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Resumen

Recientemente, la Colaboracion D0 anuncio la observacion de una nueva estructura reso-
nante en la distribucién de masa invariante B7®, llamada X (5568). El X (5568) es un
buen candidato para ser un estado tetraquark, y ha despertado gran interés de las comu-

nidades tedrica y experimental.

Este trabajo presenta la biisqueda del estado X (5568) en el sistema B%7* en el Experi-
mento CMS usando 19.7 fb~! de colisiones pp a 8 TeV colectados en 2012. Con cerca
de 50000 mesones B? reconstruidos, ningua sefial es encontrada alrededor de la masa
reclamada por la Colaboracion DO y limites superiores a la produccion relativa de la
posible particula exdtica son calculados para diferentes condiciones cinemaéticas sobre el

BY, tanto como para la masa y ancho del estado.
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Abstract

Recently, the DO Collaboration announced the observation of a new resonant structure in
the B%7 invariant mass distribution, named X (5568). The X (5568) is a good candidate
to be a tetraquark state, and has raised a lot of interest from the theoretical and experi-

mental communities.

This work presents the search of the X (5568) state in the BYn™ system at the CMS
Experiment using 19.7 fb=! of pp collisions at 8 TeV collected in 2012. With about 50000
reconstructed B? mesons, no signal is found around the mass claimed by the DO Colla-
boration and upper limits to the production of the possible exotic particle is calculated
for different kinematics requirements on the BY, as well as for the mass and width of the

state.
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Chapter 1
Introduction

The answer to the ultimate question of life, the universe and everything else is: 42. This
was a very funny reply of a fictitious super-powerfull computer, the Deep Thought, in the
movie “The Hitchhiker’s Guide to the Galaxy” [1], that took 7.5 millions of years to figure
out. Because real life is so different and it does not seem to be easy to solve, humanity

has tried along history to explain its nature.

So, in order to understand “what is everything made of?”, the matter was considered
made of elementary substances (water, fire, air and ground), the indivisible atoms, atoms
with different properties, etcetera, until today, when matter is described in terms of
particles which are considered elementary and their interactions. This is the Standard

Model of Particles Physics and their interactions (SM).

The SM is a successful theory whose the most fundamental predictions have been
corroborated by experiments with impressive accuracy. Nevertheless it is not the final
theory, because there are still some problems to solve (neutrino mass, mass hierarchy,

matter-antimatter asymmetry, dark-matter, etcetera).

In the last two decades, non-conventional “particles” have been discovered that seem
composed of more than three quarks and antiquarks. Usually, the observed particles are
composed of a quark-antiquark pair or a quark (antiquark) triplet, and recent discoveries
show states with four or five (anti)quarks. Sometimes, these exotics states are due to
statistical fluctuations or they are result of bad analysis. A lot of work is needed in order

to recognize which signals are real states or which are unfortunate events.

In the begining of 2016, the DO Collaboration announced the observation of a new

state composed of four quarks and its properties catched the interest of the community.
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Table 1.1: Particles in the Standard Model

This work presents results of the search for this state at the CMS experiment with the
Large Hadron Collider (LHC), the most powerful particle acelerator in the world. Chapter
1 will present a review to the current status of the DO state, Chapter 2 a description of the
experiment, Chapter 3 the data selection, Chapter 4 and 5 the data analysis and Chapter

6 the conclusions.

1.1 The Standard Model of particle physics

The matter is understood as a set of structured particles. The most fundamental particles
create structures by interacting. These exist in four kinds of them: gravitational, elec-
tromagnetic, weak and strong. The electric charge permits electromagnetic interactions,
weak charge permits quantum weak interactions and color charge the strong interactions.
In an unknown way particles with energy have gravitational interactions.

The Standard Model (SM) describes three of the four fundamental forces (interactions)

by a relativistic quantum field theory using the symmetry group

This formulation combines the Quantum Chromodinamics, QCD, with the Electro-Weak
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theory, and explains the electromagnetic, the weak and the strong interactions by particles
carriers of the interaction: the gauge bosons. Gravitational interactions are excluded from
this model.

