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Abstract

In this thesis we present the result of the relative branching fraction of the two
hadronic BY modes BY — (25)¢ and B? — J/1¢. In order to guarantee identical
topologies we only look at the modes where J/1¢ — ptp~, ¥(2S) — ptp~ and
¢ — KT K~. The first observation of the rare decay of BY — 1(25)¢ was reported by
the CDF collaboration at the Fermilab Tevatron in 2006 and the relative branching
faction was reported to be (B — 1(25)¢)/B( BY — J/1y¢) = 0.5240.13(stat) +
0.04(syst) + 0.06(BR) [1]. This measurement was repeated by the DO collaboration
in 2009 and LHCb in 2012 measuring 0.53 £ 0.10(stat) = 0.07(syst) &+ 0.06(BR) [2]
and 0.489 + 0.026(stat) £ 0.021(syst) = 0.012(BR) [3], respectively.

Looking at run-2 data from 2016 collected by the ATLAS detector at /s = 13
TeV, we present a measurement of the relative branching fraction of

B(B) — )(25)9)
BB = J[V9)

= 0.55 =+ 0.04(stat) + 0.09(syst)

determined through the relative efficiency-corrected yields of the two decay modes
and the world average branching fractions of the charmonium mesons to dimuons.
Mass measurement of the B has also been performed yielding mpo = 5367.22 +
0.24(stat) £ 1.92(syst) MeV/c? being in well agreement with the current world av-
erage.
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Chapter 1

Introduction

Motivation

All of us have been researchers at some point in life. We gaze towards the stars
and contemplate trivial thoughts, which by no means have trivial solutions. At first
sight, we considered only things, which we could see as part of our reality. Arguably,
one would expect this true reality to be constituent of visible components, but our
eyes can only see so much. As we kept the possibility of invisible matter open we
sought this quest by improving our eyes and senses.

By the inherent curiosity embedded in us, we are forced to build machines sev-
eral thousands of times heavier than ourselves - to probe the nature of these tiny
invisible constituents. Such a machine is the ATLAS detector located at the Euro-
pean Organization for Nuclear Research (CERN) in Geneva, Switzerland.

Cogitating questions as "why is there something, rather than nothing?” may be
demanding and can leave our head spinning. This particular question has been in-
vestigated extensively the last decades. In 1932 [9], the existence of antimatter was
confirmed and questions regarding the asymmetry between the matter anti-matter
abundance quickly emerged. Luckily for us, matter and antimatter are not exact
mirror images of one another. If they were, however, I wouldn’t be here to write -
neither would you be to read.

The theoretical framework to describe this invisible world governing our uni-
verse is the known as the Standard Model (SM) of particle physics. The Standard
Model actually predicts an asymmetry between matter and antimatter, but to an
extent that is too small to explain the observed dissymmetry. One area in which
the Standard model predicts such an asymmetry is in the B? meson sector. Neutral
B-mesons can oscillate between their respective conjugate modes and the peculiar
realization is that they are not mirror images of one another |10]. This dissym-



metry is encapsulated in the B? mixing phase ¢;]/ ¢. Studies of rare decays like
the BY — J/¢¢ and B? — 9(25)¢ are directly linked to this mixing phase and
can therefore provide important insight to the differences in the matter antimatter
abundances.

The analysis presented in chapter [ is performed by use of the ROOT li-
braries [12] and the scripts are mainly written in the object-oriented C++ pro-
gramming language. We have performed a cut-based selection of candidates before
optimizing the sensitivity S/+/S + B with respect to specific variables to further in-
crease the signal to background ratio. Specific probability density functions (PDF)
are fitted to data by maximizing likelihood functions from the Monte Carlo (MC)
samples and are compared to the distributions seen in data. The analysis in chapter
is performed by data collected by the ATLAS experiment from 2016 in Run 2 at
Vs =13 TeV.

Lpl/v¢ ~ —2 arg(—VisVip/VesViy) [11] where V;; are the Cabibbo-Kobayashi-Maskawa (CKM)

matrix elements investigated in [subsection 2.3.5



Chapter 2

Standard Model

The Standard Model is today considered to be the most successful theory of physics.
It describes the basic constituents of matter and the interactions between them, i.e.
the forces. However, to this date, it fails to include gravity.

2.1 Origin of Particles

From an experimental view, the history of particles originates from the cathode ray
experiment performed by J.J. Thomson in 1897 with the discovery of the negatively
charged electron [13]. Of course, from a philosophical aspect, one could argue that
the history of particles has its beginning from the Greeks with the famous atomist
Democritus.

The discovery of the electron turned out to not only be the discovery of a new
particle, but also the discovery of a truly fundamental subatomic particle - by defini-
tion, an atom[[] Thomson’s results showed that the electron was negatively charged
and relatively light implying low mass-to-charge ratio. Further on, he deduced that
this newly discovered particle was a fundamental constituent of the neutrally charged
atom. Now two problems arose; what contributes to the additional mass and the
positive charge to neutralize the atom?

In 1911 Rutherford came along with his scattering experiment where he fired
charged « particles on a gold foil proving that the atom had most of its mass cen-
tered in a positively charged core - namely the nucleus [14]. The nucleus of the
lightest atom, i.e. hydrogen, was named proton by Rutherford. Three years later,
Bohr proposed a model where the negatively charged electron orbited the positively
charged proton - like a planet orbiting the sun where gravity was now interchanged
with the much alike Coulomb force. A problem arose when applying this model to

! Atom has its name from atomos which in Greek means something truly indivisible



4 2.1. ORIGIN OF PARTICLES

heavier atoms. For instance, the helium atom should account for a mass twice the
amount of hydrogen as it is constituted of 2 protons and electrons. However, its
mass is roughly 4 times as much as the hydrogen. This problem was solved in 1932
by Chadwick [15] with the discovery of the neutron. The neutron is slightly heavier
than the proton and is neutrally charged.

It is hard to determine by whom the photon was discovered. However, the
quantization of light itself has its origin from 1900 when Planck [16] tried to ex-
plain the black-body spectrum of the electromagnetic radiation - i.e. radiation from
a hot object. Assuming the following quantization he could avoid the ultraviolet
catastrophd’]

E =hv (2.1)

where h is the Planck’s constant and v is the frequency of the light. In 1905,
Einstein continued further on by predicting that light itself is a particle - the pho-
ton [17]. This was confirmed in 1923 by an experiment conducted by Compton.
The photon is not like the three other particles mentioned above. It belongs to a
family of particles named bosons, whereas the electron, proton and the neutron are
fermions.

In 1930, another truly fundamental particle, the neutrino, was postulated by
Pauli [18]. Conservation of energy in B—decayﬂ led to the assumption of an extra par-
ticle emitted alongside with the electron. Continuing on with relativistic quantum
mechanics Dirac (1927) [19] found an astonishing result when investigating free elec-
trons at high velocities. Combining quantum mechanical operators with Einsteins
famous equation [20]

E? = (pc)® + (me)? (2.2)

where p is the four-momentum vector, lead him to the Dirac equation

<ﬂmc2 +c (Z oznpn>> U(z,t) = zh% (2.3)

where o and (8 are 4x4 Hermitian matrices and 1 (z,t) is the wave function of
an e~ with mass m, h is the reduced Planck constant and space-time coordinates x

2The ultraviolet catastrophe was a direct consequence of applying the much successful theory
of Statistical Mechanics to electromagnetic fields. It led to the fact that the total power irradiated
photons should be infinite.

3B-decay: n — p+et +v/v
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and t.

In natural unit{] we get, using Einstein summation notation
(170 — m) = 0 (2.4)

where v* are the Dirac matrices.

By investigating equation (2.2)) we can see that it gives rise to negative energy
solutions. This was later postulated to be positive-energy states of a different par-
ticle, the positron, and discovered in 1931 by Anderson [9]. The positron is the anti
particle of the electron and vice versa. It has exactly the same properties except
an opposite charge. Postulated independently by Gell-Mann |21] and Zweig [22] in
1964 was the quark model. Hadrons are again categorized into baryons and mesons
constituted by 3 or 2 quarks, respectively.

2.2 Brief overview of SM

As mentioned above, the Standard Model (SM) is a theory describing the elementary
particles and their interactions. It’s divided between the matter particles, i.e. the
fermions having half integer spin and the force carrying particles having integer spin.
Further on, the fermions are divided into leptons and quarks and can be represented
as a set of left-handed doublets and right-handed singlets according to the weak
isospin of the SU(2), symmetry group [23].

Leptons

As shown in table the leptons are divided into three families. This group consist
of a set of charged leptons [ where each has a neutrally charged companion - the
neutrino v;. Neutrinos were believed to be massless until the detection of neutrino
oscillations indicating a small but nonzero mass.

4h— —
=c=1
3 . . . .
595# = ZU:O gt = guat where g,, is the contravariant metric tensor given as

diag(+1,—1,—1,—1) in Minkowski space.
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Generation | Symbol Charge Qle] L. L, L, Spin Mass [MeV/c?|
: e 1 1 0 0 12 0.511
Ve 0 Y10 0 1/2 <22
. i 1 0 +1 0 12 105.7
v, 0 0 +1 0 1/2 <017
. T 1 0 0 +1 1/2 1777
v 0 0 0 +1 1/2 <155

Table 2.1: Generation of leptons. The lepton flavor numbers L;, | = e, u, 7 are also
shown. [§]

Quarks

As with the leptons, the quarks interact through the weak interaction. They also
carry charge of two types: color charge and electrical charge of fractions seen in
table 2.2l When introducing quantum chromodynamics later in this chapter we will
have a deeper look at the concept of color. The quarks therefore interacts with all
of the fundamental forces. See section for a mathematical description.

Generation|Symbol Charge Q[e] I3 C S T B Spin Mass [MeV/c?
I u 2/3 +1/2000 0 1/2 2.275¢
d -1/3 -1/2 000 0 1/2 4.7155
I c 2/3 0 1000 1/2 (1.28+0.03) x 10°
s -1/3 0 0100 1/2 95+ 5
1 t 2/3 0 0010 1/2 (173.1£0.6) x 10?
b -1/3 0 000 1 1/2 (4.1879) x 10

Table 2.2: Generation of quarks. The quantum numbers C (charmness), S
(strangeness), T (topness) and B (bottomness) are shown as well as the isospin

L. [§

Fundamental forces and interactions

The quarks and the leptons make up all the matter around us. If it weren’t for
the fundamental forces, however, the quarks would not be able to combine to form
nucleons and neither could the leptons contribute to make up the atoms. Responsible
for confining the quarks is the strong force mediated by the gluons. The gluons carry
color charge, have no mass and can interact with themselves. The confinement limit
of gluons is roughly 107'°m. The electroweak force have infinite rangd’| due to

0Strength falls as L.
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the fact that the mediating particle, the photon, is massless and deconfined. This
force acts between the electrically charged particles. The weak force is mediated
by massive gauge bosons, namely the W* and Z. The fact that they are so heavy
limits the range to 107'%m [23]. The electromagnetic and the weak force are treated
as different manifestations in the electroweak unification which can be found in
section The gravitational force is too weak to have a significant impact on
the subatomic particles. Table summarizes the known properties of the force
carriers.

Force Mediator Symbol Range (fm) Q[e] T3 Relative Strength Mass [MeV /c?
Electromagnetic| Photon ¥ 00 0 O 1072 0
Weak W boson W~ 1073 -1 1 101 80385 + 15
Z boson  Z° 103 0 0 10713 91 187 + 21
Strong Gluon g 1-2 0 O 10 0
Gravity Gravitor|?]  ¢° 00 0 0 10~ 0

Table 2.3: Fundamental forces. [§]

®This has not been experimentally confirmed.

2.3 Quantum Field Theory and the Standard Model

To reach towards an understanding of quantum field theory (QFT), or field theories
in general, we need to look into the concept of a gauge theory. A gauge theory is
in the simplest terms a field theory in which the Lagrangian, £, is invariant under
certain Lie-group transformations[] The simplest of these is the unitary, U(1),
transformation which we will look more into when we get to QED.

The Lagrangian £, in QFT, is a function of the fields ¢ and their derivatives
0,0 and will from now on be written as the Lagrangian density. The principle of
action S is an important concept in the understanding of QFT. It is defined as the
space-time integral of the Lagrangian over some arbitrary space-time region ).

S = /Q d'zL(¢,0,0) (2.5)

where d*z is the four-dimensional element dz’d®x

"The Lagrangian, L, is given as the difference in kinetic- and potential energy (L. = T-V). The
density is defined from L = [ Ldz3
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Hamilton’s principle states that the action integral for an actual path (e.g.
trajectory by a classical particle) is stationary. This is a remarkable lemma as it
says the variation 0.5 is zero.

5S:/d4 {(%w (f(b) (auqs)} (2.6)

= [Lat {5500+ (afas)) o9+ 0, <6f¢>> )} =0

By using Gauss’ divergence theorem on the last term in equation (2.6) it can
be converted into a surface integral over the four-dimensional space-time region (2.
As the fields are stationary on this surface we have ¢ = 0 and hence the last term
vanishes.

From this, we get the Fuler-Lagrange equation used to obtain the equation of
motion for the field ¢

% - au(%) ) (2.7)

Applying the equation above on the fermionic field 1, we can easily derive the
Dirac equation ([2.4)) by using the Euler-Lagrange equation [24].

2.3.1 Quantum Electrodynamics

Quantum Electrodynamics is a field theory describing the electromagnetic interac-
tion carried out by the photon. Mathematically speaking it is an Abelian group
meaning that its elements commutelf] The basis of QED stems from the electric E
and magnetic B fields, which can be expressed in terms of a vector field A and a

scalar field ¢

0A(x)
ot B(z)

8Elements of a group can be written in the following way: g = exp(ic;T;) where i = 1,...,n and
«; is an arbitrary number and 7; is the generator of the group.

E(z) = -V¢(z) — =V x A(x) (2.8)
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We can perform a gauge transformation by observing that the only quantities
with any physical significance in equation (2.8) is E(x) and B(x). Note that the
vector potentials A,(x) = (¢(x), A(x)) are auxiliary fields and hence not unique to
the gauge invariance of the theory. The following step is known as a local gauge
transformation of A, (z) [

Au(z) = Al (x) = Au(z) + 0, A (2) (2.9)

where A(x) is an arbitrary function.

The Dirac Lagrangian for a free fermion of mass m given by the field ¢ (z) is
L = (iy"d, —m)y = Lo (2.10)
where 1) = 7%t For the free electromagnetic field we have the following lagrangian

1
L, =~ F"F, (2.11)

where " = Ot AY — 0¥ A*, which is the electromagnetic field tensor.

The local gauge transformation for the Dirac (fermion) field is given by a U(1)
symmetry, namely

U(z) = ¢ (x) = Up(z) = "Dy (2.12)

where g takes a value of £1 and e is the electric charge. The Lagrangian is invariant
under global phase transformation, i.e. A is not a function of z*. Requiring a
local gauge invariance and thus making the Lagrangian invariant under this U(1)
symmetry introduces interaction terms between the photon and the fermion. This
can be done by substituting the derivative by a covariant derivative

0, = D, =0, +igeA,(x) (2.13)
and inserting into the free fermion Lagrangian Eq. (2.10]) we get

£ = 47" Dy — m) (2.14)
— D70 — M) + igetr AN = Lo + Lin (2.15)

94,,(z) is interpreted as the photon field.
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Altogether, Eq.(2.11) with Eq.(2.15), gives the Lagrangian for quantum electrody-
namics,

_ —_ 1
Loep = Y(iv"0, — m)y + igeyry, AMyp — ZLFWFW (2.16)

We obtained this Lagrangian by demanding local gauge invariance. Next, we
will investigate the Lagrangian for quarks and the gluons - the force carrier of the
strong interaction.

