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Abstract

We present the observation of the Λ0
b decay into a Λ+

c π
−π+π− final state, in

pp̄ collisions at
√
s = 1.96 TeV. The data analyzed were collected by the CDF II

detector at the Fermilab Tevatron collider, and correspond to 2.4 fb−1 of integrated
luminosity. We fit the invariant mass distribution of the reconstructed candidates
to extract a signal yield of 848±93 Λ0

b into Λ+
c π
−π+π−. We also present, in the same

final state, the observation of the charmed resonant decays Λ0
b → Σc(2455)++π−π−,

Λ0
b → Σc(2455)0π+π−, Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π−, contributing to

the inclusive Λ0
b → Λ+

c π
−π+π− signal, and measure the following relative branching

ratios:

B(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π−π+π−(all))
= (2.5± 0.6± 0.5)× 10−2

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π−π+π−(all))
= (6.2± 1.0+1.0

−0.9)× 10−2

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π−π+π−(all))
= (5.2± 1.1± 0.8)× 10−2

B(Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π−π+π−(all))
= (8.9± 2.1+1.2

−1.0)× 10−2

B(Λ0
b → Λ+

c ρ
0π− + Λ+

c π
−π+π−(other)→ Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π−π+π−(all))
= (77.3± 3.1+3.0

−3.3)× 10−2

B(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λc(2625)+π− → Λ+

c π−π+π−)
= (40.3± 9.8+2.3

−1.8)× 10−2

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

B(Λ0
b → Σc(2455)0π+π− → Λ+

c π−π+π−)
= (58.1± 16.9+6.3

−9.1)× 10−2

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π−π+π−)
= (119.7± 26.0+4.7

−9.1)× 10−2

ix
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Abstract

In these measurements the first uncertainty is statistical and the second one is
systematic, Λ0

b → Λ+
c π
−π+π−(all) indicates the Λ0

b inclusive decay and Λ0
b →

Λ+
c π
−π+π−(other) includes the Λ+

c π
−π+π−(nr), with the three pions system not

resonant (nr), when assuming a null contribution from the Λ0
b → Λ+

c a1(1260)− →
Λ+
c ρ

0π− → Λ+
c π
−π+π− and equal contribution from Λ0

b → Λ+
c ρ

0π− → Λ+
c π
−π+π−

and Λ0
b → Λ+

c π
−π+π−(nr) , or, a Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π−

when assuming null the contribution from the Λ0
b → Λ+

c π
−π+π−(nr) and equal con-

tribution from Λ0
b → Λ+

c ρ
0π− and Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π−.

x
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Introduction

The Tevatron and Large Hadron Collider (LHC) experiments, unlike the
B-Factories, have the unique opportunity to study the production and the decays
of b-hadrons with c and s quarks, and among them especially the b-baryons which
are the less known to date [1]. The Collider Detector at Fermilab (CDF) experi-
ment pioneered this field of research, as shown in Tab. 1. Moreover, it currently
has the world’s largest data sample of bottom baryons. This is mainly due to the
combination of the large accumulated integrated luminosity delivered by the Teva-
tron, and the use of the displaced track trigger, a sophisticated piece of hardware,
which is capable to select online events with secondary vertices, a typical feature
of heavy hadrons decays, thus rejecting most part of the background from light
quarks.
For the CDF B group of physics, this creates new opportunities to study heavy
baryons, to expand our knowledge of the structure of baryonic matter and also
gives the chance to search for new b-baryon decays, and, among these, new Λ0

b

decays, the main challenge of this work of Thesis.
The work presented in this Thesis is part of the CDF research program on Λ0

b

decays. The weak decays of the Λ0
b baryon are a good laboratory for testing some

approximations in Quantum Chromo Dynamics (QCD) calculations due to the
high b-quark mass, as for example Heavy Quark Effective Theory (HQET) [2], [3].
Alternatively, when using such calculations, the Λ0

b may provide a means to de-
termine Cabibbo-Kobayashi-Maskawa (CKM) matrix elements with different sys-
tematic uncertainties than the determinations from the decays of B-mesons [4].
The Λ0

b baryon is poorly known. At the time of writing of this Thesis, only nine
Λ0
b decay modes have been observed, with the sum of their measured Branching

Ratios (BRs) of the order of only 0.1 with large uncertainties on the measure-
ments [1], and the Λ0

b → Λ+
c π
−π+π− decay mode was unobserved. While theoreti-

xi
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Introduction

cal predictions are available for the Λ0
b → Λ+

c π
− branching fraction [5], [6], and are

in agreement with the experimental measurement [1], no prediction is available for
the Λ0

b → Λ+
c π
−π+π− decay.

The CDF observation of resonance structures in the Λ0
b semileptonic decays Λ0

b →
Λ+
c π

+π−`ν` [7], (the pink highlighted decays of Tab. 1), leads us to speculate that
similar resonance structures may exist in the corresponding hadronic decay mode
Λ0
b → Λ+

c π
−π+π−, where the `ν` pair is replaced by a ud quark pair.

Process Measurement Ldt(fb−1) # Events Reference

Λ0
b → J/ΨΛ Mass 0.22 89 PRL 96, 202001 (2006) [8]

Lifetime 1.00 538 PRL 98, 122001 (2007) [9]
Λ0
b → Λ+

c π
− B 0.11 214 PRL 98, 122002 (2007) [10]

Λ0
b → Λ+

c `ν` anything b-quark frag. 0.36 1760 PR D77, 072003 (2008) [11]
Λ0
b → Λ+

c `ν` B 0.17 980 PR D79, 032001 (2009) [7]
Λ0
b → Λc(2595)+`ν` B/discovery 0.17 31 PR D79, 032001 (2009) [7]

Λ0
b → Λc(2625)+`ν` B/discovery 0.17 53 PR D79, 032001 (2009) [7]

Λ0
b → Σc(2455)0`ν` B/discovery 0.17 16 PR D79, 032001 (2009) [7]

Λ0
b → Σc(2455)++`ν` B/discovery 0.17 26 PR D79, 032001 (2009) [7]

Σ+
b → Λ0

bπ
+ mass/discovery 1.10 32 PRL 99, 191806 (2007) [12]

Σ∗+b → Λ0
bπ

+ mass/discovery 1.10 77 PRL 99, 191806 (2007) [12]
Σ−b → Λ0

bπ
+ mass/discovery 1.10 59 PRL 99, 191806 (2007) [12]

Σ∗−b → Λ0
bπ

+ mass/discovery 1.10 69 PRL 99, 191806 (2007) [12]
Ξ−b → J/ΨΞ− mass/observation 1.90 18 PRL 99, 052002 (2007) [13]

Λ0
b → pπ− B/discovery 1.00 110 PRL 103, 031801 (2009) [14]

Λ0
b → pK− B/discovery 1.00 156 PRL 103, 031801 (2009) [14]

Table 1: CDF b-Baryon measurements (Run II).

This Thesis describes the search and the first observation of the Λ0
b → Λ+

c π
−π+π−1

as well as the search and the first observation of the resonant decays Λ0
b →

Λc(2595)+π−, Λ0
b → Λc(2625)+π−, Λ0

b → Σc(2455)++π−π−, Λ0
b → Σc(2455)0π−π+,

contributing to the inclusive Λ0
b → Λ+

c π
−π+π− signal observed, and the measure-

ment of their relative BRs. The data sample used in this work corresponds to 2.4
fb−1 of pp collisions collected by CDF II between February 2002 and May 2007.
This thesis is organized as follows.

Chapter 1 summarizes the theoretical and experimental framework which moti-
vate this work of Thesis.

Chapter 2 describes the Tevatron Collider, the CDF Detector and Trigger sys-
tem.

Chapter 3 depicts the topology of the Λ0
b → Λ+

c π
−π+π− and Λ0

b → Λ+
c π
− decay

modes, with the Λ+
c → pK−π+ final state, and how, through the specialized

1Throughout this thesis, references to a specific charge state imply the charge-conjugate as
well, unless otherwise specified.

xii
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online trigger selection for b-hadronic decays, we reconstruct the candidates,
and finally focusing on the analysis cut optimization applied to obtain clear
signals of these two Λ0

b decays on the data.

Chapter 4 explains the motivations and the MC tools for a search of charmed
resonances in the Λ0

b final state Λ+
c π
−π+π−. This Chapter, in particular,

describes the production of fully simulated samples of the decays expected
to contribute to the experimental Λ+

c π
−π+π− signal observed, and how the

features of these samples are exploited to determine an offline selection that
will be applied on real data to extract, with high efficiency, the contribution
of each of the charmed resonant decay mode. The MC procedure adopted,
for the production of these MC samples, is validated using the reconstructed
clean signal of Λ0

b → Λ+
c π
−, since it has a larger statistics and a larger

signal to background ratio than the Λ0
b → Λ+

c π
−π+π−. The validation is

done through a detailed comparison between real data and MC for several
kinematic quantities and is described in Appendix A.

Chapter 5 reports the fitting procedure applied to the mass distribution, used
to extract the total yield of Λ0

b → Λ+
c π
−π+π−, then, after applying the

requirements to separate the different resonant charmed decay modes, de-
cribes the fitting procedure, applied to the obtained the mass distributions,
to extract the yields of the decay modes contributing to the Λ+

c π
−π+π− fi-

nal state. The data modeling used by the fits of the mass distributions, is
here described. It includes the signal, the combinatorial background, and
the physical background. The modeling of the signal and of the physical
background (described also in Appendix B and Appendix C) makes use of
full simulated samples of these contributions.

Chapter 6 describes the raw measurements of the relative BRs. These make
use of the yields of the decay modes contributing to the inclusive Λ0

b →
Λ+
c π
−π+π− decay, of their efficiencies, and of the yield of the inclusive decay

mode itself. The efficiency of each decay mode is determined using the
corresponding MC simulated sample.

Chapter 7 gives an overview of the two main sources of systematic uncertainty
in the measurement of the relative branching fractions, those related to the
fitting procedure and affecting the yields, and those related to the estimate
of the relative efficiencies, then a summary of the results of this Thesis work
is presented.

The measurements reported in this Thesis are the first mandatory step towards
the measurement of the absolute BRs of these new Λ0

b decay modes. Such mea-
surement may be compared with the theoretical predictions (still unavailable for

xiii
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these decay modes), making use of CKM matrix elements and of dynamic factors
determined, in the case of b–hadrons decays, with the HQET.
The CDF collaboration recently first updated the relative BRs measured in this
Thesis [15], with minor changes in the analysis, using the same amount of data (2.4
fb−1), then measured the relative BR B(Λ0

b → Λ+
c π
−π+π−(all))/B(Λ0

b → Λ+
c π
−)

and finally derived the absolute branching fractions of the decay modes contribut-
ing to Λ0

b → Λ+
c π
−π+π− [16].

Also LHCb collaboration at LHC recently did the same measurements [17].
A comparison of the results obtained by CDF and LHCb is done in the Conclusion.
The measurements subject of this Thesis, has been approved by the CDF Collab-
oration [18] and were presented for the first time in [19].
The CDF Collaboration results, not subject of this Thesis, concerning the updated
measurements of the relative branching fractions and the absolute BRs above men-
tioned, are meant to be submitted in Physical Review D.

xiv
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Chapter 1
Theoretical Framework and Analysis
Motivations

1.1 Standard Model Introduction

All experimental data from high energy experiments studied so far can be
described by the Standard Model (SM) [20], [21], [22] of particles and their in-
teractions. Data collected in the last years, mainly by the experiments at the
large particle accelerators (SLAC, SPS, Tevatron, LEP, HERA), allowed to test
the agreement between measurements and theoretical calculations of SM with a
precision of 10−3−10−4. In this model the fundamental constituents of matter are
spin 1/2 fermions, the quarks and the leptons, and the interactions between them
are described by the exchange of gauge bosons : photons for the electromagnetic
interaction, bosons W± and Z for the weak interaction and finally gluons, which
are electrically neutral but carry color (strong) charge, for the strong interaction.
It should be noted that the SM is not accepted as an accurate description of how
the universe operates at its most fundamental level since it does not include gravity
(∼ 40 order of magnitude smaller than the strong nuclear force, it is not expected
to contribute significantly to physical process in high energy particle physics) but
it only represents our best current knowledge. The formulation of the SM as a
gauge theory guarantees its renormalizability, but forbids explicit mass terms for
fermions and gauge bosons. The masses of the particles are generated in a gauge
invariant way by the Higgs Mechanism, via a spontaneous breaking of the elec-
troweak symmetry. This mechanism also implies the presence of a massive scalar
particle in the mass spectrum of the theory, the Higgs boson. The experiments at
the Fermilab Tevatron proton antiproton collider, and at the CERN proton proton
collider LHC, are in an excellent position to give conclusive answers to many open
questions of fundamental physics, as the existence of the Higgs boson (the only

1
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Chapter 1. Theoretical Framework and Analysis Motivations

fundamental particle in the SM which has still to be experimentally verified), the
origin of the CP asymmetry and the existence of physics beyond SM. Extensive
discussion of the SM can be found in [20], [21], [22] while in this chapter we recall
some aspects of the SM pertinent to the analysis described in this Thesis and the
experimental and the theoretical aspects that motivate this study.

1.1.1 The fundamental particles and their interactions

Whitin the SM all the elementary particles are divided in two families:

• fermions with spin 1/2 that follow Fermi-Dirac statistics;

• bosons with spin 1 that follow Bose-Einstein statistics.

The SM includes 12 fundamental fermions and their corresponding anti-particles:
6 interact just through the electroweak interaction and are called leptons, the
others 6 interact also through the strong interaction and are called quarks.
Leptons are organized in three generations as follow:(

e
νe

) (
µ
νµ

) (
τ
ντ

)
with their properties summarized in Tab. 1.1.

Name Mass (GeV/c2) Charge (e) lifetime(τ) or lifetime/mass (τ/m)

e 511× 10−6 −1 > 4.6× 1026 yr (CL = 90%)
νe < 2.3× 10−6 0 τ/m > 300 s/eV (CL = 90% reactor)
µ 105.6× 10−3 −1 2.197× 10−6 s
νµ < 0.17× 10−3 0 τ/m > 15.4 s/eV (CL = 90%)
τ 1.776 −1 (290.6± 1.0)× 10−15 s
ντ < 15.5× 10−3 0

Table 1.1: Observed lepton properties in the SM [1].

The lepton flavour number Le, Lµ and Lτ is equal to +1 for each lepton and to
-1 for its antiparticle, and is conserved in the processes where leptons are involved.
The quarks, according to SM, are divided into three generations as:(

u
d

) (
c
s

) (
t
b

)
with basic properties in the following Tab. 1.2.
Each quark has an antiquark partner so also in this case we have 12 quarks.
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1.1. Standard Model Introduction

Name Mass (GeV/c2) Charge (e)

up (u) (1.7− 3.3)× 10−3 +2/3
down (d) (4.1− 5.8)× 10−3 −1/3
charm (c) 1.27+0.07

−0.11 +2/3
strange (s) (101)× 10−3 −1/3
top (t) 172.0± 1.6 +2/3
bottom (b) 4.19+0.18

−0.06 −1/3

Table 1.2: Observed quark properties in the SM [1].

While we can consider u and d quarks as doublet components ±1/2 of an isospin
vector of value I =1/2, the other four quarks are characterized by other quantum
number as:

• Strangeness (S): quantum number introduced by Murray Gell-Mann that is
-1 for the strange quark;

• Charm (C): number which is +1 for the charm quark;

• Bottomness (B): number which is -1 for the bottom quark;

• Topness (T): quantum number which is +1 for the top quark.

These are useful quantum numbers since they are conserved by both the elec-
tromagnetic and strong interactions but not by the weak interaction, where they
can change by 1. The quark’s mass eigenstates are not the same as its weak
eigenstates and this leads to process in which generation changes occur. These are
characterized by a quark flavour mixing matrix : the Cabibbo-Kobayashi-Maskawa
matrix (VCKM) [23]. The VCKM matrix is defined through:

d′s′
b
′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


︸ ︷︷ ︸

VCKM

ds
b

 (1.1)

where q
′

and q are weak and mass eigenstates respectively. In the SM the VCKM
matrix is represented by a 3 × 3 unitary matrix, completely described by three
real parameters and one complex phase. Technically, it specifies the mismatch of
quantum states of quarks when they propagate freely and when they take part
in the weak interactions. The SM sustained many test of the accuracy of its
predictions. The processes examined in this Thesis involve the so-called heavy-
flavor sector. Its experimental investigation is mostly based on the study of decays
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Chapter 1. Theoretical Framework and Analysis Motivations

of hadrons containing heavy-quarks (c or b-quarks) into lighter states. The t quark
does not form bound states, due to its very short lifetime, and makes a separate
subject by itself. The flavor changing interactions in the SM are due to the weak
interactions between quarks, mediated by the charged weak current and VCKM
matrix , with an Hamiltonian in the form:

Hew =
g2√

2
(ū, c̄, t̄)VCKM

 d
s
b

W † + h.c. (1.2)

where g2 is a constant that represents the coupling constant, the row-vector repre-
sents the three functions corresponding the u-like state (quarks with charge +2/3),
on the left of the product, and the column vector on the right, the d-like (quarks
with charge -1/3).
The VCKM matrix was introduced by Kobayashi and Maskawa in 1973 [23], ex-
tending the Cabibbo mixing angle [24], proposed as the source of the different
coupling between weak decays of kaon and Λ particles with respect to the β-decay
of the neutron.
Leptons exist as free particles but is not the same for quarks. A phenomenon called
color confinement results in quarks being perpetually bound to one another, for-
ming color-neutral composite particles (hadrons) containing either a quark and
an antiquark (mesons) or three quarks (baryons), so the color charge is confined.
When highly energetic quarks or gluons are produced in a high energy physics ex-
periment, a process called hadronization or showering takes place: after a quark-
antiquark pair, or more in general a parton1, is produced in an interaction, the
potential between them, due to gluons exchange, tries to keep them together un-
til the strength reaches a breaking point where further quark-antiquark pairs are
created, and finally bound together with the original parton. This process in-
volves a large number of interactions at different scales until the scale of hadrons
is reached. The process is then essentially non-perturbative, and not completely
theoretically calculable. The quarks could also radiate gluons that create other qq̄
pairs. The final state in which we observe the parton generated in the interaction
is a collimated jet of particles approximately in the direction of the original parton.

1.2 Λ0
b Production at Tevatron

The Λ0
b under study here are produced in collisions of protons and anti-protons

at energies of 960 GeV each. At this energy, the fundamental interaction occurs

1Feynman called the constituents of the proton partons, so it refers to both valence quarks,
sea quarks and gluons.
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b Production at Tevatron

between the quarks and gluons contained in the colliding hadrons. The center of
mass energy of the interaction depends on the fraction of energy carried by the
colliding partons and, in principle, is enough to produce every known particle.
This is the main difference between a hadron collider and B Factories where e+

and e− collide producing the Υ resonance that then decay in B0 and B± mesons.
At B Factories only the decay products of these mesons are present in the event.
On the contrary, at hadron colliders, where all b-hadrons can be produced and
among these the Λ0

b baryon subject of this Thesis, several low momentum interac-
tions occur between quarks in the collision. Their final states are constituited by
low momentum tracks that overlap to decay products of the interesting collision.
In Tab. 1.3 we report the production rate of bb at CDF in Run II (CDF II) com-
pared with the one at B Factories.

BaBar Belle CDF LHC

Luminosity cm−2s−1 4.6× 1033 8.3× 1033 1× 1032 1× 1034

σbb̄ 1.15 nb 1.15 nb 100 µb 500 µb†

Production rate 5 Hz 10 Hz 1000 Hz 500 KHz
σbb̄/σhad 0.25 0.25 ≈ 10−3

† prediction [25].

Table 1.3: This table compares the production rate of bb̄ pairs in different environment.
These numbers don’t take into account experimental efficiencies for their detection.

Between the two rates there are three order of magnitude.
However, at the Tevatron the cross section for this process is three order of mag-
nitude smaller than the total cross section of hadron production.
Fig. 1.1 shows some examples of bb production Feynman diagrams. Several other
diagrams concur to this process but we neglect them here. Starting from the top
to the above they are so named:

• direct production: a quark with the corresponding antiquark annihilate
producing a gluon and then a bb;

• gluon fusion: two gluons from p and p interact;

• flavor excitation: a gluon interacts with virtual b and b extracting them
from the hadron;

• gluon splitting: the collision occurs between two gluons and one of them
produces a bb couple.

All these processes can be calculated in perturbative QCD.
The final states of the interaction have to be colorless mesons or baryons.

5
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�
q

q̄

b̄

b

�
g

g

b̄

b

�
g

g

b̄

b

g

�
g

g

g

b̄

b

Figure 1.1: Examples of bb production Feynman diagrams in a pp environments in
a hadron collider. The reported processes are known as direct production, gluon fusion,
flavor excitation and gluon splitting.

The process that generates them, starting from a free b-quark, is called hadroniza-
tion. Non perturbative QCD is used to compute all these processes where, in the
final states, there are colorless mesons and baryons generated from a free b-quark
by hadronization, a long distance process with small momentum transfer in which
perturbative QCD is not applicable. Several phenomenological models have been
developed to describe it [26], [27].
The hadrons, produced in the hadronization of a b-quark, are mainly B+(bu),
B0(bd), B0

s (bs), and Λ0
b(bud) and the different probabilities to hadronize into one

of these particles are given by the measured fractions fu, fd, fs, and fbaryon [1]
respectively.
Experiments like LEP, where b-hadrons are produced in the Z0 decay, and CDF
extracted their mean value assuming identical hadronization in both Z0 decay and
pp collisions although, in principle, they can differ because of the different b-quark
momentum distribution. All the hadronization fraction measurements have been
made looking at particles produced above a certain pT threshold, and the Fig. 1.2
shows how this threshold could affect the measurement:

• if both Λ0
b and B0 have the same pT distribution, the hadronization mea-

surement would be independent of the pT cut;

• if the two distributions are different, as in Fig. 1.2, the pT threshold intro-
duces a bias on the hadronization fractions.
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b

  

Figure 1.2: Effect of a particle transverse momentum on the Λ0
b production fraction

measurement: assuming the two distribution to be different, the fraction of measured Λ0
b

depends on the pT threshold.

The data from the CDF experiment have shown, [28], [29], [30], that down to pT
values of the order of 4 GeV/c the pT spectrum of Λ0

b is actually softer than the B0.
This means that if one measures the fi factors down to this pT level the fraction
of Λ0

b would be larger (see Fig. 1.2) and we have to correct to the fΛ measured by
CDF [31].

1.3 Experimental Properties of Λ0
b

The Λ0
b baryon is the lightest baryon, containing a b-quark, predicted by the

SM. At CERN the UA1 collaboration in 1991 claimed the first observation of Λ0
b

in the decay mode Λ0
b → J/ψΛ with 4.7 pb−1 of data [32].

Quantity Value
Λ0
b mass (5640± 50± 30)MeV/c2

B(Λ0
b → J/ψΛ) (1.8± 1.0)× 10−2

Table 1.4: UA1 measurement.

The UA1 measurement is reported in Tab. 1.4, however the CDF and LEP
experiments didn’t see this decay and put an upper limit on the branching fraction
smaller than UA1’s results [33], [34].
A new result came from CDF in 1997 [35] using 110 pb−1 of data collected during
the run 1992÷1995, contradicting the UA1 claim (see Tab. 1.5):

7

FERMILAB-THESIS-2012-68



Chapter 1. Theoretical Framework and Analysis Motivations

Quantity Value
Λ0
b mass (5621± 4± 3)MeV/c2

B(Λ0
b → J/ψΛ) (3.7± 1.7)× 10−4

Table 1.5: CDF measurements for the process Λ0
b → J/ψΛ.

While the B-mesons are well studied, less is known about the Λ0
b baryon.

Tab. 1.6 summarizes experimental knowledge of Λ0
b decays and BR (B) measure-

ments at the time of writing this Thesis: only few decay modes of the Λ0
b have

been observed, with a sum of their measured branching fractions of the order of
only 0.1 and large uncertainties on the measurements.

p
√
s

Λ0
b Decay Modes Fraction(Γi/Γ) Experiment MeV/c TeV

J/ψ(1S)Λ×B(b→ Λ0
b) (4.7± 2.3)× 10−5 CDF [35] 1741 1.8

pD0π− 2371
Λ+
c π
− (8.8± 3.2)× 10−3 CDF [10] 2343 1.96

Λ+
c a1(1260)− seen DELPHI [34] 2153

Λ+
c π
−π+π− 2592

ΛK02π+2π− FMPS [36] 2323
Λ+
c `ν` anything

a (10.7± 3.2)× 10−2 ALEPH [37] -
Λ+
c `ν` (5.0+1.9

−1.4)× 10−2 DELPHI [38] 2345
Λ+
c π

+π−`ν` (5.6± 3.1)× 10−2 DELPHI [38] 2335
Λc(2595)+`ν` (6.3+4.0

−3.1)× 10−2 CDF [7] 2211 1.96
Λc(2625)+`ν` (1.1+0.6

−0.4)× 10−2 CDF [7] 2196 1.96
Σc(2455)0π+`ν` CDF [7] 2272 1.96

Σc(2455)++π−`ν` CDF [7] 2272 1.96
ph− b < 2.3× 10−5 @90% C.L. CDF [39] 2730 1.96
pπ− (3.8± 1.3)× 10−6 CDF [14] 2730 1.96
pK− (6.0± 1.9)× 10−6 CDF [14] 2709 1.96
Λγ < 1.3× 10−3 @90% C.L. CDF [40] 2699 1.8

aNot a pure measurement. See note Production and Decay of b-flavored Hadrons on page
877 [1].

bHere h− means π− or K .

Table 1.6: Λ0
b information quoted from PDG [1]. The lepton is an electron or a muon.

Fig. 1.3 reports the Λ0
b lifetime measurements used to evaluate the world averge

Λ0
b lifetime [1]. Due to the precision of the latest CDF measurements one can infer
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b

that this is not anymore an open field.

 Lifetime MeasurementsbΛ

 lifetime [ps]bΛ

0.5 1 1.5 2

 m]µ[
100 200 300 400 500 600 700

AVG PDG 2010  0.050±1.380  

PDG 2010 -0.037
+0.0381.390  

πcΛCDF Run II 
arXiv:0912.3566

 0.035± 0.046 ±1.401  

0ΛΨCDF Run II J/
Phys.Rev.Lett.98:122001(2007)

 0.033± -0.078
+0.0831.593  

ΛΨDO Run II J/
arXiv:0704.3909

 0.042± -0.115
+0.1301.218  

 lcΛDO Run II 
arXiv:0706.2358

-0.091
+0.087 -0.110

+0.1191.290  

 lcΛCDF Run I 
Phys.Rev.Lett.77:1439-1443 (1996)

 0.070± 0.150 ±1.320  

 lcΛDELPHI Run I 
Eur.Phys.J.C10:185-199 (1999)

 0.050± -0.180
+0.1901.110  

 lcΛOPAL Run I 
Phys.Lett.B426:161-179 (1998)

 0.060± -0.220
+0.2401.290  

 ll0Λ l+cΛALEPH  
Eur.Phys.J.C2:197-211 (1998)

 0.110±1.210  

Figure 1.3: Measurements of Λ0
b lifetime [1]: the lepton is an electron or a muon.

Still looking at the Tab. 1.6, the semileptonic Λ0
b → Λ+

c `ν` and the hadronic
Λ0
b → Λ+

c π
− decay modes were observed by ALEPH and DELPHI experiments

at LEP. In the first case (see Sec. 1.4) the W− decay emits a charged lepton
and an antineutrino while in the second case the `ν` is replaced by a ud pair.
The recent CDF observation of resonance structures in the Λ0

b semileptonic decays
Λ0
b → Λ+

c π
−π+`ν` (see the yellow highlighted decays of Tab. 1.6), lead us to specu-

late that the corresponding hadronic decay Λ0
b → Λ+

c π
+π−π−, where the `ν` pair is

replaced by an ud pair, may exists and if this happens similar resonant structures
may be observed. As shown in Chap. 4, the experimental signature of such decays,
i.e. the presence of two secondary vertices, the first due to the Λ0

b decay and the
second one due to Λ+

c decay (since all resonances decay in less then 10−23 s), make
them very appeling, since at CDF these two secondary vertices are well separated
from the primary vertex (the Λ0

b production point) and a specially designed trigger
is able to select online events with this typical feature of heavy hadrons decays,
rejecting most part of background. The above observations, motivated the search
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Chapter 1. Theoretical Framework and Analysis Motivations

done in this Thesis for the Λ0
b into Λ+

c π
+π−π− inclusive decay and for the investi-

gation of charmed resonant contibutions to this final state. First the observation,
and then the measurement of the absolute BR of these new decay modes will im-
prove our knowledge of the Λ0

b baryon. Moreover, the absolute measurements of
these new BRs can be compared with the theoretical predictions (still unavailable
for these decays) making use of CKM matrix elements [23], [24], and of dynamic
factor determined in the case of b-hadrons decays with the HQET [2], [3] (see also
Sec. 1.4.2).

1.4 b Hadron Decay

We define a hadron as heavy if it contains a charm or a bottom quark (the
top quark decays before it hadronizes) or, in other words, if one of its constituent
quarks has a large mass if compared to the scale of QCD, ΛQCD, which is 200 −
300 MeV.
A b-quark usually decays into a c quark emitting a W− boson (see Fig. 1.4) and
afterwords the W− decays into a qq or `ν` pair.

�
b c

W−

ν`

`

Vbc

(a) �
b c

W−

q′

q

Vbc

(b)

Figure 1.4: b-quark decay: 1.4(a) b semileptonic decay and 1.4(b) b hadronic decay.

The magnitude of the lifetime of b-hadrons is governed by the quark-quark coupling
Vbc and by the decay dynamics.

1.4.1 b Decay Mode

The simplest decay model for heavy quarks, like b and c, is the Spectator Model
(see Fig. 1.5). In this model the heavy quark in a hadron is bound to the lighter
spectator quarks, the weak decay of heavy quark can be treated separately and all
hadrons retaining a given heavy quark are expected to have the same lifetime.
Looking at the muon decays, the virtual W− boson decays to e−νe since this is
the only kinematically allowed channel, but in the bottom decays the number of
possible decay product increases to nine: e−νe, µ

−νµ, τ−ντ , ud, cs with three
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1.4. b Hadron Decay

�d d

u u

b c

Λ0
b

π−

Λ+
c

` d

ν` uW−

Figure 1.5: Semileptonic Λ0
b → Λ+

c `ν` and hadronic decay mode Λ0
b → Λ+

c π
−: in the

spectator model the b-quark decays weakly while the additional quark is a spectator to the
Λ0
b baryon decay process.

colour combination for the last two possibilities. Once adjusted the quark-quark
coupling and the mass of the decaying particle in the muon decay formula, the
lifetime of bottom hadrons is roughly estimated as:

Γb = Γµ ×
9V 2

cbM
5
b

M5
µ

(1.3)

In Eq. 1.3 we assume b decays entirely to c.
Considering Mb ≈ 4.2 GeV/c2 [1] and Vcb ≈ 0.04 we have :

τb =
1

Γb
≈ 1.3 ps (1.4)

In this result we have to consider the uncertainty on the quark mass and on the
measurement of Vcb. Fig. 1.7 lists the current results for lifetime measurements
of various b-hadrons: in analogy with the charmed hadron decays, the necessity
for the inclusion of non-spectator diagrams is made obvious by the spread of the
measured lifetimes.
So, in addiction to the spectator diagrams, there are some other diagrams for the
b-hadron decays that directly involve the spectator quarks, and that contribute
to the decay of heavy hadrons. In particular, for the Λ0

b baryon, subject of this
Thesis, likewise to the spectator diagrams we have the Weak Exchange Diagrams
(WE). In the Weak exchange (WE) process for baryon decay, such as the Λ0

b with
spin=1/2 from the quark model prediction, the spin assignment causes no helicity
suppression. The diagrams contributing to the Λ0

b → Λ+
c π
− decay modes reported

respectively in Fig. 1.5 and Fig. 1.6, are just an example.

11

FERMILAB-THESIS-2012-68



Chapter 1. Theoretical Framework and Analysis Motivations

�
g

u
u

b c

u d

d d

Λ0
b

Λ+
c

π−
W−

Figure 1.6: Weak Exchange diagram for the Λ0
b → Λ+

c π
− decay mode.

b Hadrons  Lifetime Measurements

b Hadrons  lifetime [ps]

0.5 1 1.5 2

+B
 PDG 2010 evaluation 

 0.011±1.638  

0B
 PDG 2010 evaluation 

 0.009±1.525  

(flavour specific)0
sB

PDG 2010 evaluation

 0.042±1.417  

)sΓ(1/0
sB

PDG 2010 evaluation 
-0.026
+0.0241.472  

0
bΛ

PDG 2010 evaluation 
-0.037
+0.0381.391  

-
bΞ

CDF (arXiv:0905.3123)

 0.020± -0.250
+0.2701.560  

-
bΩ

CDF (arXiv:0905.3123)

 0.020± -0.400
+0.5301.130  

 mixturebΞ -0.180
+0.1901.490  

b-baryon mixture  0.032±1.345  

b-hadron mixture  0.009±1.568  

Figure 1.7: Measurements of bottom hadron lifetimes [1].
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1.4. b Hadron Decay

1.4.2 Heavy Quark Effective Theory (HQET)

This work presents a measurement of the Λ0
b relative decay rate. The transition

amplitude (M) that describes the decay rate of a b-hadron into some final state
f , is derived by drawing all the possible Feynman diagrams at the quark level and
summing up all the contributions. The underlying weak interaction is simple while
the strong interaction binding the quarks into hadrons introduces several compli-
cations. When the quarks or gluons travel over a distance of 1/ΛQCD or longer,
the coupling constant of the strong interaction (αs) diverges, so perturbation the-
ory breaks down and non-perturbative effect take over. For the energy scale of
our concern, ΛQCD is around 200 MeV/c2. To better understand the separation
between the perturbative and non-perturbative physics, we introduce a theoretical
tool, the Operator Product Expansion (OPE) [41], so the M becomes:

M = −4GF√
2
VCKM

∑
j

Cj 〈f |Oj |B〉
[
1 +O

(
m2
b

M2
W

)]
, (1.5)

where j indicates the contribution from the jth Feynman diagram, GF is the Fermi
coupling constant, and VCKM is the CKM matrix element (see Eq. 1.1). The Wil-
son coefficients Cj [41] act as effective coupling constants, contain the physics at
short distance, can be computed using perturbation theory, and are model inde-
pendent. The 〈f |Oj |B〉 is usually referred to the hadronic matrix element, where
Oj is a local operator. The hadronic matrix element contain the long distance
physics and can only be evaluated using non-perturbative methods. Contributions
from the higher order operators are suppressed by a power of m2

b/M
2
W , where mb

and MW indicate the masses of b-quark and the W boson.
The HQET [42], [43] significantly simplifies the form of the hadronic matrix ele-
ment, stems from the SM and describes the hadrons containing a b or a c quark.
The concept of heavy is relative. In the HQET, the masses of heavy c, b and t
quarks are much larger than QCD energy scale, while the masses of light u, d and
s quarks are much smaller than ΛQCD. In the limit mc,b,t � ΛQCD, a new type
of symmetry spin-flavor heavy quark symmetry arises. The momentum transfer
between heavy and light quarks is O(ΛQCD) or, equivalently speaking, the typical
size of a hadron system is of the order of Λ−1

QCD. The change in the heavy quark
velocity is then ∼ ΛQCD/mQ, which vanishes when mQ is infinitely large.
The velocity of the heavy quark is, therefore, almost unaffected by the strong in-
teraction, i.e. the quark-quark interaction terms disappear in the Lagrangian. The
only strong interaction of a static heavy quark is with gluons via the color charge.
This quark-gluon interaction is spin-independent. Consequently, the light quark
system knows nothing about the spin, mass and flavor of the nucleus, i.e. a
b-hadron at rest is identical to a charm hadron at rest regardless of their spin ori-
entations. The heavy quark symmetry implies that we can relate properties of the
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beauty hadrons to those of the charm hadrons. For example, Aglietti [44] derived a
formula to estimate the Λb mass: MΛc−1/4(MD+3MD∗) = MΛb

−1/4(MB+3MB∗),
which gives MΛb

∼ 5630 MeV/c2, in good agreement with the world average,
5624 ± 9 GeV/c2. An analogy can be found in atomic systems, where the iso-
topes with different nuclei have the same chemical properties. When performing a
calculation of the B or charm mass, decay rate or lifetime, we could start from the
limit of mc,b,t � ΛQCD. The correction terms are added in expansion of the power
of 1/mQ, where mQ is the mass of the heavy quark. The 1/mQ corrections take
into account finite mass effects and are different from quarks of different masses.
A more complete description of HQET may be found in [2] , [45], and [46].
The focus of this analysis, examining the Λ0

b to Λ+
c decay, is best suited to treat-

ment using HQET since both the initial and the final state hadrons contain a heavy
quark. In addition, the light quark system in a Λ0

b baryon is in a spin-0 state; the
sub-leading corrections have a simpler form than those for the mesons [47].
The HQET can be used to calculate the partial widths of b-hadron decays.
This analysis concerns the decays reported on Tab. 4.1 and, with the exception of
Λ0
b → Λ+

c π
− [5], there are no HQET theoretical predictions for the partial widths

of these decays.

14

FERMILAB-THESIS-2012-68



Chapter 2
The TeVatron Collider and the CDF
Detector

The measurement described in this Thesis is based on a data sample collected
by the CDF II detector during Run II of the Fermilab’s Tevatron Collider. This
chapter provides a general description of the experimental apparatus, both collider
and detector, and of the trigger, focusing on the elements more important for this
analysis.

2.1 The Tevatron Collider

The Fermilab (FNAL) Tevatron Collider was until quite recently the worlds
highest energy accelerator, before the LHC at CERN have turned on since 2010,
colliding antiprotons with protons at a center of mass energy of

√
s = 1.96 TeV.

LHC started operating in March 2010 at a center of energy 7 TeV and plans to
increase the center of energy to 14 TeV in 2014. The Tevatron is the last stage of
a complex system accelerators (see Fig. 2.2), used in successive steps, to produce,
store and accelerate the particles up to 150 GeV before to be injected in the Teva-
tron where they are accelerated to the final energy before the collisions take place
in the center of two detectors: CDF and DØ.
Fermilab, just 35 miles west of Chicago, Illinois, has been one of the largest and
most important particle physics facilities in the world. At the end of September
2011 the Tevatron terminated the operations. The first pp̄ collisions have been
produced in 1986 and the accelerator started to collect interesting events at the
end of 1987, during a period called Run 0 1 (see Tab. 2.1).

1The Run is not to be confused with the run, defined in CDF as a continuous period of
data-taking in approximately constant detector and beam conditions.
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Since then, several extensive upgrades have been undertaken leading to major im-
provements of the collider performance.
Run I (see Tab. 2.1) went from 1992 to 1996 and the center of mass energy was
1.8 TeV.
A major upgrade of the Tevatron took place between September 1997 and March
2001, beginning of the so called Run II (see Tab. 2.1), when both the accelerator
complex and the collider detectors were improved mainly in order to increase the
luminosity of the accelerator and gathering data samples of 2 fb−1 or more (notice
that at the moment more than 10 fb−1 has been acquired by the CDF detector).
The upgraded machine accelerates 36 bunches of protons and antiprotons, whereas
the previous version of the accelerator operated with only 6. Consequently, the
time between bunch crossings has been decreased from 3.5µs for the previous ver-
sion to 396 ns for the current collider. The center of mass energy was also increased
from 1.8 to 1.96 TeV.