The particles in the SM, Table 1.1, can be clasified in three different sectors depending
on their spin: the fermionic sector is formed by particles with spin %, the gauge sector by
particles with spin 1 and the scalar sector or Higgs sector by the particle with spin 0, the
Higgs boson.

As said before, gauge bosons are the carriers of the interaction. The strong interaction
is carried by gluons (particles without mass, without electric charge, with color and self-
interacting). The electromagnetic interaction is carried by photons (non self-interacting
particles, without mass, electric charge and color). The weak interaction is carried by
three massive self-interacting particles (charged particles W* and the neutral particle
79).

Likewise, fermions can be clasified in leptons and quarks. Leptons have lepton number
different from zero and do not have color charge, while quarks have color charge and
leptonic number zero.

There are leptons with and without electric charge. Charged leptons have mass and
electric charge —1. These are the electron e, the muon p and the tau 7. Neutral leptons
are the neutrinos and come in three different flavors: v., v, and v;. In the SM neutrinos
do not have mass, but currently it is known that these must to have a very small mass.

On the other hand, all quarks have mass and fractional electric charge: % for up quarks
and —% for down quarks. Up-type quarks are up u, charm ¢ and top t; down-type quarks
are down d, strange s and bottom b. Quarks have an exclusive property shared with
gluons: the color charge, responsible for strong interactions. This color property is not
observed on isolated particles. Quarks are confined on hadrons, particles made of quarks,
with null average color.

Also fermions can be classified in generations or families. An up-type quark with a
down-type quark, or a charged lepton with its respective neutrino, form families. Families
properties are similar, except for the mass increasing in every generation.

The only particle in the scalar sector is the Higgs boson. This massive particle without
electric charge is responsible to give mass to other particles in the SM. The discovery of
this particle in recent years, at the CMS [2] and ATLAS [3] experiments, is the most
important achievement of the LHC and gives a strong support to the validity of the SM.
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Every particle in the SM has a corresponding anti-particle, with same mass and fermion
spin but opposite quantum numbers. These particles form the anti-matter.

Protons and neutrons are made of quarks (u,d) and, together with electrons, form
atoms. So, almost all matter is made of the first generation of particles in the SM. In
general these hadrons are classified in mesons and baryons. A meson is a particle formed
by a quark-antiquark pair (¢g), and baryons are particles with three quarks (gqq) or three
antiquarks (ggg). This classification is a result of several observations in nature. The

occurrence of new particles beyond this classification is a possibility.

1.2 The exotic states

Beyond the existence of gg mesons and gqq baryons, and even since the beginning of
quarks model [4, 5], QCD allows the existence of mesons with more than two quarks
(4999, 9999qq, -..), and baryons with more than three quarks (¢qqqq, 99qqqqq, ...): states
is allowed if the difference on their number of quarks and their number of antiquarks is
multiples of three (including zero). Also, states with any number of valence gluons can
exist, gluons contributing to quantum numbers of the hadron. Then, convencional mesons
and baryons are states ¢q and qqq, respectively; more exotic states are qqqq tetraquarks
and gqqqq pentaquarks; states formed by quarks and gluons are called hybrid hadrons
(i.e. qqg is a hybrid meson); and states composed only by gluons are called glue-balls.
All these particles are called exotics except for convencional mesons and baryons.

In the last decades new unexpected particles or states have been observed beyond the
convencional meson and baryon paradigm [6].

Recently, a new state with four flavour of quarks was observed and reached the inter-

national interest due to its unprecedent, the X (5568).
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1.3 The X(5568)

In Febrary 24, 2016, the DO Collaboration announced the observation of a new state in
the invariant mass spectrum of a system formed by a B? meson and a 7=, the X (5568)
[7]. (details are described in section 1.3.2).

A resonance-like structure was observed with mass m = 5567.8 & 2.9 (stat) MeV/c?
and natural width I' = 21.9 4+ 6.4 (stat) MeV /c?. This new particle, decaying to B,
would be made of four different flavours of quarks (u, b, s and d), the first one of its
kind. For this reason, this state is so relevant and a lot of efforts are ongoing in order to
understand its nature.

