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1 Introduction

Throughout the history of particle physics, the need to probe smaller length scales has
required experimentalists to achieve higher and higher energy collisions in accelerator
experiments. The Large Hadron Collider (LHC), built by the European Oranization
for Nuclear Research (CERN), is currently the largest particle accelerator in operation,
achieving center of mass energy collisions of 13 TeV. The four main detector experiments
at the LHC are ATLAS, CMS, ALICE, and LHCb.

The LHCb experiment specializes in b-physics, which concerns the interactions of
particles containing the bottom quark. Interactions of b-hadrons are of interest because they
allow measurements of charge parity symmetry (CP) violating parameters. CP symmetry
means that if a particle is switched with its antiparticle and its spatial coordinates are
reversed then laws of physics will remain the same. The idea that some particles may
violate CP symmetry was proposed as part of the cause of the asymmetry of matter and
antimatter in the observable universe [1]. CP violation was first measured in the decays
of neutral kaons in 1964 by Val Fitch, Jim Cronin, and collaborators [2] and has since
remained an area of great interest in particle physics. Studying b-hadron decays for CP
violating parameters has been an area of much experimental and theoretical activity and
the LHCD detector is currently the best tool to investigate this physics.

Many decay modes of the B mesons are yet to be discovered. Specifically the BT —
D* K7™ decay mode has not yet been observed. The decay mode under study in this
thesis is important as it may provide new ways to measure the CP violation parameter
v as described in section [2.2.4} it could also form a background to other channels used
to study ~. In addition, it also provides an excellent way to investigate charm meson
spectroscopy, which can help to improve our understanding of QCD which is another
of LHCb’s goals. The overall goal for this thesis is then to make a measurement of
the relative branching fraction ratio with respect to the Bt — D* w7 control mode.
Studies of BY — D*” K7t could improve our understanding of already known particles
and potentially lead to the observation of new resonances.



2 Theory

2.1 The Standard Model

The Standard Model of particle physics contains everything known about subatomic
particles and their interactions. Physicists desire to classify and understand subatomic
particles and their interactions has been ongoing since at least the early 20th century.
All of the elementary particles fit into two categories: fermions and bosons. For every
particle that exists there is an associated antiparticle which has the same mass but opposite
charge. Some particles are their own antiparticles. The interactions of these elementary
particles are due to the electromagnetic, weak, or strong forces, which make up all of
the fundamental forces in the Standard Model. The development of the Standard Model
can be traced back all the way to the first table top electron experiments up to the
Higgs boson discovery with the Large Hadron Collider (LHC) at CERN. The LHC is
the largest accelerator ever in operation and is still producing new data, supplementing
our understanding of, and testing, the Standard Model. For a general reference of the
Standard Model, please refer to Ref. [3].

2.1.1 Elementary particles

To our best understanding, there are three types of elementary particles that make up
everything in the universe: fermions, gauge bosons, and Higgs bosons. Fermions are
half-integer spin particles that can be further categorised as either leptons or quarks. The
distinction between leptons and quarks is simply that the former (latter) are not (are)
charged under SU(3) and therefore do not (do) interact via the strong interaction. Gauge
bosons are the force carrier particles, responsible for the fundamental interactions between
elementary particles. Gauge bosons are connected to the gauge symmetries of the Standard
Model. The Higgs Boson is a scalar boson (spin 0) and explains why all particles have
mass.

Leptons are elementary particles that have half integer spin and integer charges
(—=1,0,41). The charged leptons, in increasing mass order, are called the electron, the
muon, and the tau. Each charged lepton also has a neutral partner neutrino, namely the
electron, muon, and tau neutrinos. Since charged leptons, such as the electron, are easy to
detect in laboratory experiments they were discovered well before their neutral neutrino
counterparts. Neutrinos were first proposed by Wolfgang Pauli to explain how beta decay
could conserve energy, momentum, and spin. Since their discovery, neutrinos have been
a popular area of research in particle physics as so little is known about their physical
properties. The main interest in neutrinos is that they might be “Majorana fermions”,
which means they might be their own antiparticles, and hence different from any other
fermion in the Standard Model. Connected with this, CP violation in the lepton sector
may then be able to explain the matter-antimatter asymmetry in the Universe [4].

Quarks were first proposed by Murray Gell-Mann and George Zweig as a way to
describe some particles like baryons and mesons as bound states of more fundamental
particles, baryons being bound states of three quarks while mesons are bound states of a



quark and an anti-quark. Like the leptons, quarks also have have half integer spin but

are the only known particles which contain charges that are multiples of % For each

—% charged quark there exists a +§ charged counterpart. The first generation of quarks
2

contains the up (43) and down (—%) quarks, the second generation is made up of the

charm (+32) and strange (—3) quarks, and the top (+3) and bottom (—3) quarks make
up the third generation. Quarks bind together to form states of matter such as the meson
and baryon as well as other states, such as the pentaquark, states recently discovered by
the LHCb collaboration at CERN [5].

The gauge bosons are the gluon, photon, W and Z bosons all of which are spin 1. The
only charged boson known is the W which has charge +1. Photons, arguably the first
elementary particles known to man, are responsible for interactions via the electromagnetic
force. The W and Z bosons carry the weak force, which is responsible for radioactive decay.

Holding quarks into bound states are the gluons which carry the strong force.

2.1.2 Fundamental forces

There are three forces with which elementary particles may interact. The electromagnetic,
weak, and strong force are the only forces that are relevant at the energy scales of
elementary particles. It is not known how gravity can be described in a consistant way
with the Standard Model. These three forces fit into a larger mathematical class of theories
called Quantum Field Theory or QFT. In a QFT, particles are treated as excitations of
an underlying physical field. In gauge theory, field theories are described by Lagrangians
that are invariant under symmetry transformation groups. The QFTs that are relevant to
the SM are: Quantum Electrodynamics (QED), Quantum Chromodynamics (QCD), and
the Electroweak Theory (EWT). QED, QCD, and EWT correspond to U(1), SU(3) and
SU(2)xU(1) symmetry groups respectively. The Standard Model is itself a gauge theory
and allows a unified framework to describe the quantum field theories. QED combines
our knowledge of relativistic quantum mechanics with electromagnetism and describes
the interactions of all charged particles by the exchange of photons. Holding the nuclei
of atoms together and trapping quarks into bound states is the strong force, which is
described mathematically by QCD. Interactions of quarks are described as the exchange
of gluons which carry the strong force. Analogous to electric charge, in QCD quarks and
gluons have a color charge. EWT is a combination of electromagnetism and the weak
force. In the early universe electromagnetism and the weak force were one force called
the electroweak force, which broke down into electromagnetism and the weak force as
it is observed today. The electroweak symmetry is spontaneously broken by the Higgs
mechanism. The weak force is responsible for radioactive decays and is carried by the
W and Z bosons. The weak force is interesting for particle experiments as it is the only
interaction known to violate CP symmetry. A summary of the particles in the Standard
Model is shown in Table [Il



Table 1: The Standard Model. Values given by the PDG [6].

Fermions  symbol electromagnetic weak strong charge Mass/MeV
electron e * * +1  0.510998928 + 0.000000011
neutrino Ve * 0 <1076
muon I * * +1 105.6583715 £ 0.0000035
neutrino vy, * 0 <1076
tau T * * +1 1776.86 + 0.12
neutrino vy * 0 <1076
up u * * * +2 237907
down d * * * i 48752
charm c * * * —&é 1275 + 20
strange s * * * -3 95 + 5
top t * * * +ﬁ 173210 £ 510 + 710
bottom b * * * —% 4180 + 30
Bosons symbol electromagnetic weak strong charge Mass/MeV
photon 5 * 0 0
gluon g * 0 0
W boson W * * +1 80385 + 10
Z boson Z * 0 91187.6 + 2.1
Higgs boson H 0 125090 £ 210 £+ 110

2.1.3 Particle decays

Most particles created during the collisions at the LHC are short lived. From Einstein’s
relativistic kinematics we know that the energy from the pp collision can be converted
into mass and that massive particles can decay to make less massive and eventually more
stable particles. The particles created, such as the B meson for example, may decay into
different final states. Each of these different final states is known as a decay mode. The
total decay rate is calculated as the sum of each individual decay rate for each decay mode,

The lifetime of the particle is then the inverse of the total decay rate,

1
= —, 2
== )
The probability for a particle to decay into a particular decay mode is called the branching
fraction. The branching fraction of any individual decay mode is calculated as the ratio of
the decay rate of the decay mode in question to the total decay rate of the particle:

B(i) = —. (3)

To put Eq. |3 into perspective, a branching fraction of 1% means that on average 1 out
of 100 decays produces that particular final state. For this project we are interested in
measuring a relative branching fraction. This means the branching fraction of the decay
mode relative to the branching fraction of a decay mode that is already known. Relative
branching fractions are convenient to measure at LHCb and similar experiments, since



Table 2: Properties of particles involved in BT —D*~KTrT. Values given by the PDG [6].

Particle Quark Content Mass (MeV) Lifetime (Width)
BT ub 5279.25 £ 0.26 1.638 £ 0.004 x 10725
DY cu 1864.80 £ 0.14 410.1 4+ 1.5 x 10715
D cd 2010.26 £ 0.07 (83.4 + 1.8keV)

Kt us 493.677 £ 0.013 1.2379 £0.0021 x 10785
Tt ud 139.57018 & 0.00035  2.6033 & 0.0005 x 1078 s

they can be determined without precise knowledge of the total number of B mesons
produced. An ideal normalisation channel should have similar topology, and be triggered
and reconstructed in similar ways to the signal channel. For this reason B — D*” K7 ™"
is measured relative to B — D* w7,

B(B* — D* K*r*)
B(B* = D*rtrt)’

(4)

The properties of the particles that are involved in the BT —D*~ K7t decay are shown
in Table 2

2.2 CP violation

The observable universe seems to be dominated by matter with hardly any antimatter. In
the early universe, when temperatures were much higher than they are today, there existed
an equal number of baryons and antibaryons. The process of baryon and antibaryon
annihilation to make two high energy photons that would then recombine to make a baryon
and antibaryon happened regularly,

p+D Y+ (5)

The universe was rapidly expanding and eventually this reaction was no longer able to
occur. The expansion causes the temperature to decrease until the forward reaction
(p+Dp — v+ ) is always possible, while the back reaction (y+ v — p + p) is not. The
number of baryons and antibaryons in the universe then remained fixed. If there had been
an equal number of baryons and antibaryons created than we wouldn’t have the universe
we have today because the baryons and antibaryons would annihilate with each other into
photons. Instead, what we observe today is that the number density of baryons greatly
exceeds that of antibaryons. This means there must have been a billion and one baryons
for every billion antibaryons created in the early universe in order to get the observed
asymmetry of matter to antimatter we see today. An explanation for this discrepancy was
first proposed by Sakharov in 1967 [1]. Sakharov proposed three conditions: (1) baryon
number is not conserved, (2) C' and CP (charge and charge parity) symmetry must be
violated, (3) the universe must have moved away from thermal equilibrium. The LHCb
collaboration is concerned specifically with the second condition. CP symmetry means
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that if you exchange a particle for its antiparticle and reverse its spatial coordinates then
the laws of physics should remain the same. This symmetry must have been broken or else
for every reaction creating a net increase in baryons over antibaryons then there would be
an equal reaction producing a net increase in antibaryons over baryons. CP violation was
first measured in the mixing of neutral kaon states by Cronin and Fitch. Since neutrinos
are now known to have non-zero masses, it is predicted that CP violation can occur in
both quarks and leptons however, to date CP violation has only been measured in the
quark sector.