The Tevatron is an approximately circular synchrotron of 1 km radius, employ-
ing 772 dipole, 2 half-dipole, and 204 quadrupole superconducting magnets. Each
is approximately 6 m long, 4 tons in mass, and is made of NbTi alloy filaments
embedded in copper, kept at 4.3 ◦K temperature by a large cryogenic system.

A 4400 A current flows through each magnet to produce the 4.2 T magnetic
field necessary to keep the particles on their orbit, while they are accelerated by
eight Radio-frequency cavities (RF) driven at approximately 53.105 MHz.

Date
√
s [TeV] L [cm−2s−1]

∫
Ldt [pb−1]

Mar 1983 End of the construction - - -
Jul 1983 Proton energy: 512 GeV - - -
Oct 1983 Fixed-target program - - -
Feb 1984 Proton energy: 800 GeV - - -
Oct 1985 First pp̄ collisions 1.6 1024 -
Oct 1986 Proton energy 900 GeV - - -

Jun 1988–May 1989 Run 0 1.8 2× 1030 ' 4.5
Aug 1992–Feb 1996 Run I 1.8/0.63 28× 1030 ' 180

Aug 2000 Beam energy: 980 GeV - - -
Mar 2001 Run II start 1.96 5× 1030 -
Sep 2011 Best performances 1.96 4.5× 1032 ' 12000

Table 2.1: Chronological overview of the Tevatron operation and performance. The
fourth column reports the peak luminosity. The fifth column reports the delivered inte-
grated luminosity. The last row shows the best performance as of this writing.

The particles are accelerated through the RF buckets. A bucket is one interval of
the longitudinal restoring force provided by the RF cavities that results in a stable
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2.1. The Tevatron Collider

phase space where a bunch may be captured and accelerated. While operating
in collider mode, the Tevatron collides counter-rotating bunches of protons and
antiprotons every 396 ns in two interaction regions along the ring: BØ which is
the site of the CDF in Run II experiment (CDF II), and DØ where the DØ
experiment is located. In the Tevatron the beam collisions are head-to-head.
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Figure 2.1: The figure compares the total cross section as function of the
√
s for

pp→ X and pp̄→ X [1].

As shown in Fig. 2.1 the choice of pp̄ beams maximizes the total cross section
with respect to pp, at the Tevatron center of mass energies. At the same time
the choice to have particle beams of opposite charge simplifies the design of the
final stage with respect the proton-proton colliders. Fig. 2.2 shows a sketch of the
accelerator system. The beams are accelerated to the final energy using different
techniques, combined to have the better performance. The first acceleration stage
is the production of proton and antiproton beams described in Sec. 2.1.1 and in
Sec. 2.1.2.
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Chapter 2. The TeVatron Collider and the CDF Detector

2.1.1 Proton Production

The proton are extracted using an hot hydrogen gas in the molecular state
H2, passed through a magnetron, which extracts a 50 − 55 mA current of 15 −
22 KeV H− ions, subsequently accelerated every 66 ms to 750 KeV by a three staged
diode-capacitor voltage multiplier (Cockroft-Walton) accelerator [48]. The proton
beam, segmented into bunches, is then injected into a two-staged 150 m long linear
accelerator (Linac, see Fig. 2.2).
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Figure 2.2: The figure shows the accelerator system operating at FNAL.

First, a drift tube accelerator resonating at 201.249 MHz accelerates bunches of
protons up to 116 MeV; then the H− beams are segmented in bunches and a Linac
and Radio Frequency cavity, a side-coupled cavity accelerator at 804.996 MHz,
increase their energy to 401.5 MeV [49] before injection into the Booster. The
Booster (see Fig. 2.2) is an alternating gradient synchrotron (orbit radius of 75.5 m)
that accelerates protons to 8 GeV in 33 ms, sweeping from 38 to 53.105 MHz. At
injection, a thin carbon foil is used to strip the electrons from the H− ions to
obtain protons. Injecting H− ions rather than protons into the Booster allows
the injection to proceed over multiple revolutions of the beam around the Booster
Ring (usually 10−12)2. There are two basic modes during collider operations:
antiproton accumulation and injection (see Sec. 2.1.2 and Sec. 2.1.3).

2If protons were instead injected, the magnetic field used to inject new protons onto orbit in
the Booster would also deflect the already revolving protons out of orbit.
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2.1. The Tevatron Collider

2.1.2 Anti-Proton Production

To produce antiprotons, the proton bunches are extracted to be injected in
the Main Injector, where they are accelerated up to 120 GeV. Antiprotons are
produced by the following reaction:

p+

(
n
p

)
→ p+ p+

(
n
p

)
+ p (2.1)

The beam of the Main Injector is directed against a target made of Nickel
alloys containing chromium, iron and other metals. Before colliding, the protons
bunches are rotated by 90◦ in phase space, so that they have a large spread in
energy but a small lag in arrival time at the target. A spatially broad beam of
particles is produced and then focused using a cylindrical Lithium Lens3. This
beam, which has a bunch structure similar to the incident proton beam, is passed
through a pulsed dipole magnet. The magnetic field selects the negatively charged
antiprotons with about 8 GeV of kinetic energy. About 20 antiprotons are pro-
duced for every 109 protons on target and then stored into the Debuncher. The
Debuncher is a triangular-shaped synchrotron with mean radius of 90 m. The
beam is stochastically cooled [50]4 and then transferred to the Accumulator, which
is another triangular-shaped synchrotron with a mean radius of 75 m. The Accu-
mulator is a storage ring for the antiprotons; they are stored at an energy of 8 GeV
and cooled until needed. The antiprotons are then sent into the Main Injector,
where they are accelerated to 150 GeV. Finally, the antiprotons are transferred
to the Tevatron, where 36 previously injected bunches of protons are already cir-
culating in opposite direction. Since 2004, an additional Recycler Ring has been
added in the same tunnel of the Main Injector and provides additional storage and
cooling of the antiprotons. Recently, relativistic electron cooling was successfully
implemented in the Recycler, further enhancing the Tevatron performance [51]5.
The antiproton production rate is low mainly because the production efficiency is
20× 10−9, followed by other inefficiency in the transfers.

3Lithium is used to minimize beam loss from multiple-scattering.
4Stochastic cooling is a technique used to reduce the transverse and energy spread of a particle

beam without any accompanying beam-loss. This is achieved by applying iteratively a feedback
mechanism that senses with extreme sensitivity the beam deviation from the ideal orbit with
electrostatic plates, processes and amplifies it, and transmits an adequately-sized synchronized
correction pulse to another set of plates downstream [50]. Bunch rotation is an RF manipulation
technique that, using adequate phasing, transforms a beam with a large time spread and a small
energy spread in a beam with a large energy spread and a small time spread, or vice versa.

5Electron cooling is a method of damping through the interaction between the antiproton
beam and an electron beam propagating together at the same average velocity.

19

FERMILAB-THESIS-2012-68



Chapter 2. The TeVatron Collider and the CDF Detector

2.1.3 Injection and Collision

The antiproton accumulation process usually takes about 10− 15 hours to col-
lect a sufficient number of antiprotons, then the accumulation is stopped and the
accelerator is prepared for a new injection. The first injection step is the extrac-
tion of a set of seven proton bunches from the Booster into the Main Injector [52],
where they are accelerated up to 150 GeV. Within the Booster the protons are
coalesced6 in a single bunch of ≈ 300 × 109. This process has an efficiency of
90%. When the proton bunches are ready, they are moved into the Tevatron. This
process is repeated every 12.5 s, until 36 proton bunches, separated by 396 ns, are
loaded into the Tevatron central orbit. The transfer efficiency is 65%. The proton
injection precedes the antiproton injection, because if proton bunch losses are large
this will point to tune the orbits. If this is the case, the proton injection is aborted
and restarted, at this stage the process can be quickly recovered, while a large
antiproton lost needs a new accumulation. When the proton bunches are injected
and stable, the antiproton bunches are extracted from the Accumulator (or from
the Recycler) to the Main Injector, accelerated to 150 GeV, then coalesced into
four bunches with an efficiency of ≈ 80%. The four bunches, separated by 396 ns,
are injected into the Tevatron, where protons are counter-routing. The two beams
have orbits spatially separated of 3 − 5 mm, that corresponds to 3 − 5σ of the
beam size, to avoid beam interactions outside the collision points. The antiproton
process is repeated to have 36 antiproton bunches. After the end of antiprotons
injection start a store, defined as an accelerated period of collisions. A store lasts
usually about 15−20 hours. The proton and antiproton beams share the same mag-
nets and Radio Frequency system. After the injection the beams are accelerated
up to 980 GeV in about one minute. The beams are finally brought into collision
at the two instrumented interaction-points located along two straight sections of
the Tevatron: DØ and BØ where the DØ and CDF II detectors, respectively,
are located. Special high-power quadrupole magnets (low-β squeezers), installed
on the beam pipe at either side of the detectors, reduce the transverse spatial
spread of the beams to maximize the collision rate in the interaction regions. The
resulting transverse spatial distribution of the luminous region is approximately
a two-dimensional Gaussian, with σT ≈ 30µm. The typical longitudinal dimen-
sion of a bunch is 60 − 70 cm. The interaction region has a roughly Gaussian
distribution along the beam direction, with width σz ≈ 28 cm. The center of the
luminous region is shifted toward the nominal interaction point by fine tuning of
the squeezers. The 36 bunches of protons (antiprotons) are distributed among the
1113 buckets in three equispaced trains of 12 bunches each (see Fig. 2.3).

6Coalescing is the process of compacting into one dense bunch many smaller bunches.
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2.1. The Tevatron Collider

Figure 2.3: Bunch structure of the Tevatron (BS = beam sync ticks = 132 ns).

The inter-bunch spacing is 396 ns (21 buckets) within a train, while a 2.6µs
spacing (139 buckets, abort gap) is kept between trains. The need for the abort gap
is two-fold: it allows antiprotons injection (in coincidence with the proton abort
gap) without perturbing the already revolving protons with the injecting magnet.
Furthermore, when beam abortion is needed, the abort gap allows ramping-up the
deflecting magnets without interfering with the beam during the transient, possibly
damaging the detectors. As a consequence of this bunch distribution, the average
bunch-crossing rate is 1.7 MHz, resulting from a 2.53 MHz rate, when the proton
and antiproton trains are crossing, and zero rate in correspondence of the abort
gaps. The transverse profile of the beam is shaped to its optimized configuration to
avoid detector damage from the tails of the (pp) distributions interacting with the
beam pipe: retractable collimators (iron plates) are moved perpendicularly toward
the beam and trim-off the residual halo. When the beam profile is narrow enough
and the conditions are safely stable, the detector is powered and the data-taking
starts. The number of overlapping inelastic interactions N for each bunch crossing
is a Poisson-distributed variable that depends on the instantaneous luminosity.
The observed distribution of the multiplicity of interaction vertexes yields N ≈
0.2, 1.0, 2.0, and 6.0 for respectively, L ≈ 1 × 1031, 5 × 1031, 10 × 1031, and
30× 1031 luminosities [53]. The luminosity decreases as a function of time during
the store because of the interactions of the beam with residual molecules of gas
in the beam pipe, beam-halo interactions, and p depletion due to the collisions.
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Chapter 2. The TeVatron Collider and the CDF Detector

During the 10 − 20 h of a store, the luminosity decreases by a factor of 2.5 − 5 ,
the majority of data being collected at L ≈ L0/2. Just after the final injection,
a new antiproton accumulation cycle is started. When the antiproton stack is
sufficiently large and the colliding beams are degraded, the detector high-voltages
are switched-off and the store is dumped. The beam is extracted via a switch-
yard and sent to an absorption zone. Beam abortion can occur also accidentally
when a superconducting magnet rises its temperature above the critical value
(i.e., the magnet quenches), destroying the orbit of the beams. The time between
the end of a store and the beginning of collisions of the next one is typically
1 − 2 hours, during which time calibrations of the sub-detectors and cosmic rays
tests are usually performed.

2.1.4 Instantaneous Luminosity

The performances of the Tevatron collider are evaluated in terms of two key
parameters: the available center-of-mass energy,

√
s, and the instantaneous lu-

minosity, L. The former defines the accessible phase-space for the production of
resonances in the final states. The latter is defined as the interaction rate per
unit cross section of the colliding beams (collisions/(cm2s)). In the absence of a
crossing angle or position offset, the luminosity at the CDF or DØ is given by the
expression:

L =
fbcNbNpNp̄

2π(σ2
p + σ2

p̄)
F

(
σl
β∗

)
, (2.2)

where fbc is the revolution frequency, Nb is the number of bunches, Np(p̄) is the
number of protons (antiprotons) per bunch, and σp(p̄) is the transverse and longi-
tudinal rms proton (antiproton) beam size at the interaction point.

Parameter Run II value
number of bunches (Nb) 36

revolution frequency [MHz] (fbc) 1.7
bunch rms [m] σl 0.37

bunch spacing [ns] 396
protons/bunch (Np) 2.7× 1011

antiprotons/bunch (Np̄) 3.0× 1010

total antiprotons 1.1× 1012

β∗ [cm] 35

Table 2.2: Accelerator nominal parameters for Run II configuration.

F is a form factor with a complicated dependence on the low beta value, β∗, and the
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2.2. The CDF II Detector

bunch length, σl
7. Tab. 2.2 shows the design Run II accelerator parameters [52].

For physics studies the integrated luminosity defined as:

L =

∫ T

0

L(t)dt

is the quantity of interest, since for a specific process of cross-section σ, the number
of events that are generated in a specific time interval T are: n(T ) = Lσ and
N = σ×Ldt. The integrated luminosity depends on the peak performances of the
accelerator and the Fig. 2.4(a) and Fig. 2.4(b) show, respectively, the evolution in
the integrated luminosity, and the instantaneous luminosity at the start of store
delivered by Tevatron, since the machine was turned on up to September 2011.
The progressive increase in the integrated luminosity and the continuous records
in the instantaneous luminosity8 prove the good performance of the accelerator.

(a) (b)

Figure 2.4: 2.4(a): Integrated luminosity as a function of the time (or store number).
The black curve is the luminosity delivered and the purple curve is luminosity written to
tape. 2.4(b): Initial luminosity as a function of the time (or store number).

2.2 The CDF II Detector

The upgraded CDF detector [54] is a large multi-purpose solenoidal magnetic
spectrometer designed with an approximately cylindrically symmetric layout in
the azimuthal plane and in the forward and backward directions [55], [56] designed
to study pp collisions at the Tevatron. Fig. 2.5 shows the CDF II detector and

7The β function is a measure of the beam width, along the accelerator and is proportional to
the beam’s x and y extent in phase space. β∗ is the value of this function in the collision point.

8In June 2011, the record instantaneous luminosity was 4.34× 1032 cm−2s−1.
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Chapter 2. The TeVatron Collider and the CDF Detector

the different sub-systems in a solid cutaway view, while Fig. 2.6 shows Elevation
view of one half of the detector.

Figure 2.5: The CDF II detector with a quadrant cut to expose the different subdetec-
tors.

CDF II consists of five main subdetector systems: tracking, particle identifica-
tion, calorimetry, muon identification and luminosity detector. The protons and
antiprotons beams travel towards each other along the horizontal axis (beam line
or beam axis). Any plane perpendicular to the beam line is called a transverse
plane and the intersection point between the beam line and the transverse plane
is referred to as a beam spot. The innermost system is the integrated tracking
system: a silicon microstrips detector and an open-cell wire drift chamber, the
Central Outer Tracker (COT) that surrounds the silicon detector. The tracking
system is surrounded by the Time Of Flight detector (TOF) system, designed to
provide particle identification for low-momentum charged particles (momentum
below to 2 GeV/c). Both the tracking and the TOF detector are placed inside
the supeconducting coil, which generates a 1.4 T uniform horizontal magnetic field
along the z axis inside the tracking volume. The trajectories of the charged par-
ticles inside the tracking volume are helixes. The tracking system is designed to
measure the momentum and the trajectory of the charged particles. Multiple-
track reconstruction allows to identify the vertices where either the pp interaction
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took place (primary vertex) or the decay of a long-lived particle took place (sec-
ondary or displaced vertex). The solenoid coil is surrounded by the calorimeters,
which measure the energy of particles that shower when interacting with matter.
The calorimeters are surrounded by the muon detectors. Muons are “minimally
ionizing particles”, they only deposit small amounts of ionization energy in the
material. Therefore, they are able to penetrate both the tracking and calorimeter
systems. The integrated material of the tracking system, of the TOF detector,
of the solenoid and of the calorimeter serves as a particle filter. Particles which
penetrate through all that material are mostly muons, and they are detected by
the tracks in the muon chambers, located outside the calorimeter.

  

Figure 2.6: Elevation view of one half of the CDF II detector.

At the forward region of the CDF II detector two modules of Cherenkov Lumi-
nosity Counters (CLC) [57] are placed. They point to the center of the interaction
region to record the number of pp interactions and measure the instantaneous lu-
minosity. The most important parts of the detector for the Λ0

b analysis are the
tracking system and the trigger, and these will be described in detail in the follow-
ing sections. The description of the remaining systems will be brief. More detailed
information on all these systems can be found in [58] and [59].
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2.2.1 Coordinates and Standard Definitions in CDF

CDF adopts a left handed cartesian coordinate system with origin at the nom-
inal BØ interaction point, coincident with the center of the drift chamber (see
Sec. 2.3.2). The positive z-axis lies along the nominal beam-line and has the di-
rection of the proton beam (east). The x − y plane is therefore perpendicular to
the beam-line, with the y-axis pointing upward and the x-axis in the horizontal
plane, pointing radially outward with respect the center of the accelerator ring
(see Fig. 2.7). Since the colliding beams of the Tevatron are unpolarized, the re-
sulting physical observations are invariant under rotations around the beam line
axis. Thus, a cylindrical coordinate system (r, ϕ , z) is particularly convenient to
describe the detector geometry. The CDF detector is approximately cylindrically

Figure 2.7: CDF coordinate system.

symmetric around the beam axis. Its geometry can be described in cartesian as
well as in cylindrical coordinates.

The left-handed cartesian system is centered on the nominal interaction point
with the z axis laying in the direction of the proton beam and the x axis on the
Tevatron plane pointing radially outside.

The cylindrical coordinates are the azimuthal angle, ϕ, and the polar angle, θ,:

ϕ = tan−1 y

x
θ = tan−1

√
x2 + y2

z

A momentum-dependent particle coordinate named rapidity is also commonly
used. The rapidity is defined as

Y =
1

2
ln
E + pz
E − pz

,

where E is the energy and pz is the z component of the momentum of the particle
(p). It is used instead of the polar angle θ because it is Lorentz invariant. In
the relativistic limit, or when the mass of the particle is ignored, rapidity becomes
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dependent only upon the production angle of the particle with respect to the beam
axis. This approximation is called pseudo-rapidity, η, and is defined by

η = − ln
(

tan
θ

2

)
A value of θ = 90◦ would be perpendicular to the beam axis and corresponding
to η = 0. The pseudo-rapidity is commonly used to identify different detector
regions according to their position with respect to the beamline and interaction
vertex position, as shown in Fig. 2.9.

Figure 2.8: Schematic drawing of the impact parameter d0.

Additional quantities are useful to define for studying pp̄ interactions, among these
the transverse momentum, the transverse energy and the five parameter of helices
describing the trajectories of charged particles. The transverse momentum, pT , of
a particle is defined as p · sin θ. Charged particles moving through a homogeneous
solenoidal magnetic field along the z direction follow helical trajectories. Know-
ing that the projection of the helix on the x − y plane is a circle, to uniquely
parameterize a helix in three dimensions, five parameters are needed:

C – signed helix (half)-curvature, defined as C = q/2R, where R is the radius
of the helix and q is the charge of the track. This is directly related to the
transverse momentum. When the magnetic field (B) is measured in Tesla,
C in m−1 and pT in GeV: pT = 0.15 qB/|C|;

ϕ0 – ϕ azimuthal angle of the particle at the point of closest approach to the
z-axis;
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d0 – signed impact parameter, i.e. the radial distance of closest approach to the
z-axis, defined as d0 = q(

√
x2

0 + y2
0−R), where x0 and y0 are the coordinates

of the center. This is schematically drawn in Fig. 2.8;

λ – helix pitch, i.e. cot(θ), where θ is the polar angle of the particle at the point of
its closest approach to the z-axis. This is directly related to the longitudinal
component of the momentum: pz = pT cot θ;

z0 – the z coordinate of the point of closest approach.

Another useful quantity, defined for decaying particles is the displacement Lxy :

Lxy =
x̂V · ~pT
|pT |

(2.3)

where xV is the the decay length in the transverse plane of the decaying particle
and pT is its transverse momentum. In the following we will call Lxy transverse
decay length.

2.3 The Tracking System

The tracking system is immersed in a 1.4 T solenoidal magnetic field for the
measurement of charged particles momenta. We will describe this system, shown
in Fig. 2.9, starting from the device closest to the beam and moving outwards.

Figure 2.9: Elevation view of one quadrant of the inner portion of the CDF II detector
showing the tracking volume surrounded be the solenoid and the forward calorimeters.
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The innermost tracking device is a silicon detector, which consists of three
subdetectors that cover the region |η| < 2 and 2π of azimuthal angle. The first
layer of silicon sensors, called Layer ØØ (L00) [60], is installed directly onto the
beryllium beam pipe, with the sensors at radii 1.35 and 1.62 cm from the beam.
The beam pipe is made of beryllium because this metal has the best mechanical
qualities with the lowest nuclear interaction cross section. The L00 is followed by
Silicon VerteX (SVXII) [61], made of five concentric layers of silicon sensors located
at radii between 2.45 and 10.6 cm. The Intermediate Silicon Layers (ISL) [62] form
the outermost silicon detector, with one layer of sensors at a radius of 22 cm in
the central region and two layers at radii 20 and 28 cm in the forward region.
Surrounding the silicon detectors is the COT [63], a 3.1 m long cylindrical open-
cell drift chamber covering the volume between 43.4 cm and 132.3 cm of radius and
|η| < 1.

2.3.1 The Silicon Detectors

The silicon strip detectors [64] at CDF II provide a precise determination of
the particle trajectory close to the beam line. The impact parameter resolution
measured in the transverse plane is of 27µm. A silicon detector is fundamentally a
reverse-biased p−n junction. When a charged particle passes through the detector
material, it causes ionization. For a semiconductor, this means that electron-hole
pairs are produced. Electrons drift towards the anode, and holes drift towards the
cathode, where the charge is gathered. The amount of charge is, to first order,
proportional to the path length traversed in the detector material by the charged
particle. By segmenting the p or n side of the junction into strips and reading
out the charge deposition separately on every strip, we obtain sensitivity to the
position of the charged particle. All the CDF II silicon detectors are implemented
as microstrip detectors. Charge deposition from a single particle passing through
the silicon sensor can be read out on one or more strips. This charge deposition
is used to determine the hit position in the direction perpendicular to the strips.
There are two types of microstrip detectors: single and double-sided. In single-
sided detectors only one (p) side of the junction is segmented into strips. Double-
sided detectors have both sides of the junction segmented into strips. The benefit
of double-sided detectors is that while one (p) side has strips parallel to the z
direction, providing r − ϕ position measurements, the (n) side can have strips at
an angle (stereo angle) with respect to the z direction, and can provide z position
information. For SVXII, made of double sided silicon sensor, four silicon sensors
are assembled into a ladder structure which is 29 cm long. The readout electronics
are mounted directly to the surface of the silicon sensor at each end of the ladder.
The ladders are organized in an approximately cylindrical configuration, creating
barrels. A SVXII barrel is segmented into 12 wedges, each covering approximately
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30◦ in ϕ, and for each wedge there are five layers. Each layer provides one axial
measurement on one side and a measurement at the stereo angle on the other side
(see Tab. 2.3). The resolution on the single hit is 12µm.

Property Layer 0 Layer 1 Layer 2 Layer 3 Layer 4
number of ϕ strips 256 384 640 768 869
number of z strips 256 576 640 512 869

stereo angle 90◦ 90◦ +1.2◦ 90◦ −1.2◦

ϕ strip pitch [µm] 60 62 60 60 65
z strip pitch [µm] 141 125.5 60 141 65
active width [mm] 15.30 23.75 38.34 46.02 58.18
active length [mm] 72.43 72.43 72.38 72.43 72.43

Table 2.3: Relevant parameters for the layout of the sensors of the five SVXII layers.

(a) (b)

Figure 2.10: The SVXII silicon detector. 2.10(a): Three-dimensional view of the
detector, showing the barrel structure along the beam axes. 2.10(b): The transverse
plane section shows in detail the layers sequence.

30

FERMILAB-THESIS-2012-68



2.3. The Tracking System

There are three SVXII barrels, mounted adjacent to each other along the z-axis,
as shown in Fig. 2.10, covering the nominal interaction region at the center of
the CDF II Detector. The coverage of the silicon detector subsystem is shown
in Fig. 2.11. The L00, is made of single-sided silicon sensors which only provide
r − ϕ measurements, but also, being only at 1.5 cm from the interaction point,
provides the best resolution on the transverse impact parameter. The ISL is made
of double-sided silicon sensors and it provides up to two additional tracking layers
depending on track pseudo-rapidity (see Fig. 2.11). In particular ISL provides a
higher tracking efficiency by connecting tracks in SVX with the ones in COT and
allows to extend tracking beyond the COT limit (|η| < 1), and up to |η| < 2. All
the silicon detectors are used in the offline track reconstruction algorithm.

Figure 2.11: Silicon Detectors: x− y and z − y plane views.

2.3.2 The Central Outer Tracker (COT)

The COT drift chamber provides the tracking of charged particles at large radii
in the pseudo-rapidity region |η| < 1, giving an accurate information in the r − ϕ
plane for the measurement of the transverse momentum, and substantially less
accurate information in the r − z plane for the measurement of the z component,
pz. The COT contains 96 sense wire layers, which are radially grouped into eight
superlayers. This can be seen from the end plate section shown in Fig. 2.12(a).
Each superlayer is divided into cells, and each cell contains 12 sense wires. The
maximum drift distance is approximately the same for all superlayers. Therefore,
the number of cells in a given superlayer scales approximately with the radius of the
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(a) COTsector
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Figure 2.12: A 1/6 section of the COT end-plate 2.12(a). For each super-layer is
given the total number of cells, the wire orientation (axial or stereo), and the average
radius in cm. The enlargement shows in details the slot where the wire planes (sense
and field) are installed. Fig. 2.12 shows a sketch of an axial cross section of three cells
in the superlayer 2, the arrow shows the radial direction.

superlayer. The entire COT contains 30,240 sense wires spanning the entire length
of the detector in z. Approximately half the wires run along z direction (axial).
The other half are strung at a small angle (2◦) with respect to the z direction
(stereo). This allows to perform track reconstruction in the r−z plane. The active
volume of the COT begins at a radius of 43.4 cm from the beamline and extends
out to a radius of 132.3 cm. The chamber is 310 cm long. Particles originating
from the interaction point with |η| < 1 pass through all the 8 superlayers of
the COT. The cell layout, shown in Fig. 2.12(b) for superlayer 2, consists of
a wire plane containing sense and potential wires (for field shaping) and a field
(or cathode) sheet on either side of the cell. Both the sense and potential wires
are 40µm diameter gold plated tungsten wires. The field sheet is 6.35µm thick
mylar with vapor-deposited gold on both sides. Each field sheet is shared with
the neighboring cell. The COT is filled with an Argon-Ethane gas mixture and
Isopropyl alcohol (49.5:49.5:1). The gas mixture is chosen to have a constant
drift velocity across the cell width. When a charged particle passes through the
detector volume, the gas is ionized. Electrons drift towards the nearest sense
wire. The electric field in a cylindrical system grows exponentially with decreasing
radius. As a consequence, an avalanche multiplication of charge happens inside
the high electric field region, in the vicinity of the wire, due to electron-atom
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collisions. The resulting charge reaches the wire and this so called hit is read out
by electronics. The avalanche discharge provides a gain of ∼ 104. The maximum
electron drift is approximately 100 ns. Due to the magnetic field, electrons drift
at a Lorentz angle of ∼ 35◦ with respect to the radius. The cell is tilted by
∼ 35◦ with respect to the radial direction to compensate for this effect. Signals
on the sense wires are processed by the ASDQ (Amplifier, Shaper, Discriminator
with charge encoding) chip, which provides input projection, amplification, pulse
shaping, baseline restoration, discrimination, and charge measurement [65]. The
pulse is sent through ∼ 11 m of micro-coaxial cable, via repeater cards, to Time to
Digital Converter (TDC) boards in the collision hall. The pulse leading edge gives
the arrival time information and the pulse width, in nanosecond, and is related to
the amount of charge collected by the wire. After calibrating the width variations
due to the COT geometry, to the path length of the associated track, to the gas
gain differences for the 96 wires, the Landau associated to the track is determined,
using the amount of the charge collected (in nanosecond) for each hit along the
track path length. From the Landau distribution the energy loss is measured and
used for particle identification. A detailed description of the calibration is found
in [66], [67]. The TDC boards contain also the buffer where the data are stored
while waiting for the events to be accepted by the trigger. The TDC auxiliary card
catch hits for the XFT track trigger processor (see Sec. 2.9.1). Hit times are later
processed by pattern recognition (tracking) software to form helical tracks. The
hit resolution of the COT is about 40µm. The transverse momentum resolution
has been measured using cosmic ray events to be:

σpT

p2
T

= 0.0017 [GeV/c]−1 (2.4)

The tracking algorithms reconstruct particle trajectories (helixes) that best cor-
respond to the observed hits. Reconstructed trajectories are referred to as tracks.
The tracks with available COT information are important for several reasons:

• they are fundamental for the trigger based on charged tracks and for the
special Level-2 (L2) trigger optimized for B-physics (see Sec. 2.8.2) used to
collect data analysed in this Thesis;

• they form the basis of the TOF reconstruction to provide particle identifica-
tion information for the track parent particle;

• they are used in the silicon reconstruction to match the hits in the Silicon
VerteX (SVX) detector to the COT track trajectory;

• they, themselves, contain information about particle velocity through the
measurement of the energy loss.
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All the tracks that we use in the Λ0
b analysis are required to have the COT

and the SVXII information.

2.3.3 Track Reconstruction

As explained in the previous chapter, charged particles leave small charge de-
positions as they pass through the alternative layers of the tracking system. Using
these depositions, pattern recognition algorithms reconstruct the particle original
trajectory measuring the five parameters of the helix (see Sec. 2.2.1) that best
match to the observed hits.

CDF employs several algorithms for track reconstruction depending on which
component of the detector a particle travels through. The principal one is the
Outside-In (OI) reconstruction [68]. This algorithm, exploiting the information
from both the central drift chamber and the silicon detectors, is used to track the
particles in the central region (|η| < 1). It first reconstructs tracks in the COT
and then extrapolates them inwards toward the beam.

The first step of pattern recognition in the COT looks for circular paths9 in
the axial superlayers. Cells in the axial superlayers are searched for sets of 4 or
more hits that can be fit to a straight line. These sets are called segments. Once
segments are found, there are two approaches to track finding [69] (segment linking
and histogram linking algorithms). One approach is to link together the segments
which are consistent with lying tangent to a common circle. The other approach
is to constrain its circular fit to the beamline (see Sec. 2.3.4). Once a circular path
is found in the r − ϕ plane, segments and hits in the stereo superlayer are added
depending on their proximity to the circular fit. This results in a three-dimensional
track fit. Typically, if one algorithm fails to reconstruct a track, the other algorithm
will not. This arises in high track reconstruction efficiency in the COT for tracks
passing through all 8 superlayers (97% for tracks with pT > 10 GeV/c)10.

Once a track is reconstructed in the COT, it is extrapolated inward to the
silicon system. Based on the estimated errors on the track parameters, a three
dimensional road is formed around the extrapolated track. Starting from the
outermost layer, and working inwards, silicon hits found inside the road are added
to the track. As hits get added, the road gets narrowed according to the knowledge
of the updated track parameters and their covariance matrix. Reducing the width
of the road reduces the chance of adding a wrong hit to the track, and also reduces
the computation time. In the first pass of this algorithm, axial hits are added. In
the second pass, hits with stereo information are added to the track. At the end,

9The helical track, when projected onto the r − ϕ plane, is a circle.
10The track reconstruction efficiency mostly depends on how many tracks are reconstructed

in the event. If there are many tracks close to each other, hits from one track can shadow hits
from the other track, resulting in efficiency losses.
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the track combination with the highest number of hits and lowest χ2/ndf for the
five parameters helix fit is kept.

Due to the limited COT coverage and the strict hits requirement (at least
four of eight superlayers), tracking in the forward regions requires different algo-
rithms [70], [71] that are not described here because the tracks in the forward
regions are not used in this analysis.

2.3.4 Primary Vertex

In this Thesis the location of the primary pp̄ vertex is required to calculate the
decay length corresponding to the secondary vertices candidates and the impact
parameter of charged tracks.

The primary vertex location, for a given event, is found by fitting high quality
tracks to a common point of origin. At high luminosities, multiple collisions occur
on a given bunch crossing. For a luminosity of 1032 cm−2s−1, there are an average
of 2.3 interactions per bunch crossing. Typically, since the luminous region is
sufficiently long (with σz = 29 cm), the primary vertices associated to the collisions
are well separated in z. An iterative algorithm is used to find the vertex associated
to the hardest collision: the first estimate of its position (xV , yV , zV ) is binned in
the z coordinate, then the z position of each vertex is calculated from the weighted
average of the z coordinates of all tracks within 1 cm of the first iteration vertex,
with a typical resolution of 100µm; finally the vertex associated with the highest
sum of the tracks pT is defined as primary vertex of the event.

The locus of all primary vertices defines the beamline, the position of the
luminous region of the beam-beam collisions through the detector. A linear fit to
(xV , yV ) vs. zV yields the beamline for each stable running period. The beamline
is used as a constraint to refine the knowledge of the primary vertex in a given
event. Typically the beam transverse section is circular with width of ≈ 30 µm at
z = 0, rising to ≈ 50− 60 µm at |z| = 40 cm. The beam is not necessarily parallel
nor centered in the detector and moves as a function of time.

2.4 Time Of Flight detector (TOF)

The TOF [72] is a cylindrical array made of 216 scintillating bars and is located
between the external surface of the COT and the magnet cryostat containing
the superconducting solenoid. It was added in 2001 to improve the capability
to distinguish different kind of long-lived particles, measuring the time elapsed
between the collision time and when a particle is revealed by the detector. Bars
are 280 cm long and with a 4 × 4 cm2 cross section oriented along the beam axis
all around the inner cryostat surface, installed in the 4.7 cm radial space between
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the outer surface of COT and the cryostat of the super-conducting solenoid at
an average radius of 140 cm, which corresponds to 4.7 ns flight-time for a particle
roughly at the speed of light.

Both longitudinal sides of the bars collect the light produced by the charged
particles in the scintillator bars into 432 fine-mesh, 19-stage photon-multipliers
and measure accurately the timing of the two pulses. The time between the
bunch crossing and the scintillation signal in these bars defines the β of the
charged particle while the momentum is provided by the tracking system. Particle
Identification (PID) information is available through the combination for a track
of TOF and track energy loss (COT) measurements.

  

Figure 2.13: Separation power of TOF for different particles at CDF, with dE/dx
separation power for kaon and pion from COT superimposed.

The design of the photon-multipliers permits them to maintain an adequate gain
even in the 1.4 T magnetic field. The preamplified PhotoMultiplier Tube (PMT)
signals follow two parallel paths: the timing signal is discriminated and digitized,
while the charge signal is digitized to be eventually used at trigger level and for
subsequent extraction of the offline corrections.

Using the time measurement from this detector and the measured momentum
from the COT is possible to deduce the particle mass by the formula:

m =
p

c

√
c2t2

L2
− 1 (2.5)

where p is the momentum measured, L is the path length of the track, and t
is the difference between the arrival time of the TOF signal with respect to the
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the bunch-crossing time. The expected separation power11 for the various particle
species that is achievable with TOF alone, assuming ≈ 110 ps for the time of flight
resolution, as a function of momentum is shown in Fig. 2.13. For comparison,
the expected K/π separation from the COT dE/dx measurement is also shown in
Fig. 2.13 to illustrate the complementary power of COT with respect to the TOF
particle identification. PID algorithms are not used in this thesis.

2.5 Calorimeter System

Even if not used in this analysis, the calorimeter system, together with the
muon and tracking systems, is one of the main sub-detector apparatus of CDF II
detector. A detailed description of this system can be found in [59]. The CDF II
calorimetry system has been designed to measure energy and direction of neutral
and charged particles leaving the tracking region. In particular, it is devoted to
jet reconstruction and it is also used to measure the missing energy associated to
neutrinos.

Figure 2.14: Elevation view of the CDF detector showing the components of the CDF
calorimeter: CEM, CHA, WHA, PEM and PHA.

11The expected separation power is defined as TOFi(p)−TOFj(p)
σT OF

where TOFi(p) = L
c

√
mic2

p2 + 1
is the expected time of fight of the i particle of mass mi and momentum p. σTOF is the time of
flight resolution.
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Particles hitting the calorimeter can be divided in two classes, according to their
main interaction with the matter: electromagnetically interacting particles, such
as electrons and photons, and hadronically interacting particles, such as mesons
or baryons produced in hadronization processes. To detect these two classes of
particles, two different calorimetric parts have been developed: an inner electro-
magnetic and an outer hadronic section, providing coverage up to |η| < 3.64. In
order to supply information on particle position, the calorimeter is also segmented
in radial sections, called towers, projected toward the geometrical center of the
detector. Each tower consists of alternating layers of passive material and scin-
tillator tiles. The signal is read out via wavelength shifters (WLS) embedded in
the scintillator and light from WLS is then carried by light guides to photomul-
tiplier tubes. The central sector of the calorimeter, covering the region |η| < 1.1,
was recycled from Run I, while brand new calorimeters (called plug calorimeters)
were built up to cover the forward and backward regions. Fig. 2.15(b) shows
the Plug calorimeter system while Fig. 2.14 shows an elevation view of the com-
ponents of the CDF calorimeter: Central Electro Magnetic calorimeter (CEM),
Central HAdronic calorimeter (CHA), Wall HAdronic calorimeter (WHA), Plug
ElectroMagnetic calorimeter (PEM), and Plug HAdronic calorimeter (PHA).