On the other hand, the X (5568) could be decaying into Bir®, B — BY%y, with an
undetectable low energetic y, because the mass difference between the Bf and BY mesons
is less than 50 MeV [8]. In this case, the structure is shifted, and the actual mass of the
particle is around 5616 MeV.

1.3.1 Interpretations

A lot of theoretical work was performed in order to explain the nature of this new state

11, 12]:

The molecular state

Two mesons can be bounded together forming a molecular state. A lot of new particles
are candidates to be explained by such a model: X (3872), ZF(4430), Z;£(10610, 10650),
Z*(3900) and ZF(4020).

In the best case, the X (5568) could be composed by B; and K~ mesons, but the ob-
served mass would be around 200 MeV less than the sum of the masses of the By and the
K~. Due to the energy binding being too high to be considered as a real molecular state,

some authors tried to save the model making use of very unusual requirements [11, 13].

Threshold effects

Because the observed mass of the X (5568) is near to the mass threshold, around 5506
MeV, some weak coupling could occur that depends on the relative angular momentum
between the final states B? and 7%. The rate enhancements of the two particles grows with

phase space but is attenuated due to overlaps of the relevant hadronic wave-functions.
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Comparing the signal shape with data from D0, and the shape result from S-wave
and P-wave threshold models, Ref. [11] shows that threshold effects can not explain the

observed structure.

Cusp effects

Loops diagrams in the relevant process can have singularities that produce peaks in the
invariant mass, mainly when the production mechanism involves large mass intermediate
states.

For the X (5568), the cusp effect model requires special considerations to give a good
explanation of the signal shape and, as result, different structures are predicted than these

observed.

Tetraquark

A state composed by four (anti)quarks is allowed in QCD. Nevertheless, the unclear
observation of such states raises questions. The reference [11] explored this scenario and
found that the X (5568) mass is unexpectendly light for a tetraquark candidate.

On the other hand, tetraquarks models, applied to the X (5568), predict new particles

in the B%7* spectrum.

At this moment, there is not a good explanation about the nature of the particle

observed by the DO Collaboration.

1.3.2 The DO observation

Using the Fermilab Tevatron Collider, the DO Collaboration found evidence of a new
resonant state in the BY7® invariant mass distribution (see Fig. 1.1). With 10.4 fb~!
of pp collisions at a center-of-mass energy of /s = 1.96 TeV, and reconstructing the
decay chain X — Bn*, BY — J/vy¢, J/ob — ptu~, ¢ — KT K~, DO measures a mass of
m = 5567.84:2.9(stat) T3 (syst) MeV /c? and natural width of I' = 21.946.4(stat) ™52 (syst)
MeV/c? for the X particle. The signal has a signficance of 5.10 [7], including systematic
uncertainties and look-elsewhere effects. The relative production p of the X (5568) with
respect the BY meson, times the branching ratio B(X(5568) — Bo7r*), is meassured to
be 8.6 4+ 2.4% for pr(B?) > 10 GeV and 8.2 + 3.1% for pr(BY) > 15 GeV.
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The DO study considers a special requirement on the angle between the BY meson and
the 7%, AR = \/m < 0.3, where 7 is the pseudorapidity and ¢ the azimuthal
angle. This cut suppresses background in the B%7® mass spectrum. Without this “cone
cut” the signal significance is 3.90.

Because of the observed mass of the X(5568), this state can be interpreted as a

tetraquark state with four different flavours and the properties already mentioned.
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Figure 1.1: DO observation of the X (5568) state in the BY7™ invariant mass distribution

[7]. The cone cut requirement is applied on this distribution.

1.3.3 The LHCD result

On August 2, 2016, the LHCb Collaboration announced the non-observation of any signifi-
cant excess in the Bo7* invariant mass spectrum (see Fig. 1.2) and reported uppers limits
to the relative production [9]. LHCb, using 3 fb~! of pp collisions at /s = 7 and 8 TeV,
searched for the X (5568) state decaying into Bo7® in two different decay channels of the
B? meson: B? — D;nt, D — K"K—n~ and BY — J/v¢, J/¢ = ptp=, ¢ = KTK~.