2.2.1 Neutral kaons

Neutral kaons K° (d5) and K° (sd) are allowed to mix, forming states,

1 — 1 —
K~ K, = %(KMKO) and K ~ K, = E(KO—KO), (6)
named “short” and “long” as one is longer lived than the other by about three orders
of magnitude. Eq. @ shows that K° and K° can mix into each other, but they form
eigenstates (with well-defined masses and lifetimes) that are approximately CP eigenstates.
If they mix into each other with equal probabilities, CP is conserved. If the probabilities
are unequal, Eq. [0 is not exact, and CP is violated. If CP was conserved, K; would be
expected to decay to 2 (CP even) and K, would decay to 37 (CP odd). This means Ko
will have a longer lifetime than K; because the available phase space for a 27 decay is
larger than a 37 decay giving K a much shorter lifetime. However, the observation of K
going to mm established CP symmetry breaking in weak interactions [2].

2.2.2 The CKM matrix

In the Standard Model, CP violation can be accommodated in the Cabibbo Kobayashi
Maskawa (CKM) matrix [7]. The CKM matrix describes the coupling of different quarks
in flavor changing weak interactions. Essentially it gives the probability for a flavor of
quark to turn into any other flavor of quark,

d/ Vud vus Vub d
sl = Vea Ves V| x |5
b Via Vis Vi b

The magnitude of each element of the CKM matrix has been measured experimentally
with a range of different methods, including leptonic decays, neutrino interactions, B to
B oscillations, as well as other decay modes containing the top quark. The magnitude of
each element in the CKM matrix is shown below, with the diagonal showing the most
likely quark interactions. These results are from a fit which assumes CKM unitarity:

Via Vs Vi 0.97427 4 0.00015 0.22534 & 0.00065  0.0035119-5001%
Vi Vs V| = |0.22520 4 0.00065 0.97344 4+ 0.00016  0.0412739031

Vi Vis Vi 0.00867000s1  0.040475005 0999146 750001



The CKM matrix can be parametrized by three mixing angles 6,5, 653, 613, and the CP
violating phase ¢. By expressing these angles as s;; = sin6;; and ¢;; = cos 0;;, the CKM
matrix may be rewritten as,

,'5

Vid Vus Vi C12C13 $12C13 S13€”"
_ id i5

Vea Ves Va| = | —S12c23 — Ci2523513€ C12C23 — 512523513€ 523C13
) )

Vie Vis Vi 512823 — €12C93813€" —C12523 — $12C23513€" C23C13

The values of s;; have been determined experimentally to follow s;3 < s93 < 512 < 1.
The magnitudes of the elements appear to suggest a hierarchy of the elements of the CKM
matrix. To make this hierarchy more obvious, A convenient way to write the CKM matrix
is by introducing the parameter A = sin 6. = 0.225. This allows the CKM matrix to be
written in terms of the Wolfenstein parametrization. The Wolfenstein parametrization is
defined by

|LUS| 2 Lcb
- Hud‘Q + |Lus|2 v Vus ( )

AN (p+1m)V/1 — A2\
V1= N2[1 — A2)\4(p +i7)]
This allows the CKM matrix to be written in terms of the Wolfenstein parametrization
with elements A , A, p , and 7,

513 = Vit = AN} (p+in) =

Ve Vs V 1—)\?/2 A AN (p —in)
Vea Ves V| = —A 1—)\%/2 AN? + 0\
Viae Vis Vi AN(1 —p—in) —AN? 1

2.2.3 The Unitary Triangle

The CKM matrix is a unitary matrix implying that
|Vud|2 + ‘VuS‘Q + ’VubP =1

Veal® + |Vas|* + [V |* = 1
[Vial® + [Vis|? + |[Vi|* = 1, (8)

and that »;V;;V; = 0 and ¥, = Viij’} = 0;z. When j # k and i # k, each of these
relations can be represented as a triangle in the complex plane. Each angle of these unitary
triangles represents a relative phase between CKM matrix elements. One particularly
interesting unitary triangle is shown in Fig. [l Many experiments measuring CP violating
parameters can be used to constrain these angles. Mathematically, the angles of the

10



ViaY,
Vea V.

(0,0) (1,0)

Figure 1: A representation of the unitarity of the CKM matrix. The figure is taken from the
PDG [6].

unitary triangle are written as,

B = zarg(— ;ZEZ)
o )
v = ¢3 = arg ( - “/}j“?: ) (9)

The reason for both naming conventions is simply historic. The BaBar collaboration used
one convention and the Belle group used the other.

2.2.4 Measurements of v

In the unitary triangle, v is the least well measured angle. The angle v can be measured
in decays that only receive contributions from tree diagrams, which is not true for the
other two angles. This gives it the advantage that its measurement is not very much
affected by theoretical uncertainty. Tree processes are ones that do not contain loops in
Feynman diagrams. The advantage of tree dominated processes is that they are expected
to be dominated by Standard Model contributions. Key decay modes in the measurement
of v are B — Dh related decays where h is either a kaon or pion. This is due to the
fact that interference between b — ucqg and b — cuq, where ¢ is either s or d, transitions
provides sensitivity to v. The LHCb experiment has been an important contributor to
measuring 7y, building on work done by previous experiments such as Belle and BaBar.
The measurements of v reported by each experiment are shown in Table 3]
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Table 3: Measurements of v by LHCb [8], BaBar [9], and Belle [10].

Experiment v (°)
LHCb  72.278%
BaBar 69110
Belle 68115

2.3 Charm spectroscopy

Studying excited states of particles provides a way to improve our current knowledge of
properties of already known particles as well as giving a way to discover new resonances.
Excited states of hadrons have the same quark content as the ground state but with
different quantum numbers and slightly higher masses. Excited states decay quicker as
they do so through the electromagnetic and strong forces rather than weakly.

Quantum numbers are values that describe conserved quantities in a quantum system.
The quantum numbers of interest in studying excited mesons (¢g) are the angular mo-
mentum L and spin projection S. These two quantum numbers are combined to form
the total angular momentum J where J = |L £ S|. For a meson, which is comprised of a
quark and an antiquark, the spin can either be 1 or 0 meaning the quark spins are aligned
parallel or antiparallel. The angular momentum may take positive integer values starting
at 0. Each integer value of angular momentum corresponds to a subshell orbital where
S=0,P=1,D=2F =3, etc. Angular momentum tells us about the parity of the
system. Parity inversion is a transformation to the mirror image. For a two quark system
parity is given by P = (—1)E*!. Spin-parity (J¥) in the series 07,17,2%,37... is refered
to as natural; the others are unnatural. Only natural parity states can decay (by strong
or EM interactions, i.e. parity conserving) to two pseudoscalars, so the unnatural states
can be harder to study. The natural parity states in Fig. 2, D§(2400) and D3(2460), are
well-studied, but there is much less information on the D;(2420) and D7(2430) states. The
“*7 denotes natural spin parity.

Various excited charm states can contribute as intermediate states in decays of the type
B — D®hAY . In the case of B — D®WhAY) decays, where h) = 7, K, the constrained
initial and final states provide excellent resolution. In addition, these decays have a low
background, especially for modes containing the D*(2010) state. Through these types
of decays the quantum numbers of intermediate resonant states can be determined by
amplitude analysis through their angular distributions. Decays which are sensitive to
resonance states of natural parity have been studied extensively by LHCb [11-13], as well
as by collaborations like BaBar [14] and Belle |15,[16]. As for states with unnatural parity,
little information is known on such states. The B — D*hh(") decays allow us to study
states with unnatural parity. The spectrum of expected cu states with masses < 3.2 GeV/¢?
is shown in Fig. [2| Therefore it is of interest to study B — D*Km decays using the 2011
and 2012 LHCDb dataset. The immediate goal is a first observation of the three-body decay
mode. If successful this could lead on to an amplitude analysis once larger statistics are
available.

12
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Figure 2: Predicted mass spectrum for cu states. From Ref. [17], based on information in Ref. |18§].
Note that the mass values given in parentheses are not the latest experimental values.

2.4 Dalitz plot formalism

Particle decays into three body final states can be studied by way of a Dalitz plot.
The Dalitz plot allows us to investigate the amplitudes of resonant and nonresonant
contributions to the decay. The parent particle may decay weakly, one daughter of which
then decays into two more through a strong interaction, creating the three-body decay.
This type of process is a resonance and will show up in the Dalitz plot as a band. For

pl: m]_

P,M pZamQ

pga mg

Figure 3: An example of a 3 body decay where M, m1, ms, and mg are the masses of the particles
and P, p1, p2, and p3 are their momenta. The figure is taken from the PDG [6].

instance, a meson decaying into a three-body final state, in which the parent particle is

13



spin 0 and all three final-state particles are also spin 0, can be expressed using only two
variables, being combinations of the invariant masses of two of the decay products. If
the parent particle in Fig. 3| has mass M, then M? + m? + m3 + m2 = m2, + m3; + m?,.
The mass of the third two-body combination is constrained by this relation. Two of the
variables may be plotted against each other in a Dalitz plot as shown in Fig. [d The
boundary of the Dalitz plot is constrained by the conservation of energy and momentum,
so that for a specific value of m?, the minimum and maximum values of m2; are defined
(as indicated by the dotted vertical line in Fig. . The distribution of decays across the
Dalitz plot unveils information about the kinematics of the decay, as can be seen in Fig.
Bands correspond to resonances, and the number of lobes in each band indicates the spin
of the resonance. The boundary of the Dalitz plot is constrained by the conservation of

10 T T || T IIEI T T T ||| T T || T T

3)2

o
=
[\~]
o
e
()}

Figure 4: An example of a Dalitz plot for a 3 body decay. The phase space for the decay can be
visualised using just two variables. The figure is taken from the PDG [6].

energy and momentum. Bands showing up in the plot correspond to the resonances.

