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Abstract

The first observation of the decay A — A,j’D_K* (892)0 is presented in this thesis, using data corresponding to
an integrated luminosity of 3.0 fb~! collected at center-of-mass proton-proton colliding energies of 7 TeV and 8 TeV
in 2011 and 2012 by the LHCb detector. The measured efficiency corrected signal yields are N A9 AT DK™ corr =
8900 + 1900, with statistical error. A future branching fraction measurement with reference to the normalization
channel A — AFD; can be performed, which allows an amplitude analysis of resonances of the ATD™ subsystem

for the search for the neutral isospin partners of pentaquarks P.(4380)" and P.(4450)" observed in 2015 at LHCb.

Kurzfassung

Diese Arbeit widmet sich zur ersten Entdeckung des Zerfalls A) — AjD*K* (892)0, extrahiert von Daten gesam-
melt vom LHCb Detektor in Proton-Proton-Kollisionen bei /s = 7MeV und /s = 8 MeV im Jahr 2011 und 2012,
welche einer integrierten Luminositét entsprechen. Die gemessene Anzahl der Ereignisse des Zerfalls mit Effizienzko-

rrektur betridgt N, o = 8900 £ 1900, mit statistischem Fehler. Eine zukiinftige Messung des Verzwei-
b

—>A;*'D_E*0,Corr
gungsverhiltnises relativ zum norminalen Zerfall A) — AD_ kann durchgefiihrt werden, welche eine Amplituden-
analyse erlaubt, um die Resonanzen im AjD_ System zu studieren, die zur Suche nach den neutralen Isospinpaaren

der im Jahr 2015 beobachteten Pentaquarks P.(4380)" and P.(4450)" bei LHCD fiihrt.
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Introduction

This thesis is devoted to the first observation of the decay mode AY — AjD_K* (892)0, extracted from datasets
corresponding to an integrated luminosity of 3.0 fb~* collected at center-of-mass proton-proton colliding energies of
7TeV and 8 TeV in 2011 and 2012 (run I data) by the LHCb detector. The efficieny corrected signal yields of the
decay AY — AjD_K*O (the signal channel) are measured. Being well-studied, this decay channel allows a future
study on resonances of the AF D™~ subsystem, which would have a minimal quark content of ccudd. These resonances
could be pentaquark candidates, which are the neutral isospin partners to the pentaquark candidates with the quark
content ccuud observed in 2015 [2].

The first step is to establish the decay channel, using a cut-based selection. Multi-dimensional mass fits and a
brief efficiency study are conducted, to extract the efficiency corrected signal yields. The next step is to reexamine the
decay channel, using a selecion involving two boosted decision trees (BDTs) and rectangular cuts. The efficiency cor-
rected signal yields are obtained from mass fits and an efficiency study, which is compared to the measured efficiency
corrected signal yields in the first step.

The thesis consists of nine sections. Section I provides a brief overview of the Standard Model of particle physics
(SM). Section II is an introduction of the LHCb experiment. Section III gives a short summary of pentaquark searches.
Section IV presents the cut-based selection, which is used to establish the signal decay from the data, and mass fits,
which estiamte backgrounds related to partially reconstructed decays and the signal decay and deliver the signal yields.
Efficiency corrected signal yields are given after a short efficiency study. This section serves as a first exploration of
the runl data and a preparation for the offline selection using a combination of BDTs and one-dimensional cuts and
corresponding mass fits, which are presented in Section V and VI. Section VII is devoted to an efficiency study. The
measured efficiency corrected yields and a brief comparsion between the measured signal yields using two different
selection methods are given in Section VIII. Systematic uncertainties are briefly discussed. Section IX concludes this

thesis and provides an outlook for future study of this decay channel.
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1 Brief Overview of the Standard Model

The Standard Model of particle physics describes the elementary particles and the interactions between them [3].
The elementary particles are divided into the fundamental fermions, which constitute matter, and the fundamental
bosons, which mediate the interaction between the fundamental fermions. The fundamental fermions have spin % and
are further divided into six quarks and six leptons. The six different types of quarks and leptons are called six flavors.
The quarks and lepton are divided into three generations. In each generation, there is a charged (¢ = —e) lepton, a
neutral neutrino, a positive charged (¢ = %e) quark and a negative charged (¢ = — %e) quark. The twelve fundamental

fermion are listed in Table 1 with their masses charges.

First Generation Second Generation Third Generation
type flavor q/e | m/GeV flavor q/e | m/GeV flavor q/e | m/GeV
Quarks up (W) +2 | 0.005 charm (c) +2 1.3 top (t) +2 174
down (d) —% | 0.003 strange (s) -1 0.1 bottom (b) -1 4.5
Leptons electron (e™) —1 | 0.0005 muon (4 ~) -1 0.106 tau (77) -1 1.78
electron neutrino () | 0 | <107° | muon neutrino (v,) | 0 | <107% | tau neutrino () | 0 | <107°

Table 1: The fundamental fermions with their charges and masses.

The three fundamental forces (electromagnetic, strong and weak forces) are described by quantum field theories
(QFTs) corresponding to the exchange of spin 1 gauge bosons. The interactions between charged particles are mediated
via exchange of virtual photons are described by quantum electrodynamics (QED). Gluons are the force-carriers of
the strong interactions between quarks, which are described by quantum chromodynamics (QCD). The weak charged-
current interaction and weak neutral-current interction are mediated by the charged W+ bosons and the neutral Z
boson. The gauge bosons and the forces that they carry are listed in Table 2. The Higgs boson, the last element of
the SM, was dicovered in 2012 [4, 5], which has a mass of myg ~ 125 GeV and spin 0. In the SM, the Higgs boson
assigns masses to other fundamental particles through the Higgs mechanism. Because of the half-interger spin, the
fundamenal fermions follow Fermi-Dirac statistics. On the contrary, the fundamental bosons have integer spin (1 for
the four gauge bosons and O for the Higgs boson) and follow Bose-Einstein statistics. In QFT, a gauge boson couples
to a elementary particle only when it carries the charge of the associated interaction. The charge associated with QED
is the electric charge, while the charges associated with QCD and the weak interaction are the color charge and the
weak isospin. The coupling of the gauge bosons to other particles can be described by an interaction vertex, which is
the intersection of the gauge boson, one incoming particle and one outgoing particle, using Feynman rules [6]. These

concepts are illustrated in the following.
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name q/e | m/GeV force

photon () 0 0 electromagnetic

gluon (g) 0 0 strong
W boson (W) | £1 | 80.4
7 boson (7Z) 0 91.2

weak

Table 2: The gauge bosons with their charges, masses and the forces that they carry.

1.1 The Electromagnetic Interaction

In QED, the charge carried by a particle that allows it couple to the photon is the electric charge. Due to electric
charge conservation and flavor conservation at the interaction vertex, a vertex in QED correspond to either annihilation,
creation of a particle-antiparticle pair or scattering of a charged particle at the presence of another charged particle.

The coupling strength is described by a scalar o =~ % Three examples are given in Figure 1 to illustrate the QED

vertices.
- e e
e— e
i o
v
+
e et

(c) e scattering in the electric poten-

4 s
a) e~ e pair annihilation. — ot naj ; . .
@ P (b) e”e™ pair creation. tial of another charged particles.

Figure 1: Examples of QED vertices.

1.2 The Strong Interaction

In QCD, the charge responsible for the strong interaction is the color charge. Since only quarks and gluons carry
color charges, only they participate in the strong interaction. So far no free quark has been observed, which motivates
the hypothesis of color confinement, which requires that color charged particles be confined to color singlet states [7].
Consequently the quarks are always observed in bounded states, which takes the form of mesons (qq), baryons (qqq)
and anti-baryons (qqq). Because of electric charge conservation, flavor conservation and color conservation at the
strong interaction vertex, a vertex in QCD represents the interaction between two quarks via a gluon or self-interactions
of gluons. The coupling strength at a QCD vertex is given by ag. Experiments studying 7 decay, deep inelastic
scattering of electrons, eTe™ annilation and quarkonia showed evidence that the coupling strength a.g becomes smaller
(~ 0.1) when |g| > 100 GeV, where g is the four-momentum of the exchange particle at the vertex. This is known as

asymptotic freedom. This is quite convenient for experiments involving high-energy particle accelerators, since with
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ag ~ 0.1, perturbation theory is applicable. However, the value of ag is not so small that higher-order correction for
a process is negligible. This remains as a challenge for the study of QCD. Some QCD vertices are demonstrated in

Figure 2 as an example.

q
E q q g g
>mxmmgxxmw &
g g
q q

(c) Quark scattering process.  (d) Gluon-gluon interaction.

(a) qq pair annihilation. (b) qq pair creation.

Figure 2: Examples of QCD vertices.

1.3 The Weak Interaction
In quantum mechanics, the parity operation can be associated with its operator P, which is defined as

which is equivalent to spatial inversion [8]. It can be easily shown that parity is conserved in QED and QCD, by
applying the parity operator for Dirac spinors' to the QED and QCD four-vector currents [9]. Parity violation was first
proposed by T. D. Lee and C. N. Yang [10] in 1956 and experimentally proven in the Wu experiment [11] in 1957.
The V-A structure was then proposed for the current-current interaction, where the interference of the V and A parts
gives rise to the parity violation and the chiral structure of the weak interaction in the limit £ >> m for the interacting
particles, which can be verbally described as "only left-handed chiral particles and right-handed chiral antiparticles
participate in the charged-current weak interaction" [7]. Experimentally it was found that the charged-current weak
interaction is mediated by W boson [12, 13]. The signal decay involves two weak interaction vertices mediated via

a W~ boson (see Figure 6 (a)).

2 The LHCDb Detector

The Large Hadron Collider beauty (LHCb) experiment is one of the seven experiments that are currently running

at the Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN, French: conseil

'Tt can be shown that the parity operator for Dirac spinors can be written in matrix representation as pP=

©c o o~
o o~ o
I
-
o
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européen pour la recherche nucléaire). It is designed to investigate why our universe mainly consists of matter rather
than antimatter by studying the CP violation involving b quark [14]. The LHCb detector is a single-arm forward
spectrometer, of a weight of 5600 tons and a volume of 21 x 13 x 10m?3, for the purpose of precise measurement of
decays of the b quark. The main contribution to beauty production at the LHC is gluon-gluon fusion [15, 16]. Two
patrons participating in the creation of a bb pair have asymmetrical momenta, causing a boost of the bb pair along the
beam axis in the laboratory frame [17]. Comparing deviations between the results from precise measurements to SM

predictions may reveal new physics beyond the SM.

2.1 The Large Hadron Collider

The LHC collides pp, pPb and PbPb beams, with a series of accelerating structures, inside a 27-kilometer ring of
superconducting magnets, to test the theoretical predictions in particle physics and search for new physics beyond the
SM. The LHC was operated for proton-proton collision at center-of-mass energies 7 TeV in 2011, 8 TeV in 2012 and
13 TeV in 2015 and 2016 respectively [18].

2.2 The LHCDb Design

With the large bb production cross section of ~ 500ub expected at an energy of 14 TeV, the LHC will be the
largest b quark factory in the world. With a luminosity of 2 x 1032 ecm~2s~!, 10'2 bb pairs would be produced in
107 s, corresponding to the canonical one year of data taking at LHCb [14]. This moderate luminosity allows simpler
analysis with less primary pp interactions and reduces radiation damage to the detector. The LHCb detector is located
near the intersection point 8 of the LHC to detect the forward flying particles from the pp collision. Besides its
superb capability for b quark research, LHCD is also a prominent charm factory [19, 20]. In the following each of the

subdetectors is briefly explained. A schematic side view of the LHCb detector is given in Figure 3 [21].