The Central Calorimeter

Apart from upgrades on the readout electronics, needed to follow the increased
collision rate, the central calorimeter is almost the same used during Run I. The
CEM is segmented in ∆η × ∆ϕ = 0.11 × 15◦ projective towers consisting of al-
ternate layers of lead and scintillator, while the CHA and Central Wall HAdronic
calorimeters (CWA), whose geometry tower segmentation matches the CEM one,
use iron layers as radiators.
A perspective view of a central electromagnetic calorimeter module (wedge) is
shown in Fig. 2.15(a), where both the arrangement in projected towers and the
light-gatering system are visible. The projective geometry has been used in order
to take advantage of the momentum conservation in the transverse plane: before
the pp collision, the projection in the transverse plane w.r.t. the beam direction of
the beam energy is null, therefore this quantity have to be the same also after the
collision took place. Thus, the for each tower the transverse energy ET is defined
as ET = Esinθ, where E is the energy detected by the tower and θ is the angle
between the beam axis and the tower direction, in the CDF detector coordinates
system. Two position detectors are embedded in each wedge of CEM:

• The Central Electromagnetic Strip multi-wire proportional chambers
(CES) is a two-dimensional stripwire chamber arranged in correspondence
to maximum shower development (∼ 5.9X0). It measures the charge deposit
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Figure 2.15: The plot show one azimuthal electromagnetic calorimeter wedge 2.15(a),
the second plot shows an elevation view of one quarter of the plug calorimeter 2.15(b).

of the electromagnetic showers, providing information on their pulse-height
and position with a finer azimuthal segmentation than calorimeter towers.
This results in an increased purity on electromagnetic object reconstruction.

• The Central Pre-Radiator (CPR) consists of two wire camber modules
placed immediately in front of the calorimeter. It acts as pre-shower detector
by using the tracker and the solenoid coil material as radiators, resulting to
be a very useful tool in rejection of electron and photon background.

Calorimeter CEM CHA WHA PEM PHA
Absorber Lead Steel Steel Lead Iron

Segmentation (η × ϕ) 0.1×15 0.1×15 0.1×15 (0.1 ÷ 0.6)×(7.5 ÷ 15) (0.1 ÷ 0.6)×(7.5 ÷ 15)
Num. Towers (η × ϕ) 20×24 9×24 6×24 12×24(48) 11×24(48)

Thickness 18 X0,1λint 4.7λint 4.7λint 23 X0,1λint 6.8λint

Resolution (%) 14/
√
ET ⊕ 2 50/

√
ET ⊕ 3 75/

√
ET ⊕ 4 16/

√
E ⊕ 1 80/

√
E ⊕ 5

Table 2.4: Summary of the main characteristics of the CDF II calorimeter system.

Calorimeter response is fast enough to match the time requirements imposed by
Run II. However, wire chambers associated to CES and CPR may need to be
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integrated over several beam crossings; this will not be a problem since the high
granularity of these devices guarantees a low detector occupancy. Tab. 2.4 sum-
marizes the basic quantities of calorimeter detectors.

The Plug Calorimeter

The plug calorimeter (see Fig. 2.15(b)), covers the η region from 1.1 to 3.64.
The new configuration, based on the same principles as the central calorimeter,
allows the detector to operate in the Run II environment and makes experimental
data more homogeneous. Both electromagnetic and hadronic sectors are divided in
12 concentric η regions, with ∆η ranging from 0.10 to 0.64, according to increasing
pseudo-rapidity, each of them is segmented in 48 or 24 (for |η| < 2.11 or |η| > 2.11
respectively) projective towers. The actual size of these towers was chosen so that
identification of electron in b-jets would be optimized. Projective towers consist
in alternating layers of absorbing material (lead and iron for electromagnetic and
hadronic sector respectively) and scintillator tiles. The first layer of the electro-
magnetic tile is thicker (10 mm instead of 6 mm) and made of material with higher
photon yield. They act as a pre-shower detector.

2.6 Muon Detectors

The particles produced by the interaction and subsequent decays are absorbed
by the system described above with a very high probability. The most common
particle that escapes the calorimetric system is the muon. Muons are over 200
times more massive than electrons, so bremsstrahlung radiation, inversely propor-
tional to the mass squared of the incident particle, is suppressed by a factor of
4 × 104 with respect to electrons. Muons do not interact via strong interaction
with nuclei in matter either. Therefore, a muon with enough energy will pass
through the calorimeter systems releasing only a small amount of its energy. At
CDF the minimum muon energy required to reach the muon detectors, placed
radially outside of the calorimeters, is 1.4 GeV. In addition to the calorimeters,
steel absorbers are placed upstream of the muon systems to reduce punch-through
hadrons.
The muon system is the outermost layer of the CDF II detector and consists on drift
cells and scintillation counters which are used to reconstruct segment of track, the
stubs, from minimum ionizing particles. These stubs are matched using dedicated
algorithms with the COT information in order to reconstruct the full trajectory of
the muons. Some additional steel shielding layers, in between the chambers and the
calorimeters, reduce the probability for other particles to escape the calorimetric
system. Four independent systems detect penetrating charged particles (muons)
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in the |η| . 1.5 pseudo-rapidity range reconstructing a small segment of their path
(the stub) sampled by the chambers, employing similar combinations of drift tubes,
scintillation counters, and absorbers with differential azimuthal coverage [73], [74].
The momentum measurement is performed by pointing back the stub to the corre-
sponding track in the COT. Scintillators serve as trigger or trigger veto for muons
while the drift chambers measure the ϕ coordinate using the absolute difference
of drift electrons arrival time between two cells, and the z coordinate by charge
division. All type of muon detectors use a single wire, rectangular drift chambers,
arranged in arrays with various azimuthal segmentation and coupled with scintil-
lator counters. The chambers use a 50:50 gas admixture of Argon and Ethane, and
operates in proportional regime. The four sub-detector systems are (see Fig. 2.16
for their coverage in the η − ϕ plane):

Central MUon detector (CMU): the CMU detector is located around the cen-
tral hadronic calorimeter at a radius of 347 cm from the beamline with cov-
erage 0.03 . |η| . 0.63. It is segmented into 24 wedges of 15◦, but only
12.6◦ in ϕ, with a gap of 2.4◦, of each wedge is active, resulting in an overall
azimuthal acceptance of 84%. Each wedge is further segmented into three
4.2◦ modules each containing four layers of four drift cells.

Central Muon uPgrade (CMP): the CMP is a second set of muon drift cham-
bers outside of CMU with an additional 60 cm-thick steel absorbers between

Figure 2.16: Muon detectors coverage in the η − ϕ plane.
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them. The material further reduces the probability of hadronic punch-
through to the CMP. Muons need a transverse momentum of about 2.2 GeV
to reach the CMP. The CMP system is arranged in a box shape of simi-
lar acceptance as the CMU and conventionally serves as a confirmation of
CMU for higher momentum muons. A layer of scintillation counters (CSP)
is mounted on the outer surfaces of the CMP. The CMP and CMU have a
large overlap in coverage and are often used together. CMP helps to cover
CMU ϕ gaps and the CMU covers the CMP η gaps. Muon candidates which
have both CMU and CMP stubs are the less contaminated by fake muons.

Central Muon eXtension (CMX): the CMX consists of drift tubes and scin-
tillation counters (CSX) assembled in conically arranged sections. The CMX
extends the pseudo-rapidity coverage to 0.6 . |η| . 1. There are 8 layers of
drift chambers in total with a small stereo angle between layers.

Intermediate MUon system (IMU): the IMU extends the pseudo-rapidity cov-
erage even further to 1.0 . |η| . 1.5. The IMU is mounted on the toroid mag-
nets which provide shielding and consists of Barrel MUon chambers (BMU),
Barrel Scintillation counters (BSU) and Toroid Scintillation counters (TSU).

2.7 Cherenkov Luminosity Counters (CLC) and Mea-
surement of the Luminosity

The main purpose of this detector (CLC) (see Fig. 2.17) is to measure the
instantaneous luminosity (L) in the BØ interaction point. The relation used is
N̄ × fb.c. = σpp̄ × ε × L, where N̄ is the number of interaction for bunch-crossing
(BC), fb.c. the BC frequency, which is on average 2.5 MHz for 36 × 36 bunch
operations, σpp̄ is the inelastic cross section12, and ε is the detector efficiency. The
inelastic cross section is obtained by extrapolating the combined results for the
inelastic pp cross section of CDF at

√
s = 1.8 TeV and E811 measurements at√

s = 1.96 TeV [75] at the Run II energy. The global uncertainty on the luminosity
is ≈ 5.6%. This detector covers the 3.7 . |η| . 4.7 range, with two symmetrical
detector placed in the forward and in the backward regions. It is composed by long
Cherenkov detectors, 100−108 cm, with a conical shape, filled with Isobutane that
guarantees high refraction index and good transparency for ultraviolet photons.
The light emitted are collected in a PMT shielded by the solenoidal magnetic field.
The luminosity measured by the CLC is used to monitor the Tevatron performance.

12The proton-antiproton inelastic cross section at the Tevatron is σpp̄ = 59.3 mb.
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Figure 2.17: Longitudinal section of the CLC system forward.
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2.8 Trigger and DAQ

At the typical Tevatron instantaneous luminosity L ≈ 4 × 1032 cm−2s−1, and
with an inelastic pp̄ cross section of σpp̄ ≈ 60 mb, approximately 2.5× 107 inelas-
tic collisions per second occur, corresponding to one inelastic pp̄ interaction per
bunch-crossing on average13. Since the read-out of the entire detector needs about
2 ms on average, after the acquisition of one event, another approximately 5,000
interactions would remain unrecorded. When an event recording is prevented be-
cause the system is busy with a different event or a different task, this is called
dead-time.

The average size of information associated to each event is 140 Kb. Even in
case of deadtime-less read-out of the detector, in order to record all events, an
approximate throughput and storage rate of 350 Gb/s would be needed, largely
beyond the possibility of currently available technology14.

The read-out system has to reduce the 2.3 MHz interaction-rate to the 100 Hz
storage rate attainable at CDF. The challenge for the whole system is to cut-off
events that don’t have the minimal requirements to be reconstructed or seem to
contain well-known processes, that don’t need further study, focusing the acquisi-
tion system on the interesting processes.

DAQ is segmented in three levels (see Fig. 2.18). Each level receiving the
accepted event from the previous one, and, provided with detector information
with increasing complexity and with more time for processing, determines if one
of a set of existing criteria is verified by the event.

Prior to any trigger level, the bunched structure of the beam is exploited to
reject cosmic-ray events by gating the front-end electronics of all sub-detectors
in correspondence of the bunch crossing. The front-end electronics of each sub-
detector, packaged in Vesa Module Eurocard (VME) modules hosted in about 120
crates, has a 42-cells deep pipeline synchronized with the Tevatron clock-cycle set
to 132 ns. The Tevatron clock picks up a timing marker from the synchrotron RF
and forwards this bunch-crossing signal to the trigger and to the front-end elec-
tronics. Since the inter-bunch time is 396 ns, three times the Tevatron clock-cycle,
the pipeline can collect data corresponding to a maximum of 14 bunch cross-
ings. The pipeline depth gives the amount of time that Level-1 (L1) trigger has
to decide to accept or reject an event otherwise the buffer content is overwritten:
396 ns ·14 = 5.5µs. An event accepted by the L1 is then passed to the Level-2 (L2)
buffer, where the number of buffers in the pipeline is 4, that gives 5.5µs ·4 = 22µs.
This means that if an event is accepted by the L1 and the L2 doesn’t have a free
buffer deadtime will incur. Level-3 (L3) is composed by a computer farm, the L2

13Abort gaps can be neglected for this estimate.
14The maximum current storage rate is approximately 250 Kb/s
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Figure 2.18: Block diagram showing the global trigger 2.18(a) and the data flow for
the L1 and L2 systems at CDF II 2.18(b).

output rate is low enough to avoid in general deadtime problem in the connection
between L2 and L3. The following description will emphasize the aspect of the
CDF Trigger that are related with the selection of rare events including b-hadrons
with high purity.

2.8.1 Level-1

L1 is a synchronous system of custom designed hardware which reconstructs
information from three parallel streams: the calorimeter (total energy and single
tower information), the COT (only 4 axial superlayers are used for two-dimensional
tracks), and the muon systems (stubs in the CMU, CMP and CMX). The XFT is
a custom processor used to identify two-dimensional tracks in the r − ϕ plane in
the COT. The XFT is capable of reconstructing tracks with pT & 1.5 GeV with
an efficiency of about 95% and a fake rate of a few percent. The XFT has an
angular segmentation of 1.25◦, and an angular resolution of 0.3◦. The momentum
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resolution is σpT
/p2

T ≈ 0.017 [GeV/c]−1. XFT sends the track information to the
extrapolation unit (XTRP) which feeds three L1 elements: L1 CAL, L1 TRACK,
and L1 MUON. L1 CAL and L1 MUON use extrapolated tracks and information
from the calorimetry and muon systems respectively to search for possible electron,
photon, jets and muon candidates. A decision stage combines the information
from these low-resolution physic objects, called primitives, into more sophisticated
objects, e.g., track primitives are matched with muon stubs or tower primitives,
to from muon, electron, or jet object, which are subject to basic selection. The
accepted events are buffered for L2 analysis.

2.8.2 Level-2

The L2 is an asynchronous system of custom-designed hardware which pro-
cesses events accepted by the L1 in the time-ordered fashion. Additional infor-
mation from the shower-maximum strip chambers in the central calorimeter and
the axial hits in the SVXII is combined with the L1 primitives to produce L2
primitives. A simplified energy-clustering is done in the calorimeters, merging the
energies in adjacent towers to the energy of a seed tower above threshold. L1
track primitives matched with consistent shower-maximum clusters provided re-
fined electron candidates whose azimuthal position is known within 2◦ accuracy.
Information from the r, ϕ sides of the SVXII is combined with L1 tracks primitives
to form two-dimensional tracks with resolution similar to the offline one by the
silicon-based trigger system, (see Sec. 2.9.2). Silicon Vertex Trigger (SVT) uses
SVX r − ϕ hits to extend XFT track primitives inside the SVX volume, closer to
beamline. The SVT improves the XFT ϕ0 and pT resolutions and adds the mea-
surement of the impact parameter d0 (original XFT track primitives are beamline
constrained). Acting into the impact parameter, SVT is a very useful handle in
order to select decay modes of heavy b-hadrons into charged prongs.
As shown in Fig. 2.19, the impact parameter of decay products is strongly related
to the decay length of the mother b-hadron, therefore a selection based on the
tracks impact parameter turns directly in to a proper time requirement. This in-
novative system is the core of all the trigger systems for B physics, and will be
described in further details in Sec. 2.9. Finally, an array of programmable proces-
sors makes the trigger decision, while the L2 objects relative to the following event
accepted at L1 are already being reconstructed. The L2 output rate is around
900 Hz.
Fig. 2.18(b) shows the block diagram of the CDF II trigger system with the L1
and L2 subsystems along with their interconnections.
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Figure 2.19: Schematic chart showing the correlation between the tracks impact pa-
rameter (I.P.) and the decay length, in the transverse plane, of a hypothetical b-hadron
decay.

2.8.3 Level-3

After an event is accepted at L2, it has to be read out completely. The digitized
output relative to the L2-accepted event arrives fragmented from all sub-detectors
via optical fibers. It is collected by a custom hardware switch that arranges it
in the proper order and transfers it to 300 commercial Central Processing Unit
(CPU)s, organized in a modular and paralleled structure of 16 sub-systems [76].
The ordered fragments are assembled in the event record, a block of data that
uniquely identifies a bunch crossing, and is ready for the analysis of the L3 software.
This operation involves collecting data from over a couple of hundreds of VME
Readout Buffers (VRBs). The Event Builder assembles the event from pieces of
data from the L2 system into complete events. It is divided into 16 sub-farms,
each consisting of 12 to 16 processor nodes. Once the event is built, it is sent to
one node in the L3 farm. The L3 trigger reconstructs the event following given
algorithms. These algorithms take advantage of the full detector information and
improved resolution not available to the lower rigger levels. This includes a full
three-dimensional track reconstruction and tight matching of tracks to calorimeter
and muon-system information. Events that satisfy the L3 trigger requirements are
then transfered onward to the Consumer Server/Data Logger (CSL) system for
storage first on disk and later on tape. The average processing time per event in
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L3 is on the order of a few seconds. The L3 leads to a further reduction in the
output rate, roughly 75 Hz.

A set of requirements that an event has to fulfill at L1, L2 and L3 constitutes a
trigger path. The CDF II trigger system implements about 200 trigger paths. An
event will be accepted if it passes the requirements of any one of these paths and,
depending of the trigger path, it will be stored in a trigger dataset. A complete
description of the different datasets at CDF II Run II can be found in [77].

Another important feature of the trigger system of CDF is that L1 and L2
accepts can be pre-scaled. This means that only a fraction of the events that
fulfill the trigger requirements are actually accepted. Even if this implies loosing
potentially useful events, it becomes necessary at high luminosity. Given the con-
tinuous improving performance of the Tevatron, pre-scaling trigger has become
common practice in the last years. Moreover, the trigger system allows for dy-
namic pre-scaling of trigger accepts, meaning that the scaling factor varies with
the instantaneous luminosity, so the output bandwidth is maximally utilized. If an
event satisfies the L3 requirements, the corresponding event record is transferred
to mass storage at a maximum rate of 20 Mbyte/s.

The L3 decision is made after the full reconstruction of the event is completed
and the integrity of its data is checked, a process that takes a few milliseconds. A
fraction of the output is monitored in real time to search for detector malfunctions,
to derive calibrations constants and to graphically display events.

2.9 The Track Trigger

The goal of a trigger that wants to collect a large number of rare b-hadron
decays at a hadron collider is to implement the most sophisticated selection, in
order to have a reasonable amount of bandwidth used by these triggers. The
important quantities taken into account to have the optimal selection are: signal
efficiency, the background rejection, and the final rate of the trigger.

In the CDF experiment the implementation of the strategies that have a good
rejection on the background, with a reasonable efficiency on the interesting signal,
had great advantage from the use of custom hardware devoted to the reconstruction
of the track parameters in real-time. In the next sub-sections will be described
the two processor that are doing this task at L1 and L2: XFT (see Sec. 2.9.1) and
SVT (Sec. 2.9.2).

2.9.1 The COT track-processor: XFT

The COT is connected to a custom processor that identifies two-dimensional
tracks, in the r − ϕ plane, in time with the L1 decision. This processor is called
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XFT [78], and uses pattern matching to first identify short segments of tracks,
within each super-layer, and then links them into full-length tracks. The CDF
II XFT is the trigger processor which reconstructs charged particle tracks in the
transverse plane of the central tracking chamber. The XFT tracks are also extrap-
olated to the electromagnetic calorimeter and muon chambers to generate trigger
electron and muon candidates. The role of the XFT in the trigger is to reduce
the raw collision rate (1.7 MHz) to a maximum of about 30 KHz of interesting
physics events which can be processed by the L2 trigger. The XFT uses hit data
from the 4 axial superlayers of the chamber, arranged in cells of 12 wires each. A
charged particle passing through an axial layer generates a characteristic pattern
of 12 hits, one per wire, with a characteristic timing. Track identification is per-
formed in two steps by the Finder boards, which search for track segments in each
of the 4 axial layers of the chamber, and by the Linker boards, which search for
4/4 matches among segments in the 4 layers, consistent with a track exiting from
the interaction point. If a coincidence between segments crossing four super-layers
is found, two-dimensional XFT-tracks are reconstructed by linking the segments.
The segments are compared with a set of about 2,400 predetermined patterns cor-
responding to all possible tracks with pT ≥ 1.5 GeV/c originating from the beam
line. The comparison proceeds in parallel each of the 288 azimuthal 1.25◦ sectors in
which XFT logically divides the chamber. If no track is found using all four super-
layers, then the best track found in the innermost three super-layers is output.
The track-finding efficiency and the fake rate with respect to the offline tracks de-
pends of the instantaneous luminosity, and were measured to be ε ≈ 96%, and 3%
respectively, for tracks with pT ≥ 1.5GeV/c at L ' 1031 cm−2s−1. The observed
momentum resolution is σpT

/p2
T = 0.017[GeV/c]−1, and the azimuthal resolution

is σϕ6 = 0.3◦, where ϕ6 is the azimuthal position at the sixth COT super-layer, lo-
cated at 106 cm radius from the beam line. The reconstructed tracks are reported
to the eXTRaPolator unit (XTRP) and a copy of them is preserved to be used
in the L2. The fake rate needs a particular treatment when the instantaneous
luminosity exceeds 1032 cm−2s−1. In [79] is shown as in this range the presence
of multiple interactions increases the XFT fake rate, with a correlated increase of
the L1 rate occupied by the so called Two Track Trigger (TTT), the data used in
this analysis are collected by this trigger (see Sec. 2.9).

2.9.2 The Online Silicon Vertex Tracker (SVT)

The Online Silicon Vertex Tracker (SVT) (see Fig. 2.20) is part of the L2
trigger.
It receives the list of the COT tracks reconstructed by the XFT processor (for
each track the curvature C and the azimuthal angle ϕ are measured) and the
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Figure 2.20: SVT architecture.

digitized pulse heights on the silicon layers (105 channels). The SVT links the
XFT tracks to the silicon hits and reconstructs tracks in the transverse plane with
offline-like quality. The resolution of the SVT is δϕ ' 1.0 mrad, δpT ' 0.003 · p2

T

GeV/c and δd0 ' 35 µm, where d0 is the track impact parameter, the radial
distance of closest approach of the particle trajectory helix to the z-axis of the CDF
reference system. The SVT efficiency is higher than 85%. This efficiency is defined
as the ratio between the number of tracks reconstructed by SVT and all XFT-
matched offline silicon tracks that are of physics analysis quality. By providing
a precise measurement of the impact parameter of charged particle tracks, SVT
allows triggering on events containing long lived particles. Hadrons with b quark
in particular have a decay length of the order of 500µm and tracks which come
out of the b-hadrons decay vertices have an impact parameter on average grater
than 100µm.

The SVT has a widely parallelized design: it is made of 12 identical slices
(wedges) working in parallel. Each wedge receives and processes data only from
tracks in the plane perpendicular to the beamline (stereo info from SVXII is
dropped) and only with pT above 2 GeV/c2. The tracking process is performed in
two steps:

• Pattern recognition: candidate tracks are searched among a list of precal-
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culated low resolution patterns (roads);

• Track fitting: a full resolution fit of the hit coordinates found within each
road is performed using a linearized algorithm.

The pattern recognition step is performed in a completely parallel way by
the Associative Memory (AM) system which uses full custom Very Large-Scale
Integration (VLSI) chips (AMchips [80]). The AM system compares all the silicon
clusters and XFT tracks with the set of precalculated patterns. Each SVT wedge
uses 32,000 patterns which cover more than 95% of the phase space for pT ≥ 2
GeV/c.

The track fitting method is based on linear approximations and principal com-
ponents analysis [81].

Fig. 2.21 shows the SVT track impact parameter resolution for tracks with
pT > 2 GeV/c. The width of the Gaussian fit for the distribution in Fig. 2.21 is
55 µm. This is a combination of the intrinsic SVT impact parameter resolution,
and the transverse size of the beam line: σfit = σSV T ⊕σbeam, where σbeam is about
30 µm. Therefore, the intrinsic SVT resolution is about 35 µm. SVT allows, for
the first time at a hadron collider, to trigger directly on hadronic b decays with
charged prongs.
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Figure 2.21: The plot shows the distribution of the impact parameter measured by
SVT processor.
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2.10 CDF MC simulation of Detector and Trigger

In a modern high energy physics experiment is important to have a precise
simulation of the detector response and ability to reconstruct energy and momen-
tum of the particle. The geometry of a detector is quite complex, so in order to
reduce the uncertainties over the detector capabilities, the use of detailed MC is
mandatory. Some examples of this kind of information are: the efficiency in recon-
struction a decay channel, geometrical acceptances, and other similar tasks. In the
standard CDF simulation, the detector geometry and material are modeled using
the version 3 of the GEANT package [82] tuned using data from test-beams and
from actual collisions. GEANT receives as input the positions, the four-momenta,
and the identities of all particles produced by the simulated collisions that have
long enough lifetimes to exit the beam pipe. It simulates their passage in the de-
tector, modeling their interactions (bremmstrhalung, multiple scattering, nuclear
interactions, photon conversions, etc.) and the consequent generation of signals
on a channel by channel basis.

Specific packages replace GEANT for some sub-detectors: the calorimeter
response is simulated with GFLASH, a faster parametric shower-simulator [83]
tuned from single-particle response and shower-shape using test-beam data (8 −
230 GeV/c electrons and charged pions) and collision data (0.5− 40 GeV/c single
isolated tracks); the drift-time within the COT is simulated using GARFIELD
standard package [84], [85] further tuned on data; the charge-deposition model
in the silicon uses a parametric model, tuned on data, which accounts for re-
stricted Landau distribution, production of δ-rays, capacitive charge-sharing be-
tween neighboring strips, and noise. Furthermore, the actual trigger logic is sim-
ulated for all digital parts of the trigger. The output of the simulated data has
the same format of the collision data, allowing their analysis with the same recon-
struction programs used.

The detector and trigger configuration underwent several changes during data-
taking. Minor variations may occur between runs, while larger variations occur, for
instance, after major hardware improvements, or Tevatron shut-down periods. For
a more detailed simulation of the actual experimental conditions, the simulation
has been interfaced with the offline database that reports, on a run-by-run basis,
all known changes in configuration (position and slope of the beam line, relative
mis-alignments between sub-detectors, trigger-table used, set of SVT parameters)
and local or temporary inefficiencies of the silicon tracker (active coverage, noisy
channels, etc.). This allows simulating the detailed configuration of any set of
real runs, to match the distribution of real data in any given sample to very high
precision.
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Data Sample and Reconstruction of Λ0

b
Decay Signals

After a description of the data sample used in the analysis and of the corre-
sponding trigger requirements, in this chapter we describe the offline procedure to
reconstruct and select the Λ0

b → Λ+
c π
− and the Λ0

b → Λ+
c π
−π+π− candidates (with

Λ+
c → pK−π+) in order to obtain clear signals of both decays.

3.1 Overview

We are searching for Λ0
b → Λ+

c π
− and Λ0

b → Λ+
c π
−π+π−, where the inclusive

decay of the Λ+
c is Λ+

c → pK−π+1. The event topology of the decays2 we want
to study is schematically shown in Fig. 3.1. We know that b-hadrons decay, by
weak interaction, with a decay length cτ ∼ 370 µm [1]. At CDF their decay
length, γβcτ 3, typically has a mean value of 500µm and, due to the fact that its
resolution is ∼ 50µm, the secondary decay vertex is clearly distinguished from
the interaction vertex of pp collisions. The Λ+

c , produced in the secondary vertex,
decays into three charged particles, p, K− and π+, after less than 100µm.
In Fig. 3.1 there are the four (see Fig. 3.1(a)) or six (see Fig. 3.1(b)) final particle
decays, for which three of them produced in the tertiary vertex (corresponding to
the Λ+

c decay vertex) and one, or three, directly produced in the secondary vertex.
Due to the solenoidal magnetic field, an helicoidal trajectory is associated to each

1In Tab. 4.2 are reported the Λ+
c exclusive decays contributing to this final state.

2It’s worth to remember that every time we consider a Λ0
b decay mode also the conjugated

channel Λ
0

b are included even if not explicity mentioned.
3Given |p| and E as the energy of a particle we can define: β =

|p|c
E

and γ =
1√

1− β2
.
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(a) (b)

Figure 3.1: Λ0
b → Λ+

c π
− 3.1(a) and Λ0

b → Λ+
c π
−π+π− 3.1(b) event topology.

of four or six tracks (see Fig. 3.1) . Therefore, a minimum requirement on the
distance between the beamline (primary vertex, see Sec. 2.3.4) and the secondary
vertex reconstructed in the transverse plane (Lxy), reduces the contamination due
to short lived charmed hadrons. Moreover, the particles produced in the b decays
also have a larger impact parameter in the transverse plane (d0) than the tracks
produced in the primary vertex, but smaller than the decay products particles of
K0
s and Λ. Consequentely, a minimum and a maximum cut on the track d0 rejects

the background from the primary tracks, Ks and Λ, or secondary tracks generated
by the particle interaction with the material. The reconstruction of the two decay
modes in Fig. 3.1 corresponds to identify and parametrize the p K− π+ tracks,
decay products of Λ+

c , and the π− (see Fig. 3.1(a)) or π− π+ π− (see Fig. 3.1(b))
tracks, decay products of Λ0

b .
All the data used in this Thesis are selected by three special trigger paths4 of the
TTT described in Sec. 3.2.1. The term TTT is used within CDF to indicate triggers
that require at least two charged tracks in the event with some further requirements
able to extract fully hadronic decays of b-hadrons from a large background of
tracks, just using the tracks reconstructed by SVT. Then, the data selected by
these trigger paths are processed by a CDF standard package (Production) to
extract data with more quality. The Production package uses the most recent
and reliable information on the detector calibration that are not accessible during

4We call the combination of various trigger requests as path.
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the online selection. In this way the reconstructed events are divided into different
datasets according to the trigger requests. After the Production the total size of
the datasets corresponds to about 42.8 TB and we apply a procedure of skimming
to obtain smaller tertiary datasets. Sec. 3.3.1 describes the skimming procedure.
Finally we optimize the analysis cuts using the tertiary datasets in Sec. 3.4.

3.2 Data Sample

This analysis uses 2.4 fb−1 of data collected by CDF II detector between Febru-
ary, 4th 2002 and May, 13th 2007. The datasets used have been selected by three
different trigger paths of the TTT triggers designed for the the selection of multi-
body b-hadronic decays, B_CHARM_LOWPT, B_CHARM_L1 and the B_CHARM_HIGHPT

(see following Section and Tab. 3.2) and spans Run5 numbers from 138425 to
241664. Only good runs, where all components of the detector relevant for this
analysis are reliably working, are included. The information about the data qua-
lity is stored in the run database for each subsystem of the detector and for each
run [86]. The set of these requirements is essential to guarantee that the data
from various pieces of the detector are present, passed the minimun quality check,
and actually can be used for the B Physics analysis. We used events collected
in runs where the following systems were declared good by the CDF Data Qua-
lity Monitoring Group: SVX, COT, CLC and all the trigger levels. We excluded
the runs when SVX was off and when there were high voltage problems in the
COT. Moreover, requirements on the online and offline data quality were applied.
Each dataset is organized in more secondary datasets, corresponding to different
data periods during which the detector was operated under a stable configuration
(since trigger settings, average instantaneous luminosity, system calibrations, etc.
can change over time).

3.2.1 Trigger Requirements

To select multibody hadronic b-decays CDF uses three different TTT paths:

• B_CHARM_LOWPT;

• B_CHARM_L1 (or SCENARIO A);

• B_CHARM_HIGHPT (SCENARIO C).

5A run is a period of continuous operation of the CDF II Data Acquisition. Many different
cases can require the DAQ to be stopped and restarted including the need to enable or disable
a sub-detector, a change in the trigger Table, a problem in the trigger/DAQ chain etc.
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The requirements of each trigger path are summarized in Tab. 3.1, while the va-
riables are described in the following.

Level-1 (L1) selection: requires a pair of XFT tracks, each with a minimum
transverse momentum, pT , above a given threshold; also the scalar sum of
their transverse momentum

∑
pT has to be greater then a given threshold.

In addition, the azimuthal opening angle between them, as measured at the
radial distance of the COT super-layer 6 (∆ϕ6)6, has to satisfy the require-
ments of Tab. 3.1.

Level-2 (L2) selection: using the two SVT reconstructed tracks (pT , ϕ0, d0

in Tab. 3.1 and pT1, pT2, d1, d2, ϕ1 and ϕ2 in the following), computes the
transverse decay length (Lxy) and the transverse impact parameter (dCV ) of
the b candidate vertex with the following equations:

px = pT1cosϕ1 + pT2cosϕ2 py = pT1sinϕ1 + pT2sinϕ2 (3.1)

so, the flight direction of the b candidate vertex is given by:

cosϕV =
px
pT

sinϕV =
py
pT

(3.2)

where
pT =

√
p2
x + p2

y (3.3)

and the coordinates of the b candidate vertex, with respect to the origin
coordinates (0,0) in the x− y plane, are:

xV =
d1cosϕ2 − d2cosϕ1

cosϕ1sinϕ2 − cosϕ2sinϕ1

yV =
d1sinϕ2 − d2sinϕ1

cosϕ1sinϕ2 − cosϕ2sinϕ1

(3.4)

therefore

Lxy =
xV · px + yV · py

pT
dCV = xV sinϕV − yV cosϕV (3.5)

Then, using the SVT reconstructed quantities at L2, the selection of Tab. 3.1
is applied.

Level-3 selection (L3): this trigger level performs the selection on tracks that
are reconstructed using the offline algorithm (see Sec. 2.3.3) and with an
associated track reconstruted by SVT. The matching is done in ϕ and cur-
vature. The tolerances are respectively 15 mrad and 1.5× 10−4cm−1.

6ϕ6 is the azimuthal angle of the tracks measured at the COT superlayer 6. It is related to
ϕ0 by the relation: ϕ6 = ϕ0 + sin−1(r·C), where r = 105.575 cm and C is the track’s curvature.
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The same cuts, as at L2, are performed on hybrid tracks. The cut on the
impact parameter requires the knowledge of the exact beam position.
Within CDF the most accurate online measurement of the beam position, in
each barrel, is provided by the SVT tracks. The L3, using the COT and SVX
reconstructed tracks, calculates the impact parameter and the Lxy, using the
reconstructed primary vertex position (see Sec. 2.3.4) in the transverse plane.
L3 applies a fiducial geometric cut on the tracks pseudorapidity: |η1,2| ≤ 1.2.

Level-1 Level-2 Level-3

XFT tracks SVT tracks COT+SVXII tracks

B_CHARM_HIGHPT opposite charge opposite charge opposite charge
pT > 2.5 GeV/c pT > 2.5 GeV/c pT > 2.5 GeV/c
∆ϕ6 < 135◦ 2◦ < ∆ϕ0 < 90◦ a 2◦ < ∆ϕ0 < 90◦P
pT > 6.5 GeV/c

P
pT > 6.5 GeV/c

P
pT > 6.5 GeV/c

120 µm < |d0| < 1 mm 80 µm < |d0| < 1 mm
Lxy > 200 µm Lxy > 200 µm

|∆z0| < 5 cm
|η| < 1.2

χ2
SV T < 25 χ2

SV T < 25 χ2
SV T < 25

B_CHARM_SCENA opposite charge opposite charge opposite charge
pT > 2.0 GeV/c pT > 2.0 GeV/c pT > 2.0 GeV/c
∆ϕ6 < 135◦ 2◦ < ∆ϕ0 < 90◦ 2◦ < ∆ϕ0 < 90◦P
pT > 5.5 GeV/c

P
pT > 5.5 GeV/c

P
pT > 5.5 GeV/c

120 µm < |d0| < 1 mm 120 µm < |d0| < 1 mm
Lxy > 200 µm Lxy > 200 µm

|∆z0| < 5 cm
|η| < 1.2

χ2
SV T < 25 χ2

SV T < 25 χ2
SV T < 25

B_CHARM_LOWPT pT > 2.0 GeV/c pT > 2.0 GeV/c pT > 2.0 GeV/c
∆ϕ6 < 90◦ ∆ϕ0 < 90◦ 2◦ < ∆ϕ0 < 90◦P
pT > 4 GeV/c

P
pT > 4 GeV/c

P
pT > 4 GeV/c

120 µm < |d0| < 1 mm 120 µm < |d0| < 1 mm
Lxy > 200 µm Lxy > 200 µm

|∆z0| < 5 cm
|η| < 1.2

χ2
SV T < 25 χ2

SV T < 25 χ2
SV T < 25

Table 3.1: B CHARM LOWPT, B CHARM HIGHPT, B CHARM SCENA trigger paths requirements.

aThis cut in ∆ϕ is used to select b-hadron decays into more than two bodies. For decays into
two bodies, the condition ∆ϕ > 20◦ is imposed because the opening angle of the tracks cannot be
very narrow, due to the kinematics and the relatively high mass of the b-hadron. In the presence
of more than two bodies instead, the ∆ϕ cut cannot exclude small angular separations between
tracks.
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3.2.2 Trigger Prescale

In addition to various physics requirements, the CDF Trigger system is able
to randomly discard events at L1. This feature of the trigger is called prescaling.
During a Tevatron store the luminosity decreases. In order to fully use the avail-
able bandwidth, the trigger criteria have to vary accordingly to the luminosity.
Higher trigger rates at high luminosity arise from both an increase in the real
physics rate as well as an increase in fake triggers due to multiple interactions.
As the luminosity decreases, the trigger bandwidth becomes under-utilized and
lower purity triggers are thus enabled through a system that is used to automati-
cally increase their prescale level and to prioritize the various triggers paths.
The basic idea is that events are randomly discarded at high luminosity in or-
der to control high accept rate. For example, a trigger prescaled with a factor
N only passes every N th event which satisfies that physics trigger’s requirements.
Originally, a dynamic prescale system was used which modified the prescale value
depending on the current luminosity. The dynamic prescale system was replaced
with a floating prescale system, where the value N is taken out of every 256 events
that would pass the appropriate trigger. Currently CDF uses a sophisticated
prescale scheme which allows to fully populate the trigger bandwidth at any given
time. It sends an event passed L1 whenever empty L2 buffers are avaliable (there
are four L2 buffers total). Only a dynamic and floating prescale schemes apply
to the dataset used in this analysis. The three trigger path used for the selection
of hadronic multibody b-decays are designed to exploit at the best the available
bandwidth.

B_CHARM_LOWPT: this sequence was designed to maintain a high rate of selected
events when the store has a low luminosity. The trigger path is variously
prescaled during the store and activated only below a certain luminosity
threshold (this is called a lumienable trigger-path).

B_CHARM_L1 or SCENARIO A: this is the trigger-path which collected more data
due to the trigger selection cuts which allow us to acquire a significant rate
of events at low instantaneous luminosity while maintaining trigger rates at
a sustainable level at moderate high values of the luminosity.

B_CHARM_HIGHPT or SCENARIO C: initially, this trigger was conceived as a not
prescaled trigger with tighter condition on the selections rules in order to
allow the acquisition of B Physics data at high luminosity. Currently, the
rate conditions at high luminosity are very severe and B_CHARM_HIGHPT has a
dynamic prescale as well. This trigger-path is mainly characterized by more
selective requirements on pT and

∑
pT .
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3.3 Offline Selection

The events accepted by the trigger described and stored to tape are not opti-
mal for physics analysis because the up-to-date calibrations of the detectors are
usually not available for online event reconstruction. CDF uses a standard soft-
ware package called Production for final quality reconstruction of the data. The
Production gives the highest precision measurement of physical quantities (based
on the best available detector calibrations, beam-line position measurements and
so on) and separates the data into different datasets corresponding to different
data taking periods (see Tab. 3.3). The total size of the datasets collected the
three TTT path is 42.8 TB, which is too big to be analized quickly multiple times.
We apply loose selection cuts to reduce them to two smaller tertiary datasets.
Sec. 3.3.1 discusses the data skimming while Sec. 3.3.2 describe the offline events
selection and recontruction applied by the skimming procedure. Then we optimize
the analysis cuts using the tertiary datasets in Sec. 3.4.

3.3.1 Data Skimming

The skimming procedure produces smaller datasets applying loose selection
cuts, aiming to futher reject the background events and to select the physical
events we will use in this analisys (Λ0

b → Λ+
c π
−π+π− and Λ0

b → Λ+
c π
−).

In this work of Thesis is used the xbhd production dataset (see Tab. 3.2 [87])
collected by the TTT, and designed for the selection of multibody hadronic decays
of b-hadrons. The above period, amounts to 42.8 TB and includes ≈ 950 ×106

events in 74287 files7.