2.5 Particle accelerators and detectors

Accelerators provide an accesible way to study particles and their interactions by creating
a controlled environment. The object of detectors is to be able to identify the particles
produced in interactions and to measure their kinematic properties. The proton, electron,
photon, and neutrino are stable particles, although the neutrino is not detectable. If the
average flight distance before decay of a particle is longer than the length of the detector,
it is effectively stable. Examples of particles which are effectively stable to the LHCb

14
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Figure 5: An example of a Dalitz plot from B~ — DYK 7~ data [12].

detector are neutrons, K°, and the vast majority of charged pions and kaons. Other
produced particles decay either immediately, or after travelling a short distance inside the
detector.

2.5.1 Interactions of charged particles

Charged particles passing through the detector interact electromagnetically with atomic
electrons and nuclei of the surrounding detectors. These interactions cause particles passing
through the detector to lose energy through ionization and hence slow down. The rate at
which a single charged particle loses energy as it passes through the detector is given by
the Bethe-Bloch equation [3],

dE Z 232~%c?
7~ —ani2Ra? (ln[ b VIC me] - 52> (10)

In Eq. [10] v is the velocity for a singly charged particle, Z is the atomic number, n is the
number density of the medium the particle passes through, I, is the effective ionisation
potential, and « is the fine structure constant. The rate of energy lost due to ionization
through different mediums for different particles is shown in Fig. [6] Muons will travel
several meters further than most particles in the detector and their energy is mostly lost
due to ionization. This feature allows muons to be more easily identifiable as most other
particles will lose energy through other interactions.
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Figure 6: The ionization energy loss for different particles through different mediums. The figure
is taken from the PDG [6].

2.5.2 Tracking and scintillation detectors

Particles passing through the detector causing ionization of the surrounding atoms can be
tracked. As atoms ionize, an electric potential difference can be present so that the loose
electrons from ionization are pulled toward an anode where the signal can be read out.
Gases are often used as the medium through which the electrons pass and cause ionisation,
however semiconducting materials such as silicon can also be used. A magnetic field forces
charged particles to follow a curved path allowing a measurement of the momentum.

Scintillation detectors provide another popular alternative as a way to track particles.
The atoms which were ionized by the passing charged particle are left in an excited state.
When the excited state decays UV light is emitted. Adding a dye to the scintillating
material allows the molecules to absorb the UV light and re-emit the photons as blue light.
The blue light may then be detectable by photomultiplier tubes. Typical scintillation
materials are liquids and plastics. The down side to using scintillating detectors however is
that spatial information can be lost. Scintillation detectors are more popular with neutrino
experiments since high spatial resolution is not necessarily required.
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2.5.3 Cherenkov radiation

The emission of Cherenkov radiation provides another way charged particles may be
identified. As a charged particle passes through a dielectric medium of a refractive index
n it causes polarization of the medium. The molecules will then emit photons and return
to an unpolarized state. Particles may travel faster than the speed at which light travels
in that medium. This causes constructive interference between the emitted photons and
as a result, Cherenkov light is emitted as a cone with some angle 6. as shown in Fig. [7]
Charged particles may than be identified by their cone angle 6. since different particles
will generally produce Cherenkov light with different cone angles. If the particle travels at
speed 8 = v/c where ¢ is the speed of light through a vacuum then 6, can be calculated as,

1
0, = —. 11
cos e (11)

Therefore, knowing 6, gives you beta. So to get m (and hence particle type) you need p,
which is obtained from the tracking system.
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Figure 7: Particles passing through dielectric materials may be identified by the angle 6. formed
from emitting Cherenkov radiation. In the figure n is the cone opening half angle, v, is the
photon group velocity, and 7. is the Cherenkov Lorentz factor. The figure is taken from the
PDG [6].

2.5.4 Calorimeters

Experiments at the LHC use electromagnetic and hadron calorimeters to measure the
energies of particles. Electromagnetic calorimeters are used to measure the energies of
electrons and photons. The electromagnetic calorimeter is constructed from materials
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which cause electromagnetic showers to be produced. The electromagnetic showers are
the result of high energy electrons interacting with the surrounding medium and causing
bremsstrahlung radiation (photons). The bremsstrahlung radiation will then in turn create
ete™ pairs. The electromagnetic showers produce scintillation light which can be measured
by photon detectors. The amount of scintillation light is proportional to the energy of the
electron or photon that caused the original electromagnetic shower.

The HCAL is used mainly in the trigger, where the aim is to catch enough energy to
get a positive signal. Hadrons (baryons and mesons) will cause a type of shower similar to
the electromagnetic showers. As hadrons pass through the detectors and lose energy they
will also interact with atomic nuclei via the strong force. The particles produced in this
interaction will continue downstream to interact further and produce a cascade of particles.
The hadron shower passes through multiple layers of scintillation detectors and the sum of
the energy of the hadron shower is proportional to the energy of the original hadron.
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3 The LHCDb detector

The LHCb detector is a single arm forward spectrometer covering a polar angle of 10 to
300 millirads horizontally and 250 millirad vertically . The detector is composed of
multiple stages. The subsystems are designed in two halves (with the exception of the
magnet), one either side of the beam pipe, to allow for assembly and maintenance. The
components of the LHCDb detector are:

e Spectrometer magnet

Vertex Locator (VELO)

Tracking system (TT, IT, OT)

Ring imaging Cherenkov counters (RICH 1-2)

Calorimeter system (SPD/PS, ECAL, HCAL)

Muon detection system
e Trigger
e Online system

A more detailed description of the LHCDb detector can be found in Ref. [19,[20].

ECAL HCAL

SPD/PS M3 250mrdd |
Magnet RICH2 M h
T3

Figure 8: Cross section of the LHCb detector. Figure reproduced from Ref. .
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3.1 VELO

The first stage of the detector is the Vertex Locator or VELO shown in Fig.[9] The VELO
provides precise measurements of track coordinates close to the proton-proton interaction
region. The VELO is comprised of two retractable halves with a system of 21 silicon
micro-strip tracking modules each. Each module consists of two 300 pum thick sensors
allowing for measurements of the » and ¢ coordinates along the direction of the beam.
The sensors are place along the 2z direction, mounted in a vessel that maintains vacuum by
a thin aluminum wall. This is done in order to minimize the material traversed by charged
particles before they cross the sensor while protecting the sensors from the RF (radio
frequency) waves produced by the beam. The track coordinates are used to reconstruct
vertices from beauty and charmed hadrons as well as the primary pp collision vertex to
allow for a measurement of decay lifetimes and impact parameter. This information is
crucial to discriminate signatures of heavy flavour decays from background. The global
performance of the VELO must meet criteria such as having a signal to noise ratio > 14,
efficiency of at least 99% for tracks that traverse at least 4 sensors, and a spatial cluster
resolution of 4 pym for 100 mrad tracks.
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Figure 9: Layout of the VELO detector. Figure reproduced from Ref. [19].

In order to cover the angular acceptance of the downstream detectors, the VELO has
the ability to detect particles with pseudorapidity in the range 1.6 < n < 4.9 coming
from primary vertices in the range |z| < 10.6 cm. The VELO has an impact parameter
resolution of < 35 pm for particles with transverse momentum > 1 GeV/c and a primary
vertex resolution of 13 pm in the transverse plane and 71 pym along the beam axis for
vertices with 25 tracks [21].
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3.2 Tracking system

The tracking system measures track momentum. This requires excellent momentum
resolution in order to very precisely measure the invariant mass of reconstructed b-hadrons.
Shown in Fig. the Tracker Turicensis (TT) is a planar tracking station that is located
upstream of the dipole magnet. T-stations are placed after the magnet which have both
the Inner Tracker (IT) and Outer Tracker (OT) parts of the tracking system. The TT
and IT use the same technology and is therefore referred together as the silicon tracking
system (ST). Silicon microstrip sensors are used in the TT and IT each having a strip
pitch of 200 pm.

Figure 10: Arrangement of the TT, IT, and OT layer. Figure reproduced from Ref. .

The IT covers a 120 cm wide by 40 cm high cross-shaped region in the center of the three
tracking stations. There are four ST stations which each have four detection layers with
vertical strips in the first and the last layer. The TT, shown in Fig. [I1] uses 143,360
readout strips 38 cm long, having an effective area of about 8.4 m? while the IT has
12,9024 readout strips that are 11 cm and 22 c¢m long, giving it an an effective area of 4.0
m?. Parameters such as spatial resolution, hit occupancy, signal shaping time, signal hit
efficiency, radiation damage, material budget, and number of readout channels were all
taken into consideration for the design of the silicon tracker. The hit efficiency of the TT is
greater than 99.7% and for the IT is greater than 99.8% for 2011 data. The hit resolution
was found to be 52.6 um for the T'T and 50.3 pum for the I'T. Finally the Outer Tracker
(OT), made of Kapton/Al straw tubes , is a drift time detector for the measurement of
charged particle momentum. The OT has momentum resolution of op/p =~ 0.4% and an
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overall reconstruction efficiency of 80%. The single hit resolution of the OT is 205 pm.
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Figure 11: Layout of the TT detector. Figure reproduced from Ref. .