2.3.2 Quantum Chromodynamics

Quantum Chromodynamics or QCD is the theory of strong interactions. As viewed
in table quarks come in different types, or in flavours . Alongside with spin
and electromagnetic charge (i.e. its coupling to the EM-field) comes another charge:
namely color. We denote these colors r,g, and b i.e. red, green, and blue, respectively.
This means that a quark of flavor f with e.g. color r has a unique wavefunction /.
The free quark Lagrangian'®| will thus have the following form

t
L= Z &Z(Wﬂau - m)wff + 7;5(1'7#8# - m)wg + &If(muau - m)wl{ (2.17)
f=u
or in a more elegant way
t
LT =" (i — m)w! (2.18)
f=u

where we've introduced ¥ which is given as W/T = (¢/T, wﬁg, PITy).

Let’s now look at the global gauge transformation. Quantum chromodynamics
is a non-abelian gauge theory meaning that the elements of the SU(3)., the index ¢
corresponds to group is non-commutable. Looking at the generators \;, (i = 1, ..., 8),
which in QCD are the Gell-Mann matrices, an important relation arises

73]

AG
57 = Z?fvéﬁ (2.19)

10Again, I'm referring to the Lagrangian density
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Where f7%¢ is the totally antisymmetric structure constant.

These matrices are linearly independent Hermitiar[] matrices. The SU(3).
transformation operator takes the following form

Ula) = e'iti/? (2.20)

where «;, (i = 1,...,8) are arbitrary real numbers. This is a unitary transformation
with the specia]E property that det U(a) =1

"N/ 2g S () (2.21)

Ul (z) = 0 () = U(a) V7 (z)
(o) W/ P toiti/2 (2.22)

Ul (z) = 0 (z) = Ut (a)®

—
&
Il

In order to obtain the full QCD Lagrangian we follow the same steps as we did
for QED. The derivatives in L is replaced by covariant derivatives of the form

DH(x) = 9" + igs%A;‘(x) (2.23)

where the introduction of eight real gauge fields A;‘ (x) takes form. These are known
as the gluon fields and excitations in these fields are known as the force carriers of
the strong interaction - i.e gluons.

Substituting the derivative with the covariant derivative as well as applying the
transformation of ¥/ give us an interaction term £;

t
1 =
Lr=— E §gs‘l’f(95)%)‘j‘1jff4y(x) (2.24)
f=u

Analogous to the field strength tensor in QED describing the free photons we have
similar terms describing free massless gluons. A gauge invariant term involving the
gluon field strength tensor G = 3G can be shown to be given as

G = O Al () — " AL (1) — g, fisp AY () Al () (2.25)

This field strength tensor leads to an outstanding fact: these massless vector

" Hermitian matrices have the nice feature that they’re equal to the transpose complex conjugate.
12The SU groups are referred to as special unitary groups.
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bosons are self interacting. In QED this last term was missing due to the commutable
U(1) group elements. Putting it all together, with the kinetic term £, = —iGwyGfV
we get the total Lagrangian to be

Locp = Lo+ L1+ Ly (2.26)

t
_ ) 1 y
Locp => sy D, —m)¥; — ZGWG?
f=u

The fermions governed by QCD have some interesting properties: they are
confined to colour space. Only colourless particles are to be observed, hence the
quarks, which have colour charge, cannot be deconfined or observed as a single
particle. There are options for a particle interacting with the strong force to be
colourless: 1.) The particle is made up by a quark-antiquark pair i.e. meson{ﬂ. 2.)
The particle is composed by three quarks, i.e. baryon whose colour charge add up
to white, or colourless. If one would try separate for instance a quark-antiquark pair
it would require such a vast amount of energy to overcome the strong force in the
separation that a new quark-antiquark pair would be created.

2.3.3 Electroweak Theory

Up to this point, we have been looking at U(1) and SU(3), symmetry, which are
symmetries used to describe the electromagnetic and strong interaction, respectively.
As with the electromagnetic and the strong force, the weak force also exhibits spin
1 bosons acting as force carriers, namely the charged W* bosons and the neutral
Z° boson. As opposed to the photons and the gluons the mediating force particles
of the weak interaction are quite heavy in the order of 80 — 90 GeV/c? [§]. The
lifetime of these particles are related to the uncertainty principle which gives us a
decay length of about 1073fm[l¥] Due to their high masses it takes a rather large
amount of energy to produce them in the laboratory.

The prediction that the weak force was mediated by the exchange of a heavy
charged boson had already been proposed in 1938 [24]. However, in the 1960s,
Glashow, Salam and Weinberg (25| developed a theory that unified the electromag-
netic and weak interactions in a way that has often been compared to the greatness
of Maxwell’s and Faraday’s unification of the electric and magnetic fields. This
unification had some remarkable predictions; it predicted the existence of a neutral
vector boson Z°. The processes where a Z is involved are called neutral-current
reactions. Interesting experimental evidence of weak interactions reveal that only

13 An anti-quark has the corresponding anti-colour e.g. anti-blue
14 Heisenberg’s uncertainty principle states that AEAt < %



CHAPTER 2. STANDARD MODEL 13

leptons with left-handed chirality is present. Using the chirality projection operator
the right or left component of the lepton state can be carried out with Pr and Py,
respectively, and they’re given as

PO TR (2.27)

Py (x) = "(x) 2

Our goal is to find a global phase transformation leading to conservation of
leptonic currents. We can not have mass terms satisfying the new gauge theory so
our masses are put to zero. Following on we have the free lepton Lagrangia

Lo =, + Lyt (2.28)
= PP+ DY + OLid)
= UHigul + ¢ty (2.29)

Summation over different lepton flavours are implied by the [ index. Note that here
we have introduced the two-component spinors

L —L —L

wto) - w”g(“')) T = @ @) T (2.30)

as well as the Dirac slash notation A = ~,A* where A* is a four vector.

Moving on to the generators of this new symmetry we have

These are known as the Pauli matrices in Dirac representation and have the
following commutation relation,

[7’2‘, Tj] = 2i€ijk7_k

We follow the same procedure as we did in section [2.3.2 where the unitarity operator

15We keep referring to the Lagrangian as the Lagrangian density.
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U(w;)y = €9%i7i/2 gives us the following transformations

Uj(z) = U (x) = Ulw) LV (z) = 99720} () (2.31)
T, (2) = (@) = 0 (2)U (@), = T (w)e o7/
Ui (x) = (@) (2.32)

The operators U(w;), are 2 X 2 unitary matrices with the special property
that their determinant equals £1, thereby called SU(2), transformations. These
operators have this unitarity property for any three real numbers w = (wy, wa, w3).

Using Noethers theorem on (2.29) leads to the following conserved current,

gt = @fv“gwi%\lff =w;J! (2.33)

choosing w; to be arbitrary and writing
Ji =V 7“%‘5‘1’1 (2.34)

we obtain the 3 conserved weak isospin currentd Writing out the conserved currents
one can arrive at the quantity conserved hypercharge Y related to the electric charge
Q and the weak isocharge I}V in the following manner

Y =Q/e— 1) (2.35)

where e is the electric charge.

Since both the electric charge @ and the weak isocharge I,V are conserved
quantities, the hypercharge Y, by means, also needs to be a conserved quantity. This
contributes to a new symmetry. Namely, the U(1)y symmetry with the following
operator

Y — 9V = U(e)y (2.36)

where the ¢’ is a real coupling constant and € is an arbitrary real number.

The true greatness of the work done above comes with the unification of the

5Note: 9,41 = 0, thus 9,J! = 0.
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two symmetries, SU(2), and U(1)y, known as the Electro Weak Unification or
SU(2), ® U(1)y. By using both U(w;)r, for SU(2), and U(e)y for U(1)y the

transformation is done in a following manner

Ul (z) = UE = Ule)yU(w) LV} (x) = exp[(ig'Y € + igw;7;/2)]UF () (2.37)
T () = U (2) = 0 (2)U (@) U()} = T} (2) exp|—(ig'Ye + iguw;m;/2)]
VR (x) = Uy tf () = explig Y eJufi(x) (2.38)

The resulting gauge invariant Lagrangian for massless leptons is then written
as

£ =T i, (0" + ig%W[‘ +igY BMYUE + 35, (2)in, (0" + ig Y BM)yE (2.39)

where the introduction of four new gauge bosons, W/ and B* has been intro-
duced. Two of them, W*, are charged while the two remaining can be combined
into the physical fields Z° and ~, and mixing between them is described by the weak
mixing, or Weinberg angle, 6y .

2.3.4 Higgs mechanism and spontaneous symmetry break-
ing

The Electro weak theory has proved great success in the sense of unification of the
two forces. However, something is clearly missing; the particles are massless! We will
have a short look at one of the solutions to this, namely the Higgs mechanism [26]}
This mechanism restores the masses of the W¥* and Z° bosons through a process
known as spontaneous symmetry breaking. Let’s look at the Lagrangian for the
Higgs model

L= 20,60, V(o) (2.40)

17 Actually known as the Brout-Englert-Higgs mechanism [27]
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where the potential V' (¢) is given as
Lo 1) 4
V(¢) = gn°9" + 179 (2.41)

Having a closer look at the Higgs potential enables us to get a schematically
view of the symmetry breaking

Figure 2.1: Higgs Potential [4]

The overall system in itself is perfectly symmetric, however its lowest energy
solution differs by a phase 6. The vacuum expectation value is situated in the trough
of the ”Mexican hat” and as we can see this state is degenerate making the outcome
an asymmetric state. As we want to break the symmetry of the SU(2), @ U(1)y to
obtain masses for our gauge bosons we introduce a weak isospin doublet,

o) = (500 )

where complex scalar fields ¢, and ¢z are known as the Higgs fields. As this
®(x) is a doublet it transforms in the same manner as W7 (z) in Equation 2.37. The
vacuum expectation value of the Higgs field is, as mentioned, not invariant under
SU(2),®U(1)y breaking the symmetry. It is worth noting that it is indeed invariant
under U(1)gy leaving an unbroken symmetry for the photons to be kept massless.
The W#*, Z° and the spin-0 Higgs boson itself acquire their respective masses from
the Higgs mechanism while the fermion masses are obtained from Yukawa interac-
tions with the Higgs field. The Yukawa interaction is a coupling between a scalar
field ¢ and a Dirac field ¢). On the 4th of July 2012 ATLAS and CMS saw a clear
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sign of a scalar boson at a mass ranging from 125-127 GeV/c? at 5o significance.
This was shown to be the Higgs boson jointly rewarding Peter W. Higgs and Francois
Englert the Nobel Prize in 2013 [2§].

2.3.5 Quark Mixing and the CKM matrix

As realized, leptons can only interact weakly within their own families as can the
quarks. Not only do the quarks in the mass eigenstate interact with each other they
can also change flavor in a charged current processes, i.e. with the appearance of
a W* boson. This reveals that, for instance, a bottom quark b may decay into a
charm quark c in the presence of a W+ This is due to generation mixing between
the families. The quarks are separated in families in the following way

(o) (2)(v)

where the d’, §’, and b’ are the weak quark eigenstates and are linear combinations
of the quark mass eigenstates. The degree of mixing between the different families
are represented by the 3 x 3 unitary Cabibbo-Kabayashi-Maskawa (CKM) [29] |30]
matrix

d/ Vud Vus Vub d
sl =1Vea Ves Vi S
v Via Vis Va b

The diagonal CKM matrix elements are close to unity and therefore states a higher
coupling between quarks inside their own generation. The off diagonal elements
are rather small making transitions between families suppressed. CKM elements
are determined experimentally and the cleanest procedure for measurement is to
study semileptonic decay channels, i.e. ¢ — ¢'lv, whose decay rate is proportional
to |Vog|*.

2.3.6 CP Violation

It has for a long time been believed that particles are symmetric particles, however
experiments prove us wrong. In this section we will only look briefly at two of the

8Note that in such a process it is the positive charged W boson that is present. This is crucial
to account for the charge difference for the b and c.
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known transformations one can do on a particle which leaves the universe unaffected
- that is CP symmetry.

Charge conjugation C'(z) turns a particle into its respective anti-particle, and
can be described as a symmetry between particles and antiparticles. As we know,
there is not an equal amount of matter and antimatter, i.e. not a present symmetry,
so this has clearly been violated at some point. The operator works in the following
manner,

CY(q) = —(—q) (2.42)

Parity transformation P(z) is a mirroring transformation reflecting the particle,
or a state ¢ with respect to an adjacent arbitrary plane in the following way,

Pi(z) = ¢(-x) (2.43)

Such a transformation is conserved in electromagnetism, strong interactions and
gravity, but is violated in weak interactions.

For instance, the decay of the pseudoscalar B? to the vector-vector .J/v¢ fi-
nal state results in an admixture of CP-odd and CP-even with the orbital angular
momentum L = 0, 1 or 2 [31]. The final states corresponding to the orbital angu-
lar momentum value L = 0 are known as CP-even, whilst the state with L = 1 is
CP-odd. The final states J/1¢ may be produced with the KK~ -pair in a S-wave
configuration - such a final state is CP-odd [32].
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The Experiment

The European Organization for Nuclear Research known as CERN E| is the largest
particle physics laboratory in the world located at the Swiss-French border.
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Figure 3.1: The Large Hadron Collider Complex
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3.1 Large Hadron Collider

The Large Hadron Collider (LHC) is the largest and most powerful particle accel-
erator on planet earth. It consists of several experiments and figure reveals its
complexity. The main goal of the LHC is to gauge a better understanding of the
properties of fundamental particles and evaluate the theoretical framework of the
Standard Model for different physics scenarios. It does so by accelerating protons
close to the speed of light ] around a 27 km ring located 100 m underground. These
protons are accelerated in the opposite direction and are forced to collide at four
openings, which accommodate the largest experiments at CERN: LHCb, ALICE,
CMS and ATLAS. Later in this chapter we will have a thorough look at the latter
one.

As mentioned earlier, the particles of the subatomic world are immensely small,
they probably do not have any volumetric structure at all, and their masses are in-
comparable to our daily life - so why do we need so enormous experiments to probe
for answers? It has to do with the physical laws themselves.

Accelerating (charged) particles suffer from energy loss known as synchrotron
radiationf} Even if the charged particle moves with a constant tangential velocity
it is still being radially accelerated causing it to radiate photons. The energy loss
due to synchrotron radiation can be approximated by

dre? , E

Byl b

) o —— (3.1)

so by extending the radius, the energy loss descends. Until year 2000 CERN used
this 27 km ring to accelerate electrons and positrons (LEPE[) in opposite directions.
As the electron has a mass nearly 2000 times less than the proton the energy loss
in comparison due to synchrotron radiation is

—AFE, (%

4
— ~16-10"
5 = ()

Me

which is of orders of magnitudes in separation - explaining why the LHC can reach
much higher center-of-mass energy compared to LEP. What is the significance of
reaching higher center of energies? Well, as we saw in chapter 1, the famous energy-
mass relation postulated by Einsteins famous equation E, there is a pure relation
between mass and energy. So by accelerating particles to higher energies they can

2E = 6.5 GeV gives 99.999999 % of the speed of light which corresponds to approximately 11
km/h slower than c. [33]

3Synchrotron radiation is electromagnetic radiation produced by the radial acceleration of a
charged particle (v L a).