SAM Dataset Run Range Data Taking Period
∫
Ldt [pb−1] Size (TB)

xbhd0d 138425 − 186598 02/04/2002 − 08/22/2004 550 13
xbhd0h 190697 − 203799 12/07/2004 − 09/04/2005 445 9
xbhd0i 203819 − 233111 09/05/2005 − 01/31/2007 965 13
xbhd0j 233133 − 241664 01/31/2007 − 05/13/2007 450 3

Total 2,410 38

Table 3.2: Production output datasets used as input for skimming.

The procedure work with the CDF Data Handling Model and the Λ0
b candidates

reconstruction by skimming is described in the next Section. The output of the
skimming is directed into two streams, one for each decay sequence and the result

7According to Data Volume Summary http://cdfsam-prd.fnal.gov/sam/datavolume/
summary.html.
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of processing is saved in SAM datasets lblc3p (for the Λ0
b → Λ+

c π
−π+π−) and

lblc1p (for the Λ0
b → Λ+

c π
−) reducing the overall output data from 42.8 TB to

370 GB, a reduction factor of more than 100 (see Tab. 3.3).

Decay SAM Dataset Size (GB) File Count Number of Events
Λ0
b → Λ+

c π
− lblc1p 66.65 56 1,216,375

Λ0
b → Λ+

c π
−π+π− lblc3p 301.57 229 5,694,537

Table 3.3: Output datasets from skimming and their relative sizes.

3.3.2 Events Selection and Reconstruction

The skimming program uses a set of offline reconstructed tracks which satisfy
the quality requirements (see Tab. 3.4) on the number of COT hits in the axial
and stereo layers, the number of SVX r − ϕ hits, the impact parameter, and the
pT . In the offline track reconstruction the used detectors are SVXII, ISL, and
COT. The L00 was not used because the tracking resolution enhancement, for the
used quantity, was negligible, while its use introduces some complications in the
analysis, since it was not correctly simulated by the CDF MC. Each track is also
required to go through all COT superlayers, exiting the COT volume at a radius,
RCOT , of at least 140 cm. As it is shown in the flow diagram of Fig. 3.2, four (see
Fig. 3.1(a)) or six (see Fig. 3.1(b)) nested tracks, satisfying the requirements of
Tab. 3.4, are used in a loop to reconstruct the Λ0

b → Λ+
c π
− or Λ0

b → Λ+
c π
−π+π−

candidates.

COT stereo hits ≥ 20
COT axial hits ≥ 20
SVX r − ϕ hits in different layers ≥ 3
| d0 |< 0.2 cm
pT > 400 MeV/c
RCOT ≥ 140 cm (COT exit radius)

Table 3.4: Tracks selection criteria.

Once each event is tested for the presence of both decays, the selected events
are written to one of two output streams (one output stream per decay channel)
and if the same event satisfies both selection criteria the event can be saved twice,
once in each stream. The procedure used to reconstruct the Λ0

b → Λ+
c π
−π+π−

(Λ0
b → Λ+

c π
−) candidates, with Λ+

c → pK−π+ is described in the following as well
as in [87], and can be summarized in two steps:
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• in the first step we reconstruct the Λ+
c → pK−π+;

• in the second step we reconstruct the Λ0
b vertex by adding to the Λ+

c candidate
one or three tracks, depending on the final state, which are assigned the pion
mass.

To reject the background further requirements, described in the next two sections,
are applied on the Λ+

c and Λ0
b candidates.

  

Figure 3.2: Block diagram of the skimming code (left) and a schematic of the Λ0
b recon-

struction (right).

Λ+
c Reconstruction

The selection module loops over three tracks, assumed to be kaon, proton and
pion to build Λ+

c candidates. The sum of the three charges has to be either -1 or 1.
We require at least one of three tracks to have a matching SVT track8. We assign
the proton and pion masses to the same-sign charged tracks and the kaon mass to
the other track. The proton mass is assigned to the track with higher pT . We also

8An offline track is matched with an SVT track if the difference in ϕ6 (measured at superlayer
6) is less than 0.015 radians and the difference in 1/pT is less than 0.08.
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require the difference between the z0 (see Sec. 2.2.1) [88] of each combination of
track pairs, ∆z0, to be less than a given threshold. Thus selected, the three tracks
were fit for the common vertex (tertiary vertex of Fig. 3.1) using the standard
CDF Vertex Fit [88].
The fit determines the decay vertex by varying the track parameters of the de-
cay products within their uncertainties, so that a χ2 between the original track
trajectories parameters and these determined by the fit is minimized. If the fit
was successful, additional requirements on the invariant mass (mpK−π+), vertex fit
probability, decay length (Lxy) and pT of the Λ+

c candidate were applied. Details
of the Λ0

b candidates selection requirements are given in Tab. 3.5.

Λ+
c cuts

q1 + q2 + q3 +1
∆z0 < 5 cm
pT (p) > pT (π+)
SVT match 1 (p or K− or π+)
m(pKπ) 2.240-2.330 GeV/c2

pT (Λ+
c ) > 4.0 GeV/c

Lxy(Λ
+
c ) > 200 µm

Prob(χ2(Λ+
c )) > 0.0001

Lxy > 200 µm

Λ0
b cuts

pT (Λ0
b) > 6.0 GeV/c

Lxy(Λ
0
b) > 200 µm

Lxy(Λ
+
c fromΛ0

b) > −200 µm
Prob(χ2(Λ0

b)) > 0.0001

Table 3.5: Λ+
c → pK−π+ and Λ0

b → Λ+
c π
−π+π− candidates selection criteria.

Λ0
b Reconstruction

If the above criteria are satisfied, the program enters a forth track loop and
the flow is different for the two decay channels:

• for the Λ0
b → Λ+

c π
− decay mode we proceed to a secondary vertex fit (Λ0

b

decay vertex of Fig. 3.1(a));

• for the Λ0
b → Λ+

c π
−π+π− channel we add two more tracks, one of each

charge sign and then we proceed to the secondary vertex fit (Λ0
b decay vertex

of Fig. 3.1(b)).
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The additional track, or one of the three additional tracks, is required to have
a matching SVT track. Then we expect that two SVT associated tracks, one
originating from the Λ0

b vertex and the other originating from the Λ+
c vertex,

satisfy the B_CHARM_LOWPT trigger described in Sec. 3.2.1 and Sec. 3.2.2. We call
this requirement the offline trigger selection confirmation for the skimming. The
other two trigger path used to select the data sample, have in fact more stringent
requirements then this one, but the triggers with less stringent requirements can
be prescaled. Offline we expect that events triggered by anyone of these three
trigger path, satisfy offline the B_CHARM_LOWPT trigger requirements. Finally, a
kinematic fit is performed for four (six) tracks: we constrain the tertiary vertex
to point to the pion track from the Λ0

b → Λ+
c π
− decay or to the three-pion vertex

from the Λ0
b → Λ+

c π
−π+π− decay9. We require the fit to converge and cut on the

pT and on Lxy of the Λ+
c with respect to the Λ0

b vertex in the x− y plane and also
on the χ2 probability of the Λ0

b reconstructed vertex.
The requirements on the Λ0

b candidate are summarized in Tab. 3.5.

The invariant mass of the reconstructed candidates Λ+
c π
−π+π− and Λ+

c π
−, after

the skimming procedure is reported respectively in Fig. 3.3(a) and Fig. 3.3(b).
As we can notice, looking at Fig. 3.3(a), the Λ0

b → Λ+
c π
−π+π− decay mode is not

visible, due to the huge combinatorial background, while the signal of Λ0
b → Λ+

c π
−

is clearly visible (see Fig. 3.3(b)). To demonstrate a signal in the Λ+
c π
−π+π− inva-

riant mass spectrum, we make additional requirements on the candidates to reduce
the large amount of background. We require the Λ0

b pT greater than 8 GeV/c, a
significance of the Λ0

b transverse decay length10, defined as Lxy(Λ
0
b)/σ(Lxy(Λ

0
b)),

greather than 16 and, for the case of six tracks, that the three-pions from the
Λ0
b vertex fall in a cone of ∆R =

√
∆η2 +∆ϕ2 < 111. The resulting invariant

mass distribution is shown in Fig. 3.3(c) and Fig. 3.3(d) respectively for Λ0
b →

Λ+
c π
−π+π− and Λ0

b → Λ+
c π
− candidates.

3.4 Optimization of the Λ0
b → Λ+

c π
−π+π−selection

To optimize the selection used to demostrate the signal in the Λ+
c π
−π+π−

spectrum, we maximized the significance S/
√
S +B of the signal on the data

events (S is the estimated number of Λ0
b signal events and B is the estimated

number of background events in the signal region) by varying the cuts on the most

9The skimming code required the final π+ to have a track index greater than the π+ forming
the Λ+

c so, because tracks are ordered in pT ; the skimming code effectively requires the pT of the
π+ from the Λ0

b candidate to be less than the pT of the Λ+
c candidate.

10This variable allows us to understand how significant the Λ0
b decay length is with respect to

the detector resolution.
11High momentum of the Λ0

b translate in a narrower cone of the decay products.
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(a) (b)

(c) (d)

Figure 3.3: Λ+
c π
−π+π− 3.3(a) and Λ+

c π
− 3.3(b) candidates invariant mass after the

skimming. Λ+
c π
−π+π− 3.3(c) and Λ+

c π
− 3.3(d) candidates invariant mass after the

skimming and the optimized cuts.

significant kinematic quantities and looking for the cut configuration providing the
maximum value of S/

√
S +B. A scan of the following variables has been done to

perform the cuts optimization:

• Λ0
b transverse momentum: pT (Λ0

b) > 7, 8, 9, 10 GeV/c;

• Λ0
b transverse decay length: Lxy(Λ

0
b) > 200, 300, 400, 500 µm;

• Significance of the Λ0
b transverse decay length: Lxy(Λ

0
b)/σ(Lxy(Λ

0
b)) > 10, 13,

15, 16, 18, 20;

• Λ0
b impact parameter: | d0(Λ0

b) |< 90, 80, 70, 60 µm;
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• Maximum distance (∆R) among the three pions produced in association to
the Λ+

c , in the η − ϕ space: ∆R < 1.8, 1.6, 1.4, 1.2, 0.8.

For each point of this five-dimensional space, corresponding to each possible
choice of the cuts on the five variables, we determined the signal yield S and
the background yield B, by performing a fit of the Λ+

c π
−π+π− candidate mass

distribution using a Gaussian distribution to model the signal, and an exponential
for the background. Using the Gaussian mean and sigma (σ) as determined by the
fit, the signal and background are respectively given by the integral of the Gaussian
and the exponential within ±3σ from the Λ0

b mass (the mean of the Gaussian).

Figure 3.4: Significance (S/
√
S +B) achieved in all the cut configurations scanned

by the cut optimisation procedure. Top left plot: we have fixed Lxy(Λ0
b) > 200 µm,

the six big structures correspond to the six thresholds on the Lxy(Λ0
b) significance (10,

13, 15, 16, 18, 20); Bottom left plot: we have fixed Lxy(Λ0
b) > 200 µm and

Lxy(Λ0
b)/σ(Lxy(Λ0

b)) > 16 the four big structures correspond to four cuts on pT (Λ0
b)

(7 GeV/c, 8 GeV/c, 9 GeV/c, 10 GeV/c); Top right plot: we have fixed Lxy(Λ0
b) >

200 µm, Lxy(Λ0
b)/σ(Lxy(Λ0

b)) > 16 and pT (Λ0
b) > 9 GeV/c, the four structures corre-

spond to four cuts on | d(Λ0
b) | (60 µm, 70 µm, 80 µm, 90 µm); Bottom right plot:

we have fixed Lxy(Λ0
b) > 200 µm, Lxy(Λ0

b)/σ(Lxy(Λ0
b)) > 16, pT (Λ0

b) > 9 GeV/c and
| d(Λ0

b) |< 70 µm, the five points correspond to different cuts on ∆R(3π) ( 1.8, 1.6, 1.4,
1.2, 0.8).

In Fig. 3.4 is reported the Significance (S/
√
S +B) achieved scanning all the

cut configurations.
The list of the optmised cuts is reported in Tab. 3.6, while in Fig. 3.5 is reported
the mass difference distribution, ∆M−−+, defined as the difference between the
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pt(Λ
0
b) > 9.0 GeV/c

Lxy(Λ
0
b)/σ(Lxy(Λ

0
b)) > 16

Lxy(Λ
0
b) > 200 µm

| d0(Λ0
b) | < 70 µm

∆R(3π) < 1.2

Table 3.6: Optimised cuts used to select the Λ0
b → Λ+

c π
−π+π− decay mode.

invariant mass of the reconstructed Λ0
b and Λ+

c from Λ0
b candidates: ∆M−−+ =

M(Λ+
c π
−π−π+)−M(Λ+

c ). The use of this variable against the Λ+
c π
−π−π+ candi-

date invariant mass will be explained in Chap. 5.
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Figure 3.5: ∆M−−+ distribution after apply the offline selection and the optimized
cuts. The distribution is modeled using as PDF the sum of an exponential (background)
and a Gaussian (signal) functions.The best fit (blue curve) is overlaid to the experimental
data (black points).
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Chapter 4
MC Samples of Λ0

b Decays with charmed

resonances in Λ+
c π
−π+π− final states

In this Chapter motivations and tools for search charmed resonances in Λ0
b

decays in Λ+
c π
−π+π− final states, with Λ+

c → pK−π+, are given. MC samples of
these and of others decays, expected to contribute to the experimental Λ+

c π
−π+π−

observed signal, are described and then used to determine an offline selection that
will be applied on real data to extract, with high efficiency, the contributes of each
of the charmed resonant decay mode.

4.1 Introduction

Previous analysis of the backgrounds for the decay Λ0
b → Λ+

c `ν` found charmed
resonances [7] in the final state Λ0

b → Λ+
c π

+π−`ν`. These decay modes were
reconstructed as:

Λ0
b → Λ∗c(2595)+`ν`

↪→ Λ+
c π

+π−

Λ0
b → Λ∗c(2625)+`ν`

↪→ Λ+
c π

+π−

Λ0
b → Σ++

c π−`ν`
↪→ Λ+

c π
+

Λ0
b → Σ0

cπ
+`−ν`

↪→ Λ+
c π
−

where the Λ+
c decays in pK−π+ and the lepton ` is a muon. This observation

lead us to speculate that similar decay modes might be observed in the hadronic
Λ0
b → Λ+

c π
+π−π− final state, contributing to the observed signal peak of Fig. 3.5.
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−π+π− final states

�
u u

d d

b c

Λ0
b

Λc(2595)+

Λc(2625)+

ν`
`

W−

Figure 4.1: First order Feynman diagrams of the semileptonic decays Λ0
b →

Λ+
c (2595)+`ν` and Λ0

b → Λ+
c (2625)+`ν`. For these semileptonic decays, at the first

order, only the spectator model diagram is allowed.

The semileptonic decays Λ0
b → Λc(2595)+`ν` and Λ0

b → Λc(2625)+`ν` at first or-
der are described by the Feynman diagram in Fig. 4.1 while for the hadronic
decays Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π− at the first order two diagrams

contribute and are reported respectively in Fig. 4.2(a) (the W exchange model
diagram), and in Fig. 4.2(b) (the spectator exchange model).

�
u
u

d d

u d

b c

Λ0
b

Λc(2595)+

Λc(2625)+

π−

W+

(a) �
u u

d d

b c

Λ0
b

π−

Λc(2595)+

Λc(2625)+

d
u

W−

(b)

Figure 4.2: First order Feynman diagrams contributing to the hadronic decays Λ0
b →

Λc(2595)+π− and Λ0
b → Λc(2625)+π−. In the 4.2(a) we have a Weak Exchange Feyn-

man diagrams while in the 4.2(b) the Spectator Model.

In the latter the `ν`, emitted in the W− decay (see Fig. 4.1), is replaced by
a ud pair. So, if the leptonic decay of Fig. 4.1 exists and it is observable also
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the corresponding hadronic decay might, in principle, exists and be observable, if
the interference between the two diagrams of Fig. 4.2 is not destructive. Having
observed a signal of Λ0

b into Λ+
c π

+π−π− final state, with Λ+
c into pK−π+, we want

investigate the Λ0
b decay modes reported in Tab. 4.1, since, in principle, each of

them might contribute to the signal observed. The properties of these decays are
studied using simulated samples, that are then processed like real data. The MC
samples are described in Sec. 4.2. These samples are then used to establish offline
requirements able to separate and determine the individual contributions, of the
charmed resonant decay modes and of the others, to the observed signal of Λ0

b in
Λ+
c π

+π−π− final state.

4.2 MC Simulated Samples

MC simulations are an essential tool for data analysis and represent a fast and
tuned interface between the predicted model and the collected data, allowing a
better understanding of the data.
To generate a particle decay sample in the CDF MC there are three different steps:
the first step is the particle generation, then the particle is forced to decay in a
particular final state, and finally the decay products are propagated within the
CDF detector.
The particle generation was simulated using BGenerator [89] algorithm, a MC
program based on Next-to-Leading Order (NLO) calculations. In this step the
algorithm uses, as input information, the joint distribution of the transverse mo-
mentum and of the pseudo-rapidity (η) for the different b-hadrons. Single Λ0

b are
generated using a pT vs η spectrum modified to match the pT spectrum observed
in fully reconstructed Λ0

b → Λ+
c π
− decays [90]. Since we use a particle spectrum

rather than the quark spectrum as input to BGenerator, fragmentation is turned
off. A pT threshold of 7 GeV/c and | η |< 1.3 are used at generation, and this
assumption is standard in the CDF simulation and is valid for the detector range
covered by the tracking system. The meson decays rely on EvtGen [91], a decayer
tool extensively tuned by the B Factory experiments. Then the geometry and the
behavior of active volumes of the CDF II detector are simulated using a dedicated
software based on the third version of GEANT [82] package.
GEANT is a wide spread program able to simulate the response of High En-
ergy Physics detectors at hit level. Finally, the trigger effects are simulated by
TRGSim++, a software that implements the details of the trigger logic used by CDF
II. The TRGSim++ appends to each simulated event trigger banks and trigger bits
as for data.
A particular trigger path is selected by requiring the corresponding trigger bit.
MC samples are used through this Thesis in several applications; in this chapter
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are used to study the kinematic features of the decay modes contributing to the
observed signal, that can be exploited to separate them. MC reconstruction of Λ0

b

decays is performed in the same way as for real data.

Λ0
b → Λ+

c π
+π−π−

→ Λ∗c(2595)+π−

↪→ Λ+
c π

+π−

→ Λ∗c(2625)+π−

↪→ Λ+
c π

+π−

→ Σ++
c π−π−

↪→ Λ+
c π

+

→ Σ0
cπ
−π+

↪→ Λ+
c π
−

→ Λ+
c ρ

0π−

↪→ π+π−

→ Λ+
c π

+π−π−(nr)

Table 4.1: Decay modes of Λ0
b into Λ+

c π
−π+π− final state, with Λ+

c into pK−π+.

We performed a MC simulation of the six Λ0
b decay modes of Tab. 4.1 all recon-

structed in the Λ+
c π
−π+π− final state, generating for each decay mode the same

number of events (≈ 7.5× 106 events).
We forced each generated Λ0

b to decay through a single and specified decay chain
using the EvtGen decay package, and a user defined decay table, and in particular
Λ+
c are forced to decay to the pK−π+ final state including the resonance structure

as measured by Aitala, et al. [92].

Decay Mode Branching Ratio %

Λ+
c → pK

∗
(892)0 1.6± 0.5

Λ+
c → ∆(1232)++K− 0.86± 0.3

Λ+
c → Λ(1520)π+ 1.8± 0.6

Λ+
c → pK−π+ (non resonant) 2.8± 0.8

Table 4.2: List of Λ+
c → pK−π+ resonant and direct decay modes and measured BRs

in percent [1]. The total branching ratio of Λ+
c → pK−π+ is (5.0± 1.3)%.

The decay modes contributing to Λ+
c into pK−π+ final state and their measured

BRs are reported in Tab. 4.2 [1]. In the simulation the central values of these
measurements are assumed. In Tab. 4.3 is reported the list of decay modes and
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BRs of the Λc(2595)+, Λc(2625)+, Σc(2455)++ and Σc(2455)0 assumed in the si-
mulation and corresponding to their central values in the PDG [1]. Most of the
decays in this Table have a decay with a Λ+

c in the final state, the Σc(2455)++

and Σc(2455)0 decay respectively to Λ+
c π

+ and to Λ+
c π
− with a BR of 100%, while

the Λc(2595)+ and Λc(2625)+ decay (directly or indirectly) to Λ+
c π

+π− with a BR
of 66%. Also a phase space model is used for all baryon decays. CDF software
version 6.1.4mc was used to generate the Λ0

b decays and to perform full detector
and trigger emulation.
There is a known difference between the pT spectrum of the B-mesons (pT (B0))
and of the Λ0

b (pT (Λ0
b)) produced at a hadron collider (see Fig. 1.2).

To generate our MC sample we followed the prescription based on 360 pb−1 of
data [90] and performed a detailed comparison between real data and MC for se-
veral kinematic quantities to check that the pT (Λ0

b) distribution determined in [90]
was still valid using a data sample of 2.4 fb−1. For this study we used our sec-
ond skimmed dataset [87], the reconstructed Λ0

b → Λ+
c π
− candidates, since it has

a larger statistics and a larger signal to background ratio than the one of the
Λ0
b → Λ+

c π
−π+π−. The details of this study are reported in Appendix A.

Decay modes Branching Ratio %

Λc(2595)+

Λc(2595)+ → Σc(2455)++π− 24 %
Λc(2595)+ → Σc(2455)0π+ 24 %
Λc(2595)+ → Σc(2455)+π0 24 %
Λc(2595)+ → Λ+

c π
+π− 18 %

Λc(2595)+ → Λ+
c π

0π0 9 %
Λc(2595)+ → Λ+

c γ 1 %

Λc(2625)+

Λc(2625)+ → Λ+
c π

+π− 66 %
Λc(2625)+ → Λ+

c π
0π0 33 %

Λc(2625)+ → Λ+
c γ 1 %

Σc(2455)++

Σc(2455)++ → Λ+
c π

+ 100 %

Σc(2455)0

Σc(2455)0 → Λ+
c π
− 100 %

Table 4.3: Decay modes of the Λc(2595)+, Λc(2625)+, Σc(2455)++, Σc(2455)0 and the
BRs assumed in the simulation corresponding to their central value in the PDG [1].
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4.3 Identification of Charmed Resonant Decay Modes
in Λ+

c π
−π+π− final state

The decays of Tab. 4.1 and the others decays are expected to contribute to the
experimental Λ+

c π
−π+π− signal observed in Chap. 3. Kinematic properties of simu-

lated samples of these decays can be exploited to determine an offline selection that
will be applied on real data to identify, with high efficiency, the contributes of each
charmed resonant decay mode. To this aim, the MC samples of Tab. 4.1 are used.
Then, the charmed resonances candidates are reconstructed: the Λ+

c π
−π+ from Λ0

b

candidates are used to form Λ+
c resonance candidates (Λc(2595)+ and Λc(2625)+),

while for Σc(2455)++ (Σc(2455)0) is used Λ+
c π

+ (Λ+
c π
−). In this study the two SVT

associated tracks, one SVT track originating from the Λ0
b vertex and the other ori-

ginating from the Λ+
c vertex, have to satisfy B_CHARM_LOWPT trigger requirements

(see Sec. 3.2.1) the offline requirements (see Sec. 3.3) as well the optimized cuts
(see Sec. 3.4). In the reconstructed Λ0

b → Λ+
c π
−π+π− sample we searched for the

following charmed resonant decay modes: Λ0
b → Λc(2595)+π−, Λ0

b → Λc(2625)+π−,
Λ0
b → Σc(2455)++π−π−, and Λ0

b → Σc(2455)0π+π−. The available energy trans-
ferred to the decay products in the charmed baryons decays (Λc(2595)+, Λc(2625)+,
Σc(2455)++, and Σc(2455)0) into Λ+

c is small. Therefore the mass differences
M(Λ+

c π
+π−) −M(Λ+

c ), M(Λ+
c π

+) −M(Λ+
c ), and M(Λ+

c π
−) −M(Λ+

c ) are deter-
mined with better resolution than the masses of the charmed baryons, since the
mass resolution of the Λ+

c signal and most of the mass systematic uncertainties
cancel in the mass difference spectrum. For this reason the variables chosen to dis-
criminate the resonant charmed decay modes of Λ0

b are the difference between the
reconstructed mass of the candidate hypothesis (M(Λ+

c π
+π−) for Λ+

c resonances,
M(Λ+

c π
+) for Σ++

c and M(Λ+
c π
−) for the Σ0

c resonances) and the mass of the Λ+
c

candidate, (M(Λ+
c )).

Variable Quantity Decay

∆M+− M(Λ+
c π

+π−)−M(Λ+
c ) Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π−

∆M+ M(Λ+
c π

+)−M(Λ+
c ) Λ0

b → Σ++
c π−π−

∆M− M(Λ+
c π
−)−M(Λ+

c ) Λ0
b → Σ0

cπ
−π+

∆M−−+ M(Λ+
c π
−π−π+)−M(Λ+

c ) others

Table 4.4: Variables used to identify resonant charmed baryons in the decays of Λ0
b

candidates and to separate them from the other Λ0
b decay modes.

In Tab. 4.4 we report the name chosen for these variables, ∆M+−, ∆M+ and∆M−,
the quantity stored in these variable and the reconstructed charmed resonant can-
didate associated to this variable. For the sum of two decay modes, Λ0

b → Λ+
c ρ

0π−

and the Λ0
b → Λ+

c π
−π+π−(nr), since we do not separate their contribution, we use
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the variable ∆M−−+, defined as the difference between the reconstructed mass of
the Λ0

b candidate and the mass of the reconstructed Λ+
c in the Λ0

b decay. These
variables are used in the next section to distinguish and select, with high efficiency
and low contamination, each resonant charmed Λ0

b decay mode from the other Λ0
b

decays in Λ+
c π
−π+π− final state.

4.3.1 ∆M+− distribution for Λ0
b → Λc(2595)+π− and

Λ0
b → Λc(2625)+π−

In the following we show that using the variable ∆M+− (see Tab. 4.4) we are
able to separate the Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π− signals from the

other Λ0
b decay modes.

Fig. 4.3 shows the ∆M+− distribution of the six MC signals when all the optimized
cuts are applied: in the chosen ∆M+− histogram mass range only the Λ0

b →
Λc(2595)+π− and Λ0

b → Λc(2625)+π− decay modes contribute significantly and
are clearly separated by the others.
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Figure 4.3: MC ∆M+− distribution of all the Λ0
b → Λ+

c π
−π+π− decay modes. The

main contribution is due to Λ0
b → Λc(2595)+π− and Λ0

b → Λc(2625)+π− decay modes
4.3(a) with respect to the others and in 4.3(b) the logarithmic scale shows the limited
contribution due to the others decay modes.

Each Λ0
b → Λ+

c π
−π+π− event produces two ∆M+− candidates, since there are

two possible Λ+
c π
−π+ combinations, due to the two π− in the final state, but in

the window 0.280 GeV/c2 < ∆M+− < 0.420 GeV/c2 (see Fig. 4.3(a)) only the
combination with the lower transverse momentum π− contributes.
By applying the cut ∆M+− < 0.380 GeV/c2 we have a high efficiency on Λ0

b →
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Λc(2595)+π− and Λ0
b → Λc(2625)+π− and a negligible one on the remaining four

decay modes as summarized in Tab. 4.5.

Λ0
b Decay Mode Efficiency %

Λ0
b → Λc(2595)+π− 99.4

Λ0
b → Λc(2625)+π− 98.7

Λ0
b → Σc(2455)++π−π− 1.2

Λ0
b → Σc(2455)0π+π− 0.8

Λ0
b → Λ+

c ρ
0π− 0.1

Λ0
b → Λ+

c π
−π+π−(nr) 0.1

Table 4.5: Decay modes efficiency in percent after the cut ∆M+− < 0.380 GeV/c2.

4.3.2 ∆M+ distribution for Λ0
b → Σc(2455)++π−π−

The variable used to separate the Λ0
b → Σc(2455)++π−π− signal from the others

is ∆M+. First of all we vetoed the Λ0
b → Λc(2595)+π− and Λ0

b → Λc(2625)+π−

decay modes requiring ∆M+− > 0.380 GeV/c2.
The relevance of this veto is due to the Λc(2595)+ decay into Σc(2455)++π− with a
branching fraction of 24 % (see Tab. 4.3 and [1]), and also to the Λc(2625)+ decay;
without this veto, both decays can in principle contaminate the ∆M+ distribution
in the ∆M+ region where the Σc(2455)++ signal is located. Tab. 4.6 summarizes
the MC efficiencies, after the veto is applied, on both Λc(2595)+ and Λc(2625)+.

Λ0
b Decay Mode Efficiency

Λ0
b → Λc(2595)+π− 0.6%

Λ0
b → Λc(2625)+π− 1.3%

Table 4.6: Efficiency on Λ+
c resonances after the veto on ∆M+− > 0.380 GeV/c2.

Fig. 4.4 shows the ∆M+ distribution of the six decay modes reported in Tab. 4.1
with the cut ∆M+− > 0.380 GeV/c2. The Λ0

b → Σc(2455)++π−π− signal peaks
and is entirely confined into the region ∆M+ < 0.190 GeV/c2 (see Fig. 4.4(a)),
where the contribution of the other decay modes is negligible, as shown in Tab. 4.7.
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Figure 4.4: MC ∆M+ distribution of all the Λ0
b → Λ+

c π
−π+π− decay modes after we

vetoed Λ0
b → Λc(2595)+π− and Λ0

b → Λc(2625)+π− with the cut ∆M+− > 0.380 GeV/c2.
The main contribution is due to the Λ0

b → Σc(2455)++π−π− signal in the region ∆M+ <
0.190 GeV/c2 4.4(a). The logarithmic scale shows the limited contribution due to the
others decay modes 4.4(b).

Λ0
b Decay Mode Efficiency %

Λ0
b → Σc(2455)++π−π− 99.4
Λ0
b → Λc(2595)+π− negligible

Λ0
b → Λc(2625)+π− negligible

Λ0
b → Σc(2455)0π+π− 4.8

Λ0
b → Λ+

c ρ
0π− 2.4

Λ0
b → Λ+

c π
−π+π−(nr) 1.6

Table 4.7: Decay modes efficiency in percent after the veto on Λ+
c resonances and

requiring ∆M+ < 0.190 GeV/c2.

4.3.3 ∆M− distribution for Λ0
b → Σc(2455)0π−π+

To extract the Λ0
b → Σc(2455)0π+π− we adopted the same procedure vetoing

the Λ0
b → Λc(2595)+π− and Λ0

b → Λc(2625)+π− requiring ∆M+− > 0.380 GeV/c2.
The reasons that lead us to apply this cut are the same as reported in Sec. 4.3.2
with the exception that, in this case, the variable used is ∆M−.

Fig. 4.5 shows the∆M− distribution of the six decay modes reported in Tab. 4.1
when the Λ0

b → Λc(2595)+π− and the Λ0
b → Λc(2625)+π− are vetoed with the cut

∆M+− > 0.380 GeV/c2.
The Λ0

b → Σc(2455)0π+π− signal peaks and is entirely confined to the region
∆M− < 0.190 GeV/c2, where the contribution of the other decay modes is negli-
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gible as shown in Tab. 4.8.
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Figure 4.5: MC ∆M− distribution of all the Λ0
b → Λ+

c π
−π+π− decay modes af-

ter we vetoed Λ0
b → Λc(2595)+π− and Λ0

b → Λc(2625)+π− with the cut ∆M+− >
0.380 GeV/c2. 4.5(a): The Λ0

b → Σc(2455)0π+π− is the main contribution the region
∆M− < 0.190 GeV/c2, where the contribution of the other decay modes is negligible.
4.5(b): The logarithmic scale enhances the limited contribution due to the other decay
modes.

Also in this case there are two Λ+
c π
− candidates per event but only the combi-

nation with the lowest transverse momentum π− contributes to the chosen ∆M−

histogram mass window.

Λ0
b Decay Mode Efficiency %

Λ0
b → Σc(2455)0π+π− 98.5
Λ0
b → Λc(2595)+π− negligible

Λ0
b → Λc(2625)+π− negligible

Λ0
b → Σc(2455)++π−π− 0.8

Λ0
b → Λ+

c ρ
0π− < 1.3

Λ0
b → Λ+

c π
−π+π−(nr) 1.3

Table 4.8: Decay modes efficiency in percent after the veto on Λ+
c resonances and

requiring ∆M− < 0.190 GeV/c2.
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4.3.4 ∆M−−+ distribution for Λ0
b → Λ+

c ρ
0π− and

Λ0
b → Λ+

c π
−π+π−(nr)

To extract the Λ0
b → Λ+

c ρ
0π− and the Λ0

b → Λ+
c π
−π+π−(nr) decay modes on

the real data we need to veto all the previous decay modes requiring ∆M+− >
0.380 GeV/c2, ∆M+ > 0.190 GeV/c2, and ∆M− > 0.190 GeV/c2.
The fraction of events passing these cuts is reported in Tab. 4.9.

Λ0
b Decay Mode Efficiency %

Λ0
b → Λ+

c ρ
0π− 98.6

Λ0
b → Λ+

c π
−π+π− 98.6

Λ0
b → Λc(2595)+π− 0.6

Λ0
b → Λc(2625)+π− 1.2

Λ0
b → Σc(2455)++π−π− 1.8

Λ0
b → Σc(2455)0π+π− 4.4

Table 4.9: Decay modes efficiency in percent after the veto on Λ+
c resonances and

requiring ∆M+− > 0.380 GeV/c2, ∆M+ > 0.190 GeV/c2, and ∆M− > 0.190 GeV/c2.

The ∆M+−. ∆M+ and ∆M− cuts chosen to separate the charmed resonant
Λ0
b → Λ+

c π
−π+π− decay modes on real data are summarized in Tab. 4.10.

Λ0
b Decay Mode ∆M+− [GeV/c2] ∆M+ [GeV/c2] ∆M− [GeV/c2]

Λ0
b → Λc(2595)+π− < 0.380 - -

Λ0
b → Λc(2625)+π− < 0.380 - -

Λ0
b → Σc(2455)++π−π− > 0.380 < 0.190 -

Λ0
b → Σc(2455)0π+π− > 0.380 - < 0.190

Λ0
b → Λ+

c ρ
0π− + Λ0

b → Λ+
c π
−π+π−(nr) > 0.380 > 0.190 > 0.190

Table 4.10: ∆M+−, ∆M+ and ∆M− cuts used to select the Λ0
b → Λ+

c π
−π+π− decay

modes.
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Chapter 5
Yieds of Λ0

b → Λ+
c π
−π+π− Decay

Modes

In this Chapter we extract the yields of the Λ0
b → Λ+

c π
−π+π− decay modes fit-

ting the ∆M+−, ∆M+, ∆M− and ∆M−−+ mass distributions in the experimental
data. To this aim, we use the Λ0

b candidates reconstructed in the skimmed data
sample after applying the offline trigger confirmation and the optimized selection
described in Chap. 3. The different decay modes are then separated using the re-
quirements determined in the previous chapter. The data modeling, used by the
fit of the distributions, includes the signal, the combinatorial background, and the
physical background.

5.1 Total yield Λ0
b → Λ+

c π
−π+π−

To extract this yield, after applying the offline trigger confirmation and the
optimized selection (see Chap. 3) on the skimmed data sample, we performed an
extended likelihood fit to the inclusive ∆M−−+ mass distribution of the recon-
structed candidates, reported in Fig. 5.1(a).
The fit uses as Probability Density Function (PDF) the sum of an exponential (to
model the background) and a Gaussian (to model the signal). Fig.5.1(a) shows the
∆M−−+ mass distribution with the best fit (blue curve) overlaid. The modeling
we used for the background is not accurate since the fit pulls1 (bottom of the same
figure) show some discrepancies in the mass region [3.24− 3.3] GeV/c2.
Since the overall background is due to the combinatorial and physical background,

1The pulls in each bin of the histogram are evaluated using the bin content of the histogram

(Data) and the expected by the best fit (Fit) as:
(Data− Fit)√

Data
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Figure 5.1: ∆M−−+ mass distribution. 5.1(a): The distribution is modeled using as
PDF the sum of an exponential (background) and a Gaussian (signal) functions. Best
fit (blue curve) is overlaid. 5.1(b): Best fit (black curve), in the high mass region
[3.6− 4.01] GeV/c2, where only the combinatorial background contributes: the modeling
in the fit uses an exponential as PDF.

we try, in the following, to improve our modeling. While the main contribution
to the physical background is expected in the lower mass region, and it is mainly
due to misreconstructed and semileptonic decays of Λ0

b and B-mesons, in the high
mass region only the combinatorial background is expected to contribute. So, in
order to determine the shape of the combinatorial background, we fit the ∆M−−+

mass distribution of Fig. 5.1(b) in the high mass region [3.6− 4.01] GeV/c2, as-
suming an exponential PDF. The shape of the combinatorial background, in the
modeling of the overall background, will be fixed to the value returned by this fit
(slope parameter in the fit result legenda of Fig. 5.1(b)). In order to produce a
template shape of ∆M−−+ for the physical background, we used large MC samples
of several decay modes that might contribute to this background. The background
description is improved by adding to the combinatorial modeling the templates for

the following B-meson decays: B
0

(s) → D
(∗)+
(s) π−π+π−2 with inclusive D

(∗)+
(s) decays.

Performing the fit and using as PDF for the combinatorial background the above
exponential with the fixed shape, we observed a noticeable improvement in the fit

2With D
(∗)+
(s) we indicate the excited D∗+ and D∗+s mesons and the D+ and D+

s .
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(see Fig. 5.2(a)) while adding the background due to the B0 → Inclusive decay
modes we noticed a negligible effect (see Fig. 5.2(b)). However, these fits show
some disagreement with data in the mass region [3.15 − 3.20] GeV/c2, probably
due to some reflections, so we decided to exclude this region from the fit.
Fig. 5.2(c) reports the fit results in the reduced mass region when the back-

ground model is given by the exponential, plus the B
0

(s) → D
(∗)+
(s) π−π+π− while the

Fig. 5.2(d) shows the best fit results when we included also the B0 → Inclusive.
We use the signal Gaussian mean (3.332 GeV/c2) and sigma (σ = 0.016 GeV/c2),
as determined by the fit of ∆M−−+ of Fig. 5.2(d), to define a ±3σ mass window
centered in the mean value of the Gaussian: | ∆M−−+ − 3.332 |< 0.048 GeV/c2.
We call this interval the Λ0

b ± 3σ mass window. The yield of Λ0
b → Λ+

c π
−π+π−

decays estimated by the fit is 848 ± 93 events (sig n in the fit results legenda
of Fig. 5.2(d)). We have also tried to model other contributions to the physi-
cal background, such as the Cabibbo suppressed (CS) decay modes of our signal
(see Appendix C), misreconstructed Λ0

b → Λ+
c π
−π+`ν` semileptonic and Λ0

b →
Λ+
c π
−π+π−π0 decays, where in the latter a π0 is lost. For each of these contribu-

tion a template shape was determined using large MC samples. The fit including in
the model these contributions changes neither the shape nor the Λ0

b → Λ+
c π
−π+π−

yield estimate. We decided to not include these contribution in the modeling.
The CS decay mode contributions, which affect the estimate of the yield (see Ap-
pendix C), will be considered as a systematic affecting the yield of the Cabibbo
favored (CF) (see Chap. 7).