3.3 RICHI and 11

The Ring Imaging Cherenkov (RICH) detectors provide particle identification information
that is particularly important to distinguish between different types of charged hadrons,
i.e. pions, kaons and protons. The ability for LHCb to be able to separate pions from
kaons in B hadron decays is essential to the experiment. Two RICH detectors are installed
in order to cover the full momentum range of charged particles. RICH 1 covers charged
particles in the 1-60 GeV/c? range, using aerogel and CyF}, radiators. RICH 2 is able to
cover the higher momentum range 15-100 GeV/c? , using C'F; radiators. Charged particles
passing through the RICH are identified by their Cherenkov angle as shown in Fig. [12]
Focusing of Cherenkov light is achieved by spherical and flat mirrors to reflect the image
out of the spectrometer acceptance. Hybrid photon detectors are used to detect Cherenkov
photons with 200-600 nm wavelength.
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Figure 12: Particles passing through the RICH are identified by their Cherenkov angle. Figure
reproduced from Ref. .
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3.4 Spectrometer magnet

The dipole magnet shown in Fig. provides a 4 Tm magnetic field and is used to
measure the momentum of charged particles. The magnet is a warm magnet design held
together by saddle shaped coils in a window frame yoke. A magnet control system controls
and monitors parameters of the magnet such as the temperature, voltage, water flow,
mechanical movement, etc. There is a second independent system which ensures safe
operation of the magnet by enforcing a discharge if critical parameters are outside the
accepted operating range.

Figure 13: Structure of the magnet. Figure reproduced from Ref. .

3.5 Calorimeter system

The calorimeter identifies hadron, electron, and photon candidates for the first trigger
level, which must return a decision within 4 psec of the interaction. The calorimeter’s
ability to reconstruct 7° and prompt photons is important for studies of certain B meson
decays in LHCb. The calorimeter is made up from the electromagnetic calorimeter (ECAL)
and hadronic calorimeter (HCAL) with a scintillator pad detector (SPD) and preshower
detector (PS) preceding the ECAL. The SPD/PS system has a sensitive area which is 7.6
m wide and 6.2 m high. The job of the ECAL is to select electrons and photons of high
transverse energy while rejecting the high background of charged pions. This is achieved
by longitudinal segmentation of the electromagnetic shower. The scintillator pad detector
in front of the pre-shower selects charged particles to distinguish electrons from photons.
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The HCAL is a sampling device made from iron and scintillating tiles which run
parallel to the beam axis. The HCAL provides a measurement of the transverse energy of
hadrons. Scintillation light is read out by Photo Multiplier Tubes (PMT) using wavelength-

Outer section : Outer section :

121.2 mm cells 262.6 mm cells

2688 ch 1 608 channels

Middle section :
60.6 mm cells
1792 channels

Figure 14: The SPD/PS and ECAL (left) and HCAL (right) seen from a lateral layout. Figure
reproduced from Ref. .

shifting fibers (WLS). The SPD/PS fibers are then read out by a 64 channel multianode
photomultiplier tubes (MAPMT) and individual phototubes for the ECAL and HCAL
are set in proportion to the gain and distance to the beampipe. This has the advantage
that it allows for a constant Er scale. The HCAL tubes operate at a higher gain than
those for the ECAL due to the light yield at the HCAL being smaller by a factor of 30.
Shown in Figure [14] the calorimeter system (SPD/PS, ECAL, and HCAL) has a lateral
segmentation. This is due to a varying hit density by two orders of magnitude over the
surface of the calorimeter. The ECAL was chosen to split in to three sections while the
HCAL is segmented into two zones due to the size of hadronic showers.

3.6 Muon detection system

Muon identification is crucial to LHCb because of the muons which are present in final
states of several interesting B decays. LHCb’s muon system provides information for the
high transverse momentum muon trigger at level 0 and muon identification for the high
level trigger and offline analysis. The muon system is composed of five parts (M1-M5)
placed along the beam axis. The M2-M5 stages placed downstream of the calorimeter
are interleaved with iron absorbers in order to select penetrating muons. The M1 stage,
placed in front of the calorimeters, improves the transverse momentum measurement in
the trigger. The muon trigger relies on muon track reconstruction and requires a hit in
all five stations. Stations M1-M3 have high spatial resolution in the z coordinate which
is used to define track direction and calculate transverse momentum of muon candidates
to a resolution of 20%. The main purpose of stations M4-M5 is to identify penetrating
particles.
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3.7 Trigger and online system

The LHCb trigger is used to lower the data output rate from the beam crossing rate of 10
MHz down to 5 kHz. The reduction is achieved through level-0 (L0O) and the high level
trigger (HLT). The LO and HLT triggers are hardware and software based respectively.
The trigger is optimized to achieve the highest efficiency for events that are selected in the
offline analysis while strongly rejecting background events. The LO trigger attempts to
reconstruct:

e High transverse energy hadron, electron, and photon cluster in the calorimeter
e One or two high transverse momentum muons in the muon chamber

At the HLT, the beam crossing rate is further reduced from 1 MHz down to 5 kHz. The
HLT has the ability to access all data in one event but given the 1 MHz output rate of the
LO trigger and limitations on computing power, only part of the full event data is used to
reject the majority of uninteresting events.

The HLT is split into HLT1 and HLT2 stages. The HLT1 reconstructs particles in
the VELO and identifies tracks with large impact parameter with respect to the primary
vertices. The HLT2 then implements inclusive trigger algorithms with the B decay being
only partially reconstructed, and exclusive trigger algorithms to fully reconstruct B-hadron
final states. An important aspect of the HLT1 is that it reduces the rate to 30 kHz to save
CPU power and allows for full pattern recognition of the remaining events. Before the
final selection, tracks are selected with loose cuts placed on their momentum and impact
parameter. Cuts are placed on the invariant mass or on pointing of the B-momentum to
the primary vertex. As a result, the selection further reduces the rate sufficiently to allow
for data to be written to storage for future analysis.

The Online system ensures that the data is transferred from the front end electronics
into permanent storage as well as ensuring all detector clocks are synchronized with the
LHC clock. The online system is made of three parts:

e Data acquisition system DAQ
e Timing and Fast control TFC
e Experiment control system ECS

The transportation from the electronics to storage of data belonging to a bunch crossing
and identified by the trigger is handled by the DAQ. The TFC drives all storage of data
from the front end electronics and online processing. It does this by distributing the
beam-synchronous clock, the L0 trigger, synchronous resets, and fast control commands.
The operational state of the LHCb detector is controlled and monitored by the ECS. The
operational state of the detector encompasses parameters such as voltage, temperature,
gas flow, and pressures. The ECS is also responsible for monitoring the trigger, TFC, and
DAQ systems.
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After the trigger stage, in an important step called “stripping”, streams of selected
events are produced to be used in individual analyses. Information from reduced raw data
is used to determine the four-momentum of measured particles, locate the primary and
secondary vertices, and reconstuct the composite particles. A pre-selection algorithm for
each channel of interest allows for a variety of physics anaylses to be done. Events passing
the selection requirements are fully reconstructed and contain the full information on each
event.
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4 Selection

In this section the steps in the selection process and the cuts applied to the data sample
are discussed. The discussion here is explicitly for the B~ — D*~ K7t signal channel;
appropriate corresponding requirements are applied for the B~ — D* ntx™ control
channel.

Requirements on the trigger and stripping lines allow events coming from the relevant
decay modes to be used for the analysis that follows. The initial selection helps to
reduce the data to a manageable quantity and clean up the background through having
well-defined requirements, that we can evaluate efficiencies for. The main discrimination
between signal and background consists of training a neural network on signal events
using Monte Carlo and background on data. This allows a fit to the signal events to be
performed as described in Sec. [f] Particle identification requirements are then optimized
and placed on final state tracks to reduce the contribution from mis-identified background
decays.

4.1 'Trigger and stripping

Similar to other analyses of similar final states in LHCb, it is required that the Level 0
trigger is either LOHadron TOS or LOGlobal TIS. In the case of LOHadron TOS (Triggered
On Signal), this means a particle from the signal decay was measured with a large Er
in the calorimeters. As for LOGlobal TIS (Triggered Independent of Signal), this means
that the event contained a high pt muon or one of the calorimeters measured a large Er
object which is not consistent with coming from the signal decay. As described in Sec. [3.7]
for hadronic final states, significant yields are obtained when the decay products leave
deposits in the calorimeter, and hence are LOHadron TOS, but also when something else
in the event, typically from the decay of the other b-hadron produced in the pp — bb X
collision, causes a trigger LOGlobal_TIS. During offline analysis, we can associate the
trigger decisions with reconstructed particles, so we can know if a candidate is in one of
these two categories or not. The two distinct Level 0 trigger paths provide an opportunity
to subdivide the data and check for systematic effects, as discussed in Sec. [§] Both are
retained throughout the analysis.

The HLT requirements are that at least one trigger line from the following three has
fired: H1t2Topo2BodyBBDT_TOS, H1t2Topo3BodyBBDT_TOS and H1t2Topo4BodyBBDT_TOS.
This requirement is explicitly made in the offline selection. The Hlt2Topo refers to the
HLT2 topological trigger line which is designed to efficiently trigger on B decays with at
least two charged daughters. The "BBDT” in the line names refer to the use of a boosted
decision tree algorithm in the trigger [22]. To save on CPU time, pr > 500MeV /¢ and
p > 5GeV /c are required on one D daughter and one bachelor particle in HTL.

The cuts from the B2DOKPiPiD2HHPIDBeauty2CharmLine stripping line are summarised
in Table 4 those for the B2DOPiPiPiD2HHPIDBeauty2CharmLine line used to select the
normalisation channel are identical except for the mass hypothesis of one of the bachelor
tracks. The variables used in the stripping lines select charged B meson candidates
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decaying to a neutral D° meson with three other charged tracks known as bachelor
particles. In the table, ‘One D daughter and one bachelor’ means that one of the D
daughters and one of the bachelor tracks must satisfy the criteria, whilst ‘One track’
means that any of the 5 final state tracks must satisfy the criteria. The variables shown
are: the reconstructed mass (m'3°); the reconstructed decay time (Teconstructed); the
minimum y?% between the reconstructed B candidate and any primary vertex in the event
(here x% is the difference between the x? of the primary vertex reconstruction with and
without the considered particle); the quality of the fit performed to the B production
vertex ((x?/ndf), ..., ); the cosine of the angle between the B candidate’s reconstructed
momentum and the vector pointing from the event primary vertex to the B decay vertex
(cos (Dir. angle w.r.t. own PV)); the total pr of all final state tracks (X.upr); and the
output variable of a BDT which is used to identify the secondary vertex of a B decay
(BBDT output).