4The Large Electron-Positron Collider
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produce particles of higher masses.

3.1.1 Luminosity & Cross Section

One of the most important parameters in accelerator physics are the luminosity £
and cross section o. The reason is that the luminosity tells us something about the
performance of the particle accelerator. For two colliding particles, the cross section
o is the effective transverse interaction area (with respect to the relative motion) in
which they must meet in order to scatter from each other.

The number of interactions per second is given by

dN
o Lo

where 0, is the interaction cross section. The luminosity is only dependent on
the beam parameters and is given in units of cm~2s~! = 10%nb~'s~'. Projecting
the beam distribution onto the cross section plane in two dimensions enables us to
calculate £ yielding

nbfrele N2
ooy

L:

where f,., is the revolution frequency, n; is the number of bunches per beam, N;
and N, are the amount of particles in beam 1 and 2, respectively, E] and o0,,0, are
the projected Gaussian widths of the beam in the z- and y-direction, respectively.

The time integral over L;, is known as the integrated luminosity with units

[‘Ctot] = Hbil

Liot = / Ldt (3.2)

For perspective, the ATLAS detector recorded a total of 35.6 fb™ '

The illustrations below are taken from [34].

2
N frev NG

®Practically we want N1 = N, = N{ reducing the expression to £ = “pire—t.,
x¥y
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Figure 3.2: a) Cumulative luminosity versus time delivered to (green) and recorded
by ATLAS (yellow) during stable beams for pp collisions at 13 TeV center-of-mass

energy in 2016. b) Integrated luminosity per day time delivered to (green) and
recorded by ATLAS (yellow)

DAOE v

— 240r W o T
= E 3 70— : B : —
£ 220E ATLAS Online 2016, s=13 TeV [Ldt=38.5 o' T [ ATLAS Online Luminosity  /s=13Tev 1
g 200F ’ 3 & o ° LHCStableBeams 3
z 180F ®m a>-248 38} .
= | el = [ 4
E 140 E § 40 o * “&ia
3 1208 = s F D oweh .o i
o E | o C e :M H .’ e o ©® B
@ 1005 E 30 °, A e o e e
2 80? 7; E '. o.‘ L ° E
2 601 E . 20;5 ?.'.‘ LY . o ?%
40 -8 £ o® 18

20 =k 10

c o~ C P | | < Ll g | @, |

10 20 30 40 50 60 11/04 12/05 12/06 13/07 13/08 13/09 15/10 15/11
Mean Number of Interactions per Crossing Day in 2016

(a) (b)
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tions per crossing (u) for the 2016 pp collision data at 13 TeV centre-of-mass energy.
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3.2 The ATLAS Detector

One of the largest experiments at the LHC is the ATLAS detector[f] It is a multipur-
pose detector designed to probe a wide range of physics processes emanating from
high-energy collisions. The nominal interaction point (IP) is defined to be located at
the origin of the coordinate system with the z-axis in the beam direction and the -
and y-axis forming a transverse plane. The positive z-axis points radially inwards to
the center of the LHC ring and the positive y-axis upwards. We can from this define
the transverse momentum pz which is an extensively used variable. The reason for
its importance can easily be understood from the principle of momentum conserva-
tion. Particles traveling along with the z-axis by definition has 3 p7 = 0 MeV/c
indicating that for produced particles the transverse momenta must add up to zer(ﬂ
For now, we have only been making use the Cartesian coordinate system to describe
ATLAS. As the geometry of the detector resembles a cylinder with different detec-
tion modules placed as concentric circles around the interaction point, one chooses
to make use of the cylindrical coordinate system. For this section, the presented
material is based on [35] if not stated otherwise.

The azimuthal angle ¢ is measured around the the beam axis in the xy-plane
and the polar angle 6 is measured from the beam axis in the yz-plane. A common
variable often used, important later on for the analysis, is the pseudorapidity given
as

n = —Intan (g) (3.3)

Given the case of massive objects such as jets one define the rapidity

1hﬂ (E—i—pZ)

Fa (3.4)

The azimuthal angle can be expressed in the useful way of the momentums in
the z- and y-direction.

¢ = tan”' (&) (3.5)

T

Angular separation between particle tracks in the (7, ¢)-space is given as AR =

VAR T AGR.

6 A Toroidal LHC ApparatuS
"Neutrinos can not be detected due to their extremely low interaction cross section. For these
types of particles one makes use of the missing transverse energy Emiss
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 3.4: An illustration of the ATLAS detector. Its immense size is displayed
with the comparison of the two physicists. It has a length of 44 meters, a diameter
of 25 meters and an overall weight of approximately 7000 tonnes. ||

3.2.1 Inner detector

Closest to the beam line we find the inner detector (ID) designed to measure the
trajectories, charge and momentum of passing charged particles. The ID consists of
three different systems of sensors all immersed in a solenoidal magnetic field parallel
to the beam axis operating at the 2T. The outermost system is the Transition
Radiation Tracker (TRT) enclosing the Semi-Conductor Tracker (SCT) and the pixel
detectors, respectively. The precision tracking detectors (i.e. the pixel detector and
the SCT) have a pseudorapidity coverage of |n| < 2.5). In the barrel region they
are arranged on concentric cylinders around the z-axis, while in the end-cap regions
they are stationed on disks in the zy-plane.

The inner detector is the module closest to the beam line it receives the highest
measure of radiation dose causing the tracking resolution to decrease over time.
With increasing luminosity the gain of event pile-up is also present leading to readout
inefficiencies and suppressing the ability to tag b quarks. Therefore, for Run-2 a new
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subsystem was addedf| - the Insertable B-layer (IBL). The IBL is placed between
the pixel detectors and the beam pipe and shows great success.
The resolution of the tracking segments is given as

Ier _ 0.05%pr © 1%
pr

1T TR I i A
EEER ELEEL

‘ Barrel semiconductor tracker
detectors

‘ End-cap semiconductor tracker

Figure 3.5: An illustration of the inner tracker. ||

Pixel Detector

As mentioned, closest to the beam line we find the pixel detectors from which we
achieve the highest detection granularity. The pixel layers are segmented in the R¢
and z-plane with typically three pixel layers crossed by each track. All the pixel
sensors are identical and cover a minimum pixel size of R¢ x z = 50 x 400pum? and
a combined resolution of 14 x 115um? for the two pseudorapidity regions.

8This is crucial for B-physics analysis as the B-mesons of interest typically only travel a few
hundreds of pm away from the primary vertex before decaying.
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Semi-Conductor Tracker (SCT)

In between TRT and pixel detectors component of the inner detector we find the
Semi-Conductor Tracker. It is built up by of long narrow silicon microstrip detectors
consisting of 4088 two-sided modules and over 6 million implanted readout strips. As
mentioned above, the barrel and the two end-caps cover the same pseudorapidity
region as the pixel detector. In the barrel region we can find 4 cylindrical layers
with sensors parallel to the z-axis and for the end-caps we have 18 planar discs each
holding a total of 60 m? silicon. The SCT has readout strips every 80 pum on the
silicon allowing the positions of the charged particles to be recorded to an accuracy
of 17 um per layer in the transverse direction to the strips.

Transition Radiation Tracker (TRT)

The outermost device enclosing the SCT and the pixel detector is the Transition
Radiation Tracker. The TRT consists of 50000 straw tubes in the barrel and 250000
in both of the end-caps filled with gas. A charged particle traversing the TRT
ionizes the gas and is accompanied by the radiated photons. The photons interact
with the molecules in the Xe-based’] gas liberating more electrons which moves
towards a gold wire at the center of the tube where it is measured. The precision
measurement yields 0.17 mm. The pseudorapidity coverage of the TRT is |n| < 2.0
and only provides measurement in the R¢-plane.

3.2.2 Calorimeter

Moving radially outwards we find the calorimeters surrounding the solenoid magnet
and the ID. These devices measure the energy of both charged and neutral parti-
cles. Closest to the ID we find the electromagnetic calorimeter (EM). The ATLAS
electromagnetic calorimeter is used mainly to measure the energies of electron and
photons. Its accordion-shaped structure consists of many layers of lead and stainless
steel providing a complete ¢ symmetry without azimuthal cracks. The particle ab-
sorbers between them is liquid argon (LAr) cooled to minus 185 Celsius. Immersed
in the liquid argon is a copper grid acting as an electrode used to make measure-
ments of particles passing through.

The EM calorimeter is segmented into two parts: a barrel and two end-caps. Each
end-cap calorimeter is mechanically divided into two coaxial wheels: an outer wheel
and an inner wheel shown at figure[3.6] It has pseudorapidity coverage of |n| < 3.1

9The gas consists of 70% Xe, 27% CO4 and 3% O,.
Barrel: || < 1.475. Outer (inner) wheel of the end-cap: 1.375 < |n| < 2.5 (2.5 < || < 3.2) .
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The resolution of the EM calorimeter is given as

o a b
= — 0@

E JVE E

where F is measured in GeV. The first variable a is a stochastic term taking into
account statistical fluctuations of the fraction of the shower energy deposited in the
liquid argon. It varies between 8-11% depending on the value of n (for n = 0, a =
10%). The second term is describes the contribution of the electrical noise and b
takes a value of 0.5%. The last and constant term accounts for the calibration of the
energy scale and local variations in this. Its believed to be around 0.7%. Further
on, the longitudinal resolution is

50 mrad
VE

Op =

where again, F is measured in GeV.

Tile barrel Tile extended barrel

..........

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic

barrel
LAr forward (FCal)

Figure 3.6: An illustration of the inner tracker. [@]

Just outside the electromagnetic calorimeter we find the hadronic calorimeters
used to measure the energy deposition of both charged and neutral baryons and
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mesons. It is a large array of interleaved steel and scintillatord™] sheets called tiles.
When a high-energy hadron passes through the steel it interacts with the atomic
nuclei. These nuclear reactions lead to the production of more particles which ini-
tiate further interactions leading to a shower of particles.

The hadronic tile calorimeter (just outside EM) covers a pseudorapidity region
of |n| < 1.0 for the barrel and 0.8 < |n| < 1.7 for the two extended barrels. In
total, ATLAS has three types of different hadronic calorimeters: the tile calorime-
ter, the LAr hadronic end-cap calorimeter and the LAr forward calorimeter. The
hadron end-cap calorimeters share the liquid argon cryostat with the end-cap elec-
tromagnetic calorimeters, but instead makes user of copper as the absorbing ma-
terial. The pseudorapidity region covered by this system is 1.5 < || < 3.2. The
forward calorimeter is based of LAr-Cu-W and share the same cryostat as the EM
and hadron end-cap calorimeters and is designed to have a pseudorapidity coverage
all the way up to |n| < 4.9. It consist of three modules where the first is made of
LAr alternating with copper (optimized for EM measurents), while the two others
are made out of tungsten and measure the energy of the hadrons.

The granularity of hadronic calorimeter is suppressed with respect to the elec-
tromagnetic calorimeter. Most of the emitted particles are neutral pions propagating
without further nuclear interactions causing a decline in the precision. Further more,
the energy converted into excitation and the breakup of a nuclei will not be detected.
The resolution of the hadronic calorimeter is n-dependent and is given by

OR . 50%

E VE

® 3%, for |n| < 3.

covering the tile- and the hadronic end-cap calorimeters. And

E  VE

@ 10%, for 3 < |n| < 5.

covering the forward calorimeters.

3.2.3 Muon Spectrometer

Particles known as muons can penetrate through the calorimeters and reach the
outermost part of ATLAS know as the muon spectrometer. They usually leave little
or no sign in the ID and the EM- and the hadronic calorimeters. It is based on the
magnetic deflection of of muon tracks provided by the large superconducting toroidal

A scintillator is a material which radiates photons when exposed to a charged particle
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magnets operating at 4 T. For the pseudorapidity region |n| < 1.4 magnetic bending
is performed by the large barrel toroid shown in figure 3.7 For 1.6 < |n| < 2.7
the muon tracks are deflected by two smaller end-cap magnets encapsulated in each
end of the barrel toroid. The pseudorapidity region in between, 1.4 < |n| < 1.6, is
referred to as the transition region where the magnetic deflection is provided by a
combination of the barrel and end-cap fields.

The area covered by the detectors in the muon spectrometer covers a huge area
roughly equal to 5000 m?. The resolution of the muon spectrometer is given as

Tor _ 10%, for pr =1 TeV
pr

having a full pseudorapidity coverage of n < 2.7.

Thin-gap chambers (TGC)
' | Cathode strip chambers (CSC)

Barrel toroid

’ Resistive-plate
chambers (RPC)

| End-cap toroid
Monitored drift tubes (MDT)

Figure 3.7: An illustration of the muon system.
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Chapter 4

B Physics

Weak decays of heavy mesons containing heavy quarks are extensively used to test
the Standard Model and measure its parameters. The field of B physics shows the
most direct way to measure important parameters as the unitarity of the CKM ma-
trix and, as mentioned, to examine the phenomenon of charge-parity (CP) violation.
In this chapter we will have a look at the production and decay mechanisms of B
mesons. We will also have a look at the B? meson system at the end of the chapter.

4.1 Heavy Quark Production

Looking into the scheme of proton-proton pp collisions at the LHC, the leading order
for production of heavy quarks ) are light quark annihilation and gluon-gluon-fusion
given as

47 — QQ 99 — QQ (4.1)

respectively and are illustrated in figure 4.1l The production of heavy quarks
through these two processes are together known as flavor creation processes.

9

O L

g
Figure 4.1: Feynman diagrams for flavour creation processes.
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Another mechanism where the production of heavy quarks in the end state arises
is through through flavor excitation processes. In these processes a heavy quark is
scattered out of the sea of the incident hadron. Figure4.1illustrates these processes.
In order to obtain a meaningful calculation of the final states the inclusion of higher-
order QCD effects, such as gluon fragmentation or gluon splitting, are crucial as they
also involve g — QQ vertices. It is a clear energy dependence between the ratio of
gluon fusion to gluon fragmentation, with the latter being dominant at center-of-
mass energies much larger than the mass of the heavy quarks mg [36].

J Q 7 Q g 4 9
q q g 9 g g

Figure 4.2: Feynman diagrams for flavour excitation processes.

