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Messung der Effizienz-korrigierten Anzahl der Ereignisse des Zerfalls
A — AfDg - ein erster Schritt in Richtung Pentaquark-Suche im Zer-

fall A — AZD K~

Diese Arbeit stellt die Messung der Effizienz-korrigierten Anzahl von Ag Bary-
onen im Zerfall A — AFD; vor, bei dem das A im Kanal A7 — pK 7t
und das D im Kanal D; — K~ KTr~ rekonstruiert wird. Benutzt werden
Proton-Proton-Kollisions-Daten des LHCb Experiments, aufgenommen bei den
Schwerpunktsenergien 7 TeV und 8 TeV in 2011 and 2012, entsprechend einer

integrierten Luminositit von 3 fb~!. Die korrigierte Anzahl ist:
NAS = (4.5009 + 0.1044(stat.) 4 0.2052(syst.)) - 10°.

Dieser Wert wird in einer zukiinftig Analyse als Referenz-Wert fiir die Messung
des Verzweigungsverhiltnisses des Zerfalls A) — AjﬁOK ~ dienen, der wiederum
interessant im Kontext von Pentaquark-Suchen ist.

Um kombinatorischen Untergrund zu reduzieren werden multivariate Klas-
sifizierungsalgorithmen benutzt, die auf unabhéngigen Kalibrierungskanélen
trainiert werden. Ihre Effizienzen werden auf Daten validiert, wobei die klare
Signatur von A) — A} D benutzt wird.

Measurement of efficiency corrected yields of the decay A? — AD; -
a first step towards a pentaquark search in the decay Ag — Af;ﬁoK_:

This thesis presents the measurement of the efficiency corrected A(b) yield measured
in the channel A) — AF Dy, where the A is reconstructed in the channel Al —
pK~ 7t and the Dy in the channel D; — K~ K*n~. The analysis is performed
using proton-proton collision data from the LHCb experiment taken at center-of-
mass-energies of 7 TeV and 8 TeV in 2011 and 2012, respectively, corresponding
to an integrated luminosity of 3 fb~!. The corrected yield is:

Npo = (45009 + 0.1044(stat.) + 0.2052(syst.)) - 10°.

This yield will serve in an upcoming analysis as reference value for the branching
fraction measurement of the decay Ag — AjEOK ~. This decay is relevant in the
context of further pentaquark searches.

To reduce the combinatorial background multivariate classifiers trained on inde-
pendent calibration channels are employed and their efficiencies are validated in
a data-driven way using the clean signature of Ag — AFD; .



Contents

Introduction

1.1 The Standard Model . . . . . . . . .. .. ... ... ... ... ..

1.2 Pentaquark Searches . . . . . .. .. .. ... .. L.

1.3 The LHCb Experiment . . . . . . . . . . .. ... .. ... ...,
1.3.1 Charged Track Reconstruction . . . . . . ... ... ... ...
1.3.2  Particle Identification (PID) . . . . . . . ... ... ... ...
1.33 DataFlow . . . .. ... ... ...

Analysis Strategy
2.1 Selection Variables . . . . . . . . .

Data Selection

3.1 Preselection . . . . . . . . e
3.2 Mis-Identification Vetoes . . . . . . . . . . ...
3.3 Multivariate Selection . . . . . . . ...

3.3.1 Signal Optimization . . .. .. ... ... ... ... .....

Yield Extraction

4.1 Background Sources . . . . .. ... oL
4.2 Fitting Procedure . . . . . . . ...
4.3 Background Subtraction . . . . ... ..o
4.4 Charmless Backgrounds . . . . . .. .. .. ... ... ... ... ..

Efficiency Correction

5.1 Signal Yield . . . . . . . ...

5.2 Efficiencies . . . . . . . .
5.2.1 PID Resampling . . . . . ... .. ... ...

Validation Of Boosted Decision Trees (BDTs)

6.1 Motivation . . . . .. ...
6.2 Open-Charm BDTs . . . . . . ... ... ... ... ... .. .....
6.3 Application to the Channel Ap — AfD; . . . . ... ... ... ...
6.4 Validation of PID Efficiencies . . . . . . . . ... .. ... ... ...
6.5 Validation of Efficiency Factorization . . . . . . . ... .. ... ...

6.6 Application to the Decay A2 — AZD K~ . . . ... . ... .....

Systematic Uncertainties

23
23
25
26
30

31
31
32
33
34

38
38
39
41

42
42
44
45
47
23
25

56



8 Conclusion and Outlook

|  Appendix
A Veto Performance
B BDT Comparison plots

C Bibliography

57

59
60
62

83



1 Introduction

When the quark model was established only hadrons consisting of three quarks
(anti-quarks) or a quark-antiquark pair were known. Already in 1964 it became
clear that in principle nothing forbids the existence of particles containing more
quarks. Experimental experience shows that, if something is not explicitly forbid-
den, it is realized in nature. In 2015 this assumption seemed to be true: The LHCb
collaboration published the observation of two puzzling resonances in the J/¢p sys-
tem in an amplitude analysis of the decay AY — J/¥K " p . They were found to be
consistent with pentaquarks made up of four quarks and one anti-quark (uudce) [1].
This measurement, however, is not conclusive regarding the interpretation of these
newly found resonances. The quantum number assignment could not be measured
unambiguously. These newly found states were unexpected, sparking a wide theo-
retical interest. If the new states are indeed consisting of five quarks, their binding
mechanism has to be understood. For this purpose additional measurements are
necessary. One approach is to look for the same states in different decay channels.
An example for such a channel is the decay A) — AjﬁOK ~, where the a pentaquark
with the same quark content as the recently discovered pentaquark could be found
in the AjEO system. This A) decay itself has not yet been observed before and thus
before an amplitude analysis is performed first the decay needs to be established and
its branching ratio (BR) will be measured. A BR measurement of A) — AjEOK -
relative to the decay A) — AT Dy is foreseen:

B(AY = AFD°K) 11
B(Ay = AfD;) '

BR =

This thesis deals with the reference channel AY — AFD;. This channel is cho-
sen because it is well-established with a relative large branching fraction, BR(A? —
AfD;) = 1.10 £ 0.10% [2]. Additionally, both reference channel and the signal

channel A — AjEOK ~ are reconstructed in final states with the same six hadrons,
namely one proton, three kaons and two pions, so a majority of systematic uncertain-
ties are expected to cancel. Identifying these hadrons is one of the main challenges
of determining the relative branching fraction. Having this many particles in the
final state leads to large backgrounds from random particle combinations. In ad-
dition to particle identification variables defined on a per-track basis for the final
state particles, multivariate classifiers trained on independent control channels are
employed. The aim of these classifiers is to provide a variable to identify particles
containing charm quarks. For both cases, the efficiencies of selections using these

!Charge-conjugation is implied throughout this document.



variables have to be evaluated on independent control channels. If the efficiencies
are valid on other channels is tested using the clean signature of A — ATD; .

This chapter gives a short introduction in the theoretical foundation of pentaquark
searches and the LHCb experiment. In Chapter 2 the analysis strategy is detailed.
Chapter 3 describes the event selection of the decay A) — AFD_;. Chapter 4 is
devoted to the AY yield extraction and Chapter 5 introduces the selection efficien-
cies. An important component of the analysis is the usage of multivariate classifiers
trained on independent control channels to select particles containing charm quarks
(open-charm particles). These classifiers are described in more detail in Chapter
6, where their their performance is validated in a data-driven way using the clean
signature of the A) — AT D, decay. The thesis is completed by an estimation of
the systematic uncertainty in Chapter 7 and the conclusion in Chapter 8.

1.1 The Standard Model

The Standard Model (SM) of particle physics is a quantum field theory describing the
fundamental particles that constitute matter and their interactions. The interactions
are the strong, weak and electro-magnetic interaction. The fundamental spin %
particles (fermions) are divided into three generations of quarks and leptons, where
a quark generation is divided in up- and down-type quarks and a lepton generation
is divided in a neutral neutrino and a charged particle (see Fig. 1.1). The fermions
are characterized by the charges they carry, which determines which interactions
they take part in. For each particle there is an anti-particle carrying the opposite
charges. Interactions in the SM are mediated by gauge bosons:

The photon mediates the electro-magnetic interaction, the W*/~ and Z° bosons
the weak interaction, gluons the strong interaction. The SM is completed by the
discovery of the Higgs boson in 2012 [3] which gives mass to fundamental particles.