The stripping lines also include requirements on the D° candidate with two combined
bachelor tracks which are: the absolute difference of the reconstructed mass of the D°
and the D as given by the PDG (Jm’%° — mP0%|); the square of the distance between the
reconstructed decay vertex and the most likely primary vertex divided by its uncertainty
(Xistance to best pv); the maximum distance of closest approach (DOCA) between any of the
daughter tracks (maxgaugnters (D.O.C.A.)). Additional requirements are placed on the track
p, pr, probability of being a false track (Ghost probability), and fit quality ((x*/ndf),,,4),
and the total number of long tracks in the event (Niong tracks)-

Signal channel data are selected with the B2DOKPiPiD2HHPIDBeauty2CharmLine strip-
ping line. It should be noted that this line was designed to select the four body decay
BT — DK*7rt7~, as studied previously in LHCb [23/24]. As such, it lets through a much
larger rate than is necessary for the part of phase-space corresponding to D*~ — D%~
To reduce the rate, a requirement of m(K Tnt7~) < 3.0 GeV/c? is imposed in the stripping.
This results in a small inefficiency for B~ — D*~ K™t decays, which must be corrected
for, with associated systematic uncertainty assigned, later in the analysis.

4.2 Initial selection

Initial selection requirements to remove obvious background events are applied. The initial
selection allows a reduction in the size of the output from the stripping. As discussed
in Sec. , the main signal/combinatorial background discrimination is achieved with a
multivariate classifier. Before that stage however, the initial selection requirements applied
will help improve the training.

These initial requirements are summarised in Table [5} they comprise tighter B*
candidate mass cuts compared to the stripping, together with D*~ candidate mass cuts
and loose particle identification requirements. To improve B mass resolution, a D mass
constraint is applied to the vertex fit.

One important requirement, applied at this stage, is on the difference between the D*~
and D candidate masses. The small difference between the sum of the D° and 7~ masses
and the D*~ mass, known as the () value, results in a strong correlation between these
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Table 4: Cuts applied to the data sample in the B2DOKPiPiD2HHPIDBeauty2CharmlLine stripping

selection.
Particle Parameter Cut value
Bt misse < 7.0GeV/c?
migse > 4.75 GeV/c?
Treconstructed > 0.2ps
minpys Xip <25
(X2/ndf>vertex < 10
cos (Dir. angle w.r.t. own PV) > 0.999
Zain > 5.0 GGV/C
BBDT output > 0.05
D’ mgee — m7P¢ < 100 MeV/c?
(XQ/ndf)vertex < ]'0
XDistance to best PV > 36
cos (Dir. angle w.r.t. own PV) > 0.0
MaXdaughters (D.0.C.A.) < 0.5 mm
EdaughterspT > 1.8 GGV/C
Recombined bachelors mreee < 3.0GeV/c?
(XQ/ndf)vertex < 8
XDistance to best PV > 16
cos (Dir. angle w.r.t. own PV) > (.98
MaXpachelors (D-O.C.A.) < 0.4mm
Y bachelorsPT > 1.25GeV/c
Charged tracks P > 100 MeV/c
P podaughter > 1.0 GQV/C
Pbachelor >2.0GeV/e
minpys Xip > 4
(X2/ndf)track <3
Ghost probability < 0.3
One D daughter and one bachelor pr > 500 MeV/c
D > 5.0GeV/c
(X2/ndf)track <25
One track P > 1.7GeV/c
D > 10.0 GeV/c
(¢ /ndf),, o, <25
minpyg X12P > 16
minpvyg IP > (0.1 mm
Global Event Cut Niong tracks < 250
two values as shown in Fig. [I5]
A requirement on the difference between the candidate masses, denoted Am
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Table 5: Requirements applied to both signal and control data samples in the initial selection.
Note that a D meson mass constraint is applied when calculating m=

D*—-
Particle Variable Requirement
Bt mgs > 5000 and < 6000 GeV/c?
oo <20
D= — D |Am — 145.421 MeV/?| < 5MeV/c?
¢ 1940 G 1940 1800
% 1920 % 1920 1600
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Figure 15: Correlations between the reconstructed masses of the D* and D candidates from (left)
signal MC and (right) data. Note that the data already has a requirement on the D* — D mass
difference applied. The kinematic threshold m(K*n~7~) > m(K ™7~ ) + m, ensures that the
top left of the plot is empty.

m(KTn~7n7) — m(K™n™) is therefore the best way to select signal decays, that con-
tain true D*~ decays, while suppressing background. The Am distribution is shown
in Fig. [L6] The selection is so clean that after the Am requirement essentially all B+
candidates contain real D*~ decays. This greatly simplifies the set of possible background
decays that need to be taken into account: for example there is no need to consider
background from charmless B decays.

4.3 NeuroBayes selection

For this analysis the multivariate analyser NeuroBayes is used to suppress the combinatorial
background. The signal sample in the neural network training is taken from BT —
D*~K*n* Monte Carlo simulation (MC) in the B candidate mass range 5200 MeV/c?
to 5400 MeV/c?, while data in the B candidate mass range > 5600 MeV/c? is used as a
background sample. Due to the number of events in the data compared to the MC only a
quarter of the events from the data are used while training the neural network.

The variables used to train the neural network are listed in Table[fl In order to ensure
the neural network is not training signal and background with any artificial effects due
to differences between data and MC caused by inaccurate modelling, and to ensure that
identical initial selection cuts are made in both signal and background samples, the impact
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(right) logarithmic y-axis scales. The black and red lines are, respectively, before and after the
application of the neural network requirement discussed in the next section.
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Figure 17: Result of the NeuroBayes training applied to D*~ KT+ with (red) signal and (black)
background. (Left) relative yields as a function of requirement on the NeuroBayes output. (Right)
distributions in the NeuroBayes output variable (logarithmic scale).

parameter with respect to the primary vertex of the B is required to be < 20 prior to
training. Cuts are also made to the decay times of the B and D candidates, and the x? of
the decay time of the D to eliminate extreme values. Candidates with bachelor pion or
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Table 6: Variables trained in the NeuroBayes selection and their ranking given by the neural
network output for D* K. Variables labelled T are calculated after a D mass constraint.

Particle Variables NeuroBayes ranking
B+ Tind vertex 1 (beSt)
Xf?light distance 2
D.O.C.A. 4
XiQmpact parameter w.r.t. own PV 5
Dz 9
TXIgnin P 12
T 14
pr 16 (worst)
D° Xiau 3
JrXi?light distance 6
DIRA ORIVX 7
Dira 10
T 11
FD OWNPV 13
"X iin 1P 15
K+ X?)riginal vertex 8

kaon momentum > 100 GeV/e, or with pr > 20 GeV/¢, are also removed. The results of
the training as well as signal and background yields are shown in Fig. [I7]

The variables which are used in the training are checked for any correlation with the
Dalitz plot variables or with the B mass. Correlations with the B mass are shown in
Table [7] and with the Dalitz plot variables in Table [§] All correlations are found to be
O(10 %), in magnitude, or smaller and are considered to be acceptable.

Once the training is completed a Punzi Figure of Merit (FoM) plot is generated in
order to find the optimal cut on the neural network output. The Punzi FoM is defined as

€sig/ (% + \/E) [25] where a is the required significance level which is taken to be 5, egq

is the signal efficiency determined from MC and B is the estimated background. For each
value of the requirement, the value of B is determined by fitting the surviving data in the
B candidate mass sideband region with a quadratic function, and extrapolating the fit
results to the signal region in order to estimate the number of background events in that
region. The Punzi FoM plot is shown in Fig. [I8 It can be seen that the FoM plot peaks
at about 0.4, which is the value chosen as the minimum requirement to be applied to the
data.
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Table 7: Correlations between the variables used in the input of NeuroBayes and the B mass for
D*Kr in the signal region (5200 < m(B) < 5400 MeV/c?) with simulation and the background
region m(B) > 5600 MeV/c?) with data. The TH2::GetCorrelationFactor method was used in
generating the correlations. Variables labelled T are calculated after a D mass constraint.

Variable Correlation in %

Data MC

T 1.30 —7.02

Bt Txgnd vertex —2.47 7.61

TX{Qiight distance —2.56 —5.25

D.O.C.A. 0.40 7.01

Xizmpact parameter w.r.t. own PV 0.19 8.81

. —0.11 4.92

T —4.50 —4.77

X%au —2.65 1.07

D’ "Xfight distance —1.58 —5.97

gDira 1.45 —6.75

Dira ORIVX 1.74 —2.22

T 0.70 1.65

FD OWNPV 0.34 —6.60

2 —4.26 —4.19

K* Xgriginal vertex 1.99 6.83
0.007

0.006

0.005

Punzi FoM

0.004

0.003

0.002

0.001

NP I RN EVEUIN RN RN R RPN R B
-08 -06 -04 -02 0 02 04 06 08 1

Cut on NeuroBayes Output

=
[N

Figure 18: Punzi figure of merit of the cut on the NeuroBayes output.
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Table 8: Correlations between the variables used in the input of NeuroBayes and the B mass
for D*Kr in the signal region (5200 < m(B) < 5400 MeV/c?) with MC and the background
region (m(B) > 5600 MeV/c?) with data. The TH2::GetCorrelationFactor method was used in
generating the correlations. Variables labelled T are calculated after a D mass constraint.

Variable Correlation (%)

m?(D*K) m?2(D*r) m2(Kr)
Data MC  Data MC  Data MC
pT 8.36 3.47 —=19.1 —4.05 14.5 2.31
B* X2 verten 513 —1.55 —10.5 196 6.83 —3.55
I\ 2ight distance 056 577 114 —278 —924 —0.53
D.O.C.A. 8.68 —8.11 047 —-148 =221 4.74
apact parameter wrt. own py 170 =233 —6.61 225 375 0.63
i 1P 396 —0.96 —6.01 124 289 0.26
T 3.11 5.99 16.1 —0.58 —15.7 —=2.19
% 780 635 —024 258 —556 —7.36
D° I dstanee 287 436 577 —160 —554  0.85
%Dira —-4.11 697 —-9.57 —-1838 10.6 —0.60
Dira ORIVX —-18 —-116 —-384 —184 4.85 4.06
T 0.18 1.39 —-2.84 0.65 2.98 0.26
FD OWNPV —2.20 5.07 5.80 —1.29 12.1 1.73
2 864 129 191 —1.44 —185  0.93

K+ 1.40 —1.51 —3.82 0.85 3.33 —2.58

2
Xoriginal vertex

35



4.4 Particle identification requirements

Due to the inability of MC to accurately generate PID efficiencies, the PIDCalib package
was used to determine the PID efficiencies using ProbNN variables. The PIDCalib software
package uses a data-driven method to estimate the efficiencies of PID requirements applied
to simulated samples. The ProbNN variables are in the range 0 to 1. A PID cut of the
form ProbNNh X (1 — ProbNNh') > N where N is between 0 and 1 is chosen. Here if h =K
then h' = pi and vice versa. The bachelor kaon cut ProbNNK X (1 — ProbNNpi) > N
on the bachelor kaon is optimised using a Punzi FoM plot. Similarly the bachelor
pion cut is optimised by considering the Punzi FoM evaluated as a function of N in
ProbNNpi X (1 — ProbNNK) > N.