4.2 Heavy Quark Symmetry

The fact that the effective coupling constant of QCD becomes weaker in large mo-
mentum transfer, known as asymptotic freedom, helps us explain why the strong
interaction of hadrons containing heavy quarks are easier to understand than that
of hadrons composed of light quarks. At large distances, corresponding to low
momentum transfer, the coupling becomes strong leading to non-perturbative phe-
nomena such as the confinement of quarks and gluons on a length scale given as
Rpaa ~ 1/Agep ~ 1 fm determining the size of the hadrons. [37] The energy scale
that separates the regions of large and small coupling constant is defined to be
roughly Agep ~ 0.2 GeV. A quark @ is said to be a heavy quark if it is much
larger than this scale i.e mg > Agep. From this, the quarks naturally fall into
two categories; u, d and s to form the light quarks, whereas ¢, b and ¢ form the
heavy quarks. Free quarks have never been observed which is understood by a long
distance confining property of QCD. Up, down, strange, charm and bottom quarks
hadronizd!] while the top quark decays before any hadronization processes can take
place due to its short lifetime. [38]

As the effective strong coupling constant as(mg) is energy dependent, it be-
comes small for heavy quarks () implying that on length scales comparable to the
Compton wavelength Ay ~ 1/mg the strong interactions are perturbative and simi-
lar to electromagnetic interactions. As a comparison, the size of order of the quarko-
nium systems QQ are given by Ag/a(mg) < Rpaq and are comparable to the scale
of the hydrogen atom [37].

We now consider a hadron composed of a heavy quark () and, what we shall

'Hadronization is the process of which quarks and gluons form a meson or baryon.
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refer to as light degrees of freedom, quarks, anti-quarks and gluons. As we want
the heavy quark @) to be significantly heavier than the other constituents in the
hadron, we probe the sector were mg — 0o. The light degrees of freedom are char-
acterized by momenta of order Agcp, which corresponds to the following Compton
wavelength A\, ~ 1/Agep. As mg > my it follows that A, > A the light degrees of
freedom cannot resolve features of the heavy quark other than its conserved gauge
quantum numbers, and in particular, they can not probe the actual value of Ag [39)].
Typical momentum transfer exchanged by the light degrees of freedom with each
other and the heavy quark are of the orders of Agcp which is much smaller than
the mass mg leaving no recoil of the heavy quark ). Thus, the the heavy quark
becomes irrelevant for the non-perturbative effects of the light degrees of freedom
and instead acts as a static source of electric and chromoelectric field.

In the limit where m¢g — 0o hadronic systems, which differ only in the flavor
or spin spin quantum numbers of the heavy quark, have the same configuration of
their light degrees of freedom. This observation provides valuable relations between
the properties of particles such as the heavy mesons B, D, B* and D*. These rela-
tions arise from approximate symmetries of the effective strong interactions of heavy
quarks at low energies [37].

4.3 Heavy Quark Effective Theory

In the heavy quark effective theory (HQET), the mass of the heavy quark is taken
to be mg — 0o. The equations of QCD in the vicinity of the isolated heavy quark
are those of the light degrees of freedom with the boundary condition that there is a
static triplet source of chromoelectric field at the origin. If we have two heavy quarks
in our hadron Hg the boundary conditions will be identical indicating the same
solutions for the states of light degrees of freedom in their presence and the heavy
quark decouples from the rest of the system. This means that physical quantities
needs to be expressed without mg, e.g. the four-momentum p,, is replaced with the
four-velocity v,.

4.4 Non-leptonic B decays

At the lowest order in the standard model non-leptonic weak decays are governed
by a single W*-exchange. The strong interaction affects this rather simple picture
in a 2-fold way: 1) hard-gluon corrections accounted for by perturbative methods
and renormalization group techniques giving rise to new effective weak vertices. 2)
Long-distance confinement forces are responsible for the binding of quarks inside the
asymptotic hadron states. The three-level diagrams are a rather simple represen-
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tation of the actual picture. In the real world, quarks are confined inside hadrons
bound by the exchange of soft gluons. As an example, figure [4.4] shows the decay of
B® — D*r~ at three-level and a more realistic representation of the decay. [37].

] .
ED |: pt
P i
(a) Three-level Feynman diagram (b) More realistic representation

Figure 4.3: A simplified illustration and a more realistic interpretation of the real
pricture.

4.4.1 Operator Product Expansion

The basic idea is that it is possible to separate the two regimes by means of the
operator product expansion (OPE), incorporating all the long-range QCD effects in
the hadronic matrix elements of the local 4-quark operators. This approach appears
to be well justified due to the large differences in the time and energy scales, which
are involved in the weak decays and in the formation of final hadrons. Generally
the effective Hamiltonian can be written as

G
Heff = TI;VCKM Z CI(M)OZ + h.c.

where G is the Fermi constant Vogps is the CKM matrix element for a given
transition. The C;(p) are known as the Wilson coefficients and represents per-
turbatively calculable short-distance effects and the local operators O; describe the
non-perturbative long-distance effects of QCD. The Wilson coefficients and the local
operators are both functions of the renormalization scale u. For the decay b — ¢sc
the relevant CKM matrix elements are V, and V., and the local four-quark operators
O; can be written in terms of color-singlet currents in the following manner

O1 = (" (1 = ")) (55, (1 = 7°))
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Op = (5" (1 = 7°)b") (5511, (1 = 7))

When performing calculations using this technique it is stressed that they are
only valid at the value of the chosen renormalization scale. Theoretical errors are
typically obtained by varying the scale in the range m,/2 < p < 2my,.
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Figure 4.5: a)IlV~ exchange b) Box diagram c¢) QCD penguin
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Figure 4.7: a)Magnetic dipole penguin b) Chromomagnetic dipole penguin
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4.4.2 Different non-leptonic B meson decay modes

Hadronic B mesons can undergo decay through several different processes as shown
in the figures . The predominant diagram is showed in ) is known as the
spectator diagram where the B meson either decays to a c or a u quark and a virtual
W=, which decays to a ¢'¢’. The spectator quark only participates through gluon
exchanges. This is a known as a color-favored decay because the quark-antiquark
pair, which hadronize to form the residual meson, is produced in the requisite color-
singlet combination [40]. Such processes are dominated by &; and are referred to as
class I decays. The decay amplitude <7 is proportional to the CKM matrix elements
of the quark flavors involved in the decay process, as we shall see in section
Processes where the quark-antiquark pair produced end up in different final
meson states it is known a color-suppressed decay. Such a diagram can be seen in
figure ) and are suppressed by a factor of 3 [40] and also categorized as class
IT decays where the local-operator &5 dominates. The signal decays investigated in
this thesis BY — J/1¢(¥(25))¢ is a color-suppressed decay. Figure reveals the
diagram for the interesting property of Bg,s — 3278 mixing which occurs in neutral B
meson systems. The last six diagrams are known as penguin diagrams and involve
processes where b — s or b — d and are known as flavor-changing neutral current
(FCNC) processes. Such processes are not allowed at the three-level and must
therefore proceed through loop or box diagrams. An example of a FCNC decay is
the rare decay BY — u*u~ measured to have a branching ratio of 2.4702 x 107°. [8].

4.5 The BY — J/1¢ and BY — 1(25)¢ decays

In chapter [6] and chapter [7] we perform an analysis of the non-leptonic decay modes
BY — J/v¢ and B? — 1(2S)¢ performed with data with a center-of-mass energy
/s = 13 TeV collected by the ATLAS detector. This section provides a brief look
at the two decay modes.

The BY meson is composite of a b and a s quark. As it is a neutral B meson it
is subject to the phenomenon of B? — BY mixing where the mass difference of these
two states have been measured to be Ampo = (1.1688 £ 0.0014) x 107 MeV [g].
The Feynman diagram for the two decay channels are shown in figure below.

b

jw,w(zS)
B wt

5%
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Mentioned in the introduction, we investigate the B? — J/1(1(25))¢ decay
modes where final states are J/¢(1(25)) — puTp~ and ¢(1020) — KK, which is
referred to as ¢ for brevity. Viewed from the diagram the decay process begins with
a b — ¢ transition subject to the weak interaction. The virtual W further decays
to a quark-antiquark pair ¢5 where the § hadronize with the spectator s quark to
form the ¢(ss) meson. The residual ¢ quark originating from the W+ hadronize
with ¢ quark to form the J/1(cc) or the first excited charmonium state, namely the
1¥(25)(cc) meson. It is quite evident to see that this is a color-suppressed decay.
The transition of b — &5 is dependent on the matrix element |V,|? and is not a
CKM-favored decay [41].

By using the technique of the naive factorization a calculation of the decay
amplitude &7 is possible. The following hypothesis makes the assumption that
processes subject to a high recoil in both the initial and the final state interactions
are suppressed. As the remnants of B decays are energetic, the color transparency
argument states that ¢q stay close together and is of the possession of a small
chromomagnetic dipole moment till the distance from the other decay products are
sufficient [42]. The beauty of this is that we now have two energetic ¢g pairs being
transparent to each other thus forming final-state mesons whilst not participating
in any soft gluon exchanges. By the presence of soft gluon exchanges we would
require an extremely complicated description. The methods below are mainly taken
from [43] and [44].

For the decay channel BY — J/1¢ the decay amplitude .7/ can be expressed
as

/1% = SEVAVEan() 0I5 (1 = )/l (1 =B (42)

where the G'r is the Fermi constant, V;V; are the relevant CKM matrix elements.
The QCD correction parameter as is relevant for the Class IIE|

1

as(p) = Co(p) + ECI (1) (4.3)

where NN, is the number of quark colors and C , are, again, the Wilson coefficients.
In order to obtain values for the matrix elements, further parametrization is needed.
For the creation of the ¢ meson from the vacuum we can express the amplitude by

2Class III processes are where both the @) and @ are involved. This could for instance be
b — ¢cs decays and may generate the same final states - known as Pauli interference. decays
involving color-suppressed processes and takes the value.
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the decay constant f;,

(957" 15¢]0) = —ifsq" (4.4)

where the momentum transfer ¢* is given as ¢* = (pp+pyy), satisfying ¢* = mi The
matrix element for the B(J¥ = 07) to J/¢(J¥ = 17) transition can be parametrized
by the use of four form factor V(¢?), Ao(¢?), A1(¢?) and A,(¢?)] yielding,

(/) (Eb| BY) = ——

_ I/ Vi(g® 4.5
e ——— PB,PI. V(47 (4.5)

for the vector part and for the axial vector part,

) eIl g
(J/0|(Ev,75b| BYY = 2m )y TQMAO(QQ)

+ (mp + () (77 — 7 q) A1 (%) (4.6)
e/ (m2% — (m?]/w)
- - @ 2 I YA (o2
* (mp +myy) 5 +Pipy q? %) A7)

Here we have simply written the BY as B when appearing as an index such that
mp is the BY mass and, correspondingly, m /5 is the mass of the J/¢ and CAT
the polarization vector. Below we can see the current estimation of the branching
fractions of B? — J/1(1(25))¢ decay modes [8]

B(B° — J/v¢) = (1.08 £0.08) x 1073

B(B? — (25)¢) = (5.4 +0.6) x 10~
and the relative branching fraction measured by LHCb in 2012 [3]

B(B) — )(25)9)
BB = J[19)

= 0.489 % 0.026(stat) £ 0.021(syst) £ 0.012(Ry)

The uncertainty (Ry) is due to the branching ratio of ¢/(25) and .J/¢ decaying to
T

3V (¢?) is the vector form factor and Ag(q?), A1(¢?) and Az(g?) are the axial vector form factors
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Chapter 5

Analysis Tools

This chapter provides an introduction to the data framework used in this analysis.
In order to obtain variables to be used for the event selection, a transformation of the
raw data using advanced algorithms are needed. These algorithms are implemented
at different stages and will be briefly discussed.

5.1 Simulation

The simulated physics events used for this analysis with 2016 tuning, are centrally
produced by the ATLAS B physics group by the use of the event generator PYTHIAS8
[45]. In this step, simulations such as the interaction between the quarks and gluons
inside the colliding protons, subsequent parton showering, hadronization and decays
into stable particles are done. PYTHIA version 8 has been completely rewritten from
FORTRAN to C++ with the same description of the Standard Model processes.
Samples relevant for this analysis, with the presence of a b quark, are produced
under the Pythia8B extension.

After the event generation has been successfully completed, the interaction of
particles with the detector material and the magnetic field is simulated. This is
done with the simulation toolkit Geant4 [46]. Next step is the digitization where
the response of the read-out electronics is modeled; here simulated energy deposits
is transformed to a detector response, which virtually acts the same as the raw data
from the real detector [47]. In the completion of the steps above, the analysis data
for Monte Carlo (MC) looks identical to real data expect that information about
original generated events are stored in the MC samples. These are, not surprisingly,
referred to as truth-matched events and are correspondingly stored in the truthTree
in the NTuples.
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5.2 Run 2 Analysis Model

Proceeding from raw data to the ROOT NTuples, used for the final event selection,
are performed in several stages. In each stage, uninteresting events, not matching a
set criteria of interest, are skipped. A higher level of reconstruction also takes place
in each stage. File formats used for this analysis are listed below [48].

e Analysis Object Data (AOD), which contains information about the events
and reconstructed objects within each event such as tracks, muons, electrons,
jets etc. The contents of these file formats are referred to as xAOD[] and are
centrally produced directly after the reconstruction.

e Derived Analysis Object Data (DAOD) where the DxAOD objects contain
further relevant reconstructed objects. The DxAOD object are produced from
the xAOD by the use of the derivation framework AthDerivation. With the
instruction of Adam Barton, from the B physics group, a derivation script,
BPHY2.py, containing sophisticated reconstruction algorithms were adapted
for the analysis presented in this thesis.

e NTuples contain only information relevant for the specific analysis. The
DxAOD objects are further skimmed, slimmed and thinned? to be made into
NTuples stored in ROOT trees. The final event selection and statistical analy-
sis are performed on this file format. This was done by the EventLoop frame-
work where the NTupleMaker has been specifically adapted for this analysis.

For Run 2, the AODs produced by the reconstruction and the DAODs from
the derivation framework can be immediately read and browsed in ROOT. In Run
1, however, the AODs were not readable by so one had to first convert them to
NTuples.

5.3 ROOT and RooFit

ROOT is an object-oriented framework developed by René Brun and Fons Rade-
marker at CERN [12]. It is, along with framework mentioned above, the main anal-
ysis software used in this thesis. Using C++, ROOT has built-in tools for graphics,
mathematical libraries and statistical analysis. Performing fits and optimization

!The "x” indicates Run 2 event data model (EDM)

2The act of skimming refer to the removal of events not passing a specific selection criteria,
whilst slimming and thinning refers to the removal of whole/partial containers that are not of
interest.
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of likelihood functions is done with the implementation of RooFit [49], which was
originally developed for the BABAR collaboration, but is now comes as a standard
in ROOT.
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Chapter 6

Study of BY — J/¢¢ and
By — $(29)¢

In this chapter we present the Monte Carlo (MC) study of the two decay channels
BY — J/¢¢ and BY — 1(25)¢. The goal of the analysis is to measure the afore-
mentioned decay channels as well as to determine the relative branching ratio using
data collected by the ATLAS detector at /s = 13 TeV from 2016.

The analysis makes use of a cut-based strategy to minimize the number of back-
ground events whilst keeping the number of event candidates, often referred to as
signal, as high as possible. After defining specific selection criteria by using the
signal sample we proceed by optimizing the signal yields using the sensitivity

S

Wiz (6.1)

where S and B is the number of signal and background events, respectively.

6.1 Monte Carlo Samples

By performing a study using simulated events according to the theoretical expecta-
tions of the standard model, one can extract models expected to be observed in the
data. MC studies may also be used to probe new physics when comparing to data.
New physics will thus appear as statistically significant deviations from the models
derived in the MC study.