Neutrinos only interact by the weak interaction, charged leptons additionally by
the electromagnetic interaction. The key difference of quarks from leptons is that
they also carry color, the fundamental charge of the strong interaction. The field
theory describing strong interactions is quantum chromodynamics (QCD). It is gov-
erned by the SU(3). color symmetry, which has 8 generators corresponding to 8
gluons. Gluons themselves carry color charge (in fact they carry color and a dif-
ferent anti-color) leading to self-interaction between them, which is different from
quantum electrodynamics, where the photon is not self-interacting. This can lead to
confinement, although an analytic formalism is not known up to date. Confinement
is the observation that there are no free color-charged systems, only color neutral
bound states. Quarks carry color, therefore they have never been observed as free
particles, only bound in hadrons. This is caused by the potential energy between
two quarks rising linearly with distance at larger distances. It can be imagined as
'flux-tube’ formed by self-interacting gluons spanning between the two quarks. The
field lines are ’pulled together’ by the self-interacting gluons forming a field with
constant energy density giving rise to an potential energy rising linearly with dis-
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Figure 1.1: The Standard Model of particle physics. Taken from [4].
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Figure 1.2: Projections of the Kp and J/vp mass spectra of the decay AY —
J/1K~p. The blue and purple shaded histograms show the newly found
pentaquark resonances |[1].

tance. At some point the energy is large enough that this 'lux-tube’ breaks apart
creating a quark anti-quark pair from vacuum, which then form colorless bound
states again. Colorless states can be formed by a quark anti-quark pair or three
quarks (or anti-quarks) called meson and baryon, respectively, which constitute the
matter found in nature. Gell-Mann and Zweig already remarked in 1964 [5][6] that
in principle colorless systems containing four or five quarks are allowed in QCD. In
recent years candidates for such states have been observed and been given the name
tetraquarks and pentaquarks |7].

1.2 Pentaquark Searches

The search for so-called ’exotic’ hadronic states consisting of more than three quarks
has a long experimental — and sometimes controversial — history [7] [8]. In 2015
the LHCb collaboration published the discovery of two resonances consistent with
pentaquarks [1] with the quark content wudcé in the J/¢p system in the channel
A) — J/Y K p (see Fig. 1.3) with the masses 4380 & 8 + 29 MeV (P.(4380)") and
4449.84+1.7£2.5 MeV (P.(4450)"). Their widths were found to be 2054+18+86 MeV
and 39 + 5+ 19 MeV, respectively. An amplitude analysis of this channel was done
and found these resonances with a significance of more than 9 standard deviations.
Their spin and parity J¥ are not unambiguously determined by this measurement,
but the preferred assignment is for them to have opposite parity P and one state
having spin J = %, the other J = g Fig. 1.2 shows the projections of the K~ p and
J/1p mass spectra including the newly found pentaquark resonances.

Several theories describe such resonant structures. For a comprehensive summary;,
see [9]. If one describes them as pentaquarks, their inner structure has to be under-
stood. In the molecule model pentaquarks consist of a baryon and a meson loosely
bound by meson exchange. In the compact model all five quarks share the same



color 'bag’ and are tightly bound by gluon exchange. Fig. 1.4 illustrates these two
models. Because of confinement the pentaquark has to be color-neutral. This is
achieved by three of the quarks having the color-charge red, green and blue and the
anti-quark having the anti-color of the remaining quark.
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Figure 1.3: Pentaquark discovery channel. The pentaquark resonances were found
in the J/¢p system.

To get a better understanding of the nature of these states, additional measure-
ments have to be made [11]. One possibility is to search for these particles in
different decays channels. The decay Ay — AjEOK ~ is an interesting choice to
look for pentaquark resonances, as it has the same quark content in its final state
as the pentaquark discovery channel (see Fig. 1.5). The main difference is that the
charm anti-charm pair is contained in two separate hadrons compared to the J/1
in the discovery channel. This means that the same pentaquark resonances could
possibly be observed in the AZFEO system. An analysis of this decay using data
recorded with the LHCb experiment is in preparation, which aims in a first step to
establish the channel and measure its branching fraction relative to the reference
channel A) — AT D7 and in a second step to do a full amplitude analysis to search

for pentaquark resonances in the Ajﬁo system.

Closely related to this channel is the decay A) — Ajﬁo*K ~. Depending on
the model the expected branching fraction is large for pentaquarks decaying to
Ajﬁo*. For example, if the P.(4380)" is a molecule formed from EOZj(%f), its

decay width to Aj;ﬁo* is about 35-times the decay width of the decay to J/vp,
where it was discovered [11]. Analyzing this channel in addition to the channel

A) — AjﬁOK ~ would further help to determine the properties and advance the
theoretical understanding of the pentaquarks.
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Figure 1.4: Tllustration of the pentaquark as molecule (left) and compact particle
(right). The pentaquark needs to be color-neutral. Anti-blue is shown
as yellow [10].

1.3 The LHCb Experiment

The Large Hadron Collider (LHC) located at CERN provides a good environment
to search for pentaquarks in exclusive decay chains, as it is the only accelerator
reaching a large enough center-of-mass energy to provide A} baryons with sufficient
high statistics to study their decays.

At the LHC protons and heavy ions are accelerated and brought to collision at
different points. Various experiments are set-up to detect the particles produced in
such collisions. The LHCb experiment [12] is one of these experiments. It is a ded-
icated flavor physics experiment optimized for the detection of hadrons containing
charm and bottom quarks.

When bottom (charm) quarks are produced in the proton collision, the bb (c¢)
pair is boosted in either forward or backward direction as the interacting partons
have in general different proton momentum fractions. The LHCb detector is laid
out to cover the cone where the hadrons from the bb (c¢) pair are expected to fly.
Therefore it is a forward spectrometer. The coordinate system of the detector is
definied by the beam axis being the z-axis, the vertical direction the y-axis and the
horizontal direction the x-axis. It consists of several sub-systems described in the
following (also see Fig. 1.6):

1.3.1 Charged Track Reconstruction

Closest to the interaction point is the Vertex Locator (Velo), a silicon-strip tracker,
to reconstruct tracks of charged particles. Before the magnet further tracking is

11
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Figure 1.5: Feynman diagram for AY — AjboK ~. Pentaquark resonances could be
found in the Ajbo system.

provided by the Tracker Turicensis (TT), also a silicon-strip detector. After the
magnet providing a magnetic field with bending power of about 4 Tm three tracking
stations, divided into Inner Tracker (IT) and Outer Tracker (OT), are located.
The IT covers the high occupancy inner region closest to the beampipe and also
uses silicon microstrips, while in the OT straw-tubes are utilized to cover the outer
region. The TT and each tracking station consist of four layers, where the inner two
layers are slightly tilted by 4+5° as indicated in Fig. 1.7 for the TT. The trajectory
of charged particles is bent by the magnetic field which allows the measurement of
their momenta. The tracks are built up from measurements in the different tracking
systems and propagated through the magnetic field. Matching track segments before
and after the magnet are then combined to so-called long tracks (see Fig. 1.8).

Hadrons containing charm or bottom quarks decay via the weak interaction and
have large enough lifetimes and a boost in the experiment to travel for a measurable
distance before they decay. The Velo provides a good resolution of decay vertices
of 13 pm transverse to and 71 pum along the beam axis [13]. Long-lived particles
produced in the collision can be identified by the displacement of their decay vertex
from the primary vertex (PV), where the proton-proton interaction takes place. B
hadrons in the LHCb experiment travel on average ~ 1 cm before decaying leading
to a displaced vertex, which is used to select such decays. This is exploited in
this thesis, as the A decays at a vertex separated from the primary vertex and its
daughter particles containing charm quarks also decay at separated tertiary vertices.

LHCb has many subsystems dedicated to identifying and differentiating between
particle species (pions, kaon, protons, electrons and muons), as described in the
following section.

12



Figure 1.6: The LHCDb detector. On the left is the Vertex Locator around the colli-
sion region. To the right follows the first RICH detector and the Tracker
Turicensis. After the magnet the tracking stations are placed. The fi-
nal part consists of the second RICH detector, electronic and hadronic
calorimeters and muon stations [14].

1.3.2 Particle Identification (PID)

Particle identification (PID) is provided by two RICH systems (ring-imaging
Cherenkov light detectors), an electronic calorimeter ECAL, a hadronic calorimeter
HCAL and muon stations M1-MS5.

The RICH systems exploit the Cherenkov effect. When a charged particle tra-
verses a material with a velocity v greater than the speed of light in that medium,
it radiates light at an angle 6 depending on its velocity and the refraction index n
of the medium:

1
nB’
where 3 = % is the velocity of the particle relative to the vacuum speed of light,

c. Cherenkov light is only produced if the momentum p of the particle exceeds a
certain threshold depending on the particle mass m:

m < pvn?—1, (1.3)

cos(f) = (1.2)

13
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Figure 1.7: Layout of the four TT layers. The inner layers are rotated with respect
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in the RICH system as function of the particle momentum for muons,
electrons, kaons and protons [17].

where the speed of light ¢ is set to ¢ = 1. Measuring the angle of the Cherenkov light
provides a measurement of the velocity of the particle. Combined with the momen-
tum measurement from the tracking system a mass hypothesis can be assigned to the
particle. This is done in the following way: For each track hitting the RICH systems
in a single event the hypothesis that the corresponding particle is a pion is assumed
and an overall event likelihood L is calculated. This is done because pions are the
most abundant charged particles produced in high energy collisions. Then for each
particle the hypothesis is changed to different particles (proton, kaon,electron and
muon) and the change in the likelihood calculated. The final mass assignment is
then the hypothesis, which maximizes the likelihood. For each particle DLL (delta
log likelihood) variables are defined, describing the change in likelihood compared
to the pion hypothesis:

DLLX = Alog L(X — ) = log L(X)/log L(), (1.4)

where X is the electron, muon, kaon or proton hypothesis. It should be noted that
this likelihood is maximized for all tracks in an event at once, which could introduce
correlations between the DLL variables of different particles.