C ] 0.0122F
0.038- E
r 0.012F
0.036 0.0118F
r 0.0116F
0-034F 0.0114F
0_032__ 0.0112F
r 0.011
0.03~ 0.0108F
[OR072:] il I I I S I IR T B 0'0106'_.|....|....|....|....|....|....|....|....|..
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
PNN(K)* (1-pNN(m) PNN()* (1-pNN(K))

Figure 19: Punzi figure of merit for the PID requirements on the bachelor kaon and pion.

To determine the Punzi FoM, the efficiencies are obtained using MC with corrections
obtained using PIDCalib, while the background level is estimated from the B mass
sideband, as discussed above. From Fig. [19]it is shown that the optimum ProbNN cut for
the bachelor kaon is at 0.6 while for the bachelor pion the optimum ProbNN cut is at 0.4.
A requirement, optimised in a similar way, is also made on the pion coming from the decay
of the D meson. The Punzi FoM plot for the daughter pion shown in Fig. suggests
that a cut at 0.3 was the optimum value. No requirement is found to be necessary on
the kaon from the D decay (the FoM peaks at a cut of zero). The particle identification
requirements are summarised in Table [0

Table 9: Particle identification requirements.

Particle Variable Requirement
K+ ProbNNK x (1 — ProbNNpi) > 0.6
ot ProbNNpi x (1 — ProbNNK) > 04
D daughter 7~ ProbNNpi x (1 — ProbNNK) > 0.3
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Figure 20: Punzi figure of merit for the PID requirement on the D daughter pion.
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4.5 BY — D* 7t veto

After the selection cuts discussed above are applied, a peaking background from B? —
D*~m" decays can be seen in the D*~7" 7T mass distribution around 5460 MeV/c?. Peaking
background occurs when an alternative decay mode is incorrectly reconstructed as signal.
To remove this background, the D*~7" invariant mass is calculated (two combinations per
candidate; no B mass constraint applied unlike in the calculations of Dalitz plot variables)
and those candidates under the B® — D* 7™ peak, 5200 < m(D*~7") < 5400 MeV/c?,
are vetoed. This requirement effectively removes the D*m background with negligible loss
of signal, as shown in Fig. [21]

10°

Candidates

102

10

1
50

o b b b b by B s Py bl g 1 i "
0 5100 5200 5300 5400 5500 5600 5700 5800 5900 6000
m(D*ru)[MeV/c"2]

O[T

Figure 21: Invariant mass distribution for D*~ 7t 7t candidates (black) before and (red) after
the B — D*~ 7t veto.

4.6 Yield

The selection requirements discussed above are applied to the D*~ K*nt data set resulting
in 1408 candidates. Of those candidates, 609 are in the B mass window, mb2% +£25 MeV/c?.
For the D* 7t x™ data set 30210 candidates are selected, while 13490 of those candidates
fall within the B mass window mb2¢ & 25 MeV/c?. The mass distributions of D*~ Kt r*
and D*~7m" 7" candidates are shown in Fig.
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Figure 22: Mass distribution of (left) D*~K*x™ and (right) D* 7tn™" after initial selection
cuts applied to data. Below each figure the same plot is shown in log scale.
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5 Fitting the B mass candidates

One-dimensional extended likelihood fits to the BT — D** K*x™ and BT — D* ntxnt
candidate mass distributions are performed in order to determine the yields. The fits are
performed using RooFit, a toolkit for data modelling that allows for modelling probability
distributions, and include signal and background contributions as follows:

e BT » D*K*rt

— signal
— combinatorial background
— cross feed from BY — D* ntgt

— partially reconstructed background
e Bt - D* nhgt

— signal
— combinatorial background

— partially reconstructed background

Combinatorial background occurs when a real or fake D meson is reconstructed with
two random tracks. Partially reconstructed backgrounds come from the decay of a B
meson to a D meson with two charged tracks and unreconstructed particles. The data
for both D*~K*7T and the D*~n 7T control channel are fitted in the range 5000 MeV/c?
to 6000 MeV/c2. The fit models are simpler than in many other DhA/ final states since
the very clean signature of the D*~ — D7~ decay greatly reduces the range of possible
backgrounds.

5.1 Signal shape

The signal probability distribution functions (PDFs) for both D*~ K*nt and D* nfrnt
consist of a double Crystal Ball function [26]. The Crystal Ball function has the form,

n " 1

(m) exp (—3a?) ( 1 (x — u>2>
o n , €Xp _5 e

<ﬁ - |Oé| - Tlu> r<p—|alo

where the parameters are the mean p, width o, and tail parameters n and «. The double
Crystal Ball function is then,

, (12)

x>p—|alo

CB(x; p,0,a,n) =

Psig(m) = f CB(m; p, 0,01, n1) + (1 — f) CB(m; i, 0, a2, na) , (13)

where the tails of the two components are on opposite sides of the peakE]

I This is implemented by switching the ranges in which the two parts of Eq. are valid to > p+|alo
and & < g+ |a|o. The two cases are indicated by positive and negative signs for ay and «a, respectively.
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Signal MC samples are fitted in order to obtain the values for the tail parameters which
are subsequently fixed in the fit to the data. In order to stabilise the fit, and reduce the
large correlations which otherwise occur, g = —ay is imposed. In fits to the MC samples
where a; and «y are treated as independent parameters they are found to have consistent
values. The MC samples have been processed with the full selection criteria except the
PID cuts. The effects of the PID criteria are implemented by weighting each candidate
according to the corresponding PID efficiencies given by PIDCalib (see Sec. . No truth
matching is applied, since it is not possible to determine whether a candidate is signal or
not in an unambiguous yet perfect WayE] Consequently, a small combinatorial background
contribution may exist in the MC samples; this is modelled in the fits with a component
described by an exponential function. The results of the fits to the MC samples are shown
in Fig. 23] with a summary of the fitted parameters in Table [10}

Table 10: Signal PDF parameters obtained from fits to MC samples. Units of MeV/c? are implied
for p and o.

Parameter D~ Ktgt D*~gtgt

7 5280.16 £0.24  5280.0£0.27
o 15.114+0.23 15.704+0.30
o 1.68 £0.067 1.4440.076
(0] — Q7 — Q7

ni 1.63+0.15 2.14+£0.21
No 0.95+0.096 2.68 £0.34
f 0.81+0.031 0.74+0.042

5.2 Combinatorial background

The combinatorial background PDF for both Bt — D**K*x™ and Bt — D* nfxt
channels is described with an exponential function. The exponent and yield are allowed to
vary during the fit to data.

5.3 Cross-feed background

Cross-feed background is expected from BT — D* rntn" decays misidentified as
Bt — D* K*7t candidates. Indeed, this contribution can be seen in the data (Fig. [22)) as
a shoulder at ~ 5350 MeV/c? in the D*~ K n" mass distribution. The shape for this con-
tribution was obtained from data by reconstructing Bt — D* 77t decays as D* K7™
and using PIDCalib to weight the events according to their misidentification probability.
The shape is modelled by a single Crystal Ball function. The shape is subsequently fixed
in the fit to the BT — D*KTr* candidates, and the yield left free to vary.

2 See Appendix E of Ref. [12].
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Figure 23: Fit to B mass candidates in (left) D*~ K*7t and (right) D*~7t7T MC samples.
The (blue) signal shapes are fit with a double Crystal Ball function while the (red) combinatorial
background (invisible) is described with an exponential model. The top (bottom) plots are
identical but with linear (logarithmic) y-axis scales.

In principle there could also be cross-feed in the other direction, i.e. from B* —
D* K*7™ decays misidentified as B* — D* 7" candidates. However, the relative
branching fractions and (mis)identification probabilities render the contribution negligible,
therefore it is not included in the fit.

5.4 Partially reconstructed background

Partially reconstructed backgrounds are expected and observed to contribute, in both
D* ntxt and D*~K*tn"™ channels, with a broad peaking structure below around
5200 MeV/c?. For the signal channel, this component includes possible contributions
from D*~ K+tnTm where the extra charged or neutral pion is “missing”, i.e. is not included
in the reconstruction of the candidate. Examples of decays that would give such a final
state are D** K where D** — D*r , and B® — D*~ K*97* with K** — K+n~.

The partially reconstructed background is described in the same way as in some other
analyses, for example in Ref. |27], namely the convolution of an ARGUS function and
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Gaussian function. The ARGUS function [28] is defined by,

=1 (2)) e (o0 (2))) "

This is convolved with a Gaussian function with mean set to zero and a width that is
shared with the signal Crystal Ball function. In the ARGUS function, Eq. , m is the
variable corresponding to the B candidate invariant mass, mg is the cutoff energy, and ¢
is the shape parameter. Both my and c are floated during the fit. The parameter mg is
expected to take a value close to mp — m,, but is floated in the fit since this is found to
be possible without any reduction in fit stability.

5.5 Fit to data

The total PDFs for the fits to the D*~ K7t and D*~ 77" samples include the signal shape,
combinatorial background, partially reconstructed background, and (BT — D* ntgt —
Bt — D*” K*n") cross-feed. The yields for each component are allowed to vary in the
fit, as are the peak position (u) and width (o) of the signal PDF, the exponential (1)
for the combinatorial background shape, and the mg and ¢ parameters of the partially
reconstructed background PDF. The fits are shown in Fig. [24] The results of the fit to the
D*~ KTt sample are given in Table [11], with those from the fit to the D*~nt7r+ sample
in Table [2

The significance of the Bt — D*~ K" signal is clearly overwhelming, but is nonethe-
less estimated from the difference in negative log-likelihood between the nominal fit and
an alternative fit in which the signal yield is fixed to zero. In the alternative fit, the signal
1 and o parameters are fixed to nominal values. It is found to be 31.5 ¢ considering only
statistical uncertainty:.