The MC samples used in this analysis has been officially generated in PHYTIA
by the ATLAS Production Group using 2016 tuning. As we were performing an op-
timization of the sensitivity to improve our selection criteria and the samples were
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produced in unequal amounts, a scaling of the datasets is of utmost importance.
All the MC samples have a specific number of generated events N, associated
with a production cross section o, calculated by PYTHIA. Further on, we make
use of this information to scale the datasets such that the integrated luminosity of
these samples matches the integrated luminosity collected by ATLAS. The weight
assigned to each sample is then given as

_ 'CData _ LDataO-gen (6 2)
£MC’ Ngen ‘

where L£y¢ = Ngen/0gen. MC samples with corresponding o, N and w are listed in

table [6.1]

Sample Ngen  Ogen b1 eorr b7 w L [fb~1]
Signal Bg — J/v¢ |10 000 000 767.38 0.012 0.0043 827.88
BY — (25)¢| 100000 960 0.0010  0.0036  998.69
pp — J/¥X | 5000000 3498.9 208.53  148.47 15.82
Background bb — J/¢¥X |10 000 000 19568 13.52 4.81 0.74
bb — ptp~ X |49 999 000 78127 3.16 0.22 0.02

Table 6.1: Samples used in the Monte Carlo study. Corrected cross section, ooy,
is obtained by multiplying with the branching fractions to force the decay into the
respective channel and the PYTHIA generation cross section with the correction
factors shown in table [6.2] The integrated luminosity £ is calculated with the
corrected cross section.

The weight w is then calculated according to equation [6.2] The cross section
calculated by PYTHIA must be corrected by the actual topology of the decay mode
and repeated hadronization effects originating in PYHTIA8B. A generation effi-
ciency of 8.1% is included in the bb — ptp~X sample. The correction parameters
used to calculate the weighting are shown below
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Sample Forced decay B PHYTTASB corrections
BY — J/¢¢ | (1.08 £0.08) x 1073
B) = J /¢ J/p — ptp~ | (5.96 +0.03) x 1072 0.25
¢»— KTK~ (48.9+0.5) x 1072
BY — 1(28)¢ (5.4+0.6) x 1074
BY = (28)¢ | ¥(28) — putu~ | (7.94+0.9) x 1073 0.25
¢»— KTK~ (48.9 £ 0.5) x 1072
pp — J/YX J/p — ptu~ | (5.96 £0.03) x 1072 n/a
= J/p — ptu~ 5.96 +0.03) x 1072
bb— J/pX l§—> J/Mwl:' | 0.011)6 05
bb — J/put n/a n/a 0.0005

Table 6.2: Correction factors for the individual samples are shown above. Branch-
ing fractions are obtained from [§]

In the signal samples only B is generated, thus an additional factor of two is
included to account for the missing B? contribution. It is worth mentioning that
the branching ratio for the inclusive decayﬂ B — J/¢X is not reliably defined, but
PDG [§] states an approximate value.

6.1.1 Signal Samples

The signal samples used for this analysis are summarized in table . BY — J/¢é
and BY — 1(25)¢ and consists of 10 000 000 and 1 000 000 million events. At the
EventLoop level, requirements for the reconstruction of the BY — J/1(¢(2S5))¢ are
done in the production of the DAODs. The candidates are reconstructed by first
fitting two oppositely charged muons to common vertex forming a .J/v candidate fol-
lowed by the reconstruction of two oppositely charged hadron tracks, KK, form-
ing a ¢ meson. For the fitting of the muon tracks to a common vertex it is required
that the x?/do fﬂ < 8 and is done by reconstruction algorithm, SelectOnia2mumu,
making use of both the Muon Spectrometer and the Inner Tracking Detector. For
the reconstruction of the ¥(2S) — putpu~ the procedure is done in the same manner
as with the J/1¢ — p*pu~ reconstruction only with a different mass hypothesis.
The oppositely charged hadrons, which are to be combined with the J/1(1(25))
vertex, are required to have a transverse momentum pr > 800 MeV /¢ and a recon-
structed invariant mass of mg — 100 MeV/c? < my+ - < mg + 100 MeV/c?, where
mg = 1019.445 is the reference mass of the ¢ meson reported by the Particle Data
Group [8]. The x?/dof of the vertex fit is the same as for the J/1(¢(2S5)) vertex

"Which has to be corrected for due to the way the job options was implemented. This was
needed to account for cascades as b — y. — J/¢ etc.
2dof = Degrees-of-freedom



48 6.1. MONTE CARLO SAMPLES

reconstruction. Finally, the reconstructed invariant mass of the B? candidate is
required to be within 5000 MeV/c* < mpo < 5800 MeV/c?. All the reconstructed
tracks are required to have a pseudorapidity coverage of |n| < 3 in order to remove
tracks outside the fiducial volume of the detector.

The signal region is defined as +30 around the signal peak. The invariant
mass of the BY has been modeled by the sum of two Gaussian distributions cen-
tered around the same mass mpo, denoting the mean. The resulting probability
distribution function (PDF) is fitted to unbinned data by maximizing the likelihood
function

L= ch (M) ++(1 = fo)Gi(my,) (6.3)

where fi, (k = c,lﬁ) are the fractions of the contributing Gaussian PDFs. The
reconstructed invariant mass of the ¢ pair is written as mfw where, for simplicity,
Y = J/1,(2S). The Gaussians Gy are defined as

. 1 (miw — mpo)
Gye=(m!, )= ——exp| — — ) ]
k= ( ¢¢) oo/2m P 20}3

(6.4)
where o, denotes the widths and its weighted sum is used to determine the signal
region. The lower and higher mass regions are referred to as the lower and upper
sidebands, respectively. The 30 signal region is obtained by integrating the PDF
to retain 99.7% of all events. The o, is the resulting standard-deviation from this
integration.

The obtained regions for the BY is shown in table .

mpo ow  |Signal Region|Lower Sidebands|Upper Sidebands

BY — J/v¢ |5367.74 +0.02]28.3 4 .8| 5283 — 5453 5084 — 5283 5453 — 5782

BY — 4(28)¢ |5367.45 + 0.07]20.5 £+ .8| 5306 — 5429 5093 — 5306 5429 — 5774

Table 6.3: Results of the fitting of the reconstructed invariant BY mass. All values
are given in MeV /2.

3Indices ¢ and t represent the core and the tail of the Gaussians, respectively.
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Figure 6.1: Reconstructed invariant B? mass for a) B? — J/¢¢ and b) B? —
¥(25)¢

6.2 Background Samples

Before looking at actual data, the MC background samples are used to extract a
background model in correspondence to what we might observe in the real dataset
collected by the detector. The signals BY — Ju¢ and B? — 1(25)¢ both have
specific signatures enabling us to separate them from background contamination.
The background samples are reconstructed in the same manner as the signal samples
by reconstructing two oppositely charged muons to a common vertex forming the
J/1 or ¥(2S). Two oppositely charged hadron tracks are then combined to, in
practice, the same vertex as the J/¢ or ¥(25). In order to avoid double counting
the signal samples are truth-matched using the truthTree stored in the NTuples.
The same holds for the combinatorial bb — p* g~ X sample where any truth-matched
J/1¢ or ¥(25) are removed. Background samples used for this analysis are shown
in table [6.1] and are summarized here. Recall that the X represent any possible
hadron.

Direct J/v production; pp — J/9¥X

The cross section for producing J/s in proton-proton collision is rather high, due to
the contribution of several QCD processes [50], making this the dominant contribu-
tion of the background samples. As the J/4 has very short lifetime (7 = 7.2x1072!s)
its decay length is close to zero. This can be exploited by the fact that the lifetime
of the B? is, in comparison, rather large (7 = 1.5 x 107!2%s). It therefore has an
observable separation between the primary and secondary vertex. Due to the fact
that the spatial resolution in the xy-plane in the ATLAS detector is much better



20 6.2. BACKGROUND SAMPLES

than in the longitudinal z-direction [51], we commonly refer to this separation as
L., or the transverse decay length.

Combinatorial bb background; bb — =X

In this sample there are no J/¢s present but the two oppositely charged muons,
arising from different processes, are combined with two oppositely charged hadron
tracks. The main contributing source to the production of muons comes from the
semi-leptonic decay of the b-quark proceeding in the following way b — cu~ v, or
b — cuty,. The produced c-quarks hadronize to form charmed meson or may
contribute through the semi-leptonic decay channel ¢ — sp~v,. If the production
of charmed mesons arises they can further contribute to the production of muons
through a semi-leptonic decay channel.

Such decays can be separated by investigating the x? distribution as there is
no correlation of the goodness of fit for muon reconstruction as they originate from
random processes. It is also efficient to place a criterion on the angle between the
transverse momentum of the reconstructed BY meson and the L,, vector, which
shall be referred to as the pointing angle «. This is due to the fact that this angle
should, in principle, be uniformly distributed as the correlation between pr and L,
is absent - which is not the case for the signal samples as the boosted B? leaves a
clear signature for the o peaking at zero radians.

Inclusive .J/¢ decays; bb — J/¢X

The inclusive sample where bb is combined to a J/v¢ and a hadron X mimics the
signal and are therefore rather difficult to separate. Decay topologies identical to
that of the signal mode may occur if the reconstructed hadron is combined with
exactly two tracks whereas both of them are charged. For a few modes, the recon-
structed four-particle mass may lie in the region of the B? mass. Such a decay is the
BY — J/vf5(980) and B? — (25)f5(980) and is commonly referred to as peaking
background.
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6.3 Selection criteria

6.3.1 Generic requirements

After the requirements imposed at the EventLoop-level, explained in[6.1.1] has been
applied selection criteria advised by the Inner Tracking Detector [51] and the Com-
bined Performance (CP) groups [52] are applied at the NTuple level. The sum of all
of these selection requirements are referred to as the generic requirements. These
recommendation have been derived using 2016 reprocessed data, 2017 data from
Tier-0 processing, and MC16 Monte Carlo [52]. The generic cuts are summarized in
the table below.

ul pr Silicon Hits | SCT Hits
Muons < 2.3 >4 GeV/c - >5
Kaons <25 > 500 MeV/c > 7 -
Silicone SHH Silicone Holes | Pixel Holes | Pixel Hits
Muons - <2 - >1
Kaons <1 <2 <1 -

Table 6.4: Generic requirements. Events that satisfy these criteria are kept.

¢Silicone SH: Shared hits in the Silicone detector

6.3.2 Muon reconstruction

For the reconstruction of the B} — J/1¢ an event must contain at least one recon-
structed primary vertex (PV), which are formed from at least four inner detector
tracks. In addition to this, at least one pair of muon candidates of oppositely charge
are reconstructed by the use of both the muon system (MS) and the inner detector
(ID). The muon candidates are reconstructed by the use of two different algorithms

e Combined Reconstruction where the muons are indentified by the use of
a combination of the muon system and the inner detector track

e Segment-tagged Reconstruction where the muons are formed from a MS
track segment which is not associated with a MS track but is rather matched
to an ID track and further extrapolated to the MS.

After the reconstruction of two oppositely charged muons to a common vertex,
the invariant mass of the muon pair is calculated form the refitted track parameters
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[31]. As the J/¢ and the 1(2S5) mass resolution varies in different parts of the
detector, the candidates are divided three different subsets according to the di-muon
pseudorapidity 1. The regions are as follows

e Barrel-Barrel (BB) where both muons have a |n| < 1.05

e End-cap-Barrel (EB) where one muon have a 1.05 < |n| < 2.5 (end-cap) and
the other |n| < 1.05 (barrel)

e End-cap - End-cap (EE) where both muons have a || < 1.05 and the other
1.05 < |n| < 2.5

Where the invariant di-muon mass is poorest in the EE region as these muons covers
a larger distance before being stopped in the MS.

6.3.3 J/¢ and ¥(25) candidate selection

After passing the generic requirements an unbinned maximum-likelihood fit is per-
formed for each pseudorapidity class to extract fit parameters as the weighted stan-
dard deviation and the J/1 and the ¢ (2S5) invariant mass. The signal J/¢ and
1 (2S) events are modeled with two Gaussian functions, defined by

(1l = 10) m”] (6.5)

where the same notation for fit parameters apply here as well. The mfw is the
mass of the J/v¢ (¢(25)) candidate and m,, is the mass of the fitted invariant .J/4)
(1(25)) mass. We require both Gaussian functions to be constraint by the same
mean m,. An optimization of the Likelihood function

L= 1] feGelmi) + (1 = fo)Gulm,) (6.6)

yields the following fit parameters
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mMC MeV/? | ai/¥ [MeV/c?] | mMGy [MeV/c?] | a® [MeV/c?]
BB 3098.00 £ 0.05 40.9 + Oq“| 3683.75 £ 0.16 57.24+0.4
EB 3098.89 +£0.14 54.3 £ 1.7 3684.27 £ 0.4 72.7+ 2.1
EE 3099.69 £ 0.10 74.1+1.1 3684.39 £+ 0.32 95.3+1.6
Ally | 309896 +0.05 | 532+02 | 3684.39+0.32 | 6585+ 1.1

Table 6.5: Fit results extracted from maximizing the likelihood function

“Uncertainties are calculated according to 6% = \/(%%,’1“?506)2 + (daw (5Ut) (d"w 5fc)

BB [MeV/c?| | EB [MeV/c?] | EE [MeV/?
J /1 Signal Region 2977 — 3212 | 2939 — 3255 | 2895 — 3302
¥ (2S5) Signal Region | 3512 — 3855 | 3465 — 3902 | 3398 — 3970

Table 6.6: Signal region for the J/¢ and ¢(2S). These regions are set to retain
99.73 % of all J/1 and ¢(25).

After performing the fit we define a signal region for the invariant mass of the
J/1 and the ¥(2S) of +30,, chosen to retain ~99.7% of all signal candidates. This
requirement is then applied to both the signal and the background samples. The
invariant mass distributions for the different pseudorapidity classes for J/¢) and
1 (2S) are shown in figure and [6.3] respectively.
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6.3.4 ¢ Mass Candidate Selection

As described above, the BY — J/1(¢(2S)) are reconstructed by fitting candidate
tracks from both J/¢ — ptpu=, ¥(2S) —» ptp~ and ¢ — KTK~ to a common
vertex where the reconstructed invariant mass of p*pu~-pair is constrained to the
world averages m, = 3096.900 4= 0.006 MeV/c? and My2s) = 3686.097 £ 0.025
MeV/c? [§] for the J/¢ and (2S5) resonance mode, respectively. To reject potential
peaking background such as the B? — J/v fo(980) or the B? — 1(25S) f5(980) mode
we impose a constraint on the reconstructed invariant mass of the K+ K~ pair. This
is done by the use of the MC signal sample after all the generic cuts have been
applied.

The decay width of the ¢ resonance is well described by the a Breit-Wigner func-
tion convolved with a Crystal Ballf] function when experimental effects as detector
resolutions are considered.
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Figure 6.6: Reconstructed invariant mass of the KK~ pair fitted with after the
generic requirements.