At LHCb two RICH systems are used. RICH1 is placed after the Velo, RICH2
after the tracking stations. They cover different momentum ranges: RICH1 covers
the low momentum range of ~ 1 — 60 GeV, RICH2 the high momentum range from
~ 15 GeV beyond 100 GeV. Fig. 1.9 shows a schematic view of the RICH1 system.

16



It uses an aerogel and C4Fi gas as radiators to produce Cherenkov light. The light
is then reflected and collected by mirrors and detected by Hybrid Photon Detectors.

The performance of the RICH system depends on the momentum of the particle
as shown in Fig. 1.9. The difference between the Cherenkov angle of pions, kaon
and protons is small for large particle momenta resulting in an inefficient particle
identification. The quality of identification also depends on the angle of incidence
of the particle and on the track multiplicity in an event. If many particles hit the
RICH at once the Cherenkov cones of different particles can overlap making it more
difficult to identify a single particle.

The electronic calorimeter ECAL measures the energy of photons and electrons
using bremsstrahlung and electron-positron pair production. The hadronic calorime-
ter determines the energy of hadrons, which produce hadronic showers in it. Muons
with a energy typical for LHCb are minimally ionizing and traverse the whole de-
tector without losing much energy. Therefore the muon stations are placed at the
end to detect them.

Similarly to the RICH system, for other PID subsystem also likelihood variables
are defined, which are all added to a combined likelihood (PIDX), where X is the
electron, muon, kaon or proton hypothesis. An alternative PID variable is provided
by an artificial neural network, which combines information from the different PID
systems to a single variable (Probyn(X)), where X is a pion, electron, muon, kaon
or proton. The advantage of using a neural network is to exploit the correlations
between different PID variables.

1.3.3 Data Flow

At LHC, protons are collided at a rate of 30 MHz. Collecting all the information
from the detector would require a large bandwidth of about 3 TB/s and much
disk space. In order to reduce the data output multiple mechanism are employed at
LHCb. First is the hardware trigger (LO trigger) reconstructing the hadron, electron
and photon clusters in the calorimeters with the highest transverse energy Er and
the two muons in the muon system with the highest transverse momentum pr. The
event is only kept if at least on of those values surpass a certain threshold. This
reduces the rate to 1 MHz. Events selected by the LO trigger are then reconstructed
by the high-level trigger (HLT), a software trigger, using the full event data reducing
the rate to a manageable level of 5 kHz corresponding to a bandwidth of 0.5 GB/s,
which is written to disk.

Events are then reconstructed offline by the BRUNEL software [18], which trans-
forms detector information to objects used in the analysis, for example combin-
ing measurements in the tracking stations to tracks. The reconstructed data is
then analyzed with the DaVinci software [19] forming physical objects from the
tracks. To further reduce the data used in an analysis to a more manageable level
a collaboration-wide preselection stream called stripping is applied selecting events
likely to contain particular decays. The full reconstruction takes a large amount of

17



time and is only redone if there are major changes in the calibration and configura-
tion.

In addition to the data produced by the detector, events from Monte-Carlo (MC)
simulations are used, especially to determine various efficiencies, like the efficiency
of the reconstruction algorithm or the trigger. Particles are generated by the Pythia
[20] software, decays are simulated by EvtGen [21] and the decay products are
propagated through a simulation of the whole detector using Geant [22]. The
simulated detector responses are then transformed by the Boole application [23] to
closely resemble real data. The same software used for reconstructing real events is
then used to reconstruct simulated data. With MC simulation the simulated (true)
values of the properties of a particle can be compared with the values after it is
reconstructed by matching a reconstructed track with its corresponding generated
particle (truth-matching).

18



2 Analysis Strategy

This analysis uses data taken in 2011 and 2012 with the LHCb detector at a center of
mass energy /s = 7 TeV and /s = 8 TeV corresponding to an integrated luminosity
of 1 fb™" and 2 fb™', respectively. The channel studied is A) — AF DI (see Fig.
2.1) where the A} and D; are reconstructed in the decays Af — pK 7" and
D; - K"K n .

s
D¢
C
b c
A u > u Y
d > d

Figure 2.1: Lowest level Feynman diagram for A — ATD;.

This channel will be used in the context of an upcoming pentaquark search as
reference channel for the branching fraction ratio (or short branching ratio BR)

measurement of the decay A — A¥D K~

— AD'K™)  N(AJ - AJD'K")  e(A) > AYDy) B(Dy — K*K )

BN = AfD;)  N(AJ—=AID;) (A 5 A*D'K-) B(D' — K+r-)
(2.1)

where the A will be reconstructed in the decay mode A} — pK~ 7" and the D’ in

the mode D' — K+n—.

The yields N and selection efficiencies € of both decay channels need to be known
as well as the branching fractions of the decays Dy — K™K~ 7~ and D’ = Ktn—,
which have been previously measured [24] [25]. The advantages of measuring a
A branching fraction relative to another A) decay is that the b-quark production
and AY hadronization fractions, which are only known with large uncertainties, are
canceled. Also, both channels are reconstructed in the same final state, so that

systematic uncertainties like the tracking efficiencies are expected to cancel.

N(A)—AT DY) for
e(A)—AF DY)
the branching fraction measurement. Both signal and reference channel contain two

The aim of this thesis is to provide the efficiency corrected yield

19



‘open-charm’ hadrons, A} and D’ in the signal and A} and Dy in the reference case.
The name ’open-charm’ refers to the fact that those hadrons have charm quantum
number +1. Both channels have the same final state consisting of a proton, three
kaons and two pions. Selecting the open-charm hadrons in final states with many
hadrons is one of the main challenges for the branching fraction measurement, as the
high number of final state particles lead to a large combinatorial background contri-
bution. To reduce this background, multi-variate classifiers trained on independent
calibration samples are employed using mostly PID information of the open-charm
decay products. The selection efficiencies of these classifiers are measured on the
calibration samples giving rise to the question whether they are applicable on other
channels. A method to check this is developed exploiting the clean signature of
A — AT D;.
The analysis proceeds as follows:

e AY candidates are selected in the decay A) — AF(— pK7")D;(— K- K*71")
using multivariate techniques

e The fit to the AT D, mass distribution is discussed

e A three-dimensional fit to the AY, AT and D, mass spectra is done to dis-
criminate the signal from charmless backgrounds without intermediate A} or
Dy

e The A} yield is extracted from the fit and corrected for the selection efficiencies
e The efficiency of the multivariate classifiers is validated

e Systematic uncertainties are assigned

2.1 Selection Variables

Important variables used in the following to characterize beauty and charm hadron
decays are introduced here.

pr is the momentum component transverse to the beam axis: pr = |/p2 + p2.

n is the pseudorapidity: n = —In(tan(%)), where 6 is the angle between beam axis
and the momentum vector of the particle in the laboratory frame. For highly
relativistic particles the pseudorapidity is approximately equal to the rapidity
y =5 In(F2=).

X2 /Naof is the x? of the vertex reconstruction divided by the number of degrees of
freedom. It is close to 1 for well reconstructed vertices and is large for badly
reconstructed vertices. The number of degrees of freedom when reconstructing
a vertex from NNV tracks is given by ng,y = 2N — 3.

20



Flight Distance (FD) is the distance of the decay vertex of a particle from its

production vertex. Its significance is described by x4, = %.

DIRA (DIRection Angle) is the cosine of the angle between the line connecting
the origin and decay vertex of a particle and its momentum vector (see Fig.
2.2).

Impact Parameter (IP) is the minimum distance between a track and the primary
vertex, as illustrated in Fig. 2.2. xZ is the change of the x? of the recon-
structed vertex when the track is added.

Xafatchr Xa/Ndofs Xvelo/Ddof describe the quality of the track reconstruction. The
variables X% /ngor and x¥;,/Ndoy arve the x* divided by the number of degrees
of freedom for the track reconstruction in the Velo and the tracking stations,
respectively. The overall x? of matching different track segments is described

by X?\/latch .

Probnn(Ghost) is the probability of the track being a ghost. Ghost tracks are
reconstructed tracks that do not belong to a real particle.

Qvelo is the charge deposited in the Velo by the particle.

ALgicu(x) is an output from the RICH systems. It describes the difference of the
logarithmic likelihood of the hypothesis that the particle is of species x (muon,
electron, kaon, proton) compared to the pion hypothesis: log(L,) — log(L,).

bihresh(X) is a boolean variable describing if the particle has large enough momen-
tum to produce Cherenkov radiation if the mass hypothesis x is assumed.

bricr 1, bricu2, bricu(aerogel) are boolean variables describing if the particle
generated a signal in the RICH systems.