5.2 Yield Estimates of the Charmed Resonant De-
cay Modes

To determine the yields of the charmed resonant decay modes of Tab. 4.1
we reconstruct the mass difference distribution for the Λc(2595)+, Λc(2625)+,
Σc(2455)++ and Σc(2455)0 (∆M+−, ∆M+ and ∆M−) resonance candidates in the
Λ0
b ± 3σ mass window, applying all the requirements of Tab. 4.10 to select them,

then, we performed an unbinned extended likelihood fit on each distribution, using
RooFit version 3.1 [93], to extract the yield of the corresponding charmed reso-
nant Λ0

b decay mode. The experimental masses and widths [1] of the resonances
are summarized in Tab. 5.1.

5.2.1 Λ0
b → Λc(2595)+π− and Λ0

b → Λc(2625)+π−

Fig. 5.3(a) shows the ∆M+− mass distribution for candidates in the Λ0
b mass

window | ∆M−−+ − 3.332 |< 0.048 GeV/c2 requiring ∆M+− < 0.380 GeV/c2
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Figure 5.2: ∆M−−+ distribution with overlaid the best fit (blue curve). In the modeling
the exponential shape is fixed to the shape determined from the fit in the high mass
region: 5.2(a): B0 → D(∗)+π−π+π− and B

0
(s) → D

(∗)+
(s) π−π+π− contributions (green

line) are used to model the physical background. The D(∗)+ and D
(∗)+
(s) decay modes

are inclusive. 5.2(b): B
0 → D(∗)+π−π+π−, B0

(s) → D
(∗)+
(s) π−π+π−, and the B0 →

Inclusive contributions (green line) are used to model the background. 5.2(c): same as
in Fig. 5.2(a) but in [3.2− 3.6 ]GeV/c2 ∆M−−+ range. 5.2(d): same as in Fig. 5.2(b)
but in [3.2− 3.6 ]GeV/c2 ∆M−−+ range.
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Resonance M [MeV/c2] M −M(Λ+
c ) [MeV/c2] Width [MeV/c2]

Λc(2595)+ 2595.4 ± 0.6 308.9 ± 0.6 3.6+2.0
−1.3

Λc(2625)+ 2628.1 ± 0.6 341.7 ± 0.6 < 1.9 (90 % c.l.)
Σc(2455)++ 2454.02 ± 0.18 167.56 ± 0.11 2.23 ± 0.30
Σc(2455)0 2453.76 ± 0.18 167.30 ± 0.11 2.2 ± 0.4

Table 5.1: Experimental masses [1], mass differences with respect to Λ+
c mass and

widths for the charmed resonances [1] described in the text.

(see Sec. 4.3.1 and Tab. 4.10) to select Λc(2595)+ and Λc(2625)+. The fit model
assumes two Voigtian PDF3 to describe the two Λ+

c resonances (the signal) and a
first degree polynomial for the background. Since the difference in ∆M value of
two resonances is tiny (see Tab. 5.1), we assumed that both signals have the same
detector resolution (sigma of the Gaussian resolution) hence, both Voigtian PDF
have the same parameter for the Gaussian sigma. The proximity to the threshold
of the Λc(2595)+ resonance distorts the shape of the Breight-Wigner [94] for this
signal, and its width is mass dependent. In order to account for this distortion, the
Breight-Wigner width (W ), describing the Λc(2595)+ resonance, is parameterized
as:

W = W1(1 + α ∗ (∆M −∆Mmean)) (5.1)

where W1 is the central value of the Breit-Wigner width of Tab. 5.1 for the
Λc(2595)+. Here ∆M is the experimental world average central value for Λc(2595)+

(see Tab. 5.1), ∆Mmean is the signal Gaussian mean value of ∆M+− for Λc(2595)+

in our data and is a free parameter of the fit; α is a constant and it is also a
parameter of the fit. The yields for Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π−

signals, as determined by the fit (respectively Nsig1 and Nsig2, in the fit results
legenda of Fig. 5.3(a)), are reported in Tab. 5.2.

As a cross-check, we estimated the number of Λ0
b in the region of the Λc(2595)+

and Λc(2625)+ resonances: Fig. 5.3(b) reports the fit of the ∆M−−+ distribution
selected by applying the ∆M−+ < 0.380 GeV/c2 cut. The obtained Λ0

b yield
(sig n , in the fit results legenda of Fig. 5.3(b)) is consistent with sum of yields
of Λc(2595)+ and Λc(2625)+ signals. The Fig. 5.4(a) and Fig. 5.4(b) show the
same fit separately for each resonant decay mode: still the yields of the two Λ0

b

charmed resonances decays (sig n, of Fig. 5.4(a) for the yield of Λc(2595)+ and
of Fig. 5.4(b) for the one of Λc(2625)+) are consistent with these of Fig. 5.3(a)
showing that our procedure to extract the yield is correct.

3i.e. Breit-Wigner function convoluted with a Gaussian to model the detector mass resolu-
tion.
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c π
−π+π− Decay Modes

Λ0
b Decay Mode M −M(Λ+

c ) [MeV/c2] Yield

Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π− 309.1±0.6 46.6±9.7

Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π− 341.6±0.2 114±13

Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π− 168.0±0.4 81±15

Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π− 168.0±0.4 41.5±9.3

Λ0
b → Λ+

c π
−π+π− (with charm. res. vetoed) 3332.9±2.4 610±88

Table 5.2: Yields estimated by fitting the ∆M+−, ∆M+ and ∆M− distribution of
the resonant candidates, in the Λ0

b mass region. The last row reports the yield of the
Λ0
b → Λ+

c π
−π+π− with the charmed resonances vetoed. The dataset is given by the two

trigger paths B CHARM LOWPT and B CHARM; the applied cuts are the optimised cuts with
trigger confirmation.
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Figure 5.3: ∆M+− distribution for the candidates in the Λ0
b ±3σ mass window

region with overlaid the best fit (blue curve) 5.3(a) and ∆M−−+ distribution when
∆M+− < 0.380 GeV/c2 5.3(b) with overlaid the best fit distribution (blue curve) and
the background contribution (green curve).

5.2.2 Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−

The Σc(2455)++ and Σc(2455)0 signals have lower yields and significantly larger
and more complex background. In this case, in order to estimate the experimental
resolution using a larger statistics sample, we use data from a left sideband of Λ0

b

mass window (2.10 GeV/c2 < ∆M−−+ < 3.38 GeV/c2) since this left sideband is
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Figure 5.4: 5.4(a): ∆M−−+ distribution made for candidates when ∆M+− <
0.325 GeV/c2 in order to select the Λ0

b → Λc(2595)+π− decay mode, with overlaid
the best fit distribution (blue curve) and the contributing background (green curve).
5.4(b): ∆M−−+ distribution made for candidates in the 0.325 GeV/c2 < ∆M+− <
0.380 GeV/c2 window in order to select the Λ0

b → Λc(2625)+π− decay mode, with over-
laid the best fit distribution (blue curve) and the contributing background (green curve).

rich in Λ0
b semileptonic decays. Fig. 5.5(a) and Fig. 5.5(b) show the ∆M+ distri-

bution of the Σc(2455)++ candidates in the Λ0
b left sideband region. The fit was

performed in a narrow ∆M+ range, where the background shape can be considered
linear. The modeling assumes a first degree polynomial for the background and a
Voigtian PDF for the signal.
In the fit shown in the Fig. 5.5(a) the Breit-Wigner mean and width and Gaussian
sigma are free to float and are determined by the fit. We verified that the obtained
values of the these two parameters (indicated as Q M and Q W in the fit results le-
genda of Fig. 5.5(a)) were consistent with those of the PDG (see Tab. 5.1).
As a test, in Fig. 5.5(b) we fixed the Breit-Wigner width to the PDG value and the
best fit returns consistent results for the sigma of the Gaussian (indicated with Q S

in the fit results legendas of Fig. 5.5(a) and Fig. 5.5(b)). We assume as Gaussian
sigma for the Σc(2455)++ the average of these two sigmas: (1.0 ± 0.2) MeV/c2.
In the following we will show that this assumption is correct. Fig. 5.6(a) and
Fig. 5.6(b) show the ∆M+ mass distribution with the best fit overlaid, separately
for particles (Σc(2455)++) and anti-particles (Σc(2455)−−). In these fits the Breit-
Wigner width is fixed to the PDG value and the Gaussian sigmas (Q S, in the
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Figure 5.5: ∆M+ distribution of the Σc(2455)++ candidates in the Λ0
b left sideband

region with overlaid the best fit (blue curve). In the fit in 5.5(a) both Breit-Wigner width
and the Gaussian resolution are floating while in 5.5(b) the Breit-Wigner width is fixed
to the PDG value and the Gaussian resolution is floating and determined by the fit.

fit results legenda of Fig. 5.6(a) and Fig. 5.6(b)) agree, and are compatible with
(1.0± 0.2 MeV/c2).

Fig. 5.7(a) shows the ∆M+ distribution of the Σc(2455)++ candidates, when
the Λ0

b reconstructed candidate is in the Λ0
b ± 3σ mass window. Both reso-

nances, Λc(2595)+ and Λc(2625)+, are vetoed requiring ∆M+− > 0.380 GeV/c2

(see Sec. 4.3.2 and Tab. 4.10). The fit function used to extract the yield is com-
posed of an Argus PDF [95] for the background and a Voigtian PDF, with the
Gaussian sigma fixed to 1.0 MeV/c2, for the signal. A Gaussian constraint is also
applied on the Breit-Wigner width. The obtained yield is 81 ± 15 events (Nsig,
in the fit results legenda of Fig. 5.7(a)). In Fig. 5.7(b) the ∆M−−+ distribu-
tion is reported requiring a Σc(2455)++ (160 MeV/c2 < ∆M+ < 176 MeV/c2) in
the Λ0

b candidate showing the corresponding Λ0
b signal when the ∆M−−+ is fitted

assuming a Gaussian for the signal and an exponential for the background.
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Figure 5.6: 5.6(a): ∆M+ distribution of the Σc(2455)++ with overlaid the best
fit (blue curve) - particles 5.6(a) and Σc(2455)−− - antiparticles 5.6(b) in the left
sideband region.
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Figure 5.7: 5.7(a): ∆M+ distribution of the Σc(2455)++ candidates in the Λ0
b ± 3σ

mass window with the resonances Λc(2595)+ and Λc(2625)+ vetoed with the cut ∆M+− >
0.380 GeV/c2. The Gaussian resolution has been fixed to 1.0 MeV/c2. 5.7(b): ∆M−−+

distribution in the Σc(2455)++ signal mass window 160 MeV/c2 < ∆M+ < 176 MeV/c2.
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5.2.3 Λ0
b → Σc(2455)0π−π+ → Λ+

c π
−π+π−

The technique used for the Σc(2455)0 signal yield is the same as above for
the Σc(2455)++. Also in this case we use data from the left sideband of Λ0

b mass
window (2.10 GeV/c2 < ∆M−−+ < 3.38 GeV/c2) and the fit to determine the
Gaussian resolution is performed in a narrow ∆M− range, where the background
can be considered linear. The modeling assumes a first degree polynomial for
the background, and a Voigtian PDF for the signal. In Fig. 5.8(a), where the
distribution ∆M− is shown, the Voigtian PDF has a Gaussian constraint on the
Breit-Wigner mean (Q M in the fit results legenda in Fig. 5.8(a)), while the Gaussian
sigma is floating and determined by the fit (Q S in the fit results legenda of the
figure in Fig. 5.8(a)). In Fig. 5.8(b), we fixed the width to the PDG value (see
Tab. 5.1) and the fit results are in agreement with the ones of Fig. 5.8(a). Both
Gaussian sigma (Q S in the fit result legenda) are compatible with (1±0.2) MeV/c2

and are consistent with the Gaussian sigma of the other charmed resonances.
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Figure 5.8: ∆M− distribution of the Σc(2455)0 candidates in the left Λ0
b sideband

region: 5.8(a): The Voigtian PDF has a Gaussian constraint on the Breit-Wigner
width and a floating resolution. 5.8(b): The Breit-Wigner width in Voigtian PDF is
fixed to the PDG value. The Gaussian sigma (Q S in the top left, fit results legenda) as
returned by the fit agrees with the one determined in Fig. 5.8(a).

The fit of the ∆M− distribution is then performed separately for particles (see
Fig. 5.9(a)) and anti-particles (see Fig. 5.9(b)). In these fits, the Breit-Wigner
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width is fixed to the PDG value while the Gaussian is free to float. Also in this
case the values of the Gaussian sigmas (Q S, in the fit results legenda of the two
figures) agree, and are compatible with (1± 0.2) MeV/c2.
Fig. 5.9(c) shows the ∆M− distribution of the Σc(2455)0 candidates, when the
Λ0
b reconstructed candidate is in the Λ0

b ± 3σ mass window and both the reso-
nances, Λc(2595)+ and Λc(2625)+, are vetoed requiring ∆M+− > 0.380 GeV/c2

(see Sec. 4.3.3 and Tab. 4.10). Since the Gaussian sigma in all the fits done is
is compatible with (1.0 ± 0.2 MeV/c2), like in the case of the Σc(2455)++, the
function used in the fit to extract the yield is the composition of an Argus, for
the background, and a Voigtian PDFs for the signal, with the Gaussian resolu-
tion sigma fixed to 1.0 MeV/c2 and a Gaussian constraint on the Breit-Wigner
width. The estimated yield is 41.5 ± 9.3 events (Nsig, in the fit results legenda
of Fig. 5.9(d)). In Fig. 5.9(d) the ∆M−−+ distribution is reported requiring a
Σc(2455)0 candidate (160 MeV/c2 < ∆M− < 176 MeV/c2) in the Λ0

b candidate
showing the corresponding Λ0

b signal when the modeling assumed in the fit uses
a Gaussian and an exponential function respectively for the signal and the back-
ground.

5.3 Yield of Λ0
b → Λ+

c π
−π+π− Final State without

Charmed Resonances

The ∆M−−+ distribution, after removing the Λ0
b → Λc(2595)+π−, Λ0

b →
Λc(2625)+π−, Λ0

b → Σc(2455)++π−π− and Λ0
b → Σc(2455)0π−π+ resonances by

applying the cuts ∆M+− > 0.380 GeV/c2, ∆M+ > 0.190 GeV/c2 and ∆M− >
0.190 GeV/c2, is reported in Fig. 5.10(a).

For the determination of the yields, we performed a fit (see Appendix B) mo-
deling the signal with a Gaussian shape with a floating contribution, the combi-
natorial background with a fixed slope and floating contribution, and the physical

background with the templates of the B
0

(s) → D
(∗)+
(s) π−π+π− (with inclusive D

(∗)+
(s)

decay modes) and the B0 → Inclusive decays (see Appendix B); for the physical
background, the shapes of the B-mesons decays are obtained from MC and their
contribution is left free to float in the fit.
However, the best fit of Fig. 5.10(a) shows some disagreement with data in the
mass region [3.15− 3.20] GeV/c2, probably due to some reflections, so we decided
to exclude this region from the fit. Fig. 5.10(b) reports the best fit in the reduced
mass region [3.2−4.01] GeV/c2. The total yield associated to the Λ0

b → Λ+
c π
−π+π−

final state, without charmed resonances, is 610±88 events as shown in the fit result
legenda (see sig n on Fig. 5.10(b)).
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Figure 5.9: ∆M− distribution of the Σc(2455)0 candidates in the left sideband region
for particles 5.9(a) and antiparticles 5.9(b) with overlaid the best fit (blue curve).
5.9(c): ∆M− distribution corresponding to Σc(2455)0 resonance in the Λ0

b mass window
with Λc(2595)+ and Λc(2625)+ vetoed, with overlaid the best fit (blue curve). 5.9(d):
∆M−−+ distribution in the Σc(2455)0 signal mass window 160 MeV/c2 < ∆M+ <
176 MeV/c2 with overlaid the best fit (blue curve).
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Figure 5.10: ∆M−−+ distribution in [3.05-4.01 ]GeV/c2 5.10(a) and in [3.2-
4.01 ]GeV/c2 5.10(b) mass range, with charmed resonant decay modes removed with
the cuts ∆M+− > 0.380 GeV/c2, ∆M+ > 0.190 GeV/c2 and ∆M− > 0.190 GeV/c2

with overlaid the best fit (blue curve). The background modeling assumes an expo-
nential with floating contribution and fixed slope plus the floating contribution of the
B

0
(s) → D

(∗)+
(s) π−π+π− (with inclusive D(∗)+

(s) decays) templates and the floating contri-
bution of the template of the B0 → Inclusive decay; the best fit contribution is overlaid
(green curve).
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Chapter 6
Measurement of Relative Branching
Fractions

In this Chapter we describe the measurement of the following relative branching
fractions:

B(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)/B(Λ0

b → Λ+
c π

−π+π−(all))
B(Λ0

b → Λc(2625)+π− → Λ+
c π

−π+π−)/B(Λ0
b → Λ+

c π
−π+π−(all))

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)/B(Λ0

b → Λ+
c π

−π+π−(all))
B(Λ0

b → Σc(2455)0π+π− → Λ+
c π

−π+π−)/B(Λ0
b → Λ+

c π
−π+π−(all))

B(Λ0
b → Λ+

c ρ
0π− + Λ0

b → Λ+
c π

−π+π−(other)→ Λ+
c π

−π+π−)/B(Λ0
b → Λ+

c π
−π+π−(all))

B(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)/B(Λ0

b → Λc(2625)+π− → Λ+
c π

−π+π−)
B(Λ0

b → Σc(2455)++π−π− → Λ+
c π

−π+π−)/B(Λ0
b → Σc(2455)0π+π−)

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)/B(Λ0

b → Σc(2455)++π−π−)

where Λ0
b → Λ+

c π
−π+π−(all) indicates the Λ0

b inclusive decay and the Λ0
b →

Λ+
c π
−π+π−(other) includes the Λ0

b → Λ+
c π
−π+π−(nr), with the three pions system

not resonant (nr), when assuming a null contribution from the Λ0
b → Λ+

c a1(1260)− →
Λ+
c ρ

0π− → Λ+
c π
−π+π−, or, a Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π− when

assuming null the contribution from the Λ0
b → Λ+

c π
−π+π−(nr). To measure all of

them, we use the yields determined in the previous Chapter and the MC efficiencies
of the Λ0

b decay modes.
The systematic uncertainty affecting these measurements will be discussed in the
next Chapter.
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6.1 Overview

The second goal of this Thesis is the measurement of the above relative BR.
The relative BR B(Λ0

b → Λc(2595)+π− → Λ+
c π
−π+π−)/B(Λ0

b → Λ+
c π
−π+π−(all)),

indicating with the symbol A the state Λc(2595)+π−, can be expressed as:

B(Λ0
b → A→ Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π
−π+π−(all))

=
N(Λ0

b → Λc(2595)+π− → pK−π+π−π+π−)prod
N(Λ0

b → Λ+
c π
−π+π−(all)→ pK−π+π−π+π−)prod

(6.1)

where we indicate with N(Λ0
b → Λc(2595)+π− → pK−π+π−π+π−)prod and

N(Λ0
b → Λ+

c π
−π+π−(all) → pK−π+π−π+π−)prod the corresponding number of

Λ0
b → Λc(2595)+π− and Λ0

b → Λ+
c π
−π+π− produced in the pp collisions. This

same ratio, can be espressed:

N(A)obs
(N(A)obs +N(B)obs × εA

εB
+N(C)obs × εA

εC
+N(D)obs × εA

εD
+N(E)obs × εA

εE
)

(6.2)

In this formula, we indicated with the symbol B the state Λc(2625)+π−, with C
the state Σc(2455)++π−π−, with D the state Σc(2455)0π+π−, with E we assume,
for the moment, Λ+

c ρ
0π−+ Λ+

c π
−π+π−(nr); N(j)obs, with (j = A,B,C,D,E), is

the yield of the jth decay mode, as determined in Chap. 5, and ε(j) is the absolute
efficiency of each decay mode. For the number of events N(j)obs and efficiencies
ε(j) we have:

• N(A) = N(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)obs

• N(B) = N(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)obs

• ε(A)

ε(B)
=
ε(Λ0

b → Λc(2595)+π− → Λ+
c π
−π+π−)

ε(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

• N(C) = N(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)obs

• ε(A)

ε(C)
=

ε(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)

ε(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

• N(D) = N(Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π−)obs

• ε(A)

ε(D)
=

ε(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)

ε(Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π−)
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• N(E) = N(Λ+
c ρ

0π− + Λ+
c π
−π+π−(nr)→ Λ+

c π
−π+π−)obs

• ε(A)

ε(E)
=

ε(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)

ε(Λ0
b → Λ+

c ρ
0π− + Λ0

b → Λ+
c π
−π+π−(nr)→ Λ+

c π
−π+π−)

To the mixed E state, without charmed resonances, in addition to the Λ0
b →

Λ+
c ρ

0π− and Λ0
b → Λ+

c π
−π+π−(nr) also the Λ0

b → Λ+
c a1(1260)− can in principle

contribute (the BRs of the a1(1260)− are not measured), since it may decay into
ρ0π− with the ρ0 → π+π− [1]. In this case, at the production, the mixed state E
is due to a combination of the Λ0

b decay modes Λ+
c ρ

0π−, Λ+
c π
−π+π−(nr) (with the

three pions system not resonant) and Λ+
c a1(1260)−, in unknown proportions.

Since we do not know the proportions of the three decay modes in the mixed state
E, we assumed proportions (1/2, 1/2, 0) respectively for Λ+

c ρ
0π−, Λ+

c π
−π+π−(nr),

and Λ+
c a1(1260)− to compute the overall selection efficiency ε(E). As a conse-

quence, the efficiency ε(E) is evaluated as the average of the relative efficiencies
of Λ+

c ρ
0π− and Λ+

c π
−π+π−(nr) (see Sec. 6.2). This assumption is important since

the selection efficiencies of these two decay modes are different and the resulting
efficiency for the sum of Λ+

c ρ
0π− and Λ+

c π
−π+π−(nr) depends on the value of the

assumed fractions. We determined the absolute efficiency of each decay mode us-
ing the MC samples. These samples are described in Chap. 4 for all the Λ0

b decays
above with the exception of the Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π−.

Also for this decay mode a MC sample was generated, following the same pro-
cedure adopted in Chap. 4 as for the others MC samples, and we forced the
a1(1260)− to decay into ρ0π− with the ρ0 → π+π−. In the next section we show
(see Tab. 6.1) that the absolute efficiency of this latter decay mode can be as-
sumed equal to the one of the Λ0

b → Λ+
c π
−π+π−(nr), since the two efficiencies

agree. This means that if we measure B(Λ0
b → Λ+

c ρ
0π− + Λ+

c π
−π+π−(nr) →

Λ+
c π
−π+π−)/B(Λ0

b → Λ+
c π
−π+π−(all)) assuming fractions (1/2, 1/2, 0) we obtain

the same result as B(Λ0
b → Λ+

c ρ
0π− + Λ+

c a1(1260)−) → Λ+
c π
−π+π−)/B(Λ0

b →
Λ+
c π
−π+π−(all)) with fractions (1/2, 0, 1/2). For this reason the relative BR of

the E state can be witten: B(Λ0
b → Λ+

c π
−π+π−(other) → Λ+

c π
−π+π−)/B(Λ0

b →
Λ+
c π
−π+π−(all)) where Λ0

b → Λ+
c π
−π+π−(other) includes the Λ+

c π
−π+π−(nr),

with the three pions system not resonant (nr), when assuming a null contribu-
tion from the Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π− and proportions (1/2,

1/2, 0) , or a Λ0
b → Λ+

c a1(1260)− → Λ+
c ρ

0π− → Λ+
c π
−π+π− when assuming null

the contribution from the Λ0
b → Λ+

c π
−π+π−(nr) and proportions (1/2, 0, 1/2). This

will be further discussed in the next section. The potential contribution of the
Λ+
c a1(1260)−, was considered later in the analysis and we have not resolutions to

separate the individual contributions of the three decay modes, as it will be shown
in Appendix D. The assumption we made is a choice and the systematic due to
this hypothesis is evaluated in Sec. 7.2.
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The relative branching fractions of the other decay modes can be determined using
the following formulas:

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π
−π+π−(all))

= (6.3)

N(B)obs
(N(A)obs × εB

εA
+N(B)obs +N(C)obs × εB

εC
+N(D)obs × εB

εD
+N(E)obs × εB

εE
)

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π
−π+π−(all))

= (6.4)

N(C)obs
(N(A)obs × εC

εA
+N(B)obs × εC

εB
+N(C)obs +N(D)obs × εC

εD
+N(E)obs × εC

εE
)

B(Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π
−π+π−(all))

= (6.5)

N(D)obs
(N(A)obs × εD

εA
+N(B)obs × εD

εB
+N(C)obs × εD

εC
+N(D)obs +N(E)obs × εD

εE
)

B(Λ0
b → Λ+

c ρ
0π− + Λ0

b → Λ+
c π
−π+π−(nr))→ Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π
−π+π−(all))

= (6.6)

N(E)obs
(N(A)obs × εE

εA
+N(B)obs × εE

εB
+N(C)obs × εE

εC
+N(D)obs × εE

εD
+N(E)obs)

B(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

=
N(A)obs
N(B)obs

ε(B)

ε(A)
(6.7)

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

B(Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π−)

=
N(C)obs
N(D)obs

ε(D)

ε(C)
(6.8)

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

=
N(B)obs
N(C)obs

ε(C)

ε(B)
(6.9)

In the following we describe the evaluation of the relative efficiencies and the
extraction of the relative branching fractions. All the systematic affecting these
measurements will be discussed in detail in Chap. 7.

96

FERMILAB-THESIS-2012-68



6.2. Relative Efficiencies

6.2 Relative Efficiencies

The MC samples described in Chap. 4 and the MC sample of the Λ0
b →

Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π− are used to estimate the relative ef-

ficiencies εrelij = εi/εj necessary to perform the relative branching fractions mea-
surements. Tab. 6.1 reports the absolute efficiencies for each Λ0

b decay mode as
estimated with MC for the three TTT scenarios.

Λ0
b Decay Mode #Generated #ScLow ε(x10−4) #ScA ε(x10−4) #ScC ε(x10−4)

Λc(2595)+π− 4943361 4903 9.92±0.14 3735 7.56±0.12 2868 5.80±0.11
Λc(2625)+π− 4943361 4811 9.73±0.14 3702 7.49±0.12 2770 5.60±0.11
Σc(2455)++π−π− 7489941 6321 8.44±0.11 4681 6.25±0.09 3213 4.29±0.08
Σc(2455)0π+π− 7489941 1862 2.49±0.06 1407 1.88±0.05 941 1.26±0.04
Λ+
c ρ

0π− 7489941 3724 4.97±0.08 2735 3.65±0.07 1710 2.28±0.05
Λ+
c π

−π+π−(nr) 7489941 2816 3.76±0.07 2023 2.70±0.06 1270 1.70±0.05
Λ+
c a1(1260)− 6388979 2382 3.72±0.08 1688 2.64±0.06 1013 1.59±0.05

Table 6.1: Absolute efficiencies for the three trigger scenarios (trigger confirma-
tion+optimized cuts). We used “ScLow” for B CHARM LOWPT, “ScA” for B CHARM, and
“ScC” for B CHARM HIGHPT.

In these samples, the Λ0
b are reconstructed with the same prescription as for real

data, and online1 and offline requirements are applied. Also, on each MC sample,
the ∆M+−, ∆M+ and ∆M− cuts necessary to select a specific Λ0

b decay modes are
applied (see Tab. 4.10). From Tab. 6.1, the efficiency of the Λ0

b → Σc(2455)0π+π−

decay mode is significantly lower than the efficiency of the Λ0
b → Σc(2455)++π−π−

decay mode. This is due to the kinematical cut applied at the skimming level,
requiring that the transverse momentum of the pion, produced in the Λ+

c decay, is
larger than the transverse momentum of the same charge pion produced in the Λ0

b

decay. This request has a large efficiency on Λ0
b → Σc(2455)++π−π− since in this

case the π+ from Λ0
b is produced in the Σc(2455)++ decay and it is consequently

soft, while it has a lower efficiency on Λ0
b → Σc(2455)0π+π− since in this case the

π+ from Λ0
b is not produced in the Σc(2455)0 decay and it is not necessarily soft.

Tab. 6.1 shows, as mentioned in the previous section, that the absolute efficiency
of the Λ0

b → Λ+
c a1(1260)− decay mode, with a1(1260)− → π−π+π− agrees with

the efficiency for the Λ0
b → Λ+

c π
−π+π−(nr). We assume the two efficiencies equal

to the Λ0
b → Λ+

c π
−π+π−(nr) (see Sec. 6.1) and all the results about efficiency or

relative efficiencies for the Λ+
c π
−π+π−(nr) are valid also for the Λ+

c a1(1260)−.

For these three trigger scenarios we computed the relative efficiencies among
all the Λ0

b decay modes. Tab. 6.2 reports the relative efficiencies, showing that the
variation of the relative efficiencies between B_CHARM_LOWPT and B_CHARM is com-

1In this case explicitly the specified trigger path have to be offline confirmed.
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patible with the MC statistical error and the systematic uncertainty2. The relative
efficiencies computed for B_CHARM_HIGHPT are not compatible with the efficiencies
of the two lower momentum scenarios from which they differ significantly.

Figure 6.1: A plot schematically representing the set of selection requirements of the
trigger (phase space) versus the effective trigger prescale.

Fig. 6.1 reports the data events selected versus the set of selection requirements
(the three B_CHARM trigger scenarios) showing regions of overlapped events.
Due to their effective phase space overlap, duplicate events that passed differ-
ent triggers are present, so we checked for these events in the data samples se-
lected by the different trigger scenarios and dropped the extra one. The part of
B_CHARM_LOWPT sample that is not a part of the B_CHARM_SCENA sample constitutes
about 30% of the total dataset, and the part of phase space of B_CHARM_HIGHPT
trigger, which is not a part of B_CHARM_SCENA trigger, is not used in this anal-
ysis for the reasons described above. The number of the events in that part is
negligible because for the B_CHARM_HIGHPT trigger the selection requirements are
tighter than for B_CHARM_SCENA. Thus, for the event to end up in the part of the
sample with no shading (see Fig. 6.1) the corresponding B_CHARM_SCENA event has
to be prescaled, otherwise the event is a part of B_CHARM_SCENA sample. For ex-
ample it may happen that an event accepted by B_CHARM_HIGHPT is not accepted
by B_CHARM or B_CHARM_LOWPT, even if kinematically B_CHARM_HIGHPT is a proper
subsample of B_CHARM which is a proper subsample of B_CHARM_LOWPT. To properly
take into account this effect it would be necessary to perform three independent
analyses to the three independent samples collected by the three trigger scenarios
and the knowledge of the prescale factors.

2See below for the evaluation of the systematic uncertainty on the relative efficiencies for
each trigger path.
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Chapter 6. Measurement of Relative Branching Fractions

At the time of writing of this thesis, we did not have a method in order to de-
termine the prescale factors3 and we perform the following approximation: we
remove the data collected only by the B_CHARM_HIGHPT trigger (i.e. events with
the B_CHARM_HIGHPT trigger bit set on but the B_CHARM_LOWPT and B_CHARM trig-
ger bits set off) from the dataset and for the analysis we use only the data collected
by the B_CHARM_LOWPT or B_CHARM trigger scenarios.
For this sample we take as relative efficiencies the average of the relative efficien-
cies computed for the two individual trigger scenarios (see Tab. 6.2 third box).
The differences between the average relative efficiencies and the individual relative
efficiencies of the B_CHARM_LOWPT and B_CHARM trigger scenarios are taken as an
additional source of systematic uncertainty (see Tab. 6.2 third box, where the first
quoted uncertainty is the statistical uncertainty and the second one is the system-
atic uncertainty due to the average).
We remember that in this analysis we do not separate the contributions of the
three decay modes that in principle can contribute to Λ0

b → Λ+
c π
−π+π− without

charmed resonances. Since we assumed, at production, proportions (1/2, 1/2, 0) of
Λ0
b → Λ+

c ρ
0π− → Λ+

c π
−π+π−, Λ0

b → Λ+
c π
−π+π−(nr) and Λ0

b → Λ+
c a1(1260)− →

Λ+
c ρ

0π− → Λ+
c π
−π+π− , we use the average of the relative efficiencies of the

two contributing decay modes (reported in last two raws of Tab. 6.2 third box)
to evaluate the relative efficiencies of the mixed E state in the above hypoth-
esis. These relative efficiencies are the same when we assume at production
proportions (1/2, 0, 1/2) of Λ0

b → Λ+
c ρ

0π− → Λ+
c π
−π+π−, Λ0

b → Λ+
c π
−π+π−(nr)

and Λ0
b → Λ+

c a1(1260)− → Λ+
c ρ

0π− → Λ+
c π
−π+π−, since the absolute efficiency

of Λ0
b → Λ+

c a1(1260)− → Λ+
c ρ

0π− → Λ+
c π
−π+π− was assumed equal to the

Λ0
b → Λ+

c π
−π+π−(nr).

The systematic on the measurements of the relative branching fractions due to
these assumptions on the proportions is evaluated in Sec. 7.2.

6.3 Relative Branching Fractions

The relative branching fractions are extracted using the yields (N(j), j =
A,B,C,D,E) determined in Chap. 5 (see Tab. 5.2) and the relative efficiencies
(Tab. 6.2, third box) in the the equations from Eq. 6.2 to Eq. 6.9. The result-
ing relative branching fractions are reported in Tables from Tab. 6.4 to Tab. 6.8.
The systematics affecting these measurements (and shown in Tables from Tab. 6.4
to Tab. 6.8, where for each measured quantity is reported the statistical and the
systematic uncertainty) are discussed in next chapter. The results on the relative
branching fractions are summarized in Tab. 6.3.

3In the updated analysis the prescale factors are determined using the method described
in [96].
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6.3. Relative Branching Fractions

Relative Branching Fractions (%)

B(Λ0
b→Λc(2595)+π−→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(2.5± 0.6± 0.5)

B(Λ0
b→Λc(2625)+π−→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(6.2± 1.0+1.0

−0.9)
B(Λ0

b→Σc(2455)++π−π−→Λ+
c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(5.2± 1.1± 0.8)

B(Λ0
b→Σc(2455)0π+π−→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(8.9± 2.1+1.2

−1.0)
B(Λ0

b→Λ+
c ρ

0π−+Λ0
b→Λ+

c π
−π+π−(other)→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(77.3± 3.1+3.0

−3.3)
B(Λ0

b→Λc(2595)+π−→Λ+
c π
−π+π−)

B(Λ0
b→Λc(2625)+π−→Λ+

c π−π+π−)
(40.3± 9.8+2.3

−1.8)
B(Λ0

b→Σc(2455)++π−π−→Λ+
c π
−π+π−)

B(Λ0
b→Σc(2455)0π+π−→Λ+

c π−π+π−)
(58.1± 16.9+6.3

−9.1)
B(Λ0

b→Λc(2625)+π−→Λ+
c π
−π+π−)

B(Λ0
b→Σc(2455)++π−π−→Λ+

c π−π+π−)
(119.7± 26.0+4.7

−9.1)

Table 6.3: Relative Branching Fractions in % measured in this work of Thesis. In these
measurements the first uncertainty is statistical and the second one is systematic.
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6.3. Relative Branching Fractions

B(Λ0
b → Λ+

c ρ
0π− + Λ0

b → Λ+
c π
−π+π−(other)→ Λ+

c π
−π+π−)

B(Λ0
b → Λ+

c π
−π+π−(all))

N(A) 46.6±9.7
εE
εA

= 0.421

N(B) 114±13
εE
εB

= 0.427

N(C) 81±15
εE
εC

= 0.502

N(D) 41.5±9.3
εE
εD

= 1.686

N(E) 610±88
-

Rel B 77.320±3.124 %

Systematics

Fit Errors

Σ++
c , Σ0

c Gauss Res +0.198-0.213
Comb. Exponential +0.368-0.320

Σ++
c bck shape +0.025-0.074

Σ0
c bck shape +0.000-0.016
Cab Supp -0.543

Rel. Eff. Err

MC Stat +0.513-0.497
Av. Trig Scen +0.361-0.383
Λ0
b , Λ+

c Polar +1.846-1.296
Λ+
c res st +0.251-0.258

Λc(2595)+ res st +0.006-0.007
Λc(2625)+ res st +0.02

Av Λ+
c ρ

0π− Λ+
c 3π +2.279-2.858

pT (Λ0
b) +0.178

τ(Λ0
b) +0.155-0.038

τ(Λ+
c ) +0.049-0.147

Tot syst err +3.049 % -3.283 %

Table 6.5: Estimate of the relative branching fraction B(Λ0
b → Λ+

c ρ
0π− + Λ0

b →
Λ+
c π
−π+π−(other) → Λ+

c π
−π+π−)/B(Λ0

b → Λ+
c π
−π+π−(all)) assuming no separation

between Λ+
c ρ

0π− and non resonant Λ+
c π
−π+π−(nr) or Λ+

c a1(1260)− decay modes.
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Chapter 6. Measurement of Relative Branching Fractions

B(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

N(Λc(2595)+π−) 46.6±9.7
ε(Λc(2625)+π−)
ε(Λc(2595)+π−)

= 0.986

N(Λc(2625)+π−) 114±13

Relative B 40.313 % ± 9.787 %

Systematics
Cab Supp -0.455
MC Stat +0.401-0.394

Av. Trig Scen +0.200-0.198
Λ0
b , Λ+

c Polar +1.492-0.618
Λ+
c res st +0.361-0.355

Λc(2595)+ res st +1.655-1.530
Λc(2625)+ res st +0.160

pT (Λ0
b) -0.000

τ(Λ0
b) +0.000-0.119

τ(Λ+
c ) +0.040-0.040

Tot syst err +2.307 % -1.807 %

Table 6.6: Measurement of the relative branching fraction B(Λ0
b → Λc(2595)+π− →

Λ+
c π
−π+π−)/B(Λ0

b → Λc(2625)+π− → Λ+
c π
−π+π−) assuming no separation between

Λ+
c ρ

0π− and non resonant Λ+
c π
−π+π−(nr) or Λ+

c a1(1260)− decay modes.
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6.3. Relative Branching Fractions

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

B(Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π−)

N(Σc(2455)++π−π−) 81±15
ε(Σ0

cπ
−π−)

ε(Σ++
c π+π−)

= 0.298

N(Σc(2455)0π+π−) 41.5±9.3

Relative B 58.164±16.882 %

Systematics
Σ++
c , Σ0

c Gauss Res +1.089-0.347
Σ++
c bck shape +0.000-0.129

Σ0
c bck shape +0.708-4.871
Cab Supp -0.028

MC Stat +1.781-1.678
Av. Trig Scen +0.594-0.581
Λ0
b , Λ+

c Polar +5.615-7.309
Λ+
c res st +1.653-1.563
pT (Λ0

b) -0.172
τ(Λ0

b) +0.018-0.103
τ(Λ+

c ) +0.104-0.086

Tot syst err +6.284 % -9.107 %

Table 6.7: Measurement of the relative branching fraction B(Λ0
b → Σc(2455)++π−π− →

Λ+
c π
−π+π−)/B(Λ0

b → Σc(2455)0π+π− → Λ+
c π
−π+π−) assuming no separation between

Λ+
c ρ

0π− and non resonant Λ+
c π
−π+π−(nr) or Λ+

c a1(1260)− decay modes.
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Chapter 6. Measurement of Relative Branching Fractions

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−)

B(Λ0
b → Σc(2455)++π−π− → Λ+

c π
−π+π−)

N(Λc(2625)+π−) 114±13
ε(Σc(2455)++π−π−)
ε(Λc(2625)+π−)

= 0.851

N(Σc(2455)++π−π−) 81±15

Relative BR 1.197±0.260

Systematics
Σ++
c Gauss Res +0.030-0.029

Σ++
c bck shape +0.008-0.021
Cab Supp -0.013

MC Stat ±0.020
Av. Trig Scen +0.024-0.023
Λ0
b , Λ+

c Polar +0.011-0.067
Λ+
c res st ±0.011

Λc(2625)+ res st -0.004
pT (Λ0

b) -0.020
τ(Λ0

b) +0.005-0.032
τ(Λ+

c ) +0.002-0.003

Tot syst err +0.047 -0.091

Table 6.8: Measurement of the relative branching fraction B(Λ0
b → Λc(2625)+π− →

Λ+
c π
−π+π−)/B(Λ0

b → Σc(2455)++π−π− → Λ+
c π
−π+π−) assuming no separation be-

tween Λ+
c ρ

0π− and non resonant Λ+
c π
−π+π−(nr) or Λ+

c a1(1260)− decay modes.
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Chapter 7
Systematic Uncertainties

In this Chapter, we discuss how are determined the systematic uncertainties
on the raw measurement of the relatives BRs, subject of the previous Chapter.
Several sources of systematic can affect these measurements and can be grouped in
two main categories: the ones related to the fits performed for the extraction of the
signal yields, and the ones related to the estimate of the relatives efficiencies.

