we observe in the Hb→ h+h′− data sample. However, in reality
the PID efficiency and the distribution of Θ can not be expressed in an analytical form.
Hence, the integration of Eq. (3.13) is replaced by the sum

ε̄ (pi, ηj) =
1

N

N∑

k=1

ε (pi, ηj,Θk) , (3.14)
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Figure 3.2: Distributions of the invariant mass of Hb→ h+h′− under the ππ hypothesis without
PID cuts. A cut of (left) 0.08 and (right) 0.12 on the BDT classifier described in Section 3.5
is applied. The results of fits with a model describing the signal, combinatorial, and partially
reconstructed background are superimposed.
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Figure 3.3: Distribution of (left) nTracks and (right) nSPDHits for PID-calibration and
background-subtracted Λ0

b → ph− samples from Run 1 and Run 2, respectively.

where ε̄ (pi, ηj) is the final PID efficiency corresponding to the i-th bin of particle momen-
tum and j-th bin of particle pseudorapidity; ε (pi, ηj,Θk) is the PID efficiency corresponding
to the i-th bin of particle momentum, the j-th bin of particle pseudorapidity, and k-th
bin of Θ; N is a number large enough to avoid statistical fluctuations in the average (set
to N = 1000000). For each term of the sum the value of Θk has been randomly extracted
according to the distribution of Θ obtained from the background-subtracted Hb→ h+h′−

sample.
The background subtraction of Hb → h+h′− events has been performed using the

sPlot technique [126], by fitting the invariant mass computed assuming both final state
particles to be pions (mππ). Events are selected applying the offline selection described
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in Section 3.2 apart from the PID requirements that are not applied. The shapes of signal
contributions have been parameterised applying a Kernel Estimation Method [127] to the
distribution of mππ for fully simulated events, computed assuming perfect invariant-mass
resolution. The obtained non-parametric distributions have then been convolved with a
Gaussian resolution model with free mean and width. The relative fractions between the
various Hb→ h+h′− decays have been fixed to the values measured by LHCb in Ref. [128].
In the case of Λ0

b decays we used the world averages of the absolute branching fractions
computed by the Heavy Flavour Averaging Group (HFLAV) [29]. The contribution due to
combinatorial background has been parameterized with an exponential function, while the
component coming from partially reconstructed 3-body B decays has been described using
an ARGUS function [129] convolved with the same Gaussian resolution model used for
the signal shapes and described in Section 3.4. The mππ distributions with the two BDT
cuts used for the selection of Λ0

b→ pK− and Λ0
b→ pπ− decays are reported in Fig. 3.2

with the result of the fit overlaid. The resulting background-subtracted distributions of
the occupancy variables for Run 1 and Run 2 are reported in Fig. 3.3 together with those
of the calibration samples.

The computation from Eq. (3.14) produces PID efficiency maps in bins of p and η
for particles coming from Hb→ h+h′− decays. As a reference, in Fig. 3.4 we report the
PID efficiency maps for pions, kaons and protons following three different choices of PID
requirements.

Finally, the efficiency of a PID requirement applied on a Hb→ h+h′− decay is estimated
using the following equation:

ε̂h+h′− =
1

N

N∑

i=1

ε̄h+

(
p+i , η

+
i

)
· ε̄h′−

(
p−i , η

−
i

)
, (3.15)

where N is the number of Hb→ h+h′− candidates, ε̄h+ and ε̄h′− are the efficiencies as a
function of p and η as determined from Eq. (3.14), p+(−)

i and η+(−)
i are the momentum and

the pseudorapidity of the positive (negative) particle of the i-th candidate. Candidates
from fully simulated events are used.

3.4 Invariant-mass models
The strategy we adopted to optimise the event selection is based on the knowledge of the
model used to fit the invariant-mass spectra of selected events. In this Section the studies
performed in order to determine the various probability density functions (p.d.f.s) used to
parameterise all contributions to the spectra are presented. Four componets are identified:

Signal: Hb→ h+h′− decays where the final-state particles are correctly identified.

Cross-feed background: Hb→ h+h′− decays in which the identity of one or both the
final-state particles is wrongly assigned. This background is particularly dangerous
since it peaks at the signal distribution.

Partially reconstructed background: Hb→ h+h′−X multibody decays where only
the two h+ and h′− hadrons have been used to form the parent Hb.
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Figure 3.4: (pT,η) maps of PID efficiencies of reconstructing kaons (left column), pions (middle
column), and protons (right column) as kaons (top row), pions (middle row), and protons (bottom
row). The PID requirements are DLLKπ > 5 and DLLKp > −5 for the kaon hypothesis (top row),
DLLKπ > −5 and DLLpπ > −5 for the pion hypothesis (middle row), and DLLpπ > −5 and
DLLpK > 5 for the proton hypothesis (bottom row). The fiducial region is shown as a magenta
line.

Combinatorial background: candidates composed by pairs of oppositely charged tracks
not coming from the same decay chain.

The shapes chosen to model the invariant-mass distributions of all the sources above will
be described in detail in the following.

3.4.1 Signal model

The signal distribution is modelled by the sum of a Johnson SU function and one or two
Gaussian functions. The Johnson distribution is defined by the formula [130]

SU(m;µ, σ, γ, δ) =
δ

σ
√
2π

1√
1 +

(
m−µ
σ

)2 exp
[
−1

2

(
γ + δ sinh−1

(
m− µ
σ

)2
)]

, (3.16)

where m is the reconstructed invariant-mass and µ is the peak of the considered Hb hadron
taken from [32]. One Gaussian function with the same peak and width is added to every
signal component, yielding the total p.d.f.:

pdfs(m) = fSU(m;µ, σ, γ, δ) + (1− f)G(m;µ, σ), (3.17)
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3.4. Invariant-mass models

where f is the relative fraction of the two components. For decays with a relatively large
branching ratio, i.e. B0→ K+π−, B0→ π+K−, B0

s→ K+K− and B0→ π+π− a second
Gaussian is added with the same mean and a separate width to improve the fit quality.

The values for the shape parameters of the Johnson, γ and δ, are fixed to those
obtained from fits to the simulated samples, separately for each decay channel. In Figs 3.5
and 3.6 we report the invariant-mass distribution for all the simulated Hb→ h+h′− decays
with the result of the best fit superimposed.
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Figure 3.5: Invariant-mass distributions of fully simulated (top left) B0→ K+π−, (top right)
B0

s → π+K−, (bottom left) B0→ π+π− and (bottom right) B0
s → π+π− decays passing the

preselection described in Section 3.2. The result of the best fit using the model described in the
text in Section 3.4.1 is overlaid.
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Figure 3.6: Distribution of invariant-mass for fully simulated (top left) B0 → K+K−, (top
right) B0

s→ K+K−, (bottom left) Λ0
b→ pK− and (bottom right) Λ0

b→ pπ− decays passing the
preselection described in Section 3.2. The result of the best fit using the model described in the
text in Section 3.4.1 is overlaid.

3.4.2 Cross-feed background model

The parameterisation of the model used to describe the cross-feed backgrounds is studied
using fully simulated signal decays. The procedure consists of two steps: a dataset contain-
ing the invariant-mass computed under the wrong hypothesis is produced and then the
shape is built by applying a kernel density estimation (KDE) method [127] to the dataset.

The reconstructed invariant mass of any two-body decay under a different h+h′−
final-state hypothesis can be written as

m(h+h′−) =

√
m2

h+ +m2
h′− + 2

(√
(m2

h+ + p2+)(m
2
h′− + p2−)− p⃗+ · p⃗−

)
, (3.18)
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3.4. Invariant-mass models

where mh+ and mh′− are the masses corresponding to the hypothesis, p⃗+(−) is the momen-
tum of the positive (negative) particle obtained from the simulation and p+(−) stands for
the module of p⃗+(−).

The datasets to which the KDE is applied are created from simulated Hb→ h+h′−

decays, computing for each event the wrong invariant-mass using the true momenta of
the final-state particles (obtained accessing Monte Carlo truth information). In order
to describe the cross-feed mass shapes it is necessary to take into account the effect of
PID requirements. Since their application alters the momentum distribution of tracks,
they have the effect of deforming the invariant-mass distributions obtained through the
procedure described above. To address this, a weight to each simulated event is applied,
corresponding to

wi = εh+

(
p+i , η

+
i

)
εh′−

(
p−i , η

−
i

)
, (3.19)

where εh± are the PID efficiencies of the positive and negative particles obtained from
the efficiency maps presented in Section 3.3, and p±i and η±i are the momenta and
pseudorapidities in the i-th event. The kernel estimation method is applied to these
weighted datasets. As an example, invariant-mass models obtained from the application
of the kernel density estimation to the samples are shown in Fig. 3.7. Finally, in the
invariant-mass fits, the obtained non-parametric p.d.f. are convolved with a Gaussian
function of width equal to the one used for the signal shape, to account for invariant-mass
resolution effects.
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Figure 3.7: Invariant mass distributions of (black) B0→ K+π−, (red) B0→ π+π−, and (blue)
Λ0
b→ pK− decays reconstructed in the pπ− mass hypothesis calculated by means of Eq. (3.18)

and with a kernel estimation technique applied. The dashed lines show the distributions without
taking into account the deformation induced by PID requirements, while the solid lines represent
the distributions weighted using the PID efficiencies.

3.4.3 Partially reconstructed multi-body Hb decays

This type of background originates from partially reconstructed decays where one or more
final-state particles are not reconstructed. Usually, an ARGUS function [129] convolved
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with a resolution model provides a good empirical modelling of this background component.
The p.d.f. of the ARGUS function is

p(m;m0, c) = m

√
1− m

m0

2

exp

[
c

(
1−

(
m

m0

)2
)]

, (3.20)

where m is the mass of the reconstructed candidates, m0 is the threshold value and c is the
parameter governing the shape of the funcion. Since the lightest particle that can be missed
in the reconstruction of the candidate is a π0, the end point of the ARGUS functions is
fixed to mB0−mπ0 and mB0

s
−mπ0 for partially reconstructed backgrounds coming from B0,

and B0
s decays, respectively. Another possible source of partially reconstructed background

is the component due to three-body decays of the B+ meson (like B+→ h+h′−π+). This
component is not parameterised explicitly as its shape is almost equal to that of partially
reconstructed B0-meson decays.

For partially reconstructed decays in the pK− and pπ− mass spectra, instead, a
more careful study was carried out. Large samples of the relevant decays were produced
with the fast simulation software RapidSim [131] to study the shape of the invariant-
mass distribution of the visible final-state particles. The considered decays are chosen
to be the ones that are expected to be more abundant in the signal mass window, i.e.
Λ0

b→ p(K∗−→ K−π0) for the pK− channel and Λ0
b→ p(ρ−→ π−π0) for the pπ− channel.

The resulting distributions were used as a template in the fit and are shown on the left
of Fig. 3.8. The shape of these distributions are affected by the BDT cut (described
in Section 3.5) but the distortion cannot be studied directly since RapidSim does not
reproduce all the variables used to train the model, so another approach was used, i.e.
measuring the efficiency of various BDT cuts as a function of the DIRA of the two tracks
using fully simulated Λ0

b→ pK− and Λ0
b→ pπ− decays. Since this type of background is

mainly due to 3-body Λ0
b decays containing a π0 that goes undetected, the reconstructed

invariant mass of the remaining pair of hadrons is by construction lower than the nominal
Λ0

b mass. The higher the momentum carried away by the neutral pion, the worse the
agreement between the sum of the momenta of the two hadrons and the vector joining
the primary and the decay vertex of the Λ0

b ; the DIRA has a value of 1 when these two
vectors are aligned, and it is lower when they are not, therefore it can be used as a
discriminating variable for identifying events where an additional particle went missing in
the reconstruction of the Hb candidate. This efficiency was then applied to the RapidSim
samples as a weight to model the sculpting of the distribution under the different BDT
cuts. The shape of the distributions for various BDT requirements are shown on the right
of Fig. 3.8. The histograms are used in the fitting model to describe the shape of this
component.

3.4.4 Combinatorial background model

The combinatorial background component has been modelled with an exponential function

cf (m) = e−kfm, (3.21)

where kf is left free to vary in the fit and is different for each spectrum corresponding to
the final states π+π−, K+π−, K+K−, and pπ−.
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Figure 3.8: Left: invariant-mass distributions of the RapidSim samples of Λ0
b → p(K∗− → K−π0)

(black) and Λ0
b → p(ρ− → π−π0) (red). Right: effect of various BDT cuts on the invariant-mass

distribution of Λ0
b → p(ρ− → π−π0) decays.

In the pK− final state, the combinatorial background was found to have a turn-on
shape at low mass, making it difficult for a pure exponential to fit well, especially at low
BDT cuts where the sample is much more contaminated by combinatorial background.
To find a more effective function to use, data in the upper sideband mππ > 5.6 GeV/c2
were selected to obtain an almost pure combinatorial sample; its invariant mass was
recomputed under the pK− hypothesis and shifted back by 0.8 GeV/c2, reproducing the
shape that characterizes the distribution at low invariant mass. This comes from the fact
that the Stripping line has a cut at mππ > 4.8 GeV/c2, which results in a border effect at
low mass when recomputing it in a different hypothesis (such as pK−). Therefore, when
cutting mππ > 5.6 GeV/c2 and recomputing the mass under the pK− hypothesis, the
shape should be reproduced by shifting the mass back by 5.6− 4.8 = 0.8 GeV/c2. The
resulting distribution was fitted with several test functions to find the most suitable one.
The final choice was the following function:

cpK(m) = (1 + tanh(b(m− δ)))e−kpKm, (3.22)

in which δ is a mass shift parameter and b governs the slope of the rising edge of the
function, fixed in the nominal fit to the value found with this procedure. A fit to the
distribution with this p.d.f. is shown in Fig. 3.9.

3.5 Offline selection optimization
For the Run 1 analysis, an additional selection step was added offline in order to obtain
the best statistical sensitivity on the CP asymmetries; the same strategy is applied on the
Run 2 sample as well. The offline selection is composed of two distinct parts:

• a kinematic and geometrical selection applied to all the decay channels and based
on a Boosted Decision Tree (BDT) multivariate algorithm;

• a specific final-state selection based on the application of PID requirements.