Lniuon(x) is the likelihood of the particle traversing the muon system being a muon
or background.

Nshared (1) is the number of measurements in the muon station the particle track
shares with other tracks.

bismuon 18 @ boolean response from the muon system describing if the particle is a
muon.

Probnn(x) is the output of a neural network using various PID variables as input.
It describes the probability of a particle belonging to the species x (electron,
muon, pion, kaon, proton).
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reconstructed Track

Figure 2.2: Schematic view of the flight distance and direction angle (left) and the
impact parameter (right). Taken from [26].
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3 Data Selection

3.1 Preselection

The decay topology of A) — AT D (see Fig. 3.1) has distinct features, which are
exploited to select this decay. Because of its high lifetime and its boost within
the LHCb detector the AY flies a short distance after it is produced in the primary
vertex (PV) and decays at a separated secondary vertex (SV). Its daughters, the AF
and D, also travel some distance before decaying, forming tertiary vertices (TV)

separated from the SV.

TV1
A SV

PV
TV?2

Figure 3.1: Decay topology of AY — AT D .

In the stripping the selections listed in Table 3.1 are applied. The particles forming
the A} and D candidates are each required to have the same vertex (x2,,/Ndof <
10), to be inconsistent with originating from the primary vertex (x%, > 36) and
be downstream of the primary vertex (DIRA > 0). The A} candidate is built from
a AT and a D; candidate which are consistent with having the same production
vertex (x2,,/Naor < 10). The A) candidate is required to originate from the primary
vertex (x%p < 25 and DIRA > 0.999) and to have a lifetime greater than 0.2 ps.

In addition to the selection made in the stripping, the AY daughter masses are
restricted further to exclude events with no AF or D7: 2270.25 MeV < M,+ <
2304.75 MeV and 1949.16 MeV < M- < 1990.44 MeV. The A} D7 mass distribution
after the stripping and the mass requirements are shown in Fig. 3.2. The A} signal
peak is clearly visible over a fairly large background.
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Selection

AY > lpr| > 5 GeV, 5200 < M < 7000 MeV, x2,,/na0r < 10,
7 >0.2ps, xip < 25, DIRA > 0.999
A > |lpr| > 1800 MeV, [(M — Mppg)| < 100 MeV X2, /naor < 10,
%p > 36, DIRA > 0
D¢ >_lpr| > 1800 MeV, X3, /naop < 10,
X%p > 36, DIRA > 0
p/K/m Xzwer/Mdof < 3.0, pr > 100 MeV, p > 1000 MeV,
min(x3p) > 4.0, TRGHP < 0.4
PID PIDp > - 10 for p, PIDK > -10 for K, PIDK < 20 for =

At least one track with ~ P>10000 MeV, pr > 1700 MeV, x2 ., /ndof < 2.5,
min(x3p)>16, IP > 0.1 mm

At least two tracks with — x7,.../ndof < 2.5, pr > 500 MeV, p > 5000 MeV

Event nLongTracks < 500

Table 3.1: Selection applied in the stripping. Only events fulfilling these require-
ments are kept.

g Busoof
34000 ="t
% a:
§2000 T3500F
> L > E
L L L E
10000 3000
soool 2500
c 2000
6000} 1500

C L 1 L L L 1 L L L 1 M E_ . L 1 L L L 1 L L L 1 L

5400 5600 5800 5400 5600 5800
mLb (MeV) mLb (MeV)

Figure 3.2: A} D7 invariant mass spectrum after the stripping (left) and additional
requirements on the AT and D} masses (right). It should be noted that
the y-axises cover different ranges and do not start at 0.
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Figure 3.3: A} mass spectrum where the proton is assigned the kaon mass.

3.2 Mis-ldentification Vetoes

Each track is assigned a particle hypothesis (electron, muon, pion, kaon, proton).
This assignment might not be correct leading to backgrounds from other decays.
For example, the proton from AT — pK~ 7t could in reality be a mis-identified
kaon. To check this, the proton is assigned the kaon mass and the invariant mass of
the A} decay products under the new K+ K~ 7" hypothesis is calculated. Peaking
structures in this new invariant mass spectrum are a clear sign that the particle in
question is mis-identified. Fig. 3.3 shows this spectrum. Peaking structures at the
nominal DT and D} masses can be seen, meaning that indeed the particle identified
as proton was in reality a kaon and the observed decay was not A7 — pK -7t but
Dt - K*K 7" or Df - KTK n".

If there are signs of mis-identified particles in such invariant mass spectra, so-
called vetoes are applied. By just excluding the mass region in the new spectra
where signs of different particles are seen, backgrounds from mis-identified particles
can be reduced. Combining such mass cuts with a requirement on the product of
Probyn(X) x (1 — Probyn(Y)), where X is the original mass hypothesis and Y the
replacement effectively reduces mis-identified background while retaining a reason-
able signal efficiency. This variable is chosen because it ensures that the particle is
identified correctly (Probyn(X) is large), while keeping the mis-identification rate
low (Probyn(Y) is small). In the example of the AF, where a proton could be a
mis-identified kaon, X would be the proton and Y the kaon.

For A7 — pK 7" vetoes are applied on the decays D; — K K*n~, D™ —
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Vetoed decay Veto

Af | Dy - KYK 7~ | |Mgrgp—iy — Mp,| < 30 and pProbyn(p) % (1 — pProbyn(K)) < 0.05
¢— KTK~ | Mic(psicy — My| <5

DY — K—nt | Mg gp—my — Mpo| < 25 and pProbyn(p) % (1 — pProbyn(7)) < 0.05
DY — K"Kt | |Mgrix—py — Mp+| < 25 and pProbyn(p) x (1 — pProbyn(K)) < 0.05

D; | Af - pK—nt |\Mgrip—sry — My, | <25 and KProbyy(K) x (1 — KProbyn(p)) < 0.05
and |MKK — ng‘ >5

Dt = K-mtn | |Mgnixsm) — Mp+| < 25 and KProbyy(K) x (1 — KProbyy(r)) < 0.05
and |MKK — M¢| > 5

Table 3.2: Vetoes applied in the selection. The particles fulfilling these conditions
are likely to come from different decays and are rejected.

K K*n~ and ¢ — K~ KT, where a kaon is mis-identified as proton, D~ —
K-7nt7~ and D° — K~ 7t where a pion is mis-identified as proton.

For D; — K~ K*n~ vetoes are applied on the decays A7 — pK 7" where a
proton is mis-identified as kaon and D~ — K~ w7~ where a pion is mis-identified
as kaon. To further improve the efficiency of the vetoes applied to the Dy, events
where the invariant mass of the KTK~ system myy from the D, is close to the
invariant mass of the ¢ meson are always accepted. This is chosen because the decay
via the ¢ — KTK~ resonance dominates the D; — K~ K*n~ Dalitz plot.

The vetoes are summarized in Table 3.2 and the performance plots are shown in
Fig. 3.4.

3.3 Multivariate Selection

While the channel considered here delivers already a clean signature after the prese-
lection, the selection of decays with many final state hadrons, for example the signal
channel of the overlying analysis A — AjﬁOK ~, is in general not a straight-forward
task. An optimal selection should use PID information of all final state particles
to get a signal with highest possible significance. Such selections have to rely on
efficiencies obtained from calibration channels, which first have to be validated.

To reduce the number of variables used in the selection of open-charm particles
multi-variate tools have been used before in LHCD [27]. The idea is to take kinematic
and PID variables of an open—charm particle X, and its daughters and combine them
to a single optimized output variable using a multivariate algorithm. In the use case
here it would simplify the selection of A) — A (— pK 7")/D;(— K K n™):
Instead of using PID information from the six A7 and D, daughters, two classifiers
are trained — one for A7 and one for D; — reducing the number of variables to
just two variables, namely the output of the classifiers. Similarly, a classifier can
be trained for D° decays to be used in A — AjEOK ~. These classifiers essentially
provide a PID-like variable per charmed hadron, instead of the usual ones, which
are defined per track.
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Figure 3.4: Veto performance plots. Top left shows the shows the K~ K7~ mass
spectrum of the D, where the K~ is assigned the proton mass. Top
right shows the shows the K~ K*7~ mass spectrum of the D}, where

the K~ is assigned the pion mass. Middle left and middle right show

the invariant mass spectra of the pK~ and pK~ 7" systems of the A},

where the proton is assigned the kaon mass. Bottom shows the K'p mass

spectrum of the A, where the proton is assigned the pion mass.
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The clean signature of AY — AT D, can then be used to validate the usage of
such classifiers. It has then to be assumed that they are also valid to use on the
channel A) — AjEOK ~. The classifiers are trained, tested and evaluated using a
signal-like and background-like sample taken from independent control channels as
input. The control channel are A) — Af7~, B — D7t and Bt — D’r*. They
provide high statistics and a clean signature and only contain one open-charm hadron
simplifying the selection. The input samples are split in two parts: A training sample
is used to train the method and a testing sample to validate the training result. The
algorithm used in this thesis are Boosted Decision Trees (BDT5s). A decision tree
consists of several nodes (see Fig. 3.5). At each node a binary split is applied using
the variable, which provides the best separation between signal and background,
resulting in two subnodes. This is repeated for the subnodes until a convergence
criterion (usually the signal purity in the final nodes) is reached. The final nodes
are then either classified as being signal or background depending on whether signal
or background events are the majority. This basically selects many hyper-cubes in
the variable phase space to separate signal and background as opposed to a simple
cut-based analysis that defines a single hyper-cube. A single decision tree usually
suffers from overtraining meaning that statistical fluctuations in the training sample
are interpreted as feature of the signal or background distributions. This leads to
a worse discrimination performance when applying the decision tree to different
samples. This can be remedied by using a forest of decision trees instead of just
one. The classifier response is then the average of all decision trees. One method
to train many decision trees on a single sample is so-called boosting. After the first
decision tree is trained, events that are mis-classified are multiplied with a common
weight a.