The relativistic Breit-Wigner distribution is given as

2
m
Fi(mgg) = KR (6.7)
(3 —m3)2 + (m2 +T3)°

where the mg is the ¢ mass candidate, mgy is the fitted mean and I'y is the width
of the distribution. Further on, the Crystal Ball function combining a Gaussian core

4Named after the Crystal Ball collaboration, hence the capital letters
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with a power law tail is given by

1 (mKK—m¢)2 f MKK Mg
o exp[——5 o] if ——= > —«a
F2<mKK) - Irou;; N\ e ’ |2\ (e MK K —Mg if mK;jfmd) <
Varo, (m) eXP(—T)(m— jaf — =5=2) i = < —a

(6.8)

where the a determines the crossover between the Gaussian core and the power
law distribution and ng4 describes length of the tail. By performing the fit of
Fi(mgi)® Fy(mg) we obtain the distributions shown in figure . All parameters
are left free in the fit and yields and my is constrained to be the same for both F
and F5.

J/1 mode ¥ (2S) mode
me | 1019.38 = 0.01 | 1019.35 £ 0.02

Iy 5.08£0.2 5.19 +0.05
o 5.28 £0.01 5.81 £ 0.03
Qg —1.3£0.01 5.09 £ 6.29

Ng 20.00 = 0.07 19.75 £ 18.86

Table 6.7: Fit results for the invariant ¢ mass distribution. The mean my, width

I'; and the standard deviation of the Gaussian core o4 are all given in units of
MeV /2.

The fit yields a m, = 1019.38 £ 0.01 MeV/c? and m, = 1019.35 £ 0.02
MeV/c? for the J/v and (2S) mode respectively. We impose a signal region
around the mean of the ¢ mass to be given as ~ +30, rejecting a substantial
amount of background events. For the .J/i¢ mode this implies a 304 region of
my € [1006MeV/c?,1034MeV /c?] MeV/c? and my € [1002MeV/c?,1036MeV /c?|
for the ¢(25) mode. These regions have been obtained by requiring to retain 99.7%
of all ¢ candidates. From the 2D scatter distributions, shown in figure [6.7b] and
figure it is quite evident that a great fraction of the background events fail to
match the criteria of being within this signal region.



o8

6.3. SELECTION CRITERIA

[ h2SignalAFgen

Mean x 1020
Mean y 3093
Std Dev x 6.169
Std Dev y

M, [MeV/c?]

. |
1000 1010 1020 1030 1040 1050

B Entries 2231772 | -, "

M, [MeV/c?]

FTT T T[T [ [ rrrrrrrrrg

Ll T

h2AlIBackAFgen

113962
1029

3146
19.39
213.1

Ll b T

i I
990 1000 1010 1020 103 1040 1050 1060

M [MeV/c?]

(a) Signal Sample

M MeV/c?]

(b) All the background model

Figure 6.7: Scatter plot of m,, on y-axis and mg on the z-axis for (a) truth
matched signal sample and (b) the combined background sample. Both after generic

3900

cuts.
«5 E h2$ignaIAFgen
% 4100 Entries 231846
S C Mean x 1020
% 4000 Mean y 3682
s F StdDevx  6.112

3800

3700

Ll

3600

3500

3400

lHH‘HH‘HHL

= el
PRI RN A ™ =,

3300 o
1000 1010 1020 1030

"
1040

AL L R R N R I L I

h2AlIBackAFgen

Entries 103937
Mean x 1028
Meany 3121
Std Dev x 18.95
Si

o
-

\ L A

- - .
T AR SR L
1000 1010 1020 1030 1040 1050 1060

M [MeV/c?]

(a) Signal Sample

M [MeV/c?]

(b) All the background model

Figure 6.8: Scatter plot of my2s) on y-axis and mg on the z-axis for (a) truth
matched signal sample and (b) the combined background sample. Both after generic

cuts.

These scatter plots gives a summary of the mass of the J/¢ and (25) with
respect to the ¢ mass after the generic requirements have been applied. As men-
tioned, quite a lot of the backgrounds are removed by requiring an event to be within
the respective signal regions of the J/v, 1(2S5) and ¢. Looking at figure it is
rather clear to see that there are few events contaminating the B? — ¢(25)¢ mode
as there were no dedicated inclusive B — 1(25)X background sample available,
which is evident to see in section In order to further improve the sensitivity we
perform an optimization of four discriminating variables discussed in section [6.4]



CHAPTER 6. STUDY OF BY — J/i¢ AND B% — 1$(25)¢ 59

6.4 Sensitivity Study

In order to further suppress the background with respect to the signal events, four
discriminating observables are chosen

e The transverse momentum of the B meson, Byr

e The x?/dof representing the goodness-of-fit for the four track vertex recon-
struction

e The transverse decay length L,, being the transversal separation between the
primary and secondary vertex

e The pointing angle «

Due to the relatively long lifetime of the b quark, we make use of the fact that
its distance from the primary vertex to the secondary vertex is separated by an
observable decay length L. Since the position resolution in the zy-plane of the AT-
LAS detector is much better than the longitudinal, we chose only to investigate the
transverse decay length L,,. In the case of several primary vertexes, the one having
the highest sum of the squares of the transverse momenta of the constituent tracks
> p2 is chosen. The transverse decay length may take negative values if its vector
Exy points in the opposite direction with respect to the B momentum vector pr. It
then appears as the secondary vertex has been reconstructed behind the primary
vertex.

In the reconstruction of the two oppositely charged hadron tracks and the two
oppositely charged muon tracks to a common origin the associated x? of the fit of
these reconstructed tracks are calculated.

Another discriminating observable is the pointing angle a, equation [6.9] rep-
resenting the angle between the B momentum vector pr and the transverse decay
length vector [_:wy

a = |¢pr = OL,, | (6.9)

For signal events, we expect that the pointing angle is close to zero. Typically,
for background events the correlation between the pr and [jxy is absent resulting in
a rather uniform distribution.

Below we can see the distributions for the observables before any cuts have been
applied for the J/1 mode. For the 1(2S5) mode, see the appendix.
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Figure 6.9: Distribution of the observables for the Monte Carlo samples. All
histograms are normalized to unity.

In figure b) we can see that the x?/dof is not uniformly distributed for the
generic bb — utp~ X sample even though the muons do not necessarily originate
from the same vertex. However, this is to be expected as events, such as, B — uDX,
where subsequently the D — pX where the two resulting muons might still be
reconstructed to the same vertex due to the shorter lifetime of the D meson. Another
contribution may be events with the two muons arising from the same real vertex,
e.g. form semileptonic B — putu~ X decays.
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6.4.1 Optimization

The sensitivity study has been performed by the use of both MC signal and back-
ground samples and by the use of MC signal and data sidebands. At first the
sensitivity S/v/S + B was optimized by the use of MC signal and MC background
only and hence scaled respectively according to table[6.1] The procedure is as follows

1. first investigate the highest sensitivity of one of the discriminating observable
with respect to the cut value

2. perform this optimized cut value on the next observable and redo 1.

3. determine the efficiency of the tested order and redo 1. and 2.

The order yielding the highest efficiency whilst suppressing the largest amount of
background is chosen. In practice, this procedure begins with optimizing the sen-
sitivity of the transverse momenta of the B,r. The cut value yielding the highest
signal to background separation is further imposed on the x?/dof. The sensitivity
of x?/dof is then optimized with after imposing the best selection of Byr. Next,
the selection of L, is optimized after imposing the optimal selection criteria of the
preceding observables. Finally, the pointing angle « is optimized after imposing the
best selection criteria for Byr, x*/dof and the Ly,,.
The sensitivity plots for the B? — J/1¢ mode are shown below.
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Figure 6.10: Distribution of the significance with respect to the cut value of the
observable.
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Figure 6.11: Distribution of the significance with respect to the cut value of the
observable.

Briefly discussed in the last subsection, there is rather few background events
contaminating the BY — (25)¢. Displayed in fig [6.8b] showing the scatter plot
of the background events after the generic requirements, it is quite evident to see
that most of the background events are thrown out by requiring a +30 signal region
for the invariant mass of the (2S5). This makes it rather difficult to perform an
optimization of the significance as there are too few background events to work with
to obtain a clear distribution. The significance plot for the ¢ (2S) mode by the use
of MC signal and background are shown below displaying the effects of low residual
background statistics.
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Figure 6.12: Distribution of the significance with respect to the cut value of the
observable.
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Figure 6.13: Distribution of the significance with respect to the cut value of the
observable.

We can see a clear fluctuation for these distribution due to the low abundance of
background events. Especially for the L,, it is demanding to choose an optimal cut
value. Motivated by this fluctuation we decided to use data sidebands instead for
the background as it contains a larger range of processes and much higher statistics.
This was done by selecting a +30gr signal region for the invariant mass of the B?
explained in detail in section The beginning/end of the lower/upper sidebands
were chosen by requiring the same amount of events in the lower and upper region.
The signal Monte Carlo samples are scaled respectively to the integrated luminosity
calculated by the ATLAS LumiCalc [53].

For the data sideband regions we fitted the .J/¢ mass and performed a 30 mass
cut. As the ¢ has no present peak for the data sidebands we fitted the ¢ mass in
the sidebands for the MC signal samples and further performed cuts on the data
sidebands. Summarized below are the optimization plots for the .J/¢ and ¢(25)
mode in figure |6.14}
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From this study we can obtain the optimal cut values for the discriminating
variables. The results are summarized below.

J /1 mode ¥ (2S) mode
Byr > 13000 MeV/c | > 13000 MeV /c
x2/dof < 2.8 <28
Ly > 0.26 mm > 0.26 mm
o} < .1lrad < .1rad

Table 6.8: Values obtained from the optimization study. Both B? — J/¢¢ and
BY — 1(28)¢ yield the same values, which is to be expected.

6.4.2 Signal efficiency

In order to estimate the relative branching fraction information about the signal yield
efficiency for each mode is needed. By making use of the truth-matched information
of the generated MC events we can extract the signal efficiency ¢ by dividing the
amount of events n passing the described requirements by the amount of generated
events N

n
= — 6.10
=2 (6.10)
with the corresponding uncertainty estimated by a binomial model [54],
e(l—¢)
o - (6.11)

Results of the efficiency for each cut for each mode is shown in table [6.9]



Mass Cut

J/1,¢¥(25) EE region
J/,1(2S) BB region
J/,(2S) EB region

18.34% + 0.01%
18.08% + 0.01%
18.05% + 0.01%
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Type of Cut BY = J/ypg | BY— ¢(259)¢
Efficiency e

After EventLoop 63.05% + 0.02% | 65.06% + 0.05%
Trigger HLT mu6_mu4_bJpsimumu delayed | 21.1% 4+ 0.01% | 22.47% + 0.04%
Truth Matching 20.66% + 0.01% | 21.72% + 0.04%
K*K~ n Cut 20.57% £+ 0.01% | 21.66% + 0.04%
wHu pp Cut 20.00% + 0.01% | 21.08% + 0.04%
Generic Cuts wrp~ pixel & SCT 19.89% £ 0.01% | 20.97% + 0.04%
KTK~ pixel & SCT 19.56% + 0.01% | 20.60% =+ 0.04%
KtK~ SH 19.55% £ 0.01% | 20.60% =+ 0.04%
KT K~ Silicon Holes 19.55% £+ 0.01% | 20.60% + 0.04%
wrp~ n Cut 19.01% £ 0.01% | 19.93% + 0.04%

¢ Mass 18.44% +0.01% | 19.55 + 0.04%

19.45% + 0.04%
19.26% £ 0.04%
19.23% + 0.04%

Optimized cuts

Byr
X2

Ly
a

17.82% £+ 0.01%
16.96% £ 0.01%
14.77% £+ 0.01%
14.70% £ 0.01%

18.9%6 + 0.04%
18.05% £ 0.04%
15.71% £+ 0.04%
15.63% £ 0.04%

After All Cuts

14.70% £+ 0.01%

15.63% £ 0.04%

Table 6.9: Showing the efficiencies for each cuts applied for the signal samples.

After all the selection criteria has been applied the efficiency yield is 14.70% =+

0.01% and 15.63%40.04% for the J/1) mode and the 1(2S) mode, respectively. The
largest contribution is the from the is from the HLT mu6_mu4 bJpsimumu_delayed
trigger and must therefore be accounted properly. The generic requirements, making
sure we have a quality track, reduces the efficiency by a few %. The mass cuts are
highly efficient with regards to the removal of background events and only reduces
the efficiency by ~ 0.3% — 0.4% for the signal samples. This is an especially efficient
cut for the 1(25) mode. In the next section we investigate the signal and background
model of the events passing the requirements shown in table [6.9] The efficiency
ratio obtained after all the selection criteria have been applied is €y(29)6/E5/p0 =
94.05 + 0.25%.
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6.4.3 Signal Model

After all the aforementioned cuts have been applied we can extract a signal model
for the BY. The signal model for the BY for the J/v¢ and 1(25) mode have been
modeled by two Gaussian PDF’s constraint to the same mean mpo. Below we can
see the signal model for the J/¢ and ¥ (2S) mode
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Figure 6.15: Reconstructed invariant B? mass for a) B? — J/¢¢ and b) B? —
¥(25)¢

where the same PDF distribution as in equation [6.3| is used. We notice the
differences in the resolution of the invariant B? mass for the J/1 and 1(2S5) mode.
This is consistent with the energy released in the decays and is to be expected in
the data as well.

The contribution of the non-truth matched events to the full signal model has
also been studied. This is the case where at least one of the tracks fails to be
picked up correctly by the reconstruction algorithm. As this only occurs ~ .44%
and ~ .42% of all correctly reconstructed J/i¢ and 1(2S) events, respectively, it
does not significantly contribute to the full signal model and our signal distribution
is still described well by the double Gaussian function. This has been investigated
thoroughly both on MC and data.
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Figure 6.16: Non-truth matched B? mass for a) BY — J/¢¢ and b) B? — 1(2S5)¢

The non-truth matched B? events are modeled by a set of two different PDFs.
The J/v mode is described by a second order Chebychev polynomial of the first
kind , a Crystal Ball function equation and a hyperbolic tangent function.
The second order Chebychev polynomial [55] of the first kind is given by

F (myg) = 2p1(mys)* — Pomyes (6.12)

where we use the same notatation, ¢ = J/1, 1¥(2S). The non-truth matched B?
events for the 1/(2S5) modeled by the Chebychev, Crystal Ball and a complementary
error function (ERFC) given by

Mygp — Herfe
erfe(x r=——/—— 6.13
\/_ / Oerfc ( )

The origin of the visible peak seen in may be due to background events, such as
the BY — J/¥K*, which passes the non-truth matching and the selection criteria.
Another contribution may be due to sudden change of the J/¢ PDG code E] for the
MC16 sample used for this analysis. Although the signal samples has been generated
with the present PDG code, secondary events with the old PDG code may still be
present and will not be identified correctly by the truth-matching. This happens
rather rarely and only occurs in 0.013%0 of the cases for the J/1) mode and none of
the cases for 1(2S5) mode.