Note that both the selection criteria must be optimized simultaneously to obtain the
combination of criteria that yields the smallest uncertainty for each CP asymmetry.
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Figure 3.9: Distribution of mpK− in the upper sideband mππ > 5.6 GeV. A fit with the function
defined in Eq. (3.22) is superimposed.

Before describing the offline procedure used to optimise the offline selection criteria, it is
appropriate to make some considerations:

• The kinematic and geometrical requirements imposed by the BDT selection reduce
the amount of combinatorial background present in each invariant-mass spectrum,
while PID requirements are needed in order to decrease the number of cross-feed
(misidentified) background candidates. However, PID requirements also modify the
composition and the amount of combinatorial background.

• For each set of BDT and PID requirements we need to determine the number of
signal, cross-feed background, partially reconstructed background and combinato-
rial background candidates. The grid of BDT and PID requirements is reported
in Table 3.4.

The procedure is the following: first of all, we train a BDT for each set of PID
requirements, chosen in order to cover a wide region of the DLL distributions. Secondly,
we select different samples of fully reconstructed pK− and pπ− final states, one for each
combination of BDT and PID requirements. Then we perform maximum-likelihood fits to
the invariant-mass spectra, determining the relevant parameters of the model. Finally,
50 pseudoexperiments for each set of requirements are performed, generating and fitting
the data. The average uncertainty for each set of pseudoexperiments is then computed
and the set of requirements chosen are those that give the smallest averaged uncertainty.
The optimisation procedure is performed separately and independently for the Λ0

b→ pK−

and Λ0
b→ pπ− decays, as described in the next sections. In the following we will refer to

the selection optimised for Λ0
b→ pK− decays as Selection A, while to that optimised for

Λ0
b→ pπ− decays as Selection B.

3.5.1 BDT training

The training of the BDT algorithm is performed considering that the application of PID
modifies the amount and composition of combinatorial background. For this reason a
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Table 3.4: List of the PID and BDT requirements explored during the optimisation procedure for
protons, kaons, and pions.

Variables Values used Used in Selection

PID1 = DLLpπ(p) > 1 → 13, step size 2 A,B
PID2 = DLLpK(p) > 1 → 9, step size 2 A,B

PID3 = DLLKπ(K) > 1 → 7, step size 2 A
PID4 = DLLKp(K) > −DLLpK(p) → −1, step size 2 A

PID3 = DLLKπ(π) < −7 → −1, step size 2 B
PID4 = DLLpπ(π) < 1 → DLLpπ(p), step size 2 B

BDT > 0→ 0.4, step size 0.04 A,B

training is made for each configuration of explored PID requirements. The signal sample
is taken from fully simulated Λ0

b→ pK− and Λ0
b→ pπ− events. The background sample is

extracted from real data, selecting events passing the PID requirements used to isolate
pK− and pπ− final states with an invariant mass under the ππ hypothesis larger than 5.6
GeV/c2. This is done to have cleaner background samples, since cross-feed backgrounds
have a long tails to the right of the pK− and pπ− invariant-mass spectra and thus cross-
feed contributions would contaminate the right-hand sideband. In the π+π− hypothesis,
however, the physical decays are pushed to the left part of the invariant-mass spectrum
and so the right-hand sideband is populated only by combinatorial background. Indeed, as
can be seen in Fig. 3.10, there are no Hb→ h+h′− decays reconstructed under the π+π−

invariant-mass hypothesis above 5.6GeV/c2 [79].
The variables used to train the classifier are:

• the minimum and maximum pT of the two tracks;

• the minimum and maximum impact parameter of the two tracks computed with
respect to all the PVs (dIP);

• the minimum and maximum χ2 of the impact parameter(χ2(dIP));

• the distance of closest approach (DOCA) of the two tracks (dCA);

• the χ2 of the Hb candidate decay-vertex fit (χ2
vtx);

• the pT of the Hb candidate (pHb
T );

• the χ2 of the impact parameter of the Hb candidate with respect to the associated
PV (χ2(dHb

IP ));

• the flight distance of the Hb candidate with respect to the associated PV (FD(Hb));

• the χ2 of the flight distance of the Hb candidate (χ2(FD(Hb))).

The distributions and correlations of these variables are reported in Figs. 3.11 to 3.13
for both background and signal events with a particular set of PID requirements for
illustration purposes. The BDT is trained and tested with a 3-fold validation, i.e. the
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Figure 3.10: Invariant-mass distribution of Hb→ h+h′− candidates reconstructed under the π+π−

invariant-mass hypothesis. The results of the best fit are superimposed. No PID requirements are
imposed on the events, wherease a cut on the BDT classifier is requested. No Hb→ h+h′− events
are present above 5.6 GeV/c2.

traning dataset is split into 3 parts, three identical copies of the classifier are trained on
each subsample, and then they are tested on a different subsample from the one they
were trained on. We report in Fig. 3.14 the distributions of the BDT score relative to the
training and testing samples with a particular set of PID requirements for illustration
purposes.

3.5.2 Optimization procedure

The first step of the optimisation procedure consists in determining the amount of signal,
cross-feed, partially-reconstructed, and combinatorial background events surviving each
combination of PID and BDT requirements. The PID requirements used to select protons
for the pK− and pπ− final states require the DLLpK and DLLpπ variables to be greater
than a given threshold, while to choose kaons we ask DLLKπ and DLLKp to be greater
than a given threshold. Finally, we impose DLLKπ and DLLpπ to be smaller than a given
threshold when discriminating pions from kaons and protons. Note that the value of
the DLLKp and DLLpπ variables used to select kaons and pions for pK− and pπ− final
states are constrained to be mutually exclusive with respect to the DLLpπ and DLLpK

requirements employed to select protons. This is done in order to avoid double counting
among the different final states.

We perform maximum-likelihood fits to the selected samples in order to obtain the
various yields and the other relevant parameters of the fitting model; note that in this step
the two CP -conjugate final states of each decay are not distinguished, hence no asymmetry
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Figure 3.11: Distribution of part of the variables used in the BDT training for (blue) signal and
(red) background events. The dataset corresponds to a particular set of PID cuts for Selection A.

is measured. The model used to describe the data is the one described in Section 3.4. As
an example, we report in Figs. 3.15 and 3.16 two normalisation fits corresponding to the
pK− and pπ− invariant-mass spectra.

The yields of signal, partially-reconstructed background and combinatorial background
events are left free to vary in the fit procedure. The number of cross-feed background
events is calculated in a different way. First of all, we consider only cross-feed background
contributions to the pK− and pπ− invariant-mass spectra where just one final state particle
is misidentified, since the amount of decays where the identity of both final state particles
is wrongly assigned is expected to be negligible even with the softest PID requirements
scrutinised. Thus, the cross-feed backgrounds considered in the fit model are

• B0 → π+K−, B0
s → π+K−, B0

s → K+K−, and Λ0
b→ pπ− decays for the Λ0

b→ pK−

invariant-mass spectrum;

• B0 → K+π−, B0
s → K+π−, B0 → π+π−, and Λ0

b→ pK− decays for the Λ0
b→ pπ−

invariant-mass spectrum.

We determine the number of B0→ K+π− (B0 → π+K−) decays directly from the fits to
the pK− (pπ−) invariant-mass spectrum. The yields of the other cross-feed backgrounds
coming from B mesons, i.e. B0

s→ π+K− and B0
s→ K+K− (B0→ K+π− and B0→ π+π−),

are constrained to the B0→ K+π− (B0
s → π+K−) yield, while the yields of cross-feed

backgrounds coming from the other Λ0
b decay are constrained to the yields of the signal.

The relation used to constrain the yields is

Ni = Nj
Bi
Bj
fi
fj

εi
εj
, (3.23)

where Ni represents the yield of the considered cross-feed background, Nj represents the
yield of the reference decay, B stands for the branching ratio, f is the hadronisation
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Figure 3.12: Distribution of part of the variables used in the BDT training for (blue) signal and
(red) background events. The dataset corresponds to a particular set of PID cuts for Selection A.

Table 3.5: Values used in Eq. (3.23) taken from Refs. [32,132].

Quantity Value

B(B0→ K+π−) (19.6± 0.5)× 10−6

B(B0→ π+π−) (5.12± 0.19)× 10−6

B(B0
s→ K+K−) (26.6± 2.2)× 10−6

B(B0
s→ π+K−) (5.8± 0.7)× 10−6

B(Λ0
b→ pK−) (5.4± 1.0)× 10−6

B(Λ0
b→ pπ−) (4.5± 0.8)× 10−6

fs/fd (13TeV) 0.2539± 0.0079

fraction of the b hadron, and ε is the PID efficiency of the decay. The values of the
branching ratios and of fs/fd are taken as an external input from [32] and [132], and
they are reported in Table 3.5. In Fig. 3.17 are shown the values of the PID efficiencies
obtained from the calibration procedure described in Section 3.3 using the best PID and
BDT requirements found for the pK− and pπ− final states by means of the optimisation
procedure.
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Figure 3.13: Correlation matrices of the variables used to train the BDT for (top) signal and
(bottom) background samples. The dataset corresponds to a particular set of cuts for Selection A.
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Figure 3.14: Plots showing the distributions of the BDT score relative to the (dots) training
and (lines) testing samples, divided for (blue) signal and (red) background events. The dataset
corresponds to a particular set of cuts for Selection A.
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Figure 3.15: pK invariant-mass spectrum fitted with the model defined in Section 3.4 and selected
requiring DLLpπ(p) > 9, DLLpK(p) > 5, DLLKπ(K) > 1, DLLKp(K) > −5 and BDT > 0.08.
The results of the binned maximum-likelihood fit are superimposed.
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Figure 3.16: pπ invariant-mass spectrum fitted with the model defined in Section 3.4 and selected
requiring DLLpπ(p) > 13,DLLpK(p) > 7, DLLKπ(π) < −1, DLLpπ(π) < 3 and BDT > 0.12. The
results of the binned maximum-likelihood fit are superimposed.

Then, we perform 50 pseudoexperiments for each combination of BDT and PID
requirements, generating and then fitting each sample. Note that in this step we introduce
the asymmetry between the two CP -conjugate modes for each component, generating a
dataset with a null injected asymmetry and then leaving it free to vary in the fit. Toy
studies are used to check that the precision on the asymmetry does not depend strongly on
the value of the asymmetry itself for asymmetries lower than 10%. Indeed, toys show that,
if any effect exists, it is of the order of 0.01%, that is approximately 100 time smaller of
the precision we will have on the measured raw asymmetries. Finally, we take the average
of the fifty uncertainties on each signal raw asymmetry for each set of BDT and PID
requirements and we identify the criteria that give the smallest average of the statistical
uncertainties on the asymmetry. The optimal values of the requirements found for the
Λ0

b→ pK− and Λ0
b→ pπ− decays are listed in Table 3.6.

For Run 1, we will use the same values which were found in Ref. [13] with the same
strategy, and that are reported in Table 3.7.

In Fig. 3.18 are shown the histograms of the 50 values of the asymmetry errors from
the toys for the two selections with the optimal cuts from Table 3.6. As it can be seen, the
value of the asymmetry error is stable across the toy samples, with an RMS of less than
0.01%. We also show in Fig. 3.19 the dependence of the predicted statistical uncertainties
of the two raw asymmetries on the PID and BDT requirements.

The optimised requirements for DLLKπ(K) and DLLKπ(π) are on the border of the
probed region, and hence suggest to further loosen the requirement. However, a larger
contribution of Λ0

b→ pK− decays at the Λ0
b→ pπ− peak (and vice versa) may lead to

larger systematic uncertainties not yet estimated at this level. As a consequence, the
requirement on the Λ0

b → pπ− PID variable is not further loosened.
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Figure 3.17: PID efficiencies of (mis)identifying a two-body decay (y-axis) as a particular
final state (x-axis), computed with the method described in Section 3.3. The top and bottom
tables correspond to the optimal values for Selection A and B, respectively, which are reported
in Table 3.6.
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Table 3.6: Optimal PID and BDT requirements found by the optimisation procedure for the
Λ0
b→ pK− (Selection A) and Λ0

b→ pπ− (Selection B) decays in Run 2, and predicted value of
the raw asymmetry uncertainty.

Selection A Selection B

Cut Value found Cut Value found

PID1 = DLLpπ(p) > 9 PID1 = DLLpπ(p) > 13
PID2 = DLLpK(p) > 5 PID2 = DLLpK(p) > 7

PID3 = DLLKπ(K) > 1 PID3 = DLLKπ(π) < -1
PID4 = DLLKp(K) > -5 PID4 = DLLpπ(π) < 3

BDT > 0.08 BDT > 0.12

Average asymmetry error 0.75% 0.99%

Table 3.7: Optimal PID and BDT requirements found by the optimisation procedure for the
Λ0
b→ pK− (Selection A) and Λ0

b→ pπ− (Selection B) decays in Run 1, as previously obtained
in [13].

Selection A Selection B

Cut Value found Cut Value found

PID1 = DLLpπ(p) > 11 PID1 = DLLpπ(p) > 11
PID2 = DLLpK(p) > 7 PID2 = DLLpK(p) > 7

PID3 = DLLKπ(K) > 0 PID3 = DLLKπ(π) < 0
PID4 = DLLKp(K) > -7 PID4 = DLLpπ(π) < 9

BDT > 0.16 BDT > 0.2
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Figure 3.18: Histograms of the 50 asymmetry errors obtained from the toys for (left) Selection A
and (right) Selection B with the optimal cuts.
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Figure 3.19: Plots showing the predicted uncertainty on (left) Araw(pK
−) and (right) Araw(pπ

−)
as a function of different combinations of BDT and PID requirements. The highlighted square
indicates the optimal value found in the optimization.
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3.6. Modification to the invariant-mass model

Table 3.8: Fractions of the Gaussian functions contributing to the invariant-mass resolution model
as used in the final fits. The ratios between the widths of the two Gaussian functions contributing
to the invariant-mass resolution model for different final states, with respect to those determined
for the K+K− spectrum, are obtained from fully simulated events.