1—e
= 3.1
a=—F, (3.1

where e is the error rate, the ratio of mis-classified events. The modified sample is
then used to train another decision tree and so on, making it more likely that the
previously mis-classified event is correctly assigned to signal or background. The
algorithms used here are implemented in the TM VA toolkit [28].

To check the performance of BDTs the response distribution for signal and back-
ground events is compared between training and testing sample. Large deviations
hint at the BDTs being over-trained meaning that they see statistical fluctuations
as features of the training sample leading to a worse performance on the testing
sample. The so-called Receiver-Operating-Characteristic (ROC) curve shows the
background rejection over the signal efficiency for a BDT. The larger the area under
this curve, the better the BDT separates between signal and background without
throwing away too many signal events.

The BDTs used here are discussed in detail in Chapter 6. An important point is
that they are trained on control channels different from the channel A) — A} D,
to which they will be applied. Whether the efficiencies of the BDTs trained on
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Figure 3.5: Schematic description of a decision tree. Taken from [28].
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subsample | AT BDT D_ BDT

11 -0.05500 -0.03625
2 1-0.07750 -0.01250
3 1-0.08250 -0.02250
4 1-0.07625 -0.02500
average | -0.07281 -0.02406

Table 3.3: Optimized BDT selection for different subsamples.

independent channels are applicable to this channel is also tested extensively in
Chapter 6.

The BDTs selections are optimized to find the working point with the highest
signal significance, described in the next section.

3.3.1 Signal Optimization

For BDTs a good working point has to be found as for different BDT selections the
signal efficiency and background rejection vary. This working point can be found by
maximizing a so-called figure of merit (FoM) which has to be chosen beforehand. A
common choice is to use

Nsig
Y\ Nsig + ]\[blcg7

where Nj;, is the number of signal and N, the number of background events in a
defined signal region. The optimal figure of merit is found for both BDTs at once.
This is done in the following procedure:

From a certain starting point the BDT selections are varied, effectively spanning
a two-dimensional grid of different BDT selection combinations. At each point of
the grid the two BDT requirements are added to the selection and the number of
signal events N, and background events Ny, in the signal region are extracted,
where the signal region is defined as the region containing 99% of all signal events
. To avoid biasing the FOM calculation cross-validation is used. First the data is
split into four parts with the same number of events. Three of these parts are then
combined at a time forming four subsamples, each excluding a different part of the
total sample. The optimization procedure is then run on each subsample resulting
in four optimized BDT selections. The final selection is then taken to be the average
of the selections obtained from the subsamples and added to the preselection and
vetoes. Table 3.3 summarizes the result of the optimization scan.

(3.2)

30



4 Yield Extraction

The Al D; invariant mass distribution after the selection is shown in Fig. 4.1.
The signal peak is clearly visible at the nominal AY mass. Different background
components are discussed in the following:

4.1 Background Sources

Partially reconstructed background In this analysis photons are not reconstructed.
Therefore decays like AY — AT D?~ with the D~ — D~ or D™ — D 7%(—
v7) have the same final state as the signal channel. The photon carries away
energy and momentum, which is missing when reconstructing the A candidate
resulting in the structure below the nominal A) mass. The main contribution
to partially reconstructed backgrounds is A — AT D?~. The D~ mainly de-
cays to D, v (93.5% branching fraction) [2] where the photon has a momentum
of approximately 140 MeV in the D}~ rest frame. Therefore this background
is well separated from the signal peak.

This background is described phenomenologically by the sum of two Gaussian
distributions with different means p and standard deviations o:
Npart,l : G(mAb; M1, Ul) + Npart,Q . G(mAb; M2, 02)7 (41)
where Npge1 and Npgp 2 are the respective yields.
Charmless background So-called charmless decays, where the AY decays without
intermediate A or D} are a possible background contribution peaking at the

nominal A) mass. They are discussed in more detail in section 4.4. A Gaussian
distribution is chosen to describe it:

Ncless : G(m/\b; Heless Ucless)a (42>
where N, is the yield.

Combinatorial background Combinatorial background is a featureless distribution
from random combinations of the desired final state particles. It is described
by an exponential distribution:

Ncomb . e(TmAb)7 (43)

with the yield N,y and parameter 7. This description for the combinatorial
background is chosen because particles with low energies are more abundant,
so random combinations with low energy are more common than combinations
with high energy, which would appear at larger masses.
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Figure 4.1: A} D7 invariant mass distribution after selection.

4.2 Fitting Procedure

The fitting procedure utilizes an unbinned maximum-likelihood approach. The soft-
ware used is RooFit [29].

The Af D invariant mass used in this analysis is reconstructed in a kinematic
fit with a decay tree fitter (DTF) utilizing a Kalman filter [30]. Its advantage is
that it simultaneously fits all decay tree parameters, like vertex positions, using the
external constraints provided by the final state particle measurements and internal
constraints from 4-momentum conservation. It allows for an improvement in the A
mass resolution by fixing the daughter masses, in this case the masses of AT and
D_, to their known values.

The combinatorial background is described by an exponential function, the par-
tially reconstructed background by two Gaussian distributions and the signal shape
by a Voigtian function to account for different resolution effects. A Voigtian V (z; u, o, 7)
is the convolution of a Gaussian G with mean p and standard deviation o with a
Lorentz distribution L with half-width-half-maximum ~:

Vi(x;p,0,7) =/ G(y; ,0)L(w — y;)dy,
]_ 1/y—p\2
Gy, 0) = =207, (44)
5
Lz —y;v) =

T((r —y)2 +7%)
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Figure 4.2: Partially reconstructed background. For the purpose of illustration the
D7~ is shown with a separate decay vertex. In reality it is so short-lived
that it does not travel a macroscopic distance in the detector.

The charmless component is described by a Gaussian with the shape and yield fixed
to the result of a three-dimensional fit, see section 4.4. The total fit function is

f(mAb> == Nsig : V(mAb; /fbsiga Usiga 751'9) + Npart,l : G<mAb; M1, 01)

. (4.5)

+Npart,2 : G(mAb; M2, 02) + Ncless : G<mAb; Heless acless) + Ncomb : 6( Ab)u
where Neomp is the yield of the combinatorial background, Ny and Npgre1 the
yields to estimate the partially reconstructed backgrounds, N, the signal yield and

Ngess the yield of the charmless contribution. Fig.4.3 shows the result of the total
fit.

4.3 Background Subtraction

The sPlot technique [31] is used to extract background-subtracted projections of
variables using the knowledge of the signal and background distributions in a dis-
criminating variable. In this analysis the AY mass (and D; and AJ masses in multi-
dimensional fits) is used as discriminating variable. In can be understood to work in
the following way: Events in the background region are assigned a negative weight
and events in the signal region a positive weight (called s-weights). By summing
over all events the events with negative weights eliminate the background events in
the signal region in a statistical way. An important requirement for this method to
work is that the variable, whose background-subtracted distribution is to be plotted,
is not correlated to the discriminating variable. To extract s-weights the fit is redone
with all fit parameters but the signal yields fixed. For each yield parameter Neppyp
there is a corresponding s-weight distribution Scsm,. The procedure is constructed
in such a way that summing over all s-weights of a component gives back the yield:

events

Ncomp = Z Scomp,i- (46)

i=1
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Figure 4.3: Fitted AT D, mass distribution.

4.4 Charmless Backgrounds

One possible background is the A) directly decaying to the final state particles
without intermediate A or D7 AO — pK 7Dy, A) - ATK-K*r~ and A) —
pK n" K~ K*n~ (see Fig. 4. 4) To Check if such charmless contributions are signif-
icant, the AY mass distribution is plotted for the sidebands of A and D, defined
as the mass region 25 < |M. — Mppg| < 50, where M, is the measured mass of the
charmed particle and Mppe its nominal value.