7.1 Systematic

Because of this analysis relies so heavily on the fit procedure adopted to extract
the signal yields, and on the simulation to extract the ratio of the absolute efficien-
cies, a large number of systematic uncertainties must be considered to make sure
that the measurement of the relative BRs is trustworthy. There are many sources
of possible uncertainty, both the yields and the relative efficiencies uncertainties,
which are enumerated in the following. We consider two classes of systematics:
those due to the signal extraction (i.e. the number of signal events, the yields, esti-
mated in our data samples using the fit procedure) and the additional systematics
due to the extraction of the relative efficiencies. Tables from Tab. 6.4 to Tab. 6.8
show the summary of the systematic uncertainties considered in the measurement
of the corresponding relative BRs (see the Tables). In these Tables each evaluated
systematic uncertainty on a given BR is added in quadrature to determine the
total systematic on it. In the following we describe in detail how these systematics
have been evaluated.
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Chapter 7. Systematic Uncertainties

7.1.1 Sources of Systematic affecting the Signal Yields Extrac-
tion

We consider several sources that can affect the yields extraction. For each
source, the change in the yields is determined and the corresponding change in
the relative BRs is assumed as contributing to the systematic uncertainty of the
measureament. The sources considered are described below, and their contribution
to the systematic uncertainties on the relative BRs is summarized from Tab. 6.4 to
Tab. 6.8. Since the yields in the baseline analysis are extracted by a fit procedure,
this class of sources is named Fit Errors in these Tables.

Fixing Gaussian resolution in Λ0
b → Σc(2455)++π−π− and Λ0

b →
Σc(2455)0π+π− (Σc(2455)++, Σc(2455)0 Gaus Res)

To estimate the Λ0
b → Σc(2455)++π−π− and Λ0

b → Σc(2455)0π+π− yields,
we performed the fits of the ∆M+ and ∆M− distributions fixing the Gaussian
resolution to the central value, 1.0 MeV/c2, of the measured one 1.0± 0.2 MeV/c2

(see Sec. 5.2.2 and Sec. 5.2.3). In Tab. 7.1 we report the yields variation of these
decay modes, as a function of different choices (from 0.8 MeV/c2 to 1.2 MeV/c2

in step of 0.1 MeV/c2), of the Gaussian resolution. The resulting systematics on
the relative branching fraction measurements is reported in Tab. 6.4, Tab. 6.5 and
Tab. 6.7, where both Σc(2455)++ and Σc(2455)0 yields contribute and in Tab. 6.8
where the contribution is only due to the Σc(2455)++.

Decay Mode σ=0.8 σ=0.9 σ=1.0 σ=1.1 σ=1.2

Λ0
b → Σc(2455)++π−π− 79±15 80±15 81±15 82±15 83±15

Λ0
b → Σc(2455)0π+π− 40.9±9.2 41.2±9.3 41.5±9.3 41.8±9.4 42.2±9.4

Table 7.1: Λ0
b → Σc(2455)++π−π− and Λ0

b → Σc(2455)0π+π− yields changing the
Gaussian resolution, σ, used in the Voigtian fitting functions of Sec. 5.2.2 and Sec. 5.2.3.

Combinatorial background shape in Λ0
b → Λ+

c ρπ
− + Λ0

b →
Λ+
c π
−π+π−(nr) (Comb. Exponential)

To describe the combinatorial background shape in the modeling of ∆M−−+

for this decay mode, we used an exponential function with a fixed slope. The fixed
slope is the central value of the one returned by the fit (−2.88 ± 0.05), in the
∆M−−+ high mass region [3.6 GeV/c2 – 4.01 GeV/c2] (see Sec. 5.1 and Sec. 5.3).
We repeated the fit to extract the Λ0

b yield of this decay mode by varying the
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7.1. Systematic

exponential slope of +0.05 (Λ0
b yield 623 ± 90) and of −0.05 (Λ0

b yield 599 ± 93).
The associated systematics is evaluated as the resulting variation of the relative
branching fractions and is reported in Tab. 6.4 and Tab. 6.5, since the measurement
of the relative branching fractions reported in these Tables make use of the above
yield.

Background shape in Λ0
b → Σc(2455)++π−π− and

Λ0
b → Σc(2455)0π+π− (Σc(2455)++ and Σc(2455)0 bck shape)

The background shape in the Σc(2455)++ and Σc(2455)0 fits to extract the
yield of these decay modes (Sec. 5.2.2 and Sec. 5.2.3) is an Argus function de-
pending on four parameters; one is the threshold, fixed to the pion mass, and
the other three determine the shape of the distribution. Since the three Argus
parameters relative to the shape are floating in the fit, we have not to quote a
systematic uncertainty associated to these parameters. We only have to evaluate
the systematic uncertainty due to the assumpion that, in the fit, the threshold
is fixed to the pion mass. In order to estimate the statistical uncertainty on the
choice of the threshold, we use the Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π−

decay mode fits. We quote this uncertainty as the difference between the mass
of the Λc(2625)+ estimated by the fit (see Sec. 5.2.1) and the mass quoted from
the PDG (m(Λc(2625)+)Fit − m(Λc(2625)+)PDG = 0.1 MeV/c2). We choose the
Λc(2625)+ signal to estimate this uncertainty (and not the Λ0

b → Λc(2595)+π−)
since it has the largest statistics and, consequently, minimal statistical fluctua-
tions. Besides, the Λc(2625)+ → Λ+

c π
+π− is the resonant decay mode with largest

momentum and it is expected to be the case with the largest error on the mass
scale. The use of 0.1 MeV/c2 also for the uncertainty on Λ0

b → Σc(2455)++π−π−

and Λ0
b → Σc(2455)0π+π− threshold is a conservative approximation. In Tab. 7.2

we report the variation of the Λ0
b → Σc(2455)++π−π−, Λ0

b → Σc(2455)0π+π−,
Λ0
b → Λc(2595)+π−, and Λ0

b → Λc(2625)+π− yields by varying the threshold by
±1σ, where σ = 0.1 MeV/c2.
We find no variation of the Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π− yields,

consequently, only the Σc(2455)++ and Σc(2455)0 background shapes will con-
tribute to the systematic that is reported in Tab. 6.4, Tab. 6.5, Tab. 6.7, where
both Σc(2455)++ and Σc(2455)0 yields are used in the measurement of the rela-
tives branching fractions reported in these Tables, and in Tab. 6.8 where only the
Σc(2455)++ contributes.

CS decay modes (Cab Supp)

In Appendix C [97] we described a method to estimate the yields of the CS
decay modes expected in the Λ0

b → Λ+
c π
−π+π− mass spectrum. In Chap. 5,
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Decay mode Yield thres = mπ thres = mπ + 0.1 thres = mπ − 0.1
N(Σc(2455)++π−π−) 81 +1.5 -0.5
N(Σc(2455)0π+π−) 41.5 +0.0 +0.1
Decay mode Yield thres = 2mπ thres = 2mπ + 0.1 thres = 2mπ − 0.1
N(Λc(2595)+π−) 46.6 - -
N(Λc(2625)+π−) 114 - -

Table 7.2: Yields of the charmed resonant decay modes for the threshold mass central
value and at ±1σ.

when we extracted the yields we do not take into account in the modeling of
such decays since they are expected to be very few. In order to do that, for
each of the CF charmed resonant decay mode expected to contribute to the sig-
nal of the Λ0

b → Λ+
c π
−π+π−(all), we generated a sample of ∼ 107 events with

a full simulation of the corresponding CS decay modes and processed and recon-
structed offline them like the corresponding CF. Fig. 7.1 reports the ∆M+−,
∆M+, and ∆M− MC distributions for the CF (and CS, where the π− is re-
placed by a K−) decay modes Λ0

b → Λc(2595)+π−(K−) (see Fig. 7.1(a)), Λ0
b →

Λc(2625)+π−(K−) (see Fig. 7.1(b)), Λ0
b → Σc(2455)++π−π−(K−) (see Fig. 7.1(c)),

and Λ0
b → Σc(2455)0π+π−(K−) (see Fig. 7.1(d)). The ∆M−−+ distributions of the

CS decay modes reported in this figure are the expected ones, and each of them
is obtained multiplying the corresponding original histogram bin contents by the
ratio between the BRs of the CS and of the CF, both estimated in Appendix C
and [97]. These distributions show that for the CS decays the difference of mass
for the charmed resonances peaks exactly in the same region as the CF ones.
Fig. 7.2 shows the ∆M−−+ distributions of the same four CF and CS Λ0

b de-
cay modes which give contribution in the signal region of the CF. In the cur-
rent analysis we estimated the Λ0

b → Λc(2595)+π−, Λ0
b → Λc(2625)+π−, Λ0

b →
Σc(2455)++π−π− and Λ0

b → Σc(2455)0π+π− yields by performing fits of the∆M+−,
∆M+ and ∆M− distributions, for candidates falling in the Λ0

b mass window
|m(Λ0

b) − m(Λ+
c )| < 0.048 GeV/c2. To estimate the contamination to the yield

of each resonant decay mode due to the corresponding CS one, we estimate the
fraction of the CS signal events (NCS) with respect to the CF signal events (NCF ),
NCS/NCF falling in the same mass window as above. Tab. 7.3 reports the fraction
of the expected contribution of each CS decay mode measured with respect to the
corresponding CF one and the expected yield of the CS decay mode, evaluated as
the fraction times the corresponding measured yield of Tab. 5.2.
These contributions are negligible if compared to the statistical error on the esti-
mated yields. For the Λ0

b → Λ+
c ρ

0π− + Λ0
b → Λ+

c π
−π+π−(nr) decay modes, we
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estimate the expected CS decay modes contribution as the product between the
Λ0
b → Λ+

c ρ
0π− + Λ0

b → Λ+
c π
−π+π−(nr) yield estimated by the fit (610±88 events)

and the scaling factor (0.054 from Tab. C.5) estimated in Appendix C [97].
The systematic error on the relative branching fraction measurements is evaluated
as the variation between the central value and the relative branching fractions,
estimated assuming the yield of each decay mode reduced by the expected yield of
the associated CS decay mode. Since each of the relative branching ratios has this
source of systematic, Tables from Tab. 6.4 to Tab. 6.8 report this contribution.

Decay Mode Fraction Exp. Yield

Λ0
b → Λc(2595)+K− 0.04 1.9

Λ0
b → Λc(2625)+K− 0.03 3.4

Λ0
b → Σc(2455)++K−π− 0.02 1.6

Λ0
b → Σc(2455)0K−π+ 0.02 0.8

Λ0
b → Λ+

c ρπ
− +Λ0

b → Λ+
c 3π(nr) 0.054 33

Table 7.3: Yields of CS decay modes expected in the Λ0
b mass window.

7.2 Sources of Systematic errors affecting the rela-
tive efficiencies

Also in this case, we consider several sources that can affect the relative effi-
ciencies. For each source, the change in the relative efficiencies is determined, and
the corresponding change in the relative BRs is assumed as contributing to the
systematic uncertainty of the measureament. The sources considered are described
below and their contribution to the systematic uncertainties on the relative BRs
is summarized in Tables from Tab. 6.4 to Tab. 6.8. This class of sources is named
Rel. Eff. Err. in these tables, and is related to the simulation, since the relative
efficiencies are evaluated using MC samples.

MC statistics (MC Stat)

In Tab. 6.1 we report the absolute efficiency while in Tab. 6.2 the relative
efficiencies for each pair of decay modes. For the latters, the uncertainties are
statistical and are due to the size of the generated MC samples. The box labelled
ScLow+ScA reports the relative efficiencies averaged on the B_CHARM_LOWPT and
B_CHARM trigger scenarios; the first is the statistical uncertainty and the second is
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Figure 7.1: 7.1(a): ∆M+− distribution of the CF Λ0
b → Λc(2595)+π− and CS Λ0

b →
Λc(2595)+K−; 7.1(b): ∆M+− distribution of the CF Λ0

b → Λc(2625)+π− and CS Λ0
b →

Λc(2625)+K−; 7.1(c): ∆M+ distribution of the CF Λ0
b → Σc(2455)++π−π− and CS

Λ0
b → Σc(2455)++π−K−; 7.1(d): ∆M− distribution of the CF Λ0

b → Σc(2455)0π+K−

and CS Λ0
b → Σc(2455)0π+K−;

the systematic one due to the average between the two trigger scenarios. The sys-
tematic uncertainties on the relative branching fraction measurements, due to the
statistical uncertainties on the estimate of the relative efficiencies, are computed
by simply propagating the statistical uncertainty on each relative efficiency to the
relative branching fraction measurements. The systematic uncertainties, due to
the average of the relative efficiencies of the two trigger scenarios, are computed
as the differences between the measurements obtained using the average relative
efficiencies and the relative efficiencies computed separately for each trigger sce-
nario. This systematic is present for all the relative BRs measured (Tables from

112

FERMILAB-THESIS-2012-68



7.2. Sources of Systematic errors affecting the relative efficiencies

Entries  4884
Mean    3.335
RMS    0.03565

3 3.05 3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.50

100

200

300

400

500

600

Entries  4884
Mean    3.335
RMS    0.03565

_c)Λ_b)−m(ΛQ=m(

(a)

Entries  4758
Mean    3.334
RMS    0.03782

3 3.05 3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.50

100

200

300

400

500

Entries  4758
Mean    3.334
RMS    0.03782

_c)Λ_b)−m(ΛQ=m(

(b)

Entries  6070
Mean     3.33
RMS    0.03941

3 3.05 3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.50

100

200

300

400

500

600

700

800

Entries  6070
Mean     3.33
RMS    0.03941

_c)Λ_b)−m(ΛQ=m(

(c)

Entries  1936
Mean     3.33
RMS    0.05621

3 3.05 3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.50

20

40

60

80

100

120

140

160

180

200

220
Entries  1936
Mean     3.33
RMS    0.05621

_c)Λ_b)−m(ΛQ=m(

(d)

Figure 7.2: 7.2(a): ∆M−−+ distribution of the CF Λ0
b → Λc(2595)+π− and CS Λ0

b →
Λc(2595)+K−; 7.2(b): ∆M−−+ distribution of the CF Λ0

b → Λc(2625)+π− and CS
Λ0
b → Λc(2625)+K−; 7.2(c): ∆M−−+ distribution of the CF Λ0

b → Σc(2455)++π−π−

and CS Λ0
b → Σc(2455)++π−K−; 7.2(d): ∆M−−+ distribution of the CF Λ0

b →
Σc(2455)0π+K− and CS Λ0

b → Σc(2455)0π+K−;

Tab. 6.4 to Tab. 6.8).

Λ+
c resonance structure (Λ+

c res st)

The branching fractions of the Λ+
c → pK−π+, proceeding through decay modes

shown in Tab. 4.2, are measured with significant errors. In the MC generation
of the Λ+

c into pK−π+ final states samples, these branching fractions are fixed
to theirs PDG central values. We estimate the systematic error on the relative
efficiencies, due to the uncertainty on the branching fractions of the Λ+

c decay
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modes, by determining the absolute efficiencies of each individual decay mode
i (ε(i)A) and propagating the errors on the relative branching fractions in the
formula of the relative efficiencies:

ε(A)

ε(B)
=

∑
B(i) · ε(i)A∑
B(j) · ε(j)B

(7.1)

where each state i represents one of the following Λ+
c decay modes Λ+

c → pK∗(892),
Λ+
c → ∆(1232)++K−, Λ+

c → Λ(1520)π+ and non-resonant Λ+
c → pK−π+; A and

B indicates two Λ0
b different decay modes into Λ+

c π
+π−π− final state. The error on

ε(A)/ε(B) is obtained by propagating the errors on the BR B(i). For each decay
mode the values of the absolute efficiencies ε(i)A and ε(i)B are obtained from
MC. We report the resulting systematic error on the relative branching fraction
measurements in Tables from Tab. 6.4 to Tab. 6.8 since the Λ+

c is in all the decay
modes considered.

Λc(2595)+ → Λ+
c π

+π− resonance structure (Λc(2595)+ res st)

Σc(2455)++ and Σc(2455)0 decay modes considered do not have resonant struc-
tures while the Λc(2595)+ → Λ+

c π
+π− decay mode has a resonant structure with

significant uncertainty on the measurement of the branching fractions [1],
B(Λc(2595)+ → Σc(2455)++π−) = 24 ± 7%, B(Λc(2595)+ → Σc(2455)0π+) =
24 ± 7%, and B(Λc(2595)+ → Λ+

c π
+π−(3 − body)) = 18 ± 10%. The systematic

uncertainties on the relative efficiencies involving the Λ0
b → Λc(2595)+π− decay

mode are similarly estimated, as in the previous subsection, since also in this case
the BRs of the Λc(2595)+ are fixed in the MC to their central values. Tab. 7.4
reports the absolute efficiencies for Λc(2595)+ decay channels into Σc(2455)++π−,
Σc(2455)0π+ and Λ+

c π
+π− while Tab. 7.5 reports the relative efficiencies to the

other Λ0
b decay modes. The central value, ε, for a given trigger path is computed

using the average of the efficiencies (ε1, ε2 and ε3 of a given trigger path) reported
in the last column of Tab. 7.4, while the error is computed as the maximum value
of the difference between ε and the εi, relative to each Λc(2595)+ decay mode
for a given trigger path. The systematic uncertainties on the relative branching
fractions are computed as the largest difference between the branching fractions,
computed with the average relative efficiency, and the maximum and minimum
relative efficiency. Tables from Tab. 6.4 to Tab. 6.6 report the corresponding sys-
tematic on the relative BR measurements, since this source contributes only in the
decay modes with a Λc(2595)+.
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B CHARM LOWPT

Λ0
b Decay Σc(2455)++π− ε1 Σc(2455)0π+ ε2 Λ+

c π
+π− ε3 ε

Λc(2595)+π− 1843 10.25 1751 9.74 1309 9.71 9.92

B CHARM

Λ0
b Decay Σc(2455)++π− ε1 Σc(2455)0π+ ε2 Λ+

c π
+π− ε3 ε

Λc(2595)+π− 1402 7.80 1346 7.49 987 7.32 7.56

Table 7.4: Numbers of Λc(2595)+ → Λ+
c π

+π− MC events passing all the optimised se-
lection cuts, including trigger confirmation and absolute efficiencies (in units of ×10−4).

B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1.019±0.0.04 1.175±0.04 3.990±0.13 1.995±0.07 2.638±0.09

B CHARM

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1.009±0.03 1.209±0.04 4.022±0.13 2.069±0.07 2.797±0.09

Average B CHARM

B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1.014±0.04 1.192±0.04 4.006±0.13 2.032±0.07 2.718±0.09

Table 7.5: Relative efficiencies for B CHARM LOWPT, B CHARM and for the average between
B CHARM LOWPT and B CHARM triggers scenarios, computed using the absolute efficiencies
reported in Tab. 7.4. The quoted errors are the systematic uncertainties due to Λc(2595)+

resonant structure.

Λc(2625)+ → Λ+
c π

+π− resonance structure (Λc(2625)+ res st)

The PDG does not quote measured branching fractions for the intermediate
resonant decay modes, it only assumes [1] B(Λc(2625)+ → Λ+

c π
+π−) = 67%

(due to the isospin conservation), B(Λc(2625)+ → Σc(2455)++π−) < 5% and
B(Λc(2625)+ → Σc(2455)0π+) < 5% both at 90% of Confidence Level (CL).
The central values of the measured relative branching fractions are computed as-
suming in the MC generation the B(Λc(2625)+ → Σc(2455)++π−) = 0 and the
B(Λc(2625)+ → Σc(2455)0π+) = 0 and for the other decay modes the BR is re-
ported in Tab. 4.3. We compute the systematic error associated to the uncertainty
on the Λc(2625)+ → Λ+

c π
+π− resonance structure as the variation of the mea-

sured relative branching fractions using in the MC generation B(Λc(2625)+ →
Σc(2455)++π−) = 0.05 and B(Λc(2625)+ → Σc(2455)0π+) = 0.05 and
B(Λc(2625)+ → Λ+

c π
+π−) = 0.9. Tab. 7.6 and Tab. 7.7 report the absolute and rel-
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ative efficiencies corresponding to these BRs. Tables from Tab. 6.4 to Tab. 6.6 and
Tab. 6.8 report the corresponding systematic on the relative BR measurements,
since this source contribute only to the decay modes with a Λc(2625)+.

B CHARM LOWPT
Λ0
b Decay ε(Σc(2455)++π−) ε(Σc(2455)0π+) ε(Λ+

c π
+π−) ε(0.05; 0.05; 0.90)

Λc(2625)+π− 10.27 ×10−4 9.76 ×10−4 9.73 ×10−4 9.76 ×10−4

B CHARM
Λ0
b Decay ε(Σc(2455)++π−) ε(Σc(2455)0π+) ε(Λ+

c π
+π−) ε(0.05; 0.05; 0.90)

Λc(2625)+π− 7.98 ×10−4 7.66 ×10−4 7.49 ×10−4 7.52 ×10−4

Table 7.6: Absolute efficiency of the Λc(2625)+ → Λ+
c π

+π− decay mode when we
assume B(Λc(2625)+ → Σc(2455)++π−) = 0.05, B(Λc(2625)+ → Σc(2455)0π+) = 0.05
and B(Λc(2625)+ → Λ+

c π
+π−) = 0.9.

B CHARM LOWPT
Λ0
b Decay Mode Λc(2595)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2625)+π− 0.984 1.156 3.920 1.964 2.596

B CHARM
Λ0
b Decay Mode Λc(2595)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2625)+π− 0.995 1.203 4.000 2.060 2.785

Average B CHARM B CHARM LOWPT
Λ0
b Decay Mode Λc(2595)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2625)+π− 0.990 1.180 3.960 2.012 2.691

Table 7.7: Relative efficiencies of the Λc(2625)+ → Λ+
c π

+π− decay mode when we
assume B(Λc(2625)+ → Σc(2455)++π−) = 0.05 and B(Λc(2625)+ → Σc(2455)0π+) =
0.05 and B(Λc(2625)+ → Λ+

c π
+π−) = 0.9.

Averaging of Λ0
b → Λ+

c ρ
0π− and Λ0

b → Λ+
c π
−π+π−(nr) or

Λ0
b → Λ+

c a1(1260)− relative efficiency (Av Λ+
c ρ

0π−, Λ+
c 3π)

In this analysis the contributions of the three decay modes Λ0
b → Λ+

c ρ
0π− and

Λ0
b → Λ+

c π
−π+π−(nr), or Λ0

b → Λ+
c a1(1260)− are not separated. Instead, we use

the average relative efficiencies of the Λ0
b → Λ+

c ρ
0π− and Λ0

b → Λ+
c π
−π+π−(nr)

(equal to relative the average of Λ0
b → Λ+

c ρ
0π− and Λ0

b → Λ+
c a1(1260)−) decay

modes to measure the central value of the relative branching fractions.
We also assumed that each decay mode, at production, contributes with a fraction
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(1/2, 1/2, 0) when considering the mixed E state composed by Λ0
b → Λ+

c ρ
0π−

and Λ0
b → Λ+

c π
−π+π−(nr), while we assumed the fractions (1/2, 0, 1/2) when the

E state is composed by Λ0
b → Λ+

c ρ
0π− and Λ0

b → Λ+
c a1(1260)− (see Sec. 6.1).

The resulting systematic errors, reported in Tab. 6.4, are quoted as the largest
difference between the central value of the relative branching fractions and the
relative branching fractions, computed using the relative efficiencies for each of the
two individual decay modes, as systematic error. This means to assume the two
contributing fractions above respectively (1,0,0) and (0,1,0), or (1,0,0) and (0,0,1)
for the mixed E state. Since we verified that for the Λ0

b → Λ+
c a1(1260)− decay

mode, with a1(1260)− → ρ0π− and ρ0 → π+π−, the efficiency is very similar to the
efficiency for the Λ0

b → Λ+
c π
−π+π−(nr) (see Tab. 7.8), we assumed the efficiency of

the Λ+
c a1(1260)− equal to the Λ+

c π
−π+π−(nr) one, and we do not consider this as a

possible source of systematic error. Tab. 6.4 and Tab. 6.5 report the corresponding
systematic on the relative BRs measurements, since this source contributes only
in the decay modes with yields from Λ+

c ρ
0π− and Λ+

c π
−π+π−(other).

Λ0
b Decay ScLow×10−4 ScA×10−4 ScC×10−4

Λ+
c ρ

0π− 4.97±0.08 3.65±0.07 2.28±0.05
Λ+
c 3π(nr) 3.76±0.07 2.70±0.06 1.70±0.05

Λ+
c a1(1260) 3.72±0.08 2.64±0.06 1.59±0.05

Table 7.8: Absolute efficiencies of the Λ0
b → Λ+

c ρ
0π−, Λ0

b → Λ+
c π
−π+π−(nr), and

Λ0
b → Λ+

c a1(1260)− decay modes. “ScLow” is for B CHARM LOWPT, “ScA” is B CHARM,
and “ScC” is B CHARM HIGHPT. We use the only the ScLoW and ScA trigger paths

Λ0
b transverse momentum spectrum (pT (Λ0

b))

The Λ0
b transverse momentum spectrum pT (Λ0

b) has been measured using a
sample of Λ0

b → Λ+
c π
− decays fully reconstructed in the first 360 pb−1 of CDF

data [90]. This spectrum is used by Bgenerator to generate the simulated events,
and in Appendix A we have verified the consistency of our MC with the larger
Λ0
b → Λ+

c π
− sample. The uncertainty on the measured pT (Λ0

b) is a source of
systematic for the absolute efficiencies of each Λ0

b decay mode. To estimate the
size of this effect, we determined the variation of the relative efficiencies when
the simulated data are generated using the measured pT (Λ0

b) and the measured
spectrum of the B mesons pT (B0). In order to do that, we generated samples
of events Λ0

b → Σc(2455)++π−π−, Λ0
b → Σc(2455)0π+π−, Λ0

b → Λ+
c ρ

0π−, Λ0
b →

Λ+
c π
−π+π−(nr), Λ0

b → Λc(2595)+π− and Λ0
b → Λc(2625)+π− decay modes, with

the pT (Λ0
b) [90], and the pT (B0) distributions as inputs for the Bgenerator.

The absolute and relative efficiencies, using these two distributions, are reported
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in Tab. 7.9, Tab. 7.10, and Tab. 7.11. This source of systematic is present for all
the relative BRs measured and the corresponding uncertainty is reported for each
of them respectively in Tables from Tab. 6.4 to Tab. 6.8.

Λ0
b Decay Mode #Generated #ScLow ε(x10−4) #ScA ε(x10−4) #ScC ε(x10−4)
pT (Λ0

b)
τ(Λ0

b), τ(Λ+
c )

Λc(2595)+π− 1407045 1155 8.21±0.24 881 5.76±0.21 670 4.76±0.18
Λc(2625)+π− 1407045 1071 7.61±0.23 818 5.82±0.20 608 4.32±0.18

Σc(2455)++π−π− 2131887 1413 6.63±0.18 1045 4.90±0.15 734 3.44±0.13
Σc(2455)0π+π− 2131887 433 2.03±0.10 336 1.58±0.09 226 1.06±0.02

Λ+
c ρ

0π− 2131887 888 4.17±0.14 651 3.05±0.12 401 1.88±0.10
Λ+
c 3π(nr) 2131887 669 3.14±0.12 478 2.24±0.10 310 1.45±0.08

pT (B0)
τ(Λ0

b), τ(Λ+
c )

Λc(2595)+π− 1407045 1675 11.91±0.29 1322 9.39±0.26 1065 7.56±0.23
Λc(2625)+π− 1407045 1573 11.18±0.29 1214 8.62±0.24 958 6.80±0.23

Σc(2455)++π−π− 2131887 2051 9.62±0.21 1544 7.24±0.18 1178 5.53±0.16
Σc(2455)0π+π− 2131887 628 2.95±0.12 491 2.30±0.10 375 1.76±0.09

Λ+
c ρ

0π− 2131887 1187 5.53±0.16 900 4.22±0.14 624 2.93±0.12
Λ+
c 3π(nr) 2131887 993 4.66±0.15 741 3.48±0.13 486 2.28±0.10

Table 7.9: Absolute efficiencies for the three trigger scenarios (trigger confirma-
tion+optimised cuts). Λ0

b lifetime is PDG lifetime. “ScLow” is for B CHARM LOWPT,
“ScA” is B CHARM, and “ScC” is B CHARM HIGHPT. The MC sample, used to estimate
the efficiencies, has been generated using pT (Λ0

b), τ(Λ0
b) and τ(Λ+

c ) for the top box, and
pT (B0), τ(Λ0

b) and τ(Λ+
c ) for the bottom one.

Λ0
b and Λ+

c lifetime uncertainty (τ (Λ0
b) and τ (Λ+

c ))

The lifetime of Λ0
b and of Λ+

c are known with a precision of 3% and 6% re-
spectively. A smaller Λ0

b (Λ+
c ) lifetime gives a smaller efficiency for reconstructing

Λ0
b (Λ+

c ) decays (and viceversa). To take into account this effect, we repeated the
analysis on the same MC samples in which we fluctuated the lifetimes of the gen-
erated Λ0

b (Λ+
c ) by one standard deviation in either side of the central values. We

have determined the new efficiencies and the new relative efficiencies, and the vari-
ations of the relative efficiencies are propagated to the relative branching fractions
to determine the associated systematic uncertainty. This source of systematic is
present for all the relative BRs measured, and the corresponding uncertainty is
reported for each of them respectively in Tables from Tab. 6.4 to Tab. 6.8.
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B CHARM LOWPT

Λ0
b Decay Mode Λc(2595)+π− Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1 1.08 1.24 4.04 1.97 2.61
Λc(2625)+π− 0.93 1 1.15 3.75 1.82 2.42

Σc(2455)++π−π− 0.81 0.87 1 3.26 1.59 2.11
Σc(2455)0π+π− 0.25 0.27 0.31 1 0.49 0.65

Λ+
c ρ

0π− 0.51 0.55 0.63 2.04 1 1.33
Λ+
c π
−π+π−(nr) 0.38 0.41 0.47 1.54 0.75 1

B CHARM

Λ0
b Decay Mode Λc(2595)+π− Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1 1.08 1.23 4.04 2.05 2.55
Λc(2625)+π− 0.93 1 1.18 3.68 2.05 2.59

Σc(2455)++π−π− 0.81 0.85 1 3.11 1.61 2.19
Σc(2455)0π+π− 0.25 0.27 0.31 1 0.52 0.70

Λ+
c ρ

0π− 0.49 0.49 0.62 1.92 1 1.36
Λ+
c π
−π+π−(nr) 0.39 0.39 0.46 1.43 0.74 1

Average B CHARM

B CHARM LOWPT

Λ0
b Decay Mode Λc(2595)+π− Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1 1.08 1.23 4.04 2.01 2.58
Λc(2625)+π− 0.93 1 1.16 3.72 1.93 2.51

Σc(2455)++π−π− 0.81 0.86 1 3.19 1.60 2.15
Σc(2455)0π+π− 0.25 0.27 0.31 1 0.50 0.68

Λ+
c ρ

0π− 0.50 0.52 0.63 2.00 1 1.34
Λ+
c π
−π+π−(nr) 0.38 0.40 0.47 1.47 0.75 1

Table 7.10: Relative efficiencies for B CHARM LOWPT, B CHARM and B CHARM HIGHPT trig-
gers scenarios, computed using simply the absolute efficiencies reported in Tab. 7.9. The
third box reports the average values between B CHARM LOWPT and B CHARM (pT (Λ0

b), Λ0
b

and Λ+
c lifetime is PDG lifetime).

Λ0
b and Λ+

c polarization uncertainty (Λ0
b, Λ+

c Polar)

The SM predicts that the Λ0
b is produced polarized, but there is no measurement

of the Λ0
b polarization, and MC simulation assumes both Λ0

b and Λ+
c unpolarized.

In this analysis we have several Λ0
b decay modes to a baryon of spin 1/2 (Λ0

b →
Λc(2595)+π−, Λ0

b → Σc(2455)++π−π−, Λ0
b → Σc(2455)0π+π−, Λ0

b → Λ+
c ρ

0π−, and
Λ0
b → Λ+

c π
−π+π−(nr)) and one decay to a baryon of spin 3/2 (Λ0

b → Λc(2625)+π−).
For all these Λ0

b decay modes the angular distribution of the Λ0
b decay products is

dN

d cos(θ)
∝ 1 + Pb · cos(θ) (7.2)

where Pb is the product of such polarization and the asymmetry parameter of the
weak decay. The angle θ is defined as the angle between the momentum of the
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B CHARM LOWPT

Λ0
b Decay Mode Λc(2595)+π− Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1 1.06 1.24 4.05 2.14 2.56
Λc(2625)+π− 0.94 1 1.17 3.79 2.02 2.39

Σc(2455)++π−π− 0.81 0.85 1 3.27 1.73 2.07
Σc(2455)0π+π− 0.25 0.26 0.31 1 0.53 0.63

Λ+
c ρ

0π− 0.47 0.50 0.58 1.89 1 1.20
Λ+
c π
−π+π−(nr) 0.39 0.42 0.48 1.59 0.83 1

B CHARM

Λ0
b Decay Mode Λc(2592)+π− Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1 1.09 1.30 4.08 2.23 2.70
Λc(2625)+π− 0.92 1 1.20 3.74 2.05 2.48

Σc(2455)++π−π− 0.77 0.83 1 3.14 1.72 2.08
Σc(2455)0π+π− 0.25 0.27 0.32 1 0.55 0.66

Λ+
c ρ

0π− 0.45 0.49 0.58 1.82 1 1.21
Λ+
c π
−π+π−(nr) 0.37 0.40 0.48 1.52 0.83 1

Average B CHARM

B CHARM LOWPT

Λ0
b Decay Mode Λc(2595)+π− Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c π
−π+π−(nr)

Λc(2595)+π− 1 1.08 1.27 4.07 2.18 2.63
Λc(2625)+π− 0.93 1 1.18 3.77 2.04 2.44

Σc(2455)++π−π− 0.79 0.84 1 3.20 1.72 2.08
Σc(2455)0π+π− 0.25 0.26 0.31 1 0.54 0.64

Λ+
c ρ

0π− 0.46 0.50 0.58 1.85 1 1.20
Λ+
c π
−π+π− 0.38 0.41 0.48 1.56 0.83 1

Table 7.11: Relative efficiencies for B CHARM LOWPT, B CHARM and B CHARM HIGHPT trig-
gers scenarios, computed using simply the absolute efficiencies reported in Tab. 7.9. The
third box is the average between B CHARM LOWPT and B CHARM (Λ0

b lifetime is PDG life-
time, pT (Λ0

b) is taken as pT (B0), Λ0
b and Λ+

c lifetime is PDG lifetime).

charmed baryon, produced in the Λ0
b decay in the Λ0

b rest frame and the axis nor-
mal to the beam proton-Λ0

b production plane [30]. The strong decays of the spin
1/2 intermediate baryonic resonances to a spin 1/2 baryon Λc(2595)+ → Λ+

c π
+π−,

Σc(2455)++ → Λ+
c π

+, Σc(2455)0 → Λ+
c π
− are isotropic in the intermediate bary-

onic resonance rest frame. This is assumed also for the strong decay of the spin
3/2 intermediate baryonic resonance Λc(2595)+ → Λ+

c π
+π−. The Λ+

c could also
be produced polarized but there are no measurements of this polarization. The
angular distribution of the Λ+

c decay products is parameterised as

dN

d cos(ϕ)
∝ 1 + Pc · cos(ϕ) (7.3)
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7.2. Sources of Systematic errors affecting the relative efficiencies

where ϕ is the angle between the proton momentum measured in the Λ+
c rest frame

and the Λ0
b momentum in the laboratory frame. The MC does not include polar-

ization (both Pb and Pc are null) and we reweight the MC to estimate a systematic
uncertainty of the relative efficiencies due to the unknown values of the Λ0

b and
Λ0
c polarizations. The reweighting function is dN

d cos(θ)
× dN

d cos(ϕ)
and we use the four

combinations of Pb = ±1 and Pc = ±1 as limiting cases.
Tab. 7.12 reports the multiplicative factor (scaling factor) of the absolute efficien-
cies for all the decay modes and trigger scenarios, to obtain the new corresponding
absolute efficiencies and the corresponding new relative efficiencies. The maximum
variation of each relative branching fraction is taken as the associated systematic
error (see Tab. 6.4). This source of systematic is present for all the relative BRs
measured and the corresponding uncertainty is reported for each of them respec-
tively in Tables from Tab. 6.4 to Tab. 6.8.