Selection A

Variable Value

f1(B
0
s→ K+K−) 0.121± 0.001

f2(B
0
s→ K+K−) 0.69± 0.01

f1(B
0→ K+π−) 0.149± 0.002

f2(B
0→ K+π−) 0.700± 0.008

f1(B
0→ π+π−) 0.175± 0.002

f2(B
0→ π+π−) 0.709± 0.006

f(Λ0
b→ pK−) 0.177± 0.002

f(Λ0
b→ pπ−) 0.213± 0.002

σ1(K
+π−)/σ1(K

+K−) 1.006± 0.005
σ2(K

+π−)/σ2(K
+K−) 1.06± 0.02

σ1(π
+π−)/σ1(K

+K−) 1.033± 0.005
σ2(π

+π−)/σ2(K
+K−) 1.033± 0.005

σ1(pK
−)/σ1(K

+K−) 1.113± 0.005
σ1(pπ

−)/σ1(K
+K−) 1.116± 0.005

Selection B

Variable Value

f1(B
0
s→ K+K−) 0.124± 0.001

f2(B
0
s→ K+K−) 0.69± 0.01

f1(B
0→ K+π−) 0.151± 0.002

f2(B
0→ K+π−) 0.701± 0.009

f1(B
0→ π+π−) 0.180± 0.002

f2(B
0→ π+π−) 0.705± 0.007

f(Λ0
b→ pK−) 0.178± 0.002

f(Λ0
b→ pπ−) 0.217± 0.002

σ1(K
+π−)/σ1(K

+K−) 1.006± 0.005
σ2(K

+π−)/σ2(K
+K−) 1.07± 0.02

σ1(π
+π−)/σ1(K

+K−) 1.032± 0.005
σ2(π

+π−)/σ2(K
+K−) 1.032± 0.005

σ1(pK
−)/σ1(K

+K−) 1.109± 0.005
σ1(pπ

−)/σ1(K
+K−) 1.116± 0.005

3.6 Modification to the invariant-mass model
The invariant-mass model used to fit the samples surviving the optimised selection is
the same described in Section 3.4. We apply a few tunings in order to achieve a better
stability in the final fits to the data.

3.6.1 Constraints to the invariant-mass resolution model

In order to constrain some of the parameters governing the invariant-mass resolution
model we use fully simulated events. We fix the value of the fraction (f1,2) between
the two Gaussians of the resolution model to that observed in simulated B0

s→ K+K−

events, and this parameter is common between all the spectra. In addition, in order to
take into account the dependence of σ1 and σ2 from the PID requirements, we fix the
ratios σ1(2)(K+π−)/σ1(2)(K

+K−), σ1(2)(π+π−)/σ1(2)(K
+K−), σ1(pK−)/σ1(K

+K−) and
σ1(pπ

−)/σ1(K
+K−) to the values determined from simulation. The values of the fractions

and the ratio of the widths of the Gaussian functions obtained from the fit to fully
simulated events are reported in Table 3.8.

3.6.2 Determination of the yields of cross-feed background

In contrast to the fits presented in Section 3.5, now all the cross-feed components are
considered in the mass model. The amount of these contributions is constrained to the
amount of the same decay where the final state is correctly identified. For example, the
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yield of misidentified B0→ K+π− decays in the K+K− spectrum is obtained from

N
(
B0→ K+π−|K+K−) = N

(
B0→ K+π−|K+π−) ε (B0→ K+π−|K+K−)

ε (B0→ K+π−|K+π−)
, (3.24)

where N (B0→ K+π−|K+K−) is the number of B0→ K+π− decays present in the K+K−

mass spectrum, N (B0→ K+π−|K+π−) is the number of correctly identified B0→ K+π−

decays in the K+π− spectrum, ε (B0→ K+π−|K+K−) is the probability to assign the
K+K− hypothesis to a B0→ K+π− decay, and ε (B0→ K+π−|K+π−) is the probability
to assign the correct mass hypothesis to a B0→ K+π− decay. The various PID efficiencies
used to compute the yields of cross-feed decays are shown in Fig. 3.17.

3.7 Results of invariant-mass fits
In this Section the results of the simultaneous invariant-mass fits to the Hb→ h+h′−

samples performed to measure Araw(pK
−) and Araw(pπ

−) are presented. The binned
maximum-likelihood fits features 189 parameters, of which 44 are free:

• four raw asymmetries for the Hb→ h+h′− modes: Araw(B
0→ K+π−), Araw(B

0
s→

π+K−), Araw(Λ
0
b→ pK−), Araw(Λ

0
b→ pπ−);

• three raw asymmetries for the combinatorial backgrounds relative to the K+π−,
pK− and pπ− final states;

• four raw asymmetries for the three-body partially reconstructed background compo-
nents in the K+π−, pK−, pπ− invariant-mass spectra; the number of parameters
results to be greater than the number of final states since for the K+π− sample two
sources of partially reconstructed backgrounds are considered, one from B0 decays
and the other from B0

s decays;

• eight yields for the signal Hb → h+h′− decays: B0 → K+π−, B0 → K+K−,
B0→ π+π−, B0

s→ π+K−, B0
s→ K+K−, B0

s→ π+π−, Λ0
b→ pK−, Λ0

b→ pπ−;

• five yields for the combinatorial background relative to K+π−, K+K−, π+π−, pK−

and pπ− final states;

• six yields for the three-body partially reconstructed background components con-
tributing to the K+π−, K+K−, π+π−, pK− and pπ− final states; as for the raw
asymmetries, the K+π− spectrum is parameterized using two yields instead of one;

• three parameters governing the exponential tail of the ARGUS p.d.f. that models
the three-body partially reconstructed background in the K+π−, K+K−, π+π−

invariant-mass spectra; in this case the parameter governing the ARGUS shape in
the K+π− is in common between B0 and B0

s modes;

• three mean values (defined as µ in Eq. (3.16)), of the Gaussian functions describing
the invariant mass resolution; the means are three since we are considering three
different kinds of b hadrons: B0, B0

s and Λ0
b ;
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Table 3.9: PID selection criteria for the K+π−, K+K−, and π+π− mass hypotheses. To obtain
the charge conjugate final states, h+ and h− must be exchanged.

K+π− K+K− π+π−

Cut Value Cut Value Cut Value

DLLKπ(h
+) > 3 DLLKπ(h

+) > 3 DLLKπ(h
+) < −3

DLLKp(h
+) > −5 DLLKp(h

+) > −5 DLLpπ(h
+) < 5

DLLKπ(h
−) < −3 DLLKπ(h

−) > 3 DLLKπ(h
−) < −3

DLLpπ(h
−) < 5 DLLKp(h

−) > −5 DLLpπ(h
−) < 5

Table 3.10: PID selection criteria applied for the pK− and pπ− mass hypotheses when the
selection is optimised for the other final state. To obtain the charge conjugate final states, h+

and h′− must be exchanged.

Selection B Selection A

pK− pπ−

Cut Value Cut Value

DLLpπ(h
+) > 10 DLLpπ(h

+) > 10
DLLpK(h

+) > 10 DLLpK(h
+) > 10

DLLKπ(h
′−) > 3 DLLKπ(h

′−) < −3
DLLKp(h

′−) > −5 DLLpπ(h
′−) < 5

• two standard deviations relative to the Gaussian functions composing the mass
resolution for the K+K− invariant-mass spectra;

• five exponential slopes for the combinatorial background relative to the K+π−,
K+K−, π+π−, pK− and pπ−;

• one additional parameter (defined as b in Eq. (3.22)) to describe the rise of the
turn-on point of the combinatorial background in the pK− spectrum at low invariant
mass;

The PID selection criteria for the K+π−, K+K− and π+π− final states are taken from
the previous analysis [13] and are reported in Table 3.9. The PID requirements used for
the pK− and pπ− final states when the selection is optimised for the pπ− and pK− final
states are the same as the previous analysis [13] and reported in Table 3.10. After the fit,
the sPlot technique [123] is employed to obtain signal weights for later use.

In Table 3.11 the signal yields and the raw asymmetries for all the Hb→ h+h′− decays
are reported as obtained from the invariant-mass fits to the data sample selected using
Selection A on Run 1 and 2 data. In Figs. 3.20 and 3.21 the fits to all the invariant-mass
spectra for Run 1 and 2 after the requirements imposed by selection A are shown.

In Table 3.12 the signal yields and the raw asymmetries for all the Hb → h+h′−

decays are reported, as obtained from the invariant-mass fits to the data sample selected
using Selection B on Run 1 and Run 2 data. In Figs. 3.22 and 3.23 the fits to all the
invariant-mass spectra in Run 1 and 2 after the requirements imposed by selection B are
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Figure 3.20: Run 1 invariant mass distributions of the (top left) pK−, (top right) K+p, (second
row left) pπ−, (second row right) π+p, (third row left) K+π−, (third row right) π+K−, (bottom
left) K+K−, and (bottom right) π+π− spectra after selection A. The curves superimposed to
the data points represent the result of the best fit.
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Figure 3.21: Run 2 invariant mass distributions of the (top left) pK−, (top right) K+p, (second
row left) pπ−, (second row right) π+p, (third row left) K+π−, (third row right) π+K−, (bottom
left) K+K−, and (bottom right) π+π− spectra after selection A. The curves superimposed to
the data points represent the result of the best fit.
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Table 3.11: Values of signal yields and raw asymmetries obtained from the invariant-mass fits
with Selection A in (left) Run 1 and (right) Run 2 data.

Run 1 Run 2

Parameter Fit result

Signal yields

Nsig(B
0→ K+π−) 87161± 330 343917± 680

Nsig(B
0→ K+K−) 667± 66 1631± 138

Nsig(B
0→ π+π−) 22178± 178 87081± 364

Nsig(B
0
s→ π+K−) 6063± 118 24730± 257

Nsig(B
0
s→ K+K−) 30631± 193 121273± 389

Nsig(B
0
s→ π+π−) 728± 62 2928± 137

Nsig(Λ
0
b→ pK−) 5867± 92 23150± 179

Nsig(Λ
0
b→ pπ−) 3887± 79 15275± 157

Asymmetries [%]

Araw(B
0→ K+π−) −9.200± 0.358 −9.213± 0.183

Araw(B
0
s→ π+K−) 22.65± 1.71 25.309± 0.895

Araw(Λ
0
b→ pK−) 0.86± 1.53 −2.424± 0.749

Araw(Λ
0
b→ pπ−) −0.13± 1.94 −0.351± 0.984

shown. In Fig. 3.24 the raw asymmetries in all year and magnet polarity subsamples are
shown, both for Selection A and B.

3.7.1 Fast toy studies

To validate the fit, we repeat it 1000 times on a dataset sampled from the original
distribution and measure the mean and standard deviation of the resulting Araw distribution
to check the presence of any bias. In Fig. 3.25 the distributions of the pulls of the 1000
bootstrapped Araw(pK

−) and Araw(pπ
−) are shown for the corresponding selections. As it

can be seen, the fit model does not introduce any bias on the measured value of Araw.

3.8 Fit model systematic uncertainties
In this Section the studies performed in order to assess the main systematic uncertainties
affecting the determination of the raw asymmetries of Λ0

b→ pK− and Λ0
b→ pπ− decays

are presented. All uncertainties are estimated by generating 1000 pseudoexperiments
sampled from the original distribution, fitting them both with the baseline model and
with an alternative model, and looking at the distribution of the differences between the
raw asymmetries obtained with the two models; the sum in quadrature of the mean and
standard deviation of each distribution is taken as the systematic uncertainty related to
the corresponding model modification. The pseudoexperiments are performed running
together all the subsamples, hence the systematic uncertainties will be applied to the final
average of ACP .

86



3.8. Fit model systematic uncertainties
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Figure 3.22: Run 1 invariant mass distributions of the (top left) pπ−, (top right) π+p, (second
row left) pK−, (second row right) K+p, (third row left) K+π−, (third row right) π+K−, (bottom
left) K+K−, and (bottom right) π+π− spectra after selection B. The curves superimposed to
the data points represent the result of the best fit.
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Figure 3.23: Run 2 invariant mass distributions of the (top left) pπ−, (top right) π+p, (second
row left) pK−, (second row right) K+p, (third row left) K+π−, (third row right) π+K−, (bottom
left) K+K−, and (bottom right) π+π− spectra after selection B. The curves superimposed to
the data points represent the result of the best fit.
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3.8. Fit model systematic uncertainties

Table 3.12: Values of signal yields and raw asymmetries obtained from the invariant-mass fits
with Selection B in (left) Run 1 and (right) Run 2 data.

Run 1 Run 2

Parameter Fit result

Signal yields

Nsig(B
0→ K+π−) 76962± 302 303217± 610

Nsig(B
0→ K+K−) 608± 55 1567± 119

Nsig(B
0→ π+π−) 19552± 160 76572± 322

Nsig(B
0
s→ π+K−) 5320± 103 21879± 219

Nsig(B
0
s→ K+K−) 27030± 178 106413± 359

Nsig(B
0
s→ π+π−) 625± 47 2531± 103

Nsig(Λ
0
b→ pK−) 4606± 75 18521± 148

Nsig(Λ
0
b→ pπ−) 3971± 77 14641± 144

Asymmetries [%]

Araw(B
0→ K+π−) −9.052± 0.377 −9.050± 0.192

Araw(B
0
s→ π+K−) 23.70± 1.72 24.418± 0.869

Araw(Λ
0
b→ pK−) −0.16± 1.62 −1.941± 0.794

Araw(Λ
0
b→ pπ−) 0.90± 1.89 0.143± 0.949
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Figure 3.24: Values of the raw asymmetries of (left) Λ0
b→ pK− and (right) Λ0

b→ pπ− decays,
divided by year and magnet polarity.

Signal shape To assess the impact of the choice of the function to model signal events,
we modify the p.d.f. by switching from the sum of a Johnson SU function and one or
two Gaussians to the sum of a double-sided Crystal Ball function and one Gaussian.
The shape parameters of the Crystal Ball are obtained from fits to simulated sample,
as done for the baseline Johnson function, and fixed in the fit;

Combinatorial shape To assess the impact of the choice of the function to model com-
binatorial background events, we modify the p.d.f. by switching from an exponential
function to a second-order Chebychev polynomial;
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Figure 3.25: Distribution of the 1000 values of Araw from the toy studies for (left) Λ0
b→ pK−

and (right) Λ0
b→ pπ− decays. The distributions are shifted by the nominal value of Araw.