As seen in Fig. 4.5 the only significant contribution is from A) — AT K~ Kt~
which will be taken into account by a multi-dimensional fit to the A, AT and D
mass spectra. They are fitted simultaneously to differentiate between A) — AT D
and different background components. The total fit function is:

fma,,ma.,mp,) = Ny, x G(ma,)G(ma,)G(mp,)
+Neess X G(ma,)G(ma,)B(mp,)
+Neombr, X B(my,)G(ma,)B(mp,) (4.7)
+Neombp, X B(my,)B(ma,)G(mp,)
+Neomba.p, X B(ma,)G(ma,)G(mp,)

+Ncomb X B(mAb) (mAc)B(mDs)7

where N are the yields of the different components, G is a Gaussian with mean p

34



and standard deviation ¢ and B a linear polynomial.

G(z) = e~ 355 (4.8)

B(z) =1+ bx. (4.9)
The components can be classified as follow:

° NAB: Ag — A;FD;

Nyess: A) = AFTKTK -7~

® N.ompa,: combinatorial background with reconstructed A}

® Neompp,: combinatorial background with reconstructed D

® N.omba.p,: combinatorial background with reconstructed A and Dj
® N.,mp: pure combinatorial background

To ensure a stable fit the requirements on the AT and D masses introduced in the
preselection (see section 3.1) are relaxed to 2258 MeV < M, + < 2317 MeV and 1935
MeV < Mp- <2005 MeV, while the A mass is restricted to 5560 MeV < MAg < 5680
MeV. This leaves large enough sidebands in the mass spectra to properly fit all the
background contributions, while excluding the partially reconstructed background
in the AY mass spectrum.

The fit results are shown in Fig. 4.6. The yield and shape of A) — ATKTK -7~
from the three-dimensional fit is then fixed in the final fit, after correcting it for the
different A} and D, mass ranges compared to the final fit.
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Figure 4.4: Charmless A decays. Top left: A) — ATK~KT™n~. Top right: A) —
pK 7T D;. Bottom: A) — pK 7" K- K*r~.
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Figure 4.5: A} D7 invariant mass distribution in the A} and D} sidebands. Top left
shows the A D, invariant mass for the D} sideband, top right for the
A} sideband and bottom for both sidebands.
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5 Efficiency Correction

At each selection step a portion of events of interest (signal events) are rejected.
To determine the original number of signal events the efficiency €;,; of the whole
selection has to be known:

Npassed
)
Ntotal

where Nigq is the number of signal events before and Npgsseq the number of signal
events after all selection steps. Equivalently

N asSse
passed (5.2)

€tot
gives the total efficiency corrected number of events N,,,. Efficiencies are either
determined on MC simulations or data-driven methods exploiting calibration chan-
nels.
The efficiencies of all selection steps can be combined to the total efficiency €.
The combined efficiency €.o,p of two selection steps is usually calculated by taking
the product of the single efficiencies €; and e5:

(5.1)

€tot =

Ntoml -

€comb = €1 X €. (5.3)

This combination only leads to a correct result if the single efficiencies are not
correlated meaning that €..,,;, does not depend on the order of the selection steps.
If they are correlated the true combined efficiency is given by:

(61 — p-min(ey, €3)) X (62 — p - min(ey, €3))
1 — p-min(e, €)

, (5.4)

€comb = P - min(ey, €) +

where p is the correlation coefficient. It can be easily seen that equation reduces to
eq. 5.3 when there is no correlation (p = 0).

5.1 Signal Yield

The efficiency corrected signal yield is extracted using s-weights taken from the final
fit and corrected for the per-event efficiency of all selection steps:

Ne'uents ry

v="> L (5.5)
—  €toti
i=1

where Y is the efficiency corrected yield, Ngyents is the total number of events after
the final selection, s; is the s-weight of an event and €., is the total selection
efficiency of an event.
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5.2 Efficiencies

The total efficiency is the product of the following single efficiencies:

Generator acceptance As the LHCb detector does not cover the full solid angle
the fraction of A) decays whose final state particle are not in the detector
acceptance need to be taken into account. This efficiency is obtained from
MC simulation.

Reconstruction efficiency This includes the efficiency of event triggering, track
reconstruction and stripping. It is obtained from Monte-Carlo simulations.
The simulation does not simulate the pr and n distribution of the AY well
as the underlying processes of the b-production in the pp-collision are only
understood with a limited precision. Fig. 5.1 shows the comparison between
the MC distribution and s-weighted data. The simulated n distribution shows
a small bias towards larger values. Since the reconstruction efficiency depends
on pr and 7, and in order to account for the observed differences, it is binned
in those variables.

Offline selection efficiency The efficiency of the preselection in addition to the
stripping. Here only requirements on the AT and D, mass distributions are
made. The efficiencies are estimated from MC simulation.

Veto efficiency The efficiency of the mis-assignment vetoes. It is estimated from
MC simulation. As the PID variables used in the vetoes are not simulated
correctly, they have to be resampled beforehand (see Section 5.2.1).

BDT efficiency The total BDT efficiency is the combination of the two single BDT
efficiencies. How they are obtained is discussed in the next chapter.

While the whole dataset of 2011 and 2012 is used in this analysis, for this de-
cay only the MC simulations configured for the 2012 data-taking conditions were
available. This might introduce a systematic uncertainty to the efficiency corrected
yield, as different efficiency contributions might be different between 2011 and 2012
data-taking periods. Because this can only be quantified with MC, no systematic
uncertainty is assigned.

The single efficiencies are summarized in Table 5.1. The efficiency corrected yield
is then

Ny = (4.5009 + 0.1044) - 10°,

where the uncertainty is statistical only. The systematic uncertainty is estimated in
Chapter 7.
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Figure 5.1: Comparison between MC and s-weighted data.

Selection Efficiency (%)

Acceptance 17.00
Reconstruction and stripping 1.21
Charm hadron mass selection 94.13

Mis-assignment Vetoes 96.06
A} BDT 98.41
D; BDT 96.62
total 0.183

Table 5.1: Signal efficiencies.
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5.2.1 PID Resampling

MC simulation does not describe PID variables and their correlations very well. If
the selection uses a PID variable, the efficiency can therefore not directly be taken
from simulated data. One way around this is to resample the MC data. This is done
by using clean channels, where no PID information is needed to identify a particle.
The selection efficiencies of PID variables depend on the transverse momentum and
pseudo-rapidity of the particle to be identified and on the track multiplicity in an
event |32]. The efficiency distribution is therefore binned in these variables. For each
MC simulated particle the PID variable is drawn from the distribution corresponding
to its (pr/n/nTracks) values. This results in a distribution resembling real data.
The disadvantage of this procedure is that it does not take correlations between
multiple particles into account. Also, the phase space of the calibration channels
may not cover the whole phase space of the channel one would like to resample.
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6 Validation Of Boosted Decision Trees
(BDTs)

In this chapter the BDTs introduced in section 3.3 are described in more detail.
The BDTs effectively provide a PID-like variable for a charmed hadron, instead of
variables on per-track basis, like the output from the PID system. They are trained
and their efficiencies are evaluated on a control channel. Whether those BDTs can
be applied to other channels is verified in a data-driven way using the A) — AT D
channel.

In an earlier analysis of A) — AFD; [33] similar BDTs were used and shown to
produce reasonable results. There, a previous stripping version was used. Therefore
BDTs have to be trained with data selected with the new stripping version.

6.1 Motivation

In the overlying analysis of the decay A) — AjbOK ~ PID information of the final
state particles is needed to extract a signal. A possible way to do this, is to apply
a selection using the Probyy variables of all six final state particles. All those six
selection variables have to be optimized at once. A further problem is that they
could be correlated, leading to non-factorizing efficiencies. For example, two of
these particles could hit a RICH system close to each other, so that their Cherenkov
cones overlap. This would introduce a correlation in the RICH output. This can
be tested using the A) — AT D channel. It already provides a clean enough signal
without using PID information to be able to extract the yield, which can be used
to define a baseline. Then several selections using Probyy variables of the AT are
made, corrected for the PID selection efficiency and compared to the baseline yield.
The yields are obtained from three-dimensional fits introduced in 4.4.

The efficiencies are obtained on a per-particle basis using control channels, where
no PID information is needed to extract a yield. The single efficiencies are then
combined to a total event efficiency by multiplication.

Fig. 6.1 shows the efficiency corrected yield for different selections using Probny (K)
of the kaon, Probxn(p) of the proton and Probyy(7) of the pion from Al at different
fractions of signal events surviving the selection, which can be seen as ’true’ com-
bined efficiency. The different colors represent different combinations of Probxy(p)
and Probyy(m) selections. Points of the same color represent different Probyn(K)
selections. The blue band shows the baseline yield. A significant deviation of the
efficiency corrected yields of the selections using PID information from the baseline
yield can be seen. Also the efficiency corrected yields tend to be smaller for stricter
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Particle Selection

Af, D] DIRA > 0.999
X3p < 10

Bachelor pion Probyy(mw) > 0.1

Table 6.1: Selection of AT and D, BDT training channels.

selections indicating that the efficiency corrections do not lead to the correct results.

6.2 Open-Charm BDTs

To try to remedy the issues seen with using PID information of all daughter particles,
BDTs combining the information of three daughter particles to one are used instead.
The aim is to provide a single variable for charmed hadron identification instead of
using the PID variables of the open-charm decay products, which are defined on a
per-track basis.