The obtained yield of BT — D* ntnt — Bt — D* " K*™xn" is cross-checked to
make sure the cross-feed is consistent with the expected rate from the known particle
(mis)identification probabilities and the correctly reconstructed Bt — D* nn™ yield.
The ratio of (mis)identification probabilities is 0.00261, while the ratio of the cross-feed to
correctly reconstructed yields is 0.00305 = 0.00086.

5.6 Dalitz plots

The data in the B mass signal region in Fig. can be used to show the Dalitz
plot distributions. These distributions, shown in Fig. contain a small amount of
background and are not efficiency corrected. The B mass signal regions are taken as
5200 < m(D*~ KT7T) < 5360 MeV/c? and similarly for D*~ 7" x". Their projections onto
m(D* 7") or m(D* 7 )i are shown in Fig. 26, A contribution from the D;(2420)
resonance is immediately clear.
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Figure 24: Fit to B candidate mass distributions for (left) D*~K*x™ and (right) D* ntn™
samples with (top) linear and (bottom) logarithmic y-axis scales. Included under the logarithmic
plots are the pull distributions where the red line is 2 sigma. The individual components are (blue)
total PDF, (green) signal shape, (violet) combinatorial background, (red) partially reconstructed
background, and (yellow) D* ntnt — D*” Kt ™ cross-feed.

Table 11: Parameters obtained from fit to D*~KTn+ data. Units of MeV/c? (c?/MeV) are
implied for u, o and mg (7).

Parameter D*~K*n*
Nsignal 770.7 £ 30.4
Neomb. bked. 157.3 £39.8
Np+_ s pr—ptrt 55.1+15.6
NpgrB 424.9 4+ 30.3
I 5283.57 £0.72
o 16.57 £0.61

T —0.0022 £ 0.0006
mo 5148.6 £3.3
c —28.8+4.6
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Table 12: Parameters obtained from fit to D*~ 77" data. Units of MeV/c? (c?/ MeV) are
implied for p, o and mg (7).

Parameter D gtnt
Nsignal 17593.5 4+ 142.7
Neomb. bkgd. 11520.6 == 158.1

NprB 1096.0 £163.4
1 5283.6+0.16
o 17.5+0.14
T —0.0039 4+ 0.0004
Mo 5148.6 +0.9
c —24.7+1.0
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Figure 25: Dalitz plot distributions for candidates in the signal regions of (left) BT — D*~ Kzt
and (right) BT — D* 7t decays.
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Figure 26: One dimensional distributions for candidates in the signal regions of (left) BT —
D*~K*rnt and (right) BT — D* n"n" decays.
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6 Efficiencies

A selection which selects decays in any region of the phase space without any bias is
ideal. However, the efficiencies vary as a function of the Dalitz plot and must therefore be
accounted for. The different contributions to the efficiencies are studied individually in
order to understand each separately.

Each of the efficiencies is evaluated using MC apart from that due to the PID require-
ments, which is taken from data control samples. Geometrical efficiencies account for
whether or not the daughter particles are within the LHCb acceptance. The geometrical
efficiency is denoted by e#°°™. The selection efficiency includes the selection requirements
from Sec. {4 including offline selection requirements as well as trigger and stripping, with
the exception of the PID requirements. The selection efficiency is denoted by e*¢geo™ with
the notation implying that this is evaluated for candidates that are within the geometrical
acceptance only. The PID efficiencies are determined using the PIDCalib package to
obtain the appropriate efficiencies for tracks with kinematics as given by the signal MC
samples. The PID efficiency is denoted by e"Plseléeeom " The total efficiency is calculated

as

tot _ ggeom sel|geom EF’ID|sel&geom ) (15)

€ X € X

The phase-space of the BT — D*~ KTt decay has four degrees of freedom, having
a spin-0 particle in the initial state and one spin-1 plus two spin-0 particles in the final
state. These degrees of freedom can be chosen to be the Dalitz plot variables m?(D*~7T)
and m?(D*~ K™) together with the D*~ helicity angle, #2, ", and the angle x between the
decay planes. As shown in Appendix[A] the efficiency function can be assumed to factorise
as

e (mA(D 7 ) mAD T K), 007, x) = e (mA(D*w ), mA(DT K ) xe (0057 ) x e (x)

(16)
The variation of the efficiency with respect to 6" and  is found to be small, as shown
in Appendix [A] Thus, it is neglected in the baseline results, and is treated as a source
of systematic uncertainty. The variation of the efficiency with respect to the Dalitz plot
variables, however, is significant and is accounted for as described in the remainder of this
section.

6.1 Geometrical efficiencies

The geometrical efficiencies for D*~ K*tx™ and D* w7t are generated from 2011 and 2012
MC. The 2011 and 2012 geometrical efficiencies are then averaged together, accounting for
the different integrated luminosities in the two years. It is required that 0.01 < 6 < 0.40
for all the daughter particles, which is the standard definition of the LHCb acceptance.
This ensures that the tracks of the daughter particles are within the LHCb acceptance.
Fig. shows the variation of the geometrical efficiencies over the Dalitz plot. The
plots show the ratio of the Dalitz plot with the geometrical cuts applied to the Dalitz
plot with no cuts applied. The Dalitz plot for BT — D*~K*x* is shown in terms of
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m2(K+rT) vs m?(D*~n "), while that for BY — D*~nt7" is shown in terms of m?(n+7™T)
vs m*(D* 7" ) in. Here m?(D*™ " )iy is the smaller of the two values of m?(D*~7") that
can be calculated in a BY — D* ntxt decay; hence the D*~ 77 Dalitz plot is “folded”.
This results in different, but similar, shapes for the Dalitz plots for the two decays. The
geometrical efficiency tends to be slightly lower around the borders of the Dalitz plot.
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Figure 27: Geometrical efficiency for (left) D*~ Ktn™ and (right) D*~ 77t over the Dalitz plot.
The units of both 2 and y axes are MeV?/¢?, with the “x10%” label on the z-axis obscured.

6.2 Selection efficiencies

The variation of the selection efficiencies over the Dalitz plot is studied by taking the ratio
of the yields of selected B mass candidates after all selection requirements are applied,
to those produced in standard LHCb MC production, with the standard acceptance
requirement applied. The selection efficiencies are shown in Fig. 28] Similarly to the
geometrical efficiency, the selection efficiency tends to be lower near to the borders of the
Dalitz plot.
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Figure 28: Selection efficiency for (left) D*~K*nt and (right) D*~ 77" over the Dalitz plot.
The units of both = and y axes are MeV?/c*, with the “x10%” label on the z-axis obscured.
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6.3

PID efficiencies

The variation of the PID efficiencies over the Dalitz plot is studied using PIDCalib. For
both decay modes, relatively little variation is seen over the Dalitz plot, however the
D*nt 7t PID efficiencies are much closer to 1 compared to those for D*~ K7, This is
due to having comparatively looser PID requirements for D*~ntn™.
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Figure 29: PID efficiency for (left) D*~ K*nt and (right) D*~ "7 over the Dalitz plot. The
units of both z and y axes are MeV?/¢*, with the “x10%” label on the z-axis obscured.

6.4

The efficiencies discussed above, 5™

Total efficiencies

6se1| geom

, and €

PID|sel&geom

, are multiplied together

to make the total efficiency as in Eq. . These total efficiency histograms, shown in
Fig. are used to calculate the relative branching fraction ratio discussed later in Sec.
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Figure 30: Total efficiency for (left) D*~ K*x " and (right) D* 77" over the Dalitz plot. The
units of both z and y axes are MeV?/¢!, with the “x10%” label on the z-axis obscured.
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7 Branching fraction ratio

The branching fraction ratio is calculated by

B(Bt = D* K*trt)  N©"(D*Kr)

= : 17
B(B* — D*ntnt) N (D*rm) (17)

Here W W
Ncorr(D*hh) = Z 627 - Z egeom ¢ csellgeom v (PID|sel&geom <18>

In Eq. , W, are the sWeights for event i, €/°* are the total efficiencies discussed in
Sec. [6] and i runs over all candidates in the B mass distribution used in the fit. The
sWeights are obtained from the mass fits presented in Sec. [5.5], modified so that only the
yields are floated, as required to obtain correct sWeights [29]. The corrected yields of
candidates for D*~ K*7+ and D*~n*n* are shown in Table [13] The uncertainty on N
is calculated using the equation

(Vo) = 3 (Vtvtf (19)

- €;
i

)

Table 13: Yields and corrected yields for BT — D*” K+tx™ and BT — D* 7" xt decays. The
yields N are taken from the results of the fits, and the corrected yields IN°™ are calculated using

Eq. .