2.2.1 Vertex Locator

The vertex locator (VELO) measures tracks of charged particles near the interaction point to reconstruct the primary
vertices and the displaced secondary vertices of b or c-hadrons, which are distinctive feature of b and c-hadron decays
[22]. In this way, the VELO allows lifetime measurement of b and c-hadrons and the impact parameter (IP) (see
section 4.1) of the tracks of charged particles, which is an important parameter to distinguish the prompt particles,
which are coming from the pp collision, from the secondary particles from b and c-hadron decays. The VELO can
detect particles with pseudorapidity? 1.6 < 1 < 4.9 and within 10.6 cm range from the colliding point.

The VELO consists of many layers silicon modules, ¢-modules and r-modules, which measure the radial distance

r of a track to the beam and the azimuthal angle ¢ perpendicular to the beam direction and are divided in two halves.

2The pseudorapidity is defined as 7 := — In (tan %)
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Figure 3: Schematic side view of the LHCb detector.

The two module types are alternately mounted at fixed position along the beam direction. The choice of r¢ coordinates
allows a fast track reconstruction in the LHCD trigger. With the measured 7 and ¢ and the position of the modules, 3D
cylindrical coordinates of a track can be fully reconstructed.

An interesting feature of the VELO design is that the two halves are movable. The VELO is in open position with
a separation of 6 cm during the tuning of the beam to avoid unnecessary radiation damage. Once the beam is stablized,
it is switched to closed position for vertex reconstruction, at a distance of 8.2 mm to the beam. A schematic overview

of the VELO is shown in Figure 4 [23].

2.2.2 Magnet

A dipole magnet of two coils generating an integrated magnetic field of 4 Tm in the y-direction is mounted 5 meters
away from the colliding point, to meet the demand for momentum measurement for charged particles with a precision
of about 0.4% for momenta up to 200 GeV [24]. Using the fact that a charged particle experiences the Lorentz force in
a magnetic field and undergoes a circular motion, its momentum can be measured with given magnetic field strength
and radius of the circular motion. The design of the LHCb detector (a forward spectrometer) requires magnet with
an angualar coverage of £250 mrad vertiacally and =300 mrad horizontally to exploit the forward region of the pp

collisions. The polarity changes during data taking, to avoid potential detector bias.



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

R sensors 1m

¢sensors
i S
cross section at y=0 &
o0
) 60 mrad
R ‘ 1‘1 3 1‘1. ' : ‘ 7’777777 - . 7_‘.7 ;7‘ 7715,mrad
VETO ) interaction region
stations view of c=53cm
most upstream
VELO station
y

VELO fully closed VELO fully open
(stable beam)
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2.2.3 Tracking Stations

There are four planar tracking stations in the LHCb detector: the Tracker Turicensis (TT), which is mounted
between RICH I and the magnet, T1, T2 and T3, which are located between the magnet and RICH II. Silicon microstrip
detectors are used in the TT and in the Inner Trackers (ITs) of T1-T3, which are the sections near the beam [25]. The
Outer Tracker (OT), the rest part of T1-T3, uses straw-tubes [26]. Like the VELO, the traking stations measure
the 2D-coordinates of tracks of charged particles inside their own planes. Along with their mounted positions, 3D-
coordinates of the tracks can be reconstructed for charged particles. For a given magnetic field, the momentum and

charge (negative or positive) of a charged particle can be measured from the shape of its track.

2.2.4 Ring Imaging Cherenkov Detectors

Two Ring Imaging Cherenkov Detectors (RICH) are implemented in the LHCb detector for particle identification
(PID). RICH I, which is located between the VELO and the TT, is used for PID of charged particles with low momenta
(p ~ 1 —60GeV) using aerogel (only in runl) and C,F;( gas radiator with a large angular coverage from 425 mrad
to +300 mrad horizontally and +250 mrad vertically [27]. RICH II, which is mounted behind the T3, is used for PID
of charged particles with higher momenta (from p ~ 15 to > 100 GeV) using aerogel (only in runl) and CF, gas

radiator with a smaller angular coverage from 415 mrad to £120 mrad horizontally and 100 mrad vertically.
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Figure 5: Cherenkov angle as a function of momentum of charged particles for the RICH radiators.

RICH uses the fact that a charged particle emits Cherenkov radiation [28], in form of photons, when travelling in
a dielectric medium of refractive index n if its velocity v is larger than the speed of light in the medium (v > ). The
angle 6 between the emitted photons and the velocity of the charged particle is fixed. The relation between the angle

O¢ and velocity v is given by
1

%7

where 3 is given as 3 = £. The emitted photons of wave length between 200 — 600 nm from the Cherenkov radiation

cos g =

are registered by layers of hybrid photon detectors (HPDs). The angle 6¢ can be recontructed for each photon and
extracted from the RICH system, which returns the velocity. Along with the information of the momentum of a charged
particle provided by the tracking system, the mass, hence the idenfication, of the charged particle can be obtained.

In order to make the HPDs work, the magnetic field around the HPDs has to be smaller than 3 mT. However the
HPDs of the RICH I and the RICH 2 are mounted in a magneted field of ~ 60mT and ~ 15mT because of the
presence of the dipole magnet. Magnetic shield needs to be implemented for both RICH I and RICH II. Requiring that
the likelihood for each track with the kaon mass hypothesis be larger than that with the pion hypothesis and averaging
over the momentum range 2-100 GeV, the kaon efficiency and pion misidentification fraction are found to be ~ 95%
and ~ 10%, respectively [29]. It is also found that the PID performance of the RICH system is a function of event

multiplicity. A plot of f¢ as a function of p of charged particles for the RICH radiators is shown in Figure 5 [30].

2.2.5 Calorimeters

The calorimeter system has two main functions. It does the PID of electrons, photons and hadrons and measures

their energies and positions. It can select particles with certain energies to be able to trigger different trigger lines



249

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

for event reconstruction. The LHCb calorimeter system consists of a scintillator pad detector (SPD) plane in front
of a preshower detector (PS), an electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL) [31]. For
the PID of electrons, only electrons with high transverse energy can trigger LOElectron (see section 2.3). The PS and
ECAL together distinguish between electrons and background of charged pions longitudinally. The SPD is used to

distinguish electrons from the neutral pion background with high transverse energy.

2.2.6 Muon System

Muons are present in the final states of many CP-sensitive B decays and are thus vital to the LHCb experiment. The
muon system provides fast information for the high-pt muon trigger at the trigger Level-0 and muon identification
for the high-level trigger (see section 2.3) and offline analysis [32]. The muon system of the LHCb detector consists
of 5 muon stations M1-M5. M1 is located in front of the calorimeter system and M2-M5 are mounted behind the
calorimeters. 80 cm thick iron absorbers are placed between M2-MS5 to select muons, because muon can propagate
easily through very thick iron plates, while other particles cannot. M1-M3 have a high spatial resolution in the z-
direction (bending plane) and are used to define the track direction and to calculate the pr of the muon candidate with
a resolution of 20%. M4-M5 have a limited spatial resolution and are used for identification of penetrating particles.

The muon trigger requires aligned hits in all five stations.

2.3 Trigger

Two levels of triggers are implement at the LHCb detector: the Level 0 (LO) trigger, and the High Level Trigger
(HLT). When operating at an average luminosity of 2 x 1032 cm~2s™!, the pp collisons with interactions that can be
detected by the LHCDb detector are registered at a rate around 10 MHz [33]. The LO and HLT triggers reduce the rate
to about 2 kHz, at which events are stored for further analysis. The trigger system reduces the data taking rate to a
level where the data can be processed for the reconstruction and stored.

The LO trigger reduces the LHC beam crossing rate of 40 MHz to 1 MHz, at which the entire detector can be read
out, by selecting hadrons, electrons and photon with high transverse energy (Er) deposit in the calorimeter system,
or muons with high transverse momentum pr registered in the muon stations [34]. The thresholds applied in LO are

givin in Table 3 [14].

2011 2012
single muon pt | 1.48 GeV 1.76 GeV
dimuon pZ (1.296 GeV)? | (1.6 GeV?)
hadron Er 3.5GeV 3.7GeV
electron Er 2.5 GeV 3GeV
photon Ex 2.5 GeV 3GeV

Table 3: LO thresholds in 2011 and 2012.
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The HLT trigger is divided into HLT1 and HLT2 two stages. The HLT utilizes a computing farm of around 16000
cores to process events and reduce the rate to about 2 kHz. The purpose of HLT1 is to implement Level-0 confirmation
using mainly information from the VELO and the tracking stations. HLT1 should reduce the rate to about 30 kHz.
The HLT?2 stage uses cuts on invariant mass or on pointing of the B momentum towards the primary vertex, aiming to
reduce the rate to about 2 kHz. Two types of selections, inclusive and exclusive, are applied. Inclusive selections aim to
collect decays of resonances which are useful for calibration and likely to have been produced in a B decay. Exclusive
selections are specifically designed to provide the highest possible efficiency for fully-reconstructed B decays of
interest, using all available information, including the mass, vertex quality and separation for the B candidate and the
intermediate resonances [35].

The analysis presented in this thesis uses strategy LOGlobal_TIS and LOMuon_TOS at the Level 0, to reject tracks
with low ET or pp. An event is classified as TOS (Trigger On Signal) if the trigger objects that are associated with
the signal are sufficient to generate a postive trigger decision, while classified as TIS (Trigger Independent of Signal)
if the "rest" of it is sufficient to generate a positive trigger decision, where the rest of the event is defined through
an operational procedure consisting in remoing the signal and all detector hits belonging to it [36]. At the HLT2
stage several n-body (n € {2,3,4}) HLT2 topological lines are used, which triggers on B decaying to at least two
charged daughters with high signal efficiency and a large background rejection factor based on a fast BDT selection
[37]. The signal decay A) — Af(— pTK~77)D~(— K+7T7’/T7)K*O (— K~7™) will be selected by Hlt2Topo2,
HIt2Topo3 and Hlt2Topo4 lines. An inclusive trigger line HIt2IncPhi is also used, which is designed to select decays
with intermediate resonance decay ¢ — KK~ [38]. This line is crucial for the selection of, for example, the reference

channel A) — AFD; (— ¢(— KTK™)7~), where D decays into K™, K~ and 7~ via ¢ resonance.

3 Pentaquark Search

Possible hadrons with quark contents qqqq and qqqqq were proposed by Gellmann [39] in 1964 along with hadrons
with quark contents qq and qqq, which are nowadays called mesons and baryons respectively. Quantitave descriptions
of hadrons of multiquark content qqqq and qqqqq and q°G? were provided by Jaffe [40] in 1976 and Strottman
[41] in 1979. Several papers have been published in the 2000s, claiming the existence of the pentaquark ©F with
quark content Suudd, but the results remained unconfirmed [42]. The first convincing evidence for the existence of
pentaquarks P.(4380)" and P.(4450)" was founded in 2015 at the LHCb experiment with quark content ccuud, by
studying the decay channel A — J/¢p™K~ and resonances in the J/¢p* subsystem. An amplitude analysis was
conducted to test if interferring A*(p™K ™) resonances were responsible for the peaking structure seen in the m Jbpt
distribution and if the inclusion of P} — J/¢p™ decays in the amplitude model could reproduce the structure.
It was shown that adequate descriptions of the dat are unattainable with only pTK™ resonances in the amplitude

model and it was necessary to include two J/1p™ resonances, with each having 9o significance. One has a mass of
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4449.9+1.74+2.2 MeV and a width of 395416 MeV, while the second is broader, with a mass of 4380+8+29 MeV
and a width of 205 4+ 18 £ 87 MeV.