Cross-feed shape To assess the impact of the choice of the function to model cross-feed
background events, we fit the generated data with the same templates used in the
baseline model without applying the weights to correct for the PID requirements
(see Fig. 3.7 for a comparison of the shapes with and without the weights);

Partially reconstructed shape To assess the impact of the choice of the function to
model partially reconstructed background events, we modify the p.d.f. by switching
from the templates obtained from fast simulation (see Section 3.4.3) to an ARGUS
function. This change is only applied to the pK−, K+p, pπ−, and π+p invariant-mass
spectra, as ARGUS functions are already used in the other 4 spectra; since modifying
the shape of partially reconstructed decays in non-signal spectra is not expected
to change significantly the yields of signal events in the target spectra, we don’t
apply any modification to the shapes of partially reconstructed decays in the K+K−,
π+π−, K+π−, and π+K− spectra;

PID efficiencies To assess the impact of the use of PID efficiencies to scale the yields of
cross-feed decays from those of signal events in all invariant-mass spectra, we fit the
generated samples with a set of PID efficiencies sampled from Gaussian functions of
means equal to the nominal values and widths equal to the nominal errors;

The results of the pseudoexperiments on the Λ0
b→ pK− and Λ0

b→ pπ− samples are shown
in Figs. 3.26 and 3.27 and reported in Table 3.13, together with the sum in quadrature of
each term, to be used as a total systematic uncertainty related to the fit model.

3.9 Interaction asymmetries
In order to get the physical CP asymmetries, one needs to subtract from the raw asymme-
tries different sources of experimental asymmetries, as evidenced in Eqs. (3.3) and (3.4).
In this section we will discuss only the determination of interaction asymmetries (AD)
of protons, kaons, and pions. We will describe the PID-induced and the trigger-induced
asymmetries in more detail in Sections 3.10 and 3.11, respectively.
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Figure 3.26: Distributions of the difference of the 1000 baseline and modified Araw(pK
−) from

the pseudoexperiments for the estimation of systematic uncertainties: (top left) signal shape, (top
right) combinatorial shape, (middle left) crossfeed shape, (middle right) partially reconstructed
shape, and (bottom) PID efficiencies.
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Figure 3.27: Distributions of the difference of the 1000 baseline and modified Araw(pπ
−) from the

pseudoexperiments for the estimation of systematic uncertainties: (top left) signal shape, (top
right) combinatorial shape, (middle left) crossfeed shape, (middle right) partially reconstructed
shape, and (bottom) PID efficiencies.
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Table 3.13: Values of the systematic uncertainties due to the fit model estimated with Λ0
b→ pK−

decays, divided by source. The last row reports the sum in quadrature of the terms, providing a
total value of the systematic uncertainty.

Source Λ0
b→ pK− Λ0

b→ pπ−

Signal shape 0.024% 0.123%
Combinatorial shape 0.004% 0.003%

Cross-feed shape 0.013% 0.061%
Multibody shape 0.016% 0.011%

PID efficiencies 0.040% 0.049%

Sum in quadrature 0.051% 0.146%

The interaction asymmetry of a charged particle arises from the difference in the
interaction cross-sections of positively- and negatively- charged particles with the detector
material; as these can lead to a different proportion of positive and negative particles
being detected by the experiment, it is important to estimate them.

It must be noted that the LHCb detector did not get any changes3 between Run 1 and
Run 2, therefore the material encountered by particles traversing has remained the same,
and so must be the interaction asymmetries. If that is the case, it should be sufficient to
measure the interaction asymmetry of a particle in either Run 1 or Run 2 to have a valid
measurement for both runs.

To test this assumption, we will compare two different methods used for computing
AD(π

−) in Run 1 and Run 2 in the past and confirm that they yield similar results; we
will also measure directly AD(K

−) for both Run 1 and Run 2 to ensure that they are
compatible, at least to the current level of precision achievable; these evidences will then
allow us to use a measurement of AD(p) available only for Run 1 on the Run 2 sample as
well.

3.9.1 Pion detection asymmetry

The pion detection asymmetry is defined as

AD(π
+) =

εreco(π
+)− εreco(π

−)

εreco(π+) + εreco(π−)
, (3.25)

where εreco stands for the reconstruction efficiency of the given particle. The pion detection
asymmetry has been measured on two separate occasions in Run 1 and Run 2, with
two different methods that are not part of this thesis; we will now briefly describe them
nonetheless.

Run 1 the measurement was carried out during the assl Run 1 analysis [115] by study-
ing partially reconstructed D∗+→ (D0→ K−π+π−π+)π+

s decays. The procedure
involves selecting decays in which one of the final-state π+ is undetected by study-
ing the mass difference ∆M = m(π+

s K
−π+π−)−m(K−π+π−), that thanks to the

3The only modification being the removal of aerogel from RICH1, but its lightness suggests the effect of
its removal on the total material budget is negligible.
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kinematic constraints is sufficient to infer the momentum of the missing pion using
the Lagrange multiplier method. By selecting the fully reconstructed events as well,
a reconstruction efficiency can be defined as

εreco(π
±) =

Npartial(π
±)

Nfull(π±)
. (3.26)

The efficiency can be measured as a function of pion momentum to allow a comparison
between the kinematics of pions from different samples, To correct the momentum
resolution of the missing pion in the partial reconstruction, which is worse than the
resolution of a detected pion, an unfolding was performed to obtain an efficiency
correction as a function of the true momentum of the charged particle. From the
efficiencies for positive and negative particles, then, the asymmetry can be computed
using Eq. (3.25).

Run 2 the measurement was carried out during the bin-flip D0→ K0
Sπ

+π− analysis [116].
The method involves reconstructing prompt K0

S→ π+π− decays by combining one
VELO track and a long track; the missing momentum, and therefore the invariant
mass of the K0

S candidate, can be inferred by constraining the origin of the K0
S

candidate to the primary vertex. After that, it is checked if a matching long track
is found to fully reconstruct the decay. The efficiency to reconstruct a pion is then
determined by mass fits to the tag (long track) and the probe (VELO track) sample
and the combining the yields according to

ε±reco =
N(π± VELO tracks matched to long tracks)

N(π± VELO tracks)
(3.27)

The efficiencies are obtained as function of momentum, η and charge and the
asymmetry is calculated using Eq. (3.25).

Table 3.14 and Fig. 3.28 report and show the values of AD(π
+) in Run 1 as a function of

pion momentum. The measurement was carried out up to 100 GeV/c2 of pion momentum,
so in order to ensure coverage of higher-momentum pions in the Λ0

b→ pπ− sample one last
bin was added with central value equal to the previous one and twice the uncertainty. The
Run 2 values of AD(π

+) are shown in Fig. 3.29 and reported in Table 3.15, as a function
of pion momentum and pseudorapidity. The statistics was not sufficient to perform the
measurement in several bins, in which a value of (0±1)% is set; this is justified by noticing
that these bin mostly occur at high momentum in Fig. 3.29, where detection asymmetries
are expected to become smaller in magnitude. This measurement was only performed
for 2016, 2017, and 2018; for 2015 data, we will use the map for 2016 and inflate the
errors according to the ratio of the integrated luminosities collected in the two years
(
√
L(16)/L(15) ≈ 2.4), to simulate the difference in data sample sizes.
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Table 3.14: Values, in percent, of the pion interaction asymmetry in 2011 and 2012, separated by
magnet polarity.

Momentum 2011 2012
[GeV/c2] Down Up Down Up

p ∈ [2, 6] −0.59± 0.36 −0.45± 0.43 0.32± 0.22 −1.21± 0.21
p ∈ [6, 15] 0.34± 0.24 −0.47± 0.29 0.00± 0.15 −0.52± 0.15
p ∈ [15, 20] 0.14± 0.34 −0.22± 0.42 −0.12± 0.21 0.08± 0.21
p ∈ [20, 30] 0.18± 0.37 −0.31± 0.45 −0.12± 0.22 0.04± 0.22
p ∈ [30, 40] 0.04± 0.56 −0.11± 0.68 −0.73± 0.33 0.15± 0.33
p ∈ [40, 50] 0.04± 0.80 0.88± 0.96 −0.50± 0.48 0.15± 0.48
p ∈ [50, 100] −0.49± 0.88 0.6± 1.1 −1.07± 0.51 0.62± 0.51
p ∈ [100, 150] −0.5± 1.8 0.6± 2.1 −1.1± 1.0 0.6± 1.0
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Figure 3.28: Values of the pion interaction asymmetry in (left) 2011 and (right) 2012, separated
by magnet polarity.
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Figure 3.29: Values of the pion interaction asymmetry in (top) 2016, (middle) 2017, and (bottom)
2018, for increasing pseudorapidity from left to right, separated by magnet polarity.

To obtain a value of AD(π
+) to be subtracted from the raw asymmetry in the Λ0

b→ pπ−

sample, a reweighting of this asymmetries is done by computing:

AD(π
+) =

N∑

i=1

fiAD,i, (3.28)

where fi = wi/
∑N

i wi, with wi the sum of the Λ0
b→ pπ− s–Weights in the i-th momentum

(and pseudorapidity for Run 2 data) bin, and AD,i is the value of the detection asymmetry
in the same bin. The results for both Run 1 and Run 2 are shown in Fig. 3.30. The
average values are found to be (−0.10± 0.11)% for Run 1 and (−0.02± 0.07)% for Run 2,
compatible between each other.

3.9.2 Kaon detection asymmetry

The kaon detection asymmetry is defined as

AD(K
−) =

εreco(K
−)− εreco(K

+)

εreco(K−) + εreco(K+)
, (3.29)

where εreco stands for the reconstruction efficiency of the given particle. The kaon detection
asymmetry used in this thesis is obtained by measuring the two-body detection asymmetry
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Figure 3.30: Values of AD(π+) reweighted over the signal Λ0
b→ pπ− sample’s kinematics, separated

by year and magnet polarity.

AD(K
−π+) with the use of D+→ K−π+π+ and D+→ K0

Sπ
+ control modes [113, 114].

Here we summarize the main points:

• D+→ K−π+π+ and D+→ K0
Sπ

+ decays are selected from Run 1 and Run 2 data,
applying the requirements reported in Table 3.16;

• the samples are divided in bins of kaon momentum with edges (in GeV/c)
[5, 10, 15, 20, 25, 40, 60, 80];

• in each bin, a kinematic reweighting is applied to equalize the kinematic of the two
decays, in order to cancel any residual nuisance asymmetry between them; to ensure
a successful reweighting, a fiducial cut defined by

pT(D
+) ≤ min

(
36− 5.48η(D+), 20 tanh

(
4(η(D+)− 1.8)

)
, 100− 19.5η(D+)

)

is added to both sample to avoid regions of the phase-space not sufficiently covered
by either sample (pT(D+) in GeV/c);

• a maximum-likelihood fit is performed in each bin to the reweighted D+ and D−

invariant-mass distributions to obtain the raw asymmetries, which can be expressed
as:

Araw(D
+→ K−π+π+) = AD(K

−π+) + AD(π
+) + Aexp(D

+→ K−π+π+), (3.30)
Araw(D

+→ K0
Sπ

+) = A(K0) + AD(π
+) + Aexp(D

+→ K0
Sπ

+), (3.31)

where CP asymmetries are ignored as they are expected to be negligible for Cabibbo-
favoured decays, and A(K0) includes the effects of CP violation in K0

S → π+π−

decays and interaction of a K0 with the detector material, and was last measured
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3.9. Interaction asymmetries

Table 3.16: Offline selection of (top) D+→ K−π+π+ and (bottom) D+→ K0
Sπ

+ decays. The
numbers in round brackets correspond to the values used in 2016, while those in square brackets
were used only for the Run 1 sample.

Variable Cut Units

Track χ2/ndf of each daughter < 3
pT of each daughter > 250 MeV/c
At least one daughter with pT > 1 (0.2) GeV/c
At least two daughters with pT > 0.4 (0.2) GeV/c
χ2
IP of each daughter > 4 (25)

At least one daughter with χ2
IP > 50 (100)

At least two daughters with χ2
IP > 10 (49)

DLLKπ(K) > 1 [0]
DLLKp(K) > −5 [−7]
DLLKπ(π) < 5
Scalar sum of daughters’ pT > 3 (1) GeV/c
pT (D

+) > 2.5 GeV/c
D+ decay time > 0.4 (0.5) ps
D+ vertex fit χ2/ndf < 6 (1)
D+ pointing angle (a.k.a. arccos(DIRA)) < 10 (14.1) mrad
D+ flight-distance χ2 > 150 (125)
m(D+) ∈ [1.80, 1.94] GeV/c2

pT of each daughter > 250 MeV/c
χ2
IP of each daughter > 36

DLLKπ of the bachelor pion < 5
K0 vertex fit χ2/ndf < 30
m(K0) ∈ [463, 533] MeV/c2

K0 decay time (w.r.t. best PV) > 2 ps
z position of the K0 vertex ∈ [−100, 500] mm
Scalar sum of daughters’ pT > 2 GeV/c
pT(D

+) > 2.5 GeV/c
D+ pointing angle (a.k.a. arccos(DIRA)) < 17.3 mrad
D+ flight-distance χ2 > 30
D+ decay time > 0.4 ps
m(D+) ∈ [1.80, 1.94] GeV/c2

in [133]. The remaining experimental asymmetries, which we called Aexp(D
+ → f)

and that include the D+ production asymmetry, the D+ bachelor pion detection
asymmetry, and the trigger-induced asymmetries, are expected to be equal and
thus cancel out after the kinematic reweighting. Therefore, the K−π+ interaction
asymmetry can be computed as:

AD(K
−π+) = Araw(D

+→ K−π+π+)− Araw(D
+→ K0

Sπ
+) + A(K0); (3.32)

• finally, the kaon detection asymmetry can be obtained by subtracting the pion
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Figure 3.31: Kinematic distributions of the D+→ K−π+π+ and D+→ K0
Sπ

+ samples before
(left) and after (right) the kinematic reweighting. The plots correspond to the fifth momentum
bin (25 < p < 40 GeV/c2) of the 2018, magnet down sample.

interaction asymmetry as measured in Section 3.9.1:

AD(K
−) = AD(K

−π+)− AD(π
+). (3.33)

In this thesis, we applied the procedure separately to the sub-samples divided by year
and magnet polarity.The kinematic reweighting is performed with the hep-ml package [134],
to equalize the pT and η distribution of the D+ and the tag pion. The latter is defined
as the π+ from the D+→ K0

Sπ
+ decay, and the one pion firing the Hlt1TrackMVA line

(or Hlt1TrackAllL0 in Run 1) in the D+→ K−π+π+ decay, or one random pion in case
both activate the trigger. In Fig. 3.31 the kinematic distributions in one momentum bin
before and after the reweighting are shown.