To avoid biasing the BDTs the training channels used are not the same as the
channels they are applied on. MC data cannot be used for training as it does not
reproduce variables and correlations related to particle identification entirely correct.
Reweighting the MC variables to match the signal distributions would be challenging
as many PID variables are used and would have to be reweighted at once.

The channels A) — Af7~, B — D;nt and B~ — D%r~ provide clean signatures
and high statistics to train BDTs to select AT, D; and D° hadrons. In all three
channels a b-hadron X, decays to a charmed hadron X, and a pion: X, — X ™.
The BDTs are described in detail in [34]. The selection applied on these channels is
kept very loose because the same selection has also to be applied to other channels
when the BDTs are used there. The BDTs do not use information of the mother
b-hadron. The idea is to keep them as general as possible to be able to also apply
them to other channels containing the same charmed hadrons. The selection of the
channels A} — Af7n~ and B? — D7~ is summarized in Table 6.1, where bachelor
pion refers to the pion directly coming from the X, decay. On the bachelor pion
a loose PID selection is applied. This helps to get a clear X, signal and does not
influence the BDT training, as no variables of the bachelor pion are used. The BDT
for D° does not need further selections after the stripping. The input variables used
in the training can be found in table 6.2. They consist of kinematic variables of
the X, and of kinematic variables and PID information of the X. daughters. It has
to be verified that using the BDTs trained on the control channels also produces
reasonable results for other channels. Especially efficiency factorization has to be
checked, as e.g. in the analysis A — AjEOK_ both the A} and D° BDTs are
applied.

A s-weighted X, — X,.m sample is used to train and test the BDTs. The data
was taken in 2012 with the LHCb detector. The s-weights are obtained with a two-
dimensional fit to the X, and X, mass spectra to account for charmless contributions,
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Variable

Xc b, log pr, XQEV7 log X%P
Daughters p, log pr, log n, log x7p,
arctan Lyyuon(bkg), arctan Lysuon (i), Nsnarea(tt)

bthresh(K)a bthresh(’/r)a bthresh (p)v

arctan ALgrop(bt), arctan ALgrop(e), arctan ALgrop(K),
arctan AER]CH(N)y arctan ALRIOH(p),

log Probyy(Ghost), 108 X3atcn, 108 X7 /Tdof, 108 X¥reto/Tdos
bricH1, bricw2, bricu(aerogel)

log QVEZO? bisMuon

Table 6.2: BDT training variables [34].
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Figure 6.2: One-dimensional projections of the two-dimensional fit to the Afr—
(left) and A} (right) mass distributions in the A} — A}7~ control chan-
nel.

similar to the three-dimensional fit introduced in the previous chapters. For the
X, and X, signals the sum of two Gaussian distributions with common mean, but
different widths are chosen. The backgrounds are described by polynomial functions.
The mass distributions for the AY — AF7~ control channel are shown in Fig. 6.2.
A difference to how BDTs are usually trained is that instead of using two separate
signal-like and background-like samples the events of the same sample are used as
signal and background proxies only distinguished by their s-weights.

Fig. 6.3 and Fig. 6.4 show the BDT training results. No significant sign of
overtraining is seen.

6.3 Application to the Channel A} — A/D;

To apply the BDTs to other channels, the selection of those channels and the BDT
training channels should be consistent. Especially vetoes applied on the charmed
particles have to be the same to ensure that the efficiency calculation is correct.
For this reason the same vetoes described in section 3.2 are also applied to the
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Figure 6.3: A} BDT output comparison between training and test data on the left
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Figure 6.4: D7 BDT output comparison between training and test data on the left
side. Right side shows the corresponding ROC curve.

corresponding X, — X7 selection before training the A7 and D; BDTs. These
vetoes also use PID information. To keep the effect of possible correlations between
the vetoes and the BDT output minimal, the cuts on ProbNN variables in the vetoes
are chosen to be highly efficient.

In the stripping selection of AY — AT D events a loose PID selection is applied
on all D, daughters which are also added to the D, daughters in B — D; 7™
decays before training the D; BDT (see Table 3.1).

One has to make sure the variables used for training are similar in the training
and application channel. The BDT output depends on the distribution of the input
variables. If they are too different from the training channel the classification per-
formance does suffer. Especially the efficiency of the BDT selection can then not be
evaluated on the training channel.

The comparison of the BDT input variables between the training channels Ay —
Afn~— and B? — D;7" and the application channel A} — AfD; shows good
agreement (see Appendix B).

A further check to determine if the BDTs are applicable on A) — AFD; is to
compare the s-weighted BDT output distributions of this channel with the control
channels. This is shown in Fig. 6.5. The distributions are similar, but for the

46



+/\g . /\;r D 012

D/\g AT o

QT T [T [T T[T T[T I TTrT

— v b b e e b e Lo e b
0.4 0.5 0.2 -0.1 0 0.1 0.2 03 0.4 0.5
AdalLb2LcPi AdaBs2DsPi

Figure 6.5: S-weighted BDT output for application and control channels. A7 BDT
on the left, D BDT on the right.

control channels they are slightly shifted to the higher BDT outputs. This means
that applying the BDT to the A) — AT D channel will reduce the background, but
because of the differences between the distributions, the BDT selection efficiencies
obtained from the control channels might not be transferable to the application
channel. This is checked in the next section.

6.4 Validation of PID Efficiencies

The efficiency of the BDTs could depend on certain variables, which has to be taken
into account when applying them to different channels, where the distributions of
these variables could differ. The PID variables from both RICH detectors used
in training are expected to depend on the number of tracks in the event, as the
identification efficiency is lower for events with high track multiplicity. Also, different
decay channels could have different lifetime acceptances for the X, decays. Fig. 6.6
shows the A7 BDT efficiency as function of x%, of the AT and the number of tracks
of the event. As expected, the BDT efficiency is lower for events with more tracks, as
the RICH performance suffers when the track multiplicity is high and the BDTs rely
on RICH variables. The efficiency is nearly constant for large values of x%.p. At small
values, where the AT decays closely to the primary vertex, the efficiency drops. This
means that the BDTs perform better when the A} has a clearly separated origin
vertex. Binning the BDT efficiency in this variable is then justified, as different
application channels could have different b-hadron lifetime acceptances, so that also
the distributions of x%,, could be different.

To correct for these two effects the BDT efficiency is binned in %, and nTracks.
The efficiency is obtained from the BDT testing samples of the control channels
in the following way: The X}, mass spectra of the testing samples are again fitted
to extract s-weights. For the A} — A7~ channel a two-dimensional fit is used
again, while for B — D77 only the BY mass spectrum is fitted, as the charmless
contribution was found to be negligible. The fitted spectra are shown in Fig. 6.7.
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Figure 6.9: S-weighted x%, of the X, for application and training channel data.
Left: Comparison between the channels AY — Af7~ and A) — AT D, .
Right: Comparison between the channels B — D 7" and A) — A Dy .

From that the s-weighted nTracks over x%p distributions are generated, shown
in Fig. 6.8. After this, the same samples are taken again with a requirement on the
BDT output to be greater than a certain value. Now again s-weights are extracted in
the same way as for the samples with no BDT output requirement and the s-weighted
nTracks over x4, distributions are created for this selection. The efficiency binned
in nTracks and X%, is then obtained by dividing these distributions. The repetition
of the fit on the second sample is required as the BDT response is correlated to the
discriminating variables (the particle masses). Therefore just using the s-weights
from the first fit with a requirement on the BD'T output would introduce an error.

It should be noted that for A) — AT D; the y%,, distributions agree well with the
training channels (see Fig. 6.9), so the effect of the binning in this case is expected
to be small.

To check that the efficiency eppr (X%, nTracks) obtained from the control chan-
nels can also be used to correct for the selection efficiency when the BDTs are applied
to different channels, the clean signature of A) — AT D7 is used. A signal yield can
already be extracted without further need to use PID information of any final state
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Figure 6.10: One-dimensional projections of the three-dimensional fit to extract the
baseline yield. Top: A D, mass distribution. Bottom: A} mass dis-
tribution (left) and D, mass distribution (right).

particle for the selection. This allows for the definition of a baseline signal yield, to
which yields from tighter selections can be compared, after they are corrected for
the efficiency of the tighter selection. Fig. 6.10 shows the fit result used to extract
the baseline yield.