3.1 The Search for Neutral Isospin Partners of P.(4380)" and P.(4450)"

The search for pentaquark candidates with quark content ccudd, neutral isospin partners of the observed pen-
taquarks P(4380)" and P.(4450)" would be an interesting task, since it might provide experimental evidence for
the theoretical development of isospin symmetry in pentaquarks regime. An ideal decay channel for the search for
ccudd pentaquark candidates would be A) — J /¢, since the signal yields of this decay are expected very high.
However, it is not possible to reconstruct the decay, because the neutron, which is electrically neutral, cannot be recon-
structed by the LHCb detector. The decay AY — A;FD_K*O provides an alternative, since the pentaquark candidates
ccudd could be found within resonances of the AT D~ subsystem.

The decay Ag — A;FD*K*O, which has not yet benn observed before, has a weak decay b — ¢ and a creation of
a dd pair via a strong interaction. This decay process is relatively simple. However, it has eight final-state particles,
which are proton, kaons and pions, making it difficult to study due to more potential sources of particle misiden-
tification, various unwanted resonances from combinations of different tracks, multiple combinatorial backgrounds
and backgrounds of feed-down decays. The observation of this decay channel would lead to a branching fraction

measurement with reference to the normalization channel AY — AFD_. With a well measured branching fraction

B(A)—~AFDK™)
,@(Ag—mj D;)

for the search for the pentaquark candidates. Since the AT D~ subsystem is expected to have non-zero spin, its multi-

measurement , an amplitude analysis of the resonances in the AT D~ subsystem could be conducted
ple helicity amplitudes must be considered and are expected to be sensitive to the branching fraction [43, 44, 45]. Also
efficiencies of trigger, reconstruction, stripping, acceptance and the selection of A? can be cancelled out in branching
fraction measurement, which will improve the precision of the efficiency measurement. Feynman diagrams of the

decays of the signal channel and reference channel are given in Figure 6.

d > d d > d
Apju > u Af Apju > u (A
b ¢ PS? b ¢

A\ c D- W~ c
d
g D-
d}K*O
S S

Figure 6: Feynman diagrams of the decays A) — AjD*K*O (left) and AY — AT Dy (rigiht).
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4 First Observation of the Decay A) — AC*D’K*O using a Cut-based Selec-
tion

The stripping lines StrippingLb2LcDKstBeauty2CharmLine are applied to the data passing the trigger lines de-
scribed in section 2.3. The stripping lines use a series of relatively loose one-dimensional cuts to select candidate
events of the decay A) — AC*D*K*O. Details of the stripping lines are described in section 4.1. A cut-based offline
selection is conducted to the data passing the stripping lines, in order to explore the data and establish a clean signal
decay. The strategy is to get convincing signal peaks for the three intermediate particles AS, D~ and K*O, using
some kinematic (e.g. pr) and PID (e.g. ProbNN) cuts on the final-state particles and cuts to control decay vertex
reconstruction quality (e.g. ENDVERTEX_CHI2NDOF) of the intermediate particles. With clear signal peaks of the
three intermediate particles, cuts are applied to control decay vertex reconstruction quality and detector acceptance
(n, pseudorapidity) of AY. A convincing A peak is established with all these cuts applied. Details are presented in
section 4.2. To control possible misidentification, some veto cuts are applied after the cut-based selection, to reject
undesirable resonance peaks, which are given in section 4.3. Some multi-dimensional mass fits are then applied to
the decaying particles, in order to estimate various background compositions and signal yields. The fit procedures
and the results are illustrated in section 4.4. A brief efficiency study is presented in section 4.5. The total stripping,
reconstruction, acceptance and trigger efficiency and the efficiency of the offline non-PID cuts are estimated using the
generated and fully detector simulated MC data. The efficieny of the PID cuts is obtained using the PIDCalib package
[46]. The result of the efficiency corrected signal yields is given in section 4.6. A short summary given in section 4.6

ends the cut-based selection.

4.1 Stripping

Stripping lines StrippingLb2LcDKstBeauty2CharmLine of versions 21r1(21) are applied to 2011(2012) data [47,
48]. The cuts applied to the tracks in the stipping lines are listed in Table 4. The topology of the decay Ay —
AﬁD*K*O is illustrated in Figure 7.

The selection strategy used in the stripping lines is descrbed in the following. The selection for D~ is conducted at
first, starting with its final-state particles. Some very loose cuts on the kinematic variables PT and P, to reject tracks
with low (transverse) momentum, which are not desirable because they are unlikely to form the decaying particle
in the reconstruction and the PID uncertainty for those tracks are higher (see section 2.2.4). The variables TRGHP
(probability that a reconstructed track is a ghost track) and TRCHI2DOF (2 /ndf of a reconstructed track) control
the quality of the reconstructed tracks. MIPCHI2DV (PRIMARY) > 4 (x2?/ndf of the minimal impact parameter of
a track to a series of vertices®), where the impact parameter is the closest distance between the trajectory of a particle

projected back to the related primary vertex and the primary vertex (see Figure 7) will help reject prompt particles.

3 A series of primary vertex candidates are reconstructed in the VELO.
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Figure 7: Topology of the decay AY — AiD_K*O.

sss  The PIDX (X a particle) variable, also known as delta-log-likelihood (DLL), is define as

PIDX := Alog Lx_. = log £x

s 2
a0 where L is the log-likelihood for the given hypothesis. The final-state particles are required to be PIDp > —10 for a
st proton, PIDK > —10 for a kaon and PIDK < 20 for a pion. Then to select D~ candidates, ASUM(PT), the sum
sz of the transverse momenta of the final-state particles, is required to be larger than 1800 MeV, so that the final-states
ses  particles have enough energy to be reconstructed as D~. The variable BPVVDCHI2 (2-separation from the primary
ass  vertex) selects tracks that are less likely to come from the primary vertex. ACUTDOCA < 0.5 mm (distance of
sss closest approach) selects daughter tracks, two of which are closer than 0.5 mm. This limits the decay topology of D,
s requiring that the final-state particles are not separated far away from each other. VFASPF(VCHI2/VDOF) < 10
7 (x?/ndf of recontructed decay vertex) controls the quality of the reconstructed decay vertex of D~. The variable
s BPVDIRA (direction angle with reference to the primary vertex) is the cosine of the angle between the momentum
ws of a particle and the direction from the best primary vertex to the decay vertex. BPVDIRA > 0 selects down-
s stream tracks*. The function AHASCHILD requires that at one track decaying from the mother particle satisfy the
sr conditions in the function. AWM (K+, pi—, pi—), the invariant mass of K*, 7~ and 7~ is set within the range
sz (1769.62 MeV, 2068.49 MeV)3.

a7 The selection of A7 is almost the same. The only difference is that ADMASS(Lambda_c+) < 100 MeV requires
a7 the reconstructed A} mass within 100 MeV around its PDG mass 2286.46 + 0.14 MeV. The selection of K" is
a5 basically the same, despite several differences. It needs to be mentioned that there is no PID cut on its daughter tracks.

376 The selection of AY involves more variables. MIPDV(PRIMARY) > 0.1 mm (minimal impact parameter with

“Downstream is define as positve z-direction, see Figure 3
3The D~ PDG mass is 1869.65 & 0.05 MeV.
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Particle Requirements

pt, K+, n* PT > 100MeV and P > 1000 MeV

(from A}/D~) | MIPCHI2DV (PRIMARY) > 4

TRGHP < 0.4

TRCHI2DOF < 3

PIDp/K> —10 for p* and K*, PIDK< 20 for 7

AF/D™ ASUM(PT) > 1800 MeV

ACUTDOCA< 0.5 mm

VFASPF(VCHI2/VDOF) < 10

AHASCHILD(PT > 500MeV and P > 5000 MeV and (TRCHI2DOF < 2.5 or BPVVDCHI2 > 1000))
BPVVDCHI2 > 36

BPVDIRA >0

1769.62 MeV < AWM(K+, pi—, pi—) < 2068.49 MeV

ADMASS(Lambda_c+ < 100 MeV

K-, nt PT > 100 MeV and P > 2000 MeV
(from K™*) TRCHI2DOF < 3
MIPCHI2DV (PRIMARY) > 4

TRGHP < 0.4
K" ASUM(PT) > 1000 MeV
AM < 5.2GeV
ACUTDOCA < 0.5mm
VFASPF(VCHI2/VDOF) < 16
AHASCHILD(PT > 500 MeV and P > 5000 MeV and (TRCHI2DOF < 2.5 or BPVVDCHI2 > 1000))
BPVVDCHI2 > 16
BPVDIRA > 0

AD ASUM(SUMTREE(PT)) > 5000 MeV
VFASPF(VCHI2/VDOF) < 10
INTREE(PT > 1700 MeV and P > 10000 MeV and
MIPCHI2DV(PRIMARY) > 16 and MIPDV(PRIMARY) > 0.1 mm)
NINTREE(PT > 500 MeV and PT > 5000 MeV and (TRCHI2DOF < 2.5 or BPVVDCHI2 > 1000)) > 1
BPVLTIME() > 0.2 ps
BPVIPCHI2() < 25
BPVDIRA > 0.999
5200 MeV < AM < 7000 MeV

Table 4: Cuts in the stripping lines.

reference to a set of reconstructed primary vertices) rejects tracks with low impact parameter, which is more likely to
come from the primary vertex. The NINTREE function returns the number of tracks that satisfy its requirements. The
variable BPVLTIMEY() is the lifetime of a particle with reference to the related primary vertex. BPVLTIME() >
0.2 ps selects A candidate with a relatively long lifetime, since A has quite long lifetime due to its high mass and
broad decay modes. BPVIPCHI2() (x? of impact parameter) is set smaller than 25, which selects A} that is likely
to come from the primary vertex. For the same purpose BPVDIRA > 0.999 require that the momentum of a A}

candidate be almost identical as the direction between its generation and decay vertices. At last a loose cut on the
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invariant mass of A}, D~ and K™ is applied.

4.2 Cut-based Selection

The cuts applied in the stripping lines (see section 4.1) are very loose and no A peak can be seen in the data.
Some tighter cuts are applied to explore the data. After adjusting the cuts based on the knowledge of the topology of
the signal decay and informed by other analyses of similar decay channels, e.g. [49], clear A}, D™, K" and A? peaks
are seen. The cuts are then retuned on the fully detector simulated Monte-Carlo data, to maintain clear signal peaks
and get an adequate number of event for the mass fits The cuts used to get AT, D™ and K signal peaks are listed in

Table 5.

cuts AT | p* K~ 7t D~ | Kt T T K| K- 7t

pT /MeV / > 700 | > 400 | > 150 |/ > 400 | > 150 | > 150 |/ > 400 | > 150
PIDK / / / / / / / / / > 3 <3
prod_ProbNN / > 0.03 | > 0.05 | > 0.05 | / > 0.05 | > 0.05 | > 0.05 | / > 0.05 | > 0.05
ENDVERTEX,2/nq¢ | < 4 |/ / / <4/ / / <4/ /

n / / / / / / / / / <5 <5

Table 5: Applied cuts to get AT, D™ and K signals.

Some variables need to be briefly explained. The variable ProbNN is the reponse of a normalized artificial neural
network (named PIDANN), using all PID information provided by the detector (RICH1, RICH2, the muon station,
ECAL and HCAL) [50]. The PIDAAN algorithm is tuned on simulated signal and background samples. The variable
prod_ProbNN is defined for various particles as [49]

prod_ProbNN_p_K(p) =ProbNN_p(p)(1 — ProbNN_K(p)),
)(1 — ProbNN_K(p)),
(
)

p(
ProbNN_p(p

prod_ProbNN_n_K(mw

(p)
prod_ProbNN_p_K(p)
() =ProbNN_z(7)(1 — ProbNN_K(w)),

) )

prod_ProbNN_K_7(K) =ProbNN_K(K)(1 — ProbNN_7(K)).