Λ0
b Decay Scenario + + - + + - - -

Λc(2595)+π− ScenLow 0.895 0.871 1.145 1.089
Λc(2595)+π− ScenA 0.918 0.881 1.139 1.062
Λc(2625)+π− ScenLow 0.966 0.873 1.130 1.119
Λc(2625)+π− ScenA 0.887 0.883 1.119 1.111

Σc(2455)++π−π− ScenLow 0.856 0.871 1.131 1.143
Σc(2455)++π−π− ScenA 0.893 0.897 1.101 1.108
Σc(2455)0π+π− ScenLow 0.779 0.774 1.226 1.221
Σc(2455)0π+π− ScenA 0.782 0.774 1.231 213

Λ+
c ρ

0π− ScenLow 0.776 0.776 1.219 1.228
Λ+
c ρ

0π− ScenA 0.797 0.808 1.198 1.197
Λ+
c 3π(nr) ScenLow 0.735 0.768 1.234 1.264

Λ+
c 3π(nr) ScenA 0.760 0.785 1.206 1.248

Table 7.12: Scaling factor of the absolute efficiencies for the different combination of
the polarizations and trigger scenarios.
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B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 0.944 1.229 4.584 2.401 3.212
Λc(2625)+π− 1.301 4.855 2.436 3.403

Σc(2455)++π−π− 3.731 1.872 2.615
Σc(2455)0π+π− 0.502 0.701

Λ+
c ρ

0π− 1.396
B CHARM

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 1.044 1.243 4.721 2.383 3.378
Λc(2625)+π− 1.190 4.522 2.283 3.236

Σc(2455)++π−π− 3.799 1.918 2.719
Σc(2455)0π+π− 0.504 0.716

Λ+
c ρ

0π− 1.418
Aver. B CHARM

B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 0.994 1.236 4.652 2.392 3.295
Λc(2625)+π− 1.246 4.688 2.360 3.319

Σc(2455)++π−π− 3.765 1.895 2.667
Σc(2455)0π+π− 0.503 0.709

Λ+
c ρ

0π− 1.407

Table 7.13: Relative efficiencies computed assuming the ”+ +” polarization combina-
tion.
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B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 1.017 1.175 4.490 2.239 2.992
Λc(2625)+π− 1.156 4.416 2.202 2.943

Σc(2455)++π−π− 3.820 1.905 2.546
Σc(2455)0π+π− 0.499 0.666

Λ+
c ρ

0π− 1.336
B CHARM

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 1.007 1.187 4.578 2.256 3.139
Λc(2625)+π− 1.179 4.548 2.241 3.112

Σc(2455)++π−π− 3.856 1.901 2.644
Σc(2455)0π+π− 0.492 0.686

Λ+
c ρ

0π− 1.392
Aver. B CHARM

B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 1.012 1.181 4.534 2.248 3.066
Λc(2625)+π− 1.168 4.482 2.222 3.028

Σc(2455)++π−π− 3.838 1.903 2.595
Σc(2455)0π+π− 0.496 0.676

Λ+
c ρ

0π− 1.379

Table 7.14: Relative efficiencies computed assuming the ”- +” polarization combina-
tion.
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B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 1.033 1.190 3.726 1.874 2.448
Λc(2625)+π− 1.152 3.608 1.814 2.287

Σc(2455)++π−π− 3.132 1.574 2.058
Σc(2455)0π+π− 0.503 0.657

Λ+
c ρ

0π− 1.306
B CHARM

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 1.027 1.251 3.721 1.967 2.642
Λc(2625)+π− 1.218 3.624 1.916 2.682

Σc(2455)++π−π− 2.976 1.573 2.113
Σc(2455)0π+π− 0.528 0.710

Λ+
c ρ

0π− 1.343
Aver. B CHARM

B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 1.030 1.220 3.724 1.921 2.545
Λc(2625)+π− 1.185 3.616 1.865 2.485

Σc(2455)++π−π− 3.054 1.574 2.085
Σc(2455)0π+π− 0.516 0.684

Λ+
c ρ

0π− 1.325

Table 7.15: Relative efficiencies computed assuming the ”+ -” polarization combina-
tion.
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B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 0.992 1.119 3.559 1.769 2.272
Λc(2625)+π− 1.129 3.573 1.783 2.292

Σc(2455)++π−π− 3.178 1.579 2.003
Σc(2455)0π+π− 0.497 0.639

Λ+
c ρ

0π− 1.284
B CHARM

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 0.964 1.159 3.521 1.836 2.380
Λc(2625)+π− 1.201 3.652 1.904 2.469

Σc(2455)++π−π− 3.039 1.612 2.055
Σc(2455)0π+π− 0.521 0.676

Λ+
c ρ

0π− 1.297
Aver. B CHARM

B CHARM LOWPT

Λ0
b Decay Mode Λc(2625)+π− Σ++

c π−π− Σ0
cπ
− Λ+

c ρ
0π− Λ+

c 3π(nr)
Λc(2595)+π− 0.978 1.139 3.540 1.803 2.326
Λc(2625)+π− 1.165 3.613 1.844 2.380

Σc(2455)++π−π− 3.109 1.595 2.029
Σc(2455)0π+π− 0.509 0.658

Λ+
c ρ

0π− 1.291

Table 7.16: Relative efficiencies computed assuming the ”- -” polarization combination.

125

FERMILAB-THESIS-2012-68



Chapter 7. Systematic Uncertainties

126

FERMILAB-THESIS-2012-68



Conclusions

In this Thesis we presented the observation of the Λ0
b → Λ+

c π
−π+π− de-

cay mode and its charmed resonant contributions, specifically the decay modes:
Λ0
b → Λc(2595)+π−, Λ0

b → Λc(2625)+π−, Λ0
b → Σc(2455)++π−π− and Λ0

b →
Σc(2455)0π−π+ on a data sample corresponding to 2.4 fb−1 of integrated lumi-
nosity.
We have also measured the relative branching fractions of the decay modes con-
tributing to the Λ0

b → Λ+
c π
−π+π− decay and reported in Tab. 7.17.

Relative Branching Fraction (%)
B(Λ0

b→Λc(2595)+π−→Λ+
c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(2.5± 0.6± 0.5)

B(Λ0
b→Λc(2625)+π−→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(6.2± 1.0+1.0

−0.9)
B(Λ0

b→Σc(2455)++π−π−→Λ+
c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(5.2± 1.1± 0.8)

B(Λ0
b→Σc(2455)0π+π−→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(8.9± 2.1+1.2

−1.0)
B(Λ0

b→Λ+
c ρ

0π−+Λ+
c π
−π+π−(other)→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(77.3± 3.1+3.0

−3.3)

Table 7.17: Relative Branching Fractions in % measured in this work of Thesis. In
these measurements the first uncertainty is statistical and the second one is systematic.
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Conclusions

The work described in this Thesis confirmed the capability of CDF to ex-
tract signals of b-baryons over large backgrounds thanks to the especially de-
signed CDF trigger for the multibody hadronic b-decays. The observation of the
new Λ0

b charmed resonant decay modes was the main challenge of this analy-
sis and it is the first mandatory step towards the measurement of their abso-
lute BRs. From the results shown in this Thesis, we were not able to sepa-
rate the signals contributing to Λ0

b → Λ+
c π
−π+π− final state without charmed

resonant decay modes, but we know, from the study reported in Appendix D,
that the decay Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π− contributes to the

Λ0
b → Λ+

c π
−π+π−(all) decay.

We recently updated the relative BRs measured in this Thesis [15], assuming
equal proportions, (1/3, 1/3 ,1/3), of the three decay modes, Λ0

b → Λ+
c ρ

0π−, Λ0
b →

Λ+
c π
−π+π−(nr) and Λ0

b → Λ+
c a1(1260)−, with minor changes in the analysis and

using the same amount of data (2.4 fb−1 of integrated luminosity). The updated
results are reported in Tab. 7.18.

Relative Branching Fraction (%)
B(Λ0

b→Λc(2595)+π−→Λ+
c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(2.33± 0.48+0.43

−0.44)
B(Λ0

b→Λc(2625)+π−→Λ+
c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(6.8± 1.0± 1.3)

B(Λ0
b→Σc(2455)++π−π−→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(6.2± 1.2± 1.3)

B(Λ0
b→Σc(2455)0π+π−→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(7.1± 2.1+1.5

−1.3)
B(Λ0

b→Λ+
c ρ

0π−+Λ+
c π
−π+π−(other)→Λ+

c π
−π+π−)

B(Λ0
b→Λ+

c π−π+π−(all))
(77.6± 3.0+4.0

−4.1)

Table 7.18: Relative Branching Fractions in % measured after the update [15]. In these
measurements the first uncertainty is statistical and the second one is systematic. Here
other indicates the sum of the Λ0

b → Λ+
c π
−π+π−(nr) and of the Λ0

b → Λ+
c a1(1260)− →

Λ+
c ρ

0π− → Λ+
c π
−π+π−.

The relative branching fractions measured in this work of Thesis are in agreement
with the updated ones.
Then, using the sample of the reconstructed candidates Λ0

b → Λ+
c π
−, described

in the Thesis, we measure the B(Λ0
b → Λ+

c π
−π+π−(all)/B(Λ0

b → Λ+
c π
−) rela-

tive branching fraction as well as those of the intermediate states contributing to
Λ0
b → Λ+

c π
−π+π−(all) with respect to Λ0

b → Λ+
c π
−.

Using the known value of B(Λ0
b → Λ+

c π
−) [1] we measure the absolute BRs re-

ported in Tab. 7.19.
Our measurement B(Λ0

b → Λ+
c π
−π+π−(all))/B(Λ0

b → Λ+
c π
−) = 3.04 ± 0.33+0.70

−0.50,
where the first is the statistical uncertainty and the second is the systemayic one,
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Absolute Branching Fraction (10−3)

B(Λ0
b → Λc(2595)+π− → Λ+

c π
−π+π−) (0.62± 0.11± 0.05)

B(Λ0
b → Λc(2625)+π− → Λ+

c π
−π+π−) (1.81± 0.21+0.12

−0.13)
B(Λ0

b → Σc(2455)++π−π− → Λ+
c π
−π+π−) (1.67± 0.29± 0.10)

B(Λ0
b → Σc(2455)0π+π− → Λ+

c π
−π+π−) (1.89± 0.57+0.40

−0.26)
B(Λ0

b → Λ+
c ρ

0π− + Λ+
c π
−π+π−(other)→ Λ+

c π
−π+π−) (20.8± 2.8+6.0

−4.7)
B(Λ0

b → Λ+
c π
−π+π−(all)) (26.8± 2.9+6.2

−4.8)

Table 7.19: Absolute branching fractions are derived by normalizing to the known
value B(Λ0

b → Λ+
c π
−) = (8.8±3.2)×10−3 [1]. The first quoted uncertainty is statistical,

the second is systematic, and the third is due to the uncertainty on the Λ0
b → Λ+

c π
−

branching fractions. Here other indicates the sum of the Λ+
c π
−π+π−(nr) and of the

Λ0
b → Λ+

c a1(1260)− → Λ+
c ρ

0π− → Λ+
c π
−π+π−

differs from the recent result from LHCb [17] (1.43 ± 0.16(stat) ± 0.13(syst)) by
2.4σ.
The relative statistical uncertainty of the two measurements is comparable but our
systematic uncertainties are larger, because we include the effect of the unknown
baryon polarizations and the admixture composition (1/3, 1/3 ,1/3) (LHCb assumes
a mixture (1/3, 0, 2/3) of respectively Λ0

b → Λ+
c ρ

0π−, Λ0
b → Λ+

c π
−π+π−(nr) and

Λ0
b → Λ+

c a1(1260)−.
We must remember that LHCb used 35 pb−1 of data collected at

√
s = 7 TeV and,

moreover, is different the amount of background as well as the type.
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Appendix A
Monte Carlo Validation

We have generated MC samples of Λ0
b using the prescription and the pT (Λ0

b)
and y(Λ0

b) reweighted spectra as described in [90]. To make sure of the distri-
butions determined in [90] are still valid we used the Λ0

b → Λ+
c π
− signal events,

reconstructed in the data (see Fig. A.1) and in the MC sample, then we have
performed a detailed comparison between real data and MC for all the Λ0

b , the
Λ+
c kinematical quantities and the parameters of the four tracks produced in the

decay (see Figures from Fig. A.2 to Fig. A.11). To take into account the presence
of background, when determining each kinematic distribution of the Λ0

b and Λ+
c

reconstructed in data, we proceeded in the following way. We have not made a
sideband subtraction, since it would be difficult to model the physics background
due to the partially reconstructed decays present in the left mass region.
We determined the number of real Λ0

b in each bin by performing a fit of the mass
distribution (see Fig. A.1) of the Λ0

b candidates belonging to that bin. The dis-
tributions for collision data and MC are normalized to the same total number of
entries. These plots do not contain the cut pT (Λ0

b) > 8 GeV/c, which we expect
to use in the optimized Λ0

b → Λ+
c π
−π+π− selection (and for consistency to extend

to the selection of the Λ0
b → Λ+

c π
−), so part of the current (limited) disagreement

at low transverse momenta and low transverse decay lengths could be reduced.
We compared the pT (Λ0

b) distribution between data and MC separately for the
samples collected by the three different trigger scenarios B_CHARM_LOWPT, B_CHARM
and B_CHARM_HIGHPT (events common to the different trigger scenarios are double
or triple counted, but we expect this is not a problem). The comparison is reported
in Fig. A.12, and it shows that the MC reproduces well the transverse momentun
distribution for all the three trigger scenarios.

In Figures from Fig. A.2 to Fig. A.11 the upper plots show physical quantity in

133

FERMILAB-THESIS-2012-68



Appendix A. Monte Carlo Validation

data and MC, normalized to the same number as data, while in the bottom plots
is reported the ratio of the two distributions.

  

Figure A.1: Λ0
b → Λ+

c π
− reconstructed candidates in the data, and used for MC vali-

dation, with overlaid the best fit curve.
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Figure A.2: pT (Λ0
b) A.2(a) and y(Λ0

b) A.2(b) distributions for data (black) and MC
(red). Bottom plots are the ratio data/MC.
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Figure A.3: Lxy(Λ0
b) A.3(a) and Lxy(Λ0

b)/σLxy(Λ
0
b) A.3(b) distributions for data

(black) and MC (red).
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Figure A.4: d0(Λ0
b) A.4(a) and m(Λ0

b) A.4(b) distributions for data (black) and MC
(red).
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Figure A.5: χ2(Λ0
b) A.5(a) and Prob(χ2(Λ0

b)) A.5(b) distributions of the recon-
structed Λ0

b decay vertex for data (black) and MC (red).
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Figure A.6: Lxy(Λ+
c ) A.6(a) and pT (Λ+

c ) A.6(b) distributions for data (black) and
MC (red).
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Figure A.7: pT distributions of the four tracks produced in the Λ0
b → Λ+

c π
− decay for

data (black) and MC (red).
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Figure A.8: d0 distributions of the four tracks produced in the Λ0
b → Λ+

c π
− decay for

data (black) and MC (red).
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Figure A.9: ϕ0 distributions of the four tracks produced in the Λ0
b → Λ+

c π
− decay for

data (black) and MC (red).
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Figure A.10: z0 distributions of the four tracks produced in the Λ0
b → Λ+

c π
− decay for

data (black) and MC (red).
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Figure A.11: η distributions of the four tracks produced in the Λ0
b → Λ+

c π
− decay for

data (black) and MC (red).
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Figure A.12: pT (Λ0
b) comparison between data and MC for events collected by the

B CHARM LOWPT trigger A.12(a) and B CHARM HIGHPT trigger A.12(b).
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Appendix B
Physics Background Study

In Chap. 5 we extracted the signal yields of the Λ0
b → Λ+

c π
−π+π− after the

veto on the charmed resonant Λ0
b decay modes, with Λ+

c into a pK−π+ final state.
A not biased extraction of these yields required an accurate modeling of the back-
ground shape and in particular of the physical background contributing into the
Λ0
b mass window.
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_c)Λ_b)−m(ΛQ=m(

Figure B.1: ∆M−−+ MC distribution of B0
(s) → D

(∗)+
(s) π−π+π− (with inclusive D(∗)+

(s)

decay modes).

Considering the inclusive Λ0
b → Λ+

c π
−π+π− candidates (see Fig. 5.2(a) and Fig. 5.2(b))

and also when the distribution is done for the Λ0
b → Λ+

c π
−π+π−, by vetoing the

Λc(2595)+, Λc(2625)+, Σc(2455)++ and Σc(2455)0 resonances (see Fig. 5.10(a) and
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Fig. 5.10(b)), the B
0

(s) → D
(∗)+
(s) π−π+π−1, with inclusive D

(∗)+
(s) decays modes, can

be assumed as the main sources of the physical background to the Λ0
b → Λ+

c π
−π+π−

signal. This kind of background occurs, for example, in the D+ → K−π+π+ decay
mode when one of the two π+ produced in the D+ decay is assigned the proton
mass, and the combination of the three particles form an invariant mass compa-
tible with the Λ+

c so that the combination of the six tracks falls in the Λ0
b mass

region as well for a generic decay with an efficiency dependent on the D(∗)+ decay
mode.
Just as an example, we present here the study done to determine the modeling
of the background for the Λ0

b → Λ+
c π
−π+π− without charmed resonant decay

modes (after applying the veto on the charmed resonances). MC distribution
are obtained applying the same requirements as for data. Fig. B.1 shows the

∆M−−+ mass distribution (template) of a MC sample of B
0 → D(∗)+π−π+π−

and B
0

s → D
(∗)+
s π−π+π− mixed in the proportions expected from the measured

fs/fd ratio [1] (see Sec. 1.2) and the measured branching fractions [1], when re-
constructed as a Λ0

b → Λ+
c π
−π+π− without charmed resonances candidate.

The distribution peaks in the region around 3.3 GeV/c2 and this is due to the
subsample where the D+ or D+

s decay exactly into three charged tracks, as shown
repectively in Fig. B.2(a) and Fig. B.2(b) where their ∆M−−+ distribution is re-
ported.
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Figure B.2: ∆M−−+ MC distribution of B0 → D+π−π+π− B.2(a) and B
0
s →

D+
s π
−π+π− B.2(b) with D+ and the D+

s decays in three charged tracks.

Fig. B.3(a) shows the ∆M−−+ distribution for these candidates when the mode-

1In the following we indicate with B
0

(s) → D
(∗)+
(s) π−π+π− the four decay modes B

0 →
D+π−π+π−, B

0 → D∗+π−π+π−, B
0

s → D+
s π

−π+π− and B
0

s → D∗+s π−π+π−.
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Figure B.3: B.3(a): Fit of all the Λ0
b candidates when the resonant decay modes

have been removed with the cuts ∆M+− > 0.380 GeV/c2, ∆M+ > 0.190 GeV/c2 and
∆M− > 0.190 GeV/c2, the background is modeled using an exponential shape with
slope and normalization free to float in the fit. B.3(b): Unlike the previous plots
here have been also included the floating contribution due to B

0 → D(∗)+π−π+π− and
B

0
s → D

(∗)+
s π−π+π− (with inclusive D(∗)+ and D

(∗)+
s decays) with a fixed shape (MC

template).

ling assumes an exponential to model the background and a gaussian to model
the signal. In the fit, slope and contribution of the exponential, as well gaussian
mean and sigma, are free to float. Fig. B.3(b) shows the distribution of ∆M−−+

for the Λ0
b reconstructed candidates, with overlaid the best fit curve, when we

add the modeling of a physical background, described by the templates made for

the B
0

(s) → D
(∗)+
(s) π−π+π−, to the exponential, to model the combinatorial back-

ground; the slope of the exponential and the normalization of the two background
distributions are floating and determined by the fit: the green curve represents the
contribution due to the physical background. By comparison of these two figures,
the modeling including this physical backround is better (compare the χ2) and the

misreconstructed B
0

(s) → D
(∗)+
(s) π−π+π− decays contribute significantly to the Λ0

b

mass window. A similar result is obtained when in the modeling we fix the slope
of the exponential, using the high mass region (see Sec. 3.4), and we add, in the
modeling of the physical background, also a contribute due to the B0 inclusive
decay modes.
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Figure B.4: ∆M−−+ MC distributions of B0 → Inclusive B.4(a), Λ0
b →

Λ+
c π
−π+π−π0 B.4(b) and Λ0

b → π−π+`ν` B.4(c).

In order to do that, we used a MC sample of B0 → Inclusive decays to obtain
the corresponding ∆M−−+ template (see Fig. B.4(a)) when these decays are re-
contructed as a Λ0

b → Λ+
c π
−π+π− candidate without charmed resonances. Adding

this physical background contribution (fixed shape, as determined by the template
and normalization free to float in the fit), the change in the signal yields is neg-
ligible. This can be inferred comparing the yield determined by the best fit of
∆M−−+ data (value of the variable sig n in the fit result legenda) of Fig. B.3(b)
with the one of Fig. 5.10(a) for the Λ0

b → Λ+
c π
−π+π− without charmed resonances

with Λ+
c → pK−π+. Added this background in the modeling, we verified that

futher contribution to the physical background modeling are not significant in the
Λ0
b mass window. ∆M−−+ distributions for the MC samples of Λ0

b → π−π+π−π0
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and Λ0
b → π−π+`ν`, the templates, are shown respectively in Fig. B.4(b) and

Fig. B.4(c) and show that these contributions are not significant in the Λ0
b mass

window.

Cross Check of the Physical Background Modeling using real
data

We performed further useful cross-check of the background directly on the data
using the Λ0

b reconstructed candidates, after the veto on the charmed resonances.
Fig. B.3(b) shows the ∆M−−+ distribution for this sample. Fig. B.5(a) shows the
invariant mass spectrum of the D+ → K−π+π+ candidates reconstructed in these
data by assigning the kaon and pion masses to the Λ+

c candidate decay products
K−pπ+. The fit estimates a D+ mass of 1.868 GeV/c2 and a signal width of

7.5 MeV/c2. Fig. B.5(b) shows the reconstructed B
0 → D+π−π+π− candidates,

when we applied the same exact cuts used to reconstruct the Λ0
b candidates without

charmed resonances.
We estimate a yield of 360±40 B0 events (N(B0)) in the ∆M−−+ window
[3.15 − 3.55 ] GeV/c2 used for the Λ0

b fit. The estimated B0 mass is (5278 ±
1) MeV/c2 and the width is (17.5 ± 1.6) MeV/c2. Since the reconstruction in our

data has not been a success for both the D+
s and B

0

s → D+
s π
−π+π− signals, we

decided to estimate the total contribution expected from this source relative to the

estimated yield of 360±40 B
0 → D+π−π+π− events. Since the MC estimates a

relative efficiency ε(B0
s )/ε(B

0) = 1.35, we can give a raw estimate of the expected
B0
s yield (N(B0

s )) using the following formula where for the BR of each decay we
used the corresponding PDG value:

N(B0
s ) = N(B0)×fs

fd
×B(B0

s → D+
s π
−π+π−)

B(B0 → D+π−π+π−)
×B(D+

s → K+K−π+ or π−π+π−)
B(D+ → K−π+π+)

×ε(B
0
s )

ε(B0)
(B.1)

N(B0
s ) = 360× 0.118

0.323
× 1.05× 0.066

0.092
× 1.35 = 133 (B.2)

The reconstructed∆M−−+ distribution of the MC sample of B
0 → D+π−π+π−and

B
0

s → D+
s π
−π+π− signals, in the expected proportions, is reported in Fig. B.6(a):

this background covers the entire [3.15− 3.55 ] GeV/c2 window.
In the fit, this distribution is then used as template to model the physical back-
ground while an exponential is used to model the combinatorial background.

The physical background normalization is given by the sum of the 360 B
0 →

D+π−π+π− and of the 133 B
0

s → D+
s π
−π+π− which gives a total of 493 events,

while the slope and the normalization of the exponential are free to float in the fit.
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The best fit returns a Λ0
b yield of 596±78 signal events (value of sig n in the fit re-

sults legenda of Fig. B.6(b)), which is consistent with the yield of Λ0
b → Λ+

c π
−π+π−

without charmed resonances signal events, when the modeling is done using the
procedure described in Sec. 5.3 but in the enlarged range of mass, [3.15 − 3.55 ]
GeV/c2 (see Fig. 5.10(a), sig n value in the fit results legenda). We have also

performed the same fit with floating B
0 → D+π−π+π− and B

0

s → D+
s π
−π+π−

backgrounds (Fig. B.6(c)) and the estimate of the signal and background yields
are consistent with the central result.
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Figure B.5: B.5(a): D+ signal reconstructed in data by assigning the kaon and
pion masses to the Λ+

c decay products. B.5(b): B
0 → D+π−π+π− signal recon-

structed in data by using the D+ signal (to reconstruct this signal we applied the cut
| m(D+)−1.868 |< 0.022 GeV/c2). B.5(c): MC mass distribution of the Λ+

c (from Λ0
b)

reconstructed as D+.
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Figure B.6: B.6(a): Reconstructed ∆M−−+ distribution of the MC sample of
B

0
(s) → D+

(s)π
−π+π− signals in the expected proportions. B.6(b): Fit of all the

Λ0
b candidates: resonant decay modes removed with the cuts ∆M+− > 0.380 GeV/c2,

∆M+ > 0.190 GeV/c2 and ∆M− > 0.190 GeV/c2 and the B0 and B0
s contribution

fixed to 493 events. B.6(c): Fit of all the Λ0
b candidates, including the the B0 and B0

s

background left floating and determined by the fit.
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Appendix C
MC Estimate of the Cabibbo Suppressed
decay modes contributions

In order to determine the yields of the Λ0
b in the Λ0

b → Λ+
c π
−π+π− mass spec-

tra, we need a good assessment of the backgrounds which reside under the Λ0
b signal

peak. One such class of backgrounds are the CS decay modes, where one of the π−

is replaced by a K−. In the following we estimate the ratios of the BRs of the
CS to the CF decay modes, and estimate the fraction of CS background to the
CF in all decay modes reported in Tab. C.1. We provide similar estimates for
the CS background relatively to the decay Λ0

b → Λ+
c π
−. These ratios of BRs are

used in Chap. 5 to estimate the expected yield of the CS background corresponding
to a given yield of the CF decay mode, once the respective efficiencies are known
from simulated samples. Here we give an example of how the expected contami-
nation of a CS decay mode can be evaluated when the signal is reconstructed as
the corresponding CF decay mode. We remember that the CS decay modes are not
modeled in the physical background (see section Sec. 5.1), since we expect very few
events, but are assumed as a systematic affecting the corresponding CF yields (see
Sec. 7.1.1).

Outline

The yields of the Λ0
b decay modes, extracted by the fit procedure described in

Chap. 5 applied to the ∆M−−+ mass distribution, are determined assuming no
contribution from the CS decay modes. The observed signals in the ∆M−−+ mass
distribution, for each decay mode, have two contributions: the CF and the CS.
Denoting with N i

obs the yield of the ith decay mode extracted, and with N i
CS and
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contributions

N i
CF the corresponding contributions of the CS and of the CF we can write:

N i
obs = N i

CF (1 +N i
CS/N

i
CF ) (C.1)

Λ0
b Cabibbo favored

decay modes

Λ0
b → Λ+

c π
−

Λ0
b → Λ+

c π
−π−π+

Λ0
b → Λ∗c(2595)+π−

Λ0
b → Λ∗c(2625)+π−

Λ0
b → Σc(2455)++π−π−

Λ0
b → Σc(2455)0π−π+

Λ0
b → Λ+

c ρ
0π−

Λ0
b Cabibbo suppressed

decay modes

Λ0
b → Λ+

c K
−

Λ0
b → Λ+

c π
+π−K−

Λ0
b → Λ∗c(2595)+K−

Λ0
b → Λ∗c(2625)+K−

Λ0
b → Σc(2455)++π−K−

Λ0
b → Σc(2455)0π+K−

Λ0
b → Λ+

c ρ
0K−

Table C.1: CF and CS decay modes.

The amount of CS background we expect, relative to the CF signals, for each
decay mode i in Tab. C.1, is given by the expression:

N i
CS

N i
CF

=
B(Λ0

b → CSi)× εiCS
B(Λ0

b → CF i)× εiCF
(C.2)

where εi is the efficiency of reconstructed signal in mode i and B(Λ0
b → CSi) and

B(Λ0
b → CF i) is the BR of the Λ0

b in the CS and in the corresponding CF decay
modes. From Eq. C.2, in order to estimate N i

CS/N
i
CF , we need to know the relative

efficiency estimates and the relative BRs (B) of each decay mode. In the following
we describe the studies done for these estimates.

Evaluation of B(Λ0
b → CSi)

The CS decay modes for which we need BR have not been observed, let alone
measured. The decay amplitude, for the baryonic CF decay mode, is ∝ |Vud|2
while is ∝ |Vus|2 for the CS one. If we consider the decay amplitude for the related
mesonic decay mode, we find the same number in both cases, CF and CS decay
modes. We estimate the ratio B(Λ0

b → CSi)/B(Λ0
b → CF i) either using similar

decay modes observed in B-mesons, where the measurements already exist (from
the B-Factories or CDF itself), or, when these measurements are not available,
simply using the ratio |Vud|2/|Vus|2.
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Just as an example, to illustrate the concepts described above, we estimate the
CS B(Λ0

b → Σc(2455)0π+K−) relative to the CF decay Λ0
b → Σc(2455)0π+π−. The

first order Feynman diagram of this decay, for the CF and for the corresponding
CS, is reported in Fig. C.1.

�
d
d

u u

d d

b c

Λ0
b

π− K−

Σc(2455)0

d s

u u

W−

Figure C.1: Feynman diagram illustrating the decays Λ0
b → Σc(2455)0π+π− and Λ0

b →
Σc(2455)0π+K−.

The neutralB-meson decay modes, corresponding to the baryonic one of Fig. C.1,
are reported in Fig. C.2 and Fig. C.3. The diagrams of Fig. C.2 are obtained re-
moving the line of the Λ0

b u quark (one of the spectator quark) in Fig. C.1 and
changing, in the same figure, the Λ0

b d quark in a d quark. The only difference in
these two diagrams is that in one case (see Fig. C.2(b)) the gluon splits in a uu
pair, while in the other (see Fig. C.2(a)) in a dd pair.

�
d

d

d d

b c

B
0

π− K−

π0

D+ D∗(2010)+

d s

u u

W−

(a) �
u

u

d d

b c
B

0

π− K−

π+

D0 D∗(2007)0

d s

u u

W−

(b)

Figure C.2: Feynman diagrams illustrating the neutral B-meson decay modes corre-
sponding to the baryonic decay mode on Fig. C.1.

Using the same method, the two lower order Feynman diagrams for charged
B-meson decay modes are obtained removing the line of the Λ0

b d quark (one of the
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spectator quark) in Fig. C.1 and changing in the same figure the Λ0
b u quark in a u

quark. As before, the only difference in these two diagrams is that in one case (see
Fig. C.3(b)) the the gluon splits in a uu pair and in the other (see Fig. C.3(a))
in a dd pair. So, in principle the Feynman diagrams in Fig. C.2(a), Fig. C.2(b),
Fig. C.3(a) and Fig. C.3(b) are equivalent and we can choose anyone of them to
made our estimate.

�
d

d

u u

b c

B−

π− K−

π−

D+ D∗(2010)+

d s

u u

W−

(a) �
u

u

u u

b c

B−

π− K−

π0

D0 D∗(2007)0

d s

u u

W−

(b)

Figure C.3: Feynman diagrams illustrating the charged B-meson decay modes corre-
sponding to the baryonic decay mode on Fig. C.1.

In this specific case in our calculation we used, to estimate B(Λ0
b → Σc(2455)0π+K−)/

B(Λ0
b → Σc(2455)0π+π−), the branching fractions of the decays B− → D+π−π−

(S-wave) , B− → D∗(2010)+π−π− (P -wave) and of the corresponding CS decays,
which are all measured [1]. The Feynman diagram associated to these decays is
the one of Fig. C.3(a). This is due to the fact that the spin 1/2 Λ0

b decays into a
spin 1/2 Λ+

c and, from angular momentum conservation, we expect contributions
from both S and P wave amplitudes.
The correspondence between the baryonic and mesonic decay modes here consid-
ered, is unfolded as follows:

gluon splits to a dd pair;

the decay rate for the baryonic CF decay mode is ∝ |Vud|2 |Vbc|2 |f 2
1 |;

the decay rate for the baryonic CS decay mode is ∝ |Vus|2 |Vbc|2 |f 2
2 |;

the decay rate for the mesonic CF decay modes is ∝ |Vud|2 |Vbc|2 |f 2
3 |;

the decay rate for the mesonic CS decay modes is ∝ |Vus|2 |Vbc|2 |f 2
4 |.

Therefore, it’s easy to understand that each relative branching ratio B is given by:

|Vus|2 |Vbc|2 |f 2
2 |

|Vud|2 |Vbc|2 |f 2
1 |︸ ︷︷ ︸

baryonic decay mode

=
|Vus|2 |Vbc|2 |f 2

4 |
|Vud|2 |Vbc|2 |f 2

3 |︸ ︷︷ ︸
mesonic decay mode

(C.3)
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where f3 = f1 and f4 = f2. Since the amplitude for the baryonic decay consid-
ered in this example includes contributions from both S-wave (J = 0) and P -wave
(J = 1) transitions then, in the case of mesons, f3 and f4 actually have two com-
ponents :

f3 = f3(S) + f3(P )

f4 = f4(S) + f4(P ) (C.4)

Looking at the Eq. C.3 we have to add the two terms and then square them to get
the cross terms:

|f3|2 = |f3(S)|2 + |f3(P )|2 + (f ∗3 (S))(f3(P )) + (f3(S))(f ∗3 (P ))︸ ︷︷ ︸
negligible

|f4|2 = |f4(S)|2 + |f4(P )|2 + (f ∗4 (S))(f4(P )) + (f4(S))(f ∗4 (P ))︸ ︷︷ ︸
negligible

(C.5)

Combining Eq. C.3 and Eq. C.5 and assuming negligible the cross terms, we get:

B(CS)
baryon

B(CF )
baryon

=
|Vus|2 (|f4(S)|2 + |f4(P )|2)

|Vud|2 (|f3(S)|2 + |f3(P )|2)
=
B(CS)
meson (S) + B(CS)

meson (P )

B(CF )
meson (S) + B(CF )

meson (P )

(C.6)

We applied this method to all studied decay modes once known the corresponding
B-meson decays modes contributing.

Therefore, in the example of the Λ0
b → Σc(2455)0π+K− and Λ0

b → Σc(2455)0π+π−,
considering the contributions of all the corresponding B-meson decays modes Feyn-
man diagrams we have:

B(Λ0
b → Σc(2455)0π+K−)

B(Λ0
b → Σc(2455)0π+π−)

=
B(B− → D+π−K−) + B(B− → D(2010)∗+π−K−)

B(B− → D+π−π−) + B(B− → D(2010)∗+π−π−)

=
(0.55± 0.54)× 10−4 + (0.73± 0.54)× 10−4

(1.02± 0.16)× 10−3 + (1.35± 0.22)× 10−3

=
(1.28± 0.76)× 10−4

(2.37± 0.27)× 10−3

= (5.40± 3.26)× 10−2

(C.7)

where all the used B are from PDG [1].
Tab. C.2 summarizes as input the B-meson decay modes contributing to the CF
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Meson Decay B (PDG) Λ0
b decay mode Sum of CF/CS B

B
0 → D∗(2010)+π− (2.76± 0.13)× 10−3 Λ0

b → Λ∗c(2595)+π− (2.76± 0.13)× 10−3

B
0 → D∗(2010)+K− (2.14± 0.16)× 10−4 Λ0

b → Λ∗c(2595)+K− (2.14± 0.16)× 10−4

B
0 → D∗(2010)+π− (2.76± 0.16)× 10−3

Λ0
b → Λ∗c(2625)+π− —

B
0 → D∗2(2460)+π− not in PDG 2008

B
0 → D∗(2010)+K− (2.14± 0.16)× 10−4

Λ0
b → Λ∗c(2625)+K− —

B
0 → D∗2(2460)+K− not in PDG 2008

B
0 → D0π+π− (8.40± 0.90)× 10−4

Λ0
b → Σc(2455)++π−π− (14.60± 2.40)× 10−4

B
0 → D∗(2007)0π+π− (6.20± 2.20)× 10−4

B
0 → D0π+K− (8.80± 1.70)× 10−5

Λ0
b → Σc(2455)++π−K− (12.10± 5.70)× 10−5

B
0 → D∗(2007)0π+K− (3.34± 5.40)× 10−5 a

B− → D+π−π− (1.02± 0.16)× 10−3

Λ0
b → Σc(2455)0π+π− (2.37± 0.27)× 10−3

B− → D∗(2010)+π−π− (1.35± 0.22)× 10−3

B− → D+π−K− (0.55± 0.54)× 10−4 a

Λ0
b → Σc(2455)0π+K− (1.28± 0.76)× 10−4

B− → D∗(2010)+π−K− (0.73± 0.54)× 10−4 a

B
0 → D+ρ0π− (1.10± 1.00)× 10−3 Λ0

b → Λ+
c ρ

0π− (1.10± 1.00)× 10−3

B
0 → D+ρ0K− (0.59± 0.55)× 10−4 a Λ0

b → Λ+
c ρ

0K− (0.59± 0.55)× 10−4

B− → D0π−π+π− (5± 4)× 10−3

Λ0
b → Λ+

c π
−π+π− (15.3± 4.18)× 10−3

B− → D∗(2007)0π−π+π− (1.03± 0.12)× 10−2

B− → D0π+π−K− (2.70± 0.74)× 10−4 a

Λ0
b → Λ+

c π
−π+K− (8.26± 0.69)× 10−4

B− → D∗(2007)+π + π−K− (5.56± 0.66)× 10−4 a

B
0 → D+π− (2.68± 0.13)× 10−3

Λ0
b → Λ+

c π
− (5.44± 0.18)× 10−3

B
0 → D∗(2010)+π− (2.76± 0.13)× 10−3

B
0 → D+K− (2.0± 0.6)× 10−4

Λ0
b → Λ+

c K
− (4.14± 0.62)× 10−4

B
0 → D∗(2010)+K− (2.14± 0.16)× 10−4

Table C.2: List of CF and CS B-meson decay modes, the corresponding BR from
PDG [1], baryonic Λ0

b decay modes and sum of BRs for the CF and CS associated B-
meson decay modes.

aThese B are not in PDG [1] so that we evaluated them using Eq. C.8

and to the CS (Meson decay) , the corresponding BR (B(PDG)), the corresponding
Λ0
b decay mode, in which they are used (Λ0

b decay mode) and the sum of the BRs
of the B-mesons contributing to the CF and to the CS (Sum of CF/CS B).
The contributing mesonic decay modes were determined for the other Λ0

b decay
modes using the same method adopted in this example. Some of the B for B-
meson decays have not yet been measured and in this case we use the ratio in
Eq. C.8:

B(CSi)

B(CF i)
=
|Vus|2

|Vud|2
(C.8)

MC Evaluated Relative Efficiencies

We used MC samples to evaluate the efficiency for each decay mode of Tab. C.1.
There are several components in the MC simulation:

• production and decay of the b-hadrons;
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• detector simulation;

• trigger simulation;

• reconstruction.

In this example we give just an early estimate of how the efficiency can be evaluated
and we use here a generator-level simulation. We generate 106 Λ0

b decays in each
of the CF and CS modes of Tab. C.1 and we apply similar selections as those
described in Chap. 4. Details of the simulation and efficiency calculation for this
examle are given in the following sections.

Generating and Decaying b-hadrons with MC

This step is very similar to the one described in Sec. 3.2.1. We estimate the
contribution of CS backgrounds to the decays previously listed in Tab. C.1 by
generating MC samples containing 106 events of single Λ0

b hadrons, with a pT
threshold of 5 GeV/c and a pseudo-rapidity range |η| < 1.2 using the BGenerator

package [89]. Single Λ0
b ’s are generated using a pT vs rapidity (y) spectrum modified

to match the pT spectrum observed in fully reconstructed Λ0
b → Λ+

c π
− decays.