5The PDG code is a Monte Carlo numbering scheme for particles intended to facilitate interfac-
ing between event generators (e.g. HERWIG, PYTHIA and SHERPA), detector simulations and
analysis packages [50]
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6.4.4 Background Model

The residual background events passing all criteria are further studied to extract a
background model. Due to the poor statistics of the MC background after applying
all the requirements, discussed above, for the ¥(2S) mode, we decided to perform
sideband studies of data to extract a model. For the .J/¢¥ mode we are left with
enough events after all the requirements to develop a simple model. Data sideband
study is then performed to verify the extracted model for the J/v mode.
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Figure 6.17: Data sidebands for B? mass for a) B — J/¢¢ and b) B? — 1(25)¢

The background distribution is modeled on the sideband regions due to the low
statistics of the remaining Monte Carlo simulated background events. The fit model
describing the distributions shown in are given by

Foack(Myg) = feneo Frnst (Mye) + fErrcFog © (Mye) (6.14)

where Fy%(my,) is the second order Chebychev polynomial of the first kind given in
eq. [6.12/ and FZBFC (mye) is the complementary erfc(x) given by eq. [6.13] Further
on, fenev and ferpc is the fraction of the contributing PDFSH )

[lustrated in figure [6.18 we see the MC residual background distribution for
the J/¢ mode. Due to the low statistics after applying all selection criteria it is
hard to determine a rather complex background model which may be more suitable
description of the actual data. The background distribution developed from MC
studies is a second order Chebychev polynomial of the first kind yielding the best
x? of 1.28. This background model is investigated in the systematic uncertainties
(3.0l

6The fractions of the contributing PDFs sums to unity fepes + fErrc =1
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Figure 6.18: Monte Carlo background sample for the J/¢) mode

The fit parameters for the data sidebands yield pg = —0.39+£0.72, p; = —0.07+
0.33 for the J/v mode and py = —0.55 + 0.37 and p; = —0.01 + 0.15 for the ¥(25)
mode for the Chebychev fit. In fig[6.19| we can see the combined model with the use
of Monte Carlo signal and data sidebands.
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Figure 6.19: Combined model for the J/1) mode

The total model for both modes, which in section [7.3.3| will be referred to as
the base model, is given as

Fpo(myg) = NaigFeig(Myg) + Neack Foack(Mye)

(6.15)

where Fy;g(mye) and Fpeer(myg) are defined above and Ny;, and Ny, are the signal
and background yields, respectively.



Chapter 7

Measurement of the Relative
Branching Fraction

After extracting suitable selection requirements from the simulated Monte Carlo
samples we proceed with the study on data originating from proton-proton collisions
collected by the ATLAS detector. This chapter presents the first measurement of
the relative branching fraction

B(B! = 9(29)¢) _ Ny@s)s B/ = 1p7) €
B(BY — J/¢¢) Nippe B(W(28) = ptp™) eps)

(7.1)

with the use of Run 2 data corresponding to an integrated luminosity 4.08 fb~!.
The B? mass is also measured for each mode. Using truth-matched Monte Carlo
signal samples the efficiency ratio €;/y4/€yp25) is extracted. Further on, the signal
yields Nj/1¥¢ and Nyg)s are extracted from the fit models discussed in section
6.4.4

7.1 J/v extraction and v (2S5), ¢ evaluation

Described in section , the J/1 candidates are divided into three classes accord-
ing to the pseudorapidity of the muons. Before applying all the selection criteria
obtained from the MC study on the actual data, we compare the J/i¢ mass dis-
tribution from the MC with the one from the data. This is done by performing
an unbinned fit of the maximized likelihood function explained in more detail in

71
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section [6.3.20 We use the same signal model as for the MC, but introduce a first
order polynomial as the linear background model for the .J/v.
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Figure 7.1: Fit of J/1¢ invariant mass distributions for data 2016.

Figure shows the distribution and the fit projection of the .J/v¢ for each
pseudorapidity class. The fit results are shown in table [7.1]

BB EB EE All

my [MeV/c?] | 3094.67 £ 0.06 | 3097.07 & 0.17 | 3098.95 + 0.12 | 3096.04 + 0.06

ol MeV/?] | 39.10+0.06 | 5250+020 | 67.84+020 | 48.14+0.08

Table 7.1: Fit results extracted for the J/¢ for data 2016.

The fit results for the J/¢ mass and o, are in good agreement with the MC
values. Next we define a 30 region requiring the reconstructed invariant J/1) mass
to be within a signal window of 2977 MeV /¢ < m;y < 3212 MeV/¢? for the barrel-
barrel region, 2939 MeV/c* < m; < 3255 MeV /¢? for the end-cap barrel region
and, finally, 2895 MeV/c? < myy < 3302 MeV /c? for the end-cap end-cap region.
For the 1(2S5) mode, however, the signal region is defined by :EBU%QCS) signal region
obtained from the MC study. For the ¢ mass, we use the signal region obtained from
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the MC study as its peak is highly contaminated by surrounding processes. This is

shown in figure and figure for the J/¢ and ¢ (2S) mode, respectively. The
fit is performed with a linear background fit equation (7.2]), same as for the ¥ (25)
mode, and a Breit-Wigner distribution, equation (|6.7]).
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Figure 7.2: Fit of ¢(25) invariant mass distributions for data 2016.

A fit of the 1(2S) mass distribution, shown in figure 7.2/ has been performed by
the use of two Gaussian functions constrained to the reconstructed di-muon mass
and a second order polynomial of the form

B(my =) = 1+ amyy- + Bmye,- ) (7.2)

where the o and 3 are free fit parameters. The muon pair reconstructed to
form the t(2S5) are required to be within following signal window 3512 MeV /c? <
My(as) < 3855 MeV/c? for the barrel-barrel region, 3465 MeV/c? < mypg) < 3902
MeV/c? for the end-cap barrel region and, finally, 3398 MeV/c® < mys) < 3970
MeV /c? for the end-cap end-cap region.
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Figure 7.3: Invariant-mass distribution for the reconstructed K+ K~ pair for the
two decay modes.

In figure [7.4] we can see the scatter plot for data before any cuts have been
applied, figure and after all the selection requirements have been applied for
the J/v and ¢(2S5) mode, figure and respectively.
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Figure 7.4: Scatter plot for the two modes with my, ¢ = J/1,1(2S5) on the y-axis
and my on the x-axis.
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7.2 Results of B! — J/¢¢ and B — ¢(25)¢

After passing the generic requirements, the defined J/¢,1(2S) and ¢ +30 signal
regions and the optimization criteria, the residual events are fitted by the fit model
described in section [6.4.4] In order to extract the mass and the amount of signal
candidates for the BY an extended unbinned maximum-likelihood fit is performed.
The contribution of fit model for non-truth matched or fake BY, discussed in section
[6.4.3] has been investigated on data. However, the contribution of this model on
data is as negligible as on MC.

Figure [7.5] and [7.6] shows the invariant mass distribution of events passing all
the aforementioned criteria for the J/v¢ and ¥(2S) mode, respectively.
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Figure 7.5: BY — J/v¢ mode
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All parameters in the fit model defined in section [6.4.4] are left free in the
fit. The parameters describing the signal shape of the fit model are the mean
mj/pe, the standard deviations for the tail o; and core o, of the gaussians and the
corresponding fraction f.. The parameters describing the background distribution
are the Chebychev parameters py, p1 and the mean and standard deviation of the
complementary error function pugrrpc and oggrpc, respectively. From this fit we
extract a mass for the J/¢ mode of m sy = 5367.12 £ 0.22 MeV/c* and a signal
yield of 23862.56 + 458.17 and my(2s)s = 5367.31 + 0.43 MeV /c? and a signal yield
of 1858 £ 13808 for the )(25) mode being in good agreement with the world average
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stated by the Particle Data group mpo = 5366.8440.30 MeV/c?. The fit parameters
are summarized in table [T.2l

m, s o = 5367.31 + 0.43 MeV/c?

g C —— Fit projection )
% 1200 f— ® Data2016 Geore = 7-40 £ 1.02 MeV/c'
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& IR Chebychev foore = 0.20 + 0.05
1000 |— ERFC p, = -0.59 + 0.03
- —-— Total background p,= 0.01 + 0.02
- u___ =5448.38 + 47.12 MeV/c?
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L X2 =0.65
c00— N, igna = 1858.28 + 138.09
L Noackgrouna = 9915.77 + 149.94
400
200(— e
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B { }
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Figure 7.6: B? — ¢(25)¢ mode

B = J/v¢ B — ¢(25)¢

Mye MeV/] | 5367.12+0.22 | 5367.31 + 0.43
o [MeV/c? 17.02 4 0.65 7.40 + 1.02
o, [MeV/c? 41.82 + 2.69 16.78 +1.34
fe 0.53 % 0.04 0.20 % 0.05

Do —0.72 +0.03 —0.59 + 0.03
P 0.01 + 0.02 0.01 +0.02

prar MeV/c? | 5237.474+6.24 | 5448.38 £47.12
ogr [MeV/c?] | 4270 +£11.41 199.53 £ 163.90
x?/dof 0.91 0.65
Naignal 23862.56 4+ 458.17 | 1858.28 + 138.09
Npackgromnd | 48703.61 & 484.51 | 9915.77 & 149.94

Table 7.2: Fit results for the nominal fit model on data 2016.

Again, we notice a clear difference in the resolution of the invariant-mass of
the BY of the different modes. This is also predicted in the MC and is consistent
with the difference in the energy released in the decay of the BY — J/v¢ (~1250
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MeV) mode and the B? — 1(25)¢ (~660 MeV) mode [3]. The choice of fit models
imposes a substantial uncertainty as the signal yield is extracted from maximizing
the extended unbinned likelihood function

N
I = H stngzg md@) + Noack Frack (mw¢> (73)

i1 szg + Nback

where Fy;, and Fj,e, are signal and background models and Ny and Ny, denoting
the number of signal and background events, and are left free in the fit. In section
[7.3] different fit models are investigated to extract values for the invariant-mass and
signal yield for the two modes. The fit yields a x?/dof of 0.91 for the J/1 mode
and 0.65 for 1(2S) and the pull distribution fluctuates around zero indicating good
agreement between the data and the fit projection. The pull [57] is defined by

mé, —m
_ e vo
where the same notation as previous is used. Assuming that the mfb ¢ 1s distributed
as a Gaussian around the mean m,,; with the corresponding width o%?, it is evident
that the pull g will be distributed as a standard Gaussian with unity width and a
mean located at zero.

7.3 Systematic Uncertainties

The uncertainty observed in the fit model are introduced due to statistical fluc-
tuations in the data samples. This section discusses the uncertainty arising from
factors as the experimental setup, branching fraction assumptions and from the
analysis method itself. Contributions to the systematic uncertainty are

7.3.1 Uncertainty on mass measurement

e The choice of fit model. As the Nggna and Npackeround are left free in
the fit and describing the contribution of signal model Fggna and background
model Fiackground 0f choice varying these models introduce different signal and
background yields. This is discussed in section.

e Momentum scale calibration If the calibration of the momentum of the
reconstructed tracks are incorrect it can lead to a shift of the mass peak. This
should also be the case for the charged hadron tracks. However, in a recent
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study this effect was not accounted for [58]. For the muon momentum scale
we impose a relative systematic uncertainty of 0.05% [59)

7.3.2 Uncertainty on B(B? — (25)¢)/B(B? — J/¢¢)

The different uncertainties imposed for the relative branching fraction are summa-
rized below [60] [2].

e Branching fractions of the charmonium mesons to the dimuons.

o As the B? — J/¢¢ and B? — 1(25)¢ are topologically identical the uncer-
tainties on the muon reconstruction, vertex finding efficiency and J/v trigger
efficiency cancel in the ratio [1].

e Systematics of the individual signal yield determinations. This is closely in-
vestigated in section [7.3.3]

e Determination of the efficiencies € /4 and ey29)¢. The uncertainties of these
are determined through equation and are highly dependent on the sam-
ple size of the MC. For the €25y, We arrive at a higher uncertainty as the
sample size is 1/10 of the size as that of the J/¢ mode.

In the ratio many systematic uncertainties cancel out such as the integrated
luminosity, b quark production and fragmentation and the uncertainty due to the
reconstruction of BY candidates for both modes [2].

7.3.3 Uncertainty imposed due to the choice of fit models

The signal yield Nggna is obtained by fitting the invariant-mass distribution and
is the main contributor to the systematic uncertainty. Therefore, the choice of fit
models have been thoroughly investigated.

Our nominal fit model is compared to alternative models where we require the
x%/dof < 2.5 to be considerable. As the signal and background models are uncor-
related sources of systematic uncertainties they can be interchanged independently.

The first test model have the same double Gaussian as the signal distribution
F;4 but the background Chebychev polynomial of the first kind is combined with a
hyperbolic tangent function

, mi. . —
F{T (i) = tanh (22— 2T (7.5)

OHT
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to form

FbIack(m1/1¢> = fbacka};ch;c(m¢¢>> + (1 - fbackaCa?liv<m¢¢>>

(7.6)

where FC'? is defined in eq. [6.12} and F}, , denotes the background model for test
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Figure 7.7: Model I for the invariant mass of B? fitted on data 2016. The green
dotted line represent the hyperbolic tangent fit and the background is represented

by the blue line.

The fit for model I are shown in figure [7.7] yielding the following fit results.

B} — J/v¢ B) — ¢(25)¢
Mgy MeV/?] | 536749 +0.22 | 5367.31 % 0.50
o [MeV/c?] 15.09 + 0.95 7.57 & 2.62
oy [MeV/c?] 32.74 + 1.76 16.97 + 1.92
f. 0.41 4 0.01 0.21 4 0.16
Do 0.45 £ 0.00 —0.40 +0.35
P —0.55 4 0.00 0.03£0.19

HHT [MGV/CQ]
ogr [MeV / 02]
X*/dof
N, signal
Nbackground

5294.91 £ 31.81
399.82 £ 331.21
1.68
22099.43 + 278.14
00475.56 + 324.74

5448.03 £ 55.16
266.38 = 71.87
0.65
1867.09 £ 70.52
9907.09 + 113.88

Table 7.3: Fit results for model I on data 2016.

It is evident, especially for the (25) mode, that this model imposes a better



80

7.3. SYSTEMATIC UNCERTAINTIES

x%/dof. Tt estimates a slightly lower signal yield for both the .J/1 mode and slightly
higher for the 1(2S) mode.

Next we investigate model II where the signal distribution is the same double
Gaussians constrained to a common mean as the nominal fit model and the back-
ground model is simply a second order Chebychev polynomial of the first kind. This
is the background model briefly discussed in section being the fit yielding the
best x? distribution for the residual Monte Carlo simulated background events for
the J/1 mode.

FbIaIck (m¢¢) = Flf(;lcel:(mdf(f))

(7.7)

B E m,, , = 5367.37 + 0.22 MeV/c? B E m, o) , = 5367.26 + 0.50 MeV/c?
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Figure 7.8: Model II for the invariant mass of BY fitted on data 2016.

The fit for model II are shown in figure yielding the following fit results.