After the reweighting, a maximum-likelihood fit is performed to extract the raw
asymmetries. The signal shape is modelled by the sum of a Crystal Ball [135] function
and one or two gaussians for D+→ K0

Sπ
+ and D+→ K−π+π+ decays, respectively. The

combinatorial background is modelled with an exponential function. The plots of the fits
in all subsamples are shown in Section 3.15.

After subtracting the D+→ K−π+π+ and D+→ K0
Sπ

+ raw asymmetries and using
the value A(K0) = (−5.1 ± 0.6) × 10−4 from Ref. [133], the values for the two-body
interaction asymmetry AD(K

−π+) are obtained. In Ref. [133] the value of A(K0) was
measured using two distinct decay channels, namely D+ → K0

Sπ
+ and D+

s → K0
SK

+.
The number used in this analysis comes from the former, while the latter returned the
result A(K0) = (−8.5± 1.3)× 10−4, differing from the other one by about 2.5σ due to
the different decay-time distribution of the K0

S meson. To make a conservative estimate
of a possible systematic effect due to the different kinematic distribution of the K0

S

meson from the D+→ K0
Sπ

+ channel, we will add in quadrature an uncertainty equal
to three times the difference between the two values of A(K0) quoted in Ref. [133], i.e.
3× (8.5− 5.1)× 10−4 = 1.2× 10−3, resulting in a value of A(K0) = (−5.1± 1.3)× 10−4.

To get the single-track AD(K
−) asymmetry, in each bin of kaon momentum the single

pion asymmetry maps from Tables 3.14 and 3.15 are integrated over the non-tag pion
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3.9. Interaction asymmetries

Table 3.17: Values of the (left) K−π+ and (right) K− interaction asymmetries obtained from
the Run 1 and Run 2 samples.

K−π+ K−

Momentum Run 1 Run 2 Run 1 Run 2
[GeV/c2] [%] [%] [%] [%]

5 < p < 10 −3.0± 2.4 −1.34± 0.20 −2.8± 2.4 −1.23± 0.20
10 < p < 15 −0.55± 0.30 −0.868± 0.093 −0.36± 0.31 −0.763± 0.095
15 < p < 20 −0.82± 0.22 −0.639± 0.090 −0.65± 0.23 −0.526± 0.092
20 < p < 25 −0.90± 0.24 −0.652± 0.095 −0.77± 0.25 −0.545± 0.097
25 < p < 40 −1.04± 0.16 −0.840± 0.082 −0.90± 0.17 −0.742± 0.085
40 < p < 60 −0.60± 0.21 −0.81± 0.12 −0.47± 0.22 −0.71± 0.12
60 < p < 80 −0.54± 0.36 −0.65± 0.14 −0.41± 0.37 −0.55± 0.14
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Figure 3.32: Values of the (left) K−π+ and (right) K− interaction asymmetries obtained from
the Run 1 and Run 2 samples.

kinematic distributions to get a total asymmetry value per-bin, which is then subtracted
from the two-track asymmetry. The values of both AD(K

−π+) and AD(K
−) are reported

in Table 3.17 and shown in Fig. 3.32. It can be seen how in each momentum bin the two
quantities are compatible with each other.

To obtain a value of AD(K
−) to be subtracted from the raw asymmetry in the

Λ0
b→ pK− sample, a reweighting of this asymmetries is done with a formula equivalent

to Eq. (3.28). The results for both Run 1 and Run 2 are shown in Fig. 3.33. The average
values are found to be (−0.69 ± 0.10)% for Run 1 and (−0.69 ± 0.05)% for Run 2,
compatible between each other.

3.9.3 Proton detection asymmetry

Given the evidence for the compatibility between Run 1 and Run 2 values of the interaction
asymmetries of pions and kaons illustrated above, we deem it sufficient to use the available
Run 1 proton interaction asymmetry for both Runs. The measurement was performed
during the Run 1 Λ0

b production asymmetry analysis [112] that is not part of this thesis
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Figure 3.33: Values of AD(K
−) reweighted over the signal Λ0

b → pK− sample’s kinematics,
separated by year and magnet polarity.

and for which we summarise the procedure:

• For every proton (or antiproton) track in the Λ0
b→ (Λ+

c → pK−π+)µνX sample,
the total detector material encountered in the flight path, d±, is computed using a
simulation of the detector and expressed in units of the nuclear collision length λ±.
The latter is in turn defined as the typical length that a hadron travels before it
undergoes an (in)elastic scatter with a nucleus in the material;

• Assuming that the dependence of λ± on the momentum of the particle for the
detector material scales equally as the collision length for a deuterium target, for
which there are some available measurements [136–138], then the collision length for
any atomic number A and momentum p can be factorised as

λ±(A, p) = λavg(A, 20 GeV/c)
σavg(

2H, 20 GeV)

σ±(2H, p)
, (3.34)

where σ indicates the hadronic interaction cross-section and the “avg” subscript
indicates a charge-averaged quantity;

• computing the traversed thickness for every (anti)proton, accounting for every
material collision length at a given momentum, a detection efficiency can be evaluated
as

ε± ∝ exp

(
−d

±

λ±

)
, (3.35)

from which a detection asymmetry can be readily computed:

AD(p) =
exp(−d+/λ+)− exp(−d−/λ−)
exp(−d+/λ+) + exp(−d−/λ−) (3.36)
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3.9. Interaction asymmetries

Table 3.18: Values of the proton interaction asymmetry in 2011 and 2012, separated by magnet
polarity.

Momentum bin 2011 2012
[GeV/c2] Down Up Down Up

10 < p < 15 (2.23± 0.28)% (2.08± 0.26)% (2.20± 0.28)% (2.07± 0.26)%
15 < p < 25 (1.79± 0.24)% (1.61± 0.22)% (1.77± 0.24)% (1.60± 0.22)%
25 < p < 40 (1.38± 0.22)% (1.27± 0.21)% (1.37± 0.22)% (1.25± 0.20)%
40 < p < 60 (1.08± 0.20)% (1.02± 0.19)% (1.07± 0.20)% (1.02± 0.19)%
60 < p < 80 (0.89± 0.18)% (0.86± 0.18)% (0.88± 0.18)% (0.85± 0.18)%
80 < p < 125 (0.74± 0.17)% (0.74± 0.17)% (0.75± 0.17)% (0.71± 0.16)%
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Figure 3.34: Values of the proton interaction asymmetry for (left) 2011 and (right) 2012, separated
by magnet polarity.

• Finally, the method is validated using partially reconstructed Λ→ pπ− decays, for
which the protons can be reconstructed as an upstream or VELO track. To do
so, as a cross-check the detection asymmetries are also measured for pions from
K0

S→ π+π−, which can be measured with a much higher precision, and compared
to those for protons. Any residual discrepancies between the results from data and
simulation are taken as systematic uncertainties for the measurement.

The measurement was performed both as a function of Λ0
b kinematics and proton momen-

tum; we will use the latter so that we can reweight it to the kinematics of the protons in the
signal Λ0

b→ ph− sample. The momentum distribution of the proton interaction asymmetry
in reported in Table 3.18 and shown in Fig. 3.34 for 2011 and 2012. The asymmetry maps
are summed over the proton momentum of signal Λ0

b→ pK− and Λ0
b→ pπ− decays with

the same procedure described in Eq. (3.28). For Run 1 the maps will be used as they
are, while for the Run 2 samples the 2012 map will be used for all years. The values for
each year and magnet polarities are shown in Fig. 3.35. The average values for Λ0

b→ pK−

decays are found to be (1.45± 0.08)% for Run 1 and (1.45± 0.06)% for Run 2, while for
Λ0

b→ pπ− they are (1.44± 0.08)% for Run 1 and (1.43± 0.06)% for Run 2.
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Figure 3.35: Values of AD(p) reweighted to the proton kinematics of signal (left) Λ0
b→ pK− and

(right) Λ0
b→ pπ−

3.10 PID asymmetries
Particle identification requirements on the the pK− and pπ− final states can induce
asymmetries that need to be taken into account. The PID asymmetries are defined as

APID(pK
−) =

εPID(pK
−)− εPID(pK

+)

εPID(pK−) + εPID(pK+)
, (3.37)

APID(pπ
−) =

εPID(pπ
−)− εPID(pπ

+)

εPID(pπ−) + εPID(pπ+)
, (3.38)

where εPID(f) is the PID efficiency for the final state f . Since the application of fiducial
cuts described in Section 3.3 rejects phase-space regions where the PID calibration samples
do not provide enough coverage, the PID efficiencies computed on the signal samples can
be used directly in Eqs. (3.37) and (3.38).

The effect due to the choice of kinematic bins used to compute the efficiency maps
is evaluated as a systematic uncertainty on the PID asymmetry. In order to assess the
size of the effect, we alternatively varied the binning of each variable and we determined
again the PID efficiencies from Eq. (3.14) for all the Hb→ h+h′− decays. Furthermore,
an additional variable, the azimuthal angle of the track, ϕ, is introduced for the binning,
for a total of 125 different binning schemes. The largest variation between the baseline
asymmetry and the asymmetry computed from the new efficiencies is eventually taken
as systematic uncertainty. When including the systematic uncertainty, the values shown
in Fig. 3.36 and reported in Table 3.19 are obtained. The Run-average values of APID

for Λ0
b→ pK− are (−0.40± 0.56)% for Run 1 and (−0.10± 0.28)% for Run 2, while for

Λ0
b→ pπ− they are (−0.36± 0.59)% for Run 1 and (−0.20± 0.30)% for Run 2.

3.11 Determination of trigger-induced asymmetries
In this section the determination of the asymmetries introduced by the trigger requirements
is described. Since the candidates are required to pass some trigger selection, additional
sources of asymmetry can be introduced in the sample if the performance of the trigger
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3.11. Determination of trigger-induced asymmetries

Table 3.19: Values of the PID efficiencies and asymmetries for Λ0
b→ ph− and Λ0

b→ h+p decays
in Run 1 and Run2. The uncertainties for the asymmetries include the statistical and systematic
suorces.

Quantity Λ0
b→ pK− Λ0

b→ pπ−

Run1 Run 2 Run1 Run 2

ε(Λ0
b) (76.37± 0.34)% (83.00± 0.13)% (72.90± 0.34)% (75.34± 0.12)%

ε(Λ0
b) (76.97± 0.36)% (83.18± 0.13)% (73.43± 0.36)% (75.64± 0.12)%

APID (−0.40± 0.56)% (−0.10± 0.28)% (−0.36± 0.59)% (−0.20± 0.30)%
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Figure 3.36: Values of the PID asymmetries obtained for (left) Λ0
b→ pK− and (right) Λ0

b→ pπ−

decays, separated by magnet polarity. The uncertainties inlcude statistical and systematics.

differs for oppositely charged pK and pπ pairs. In particular, the trigger selection of this
analysis are Hadron_TOS OR Global_TIS on L0 and TrackMVA_TOS on HLT1. Therefore,
we need to evaluate the effect of three components: the TOS part of L0, the TIS part of
L0, and the TOS part of HLT1. As the HLT2 selection is applied after the full decay chain
has been reconstructed, and the cuts from the Hlt2_B2HHBDT line do not discriminate
between positively and negatively charged particles (see Table 3.2), no asymmetry is
expected at this stage, therefore we won’t need to compute any correction. The TIS part
will be estimated by means of B+→ J/ψK+ decays, while for the TOS contribution a
tag-and-probe method was developed using semileptonic Λ0

b→ (Λ+
c → pK−π+)µνX and

B0→ (D0→ K+π−)µνX decays. The followed procedure will be explained in the following
sections.

3.11.1 TIS asymmetry

A potential asymmetry from L0Global_TIS can arise from the fact that TIS events are
typically triggered by the other beauty hadron in the event, which preferably decays
semileptonically in a high-pT muon that can trigger L0. Since the charge of the muon is
related to the flavour of the b-hadron, an asymmetry between CP conjugate final states
can be introduced. The L0Global_TIS term of the selection is not expected to give a
noticeable effect on the raw asymmetry observed in the sample, as this trigger is activated
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Table 3.20: Selection of B+→ J/ψK+ candidates for the TIS asymmetry computation (from [139]).

Particle Variable Cut

B+→ J/ψK+ m(J/ψK+) ∈ [5150, 5450] MeV/c2
t > 0.2 ps

χ2
vtx/ndf < 10

J/ψ→ µ+µ− m(µ+µ−) ∈ [3016.9, 3176.9] MeV/c2
pT(µ

±) > 500 MeV/c
χ2
DOCA(µ

±) < 20
χ2
vtx/ndf < 16

DLLµπ(µ
±) > 0

K+ pT > 500 MeV/c
χ2
track/ndf < 5
DLLKπ > 0

independently of the signal decay by other particles coming form the pp collision; we will
evaluate this correction nonetheless.

In principle, any b-hadron decay with a large enough statistics should serve the purpose
of computing this asymmetry, since we have no way of knowing which decay was responsible
for the trigger decision. We decided to use B+→ J/ψK+ decays, and we will perform
the measurement as a function of the B+ transverse momentum, to account for possible
dependences of the asymmetry of the parent particle’s kinematics. The total value of
the asymmetry on the signal Λ0

b→ ph− sample will then be obtained by reweigthing the
distribution over the Λ0

b transverse momentum spectrum. The procedure for computing
the TIS asymmetry is the following:

• Apply a selection to the B+ → J/ψK+ sample, selected from the stripping line
StrippingBetaSBu2JpsiKDetachedLine; the selection is taken from [139] and is
reported in Table 3.20;

• Divide the sample in 5 bins of transverse momentum, as well as by charge of the B+

and trigger category:

– TIS: L0Global_TIS && L0Hadron_TOS;

– !TIS: !L0Global_TIS && L0Hadron_TOS;

(note that L0Hadron_TOS is required in order to have a common denominator for
the two samples firing or not the L0Global_TIS trigger.)