Cuts on the first two definitions help select proton-like and un-kaon/pion-like particles; a cut on the third helps select
kaon-like and un-pion-like particles; a cut on the fourth helps select pion-like and un-kaon-like particles. A cut on
prod_ProbNN is more effective than an one-dimensional cut on ProbNN or DLL, seen in the data. ENDVERTEX 2 /q¢
is the same as the variable VFASPF(VCHI2/VDOF) mentioned in section 4.1. 7), the pseudorapidity, selects events
that are inside the LHCb detector acceptance 1.6 < 1 < 4.9 (see section 2.2.1). pr thresholds are set higher for all
the eight final-state tracks. The minimal values are tuned on MC data, because with these cuts tracks with relatively

low pr can be rejected while the signal efficiency stays relatively high. Seen from the MC data, pions have relatively
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wo select events with high quality of decay vertex reconstruction. The mass spectra of A7, D~ and K" are shown in
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Distribution of reconstructed A7, D~ and K™ masses with cuts in Table 5 applied.
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With clean peaks of AF, D™ and K*O, the A signal peak can be obtained by applying mass cuts on the three

intemediate particles. For Al and D~ the mass cuts are chosen to as narrow as possible while including enough

. . . —=%0
amount of sideband, so that background shapes can be estimated correctly in the mass fits. The range for K is

set much wider, due to the large extension of the distribution of the resonance and also for the fits to be able to get

information on the background. The upper range is set to 1000 MeV to reject potential feed-down from K" with higher

masses, as almost all of them decay into K*° and ~y or 7% [51]. An acceptance cut is applied, selecting A candidates

that are reconstructed relatively far away from the boundary of the detector. A decay vertex cut is also applied on Ay,

to require strictly that AT, D™ and K decay from Ayj,. The applied cuts are listed in Table 6.

To get better resolution of the AY spectrum, a decay tree fitter (DTF) is applied. The DTF is applied to improve the
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cuts A D~ K Ay
M/MeV (2256,2316) | (1829,1909) | (700,1000) | /

" / / / (2.2,4.5)
ENDVERTEX 2 /na¢ | / / / <4

Table 6: Applied Cuts on A}, D™, K" and AD.

disadvantage of the "leaf-by-leaf" fitting, of which constraints that are upstream of a decay vertex do not contribute
to the knowledge of the parameters of the vertex [52]. In this analysis the constraints are mass constraints on the
final-state particles of A7 and D~ and A trajectory pointing to the pp colliding point. The AY DTF mass® and the
A mass are shown in Figure 9, where it can be clearly seen that with DTF the A mass resolution is enhanced. The
trigger and stripping lines will include some partially reconstructed decays while select the signal decay. Possible

partially reconstructed decays are expected to be:

AY 5 AFD 7. K,

AY = AF[DAp- K,

AY = [Af70) DK,

which are assumed to constitute the small peak around 5485 MeV.
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Figure 9: Left: Distribution of reconstructed Ay, mass with the DTF applied. Right: Distribution of reconstructed Ay,
mass.

A mass cut of 30 MeV around the AY PDG mass is applied while dropping the mass cut on one of the three
intermediate particles is dropped (mass cuts on the other two maintained), to exmaine if the selected A7, D~ and K
are indeed coming from A{. Three mass spectra returned from the procedure are illustrated in Figure 10. Clear signal

peaks suggest that the selected AT, D™ and K" do come from AY.

S A series of Ag DTF masses are returned from the fit procedure. The first one is chosen because it has the best quality.
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Figure 10: Check for distributions of reconstructed Aj, D~ and K*O masses with cuts in Table 5, Table 6 and a mass
cut 5590 MeV < Mirecon,DTR(A,) < 5650 MeV applied. To show each individual spectrum, the mass cut on that
particle is dropped.

4.3 Misidentification Control

To control misidenfication backgrounds after the cut-based selection, the method describe in [49] is used, with no
mass cut applied’. It makes use of the fact, that swapping the mass hypotheses of a single particle in the decay chain
can be fully described by the invariant mass of the combined system with original mass hypothesis M and a single
particle momentum asymmetry 3 [53]. Resonances consisting of a misidentified particle will emerge as a band in the
2D plot of M and S.

As an exmaple, the misidentification check for the invariant mass combination M;9g is shown in Figure 11, where
the emumeration for the final-state particle is 1, 2, 3, 4, 5, 6, 7 and 8 for p™, K~ (from A}), 7 (from A}), K*, 7,
75, K~ (from K*O) and 7+ (from K*O). A obvious band appears in the region (—0.4,0.8) x (2276 MeV, 2296 MeV),

. o —+0 . .
which corresponds to the situation where the p™, K~ (from Aj) and 71 (from K ) form a Aj. This region is cut out

"The mass cuts applied, the event number is too low that no clear structure can be senn, if there exists some misidentification background.
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to reject the unwanted resonance. Some other misidentification backgrounds are also vetoed. Attention needs to be
paid to the decay AY — [Ajﬁ+]zzr+ D~K~, which could be reconstructed as the signal decay, where the 7+ from
K*O and the AgL decay from a Eg““. However, by checking the 2D plot of Mj238 against 31238 shown in Figure 12,
no clear structure is seen. It need to be mentioned that due to the vast possible combinations of the eight final-state
tracks, the misidentification check done here cannot be absolutely thorough and could be improved if time allowed.

All applied cuts are listed in Table 7.

4.4 Mass Fits

Clear signal peaks are obtained from the cut-based selection. The signal yields can be estimated by just applying
a 1D fit to the A) mass spectrum. The problem with the 1D fit is that it cannot distinguish decays, for example
Ay — AjKﬂr‘w‘K*O, from the signal decay AY — AjD_K*O. Contributions of different backgrounds, however,
can be estimated by implementing multi-dimensional mass fits. Three different fit procedures are applied to the data

passing all the cuts listed in Table 7. They are described in details in the following.

4.4.1 3D Mass Fits

3D mass fits to A3, A and D~ spectra are conducted, mainly to estimate the backgrounds of the decays

AY — AF [Ktr— 7 K" and A — [p*K-7+]D-K ™, where the system [K+7—7]([p"K~7*]) does not form
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(a) Mass against momentum asymmetry of the system p™,

K~ (A) and w*(ﬁ*o) before veto cut. The band suggests that
there is misidentified A

(b) Mass against momentum asymmetry of the system p*,
K~ (AF) and 7+ (K") after veto cut.

Figure 11: Misidentification check for the 3-body system p*, K~ (AJ) and 7T+(K*O).

SAg DTF mass is used for all mass fits in this thesis.
9The decay AY — [Kt 7w~ m~] [K*ﬂ*w*}ﬁ*o is ignored because of at least double Cabbibo suppression.
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Figure 12: Check for potential resonance of ¥+, The invariant mass of the system of p*, K~ (AT), 7 (A

4500
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M 256 [MeV]
T

3500—
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2500—

—*0Y . C .
Tt (K* ) is plotted against its momentum asymmetry. No clear structure is seen.

type variable range/cut
kinematics DT,pt > 700 MeV
DT, K* > 400 MeV
DTt > 150 MeV
PID PIDK, -0, >3
PIDKﬁ(f*o) <3
prod_ProbNN_p_K(p) > 0.03
prod_ProbNN_p_=(p) > 0.03
prod_ProbNN_K_7(K) > 0.05
prod_ProbNN_n_K() > 0.05
reconstruction ENDVERTEXXQ/ndf’A::DfRO*’A{; <4
acceptance T (R*) mt (™) <5
Mg € (2.2,4,5)
veto (Bs17, Mi7s) ¢ (0.5,0.9) x (2276 MeV, 2296 MeV)
(Bas1, M12s) ¢ (—0.4,0.8) x (2276 MeV, 2296 MeV)
(Br13, Mi37) ¢ (0.05,0.75) x (2276 MeV, 2296 MeV)
(B24, May) ¢ (—0.3,0.3) x (1010 MeV, 1030 MeV)
(Bas, Ms) ¢ (—0.8,0.3) x (880 MeV, 910 MeV)
(Bs7, M37) ¢ (—0.4,0.7) x (880 MeV, 910 MeV)
(Baz, Mu7) ¢ (—0.4,0.3) x (1010 MeV, 1030 MeV)
mass M+ € (2256 MeV, 2316 MeV)
mp- € (1829 MeV, 1909 MeV)
Megz+0 € (700 MeV, 1000 MeV)

Table 7: All applied cuts on AT, D™, K"
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and A% in the cut-based selection.
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a resonance in the D~ (AJ) mass range, but is still included in the DTF for the reconstruction of Ag. In the 3D mass
fits, these two contributions will be flat in D~ or A} spectra respectively, but peaking in the other two dimensions.
Since the fits do not involve K*O, the backgrounds of the partially reconstructed decays (see section 4.2) can be
estimated with relatively few fit parameters. The simulated MC data from the RapidSim package is used to fit the
partially reconstructed peak. Compared to the fully detector simulated MC data, the RapidSim package provides an
excellent solution for the simulation of the kinematic properties of the decay of interest with very high speed and
consistence [54]. The simulated data using RapidSim is assumed adequate for the estimation for the backgrounds
of the partially reconstructed decays using kernel density estimation [55] embedded in the RooFit package [56]. The
simulation contains PID information for the final-state particles and the LHCb smearing is applied. The center-of-mass
colliding energies are different in 2011 (/s = 7TeV) and in 2012 (/s = 8 TeV). It is assumed that the kinematics
of the partially reconstructed decays are not significantly different in the two years. For the simulation it is chosen

/s = 8 TeV. The numbers of events generated from the simulation for the decays A) — AF [D_WO]DPK*O and

0 . —40 . . : o Tpee pog0 o 30.7%
Ay — AF[D7v|p-—K  are set the same to their relative branching ratio T = L%

according to PDG
[51], and merged together. The spectra of The simulated partially reconstructed decays are shown together with the

AY DTF mass in Figure 13.
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Figure 13: The simulated partially reconstructed decays plotted with the signal decay, normalized to 100000.

The shapes of AY, A+ and D~ signals are retrieved from the fully detector simulated MC data'®, with the same

cuts listed in Table 7 applied. MC simulations are performed using PYTHIA [57] with the specific tuning given in

10The 2011 and 2012 datasets are merged together.
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[58], and the LHCb detector description based on GEANT4 [59, 60], described in [61]. Decays of B hadrons are
based on EVTGEN [62]. The AY signal shape is modeled by the sum of two Crystall Ball functions (a double Crystall

Ball function), which takes the form:

fDCB (m) W, 0, ¢, 1, TCB) =TCB - fCB (m7 K, 0, &, Tl) + fCB (m7 wm, 0, —Q, ’/l) 5 (3)

where the Crystall Ball function is defined as [63]:

2
exp (—(mgg‘;) ) , for "—£ > —qo

. . : “4)
(i) o (=15 (2~ ol = ) ™" for mt < —a

fCB (m;,u7o—7aan) =N-

The normalization factor NV is given as
1
n 1 al? T o ’

where erf is the error function!!. The o parameter in the second Crystall Ball function is set to the negative value of

N =

the o parameter in the first Crystall Ball to model the sysmetric tail of the AY signal shape. The Al and D~ signal

shapes are modeled by the sum of two Gaussian functions (a double Gaussian function):

fDG (m;u,a,rg,r(,) =TG fG (m7,u70-) +fG (m;u,rg 'O-)a (5)

where f¢ is the Gaussian function given as:

2
fo= ——— exp (—(m_”)> 6)

V2mo? 202

The ratios in Eq. 3 and Eq. 5 are introduced into the fit models to make the fit process more stable and it is more
convenient to fix some fit parameters with these ratios. The fits to the A, Al and D~ shapes from the MC data are
shown in Figure 14 and the fit parameters rcp, o, n, rq and 7,2 are listed in Table 8. The resolution of A% from the
fits is also listed in Table 8, for later comparison to the fit results from the real data.