BY = J/bg | BY —w(25)¢
M/pe IMeV/P] | 5367.37£0.22 | 5367.26 + 0.50
0. [MeV/c?] 15.75 4 0.76 10.59 = 2.66
oy [MeV/c?) 35.05 + 1.66 22.56 + 6.66
f. 0.46 & 0.05 0.49 + 0.28
Po —0.81 +0.01 —0.78 +0.01
P 0.06 + 0.01 0.03 + 0.02
X2/dof 1.39 1.08
Niignal 22522.21 + 239.06 | 2001.92 + 80.55
Niack 50043.88 £ 290.7 | 9772.05 & 119.40

Table 7.4: Fit results for model II on data 2016.
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The background model obtained from MC shows to be in rather well agreement
with the data having a x?/dof of 1.39 and 1.08 for the J/tv and (2S) mode,
respectively. It seems to underestimate the amount of signal events for the J/v
mode, but overestimates the signal yield for the ¢(25) mode.

At last, we alter only the signal model, previously described by the double
Gaussians, and replace it by a triple Gaussian function given by

Fsﬂg(m%) = chc(mfm) + fc2Gc2(mfp¢>> + (1= fe— ch)Gt(mzm) (7.8)

The background model is the same as the one for the nominal model. A test model
with the use of a single Gaussian was tested, however, it does not give a proper
description of the distribution. The following fit projection is obtained for model
ITI. With the same notation as before.
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Figure 7.9: Model III for the invariant mass of B? fitted on data 2016.

The fit for model III is shown in figure [7.9] yielding the following fit results.
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BY 5 afve | BY - 4(25)s
Myjwe [MeV/Z] | 5367.05 £ 0.22 | 5367.32 £ 0.50
o, [MeV/c?] 50.00 £ 31.11 13.17 + 8.41
G [MeV/c?] 18.33 £ 0.35 19.60 = 6.77
o7 [MeV /] 49.99 + 1.16 6.07 + 4.19
fe 0.40 £0.05 0.53 £ 0.76
f 0.00 4 0.08 0.10 £0.20
Do —0.70 + 0.03 —0.78 = 0.01
D1 —0.00 4+ 0.021 —0.59 4+ 0.08
LERFC 523413+ 4.77 | 5446.12 & 43.16
OERFC 40.85 £ 8.18 199.70 £+ 184.10
x%/dof 1.02 0.65
Nsignal 24698.72 + 351.99 | 1870.08 4+ 73.11
Npoei A7867.59 + 383.44 | 9903.92 + 115.41

Table 7.5: Fit results for model III on data 2016.

Model IIT seems to be in good agreement with the nominal fit model. This

overestimates the signal yield for both modes with respect to the nominal model. A
test was also performed by using a Crystal Ball function, however, an asymmetric
signal fit does not seem to be a proper description of the resonance. See the appendix
for this fit.

The relative systematic uncertainty in the signal yields and invariant mass esti-
mate is investigated by the comparing the nominal model, model I, II and III. The
relative yield difference is estimated by

Test __ Nominal
ANpy  Npi® — N

NNomimzl -
BY

(7.9)

Nominal
NBoomma

where Ng&“ refers to the estimated signal yield obtained from the test models, while
NEgminal ig the signal yield from the nominal model from section [6.4.4] The relative
mass difference is estimated in a similar manner. Table [.6] and [ summarizes the

relative yield differences due to the choice of fit models for the .J/v¢ and (2S) mode.

Test N inal
AmBg mBE)s . mBé)mma
mNominal - mNominal <710)
B BY

With the same notation as for the signal yield difference. The relative differences
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are listed as systematic uncertainties.

ANpgo

Model Npo ANpo | ~xomiar xX%/dof
50
Nominal 23862.56 - - 0.91
Backeround Test Model I 22099.44 | -1763.12 | -7.4% 1.68
& Test Model TT | 22522.21 | -1340.35 | -5.6% | 1.39
) Test Model IIT | 24698.72 | 836.16 3.5% 1.02
Signal
Table 7.6: Signal yield difference due to choice of fit models for B? — J/1¢ on
data 2016.
A
Model Npo | ANpo % X?/dof
. i
Nominal 1858.28 - - 0.65
Backeround Test Model I 1867.09 | 8.81 0.5% 0.65
& Test Model TT | 2001.92 | 143.64 | 7.7% 1.08
Signal Test Model IIT | 1870.08 | 11.8 0.64% 0.65

Table 7.7: Signal yield difference due to choice of fit models for B? — 1(25)¢ on

data 2016.

In table and we can see the signal yield, yield difference and relative
yield difference as well as the goodness-of-fit x?/dof for the J/v mode and 1(295)
mode respectively, for each model. In order to obtain the systematic uncertainty
for the signal yield introduced due to the choice of fit model, we take the largest
estimated relative uncertainty amongst the background models, test model I and II,
and add it in quadrature with relative uncertainty for the signal model, test model

I1I.

For the BY — J/1¢ channel this contribution is 8.19% and for the B — ¢(25)¢

channel we obtain 7.73%.

Am o

Model mpo [MeV/c®] | Ampy [MeV/c?] | — o [MeV/¢?]
50
Nominal 5367.12 +0.22 - -
Backeround Test Model 1 5367.49 4+ 0.22 0.37 0.007%
& Test Model II | 5367.37 £ 0.22 -0.25 -0.005%
Signal Test Model III | 5367.05 4+ 0.22 -0.07 -0.001%

Table 7.8: Mass difference due to choice of fit models for BY — J/1¢ on data

2016.
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Am
Model mpo [MeV/c?] | Ampo MeV/c?] | —poiar [MeV/c?]
Nominal 5367.31 £0.43 - -
Backeround Test Model I 5367.31 £ 0.50 0 0%
& Test Model IT | 5367.26 4 0.50 -0.05 0.001%
Signal Test Model III | 5367.32 4 0.50 0.01 0.002%0

Table 7.9: Mass difference due to choice of fit models for B? — 1(25)¢ on data
2016.

In table |[7.8 and table the invariant mass estimation, mass difference yield
and relative uncertainty for each model is shown for the J/¢ and ¥(2S) mode,
respectively. Several different signal, e.g. Breit-Wigner and Gaussian contributions,
Crystal Ball (see appendix), double Crystal Ball, PDFs have also been evaluated,
however these are not included in the systematic uncertainty as they fail to describe
the data properly and are therefore not included.

The total systematic uncertainty due to the choice of fit models used for the
mass measurement are shown in table [Z.10]

Source ‘ Relative Uncertainty
Fit Model for J/1 mode 0.007%
Fit Model for ¥ (2S) mode 0.001%
Momentum Scale 0.050%

Table 7.10: Systematic uncertainties for the mass measurement.

Yielding a combined relative uncertainty of 0.051% for the J/¢) mode and
0.050% for the ¥(2S) mode. The relative uncertainties present in the calculation of
the relative branching fraction is shown in table [7.11}

Source Relative Uncertainty
Branching fractions TBs /o [P 0.55%
O-@w(Qsm/‘%w(QS)dy 11.39%
Systematic Signal Yield O-NJ/¢¢/NJ/w¢ 8.19%
0N¢(25)¢/N1/)(ZS)¢ 7.73%
Efficiency Oes/we /5J/w¢ 0.07%
‘7%<2s>¢/5w(23)¢ 0.24%
Statistical Signal Yield ON /e /N I/ 2.03%
0N¢(25)¢/N¢(2S)¢ 7.43%

Table 7.11: Systematic uncertainties for the relative branching fraction measure-

ment
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The total relative systematic uncertainty for the two modes are 8.21% for the
J/1 mode and 13.77% for the J/¢ mode. The signal yield for these two modes are
Njjpg = 23863 £ 458(stat) &= 1952(syst) and Ny2g)s = 1858 & 138(stat) £ 144(syst).

7.4 Mass Measurement of B’

From the nominal fit model we extract a mass for the B — J/1¢¢ and B? — (25)¢
mode shown below. The systematic uncertainty are 0.051% for the J/v mode and
0.050%.

Decay mode | mpo [MeV/c?] | Combined Mass Estimate [MeV /c?]

BY — J/v¢ | 5367.12 4 0.22(stat) £ 2.74(syst)

BY s (29)6 | 5367.31 + 0.43(stat) + 2.68(syst) | 0122 & 0-24(stat) £ 1.92(syst)

Table 7.12: Summary of the mass measurement

This is in good agreement with the world average of mpo = 5366.84 + 0.30
MeV/c? stated by the Particle Data Group [8]. The combined mass values were
estimated by the use of methods outlined in [61], [62] and [63].

7.5 Determination of the Relative Branching frac-
tion

In this section we present the relative branching fraction given in equation
along with the systematic and statistical uncertainties. The efficiency obtained
from MC studies yield the following values €y = 14.70% £ 0.01%(stat) y(2)p =
15.63%+0.04%(stat). The signal yield obtained from the BPhysDelayed stream with
a luminosity of xx fb™! is Ny s = 23863 + 458(stat) £ 1952(syst) and Nypg)s =
1858 + 138(stat) & 144(syst) signal events. The world averages for the charmonium
branching fractions are Z(J/v — putp~) = 5.96% + 0.03%(syst) and B((25) —
ptp™) =0.79%+0.09%(syst) [8]. With these values we measure a relative branching
fraction for the B — 1(25)¢ over BY — J/1¢ of

BB — 1)(25)9)
B(BY = /o)

= 0.55 & 0.04(stat) & 0.09(syst) (7.11)
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A large contribution to the systematic uncertainty arises from the branching
fraction Z(1(2S) — ptp~). The first uncertainty is due to the statistical uncer-
tainty and the latter is due to the systematic uncertainty. This ratio has been
also been measured by the CDF II [1] in 2006, the DO experiment [2], both at the
Fermilab Tevtron, and by the LHCb collaboration in 2012 [3]. The measurements
are presented in the table measurements seem to be in good agreement with the
measured values from the experiments shown in table below.

Experiment B(BY — (29)¢)/B(BY — J/1) NG
CDF 11 0.52 £ 0.13(stat) & 0.04(syst) £ 0.06(BR) | | o
DO 0.53 £ 0.10(stat) &+ 0.07(syst) £ 0.06(BR) | =
LHCb 0.489 = 0.026(stat) % 0.021(syst) = 0.012(BR) | 8 TeV
Our Measurement 0.55 £ 0.04(stat) 4 0.09(syst) 13 TeV

Table 7.13: Measurements of the relative branching fractions. BR denotes the
uncertainty due to the ratio of the branching fraction of J/¢» — p*p~ and ¥(25) —

prp

Using this result, we can also obtain the branching fraction for the B? — (25)¢
mode by multiplying equation by the branching of B — J/1¢ giving

B(B — 1(29)¢) = (5.94 £ 0.43(stat) & 1.06(syst)) - 10~* (7.12)

being in rather good agreement with the current world average of (B? — ¥(25)¢) =
(5.4+0.6) - 10 [§].
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7.6 Future work

Due to the limited residual statistics of the simulated Monte Carlo background
samples, we determined the optimal cuts of the observables, outlined in section [6.4]
and extracted a background model by the use of data sidebands. The trigger we
chose to use was the HLT mu6_mu4_bJpsimumu_delayed in imposing a requirement
on the transverse momentum pr > 4 GeV/c and pr > 6 GeV/c on the dimuons.
By the use of this trigger and the selection criteria, viewed in table we obtain
a selection efficiency of 14.70% 4 0.01% and 15.63% + 0.04%. Just recently, we
discovered that this trigger was heavily prescaled and thus only gathered a total of
4.08 fb~1. Another trigger was tested, HLT_2mu6_bJpsimumu_delayed, imposing a
cut of pr > 6 GeV/c for both muons. After applying all the new selection criteriaE]
after the introduction of this new trigger the total efficiency after all cuts were
7.2% and 7.8% for the ¥ (2S5) mode and .J/v mode, respectively. However, this
trigger was not prescaled and therefore having a luminosity of 26.4 fb~!. Even if the
overall efficiency is much lower, the signal yield was measured to be roughly 3.3-3.5
times higher due to the increase in the integrated luminosity. However, due to time
constraints, a thorough systematic error analysis was not performed and hence we
decided to stay with the original trigger. See the appendix for the distribution with
the use of HLT _2mu6_bJpsimumu_delayed trigger.

It would also have been interesting to perform measurements in different pseu-
dorapidity regions, especially in the barrel-barrel region due to the improved reso-
lution, and see how this affects the result of the relative branching fraction. In the
attachment the invariant-mass distribution of the B? in the barrel-barrel region are
shown.

!The 3 o signal regions were altered and new optimization cuts obtained. The whole analysis
was redone with the use of this trigger except evaluating the systematic errors, as time could not
be found.
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Chapter 8

Conclusion

In this thesis we present the measurement of the relative branching fraction of the
two decay channels BY — ¢(2S5)¢ and B? — J/1¢¢. The analysis uses Run-2 data
collected by the ATLAS detector with a center-of-mass energy of /s = 13 TeV
with a luminosity of 4.08 fb~!. Through the study of centrally produced Monte
Carlo signal samples for the two decays of interest, we determine selection criteria
through the optimization, extract fit models and the efficiency ratio €;/44/cy29)6
through truth-matched events. When this is completed, the study on actual data
is performed. The selection criteria obtained from the MC study is then applied to
the full dataset. Due to time constraints only the BPhysDelayed stream has been
investigated.

Mass estimation using the nominal fit model and three test models to deter-
mine the systematic uncertainty for the B? has been performed for the two decay
modes yielding a combined averaged result of mpo = 5367.2240.24(stat)41.92(syst)
MeV/c?. This estimate is in well agreement with the world average stated by the
Particle Data Group. Making use of the obtained signal yields through the nom-
inal fit model, effiency ratio and world average values of the branching fractions
of charmonium mesons to di-muon, we determine the following relative branching
fraction

B(B) — 1)(25)9)
BB = J[V9)

= 0.55 £ 0.04(stat) £ 0.09(syst) (8.1)

being in good agreement by measurements performed by the CDF II, DO and LHCb
experiment.
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Appendix 1

Fit Results using Crystal Ball Function
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Figure 1: Fit model with the Crystal Ball function [6.§] for the signal distribution
and the nominal background model describing the background distribution.

B Jjve | B p(28)s
M3 /b [MeV/c?] 5366.55 £ 0.25 5367.44 £ 0.40
acB —1.154+0.05 —4.78 + 323.44
n 113.86 £0.10 6.43 + 102.19
ocn 21.26 £0.30 13.74 + 0.36
Do —0.74 £0.02 0.63 £0.12
D1 0.03 £0.01 0.94 +0.07
x%/DoF 2.36 1.36
Nsignal 20892.65 4+ 239.06 | 1730.71 4+ 42.90
Nback 51673.05 £ 377.95 | 10043.44 + 83.02

Table 1: Fit results extracted for the J/v for data 2016.
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Distribution with the use of 2mu6 trigger
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Figure 2: Invariant mass distribution of B? on data with the use of

HLT 2mu6_bJpsimumu delayed trigger. (a) Uses fit model IT and (b) uses the nomi-
nal fit model.



Appendix II

Observables for the ¢ (2S) mode
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Figure 3: Distribution of the observables for the Monte Carlo samples. All his-
tograms are normalized to unity.
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Fit of the invariant-mass of the B! in barrel-barrel
region for data.
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Figure 4: Fit of the invariant-mass of the B? in the barrel-barrel region. Using the
nominal fit model we extract a mass fair close to the world average.



Fit of MC signal samples in EE and BB region
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Figure 5: Fit of the invariant-mass of the BY in the barrel-barrel region and in the
end-cap end-cap region for both modes.
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