• For each subsample, perform a maximum likelihood invariant-mass fit to extract
the signal yields. The signal is modelled with the sum of two Gaussians and the
combinatorial background with an exponential function; the plots of the fits in all
subsamples are shown in Chapter A;
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Figure 3.37: Values of ATIS as a function of the B+ transverse momentum for Run1 and Run2.

• Compute the TIS efficiencies and asymmetry as:

ε+TIS =
N(TIS, B+)

N(TIS, B+) +N(!TIS, B+)
(3.39)

ε−TIS =
N(TIS, B−)

N(TIS, B−) +N(!TIS, B−)
(3.40)

ATIS =
ε−TIS − ε+TIS
ε−TIS + ε+TIS

, (3.41)

where the sign in Eq. (3.41) reflects the fact that a B+ meson contains a b quark,
while a Λ0

b baryon contains a b quark.

The resulting ATIS values as a function of the B+ transverse momentum are shown
in Fig. 3.37 for Run 1 and Run 2. A total value to be subtracted from the Λ0

b raw
asymmetries observed in data is computed by integrating the values over the transverse
momentum distribution of signal Λ0

b→ ph− decays, following Eq. (3.28). The values of ATIS

in each subsample are shown in Fig. 3.38. The total corrections amount to (0.46± 0.35)%
for Run 1 and (−0.13± 0.13)% for Run 2, respectively, on the Λ0

b→ pK− sample, while
for the Λ0

b → pπ− they are (0.66 ± 0.36)% for Run 1 and (−0.17 ± 0.13)% for Run 2,
respectively.

3.11.2 TOS asymmetry

The TOS part of the trigger comprises two different algorithms: L0 and HLT1; we
developed a new method for evaluating them. Large statistics samples of protons, kaons,
and pions are obtained selecting Λ0

b → (Λ+
c → pK−π+)µνX decays for protons and

B0→ (D0→ K+π−)µνX decays for kaons and pions; the latter sample is split randomly
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Figure 3.38: Values of ATIS reweighted to the kinematic of signal (left) Λ0
b→ pK− and (right)

Λ0
b→ pπ− decays.

in half to decorrelate the correction for pions and kaons. Despite being very similar, we
will describe the procedures for L0 and HLT1 separately.

L0 trigger

The Level 0 hadron trigger selects events in which a significant amount of transverse
energy is deposited in the hadronic calorimeter. In order to evaluate the performance of
the trigger on positively and negatively charged particles, we need to get an efficiency
map as a function of the transverse energy deposited in the calorimeter. The steps are the
following:

• To avoid any overlap between the energy clusters from the different particles in the
event, the semileptonic samples are selected by requiring that all energy clusters
in the hadron calorimeter are well separated; explicitly, this is done by asking that
the variable Trigger_ET, which stores the energy of the cluster that activated the
hadron trigger, should not be the same for any two of the particles in the event4;

• The ET of a cluster depends not only on the particle generating it, but also on
the underlying event whose particles generate energy deposits that may feed into
the considered cluster. To verify that this effect is the same in the Λ0

b→ ph− and
calibration sample, the distributions of ET/pT of the two samples are compared
in Fig. 3.39 for protons, kaons, and pions in different bins of pT. In the relativistic
regime ET ≈ pT, therefore the distribution of their ratio should peak around 1, unless
particles from the underlying event hit the same calorimeter cell and increase the
energy deposit, making the ratio deviate from 1; it can be seen that the distributions
for reweighted semileptonic samples and background-subtracted signal events are
sufficiently similar and peak around 1, proving that the pollution from the underlying
event is the same in both samples. This ensures that the efficiencies determined
from the calibration sample can be used for the Λ0

b→ ph− sample;

4This requirement will also need to be applied to the Λ0
b→ ph− sample: it results in removing about 6%

of candidates.
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• Combinatorial background events can then be easily removed with a sideband
subtraction, given the high purity of the samples and the flatness of the invariant-
mass distributions away from the signal peak; the signal regions are defined as
windows of width 16 and 26 MeV/c2 centered around 2286 and 1865 MeV/c2 for
Λ+

c and D0, respectively, while the two sidebands regions have half the size each
and are centered around 2239 and 2335 MeV/c2 for Λ+

c and 1816 and 1923 MeV/c2
for D0; the invariant-mass distribution of the two semileptonic samples are shown
in Fig. 3.40;

• An efficiency map is computed as a function of transverse energy by triggering on
the muon and probing the hadron with the following formula:

ε±h (ET) =
N(L0Hadron_TOS(h±) & L0Muon_TOS(µ), ET)

N(L0Muon_TOS(µ), ET)
, (3.42)

where h represents either a proton, a kaon, or a pion. This efficiency is also calculated
separately for the inner and outer region of the HCAL, as they have different
segmentations and thus likely different performances. The plots of the efficiencies
for all subsamples are shown in Chapter B. The ET bin edges are 0, 2, 2.8, 3.2, 3.6,
4, 4.4, 4.8, 5.2, 5.6, 6, 6.4, 6.8, 7.2, 7.6, 8, 8.4, 8.8, 9.4 and 10 GeV/c.

• On the Λ0
b→ ph− sample, in each ET bin and HCAL region a two-body efficiency is

computed; we will omit the ET and region dependence in the following to simplify
the notation and call ε±h the probability that a charged particle h ∈ {π,K, p} with
a given ET activates the TOS trigger by hitting a cell in the inner/outer HCAL
region, and likewise 1− ε±h the probability that the same particle does not activate
the trigger; the two-body TOS efficiency can then be written as

εΛ0
b
= ε+p (1− ε−h ) + (1− ε+p )ε−h + ε+p ε

−
h ,

= 1− (1− ε+p )(1− ε−h ), (3.43)
εΛ0

b
= ε−p (1− ε+h ) + (1− ε−p )ε+h + ε−p ε

+
h ,

= 1− (1− ε−p )(1− ε+h ), (3.44)

from which a bin-by-bin asymmetry is obtained:

AΛ0
b ,i

=
εΛ0

b
− εΛ0

b

εΛ0
b
+ εΛ0

b

, (3.45)

• Finally, the value of the L0 asymmetry is computed for the whole Λ0
b→ ph− sample

computing the sum:

ATOS =
N∑

i=1

fiAΛ0
b ,i
, (3.46)

where i is the index of each ET and HCAL region bin, fi = wi/
∑N

i wi, and wi is
the sum of s-Weights in the same bin. To assign a systematic uncertainty on the
TOS asymmetry, the efficiencies from Eq. (3.42) were also produced applying the
method to simulated samples; the results are compared to those obtained from the
MC truth the simulation. The difference between the two numbers is taken as a
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Figure 3.39: Plot of ET/pT for (top left) protons, (top right) kaons, and (bottom) pions in the
inner HCAL region and for 0 < pT < 30 GeV/c. The blue line corresponds to the reweighted
semileptonic samples, while the red line to background-subtracted Λ0

b→ ph− decays.

systematic uncertainty. The values of ATOS for each year and magnet polarity are
reported in Fig. 3.41; for Λ0

b→ pK− decays the total values are (−1.14± 0.19)% for
Run 1 and (−1.29± 0.08)% for Run 2, while for Λ0

b→ pπ− they are (−1.12± 0.20)%
for Run 1 and (−1.16± 0.09)% for Run 2.

Once ATIS and ATOS are computed, they are combined to get AL0 according to the
respective fraction of trigger category observed in data:

AL0 = ATIS
N(TIS&&!TOS)

N
+ ATOS

N(TOS)
N

; (3.47)

as an example, the Λ0
b→ pK− sample contains about 39% TIS events and 61% TOS events.

The values shown in Figs. 3.38 and 3.41 and reported in the text are already weighted
according to these fractions.

HLT1

The first level of the High Level Trigger performs a partial event reconstruction and
selects promising candidates based on some preliminary information. In particular, the
Hlt1TrackMVA line employed in this analysis makes a selection based on a two-dimensional
cut in the (pT , log(χ

2
IP)) plane of the tracks. In order to evaluate the performance of the

HLT1 trigger on positively and negatively charged particles, we need to get an efficiency
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Figure 3.40: Invariant-mass distribution of the semileptonic samples Λ0
b→ (Λ+

c → pK−π+)µνX
(left) and B0→ (D0→ K+π−)µνX (right). The blue and red areas indicate respectively the
selected signal and background regions for the sideband subtraction.
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Figure 3.41: Values of ATOS for (left) Λ0
b→ pK− and (right) Λ0

b→ pπ− decays, separated by
year and magnet polarity.

map as a function of the transverse momentum and the log(χ2
IP) of positive and negative

particles. The steps are the following:

• The semileptonic samples are selected with the same sideband subtraction as de-
scribed for the L0Hadron_TOS trigger, minus the energy cell overlap cut;

• An efficiency map is computed as a function of transverse momentum and χ2
IP by

triggering on the muon and probing the hadron with the following formula:

ε±h (pT , log
(
χ2
IP

)
) =

N(Hlt1_TOS(h±) & Hlt1TrackMuon_TOS(µ) & L0_TOS(µ))
N(Hlt1TrackMuon_TOS(µ) & L0_TOS(µ))

,

(3.48)
where h represents either a proton, a kaon, or a pion. Hlt1_TOS and L0_TOS are
shorthands for Hlt1TrackMVA_TOS and L0Muon_TOS, respectively. The plots of the
efficiencies in all subsamples are shown in Chapter C. The pT bin edges are 0, 1.65,
1.8, 1.92, 2.04, 2.16, 2.28, 2.52, 2.76, 2.88, 3.24, 3.6, 4.08, 4.68, 6 and 12 GeV/c2.

111



Chapter 3. Measurement of ACP (pK
−) and ACP (pπ

−)

The log(χ2
IP) bin edges are 2, 3.5, 4, 4.5, 4.9, 5.3, 5.6, 5.9, 6.1, 6.4, 6.7, 7, 7.3, 7.6, 8,

8.6 and 12.

• On the Λ0
b→ ph− sample, in each pT bin and log(χ2

IP) bin we have a chance ε±h that
a charged h± particle with a given pT and log(χ2

IP) activates the HLT1 trigger, and
a chance 1− ε±h of not doing so; then the two-body efficiency can be computed as
(we omit the pT and log(χ2

IP) dependence in the following to simplify the notation):

εΛ0
b
= ε+p (1− ε−h ) + (1− ε+p )ε−h + ε+p ε

−
h

= 1− (1− ε+p )(1− ε−h ) (3.49)
εΛ0

b
= ε−p (1− ε+h ) + (1− ε−p )ε+h + ε−p ε

+
h

= 1− (1− ε−p )(1− ε+h ), (3.50)

from which a bin-by-bin asymmetry is obtained:

AΛ0
b ,i

=
εΛ0

b
− εΛ0

b

εΛ0
b
+ εΛ0

b

(3.51)

• Finally, the value of the HLT1 asymmetry is computed for the whole Λ0
b→ ph−

sample computing the sum:

AHLT1 =
N∑

i=1

fiAΛ0
b ,i
, (3.52)

where i is the bin index in the (pT, log(χ
2
IP)) plane, fi = wi/

∑N
i wi, and wi is the

sum of s-Weights in the same bin. Similarly to the L0 asymmetry, a systematic
uncertainty is added by doing the same computation with efficiencies obtained from
simulated samples and comparing it with the value obtained from MC truth. The
difference between the two numbers is taken as a systematic uncertainty. The values
of AHLT1 for each year and magnet polarity are reported in Fig. 3.42; for Λ0

b→ pK−

decays the total values are (0.01± 0.35)% for Run 1 and (0.01± 0.16)% for Run 2,
while for Λ0

b→ pπ− they are (0.02± 0.35)% for Run 1 and (0.00± 0.16)% for Run 2.

3.12 Run 1 Λ0
b production asymmetry

The production asymmetry of a Λ0
b baryon was measured in Run 1 studying Λ0

b→ Λ+
c π

−

decays [112], with Λ+
c → pK−π+. The measurement was performed as a function of Λ0

b

rapidity and transverse momentum, making it easy to apply the resulting maps (shown
in Fig. 3.43) to a sample with a different kinematic distributions. We chose to use the
rapidity-dependent values, reported in Table 3.21, to compute the production asymmetry
on the signal Λ0

b→ ph− sample in Run 1. The computation is performed with the following
equation:

AP(Λ
0
b) =

∑

i

wiAP,i, (3.53)

where i labels the rapidity bin and wi is the sum of the s-Weights of the Λ0
b→ ph− sample

in bin i. The results of the computation are shown in Fig. 3.44; the Run 1 values are
measured to be (1.18± 0.21)% for Λ0

b→ pK− and (1.12± 0.21)% for Λ0
b→ pπ−.
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Figure 3.42: Values of AHLT1 for (left) Λ0
b→ pK− and (right) Λ0

b→ pπ− decays, separated by
year and magnet polarity.
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Figure 3.43: Values of the Λ0
b production asymmetry as a function of (top) rapidity and (bottom)

transverse momentum. Left values are for 2011, right values are for 2012.
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Table 3.21: Values, in percent, of the Λ0
b production asymmetry in 2011 and 2012, separated by

magnet polarity.

Rapidity 2011 2012
Down Up Down Up

y ∈ [2.15, 2.58] −0.02± 0.94 3.19± 1.13 −0.47± 0.68 0.15± 0.58
y ∈ [2.58, 2.80] 1.07± 0.77 1.15± 0.83 0.49± 0.56 0.71± 0.50
y ∈ [2.80, 3.00] 1.09± 0.68 1.13± 0.83 0.8± 0.53 0.56± 0.48
y ∈ [3.00, 3.20] 1.87± 0.74 1.42± 0.77 0.39± 0.52 1.17± 0.51
y ∈ [3.20, 3.43] 2.29± 0.65 3.16± 0.75 0.87± 0.50 1.41± 0.50
y ∈ [3.43, 3.70] 2.59± 0.68 1.54± 0.78 2.72± 0.54 2.68± 0.53
y ∈ [3.70, 4.10] 3.25± 0.97 4.24± 1.07 1.93± 0.78 2.94± 0.71
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Figure 3.44: Values of the Λ0
b production asymmetry on the (left) Λ0

b→ pK− and (right) Λ0
b→ pπ−

samples in Run 1.