Because of the utilization of DTF, it is expected that the resolutions of the signal decay and the decays AY —
A [K+7T‘_7T_]K*O and AY — [p+K_7T+]D_K*O can be different. In order to make the 3D fits work, the resolutions

of the latter two decays are the set the same, but different from the signal decay. Two probability density functions

Werf is define as erf (z) = 2 [ et dt.
121t is expected that the means, widths and the ratios of the widths of the shapes taken from the MC data can vary from the means and widths in

the data. However the parameters which describes the shapes (o, n, rcB, @, o) should be fixed for the fits to the real data.
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Figure 14: Fits to the shapes of A?, Aj and D~ in the MC data.
fit parameter | A) AF D~
TCB 0.523 +0.025 / /
1.331 4+ 0.080 / /
n 3.02 +£0.40 / /
5.729 +0.099 MeV | / /
rG / 0.744 +£0.031 | 0.823 £0.019
To / 2.136 £0.062 | 3.024+0.19

Table 8: Fit parameters returned from the fits to AY, A} and D~ signal shapes in the MC data.

(p.d.f.s) are defined to model these two contributions:

— . / !/ /
Ero sig = foce (mAgyﬂAgJAg,Sigaa 1 7TCB) ; and

— . / / /
FAg,singC = fDCB (mAgv ,U/Aga UAg,singC7 a,n 7rCB) )

where the subscript ¢iznc denotes "single charm". The signal shapes of the three partially reconstructed decays (see

section 4.2) extracted from the RapidSim simulated MC data using kernel density estimation are included as kernel
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density p.d.f.s, given as

F

w0 1= Mpo T =0 |, and
A% 5 AF[D—/70] .- K fKDE( Ab| AQ — AT D=/, _K )7

FAg _ [A:rﬂ.o]sz,E*O = fKDE (mAg|x1\g _ [AjWO]EjDK*O) .
The signal shapes of A} and D~ are modeled by the following p.d.f.s:
— . / /
Fys gig = fpac (mAjvMAjvaAj’TG,Aj’TU,Aj) , and
— . / /
Fp- sig = fpc (mD*7,UDfao'nyrG’varg’Df) :

Fit parameters labeled with ’ in the above given functions are fixed with values listed in Table 8, while the means and

widths are to be determined by the fits.

113

The backgrounds of AY, AT and D~ are modeled by the first order Chebychev polynomial'?, assuming they are

flat (see section 4.2), given as

Fro Brg = fChebychev (mAg§ aAg) =apo - Th (mAg> = @0 M,
Fit Brg = fonebychev (mAC*?“Ac*) =ayy T (mAi> = A My, and

Fp- Bkg = fchebychev (Mp-3ap-) = ap- - T1 (mp-) = ap- - mp-.

The combinatorial backgrounds related to AT or D™, random resonances formed by the final-state particles respec-

tively, can be described by

Fy+ comp = FAZ’,Sig : FAg,Bkg - Fp- Bkg, and

Fp- comb = FD- sig * FA0 Bkg " Fa+ Big-

A combined combinatorial background related AT and D™, corresponding to the situation where the final-state parti-

cles form Aj and D~ resonances at the same time, can be given as

Frsp- comb = FA?,Sig - Fp- sig - FAB,Bkg'
Analogously, the random combinatorial background, which will be flat in all the three dimensions, can be modeled by

Feomb = Fr0 Bg * '+ prg - D~ Bke-

13The Chebychev polynomials of the first kind are defined by the recurrence relation: Tp(z) = 1, T1(z) = z, Tny1(z) = 22T (x) —
Trn—1(x).
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(b) AT mass from the 3D fits. (c) D™ mass from the 3D fits.

Figure 15: Projections of the 3D mass fits into A, Al and D™ masses.
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The total p.d.f. in the dimension of A mass can be written as

Fsp = Nyo_psp-re0  Faosis " Faf sig " D sie

+ NAg S AT D /7). K FAg S AT D /7). K FAZ’,Sig “Fp- sig

+ NA{l = ATy DK FAg —[AF70) 4 DK Fy+ gig - FD- sig
c c

@)
T Njo atiktr-r-1R™ LA singC " Far sig * D~ Big

+ NA?ﬁ[WK*Tr*]D*E*O “ Fp0 singc - Fp+ pig - FD- sig

+ NBkg (TA:r,comb “Fr+ comb T D= ,Comb - D~ comb + TA+ D~ comb * LA+ D-,Comb T FComb) ;

which is used to fit the AY mass in the range [5350 MeV, 5750 MeV]. The plots of the 3D mass fits are demonstrated

in Figure 15 and the fit parameters are given in Table 9.

fit parameter AD AT D~

11/MeV 5620.60 = 0.62 9986.80 + 0.44 | 1870.60 = 0.53
o/ (mg’smgc) MeV 5.66 = 0.60 (18.0 £ 9.3) | 4.73 £ 0.41 6.24 = 0.50

a —0.066 =+ 0.057 0.021 £0.057 | —0.113 =+ 0.058
P 151 £ 18

Nyo o At D/, K" 64+ 18

Nag o a0y D% 0415

NAg—mj[Kﬂr—n—]ﬁ*o 2117

Npyo L jp+K-t]D-K™ 19+17

NBig 1095 + 40

TA+ Comb 0.107 £ 0.028

TD-,Comb 0.141 + 0.028

T A+D- Comb 0.000 £ 0.013

Table 9: Fit parameters for A, AT and D~ from the 3D mass fits.

It can be seen in Figure 7 that the partially reconstructed decays have no leakage into the signal peak. Several con-
clusions can be drawn from the fit result. The combined combinatorial background related to AT and D~ is negligible.
The contributions of the decays A, — AF[K*7 7 K and A, — [p*K-7+]D-K" are also negligible. The
resolution of A mass related to the signal decay is in 1o accordance with the resolution from the fit to the MC data.

However, the 3D mass fits cannot estimate the background of the decay AY — AFD~[K~ 7], which is expected
to have significant contribution to the signal peak. To isolate this decay from the signal decay, the K™ mass needs to
be included in the fits. The fits can be expanded into 4D mass fits, to study the background of the non-resonant K~

and 7T and restudy the contributions of the two decays A, — AT [K*W?r’]i*o and A, — [p*K’ﬂ*]D’K*O.
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Useful information obtained from the 3D fits can be used to simply the 4D fit model. The fits can be conducted to a

narrower range of A{ mass and no combined combinatorial needs to be included.

4.4.2 4D Mass Fits

According to PDG, K" isa spin 1 resonance. The signal shape of K"is expected to be describe by the relativistic
Breit-Wigner function for a two-body decay, which takes the progagation and the spin of the intermediate resonance

into consideration [64]. The definition is given by [65]

fRelBW (m7 M,y Fa J7 R) =

(®)

where the mass dependent with I" is defined as

where the function F' is the spin dependent Blatt-Weisskopft form factor

F7=0 () =1,
1
FJ:I —
@) = =
1
FJ:2 —
(z) 9+ 322 + g4’

and the parameters I', J and R denote the decay width, the spin and the interaction radius of the resonance. There are

some previous studies about R for assorted resonance including K*O [66, 67, 68, 69], but no special reason to fix R for

K*O can be found. For the fit to the MC data, the range for R is set to [—0.001 Merl, 0.005 Merl] and J is fixed

to 1. The plot from the fit is given in Figure 16 (a). The fit result suggests that the relativistic Breit-Wigner function
describes the K™ signal shape in the MC data relatively well. However it does not describe the upper tail very well.
As an alternative, the sum of a non-relativistic Breit-Wigner function and a Crystall Ball function is used to fit the K"

signal shape in the MC data, defined as
fewes (m; p, Ty 0,0,n,rew) = rew - few (m;p, I) + fes (ms p,0,0,m) . )

Scattering via a intermediate resonance can be described by the non-relativistic Breit-Wigner function [70], given by

o | H
—
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(a) Fit to the K signal shape in the MC data using a relativis- (b) Fit to the K signal shape from the MC data using the sum
tic Breit-Wigner function. of a Breit-Wigner function and a Crystall Ball function.

Figure 16: Fits to the K" signal shape in the MC data.

The Crystall ball function (see Eq. 4) is used to model the asymmetry shape. The fit parameter I' is constraint
to 47.3 £ 0.5 MeV, the width given by PDG. The plot from the fit is given in Figure 16 (b). The pulls are more
homogeneously distributed. The fit results are listed in Table 10'* for the two different p.d.f.s. The p.d.f. for K
signal shape for the 4D mass fits is defined as

Fro

o—_ . ! ! / / /
K0 Sig T fBWCB (mvuvl—‘ , O ,00, N 7TBW)7

where fit parameters labeled with ” are to be fixed in the fit procedure.

formular | I'/MeV o/MeV a n TBW R/MeV ™!
frezw | 50.1£1.0 / / / / 0.0027 4+ 0.0018
fBwce | 46.96+£0.50 | 29.0+2.1 | —0.99+0.21 | 0.44 £0.32 | 0.750 £ 0.034 | /

Table 10: Fit parameters for K" signal shape in the MC data.

The background of K™ is modeled by a second order Chebychev polynomial, to describe the slight curvature of
the phase space distribution, given by

— a2 _
FK*O Bkg fChebychev( K*O a %0 b—*o) = QU/K*O mﬁ*o bﬁ*o.

The models for the signal decay, the decays A) — AF [K*W’w’}ﬁ*o and Ay — [p*K’w*]D’K*O, and the A
and D~ signal shapes are exactly the same as in section 4.4.1. A new entry needs to be added to the total p.d.f., to

estimate the background of the decay A) — AFD~[K~7T]. The K™ combinatorial background, which is random

14The mean will be floating for the fits to the real data, see section 4.4.1.
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resonance of K~ and " is added to the combinatorial backgrounds given in section 4.4.1 (except the combined

AjD_ combinatorial background) to model all combinatorial backgrounds in the 4D mass fits, which are defined as:

Foomb = FAg,Bkg : FAj,Bkg “Fp- g - FK*‘),Bkg7
Eyt comb = Fa9,Bkg " Fat sig " D~ Big - FK*U,Bkg’
FD—,Comb = FAg,Bkg : FA;Bkg ’ FD—,Sig ’ FR*O,Bkg7

FE*O,Comb = FAE,Bkg . FAZ’,Bkg . FD_7Sig . FK*O,Sig'
Similarly, the total p.d.f. for the 4D mass fits can be written as

Fip = NAg—mijE*” ’ FAﬂxSig ) FASHSig Fp- sig - FK*",Sig
+ NAg~>Ai[K+7r*7r’]K*O " Fp9 singe " Fat sig " D~ Ble - FK*O,Sig
+ NAﬁ—»[p+K—w+]D—R*° " FA9 singC - I Brg " D sig - FR*OSig (11)
+ NAg—mjD—[K—wﬂ ’ FAE,Sig ’ FAj,Sig ’ FD*,Sig ’ FR*O,Bkg

+ NBig (TA:,comb " Frt comb T 7D .Comb " FD~ Comb + g0 comb * FR comp T FComb) ;

which is used to fit the A) mass in the range [5560 MeV, 5680 MeV]. It needs to be mentioned that the resolution
of AY mass corresponding to the decay AY — AFD~[K~ 7] is set the same as to the signal decay, since the DTF
does not contain any constraint on K*O. The fit parameters listed in Table 8 and Table 10 are fixed in Eq. 11 in the fit
procedure.