As a first step the validity of each BDT is checked separately. The procedure is
as follows: the BDTs trained on the AY — Af7~ and B? — D; 7" control channels
are applied to the AT and the Dy in A} — AF D, . Then a selection on A) — AF D
using one of the two BDT outputs is made. The signal yield is extracted with the
three-dimensional fit introduced in the previous chapter to account for charmless
contributions. This yield is then corrected for the BDT selection efficiency as ex-
plained in section 5.1 using the efficiencies egpra, and egpr p, from the Ag P\
and BY — D_ 7" control channels as explained above. The efficiency corrected yields
from the selections using a single BDT can then be compared to the baseline yield
from the selection using no BDT defined above. If it is valid to transplant the BDTs
to AY — AFD; and use the efficiencies obtained from the control channels, the
efficiency corrected yields should be close to the baseline yield. This is checked for
different selections using just the A} or D; BDT. These selections are chosen to
cover a large range of BDT selection efficiencies. The results are shown in Fig. 6.11
and Fig. 6.12. The figures show for both BDTs the efficiency corrected yield as
function of the fraction of signal events surviving the BDT selection (which can be
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Figure 6.11: Efficiency corrected yield for different AT BDT efficiencies, shown as
green points. The blue band shows the corrected yield of the selection
using no BDT.

seen as 'true’ single BDT efficiency). For large efficiencies the corrected yields are
in agreement with the baseline yield. At lower efficiencies however the efficiencies
are overestimated, resulting in an underestimated corrected yield compared to the
baseline yield. This could be caused by the veto selection, where also PID informa-
tion is used, and by the BDT output distributions being different for control and
application channels. The efficiency could depend on further kinematic variables,
which would require a multi-dimensional binning.

In conclusion selections using a single BDT produce reasonable efficiency cor-
rected yields only for high BDT efficiencies. It is only valid to use the BDTs and
efficiencies obtained from the control channels for other channels if the BDT effi-
ciency is reasonably high. At low BDT efficiencies this breaks down and the BDTs
can not longer be used without introducing systematic uncertainties. It should be
noted that the optimized BDT selection found for this analysis in Section 6 is well
within the region where the BDT efficiencies are valid.

Now that the single BDT efficiencies are shown to be only correct for high values,
the next step is to check the use of both BDTs at once to make the final selection.
The BDTs are trained on independent channels, but are applied simultaneously
on A} — AFD;. Correlations between A, D and their daughters could lead

s
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to correlation between the two single BDT efficiencies resulting in non-factorizing
efficiencies. This is checked in the next section.

6.5 Validation of Efficiency Factorization

The BDTs are trained on independent control channels, which are also used to obtain
their efficiencies. In the previous section it was shown that using a single BDT leads
to reasonable results in the channel A) — AFD_ for high BDT efficiencies. In the
final selection both BDTs are applied and the combined efficiency €ppr coms 0f this
selection has to be estimated. The simplest approach is to use the product of the
single BDT efficiencies egpra, and epprp,:

€BDT,comb = €BDT,A. X €BDT,D,- (6~1>

As discussed in Chapter 5 this combination only results in the correct combined
efficiency if the efficiencies are not correlated. In this section the validity of this
assumption is checked. The procedure is similar to the method used in the previous
section. Instead of just using a single BDT in the selection, now several selections
using both BDTs are made. The efficiency corrected yield is extracted in the same
way as described in the previous section and compared to the same baseline yield.
For non-factorizing efficiencies two effects should be visible: Combining correlated
efficiencies in this way lead to an over-(under-) estimation of the combined efficiency
if the correlation coefficient is negative (positive). This corresponds to an under-
(over-) estimation of the corrected yield. Secondly the combined efficiency changes
in a non-trivial way when the single efficiencies are varied (see eq. 5.4). This
should be reflected in the efficiency corrected yield not only having an offset from
the baseline yield due to the wrongly estimated total efficiency, but also showing a
variation when the single efficiencies are varied.

Fig. 6.13 shows the comparison of the efficiency corrected yield of various looser
and tighter selections using both BDTs with the baseline yield as a function of the
fraction of signal events surviving the combined BDT selection (which can be seen
as ’true’ combined selection efficiency). The corrected yields only agree well with
the baseline for all selection combinations with high single BDT efficiencies. For a
constant D BDT requirement the corrected yield is constant and no trend beside
the one already observed for the single BDTs is visible. The differences between the
corrected yields can be explained by the deviations from the single BDT selections.

In conclusion the assumption that the single BDT efficiencies factorize is valid and
the combining them to a total efficiency produces reasonable efficiency corrected
yields for highly efficient single BDTs. As the efficiency correction is shown to
break down already for single BDT selections at lower efficiencies, checking the
factorization in this region would make no sense, as the BDTs can not be used
there.
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6.6 Application to the Decay A? — AjﬁOK_

The overlying goal of this thesis is to verify the selection of open-charm charm par-
ticles using BDTs. In the previous sections the validity and efficiency factorization
of the AT and D, BDTs have been verified on data for high BDT selection efficien-

cies. In the case of the A) — AjbOK ~ channel the assumption has to be made
that the D° BDT efficiency is also valid at high efficiency and factorizes with the
A} BDT. This assumption is reasonable as the D° BDT uses the same input vari-
ables and similar training parameters and sample selection as the D, BDT. From
the efficiency studies a systematic uncertainty can be estimated by comparing the
corrected yields with the baseline.

A) — AZ“EOK ~ is a three-body decay and the kinematics of the A; daughters
could differ from the kinematics in the two-body decay training channels. Additional
binning of the BDT efficiency in a kinematic variable (for example pr of the charmed
particle) should account for such differences. Another approach would be to reweight

the X, — X.m samples to match those of A) — AjEOK* before training the BDTs.
Also, the BDT selection has to be highly efficient, as it is shown that the single
BDTs are not valid for low efficiencies.
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7 Systematic Uncertainties

In the following different sources of systematic uncertainties are evaluated:

MC sample size The finite size of the MC sample gives rise to a statistical uncer-
tainty on all efficiencies estimated with it, which is accounted for by adding it
as systematic uncertainty to the efficiency corrected yield.

Signal shape To estimate the uncertainty from the description of the signal shape
the nominal fit is redone using a single Gaussian instead of a Voigtian function.
The difference between the signal yields is added as systematic uncertainty.

A mass range To check the effect of the AY mass range on the yield the signal fit
is redone in the window 5550 MeV < mpo< 5700 MeV. The difference to the
nominal yield is added as uncertainty.

Charm hadron mass resolution The resolution of the open-charm hadrons could
be different in data and MC. To account for this the mass spectra of both
A} and D; in data and MC are fitted with a single Gaussian. The difference
between the standard deviation is then taken as uncertainty.

BDT efficiency As discussed in the previous chapter, the efficiency corrected yield
for a certain BDT selection can be compared with a baseline yield. The differ-
ence between the corrected yield when applying a single BDT to this baseline
is added as systematic uncertainty.

Table 7.1 summarizes the systematic uncertainties. With this the final corrected
yield is

NAg = (4.5009 £ 0.1044 4 0.2052) - 10°,

where the first uncertainty is statistical and the second systematic.

Source Systematic Uncertainty (%)
MC sample size 1.74
Signal shape 3.60
A mass range 0.67
Charm hadron mass resolution 0.85
A} BDT efficiency 1.63
D7 BDT efficiency 0.97
total 4.56

Table 7.1: Summary of systematic uncertainties.
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8 Conclusion and Outlook

The efficiency corrected yield of the decay A) — AFD;, which will serve as refer-
ence value for the branching fraction measurement of the decay Ay — AjEOK -,
was determined using data from the LHCb experiment recorded in 2011 and 2012

corresponding to an integrated luminosity of 3 fb™:

Npo = (45009 % 0.1044(stat.) & 0.2052(syst.)) - 10°.

In the overlying analysis the decay A) — AC*EOK ~ will be observed for the first
time. After that, a full amplitude analysis of this decay will be done to look for
pentaquark candidates in the Ajﬁo system.

Combinatorial backgrounds are large for this decay because it is reconstructed in a
final state with six hadrons. To reduce this background the usage of PID information
of the final state particles is essential. At LHCb PID information is provided on a
per-track basis. In this thesis another approach was tested, which is to combine
the PID information of the three open-charm daughters to a single variable with a
BDT. This provides a PID-like variable for the charmed hadrons. For both methods
the efficiencies are obtained from independent control channels. Whether these
efficiencies can be used to correct selections of other channels has been tested using
the clean signature of the A) — AT D decay, where no PID information is needed
to extract a signal yield, which is used as a baseline yield. Various selections with
and without using PID variables have been made, the signal yield extracted and
corrected for the efficiency obtained from the control channels. For both methods
large deviations from the baseline yield have been seen when the PID selection had
low efficiency. It has to be further tested what causes this. In the vetoes against
background from mis-assigned particles already PID information was used. It is
possible that the efficiency of the vetoes is correlated with the efficiency of the
additional PID selection. Also possible is that the there are additional backgrounds
from mis-assignment in the decay A — AFD;, which have not been identified,
distorting the efficiency correction.

Additional checks could be done by finding further channels with the same charmed
hadrons and a similar clean signature. Especially also checking the D° BDT could
help to understand the observed problems.

When applying the BDTs to A — AjﬁOK ~ it should be checked how the BDT
responses look compared to the training channels. If they look similar, it can be
assumed that the efficiency correction behaves like in the A) — A} D case. This
means that the efficiencies of the BDTs are only valid at high values.

While similar BDTs have already been used at LHCb, here they have been re-
calibrated for a newer stripping version. It has been shown that the method does

s )
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not work for all BDT efficiencies.
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B BDT Comparison plots
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