3.13 Asymmetries of the Λ0
b→ Λ+

c π
− sample

As anticipated in Section 3.1, we will use a control sample of Λ0
b→ (Λ+

c → pK−π+)π−

decays to remove the production asymmetry on the Run 2 sample by subtracting the raw
asymmetries and computing the remaining instrumental asymmetries. This means that
PID, trigger, and detection asymmetries for all particles in the control sample must be
computed; they will be measured the same way as they were done for the signal channel,
with the changes needed to account for a 4-body decay. We will describe and show in this
section the computation of all nuisance asymmetries in the control sample.

The first step in this procedure is to select Λ0
b→ (Λ+

c → pK−π+)π− decays: we adopted
the same selection used in [140], which is summarised in Table 3.22, with two differences:
the invariant-mass window is restricted to the range [5.54, 6.15] GeV/c2 to exclude most
of the peaking background contributions from cross-feed decays, and the PID requirement
ProbNNp > 0.6 on the proton is changed to DLLpK > 7, which has a similar efficiency
and will allow us to employ the methods described in Section 3.3 for computing the PID
asymmetry on this sample.

Next, a reweighting is performed to ensure that the production asymmetry of the Λ0
b
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Table 3.22: Selection requirements of Λ0
b→ (Λ+

c → pK−π+)π− decays (from [140]).

Particle Variable Cut Units

All nTracks ∈ [15, 500]
η ∈ [2, 5]

hasRich == 1
isMuon == 1

Λ0
b m(Λ+

c π
−) ∈ [5540, 6150] MeV/c2
L0 Hadron_TOS OR Global_TIS

HLT1 TrackMVA_TOS

Λ+
c m(pK+π−) ∈ [2266, 2306] MeV/c2

τ > 0 ps
Flight Distance (FD) > 0

χ2
FD > 2

p p ∈ [10, 150] GeV/c
pT ∈ [1, 45] GeV/c

DLLpK > 7

K p ∈ [2, 150] GeV/c
pT ∈ [0.25, 150] GeV/c

DLLKπ > 0

π from Λ+
c p ∈ [2, 150] GeV/c

pT ∈ [0.25, 150] GeV/c
DLLKπ < 5

π from Λ0
b DLLKπ < 0

baryon in the two samples cancels out; this is done by training a BDT classifier using the
hep_ml [134] package to make the kinematics of the control sample match with the signal
sample; the variables used for the training are the momentum and pseudorapidity of the
Λ0

b , and the reweighting is done without splitting it by year and magnet polarity as the
kinematic distributions of all the subsamples within a given Run period were found to be
similar, as show in Fig. 3.45. The distributions before and after reweighting are shown
in Fig. 3.46.

On this reweighted samples, raw asymmetries are extracted with simultaneous
maximum-likelihood fits to the invariant-mass distributions of CP -conjugated final states.
The signal events are modelled with a Crystal Ball distribution [135]; the combinatorial
events are modelled with an exponential function; the cross-feed events from Λ0

b→ Λ+
c K

−

decays are modelled with a Gaussian function with width in common with the signal shape
and mean restricted to the range [5.56, 5.58] GeV/c2. The fits are performed separately
for each year and magnet polarity subsample. The plots of the fits in all subsamples are
shown in Chapter D, while the raw asymmetries are shown in Figure 3.47.

After extracting the raw asymmetries, the pion, kaon, and proton detection, as well
as the trigger and PID asymmetries must be measured; they are computed with the
same procedure described in Sections 3.9 to 3.11, with the difference that in this case
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Figure 3.45: Kinematic distributions of the Λ0
b→ Λ+

c π
− sample in Run 2 divided by year and

magnet polarity.
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Figure 3.47: Raw asymmetries of the Λ0
b→ Λ+

c π
− sample, divided by year and magnet polarity.

the final state is made of four particles instead of two. For example, the efficiencies
in Equations (3.43) and (3.44) become5:

ε(Λ0
b) = 1− (1− ε+p )(1− ε−K)(1− ε+π )(1− ε−π ), (3.54)

ε(Λ0
b) = 1− (1− ε−p )(1− ε+K)(1− ε−π )(1− ε+π ). (3.55)

The instrumental asymmetries for Λ0
b→ Λ+

c π
− decays are shown in Figure 3.48, divided

by year and magnet polarity. In the plots, the label π1 indicates the pion from the decay
of the Λ0

b , while π2 indicates the pion from the decay of the Λ+
c . For illustration purposes,

the average values for Run 2 are also shown, although they are not used in the averaging
procedure to obtain the final results due to the correlations between all corrections, as
will be explained in the next section.

3.14 Combination of corrections to the raw asymmetries
In order to combine all the corrections to the raw asymmetries into a single value, their
correlations must be taken into account. Such correlations arise from the fact that some
information used to determine the corrections are used multiple times. For example, the
efficiency tables used to determine the PID asymmetries (see Sections 3.3 and 3.10) are
used to determine the correction for both the Λ0

b→ ph− and Λ0
b→ Λ+

c π
− decays, as it can

be seen by looking at Eqs. (3.11) and (3.12).
Another correlation to be taken into account is that among the different data taking

periods. In this case, for example, the correlation comes from the proton detection asym-
metry (see Section 3.9.3), where the correction determined in bins of proton momentum
from 2012 data is used as well for all the Run 2 samples.
5The formulas shown here are shorthands for requesting that at least one of the four particles be TOS on
L0_Hadron.
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Figure 3.48: Instrumental asymmetries of Λ0
b→ Λ+

c π
− decays. From top to bottom and from

left to right: PID, K detection, π− detection, π+ detection, proton detection, TIS, L0_Hadron,
Hlt1. For illustration purposes, the average values for Run 1 and Run 2 are also shown, although
they are not used in the averaging procedure to obtain the final results due to the correlations
between al corrections.
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Hence, in order to properly combine all the corrections, a set of pseudoexperiments have
been run. The strategy to generate the pseudoexperiments starts with the identifications
of the basic parts of the measurement that are completely independent from each other;
they are:

K−π+ detection asymmetries the detection asymmetry of a K−π+ pair in bins of
kaon kinematic from Fig. 3.32 is completely uncorrelated from any other corrections,
but the same maps are used twice for computing the kaon detection asymmetry
both for the signal and control sample;

Pion detection asymmetries the pion detection asymmetries in bins of pion kinematic
from Figs. 3.28 and 3.29 is used twice to compute the correction for the signal and
control sample; in addition, it is also used to obtain the kaon detection asymmetry
from the K−π+ detection asymmetry, introducing an additional correlation;

Raw asymmetries of Λ0
b→ Λ+

c π
− the raw asymmetries obtained from Fig. 3.47 are

uncorrelated from everything else;

Proton detection asymmetry the proton detection asymmetry as a function of proton
momentum in Table 3.18 and Fig. 3.34 is only available for Run 1; for all the Run 2
subsamples, the 2012 map will be reused;

PID asymmetries the PID-efficiency tables from Section 3.3 (see Fig. 3.4) are indepen-
dent for all the years, but are used twice to compute the correction on the signal
and control sample.

L0 TOS asymmetries the tables with L0_TOS asymmetries as a function of ET and
HCAL region from Chapter B are independent for all the years, but are used twice
to compute the correction on the signal and control sample.

L0 TIS asymmetries the tables with L0_TIS asymmetries as a function of the pT of the
Λ0

b from Fig. 3.37 are independent for all the years, but are used twice to compute
the correction on the signal and control sample.

HLT1 asymmetries the tables with the Hlt1 efficiencies as a function of pT and χ2
IP of

particles from Chapter C are independent for all the years, but are used twice to
compute the correction on the signal and control sample.

Λ0
b production asymmetries the Run 1 values of the Λ0

b production asymmetry are
independent for all years and magnet polarities, but the are correlated to the
corresponding proton interaction asymmetry maps, as they are measured from the
same sample.

In the next step of the procedure, the information summarised in the list above, in
form of tables, is bootstrapped and new tables are created. The central values in each
bin of the tables are randomly extracted using Gaussian functions with mean and width
corresponding to central values and uncertainties from the original tables. At this point, a
new set of base informations necessary to determine all the corrections needed to compute
the CP asymmetries for each year and magnet polarity are available, and are combined
according to Eqs. (3.3) and (3.4) for Run 1 and Eqs. (3.11) and (3.12) for Run 2. Finally,
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the bootstrapping is repeated 1000 times, each time determining the final values for the
CP asymmetries.

To obtain a final value of ACP (pK
−) and ACP (pπ

−), we will average the 12 measure-
ments in each year and magnet subsample using the prescription from Ref. [141], which
we summarise here: we define two 12× 12 covariance matrices, one containing only the
statistical uncertainties of the 12 measurements, which are completely uncorrelated to all
other uncertainties and to each other, and one containing only the systematic uncertainties,
including their correlations estimated from the distribution of the 1000 bootstrapped CP
asymmetries:

Vstat =




(
σ1U
stat

)2 · · · 0
... . . . ...
0 · · ·

(
σ8D
stat

)2


 , (3.56)

Vsyst =




(
σ1U
syst

)2 · · · ρ1U8Dσ
1U
systσ

8D
syst

... . . . ...
ρ1U8Dσ

1U
systσ

8D
syst · · ·

(
σ18D
syst

)2


 , (3.57)

where we used the notation σYM, with Y ∈ {1, 2, 5, 6, 7, 8} and M ∈ {U,D} to indicate
the ACP uncertainty of the 201Y magnet M subsample, and similarly ρYMY′M′ to indicate
the correlation coefficient between the CP asymmetry measured in the two YM and Y’M’
subsamples. The correlation matrices of the 12 measurements are shown in Fig. 3.49 for
ACP (pK

−) and ACP (pπ
−).

With the statistical and systematic matrices, we define the total covariance matrix
V = Vstat+Vsyst, which we can use to find the optimal averages of all the 12 measurements
of ACP (pK

−) and ACP (pπ
−) as

ACP =

(∑

i

∑

j

(
V −1

)
ij

)−1(∑

i

∑

j

(
V −1

)
ij
ACPj

)
, (3.58)

with uncertainty given by

σ2
(
ACP

)
=

(∑

i

∑

j

(
V −1

)
ij

)−1

. (3.59)

To obtain separate values of ACP for Run 1 and Run 2, the procedure is applied only on
the corresponding subset of the 12 measurements.

3.15 Results
In this section we present the results of the averaging procedure described in Section 3.14.
The results of the 1000 pseudoexperiments are shown in Fig. 3.50 for all 12 subsamples,
while the Run 1 and 2 values of all the experimental asymmetries contributing to ACP are
reported in Tables 3.23 and 3.24. The results for the Run 1 sample are:

ACP (pK
−) = (0.09± 1.53± 0.72)%,

ACP (pπ
−) = (−0.52± 1.89± 0.56)%,
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Figure 3.49: Correlation matrices of (top) ACP (pπ
−) and (bottom) ACP (pK

−) measured in each
Run 1+2 year and magnet polarity. Only systematic uncertainties are considered, i.e. these
correspond to the matrices defined in Eq. (3.57), excluding the magnitudes of the systematic
errors.
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Table 3.23: Numerical results of all the experimental asymmetries contributing to ACP for Run 1.
The numbers are just for illustration purposes, as the values of ACP shown on the bottom are
not the sums of these corrections, but come from the combination of the measurements in the 4
Run 1 subsamples, according to Eqs. (3.58) and (3.59).

Λ0
b→ pK− Λ0

b→ pπ−

Araw (+0.86± 1.53)% (+0.90± 1.89)%
APID (−0.40± 0.56)% (−0.36± 0.59)%
ATOS (−1.14± 0.19)% (−1.12± 0.20)%
ATIS (+0.46± 0.35)% (+0.66± 0.36)%
Ahlt1 (+0.01± 0.35)% (+0.02± 0.35)%
AD(p) (+1.45± 0.08)% (+1.44± 0.08)%

AD(K
−) (−0.69± 0.12)% -

AD(π
−) - (+0.10± 0.11)%

AP(Λ
0
b) (1.18± 0.21)% (1.12± 0.21)%

ACP (0.09± 1.69)% (−0.52± 1.97)%

with a correlation of 3%, where the first uncertainty is statistical and the second is
systematic. They are compatible with the previous results [13], that are respectively
(−2.0±1.3±1.9)% and (−3.5±1.7±2.0)%. It can be seen how the systematic uncertainty
have been reduced by a factor 2 thanks to the improvements in the analysis, which means
that these numbers supersede the previous ones.
The results for the Run 2 sample are:

ACP (pK
−) = (−1.45± 0.75± 0.43)%,

ACP (pπ
−) = (0.34± 0.95± 0.43)%,

with a correlation of 15%. The combination with the Run 1 values yield:

ACP (pK
−) = (−1.12± 0.67± 0.36)%,

ACP (pπ
−) = (0.15± 0.85± 0.36)%,

with a total correlation of 10%. These results are the most precise measurements of the
CP asymmetries in Λ0

b→ pK− and Λ0
b→ pπ− decays from a single experiment, and they

are compatible with the CP symmetry conservation hypothesis within 1.5σ and 0.2σ,
respectively.
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Figure 3.50: Values of ACP (pK
−) (top) and ACP (pπ

−) (bottom), divided by year and magnet
polarity, including statistical and systematic uncertainties. The average values for Run 1, Run 2,
and their combination, computed according to Eqs. (3.58) and (3.59), are also shown.
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Table 3.24: Numerical results of all the experimental asymmetries contributing to ACP for Run 2.
The numbers are just for illustration purposes, as the values of ACP shown on the bottom are
not the sums of these corrections, but come from the combination of the measurements in the 8
Run 2 subsamples, according to Eqs. (3.58) and (3.59).