The plots of the 4D mass fits are illustrated in Figure 17 and the fit parameters are given in Table 11.

From the fit result, the signal yield are 63 £ 15. The resolution of AY mass related to the signal decay is in
lo accordance of the resolution from the fit to the MC data. The resolution of A) mass related to the decays
AY — AF [K*w*w*]ﬁ*o and A) — [p*K’W*]D’K*O is 42 + 22 MeV, which is too much large than the reso-
lution corresponding to the signal decay. The yields of the decay AY — AFD~[K~ 7] is 97 & 16, while the yields of
the decays A) — A} K+~ 7 K" and A — [p*K-7t]D-K " are not so significantly different from 0. Together
with the result of the 3D mass fits, it is concluded that the contributions of the two decays AY — A} [K*W’W’]K*o
and A — [p*K-7+]D- K" are negligible, and the contribution of the decay AY — AFD~[K~ 7] is dominant. 2D

mass fits will be enough to estimate the background of the decay AY — AFD~[K~7*].
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Figure 17: Projections of the 4D mass fits into AY, A", D~ and K spectra.

30



*0

fit parameter AY AT D~ K

11/MeV 5620.60 = 0.64 2286.70 £ 0.50 | 1870.70 £ 0.67 | 899.0 + 4.0
o/ (oAg,singC) MeV | 5.90+0.63(42+22) | 4.75+043 | 655+£0.60 |/

a “0.18£0.10 0.131£0.098 | —0.18£0.10 | —0.20+0.12
b / / / ~0.03+0.11
N 63 £ 15

T —— 31+ 16

I 23+ 15

N oA+ D (K] 97 £ 16

Npyg 304 4 28

At Gomt 0.036 % 0.061

- Comb 0.097 £ 0.059

Feo oo 0.079 % 0.075

Table 11: Fit parameters for AY, A,j, D~ and K*O from the 4D mass fits.

s2  4.4.3 2D Mass Fits

In 2D, the combinatorial backgrounds can be written as:
FComb = FAg,Bkg : FE*O,Bkg7

FK*O,Comb = FAE,Bkg ’ FE*O,Sig'
s23  The total p.d.f is given by

Fop = NAg—n\ijﬁ*O " Fag sig  Freo gig
+ NA%%A?D*[K*#*] ’ FAE,Sig ) FE*”,Bkg (12)

+ NBkg (TE*O,COmb ’ FK*O,Comb + FCOmb) ’

s which is used to fit the AY mass in the range [5560 MeV, 5680 MeV]. Again, for the fits, the parameters listed in Table
s2s 8 and Table 10 are fixed in Eq. 12. The plots of the 2D mass fits are given in Figure 18. The fit result provided listed
s26 in Table 12.

527 From the fit result, the signal yield are 66 & 17, which is in 1o accordance with the signal yields returned from
s2s  the 4D mass fits (see Table 11). The resolution of A% mass related to the signal decay is in 1o accordance with
s2 the resolution from the fit to the MC data. The yields of the decay AY — AFD~[K~ 7] is 95 & 19, which is
s in 1o accordance with the yields from the 4D mass fits (see Table 11). The contribution of the two decays A) —

@ AF[Ktr— 7 K™ and AY — [p*K-7*+]D-K " are absorbed into the random combinatorial background, which is
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Figure 18: Projections of the 2D mass fits into AY and K™ spectra.

fit parameter AY K’

w/MeV 5620.00 = 0.76 | 900 4.1
o/MeV 6.11 +£0.84 /

a —0.130 £0.094 | —0.20 = 0.12
b / —0.05£0.11
NA%%A:eri*o 66 £ 17

Nyo o ptD-(K-ri] 95 + 19

Npyig 357+ 24

rZr0 cont 0.206 =+ 0.069

4.5 A Brief Efficiency Study

A brief efficiency study is conducted in this section, to get the efficiency corrected signal yields from the 2D mass
fits. Two types of efficiencies needed to be considered: the efficiency of detector acceptance, trigger, reconstruction
and stripping (denoted by earrs) and the efficiency of the offline cut-based selection including PID efficiency (epip),
efficiency of cuts related to kinematics, reconstruction quality of decay vertices, angular acceptance (exiy), efficiency
of the veto cuts (eyeto) and efficiency of the mass cuts (enyass). The two types of efficiencies are extracted from the

generated and fully detector simulated MC data, assuming that the MC data can describe the real data well. The

Table 12: Fit parameters for A and K™ from the 2D mass fits.

general form to calculated the efficiency of a selection process A is given by

EA =

Npasscd
s
Ninput

32
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where Ni,pue and Np,sseq denote the event number before and after the selection process. The total efficiency will be
calculated in the following order. At first the efficiency earrs is calculated, by comparing the event number of the
generated MC data and the event number of the MC data passing the stripping lines. Then epyp is obtained, using the
PIDCalib package. Finally €ip, €veto and €555 are calculated in the mentioned order. The total efficiency €. can be

written as

€tot = €EARTS * €PID * €kin * €veto ' €mass, (14)

with error obtained by the Gaussian error propagation

A

1
A A A A 2
EARTS €PID €kin Eveto €mass
Aemt = €EARTSEPIDC€kin€veto€mass (( ) + ( + + “ + | == (15)
€EARTS €PID €kin €veto €mass

4.5.1 Efficiency of Detector Acceptance, Trigger, Reconstruction and Stripping

The Efficiency of detector acceptance, trigger, reconstruction and stripping € rrs is obtained in the following way.
Several dozons of small samples containing the event number of generated MC data and the event number passing the
whole selection process of detector acceptance, trigger, reconstruction and stripping are produced. The efficiency
obtained from each sample is registered in a histogram. The histogram is fitted with a Gaussian p.d.f.. The mean and

o of the Gaussian distribution is the value and error of eprrs. The fit result returns earrs = 4.17% + 0.56%.

4.5.2 Efficiency of the Offline Cut-based Selection

The calculation of the efficiency of the offline cut-based selection, including the efficiency of the PID cuts, the
efficiency of kinematic cuts, cuts related to tracks and decay vertices reconstruction quality and acceptance cuts, the
efficiency of veto cuts and the efficiency of mass cuts (see Table 7), is described in the following. Before calculating
the efficiencies, the distributions of two commonly used control variables, pt and 1 of A, of the data weighted by
Weights' (the sweighted data) and the fully detector simulated MC data are compared, to control if the MC data
matches the real data. The ;Weights are the weights assigned to each event using the ; Plot technique embedded in
the ROOT framework [71, 72], to statistically remove background contribution. Shown in Figure 19, the distributions
of the MC and sweighted data match relatively well. No weighting procedure is needed for the MC data.

The PID efficiency epip is calculated by the PIDCalib package. The efficiency of the PID cuts of each single final-
state particle is calculated from the data samples used in the PIDCalib package, using a customed binning scheme'®
for three default kinematic variables, p (momentum), 1 (pseudorapidity) and nTracks (track multiplicity). Sample
datasets used by the PIDCalib package are divided into years and magnet polarities (for this analysis: 2011MagUp,
2011MagDown, 2012MagUp and 2012MagDown). Here as a brief efficiency study, the averaged efficiency of the four

combinations will be used as the efficiency of the PID cuts applied to the final-state particles. Efficiencies for all the

15The data refers to the data passing the offline cut-based selection.
19The binning for p is [0, 300000 MeV] with bin boundries 15000 MeV and 30000 MeV, for  [1.0, 5.5] with bin boundries 3.0 and 3.5 and
for nTracks [0, 800] with bin boundries 130 and 200.
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Figure 19: Comparison of the ;W eighted runl data and the MC data in pr, A9 and TA-

PID cuts listed in Table 7 are given in Table 13. Assuming PID cuts on different final-state tracks are independent of
each other. The total PID efficiency can be given by the product of all averaged efficiencies with the Gaussian error
propagation, which is epip = 68.62% =+ 0.93%. The PID cuts are applied to the MC data before the next step.

The efficiency of kinematic cuts, cuts related to tracks and decay vertices reconstruction quality and acceptance
cuts €y is extracted from the MC data, by comparing the numbers of event before and after applying these cuts, which
is €xin = 55.85% =+ 0.58%. These cuts are applied to the MC data before getting the efficiency of the veto cuts.

Using the same method, the veto efficiency is €yeto = 55.98% =+ 0.78%. Veto cuts are applied to the MC data
before getting the efficiency of the mass cuts, including a mass cut on AP mass: A{ € (5560 MeV, 5680 MeV ), which
is the range used in the 2D mass fits. The efficiency of the mass cuts is found to be €55 = 99.6% + 1.6%.

Using Eq. 14 and Eq. 15, the total efficiency is €, = 0.89% + 0.12%.

4.6 Summary

This can be concluded as the first observation of the decay A) — AjD_K*O. With the signal yields from the 2D

mass fits NV A «0 = 66417 and the efficiency ey, = 0.89%, the efficiency corrected signal yields from the 2D
b

—AID-K

mass fits are calculated as N, = 7400 £ 2200. The error is purely statistical. The main contribution

b

to the error is the relatively large error of the signal yields from the 2D mass fits, mainly because of the low statistics

—AID-K* corr

data sample.
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584

particle PID cut dataset efficiency
pt prod_ProbNN_p_K > 0.03 and | 2011MagUp 93.162% =+ 0.022%
prod_ProbNN_p_m > 0.03 2011MagDown | 92.821% =+ 0.016%
averaged efficiency 2012MagUp 94.751% =+ 0.049%
93.6% £+ 1.0% 2012MagDown | /!7
K~ (A}) | prod_ProbNN_K_m > 0.05 2011MagUp 94.7825% =+ 0.0018%
2011MagDown | 94.8758% =+ 0.0014%
averaged efficiency 2012MagUp 94.94990% =+ 0.00065%
94.98% =+ 0.22% 2012MagDown | 95.29669% =+ 0.00060%
7T (AF) | prod_ProbNN_r_K > 0.05 2011MagUp 99.1243% =+ 0.0011%
201 1MagDown | 99.12079% =+ 0.00093%
averaged efficiency 2012MagUp 99.17278% =+ 0.00042%
99.152% =+ 0.035% 2012MagDown | 99.19140% =+ 0.00040%
Kt prod_ProbNN_K_7 > 0.05 2011MagUp 94.8423% 4 0.0018%
2011MagDown | 94.8834% + 0.0014%
averaged efficiency 2012MagUp 94.91358% =+ 0.00067%
94.95% + 0.14% 2012MagDown | 95.14769% =+ 0.00063%
i prod_ProbNN_n_K > 0.05 2011MagUp 99.03074% =+ 0.00099%
2011MagDown | 99.01738% + 0.00084%
averaged efficiency 2012MagUp 99.05534% =+ 0.00037%
99.053% =+ 0.041% 2012MagDown | 99.11022% + 0.00035%
Ty prod_ProbNN_n_K > 0.05 2011MagUp 99.00463% =+ 0.00091%
2011MagDown | 99.02006% =+ 0.00077%
averaged efficiency 2012MagUp 99.05060% =+ 0.00036%
99.046% =+ 0.047% 2012MagDown | 99.11059% =+ 0.00035%
K*(K*O) PIDK > 3 and 2011MagUp 90.8406% =+ 0.0017%
prod_ProbNN_K_7 > 0.05 2011MagDown | 90.5891% =+ 0.0014%
averaged efficiency 2012MagUp 89.86056% =+ 0.00064%
90.38% =+ 0.43% 2012MagDown | 90.21170% = 0.00060%
w*(K*O) PIDK < 3 and 2011MagUp 92.0149% =+ 0.0016%
prod_ProbNN_7n_K > 0.05 2011MagDown | 91.9749% =+ 0.0013%
averaged efficiency 2012MagUp 92.74198% =+ 0.00061%
92.47% £ 0.57% 2012MagDown | 93.14965% + 0.00057%

Table 13: Efficiencies of PID cuts.