Because we use a particle spectrum rather than the quark spectrum, as input to
BGenerator, fragmentation must be explicitly turned off. We force each generated
Λ0
b to decay through a single and specified decay chain using the EvtGen decay

package [98] and a user defined decay Table. Also phase space model is used
for all baryon decays. In addition, all Λ+

c are forced to decay into the pK−π+

final state including the resonance structures as measured by Aitala, et al. [99].
CDF software version 6.1.4mc was used to generate the b-hadrons decays. The
information for each event is written in an HEPG Bank, containing full information
about them. For each decay mode, a file containing the HEPG Bank is then written
and converted to ROOT n-tuples for further analysis.

Candidate Requirements

The data used in the analysis subject of this Thesis have been collected by
the TTT, specialized to select multibody b-hadronic decay modes. To emulate
the trigger, in this study we require that one of the tracks from the Λ+

c and
one of the Λ0

b decay products each pass the requirements for an SVT track with a
pT > 2 GeV/c, 0.0120 < |d0| < 0.1 cm and a pseudo-rapidity |η| < 1.0. For the pair
of tracks we don’t have any requirement on charge combination, 2◦ < ∆ϕ0 < 90◦,
pT1 + pT2 > 5 GeV/c and Lxy > 0.02 cm. The common requirements of skimming
and analysis are summarized in Tab. C.3 and are the same for Λ0

b → Λ+
c π
−,

Λ0
b → Λ+

c π
−π+π− and their associated CS decay modes. Two further requirements
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are applied to select Λ0
b → Λ+

c π
−π+π− and the associated CS decay: the three

tracks from the Λ0
b ’s decay vertex have to be in a cone fixed by ∆R =

√
∆η2 +∆ϕ2

and the decay length of the Λ0
b candidate, projected in the transverse plane, has

to be Lxy > 0.02 cm.

Summary of common requirements

All tracks η |η| < 1
All tracks d0 |d0| < 0.2 cm
pT

Λ0
b

candidate
pT

Λ0
b

> 8 GeV/c

Λ0
b candidate Lxy Lxy > 0.02 cm

Triggering tracks one track from Λ0
b and one from Λ+

c are SVT trigger tracks

Table C.3: Common requirements for the selection Λ0
b → Λ+

c π
−, Λ0

b → Λ+
c π
−π+π−

and corresponding CS decay modes.

With reference to Eq. C.2 the efficiency of each decay mode is calculated as:

εi =
N i
reco

N i
gen

(C.9)

where N i
reco is the number of events reconstructed, and N i

gen is the number of events
generated in the corresponding decay mode. We evaluated the efficiency after ap-
plying the trigger and the analysis requirements for both Λ+

c π
− and Λ+

c π
−π+π−

selections, as reported in Tab. C.4.
To know how many events satisfy the overall selection, we use the information
from the generated ntuples and analyze the histograms (see Fig. C.4, Fig. C.5,
and Fig. C.6) to determine the number of these events (see Tab. C.5). The to-
tal efficiency of each decay mode is achieved by multiplying the efficiency values
relative to each kind of selection (trigger and analysis).

Estimated Relative Branching Ratio

Once evaluated B(Λ0
b → CSi)/B(Λ0

b → CF i) and εiCS/ε
i
CF , after the overall

selection (see Tab. C.5), we can estimate the amount of CS background we expect
relative to the CF signal using Eq. C.2. The invariant mass spectrum, for each CS
and CF decay mode is reported in Fig. C.4, Fig. C.5 and Fig. C.6. In Fig. C.4 and
Fig. C.5 are shown the Λ+

c π
−π+π− invariant mass spectra for each CF (dashed

blue line) and corresponding CS (continuous red line) decay mode after the trigger
and the Λ+

c π
−π+π− selection. Note well, for the Λ0

b → Λ+
c π
−π+π− in Fig. C.5(b),

the generated CF events are 1/3 of the CS one. In Fig. C.6 is shown, for Λ+
c π
−
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decay mode TTT effic.(×10−2) Λ+
c π
− effic. (×10−3) Λ+

c π
−π+π− effic. (×10−4)

Λ0
b → Λc(2593)+π− 4.02±0.02 10.30±0.10 60.30±0.80

Λ0
b → Λc(2593)+K− 3.97±0.02 10.50±0.10 62.80±0.80

Λ0
b → Λc(2625)+π− 3.91±0.02 10.10±0.10 52.50±0.70

Λ0
b → Λc(2625)+K− 3.87±0.02 10.30±0.10 54.60±0.70

Λ0
b → Σc(2455)++π−π− 2.50±0.02 3.09±0.06 31.50±0.60

Λ0
b → Σc(2455)++π−K− 2.37±0.02 2.28±0.05 32.40±0.60

Λ0
b → Σc(2455)0π−π+ 2.67±0.02 1.64±0.04 6.10±0.20

Λ0
b → Σc(2455)0K−π+ 2.69±0.02 1.66±0.04 6.50±0.30

Λ0
b → Λ+

c ρ
0π− 2.15±0.01 1.11±0.03 10.80±0.30

Λ0
b → Λ+

c ρ
0K− 2.07±0.01 0.73±0.03 11.00±0.30

Λ0
b → Λ+

c π
−π+π− 2.03±0.02 0.68±0.05 7.30±0.50

Λ0
b → Λ+

c π
−π+K− 1.86±0.01 0.44±0.02 8.40±0.30

Λ0
b → Λ+

c π
− 5.47±0.02 14.94±0.12 0

Λ0
b → Λ+

c K
− 5.45±0.02 14.97±0.12 0

Table C.4: MC efficiency after trigger (TTT) and analysis cuts.

(dashed blue line) and Λ+
c K

− (continuous red line), the invariant mass spectra in
the mass hypothesis of Λ+

c π
− after the trigger and Λ+

c π
− selection. From the plots

reported in these figures we count, for each decay mode, the number of CF and CS
passing events. Finally in Fig. C.7, Fig. C.8 and Fig. C.9 we made, in logarithmic
scale, the same plots of Fig. C.4, Fig. C.5 and Fig. C.6 normalizing each CS decay
mode spectrum to the number of expected CS events (N i

CS).

decay mode (#events CF ) (#events CS) (#events CS exp.) N i
CS/N

i
CF

Λ0
b → Λ∗c(2595)+ 6028 6281 526.60 0.087

Λ0
b → Λ∗c(2625)+ 5254 5456 300.74 0.057

Λ0
b → Σc(2455)++ 3145 3241 281.92 0.089

Λ0
b → Σc(2455)0 614 654 36.80 0.060

Λ0
b → Λ+

c ρ
0 1075 1102 56.31 0.052

Λ0
b → Λ+

c 3π 241 839 12.36 0.051
Λ0
b → Λ+

c π 14936 14965 805.16 0.054

Table C.5: For each decay mode is reported the number of passing events for CF
(#events CF = N i

CF ) and for CS (#events CS), the number of the expected CS events
(#events CS exp. = N i

CS) and the ratio N i
CS/N i

CF (scaling factor).

The method described can be used to estimate the B(Λ0
b → CSi)/B(Λ0

b → CFi)
for the decay modes of Tab. C.1 using the corresponding B-mesons decays (see
second column of Tab. C.6), and to estimate, for the same decay modes, the ratio of
the MC efficiencies εiCF/ε

i
CF . In the example illustrated here, we used a generator

level MC and the resulting relative efficiencies are reported in the fourth column of
Tab. C.6, while N i

CS/N
i
CF is reported in the fifth column of the same Table. In the
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Appendix C. MC Estimate of the Cabibbo Suppressed decay modes
contributions

analysis this method was used to evaluate the systematic due to the CS yields in
the Λ0

b mass window (see Sec. 7.1.1), using a fully simulated samples of 106 events
for CS and CF decay mode of Tab. C.1. The CS events for each decay mode were
normalized to the 106× B(Λ0

b → CSi)/B(Λ0
b → CFi). The fraction N i

CS/N
i
CF after

the trigger and the analysis cuts falling in the Λ0
b mass window of the ∆M−−+

distribution was estimated counting the corresponding passing events, we call this
fraction scaling factor. The systematic due to the CS background for each decay
mode was then evaluated as the signal yield times this fraction.

Λ0
b decay mode Ri = Bi/B0 εanalysis εi/ε0 Π Ri(εi/ε0)

Λ0
b → Λc(2595)+π− 1 (2.42± 0.09) 10−4 1 1

Λ0
b → Λc(2595)+K− (7.75± 0.68) 10−2 (2.49± 0.09) 10−4 (1.03± 0.05) (7.98± 1.09) 10−2

Λ0
b → Λc(2625)+π− 1 (2.05± 0.08) 10−4 1 1

Λ0
b → Λc(2625)+K− (5.55± 0.28) 10−2 1 (2.11± 0.08) 10−4 (1.03± 0.05) (5.72± 0.57) 10−2

Λ0
b → Σc(2455)++π−π− 1 (0.79± 0.05) 10−4 1 1

Λ0
b → Σc(2455)++π−K− (8.29± 4.13) 10−2 (0.77± 0.05) 10−4 (0.97± 0.09) (8.04± 4.75) 10−2

Λ0
b → Σc(2455)0π+π− 1 (0.16± 0.05) 10−4 1 1

Λ0
b → Σc(2455)0π+K− (5.40± 3.26) 10−2 (0.17± 0.05) 10−4 (1.06± 0.46) (5.72± 5.93) 10−2

Λ0
b → Λ+

c ρ
0π− 1 (0.23± 0.02) 10−4 1 1

Λ0
b → Λ+

c ρ
0K− (5.36± 6.98) 10−2 (0.23± 0.02) 10−4 (1.00± 0.12) (5.36± 7.62) 10−2

Λ0
b → Λ+

c π
−π+π− 1 (0.15± 0.04) 10−4 1 1

Λ0
b → Λ+

c π
−π+K− (5.42± 2.11) 10−2 (0.16± 0.02) 10−4 (1.00± 0.02) (5.42± 2.22) 10−2

Λ0
b → Λ+

c π
− 1 (8.17± 0.13) 10−4 1 1

Λ0
b → Λ+

c K
− (7.66± 1.18) 10−2 (8.16± 0.13) 10−4 (0.99± 0.02) (7.58± 1.32) 10−2

Table C.6: This summary reports, for each Λ0
b decay modes, the relative B, the analysis

efficiency, the relative efficiencies, and the product of Π Ri(εi/ε0), which for the ith decay
mode is the evaluated N i

CS/N
i
CF (scaling factor for the ith decay mode).
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Figure C.4: Λ+
c π
−π+π− invariant mass spectra for Λ0

b → Λ+
c (2595)+π− and Λ0

b →
Λ+
c (2595)+K− C.4(a), Λ0

b → Λ+
c (2625)+π− and Λ0

b → Λ+
c (2625)+K− C.4(b), Λ0

b →
Σc(2455)++π−π− and Λ0

b → Σc(2455)++π−K− C.4(c) and Λ0
b → Σc(2455)0π+π− and

Λ0
b → Σc(2455)0π+K− C.4(d) resonant final states after the trigger and Λ+

c π
−π+π−

selection.
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Figure C.5: Λ+
c π
−π+π− invariant mass spectra for Λ0

b → Λ+
c ρ

0π− and Λ0
b → Λ+

c ρ
0K−

C.5(a) and Λ0
b → Λ+

c π
−π+π− and Λ0

b → Λ+
c π
−π+K− C.5(b) resonant final states after

the trigger and Λ+
c π
−π+π− selection: the dashed line and the continuous one indicate

the invariant mass distribution of the corresponding CF and CS decay modes reported in
Tab. C.4.
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Figure C.6: Λ+
c π
− invariant mass for the decay mode Λ0

b → Λ+
c π (Tab. C.4) after

the trigger and Λ+
c π requirements. The dashed line and the continuous one indicate the

invariant mass distribution of the corresponding CF and CS decay modes.
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Figure C.7: Λ+
c π
−π+π− invariant mass spectra for Λ0

b → Λ+
c (2595)+π− and Λ0

b →
Λ+
c (2595)+K− C.7(a), Λ0

b → Λ+
c (2625)+π− and Λ0

b → Λ+
c (2625)+K− C.7(b), Λ0

b →
Σc(2455)++π−π− and Λ0

b → Σc(2455)++π−K− C.7(c) and Λ0
b → Σc(2455)0π+π− and

Λ0
b → Σc(2455)0π+K− C.7(d) resonant final states after trigger and Λ+

c 3π selection.
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Figure C.8: Λ+
c π
−π+π− invariant mass spectra for Λ0

b → Λ+
c ρ

0π− and Λ0
b → Λ+

c ρ
0K−

C.8(a) and Λ0
b → Λ+

c π
−π+π− and Λ0

b → Λ+
c π
−π+K− C.8(b) resonant final states

after trigger and Λ+
c 3π selection: the dashed line and the continuous one indicate the in-

variant mass distribution of the corresponding CF and CS decay modes that are reported
in Tab. C.4.
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Figure C.9: Λ+
c π
− invariant mass for the decay Λ0

b → Λ+
c π in Tab. C.4 after the

trigger and Λ+
c π
− selection. The dashed line indicate the invariant mass distribution of

the corresponding CF decay.
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Appendix D
Study of Λ0

b → Λ+
c π
−π+π− without

Charmed Resonant Decay Modes

Here we investigate on the composition of the Λ0
b → Λ+

c π
−π+π− signal, after

the veto on the Λ0
b charmed resonant decay modes.This study was done after the

the analysis presented in this Thesis was officially approved by the Collaboration.

D.1 Motivations

In Chap. 6 we assumed proportions (1/2, 1/2, 0) or (1/2, 0, 1/2) respectively of
Λ0
b → Λ+

c ρ
0π− → Λ+

c π
−π+π−, Λ0

b → Λ+
c π
−π+π−(nr) and Λ0

b → Λ+
c a1(1260)− →

Λ+
c ρ

0π− → Λ+
c π
−π+π− contributing to the mixed E, since, we declared, we were

not able to separate the contributions of these states, and to extract their yields.
The proportions assumed are importants since determine how to evaluate the
efficiency of the mixed E state. As example, when assumed proportions are (1/2,
1/2, 0), the efficiency of the mixed E state is the average of the efficiencies of
Λ0
b → Λ+

c ρ
0π− → Λ+

c π
−π+π− (F state) and of Λ0

b → Λ+
c π
−π+π−(nr) (G state),

since we can write:

N(E)prod

2
= N(F )prod =

N(F )obs

εF
(D.1)

N(E)prod

2
= N(G)prod =

N(G)obs

εG
(D.2)

N(F )obs +N(G)obs

N(E)prod
=
εF + εG

2
(D.3)

Where N(E), N(F ) and N(G) indicate the number of events of the three states,
and εF and εG are the MC efficiencies of the states F and G.
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Appendix D. Study of Λ0
b → Λ+

c π
−π+π− without Charmed Resonant

Decay Modes

It is evident that it is important to know the decay modes which really contribute
to Λ0

b → Λ+
c π
−π+π−(nr) after the veto on the Λ0

b charmed resonant decay modes,
as well as to measure theirs yields, since one of the dominant systematic in the
measurement of the relative branching fractions, reported in Tab. 6.4 and Tab. 6.5,
arises from the assumption of the unknown proportions. In the following we decribe
the studies done to investigate on the composition of the Λ0

b → Λ+
c π
−π+π− signal,

after the veto on the Λ0
b charmed resonant decay modes.

D.2 ρ0 Signal Contribution to the Λ0
b → Λ+

c π
−π+π−

Decay after the Veto on Charmed Resonant
Decay Modes.

In Fig. 5.10(b) we reported the ∆M−−+ distribution obtained after the veto
on the Λ0

b charmed resonant decay modes (see Chap. 5) with overlaid the best fit
results when assuming in the modeling a Gaussian function for the signal, an expo-

nential for the combinatorial background, and including the B
0

(s) → D
(∗)+
(s) π−π+π−,

with inclusive D
(∗)+
(s) and B

0

(s) contributions, for the physics background.

  

mass window

sideband

Figure D.1: ∆M−−+ distribution with indicated the mass window (MW) and the side-
band (SB) used in the text.

The resulting Gaussian mean and σ (sig gauss M in the legenda of Fig. 5.10(b))
from the best fit are used to define the ∆M−−+ ± 3σ mass window region
(MW=∆M−−+±3σ = 3.332±0.048 GeV/c2) and the sideband region (SB=[∆M−−+

+ 3σ,∆M−−+ + 6σ]) as shown in Fig. D.1. Useful quantities, determined using
the best fits and that will be used in the next section, are reported in Tab. D.1.
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D.2. ρ0 Signal Contribution to the Λ0
b → Λ+

c π
−π+π− Decay after the

Veto on Charmed Resonant Decay Modes.

total events in MW 5515
total events in SB SBsb = 3559
signal events in MW 610± 88 (sig n in the legenda of Fig. 5.10(b))
background events in MW MWbkg = 5515-610 = 4905

sideband normalization
MWbkg

SBsb
=

4905
3559

= 1.38

Table D.1: Some useful quantities determined using the best fit parameters of the
∆M−−+ distribution of Fig. 5.10(b).

To demonstrate a ρ0 signal in the Λ0
b mass window of Fig. D.1, we reconstruted,

for each Λ0
b candidate in MW and in SB, the ρ0 candidates using a pair of tracks

of opposit sign, not from the Λ+
c , assigning both the pion mass. For each Λ0

b

candidate, the six tracks from the Λ0
b → Λ+

c π
−π+π− decay mode are ordered in

this way:

1︸︷︷︸ 2︸︷︷︸ 3︸︷︷︸ 4︸︷︷︸ 5︸︷︷︸ 6︸︷︷︸
K− p π+︸ ︷︷ ︸ π− π− π+

Λ+
c

The same sign pions are ordered by momentum, and it means that p4 > p5.
The main difficulty is given by the fact that we are dealing with these two pos-
sible ρ0 candidates: one with an high pT (the ρ0

high combination, using tracks 4
and 6) and the other one with a low pT (the ρ0

low combination, using tracks 5
and 6). Fig. D.2(a) shows the distribution of the invariant mass spectrum of the
two pions forming the ρ0

high candidates when the Λ0
b candidate is in the MW (red

filled histogram) with overlaid the same distribution when the Λ0
b candidate is

in the SB region (yellow filled histrogram, normalized to the background content
of Fig. 5.10(b), see Tab. D.1, for the sideband normalization), while Fig. D.2(b)
shows the same distributions but for the ρ0

low candidates.
The two pion combinations have different invariant mass spectra (Mρ0

high
and

Mρ0
low

) both in MW and SB regions (see Fig. D.2(a) and Fig. D.2(b)), but in

Fig. D.2(b) it is evident a clear signal of the ρ0 resonance (ρ0 Mass = (775.49 ±
0.34)MeV, Full width Γ=(149.1± 0.8)MeV [1]).

In the following we describe some of the techniques tested to extract the contri-
butions from the Λ0

b → Λ+
c ρ

0π− → Λ+
c π
−π+π−, Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− →

Λ+
c π
−π+π− and the non-resonant Λ0

b → Λ+
c π
−π+π−(nr) to the Λ0

b → Λ+
c π
−π+π−

without charmed resonances.
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Appendix D. Study of Λ0
b → Λ+

c π
−π+π− without Charmed Resonant

Decay Modes
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Figure D.2: Mρ0
high

D.2(a) and Mρ0
low

D.2(b) π+π− invariant mass distribution in
the mass window (red filled histogram) and in the sideband (yellow filled histogram) after
vetoed the Λ0

b charmed resonant decay modes.

D.2.1 Estimate of the yields for the decay modes with a ρ0

and the Λ0
b → Λ+

c π
−π+π−(nr)

We want now extract the signal yields of the sum of the Λ0
b → Λ+

c ρ
0π− →

Λ+
c π
−π+π− and of the Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π−, and of the

Λ0
b → Λ+

c π
−π+π−(nr).
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Figure D.3: Mρ0
high

mass distribution with overlaid the best fit curve (magenta curve)

in the mass window D.3(a) and in the sideband D.3(b) in range [0.3− 2.6] GeV/c2.

In order to that, we made a fit of both Mρ0
high

and Mρ0
low

mass distribution in both
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D.2. ρ0 Signal Contribution to the Λ0
b → Λ+

c π
−π+π− Decay after the

Veto on Charmed Resonant Decay Modes.

MW and SB regions.
The fit is performed in the range [0.3−2.6] GeV/c2 using different PDFs to model
the Mρ0

high
and Mρ0

low
in the MW and SB regions. The Mρ0

high
distribution is mo-

deled, in MW and SB regions, with a PDF composed of: a Voigtian function for
the ρ0 signal, with a width fixed to the PDG value (Γρ0 = 0.149 GeV) and the mass
resolution Gaussian with sigma and mean free to float in the fit, a Gaussian func-
tion with mean fixed to the central value of the K0 mass (MK0 = 0.498 GeV [1])
and the sigma free to float in the fit, and a third degree Chebyshev polynomial for
the background.
The PDF function used to model the Mρ0

low
is parameterized like the Mρ0

high
one

with the exception that we used a convolution between a Landau and an exponen-
tial function for the background.
In Fig. D.3 and Fig. D.4 we report the mass distribution fit in both MW and SB
regions for the two possible combination ρ0

high and ρ0
low.

All have a signal of ρ0π−π+, the ρ0 mass returned by the best fits are in agreement
with the measured ρ0 mass (see variables sig mean for the mass and the res sigma

for the uncertainty on it in the fit results legenda of these figures).
The parameters estimated from the fits in Fig. D.3(a) and Fig. D.3(b) are summa-
rized on Tab. D.2, where the total ρ0

high and ρ0
low in the Λ0

b → Λ+
c π
−π+π− signal is

the difference between the ρ0 signal yield fitted in the MW and the one fitted in
the SB region, respectively for Mρ0

high
and Mρ0

low
combinations.

Yields of ρ0 → π−π+

ρ0
high in MW 1113± 65 (peak yield in the legenda of Fig. D.3(a))
ρ0
high in normalized SB 604± 66 (peak yield in the legenda of Fig. D.3(b))
ρ0
high in Λ0

b → Λ+
c π
−π+π− signal 509± 93

ρ0
low in MW 329± 64 (peak yield in the legenda of Fig. D.4(a))
ρ0
low in normalized SB 299± 71 (peak yield in the legenda of Fig. D.4(b))
ρ0
low in Λ0

b → Λ+
c π
−π+π− signal 30± 96

Table D.2: Yields of ρ0
high and ρ0

low in the MW and in the SB regions obtained from
the best fit of Mρ0

high
and Mρ0

low
distributions reported in Fig. D.3(a) and Fig. D.3(b).

The yield of the ρ0
high (ρ0

low) in the Λ0
b → Λ+

c π
−π+π− is given by the difference between

the yields ρ0
high (ρ0

low) in the MW and in the SB.

In Tab. D.3 we report NTOT , that is the resulting yield of the fit reported on
Fig. 5.10(b), and the total yield of the ρ0 (Nρ0), that in principle is due to the
Λ0
b → Λ+

c ρ
0π− → π−π+π− and Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → π−π+π− decays,
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−π+π− without Charmed Resonant

Decay Modes
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Figure D.4: Mρ0
low

mass distribution fit with overlaid the best fit curve (magenta curve)
in the mass window D.4(a) and in the sideband D.4(b) in range [0.3− 2.6] GeV/c2.

calculated as the sum of ρ0
high and ρ0

low in Λ0
b → Λ+

c π
−π+π− signal of Tab. D.2.

In the same Table is reported the yield of the Λ0
b → Λ+

c π
−π+π−(nr) (Nnr) calcu-

lated as the difference between the total number of Λ0
b signal yield, after the veto

on the Λ0
b charmed resonant decay modes (NTOT ), and Nρ0 . The quoted result

for Nnr is consistent with the LHCb claim [17] which considers the proportion of
Λ0
b → Λ+

c π
−π+π−(nr) decay mode as null.

Λ0
b Decay Mode Signal Yield

NTOT = N(Λ0
b → Λ+

c ρ
0π− +N(Λ0

b → Λ+
c a1(1260)−)obs) +N(Λ0

b → Λ+
c π
−π+π−(nr)) 610± 88

Nρ0 = N(Λ0
b → Λ+

c ρ
0π−)obs +N(Λ0

b → Λ+
c a1(1260)−)obs 539± 133

Nnr = N(Λ0
b → Λ+

c π
−π+π−(nr)) 71± 159

Table D.3: In this table we report the yield of the Λ0
b → Λ+

c π
−π+π− after the veto on

the charmed resonances (NTOT ), the yield of the ρ0 (Nρ0) that in principle are due the
Λ0
b → Λ+

c ρ
0π− → π−π+π− and Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → π−π+π− decays, and

the yield of the Λ0
b → Λ+

c π
−π+π−(nr) (Nnr).
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D.3. sPlot to separate the contributions in Λ0
b → Λ+

c π
−π+π−

D.3 sPlot to separate the contributions in Λ0
b →

Λ+
c π
−π+π−

In these next Sections we want to use another technique to confirm, or improve,
the results obtained in the previous one. The aim is to determine the composition
of our Λ0

b → Λ+
c π
−π+π− sample, after the veto on the charmed resonant decay

modes, measuring the yields of the contributing decay modes: Λ0
b → Λ+

c ρ
0π−,

Λ0
b → Λ+

c a1(1260)− and Λ0
b → Λ+

c π
−π+π−(nr), all in Λ0

b → Λ+
c π
−π+π− final state.

In order to do that, we decided to use a statistical tool dedicated to the exploration
of data samples populated by several classes of events, called sPlot [100], [101].
With the sPlot we can explore a data sample, consisting of several classes of events
merged into a single sample, assumed to be characterized by a set of variables which
can be split into two components: the first one is a set of variables for which the
distributions of all the classes of events are known (these variables are collectively
referred to as a (unique) discriminating variable). The second component is a set
of variables for which the distributions of some classes of events are either truly
unknown or considered as such (these variables are collectively referred to as a
(unique) control variable).
The sPlot technique allows us to reconstruct the distributions for the control va-
riable, independently for each of the various classes of events, without making use
of any a priori knowledge on this variable with the assumption that the control
variable is uncorrelated with the discriminating variable. The general idea is to
use the sPlot, first of all, in the ∆M−−+ mass distribution fit (see in Fig. 5.10(b)),
where signal and background events can be separated by one-dimensional likeli-
hood fit, in order to obtain the two respective yields. Then, this technique uses
the results from the ∆M−−+ fit to calculate a weight (termed SWeights) for each
event, i.e. a sort of signal-likeness/background-likeness of a specific event, in or-
der to obtain a weighted dataset. With the specific weights, the mass distribution
of two pions can also be separated into the event classes, much better than an
advanced sideband subtraction because this is an unbinned subtraction between
signal and background, and the weighted dataset is being the result.
After having obtained the weighted dataset, we projected on it the variables that
represent the mass distribution of two pions (ρ0

high and ρ0
low). We did the same with

the invariant mass of three pions, m3π, not from Λ+
c (tracks 4, 5, 6 of Sec. D.2) to

investigate on the a1(1260)− → ρ0π− → π−π+π− signal.
The projections for these three control variables ρ0

high, ρ
0
low andm3π on the weighted

dataset are reported in Fig. D.5.
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Figure D.5: ρ0
high D.5(a), ρ0

low D.5(b) and m3π D.5(c) invariant mass projections
on the weighted dataset.

Fig. D.5(a) shows a clear ρ0 peak and Fig. D.5(c) also shows peak due to
the a1(1260)− (a1(1260)− Full width Γ from 250 to 600 MeV [1]), confirming the
contribution of the Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π− in the Λ0

b signal,
after the veto on the charmed resonant decay modes.
At this point, once obtained the projections on the weighed dataset, the next
step is to find a way to fit these distributions, in order to obtain the yields in
the hypothesis that the decay modes contributing to the Λ0

b → Λ+
c π
−π+π− signal

after the veto on the charmed resonances are: Λ0
b → Λ+

c ρ
0π− → Λ+

c π
−π+π−,

Λ0
b → Λ+

c π
−π+π−(nr) and Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π− → Λ+

c π
−π+π− .

First of all, as a cross check of the ρ0 yield determined in Sec. D.2, we performed
a fit of the projections of the two control variables ρ0

high and ρ0
low on the weighted

dataset of Fig. D.5(a) and Fig. D.5(b) using MC templates of these distributions
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c π
−π+π−

for the three decay modes.
The fact that in principle there can be two different combinations of a pion pair,
is a reason to make the fit of one of the two combinations (ρ0

high, having the best
mass resolution) and to use the achieved results in terms of composition as a cross-
check on the other one. In the next Sections we illustrate the method to determine
the templates of the three decay modes using MC samples and the fit procedure
adopted to separate these contributions in the data.

D.3.1 Templates Extraction from MC

The main difficulty to separate the three decay modes concerns the separation
of the Λ0

b → Λ+
c ρ

0π− from Λ0
b → Λ+

c a1(1260)− candidates, since a1(1260)− → ρ0π−.
In order to make the fit on the weighted dataset of the ρ0

high and ρ0
low distributions

we construct MC templates (shapes) of these distributions from the three decay
modes, that we describe in the following.
We generated MC samples of ≈ ×106 events for the Λ0

b → Λ+
c a1(1260)− →

Λ+
c ρ

0π− → Λ+
c π
−π+π−, Λ0

b → Λ+
c ρ

0π− → Λ+
c π
−π+π−, and Λ0

b → Λ+
c π
−π+π−(nr)

decay modes and reconstructed, like on data, ρ0
high and ρ0

low candidates in the Λ0
b

mass window.
For each MC sample, corresponding to one of the three decay modes, we have two
possible combinations, ρ0

high and ρ0
low, the first one using the tracks 4 and 6 (see

Sec. D.2) and the second one using the tracks 5 and 6, and for each of them we fill
two different kind of histograms that we call good histogram and bad histogram.
The good histogram is filled for the track pair 5 and 6 with the invariant mass of
the reconstructed ρ0

low candidate when the corresponding two pions are from the
ρ0 decay, while, when the pion pair is not from the ρ0 decay, the bad histogram
is filled with ρ0

low candidate reconstructed mass. The same is done for the good
histogram and bad histogram for the 4 and 6 tracks combination.
The ρ0

high invariant mass spectrum for the weighted data sample is expected to
have contributions from:

• Λ0
b → Λ+

c ρ
0π− decay mode, when the track pair is from the ρ0 decay (Fig. D.6

top histogram reports the invariant mass distribution for the true track pair 4
and 6) and when the track pair is the wrong one (Fig. D.6 bottom histogram
reports the invariant mass distribution for the wrong track pair 4 and 6).

• Λ0
b → Λ+

c a1(1260)− → Λ+
c ρ

0π− decay mode, when the track pair is from
the ρ0 decay (Fig. D.8 top histogram reports the invariant mass distribution
for the true track pair 4 and 6) and when the track pair is the wrong one
(Fig. D.8, bottom histogram report the invariant mass distribution for the
wrong track pair 4 and 6).
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• Λ0
b → Λ+

c π
−π+π−(nr), in this case the track pair is wrong in any case,

(Fig. D.10, top histogram reports the invariant mass distribution for the
track pair 4 and 6).

The corresponding distributions contributing to the ρ0
low invariant mass spectrum

are reported in Fig. D.7 (top histogram good combination, bottom histogram
wrong combination for the Λ0

b → Λ+
c ρ

0π−), Fig. D.9 (top histogram good combina-
tion, bottom histogram wrong combination for the Λ0

b → Λ+
c a1(1260)− → Λ+

c ρ
0π−)

and in the bottom of Fig. D.10 (for the Λ0
b → Λ+

c π
−π+π−(nr)). For each decay

mode, each pair of the invariant mass distibution of Fig. D.6, Fig. D.7, Fig. D.8,
Fig. D.9, are fitted separately and then merged togheter to obtain the templates
for the ρ0

high and ρ0
low mass distributions for the contribution mentioned above.

We could have used directly the distributions of ρ0
low and ρ0

high as reconstructed in
the MC for each decay mode, but since the shapes of good and bad histograms
are very different, this procedure guarantees a better description of them.
For the two pions contribution from Λ0

b → Λ+
c π
−π+π−(nr), the templates for

ρ0
high and ρ0

low are respectively obtained fitting the invariant mass distribution of
Fig. D.10 top histogram and Fig. D.10 bottom histogram. Fig. D.11 shows the
templates of the three decay modes normalized to the unit (PDFs) for the ρ0

high

(Fig. D.11(a)) and for the ρ0
low (Fig. D.11(b)).
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Figure D.6: MC contributions to ρ0
high from Λ0

b → Λ+
c ρ

0π− decay.
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Figure D.7: MC contributions to ρ0
low from Λ0

b → Λ+
c ρ

0π− decay.

Rho46_good
Entries  1288

]2 Mass [GeV/c-π+π
0 0.5 1 1.5 2 2.5 3 3.5

20

40

60

80

100

120

140

160

180

200

220

240

Rho46_good
Entries  1288

 Lca1 good-π+π

high
0ρ

]2 Mass [GeV/c-π+π
0 0.5 1 1.5 2 2.5 3 3.5

10

20

30

40

50

60

high
0ρ Rho46_bad

Entries  1165

 Lca1 bad-π+π

high
0ρ
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high from Λ0
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low from Λ0
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D.3.2 Fit of Single Combinations

We made the fit on the weighted dataset of the ρ0
high and ρ0

low distributions of
Fig. D.5(a) and Fig. D.5(b) modeling the contributions of the three decay modes
with the corresponding PDFs of Fig. D.11, letting free to float in the fit their
contribution. The fact that in principle there can be two different combinations of
a pion pair, is a reason to make the fit of one of the two combinations (ρ0

high, having
the best mass resolution) and to use the achieved results, in terms of composition,
as a cross-check on the other one, in order to verify that the fit of the π−π+ mass
projection on the weighted dataset for ρ0

low and ρ0
high leads to the same results

within the uncertainty.
The best fit result is reported respectively in Fig. D.12(a) for the ρ0

high and in
Fig. D.12(b) for the ρ0

low combinations.
These fits show a clear and obvious difficulty in separating the ρ0 contribution from
the Λ0

b → Λ+
c a1(1260)− candidates, where a1(1260)− → ρ0π− and ρ0 → π−π+, and

the ones from the Λ0
b → Λ+

c ρ
0π− candidates, where ρ0 → π−π+.

For the best fit of the ρ0
high ditribution, the total yield of Λ0

b → Λ+
c a1(1260)− and

Λ0
b → Λ+

c ρ
0π− and the yield of the Λ0

b → Λ+
c π
−π+π− (see the fit results legenda)

agrees with the same yields as determined in Sec. D.3. The same is not true for
the ρ0

low best fit where the yields are differents and only the Λ0
b → Λ+

c ρ
0π− is

compatible with a null contribution.
We did several checks about the modeling of the templates without success.
The problem seems to be related to a wrong modeling of the ρ0

low invariant mass
distribution, the one with the lowest momentum.
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Figure D.11: MC templates used for the ρ0
high D.11(a) and ρ0

low D.11(b) contribu-
tions in the fit.
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Appendix D. Study of Λ0
b → Λ+

c π
−π+π− without Charmed Resonant

Decay Modes
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Figure D.12: Invariant mass distribution of ρ0
high D.12(a) and ρ0

low D.12(b) with
overlaid the best fit curve (magenta curve).

D.3.3 Final Considerations

The sPlot technique, since it is an unbinned method, definitely gave us the
possibility to derive the maximum information, because of the low statistics we
have. Unfortunately the idea that make the fit of one of the two combinations
(ρ0
high, having the best mass resolution) and to use the achieved results in terms

of composition as a cross-check on the other one, did not work.
Comparing the two fits separately (see Fig. D.12(a) and Fig. D.12(b)), we realize
that the combination ρ0

high, characterized by the π− with highest momentum, is
one that gives less problems in the fit. Furthermore, for the best fit of the ρ0

high

ditribution, the total yield of Λ0
b → Λ+

c a1(1260)− and Λ0
b → Λ+

c ρ
0π− and the yield

of the Λ0
b → Λ+

c π
−π+π−(nr) (see the fit results legenda) agrees with the same

yields as determined in Sec. D.3 where a different method is used to extract the
contributions of the sum of the Λ0

b → Λ+
c a1(1260)− and Λ0

b → Λ+
c ρ

0π− , and of
the Λ0

b → Λ+
c π
−π+π−(nr). Since, Fig. D.5(c) clearly shows a peak due to the

a1(1260)−, this decay definitively contributes to the Λ0
b → Λ+

c π
−π+π− signal.

Despite all the studies done, we cannot exclude the Λ0
b → Λ+

c π
−π+π−(nr) and we

decided to continue this analysis (the update) assuming equal proportion (1/3, 1/3,
1/3) of the three decay modes.
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Acronyms

SM Standard Model

LHC Large Hadron Collider

LHCb Large Hadron Collider beauty

CDF Collider Detector at Fermilab

CDF II CDF in Run II

FNAL Fermi National Accelerator Laboratory

VCKM Cabibbo-Kobayashi-Maskawa matrix

CKM Cabibbo-Kobayashi-Maskawa

QCD Quantum Chromo Dynamics

RF Radio-frequency cavities

PDG Particle Data Group

SLAC Stanford Linear Accelerator Center

SVXII Silicon VerteX

ISL Intermediate Silicon Layers

L00 Layer ØØ

COT Central Outer Tracker
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Acronyms

TOF Time Of Flight detector

CEM Central Electro Magnetic calorimeter

CES Central Electromagnetic Strip multi-wire proportional chambers

CPR Central Pre-Radiator

CHA Central HAdronic calorimeter

WHA Wall HAdronic calorimeter

PEM Plug ElectroMagnetic calorimeter

PHA Plug HAdronic calorimeter

CMU Central MUon detector

CMP Central Muon uPgrade

CMX Central Muon eXtension

IMU Intermediate MUon system

BMU Barrel MUon chambers

BSU Barrel Scintillation counters

TSU Toroid Scintillation counters

CLC Cherenkov Luminosity Counters

BC bunch-crossing

HQET Heavy Quark Effective Theory

XFT eXtremely Fast Tracker

SVT Silicon Vertex Trigger

DAQ Data AcQuisition System

MC Monte Carlo

TTT Two Track Trigger

CSL Consumer Server/Data Logger
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Acronyms

VME Vesa Module Eurocard

PMT PhotoMultiplier Tube

OPE Operator Product Expansion

LEP Large Electron Positron

CP CP transformation that combines charge conjugation C with parity P

CERN Conseil Europen pour la Recherche Nuclaire

ALEPH Apparatus for LEP Physics (LEP Experiment)

DELPHI Detector with Lepton, Photon and Hadron Identification (LEP Exper-
iment)

FMPS Fermilab Multiparticle Spectrometer

WE Weak Exchange diagram

CPU Central Processing Unit

PDF Probability Density Function

SPS Super Proton Synchrotron (CERN)

HERA Hadron Electron Ring Accelerator (DESY)

NLO Next-to-Leading Order

SVX Silicon VerteX

VLSI Very Large-Scale Integration

AM Associative Memory

TDC Time to Digital Converter

PID Particle Identification

CWA Central Wall HAdronic calorimeters

BR Branching Ratio

CS Cabibbo suppressed

CF Cabibbo favored
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Acronyms

CL Confidence Level

rms Root Mean Square

XTRP eXTRaPolator unit

WLS wavelength shifters

HEPG High Energy Physics Group
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