Λ0
b→ pK− Λ0

b→ pπ− Λ0
b→ Λ+

c π
−

Araw (−0.86± 0.75)% (+0.14± 0.95)% (−0.20± 0.29)%
APID (+0.03± 0.12)% (−0.20± 0.30)% (+0.09± 0.12)%
ATOS (−1.29± 0.08)% (−1.16± 0.09)% (−0.85± 0.05)%
ATIS (−0.05± 0.05)% (−0.17± 0.13)% (−0.10± 0.09)%
Ahlt1 (+0.01± 0.16)% (+0.00± 0.16)% (+0.01± 0.16)%
AD(p) (+1.31± 0.04)% (+1.43± 0.06)% (+1.58± 0.05)%

AD(K
−) (−0.68± 0.05)% - (−0.84± 0.07)%

AD(π
−) - (+0.02± 0.07)% (+0.05± 0.04)%

AD(π
+) - - (−0.13± 0.02)%

ACP (−1.45± 0.86)% (0.34± 1.04)% -
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Conclusions

In this thesis, a measurement of the CP asymmetries of Λ0
b→ pK− and Λ0

b→ pπ− decays
using the full Run 1+2 dataset collected by the LHCb experiment has been presented.
The data sample corresponds to an integrated luminosity of 9 fb−1 of pp collisions at
centre-of-mass energies of 7, 8 and 13TeV. The Run 1 analysis [13] was repeated to profit
from the developments in the estimation of the Λ0

b production asymmetry [112] and from
the use of a novel technique to compute the trigger-induced asymmetries.

After a multivariate selection aimed at finding the optimal selection requirements to
minimise the uncertainties on the ACP observables, the signal yields have been computed
from maximum-likelihood fits to the invariant-mass spectra of the eight Hb→ h+h′−

decays. A simultaneous invariant-mass fit allows the yields of mis-identified decays in the
target spectrum signal window to be determined. Asymmetries due to PID requirements
have been estimated with calibration samples, building 2-dimensional mis-ID efficiency
maps in the (p, η) plane that have been integrated over the signal kinematic distributions.
The effect of the trigger selection on the raw asymmetries has been evaluated from control
samples of B+ → J/ψK+, Λ0

b → (Λ+
c → pK−π+)µνX, and B0 → (D0 → K+π−)µνX

decays, used respectively to compute the impact on the asymmetry of the specific trigger
algorithms used to collect the data. Detection asymmetries for final-state particles have
been either computed directly (for kaons) or taken from already available measurements
done by the collaboration (for pions and protons).

The production asymmetry of the Λ0
b baryon was measured in Run 1 but not in Run 2,

therefore for the latter sample we used a control sample of Λ0
b→ (Λ+

c → pK−π+)π− decays
to remove it by subtracting the raw asymmetries between the signal and control sample,
and computing the other instrumental asymmetries also on the latter. This has introduced
correlations between the various terms, since the efficiencies needed to compute every
correction were used identically both on the signal and control sample; such correlations
have been taken into account when computing the average of the measurements of ACP in
all the year and magnet polarity subsamples.

The results of the analysis on the Run 1 sample are:

ACP (pK
−) = (0.09± 1.53± 0.72)%,

ACP (pπ
−) = (−0.52± 1.89± 0.56)%,

where the first uncertainty is statistical and the second is systematic, and treir mutual
correlation is 3%. They are compatible with the previous results [13] while having the
systematic uncertainties reduced by a factor 2, thus superseding them. The results on the
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Conclusions

Run 2 sample are:

ACP (pK
−) = (−1.45± 0.75± 0.43)%,

ACP (pπ
−) = (0.34± 0.95± 0.43)%,

with a correlation of 15%. Upon combination with the Run 1 results they yield the final
values:

ACP (pK
−) = (−1.12± 0.67± 0.36)%,

ACP (pπ
−) = (0.15± 0.85± 0.36)%.

with a total correlation of 10%. These are the most precise measurements of the CP
asymmetries in Λ0

b → pK− and Λ0
b → pπ− decays from a single experiment. They are

compatible with 0 within 1.5σ and 0.2σ, respectively, indicating CP symmetry conservation.
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Fits for the K−π+ asymmetry

K−π+π+ sample
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Figure 51: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of the
pair) K+π−π− decays in the year 2011 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.

127



Conclusions

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

1

2

3

4

5

6

7

8

9
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

1

2

3

4

5

6

7

8

9
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2011 Down, 5<p<10 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2011 Down, 10<p<15 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

16

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

16

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2011 Down, 15<p<20 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

310×
 )2

E
ve

nt
s 

/ (
 2

 M
eV

/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2011 Down, 20<p<25 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

16

18

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

16

18

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2011 Down, 25<p<40 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

1

2

3

4

5

6

7

8

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

1

2

3

4

5

6

7

8

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2011 Down, 40<p<60 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2011 Down, 60<p<80 GeV
Data
Fit
Signal
Comb. bkg.

Figure 52: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of
the pair) K+π−π− decays in the year 2011 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 53: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of the
pair) K+π−π− decays in the year 2012 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.

129



Conclusions

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2012 Down, 5<p<10 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

5

10

15

20

25

30

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

5

10

15

20

25

30

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2012 Down, 10<p<15 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

5

10

15

20

25

30

35
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

5

10

15

20

25

30

35
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2012 Down, 15<p<20 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

5

10

15

20

25

30

310×
 )2

E
ve

nt
s 

/ (
 2

 M
eV

/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

5

10

15

20

25

30

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2012 Down, 20<p<25 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

10

20

30

40

50
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

10

20

30

40

50
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2012 Down, 25<p<40 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

16

18

20

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10

12

14

16

18

20

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2012 Down, 40<p<60 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2D_M (MeV/c

0

2

4

6

8

10
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2012 Down, 60<p<80 GeV
Data
Fit
Signal
Comb. bkg.

Figure 54: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of
the pair) K+π−π− decays in the year 2012 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.

130



Conclusions

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

14

16

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

14

16

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2015 Up, 5<p<10 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

5

10

15

20

25
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

5

10

15

20

25
310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2015 Up, 10<p<15 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

14

16

18

20

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

14

16

18

20

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2015 Up, 15<p<20 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

14

16

310×
 )2

E
ve

nt
s 

/ (
 2

 M
eV

/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

14

16

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2015 Up, 20<p<25 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2015 Up, 25<p<40 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

2

4

6

8

10

12

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2015 Up, 40<p<60 GeV
Data
Fit
Signal
Comb. bkg.

1800 1850 1900

]2c ) [MeV/+π +π −m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

0.5

1

1.5

2

2.5

3

3.5

4

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

1800 1850 1900

]2c ) [MeV/−π −π +m(K

5−
0
5

Pu
lls 1800 1850 1900

)2Dplus_M (MeV/c

0

0.5

1

1.5

2

2.5

3

3.5

4

310×

 )2
E

ve
nt

s 
/ (

 2
 M

eV
/c

2015 Up, 60<p<80 GeV
Data
Fit
Signal
Comb. bkg.

Figure 55: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of the
pair) K+π−π− decays in the year 2015 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 56: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of
the pair) K+π−π− decays in the year 2015 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 57: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of the
pair) K+π−π− decays in the year 2016 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 58: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of
the pair) K+π−π− decays in the year 2016 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 59: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of the
pair) K+π−π− decays in the year 2017 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 60: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of
the pair) K+π−π− decays in the year 2017 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 61: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of the
pair) K+π−π− decays in the year 2018 and magnet polarity up sample. The samples are divided
in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 62: Fits to the invariant-mass distributions of (left of the pair) K−π+π+ and (right of
the pair) K+π−π− decays in the year 2018 and magnet polarity down sample. The samples are
divided in bins of kaon momentum, from lowest to highest from the top to the bottom and from
left to right.
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Figure 63: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2011 and magnet polarity up sample. The samples are divided in

bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 64: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2011 and magnet polarity down sample. The samples are divided

in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 65: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2012 and magnet polarity up sample. The samples are divided in

bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 66: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2012 and magnet polarity down sample. The samples are divided

in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 67: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2015 and magnet polarity up sample. The samples are divided in

bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 68: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2015 and magnet polarity down sample. The samples are divided

in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 69: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2016 and magnet polarity up sample. The samples are divided in

bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 70: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2016 and magnet polarity down sample. The samples are divided

in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 71: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2017 and magnet polarity up sample. The samples are divided in

bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 72: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2017 and magnet polarity down sample. The samples are divided

in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 73: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2018 and magnet polarity up sample. The samples are divided in

bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure 74: Fits to the invariant-mass distributions of (left of the pair) K0
Sπ

+ and (right of the
pair) K0

Sπ
− decays in the year 2018 and magnet polarity down sample. The samples are divided

in bins of kaon momentum, from lowest to highest from the top to the bottom and from left to
right.
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Figure A.1: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2011, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.2: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays in
the trigger category TIS & TOS, year 2011, and magnet polarity down. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.3: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2012, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.4: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays in
the trigger category TIS & TOS, year 2012, and magnet polarity down. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.5: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2015, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.6: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays in
the trigger category TIS & TOS, year 2015, and magnet polarity down. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.7: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2016, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.8: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays in
the trigger category TIS & TOS, year 2016, and magnet polarity down. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.9: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2017, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.10: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2017, and magnet polarity down. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.11: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2018, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.12: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category TIS & TOS, year 2018, and magnet polarity down. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.13: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2011, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.14: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2011, and magnet polarity down. The samples are
divided in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.15: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2012, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.16: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2012, and magnet polarity down. The samples are
divided in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.17: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2015, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.18: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2015, and magnet polarity down. The samples are
divided in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.19: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2016, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.20: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2016, and magnet polarity down. The samples are
divided in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.21: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2017, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.22: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2017, and magnet polarity down. The samples are
divided in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.23: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2018, and magnet polarity up. The samples are divided
in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure A.24: Fits to the invariant-mass distributions of (left) J/ψK+ and (right) J/ψK− decays
in the trigger category !TIS & TOS, year 2018, and magnet polarity down. The samples are
divided in bins of B+ transverse momentum, from lowest to highest from the top to the bottom.
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Figure B.1: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2011 magnet Up sample.
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Figure B.2: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2011 magnet Down sample.
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Figure B.3: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2012 magnet Up sample.
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Figure B.4: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2012 magnet Down sample.
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Figure B.5: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2015 magnet Up sample.
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Figure B.6: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2015 magnet Down sample.
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Figure B.7: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2016 magnet Up sample.
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Figure B.8: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2016 magnet Down sample.
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Figure B.9: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2017 magnet Up sample.
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Figure B.10: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2017 magnet Down sample.
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Figure B.11: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2018 magnet Up sample.
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Figure B.12: L0_Hadron efficiency as a function of ET for (top row) protons, (middle row) kaons,
and (bottom row) pions hitting the (left) inner and (right) outer region of HCAL. These are the
plots for the 2018 magnet Down sample.
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Figure C.1: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2011 magnet Up sample.
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Figure C.2: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2011 magnet Down sample.
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Figure C.3: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2012 magnet Up sample.

194



0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

p +  2012 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

p  2012 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

K +  2012 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12
lo

g(
2 IP
)

K  2012 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

+  2012 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

 2012 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

Figure C.4: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2012 magnet Down sample.
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Figure C.5: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2015 magnet Up sample.
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Figure C.6: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2015 magnet Down sample.
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Figure C.7: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2016 magnet Up sample.
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Figure C.8: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2016 magnet Down sample.
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Figure C.9: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2017 magnet Up sample.
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Figure C.10: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2017 magnet Down sample.
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Figure C.11: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2018 magnet Up sample.

202



0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

p +  2018 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

p  2018 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

K +  2018 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12
lo

g(
2 IP
)

K  2018 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

+  2018 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

0 2 4 6 8 10 12
pT [GeV]

2

4

6

8

10

12

lo
g(

2 IP
)

 2018 Down

0.0

0.2

0.4

0.6

0.8

1.0

hl
t1

Figure C.12: Hlt1_TrackMVA efficiency as a function of pT and log
(
χ2
IP

)
for (top row) protons,

(middle row) kaons, and (bottom row) pions of (left) positive and (right) negative charge. These
are the plots for the 2018 magnet Down sample.
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Appendix D
Λ0b→ Λ+c π

− fits

Linear scale
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Appendix D. Λ0
b→ Λ+

c π
− fits
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Figure D.1: Fits to the invariant-mass distributions of (left) Λ0
b→ Λ+

c π
− and (right) Λ0

b→ Λ−
c π

+

decays for the years from 2015 to 2018 magnet Up from top to bottom; the plots are in linear
scale.
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Figure D.2: Fits to the invariant-mass distributions of (left) Λ0
b→ Λ+

c π
− and (right) Λ0

b→ Λ−
c π

+

decays for the years from 2015 to 2018 magnet Down from top to bottom; the plots are in linear
scale.
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Appendix D. Λ0
b→ Λ+

c π
− fits

Logarithmic scale
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Figure D.3: Fits to the invariant-mass distributions of (left) Λ0
b→ Λ+

c π
− and (right) Λ0

b→ Λ−
c π

+

decays for the years from 2015 to 2018 magnet Up from top to bottom; the plots are in logarithmic
scale.
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Figure D.4: Fits to the invariant-mass distributions of (left) Λ0
b→ Λ+

c π
− and (right) Λ0

b→ Λ−
c π

+

decays for the years from 2015 to 2018 magnet Down from top to bottom; the plots are in
logarithmic scale.

209



Appendix D. Λ0
b→ Λ+

c π
− fits

210



Appendix E
ACP scatter plots

Λ0
b→ pK−

211



Appendix E. ACP scatter plots
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Figure E.1: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2011 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.2: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2011 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Appendix E. ACP scatter plots
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Figure E.3: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2012 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.4: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2012 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Appendix E. ACP scatter plots
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Figure E.5: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2015 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.6: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2015 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.7: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2016 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.8: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2016 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Appendix E. ACP scatter plots
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Figure E.9: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2017 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.10: Scatter plots of the 1000 values of ACP (pK
−) obtained from the pseudoexperiments

in the 2017 magnet Down sample and 2018 magnet Up and the other subsamples. The correlation
coefficient is shown in the upper right corner of each plot.
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Figure E.11: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2011 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Appendix E. ACP scatter plots
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Figure E.12: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2011 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.13: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2012 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Appendix E. ACP scatter plots
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Figure E.14: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2012 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.15: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2015 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.16: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2015 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.17: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2016 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.18: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2016 magnet Down sample and the other subsamples. The correlation coefficient is shown
in the upper right corner of each plot.
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Figure E.19: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2017 magnet Up sample and the other subsamples. The correlation coefficient is shown in
the upper right corner of each plot.
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Figure E.20: Scatter plots of the 1000 values of ACP (pπ
−) obtained from the pseudoexperiments

in the 2017 magnet Down sample and 2018 magnet Up and the other subsamples. The correlation
coefficient is shown in the upper right corner of each plot.
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