S Offline Selection using two BDTs and Rectangular Cuts

. . . . —+0 .
585 The cut-based offline selection delivers clear signal peaks of Aj, D—, K" and Ag (see section 4.2). However,
sss  the number of event passing the selection is not quite enough for the 2D mass fits, which are supposed to reduce the

se7  statictical error. In this section, an alternative to the purely cut-based offline selection, a selection using two BDTs and
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rectangular cuts, is described. The selection returns more availabe number of event for mass fits, which is expected to
decrease the statistical error. The selection starts with the identification of the two open-charm intermediate particle,
using BDTs trained on real data. The strategy for the selection is the same as for the cut-based selection: to obtain

clear signal peaks of A}, D™ and K™ and then AY.

5.1 Selection of A and D~ using BDTs

BDT is a multivariate analysis technique using supervised machine learning. Two boosted decision trees, termed
D-from-B BDTs, are applied for the selection of the two open-charm'® intermediate particles AF and D~ decaying
from Ag. BDT based selection is far more powerful than traditional, one-dimensional cut based methods [73]. These
two BDTs are trained on data of the decays A) — Afn~ and B’ — D~7" by year, to identify their decays into
final-state particles AT — pT™K 7" and D~ — K*7~ 7. The software framework for the implementation of the
two BDTs is developed by the Heidelberg LHCb group and is available in Gitlab repositories [74, 75].

The AT BDT is fully explained in [49]. The training of D~ BDT is briefly describe in the following. The decay
channel B® — D~ 7 is used for the training of the BDT. The online and offline selection of the decay B — D=7 is
similar to those mentioned in section 5 in [49]. 2D mass fits are then applied to BY and D, to get the ;W eights for the
signal yields. Plots of the 2D mass fits are shown in Figure 20. A classifier using 69 discriminating variables is trained
on sweighted training sample by years using the TMVA package embedded in the ROOT framework [76], including
B (momentum asymmetry, see [53]), FDCHI2_OWNPYV (y? of the flight distance of a particle related to the primary
vertex), IPCHI2_OWNPYV, kinematic varialbes (e.g. p and pt) (see section 4.1 and 4.2) and a set of boolean variables
provided by the VELO, the RICH detectors and the muon stations, of D~ and its final-state particles. A testing sample
is created to control potential over-training of the BDT. The BDT response to the testing sample should match the
BDT response to the training sample [73]. Shown in Figure 21, it can be seen that the BDT responses to the training
sample and the testing sample match very well. The trained BDT is applied to the signal decay A) — AC*D*K*O, to
extract the one-dimensional BDT response, which is dependent on the 69 discriminating varialbes of different degrees.
A single cut on the BDT response can be applied to control the strictness of the selection for D~. The response of the
AJ BDT is obtained in the same way.

The optimization of the cuts on the two BDT responses naturally becomes a task. However, with only cuts on the
two BDT responses cannot deliver clear A signal shape. A clear K signal peak is still necessary to get a clear A

signal shape. The optimization will be performed later.

5.2 Cut-based Selection of K™ and A?

Based on the result from the cut-based selection (see section 4.2), the cuts on the final-state particles K~ and 7+

=40 .. . =0 . . .
from K listed in Table 5 are enough to get a clear K signal peak. Two cuts to control the reconstruction quality

18This term is used to describe particle with quantum number ¢ # 0
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of Ag and K™ decay vertices are applied. The cuts on prod_ProbNN variables and pseudorapidities can be omitted to

. . . . —+0
increase the number of events passing the selection. To get A signal peak, mass cuts on A7, D~ and K

The applied rectangular cuts are listed in Table 14.

are needed.
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cuts A LAY D~ K" K~ mt

M /MeV / (2256,2316) | (1829,1909) | (700,1000) | / /
pr/MeV / / / / > 400 | > 150
ENDVERTEX 2 /nq¢ | < 4|/ / < 4 / /
PIDK / / / / > 3 <3

Table 14: Applied cuts for K and AY selection.

5.3 Optimization of the two BDT Responses

The cuts listed in Table 14, excecpt the mass cuts are applied for the optimization, so that with cuts on the two BDT
responses a clear A) peak can be seen. The strategy is to find a combination of the two cuts on the BDT responses,

with which the figure of merit (FoM), defined as

N

FoM = ——
N+ S

)

where N and S are the signal and background yields returned from one-dimensional fits to AY mass in the range
[5560 MeV, 5680 MeV]. A scan of the two BDT responses in the region [—0.2,0.8] x [—0.5,0.5] in 0.05 step along
each axis is conducted. The optimization is separately done for 2011 and 2012 data, since the BDT trainings are divide
by years. Here the fits are performed to the whole 2011 and 2012 data. A k-fold cross-validation can be done to avoid
observer bias. 2D plots for the optimization for the year 2011 and 2012 are shown in Figure 22. The maximal figure
of merit for 2011 data is found for the cuts AjBDT > 0.65 and D"BDT > —0.3; for 2012 data AjBDT > 0.5
and D”BDT > —0.2. It can be seen that for both 2011 and 2012 data, the figure of merit has relatively large
values around the absolute maxima. While tightening up the cuts on both the BDT responses increases the figure of
merit, however, too strict cuts cause a drop in FoM. For the simplicity, a common combination AjBDT > (0.5 and
D™BDT > —0.35 is chosen. It needs to emphasized that the optimization done here is based on other fixed cuts that
are already applied. As an improvement, other retangular cuts can be optimized with the cuts on the BDT responses,

with k-fold cross-validation. This process will consume much longer time.

5.4 Misidentification Control

Same procedure used in section 4.3 can be used to control misidentification backgrounds. 2D plots invariant
mass and momentum asymmetry of different final-state particles containing possible misidentification backgrounds
are shown in Figure 23. The bands in Figure 23 (a), (c) and (e) corresponding to resonances formed by different
final-state particles that ressemble AT. The band in Figure 23 (g) correspond to undesirable K formed by 7T from

AF and K~ from KO*. These obvious bands are vetoed, shown also in Figure 23. All cuts applied are listed in Table

38



o
1
o
ul

o
~
o
~

0.3

o
[N
~
[N
o
[N

o)
0
c
o
o
a4 @
S
'_
[a)
M
[a

D BDT response
o
w

o
[y
o
=

032 01 0 01 02 03 04 05 06 07 08 032 01 0 01 02 03 04 05 06 07 08
A; BDT response A. BDT response

Figure 22: Optimization of the two BDT reponses for 2011 (left) and 2012 data (right).

0*19

s 15. The signal peaks of A, D=, K ' and A are shown in Figure 24.

type variable range/cut
BDT response | AFBDT > 0.5
D-BDT > —0.35
kinematics Pr.K > 400 MeV
DTt > 150 MeV
PID PIDK, &0 >3
PIDK_; z+0 <3
reconstruction ENDVERTEXX2 /ndt K" A9 <4
veto (B12s, M12s) ¢ (—0.5,0.5) x (2274 MeV, 2298 MeV)
(Bi37, M137) ¢ (—0.4,0.5) x (2274 MeV, 2298 MeV)
(Birs, Mi7s) ¢ (—0.3,0.55) x (2274 MeV, 2298 MeV)
(Ba7, Ms7) ¢ (—1.0,0.3) x (880 MeV,910 MeV)
mass mp+ € (2256 MeV, 2316 MeV)
mp- € (1829 MeV, 1909 MeV)
Mo € (700 MeV, 1000 MeV)

Table 15: All applied cuts in the selection.

19show the full spectra the mass cuts are not applied.
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5.5 Quality Control of the Selection

A mass cut of 30 MeV around the AY PDG mass is applied while dropping the mass cut on one of the three

intermediate particles is dropped (mass cuts on the other two maintained), to exmaine if the selected A7, D~ and

=0 . . . -
K are indeed coming from A?. Three mass spectra returned from the procedure are given in Figure 25. It can

be clear seen that the reconstructed Aj, D~ and KO* do come from Ag. Like in section 4.3, to rule out the decay
. . —x0
A) — [Af7*]g++ DK™, which could be reconstructed as the signal decay, where the 7 from K and the A}

decay from a X7, the 2D plot of M235 against 31235 need to be checked. Shown in Figure 26, no clear structure is

seen.
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Figure 25: Signal peaks of the three intemediate particles.

6 Mass Fits

It is concluded in section 4.4 that the main contribution to signal peak, besides the signal decay, is from the decay
AY — AFD~[K~ 7). Thus 2D mass fits is adequate to isolate this decay from the signal decay A) — AjD’K*O.

Exactly the same fit procedure performed in section 4.4.3 can be used to fit the data passing the selection using two
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Figure 26: Check for potential resonance of X1 .

BDTs along with other rectangular cuts (see Table 15), described in section 5.

Since the selection is different from the previous cut-based selection, the MC data, which is cut the same way as
the data, is different. The two BDTs are also applied to the MC data, to get the BDTs responses, so that the cuts on the
BDT responses applied to the real data can also be applied to the MC data. Despite the difference of the MC data, the
p.d.f.s used to fit the signal shapes of AY, A}, D~ and K™ are the same (see section 4.4). The A shape is fit with a
double Crystall Ball function defined in Eq. 3. The signal shapes of A" and D™ are fit with double Gaussian functions
defined in Eq. 5. The K" signal shape is fit with the sum of a Crystall Ball function and a Gaussian function, defined

in Eq. 9. Plots of the fits to the signal shapes in the MC data are shown in Figure 27. Fit results are listed in Table 16.

fit parameter | A} AF D~ K"

TCB 0.517 £ 0.020 / / /

« 1.401 £0.074 / / —0.77£0.22
2.41+0.28 / / 0.96 £ 0.75

o 5.820 £ 0.087MeV | / / 29.4 £2.0MeV

r / / / 47.07 £ 0.49 MeV

TBW / / / 0.765 £ 0.030

TG / 0.817 £0.025 | 0.824+0.015 | /

To / 2.160 £0.077 | 3.39+£0.23 /

Table 16: Fit parameters returned from the fits to A9, Aj, D~ and K*O signal shapes in the MC data.

Fit parameters listed in Table 16 are fixed for the 2D mass fits?’. The total p.d.f. defined in Eq. 12 is used to fit A?
mass in the range [5560 MeV, 5680 MeV]. Plots from the 2D mass fits are shown in Figure 28. The fit result is given
in Table 17.

From the fit result, the signal yield are 1344 22. The means of the masses of A and K™ are both in 1o accordance

20The parameter o a0 is not fixed. It will be used to be compared with the resolution of Ag related to the signal decay in the 2D mass fits.
b
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fit parameter AY K

w/MeV 5620.20 £0.67 | 896 +4.1
o/MeV 7.48 £ 0.67 /

a —0.054 £ 0.082 | —0.285 4+ 0.089
b / —0.016 £ 0.086
Nyo atD-K™ 134 + 22

Nyo ,a D (K—nt] 169 + 28

Npig 471 +29

"R* Comb 0.043 4+ 0.059

Table 17: Fit parameters for A} and K™ from the 2D mass fits.

with the PDG masses. The resolution of A mass related to the signal decay is in 30 accordance of the resolution from

the fit to the MC data. The yields of the decay A) — AFD~[K~ 7] is 169 + 28.