D*K*tnx* D* rtpt
N 771 £+ 30 17600 £ 143
Neerr 441000 £ 17400 6 800 000 £ 54 700

However, it is possible to have the uncertainty on the yield from the sWeights to be less
than the uncertainty returned by the nominal fit since only the yields are floating during
the sWeighting. To correct for this effect, our uncertainty equation must be modified and
properly scaled [30]. This is calculated by

Ccorr

O (N = \/O.(Ncorr)2 + <Tgshape(]\/'))27 (20)

where g*h?P¢ = | /gfit(N)2 — gvields only (N')2. The values of the uncertainties are listed in
Tab. 14
Using Eq. , The ratio of the branching fractions is found to be

B(B* —» D K*rt) N“*(D*Kr)
B(Bt — D*xntnt)  Neor(D*rr)

= 0.0649 £ 0.0026 , (21)
where the uncertainty is statistical only.
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Table 14: Various uncertainties calculated for D* K7 and D*nr

D*Knm D*nr

ol 304 142.7
gYieldsonly 997 1371
gshape 6.4 39.4

oot 17400 54700

7.1 Background-subtracted and efficiency-corrected Dalitz plots

The determination of the signal weights used to evaluate the branching fraction also allows
background-subtracted and efficiency-corrected Dalitz plot distributions to be obtained.
Figure [31] shows the distribution obtained by weighting each candidate in the whole mass fit
range by W; — this therefore gives the background-subtracted Dalitz plot distribution |29].
Their projections onto m(D*~7™) or m(D* 7" )i are shown in Fig. Figure [33| shows
the distribution obtained by weighting each candidate in the whole mass fit range by
W /et*t — this therefore gives the background-subtracted and efficiency-corrected Dalitz
plot distribution. Their projections onto m(D*~7") or m(D* 7). are shown in Fig.
As before, the D;(2420) resonance contribution is very clear; the background subtraction
and efficiency correction do not change the picture qualitatively.

x10°
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x10
2 4 6 8 10 12 14 16 18 20 22 24
m13y ml3sq

Figure 31: Background-subtracted Dalitz plot distributions, obtained by weighting each candidate
in the whole mass fit range by W;, of (left) Bt — D*” K™zt and (right) Bt — D* nfrt
decays.
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Figure 32: Background-subtracted one dimensional plot distributions, obtained by weighting
each candidate in the whole mass fit range by W;, of (left) Bt — D*”K*x" and (right)
BT — D*~ntxt decays.
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Figure 33: Background-subtracted and efficiency-corrected Dalitz plot distributions, obtained by
weighting each candidate in the whole mass fit range by W;/et°", of (left) BT — D*~ K*7" and
(right) BT — D*~ w7t decays.
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Figure 34: Background-subtracted and efficiency-corrected one dimensional plot distributions,
obtained by weighting each candidate in the whole mass fit range by W; /e, of (left) B
D*~K*rnt and (right) BT — D* " nn" decays.
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8 Systematic uncertainties

Some analyses might be troubled with uncertainties coming from the luminosity, bb pro-
duction cross-section, and fragmentation fractions; however these effects cancel exactly in
the ratio, described in Sec. [7], of the branching fraction using the methods employed in this
analysis. The analysis is also largely robust against uncertainties in the geometrical accep-
tance and selection requirements. There are however uncertainties caused by differences in
the selection for the signal and normalisation modes, specifically for particle identification
requirements and for the requirement imposed in the stripping line that removes part of
the phase space (see Sec. . The sources of systematic uncertainty that are evaluated
are therefore those due to the fit model, the MC modelling of efficiency variation across
the Dalitz plot, possible efficiency variation with the decay angles (see Sec. @ that is
neglected in the baseline result, the determination of PID efficiencies using the PIDCalib
package, and the possible effect of the stripping requirements. In all cases methods to
determine the uncertainties that have been used in previous analyses (e.g. Ref. [12]) are
exploited. All uncertainties are quoted relative to the central value of the result.

8.1 Fit model

The following variations in the fit model are considered. In each case, the relative difference
in the signal yield obtained with the alternative model to that obtained with the baseline
fit is assigned as the corresponding uncertainty.

e variation of fixed parameters in the signal shape;

e replacing baseline signal model (double Crystal Ball function) with alternative shape
(Crystal Ball + Gaussian);

e fix the threshold value (mg) to its expected value of mp — m, instead of allowing it
to float;

e change the functional form that describes combinatorial background to a second-order
polynomial function instead of exponential;

e in the D* 7wt fit, include a component to describe possible cross-feed from
D* Ktnt decays, which is neglected in the baseline fit.

The systematic uncertainties due to each of these variations are shown in Table [I5]

The total is obtained by combining them all in quadrature.

8.2 MC modelling of efficiency

The efficiency is modelled using MC as described in Sec. |§] (the PID efficiency, which is
determined in a data-driven way, is discussed separately below). Each contribution to
the efficiency, €2°°™ and e*!8°°™ is modelled by binning the Dalitz plot. The systematic
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Table 15: Fit model systematic uncertainties.

Source Uncertainty
Fixed parameters 1.0%
Signal model 2.7%
PR background threshold 1.2%
Combinatorial shape 1.1%
Cross-feed to D* 7zt 0.1%
Total 3.3%

uncertainty due to finite simulation statistics can therefore be evaluated by fluctuating
independently the value of the efficiency in each Dalitz plot bin. This is repeated many
times, and the spread (RMS) of results obtained in the ensemble, shown in Fig. is
taken as an estimate of the associated systematic uncertainty. It is found to be 5.4%.

24 Mean 0.06671

Std Dev_ 0.003461
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Figure 35: Results for the branching fractio ratio from an ensemble in which the value of the
efficiency in each Dalitz plot bin is fluctuated.

8.3 Efficiency variation with decay angles

In App.[A] the variation of efficiency with the decay angles y and 0p- is shown to be a
small effect, and it is therefore neglected in the baseline result. To evaluate the systematic
uncertainty due to neglecting the small possible variation, the branching fraction ratio is
determined using Egs. and where in the latter of the efficiencies the dependence
on each of the decay angles is included, assuming that they factorise (see Fig. . The
change in the branching fraction ratio compared to the baseline result is assigned as the
uncertainty. This leads to an uncertainty of 0.34%.
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8.4 PID efficiency
8.4.1 PIDcalib tool

For each track which differs in the two decays, uncertainties of 0.5 % per track due to
the kaon identification requirements and 0.5 % per track due to the pion identification
requirements are assigned. To account for possible correlations in these uncertainties, they
are added linearly to obtain a total uncertainty of 1.0 %. Note that the effects of the PID
requirements placed on the D daughters cancel in the ratio of branching fractions that is
measured.

8.4.2 Track kinematics

Our nominal PID efficiency is obtained using a data calibration sample to reweight events
according to the kinematics of the signal MC samples. There is therefore a systematic
uncertainty due to possible differences between the kinematics of the tracks in data and in
MC. Although such differences are known to be small, an uncertainty of 2.0 % based on
values obtained in similar analyses [12] is assigned.

8.4.3 Binning

A systematic uncertainty is assigned for the effect of using finer binning in the PIDcalib
weighting histograms. A binning scheme is chosen for track pr to keep relative errors
roughly constant across the range. Calibration histograms were remade with twice the
number of bins in pr but p binning unchanged. Additionally, the binning in nTracks was
changed from 3 bins to 4 bins while keeping that in p and pr the same. This leads to a
systematic uncertainty of 1.3%

8.4.4 Total PID systematic uncertainty

The uncertainties from these effects are added in quadrature to give an overall PID
systematic uncertainty of 2.7 %.

8.5 Stripping effect on phase space

As discussed in Sec. , the stripping lines contain a requirement of m(K nt7r™) <
3.0GeV/c? (and similarly for m(7 "7 "7 7)), included to reduce the rate. This removes part
of the phase space for BT — D*"K*x" (and B — D* n"x") decays, and therefore
introduces a systematic uncertainty if the fraction of signal lost is not the same in the two
modes. In order to evaluate this effect, the cut is tightened to m(K nt7r™) < 2.7 GeV/c?
(and similarly for m(zr*7t77)), the result re-evaluated, and the shift assigned as the
corresponding systematic uncertainty. This leads to a systematic uncertainty of 3.2%
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8.6 Summary

The contributions from different sources of systematic uncertainty to the branching fraction
ratio of Eq. are summarised in Table . The total systematic uncertainty is obtained
by combining all contributions in quadrature.

Table 16: Systematic uncertainties on the branching fraction ratio.

Source Uncertainty
Fit model 3.3%
MC statistics 5.4%
Efficiency variation with decay angles 0.3%
PID efficiency 2.7%
Stripping effect on phase space 3.2%
Total 7.6%

The largest source of systematic uncertainty is due to MC statistics. Changes to the
DP binning scheme were investigated to see if this could be reduced, but it was found not
to be possible. Production of a larger signal MC sample would obviously reduce this source
of uncertainty, although this would be desirable it would cause a significant delay in the
analysis and would also have a non-negligible cost in terms of CPU and storage required to
generate, process and study the larger samples. Moreover, the uncertainty on the absolute
branching fraction due to the normalisation channel branching fraction (shown in Sec. [9)
is a factor of two larger than the total of the other sources of systematic uncertainty. We
therefore have not attempted to reduce the uncertainty due to MC statistics.

Since the result is systematically limited, the effect of the systematic uncertainties on
the significance has been estimated. As the outcome will obviously be far in excess of 5o,
the approximate formula is used

Sstat

i = (22)
1+ (52)

Here, sga¢ is the statistical significance (31.50) obtained from the change in —21In £, and
%" includes all systematics that effect the yield, which in our case is only the fit model
(3.3%). The outcome is a significance of 24.50.

8.7 Cross checks

The stability of the result is cross-checked by subdividing the data according to year of
data-taking or hardware trigger decision. The results are presented in Table |17 and do
not indicate any problems.
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Table 17: Cross-checks of the stability of the result when subdividing the data.

Neo(D*Kn) N (D*rm) BF ratio

2011 139600 2293400 0.06085
2012 306 100 5016400 0.06102
LOHadron_TO0S 301600 5018500 0.06009
LOGlobal _TIS 144100 2296 000 0.06277
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9 Final results and summary

In this thesis, the methods and procedures outlined in the preceding sections have resulted
in the first search for the decay Bt — D*~K*tr*. The analysis is based on the 3fb™"
pp collision data sample collected in 2011 and 2012 with the LHCb detector. The
BT — D*  K*n" decay is observed with overwhelming significance and its branching
fraction is measured relative to that for B* — D* ntx to be

B(B* — D~ K*r+)

= 0.0649 £ 0.0026 (stat) = 0.0049 t).
B(B+ — D*ntrnt) (stat) (syst)

Using the known value, B(B™ — D* nt7x") = (1.35 + 0.22) x 1073 [6,,/16], results in
B(BT — D* K'n") = (8.8 £ 0.4 (stat) £ 0.7 (syst) & 1.4 (norm)) x 1077,

where the third uncertainty is due to the precision of the knowledge of the normalisation
channel branching fraction.
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Appendices

A Helicity angle efficiency plots

The variations of each of the contributions to the efficiency, and the total efficiency, with
respect to y and 02" are presented in Fig. The efficiencies are here integrated over
the Dalitz plot variables. No significant effect is seen.

CosThetaDst
CosThetaDst

Chi Chi

CosThetaDst
CosThetaDst

Chi Chi

Figure 36: Variation in the efficiency as a function of the helicity angles for D*~ K7™,

The one-dimensional projections of the efficiencies onto y and 62, are also investigated,
as shown in Fig. These are consistent with being flat. The effects of possible small
dependencies of the efficiencies on these variables will be accounted for in the systematic
uncertainties.
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Figure 37: Variation in the one dimensional efficiency as a function of the y and 6p~ angles.
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