7 Efficiency Study

An efficiency study is conducted, to get the efficiency corrected signal yields from the 2D mass fits (see section 6).
The efficiency of detector acceptance, trigger, reconstruction and stripping (denoted by esrrs) is already calculated in
section 4.5.1. The efficiency of the offline selection using two BDTs and rectangular cuts is calculated in the following,
including PID efficiency (epip), efficiency of the cuts on the BDT responses (egpt), efficiency of cuts related to
kinematics and reconstruction quality of decay vertices (ekiy ), efficiency of the veto cuts (eyeto) and efficiency of the
mass cuts (emass)- The efficiencies are extracted from the fully detector simulated MC data. It is assumed that the
MC data can describe the real data perfectly. All efficiency calculations use the formular given in Eq. 13. The total
efficiency is given as

€tot ‘= EARTS * €PID * €BDT * €kin * Eveto * €mass» (16)

with the Gaussian error propagation

2
AQ) , with I := {ARTS, PID, BDT, kin, veto, mass} . (17
e

?

The total efficiency is calculated as €y = 1.15% + 0.19%, using the result earrs = 4.17% + 0.56% from section

4.5.1. Detailed calculations are explained in the following.
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7.1 PID Efficiency

Two PID cuts are applied in the selection: PIDK (K%O) > 3 and PIDK (71'%*0) < 3. The efficiency of these two
cuts is calculated by the PIDCalib package from its calibration samples, using a customed binning scheme?' for three
default kinematic variables, p (momentum), 7 (pseudorapidity) and nTracks (track multiplicity). These kinematic
variables are chosen for the calibration because the tracking and reconstruction efficiency of the RICH detectors and
the tracking stations depends on these variables [77, 78, 79]. As mentioned before, the PID efficiency is calculated
by year and magnet polarity for the MC data, listed in Table 19. PID weights are assigned to each event in the MC
data. These weights are applied to the MC data by year and magnet polarity and merged together by year before next
steps. An averaged PID efficiencies are calculated for the two applied PID cuts. The total PID efficiency is given
as the product of the two PID efficiencies, assuming the two are independent of each other, which takes the value

€EPID — 8378% + 064%

particle PID cut dataset efficiency

K-(K") | PIDK > 3 and 2011MagUp 92.4056% =+ 0.0015%
prod_ProbNN_K_7 > 0.05 | 2011MagDown | 92.1409% =+ 0.0012%
averaged efficiency 2012MagUp 91.13478% =+ 0.00057%
90.38% =+ 0.43% 2012MagDown | 91.47469% =+ 0.00053%

(K ") | PIDK < 3 and 2011MagUp | 92.2277% + 0.0013%
prod_ProbNN_m_K > 0.05 | 2011MagDown | 92.2500% =+ 0.0015%
averaged efficiency 2012MagUp 92.97554% =+ 0.00057%
92.70% =+ 0.56% 2012MagDown | 93.37284% =+ 0.00053%

Table 18: Efficiencies of the two PID cuts.

7.2 BDT Efficiency

Efficiency lookup tables are created from the training samples by year, the data of the decay AY — AFr— for the
cut ATBDT > 0.5 and of the decay B — D~ 7+ for D" BDT > —0.35, shown in Figure 29. The 2D histograms
use fixed binning scheme in variable log (FDCHIQ_OWNPV AF 7D_) and nTrakcs. The bin boundries are chosen to
make the number of event roughly the same in each bin. The efficiency of the two cuts are calculated separately for the
MC data (with PID weights applied) in the following way. The sweighted data from the fits in the training procedure
(see section 5.1) with and without one of the two BDT response cuts is arranged in the 2D histogram. In each bin,
one-dimensional mass fits to A{ (for A7 BDT) or BY (for D~BDT) before after the cut are performed to get the signal

Naster 22

yields Npefore and Nagier. The efficiency of the cut in this bin is then, according to Eq. 13, € (cut, bin) = Safter

Nyefore

2I'The binning for p is [0, 260000 MeV] with bin boundries 15000 MeV and 30000 MeV, for 7 [1.0, 5.5] with bin boundries 3.0 and 3.5 and
for n'Tracks [0, 800] with bin boundries 130 and 200.

22The error can be calculated with the Poisson error. However, it is expected that the Poisson error is at least one order smaller than the statistical
error of the averaged efficiency for all bins. The calculation for the error of the efficiency in each bin is thus omitted.
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Each event in the MC data is then arranged in the same binning scheme and is assigned with the efficiency of that
bin it is in. The efficiency for each event is applied to the MC data by year as a weight. The averaged efficiency is
calculated from the efficiencies of each bin and used as the efficiency for a single BDT response cut. In this analysis,
the efficiency weights of ATBDT are applied to the MC data by year at first. The efficiency weights of D"BDT
are then applied to the MC data (with ATBDT efficiency weights) by year, assuming the two BDT responses are
independent. Finally the two sets of weighted MC data by year are merged together to get the efficiency of the other
cuts. The averaged ATBDT and D™BDT are listed in Table 19. The total BDT efficiency of the two cuts is then the

product of the two averaged efficiencies, which takes the value egpt = 72.4% + 7.2%.

BDT cut ATBDT D~BDT

2011 Efficiency 76.9% +8.3% | 94.5 £ 7.1%
2012 Efficiency 75.9% +9.4% | 95.1 +£7.8%
averaged efficiency | 76.4% + 6.3% | 94.8% + 5.3%

Table 19: Efficiencies of the two BDT response cuts.

7.3 Efficiencis of Kinemtic and Decay Vertex Cuts, Veto Cuts and Mass Cuts

The distributions of the cuts, of which the efficiencies will be calculated, in the MC data are plotted against the
distributions in the sweighted data from the 2D mass fits, shown in Figure 30. Almost all distributions match very
well with each other. However, there is some discrepency between the distributions of ENDVERTEX 2/, 4. AQ- The
distribution in the MC data is shifted to the left. It is expected that the influence of this shift on the total efficiency is
small. No weighting of the MC data is conducted to make it match the sweighted data in ENDVERTEX 2 /.4, AQ-

The efficiency of kinematic and decay vertex cuts is obtained, by comparing the number of event in the weighted
MC data before and after applying the cuts. The efficiency is calculated as e, = 74.36% = 0.59%, with the Poisson
error. Similarly, The efficiencies of veto cuts and mass cuts are €yeto = 87.95%+0.77% and €555 = 69.76%+0.69%.

8 Results

«0 = 134 4 22 (see section 6) and the total efficiency
= 8900 £+

With the signal yields from the 2D mass fits N AYAFD-K

€tot = 1.15% =+ 0.19%, the efficiency corrected signal yields can be calculated as N A9 AF DK™ corr

1900. Compared with the efficiency corrected signal yields from the 2D mass fits to the data with cut-based selection

!
Ag%AID*E*O,corr

A main contribution to the error is the statistical error of the signal yields from the 2D mass fits, which originates from

= 7400 £ 2200, the two results are in 1o accordance, mainly due to their relatively large errors.

the fit procedure. A huge challenge to the study of the signal decay A) — AC*D*K*0 is that the number of event

passing the offline selection is very limited, due to the difficulty of reconstructing such a decay with eight final-state

47



728

729

730

731

732

nTracks
nTracks

600

500

400

300

200

100

||||||||||||111 1111111111111111111111111'11
5 2 25 3 35 4 4.§ 5 55 6 055 9.5 2 25 3 35 4 4.§ 5 55 6
log(A; FDCHI2 OWNPV) log(A; FDCHI2 OWNPV)

(a) 2011 A BDT efficiency for ATBDT > 0.5. (b) 2012 A BDT efficiency for ATBDT > 0.5.
»n 900 1 o 900 1
< <
Q Q
@ 8
= 800 = 800 0.95

700 700

600 600 0.85
500 500
400 400 0.75
300 300
200 200 0.65
100 100

0.55

9.5 2 . 3 35 4.5

4 45 5 55 6
log(D” FDCHI2 OWNPV)

9.5 2 . 3 35 4.5

4 45 5 55 6
log(D" FDCHI2 OWNPV)

(c) 2011 D™ BDT efficiency for D" BDT > —0.35. (d) 2012 D™ BDT efficiency for D" BDT > —0.35.

Figure 29: BDT efficiency lookup tables for 2011 and 2012 with fixed binning scheme.

tracks. The backgrounds rejection becomes a huge task: On one hand backgrounds need to be suppressed, while on the
other hand the backgrounds rejection needs to be efficient. Besides the two BDTs applied to identify non-prompt A
and D™, a BDT for the selection of K™ coule be trained to replace the rectangular cuts. The number of events passing
the selection could increase, and the statistical error from the fit procedure could be reduced. The fit model and fit

method used in the fits can be improved. Another contraibution is the statistical error of the averaged efficiency of the
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Figure 30: Comparison of ENDVERTEX, 2 /p,q¢, AQ ENDVERTEXX2 Jndf 0> PTK- and pr .+ distributions be-
tween the MC data and sweighted data.

two BDT response cuts, which is 1 order larger than the errors of other efficiencies (see section 7). A more advanced
technique can be used to calculate the statistical error of the averaged BDT efficiency instead of the tradidional one.
Due to time limit, no study of systematic uncertainties is done to this analysis. Potential sources of systematic
uncertainties are briefly listed below. It is expected that main systematic uncertainty comes from the MC data. It is
assumed that the MC data matches the sweighted data perfectly. However this is not the case. For example, these is
a discrepancy between the distributions of the varialbe ENDVERTEX, > A9 in the MC data and the sweighted data
(see section 7.3). As a consequence, the efficiencies extracted from the MC data will contain systematic errors. The
binning scheme used to calculate PID efficiencies can be improved, since the MC data is not expected to contain
correct nTracks information. The BDT efficiency is calculated with fixed binning scheme as an alternative to the
adaptive binning scheme used by the software framework, which leaves systematic uncertatinty. The fit models and

fit methods used in this analysis are also important sources, since varying fit models and changing fixed fit parameters
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will change the fit results. A toy-MC study can be conducted to the chosen fit model, to check potential bias. The
choies of one-dimensional cuts used in the offline selection also give systematic uncertainty. Different optimization

strategies for the cuts can bring different results. However, this effect is expected to be small.

9 Conclusion and Outlook

The first observation of the decay A) — AjD‘K*O and the measured efficiency corrected signal yields are
presented in this thesis, using the runl data corresponding to an integrated luminosity of 3.0 fb™! collected at center-
of-mass colliding energies of 7TeV and 8 TeV in 2011 and 2012 by the LHCb detector. The efficiency corrected

signal yields are IV, = 8900 =+ 1900, where the error is the statistical one.
b

SATD-K* corr

A study of systematic uncertainties still needs to be conducted to this analysis. The runll data, which corresponds
to integrated luminosities of 328 pb~! and 1665 pb~ " collected at v/s = 13MeV in 2015 and 2016, can also be
included, which is expected to at least double the number of events passing the offline selection. A branching fraction
measurement with reference to the normalization channel AY — AFD_ can be performed. By using the same BDT
repsonse cuts, the relatively large error of the averaged BDT efficiency can be cancelled, which will leads to better

accuracy. With a well-measured branching fraction, an amplitude analysis can be done to the ATD™ subsystem, for

the search for neutral hidden charm pentaquarks with quark content ccudd.
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