With around 7 times more B? mesons than D0 in the same kinematic region, LHCb did
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not find evidence of the claimed X (5568) state and its existence is not confirmed. Even
more, the LHCb experiment can extend the kinematic region, including low energetic B?
mesons, resulting in around 20 times more BY? mesons but without clues of the X (5568)
state. The limits to the relative production px, estimated by integration of the likelihood

in the positive region whose value is equivalent to 90(95)% of confidence level (CL) are:
px < 1.1(1.2)% for pr(BY) > 5 GeV,

px < 2.1(2.4)% for pr(B?) > 10 GeV,
px < 1.8(2.0)% for pr(B?) > 15 GeV.

In addition, no significant signal is found at different values of mass and width of a possible

state in the B%7® invariant mass.
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250:_ LHCb pT(Bg) > 10 GeV . aimed X(5568) state _:
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Figure 1.2: The LHCb B%7* invariant mass distribution [9].

1.3.4 The CMS result

Recently, on December 17 (2017), CMS results became available to the public: the CMS
Collaboration announced the non-observation of the X (5568) state, or any excess, in the

BO7% invariant mass distribution [10]. With 19.7 fb~! of pp collisions at /s = 8 TeV, the
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CMS experiment searched for the decay X (5568) — Bn* (BY — J/v¢, J/1b — utu~,
¢ — KTK7) in the same kinematic region used by D0. The results of this search are
documented in the following chapters, with details on the data selection, reconstruction,

and analysis.

1.4 Goal

The purpose of this thesis is to describe in detail the search for the X (5568) state at the
CMS experiment by investigating the Br* invariant mass distribution.

The final goal is to report the relative production of the X (5568) with respect to the
BY meson, times the branching fraction of the X (5568) — B%7® decay,

o(pp — X (5568) 4 anything) « B(X(5568) — B'r)

P= o(pp — BY + anything)
_ Nx(sses) (1.2)
NBQ X €rel .
with
€Erel = EX(5568)7 (13)
EBg

where Nx(s56sy and Npo are the number of X (5568) and BY candidates, respectively;
€x(s568) and epo are the reconstruction efficiency of each decay channel. All details about

the estimation of these parameters are described in this thesis.
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Chapter 2

The experiment

Trying to understand the structure of matter, scientist have gone to higher and higher
energies to probe the smallest scales of all. With experiments as Rutherford’s, the particles
are colliding at growing energies and their products give information about the inner
structure and, moreover, about how particles are interacting between themselves.

Because the required energies are higher time to time, more powerfull accelerators and
more efficient detectors are developed to be able to investigate in depth the nature of the
underlying processes.

Currently, the Large Hadron Collider (LHC) is the most powerful particle accelerator
in the world and, with its four main experiments, is trying to extend the frontiers of

knowledge.

2.1 The LHC

Aiming to find the Higgs particle and study rare events at very high energies, the European
Organization for Nuclear Research (CERN) approved by the end of 1994 the construction
of the most powerful particle accelerator of the world: the Large Hadron Collider (LHC)
[14].

Located at the border of France and Switzerland, near to Geneva city, the LHC is
a circular accelerator, Fig. 2.1, built in the tunnel of the old Large Electron-Positron
collider (LEP). With around 27 km of circunference and 100 m underground, the LHC
collides two counterwise proton beams, injected from the Super Proton Syncroton (SPS),

at center-of-mass energies of up to 14 TeV and instant luminosity of 1x10%** cm~2s~!. The

11
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Overall view of the LHC exeriments.

\\QQ

Figure 2.1: Experiments at the Large Hadron Collider (LHC).

LHC also collides heavy ions (Pb nuclei) at an accumulated energy of up to 1150 TeV

and instantaneous luminosity of 1x10%” cm =257,

The first collisions were produced in November of 2009 with a center-of-mass energy
of /s = 0.9 TeV. In March 30, 2010, the LHC started collisions at /s = 7 TeV; /s =
8 TeV in 2012; and currently, since June 3, 2015, at /s = 13 TeV, starting the second
stage of the LHC operation.

The LHC is designed to collide proton beams, with around 1.15x10! particles and
every 24.95 ns, in four main experiments along the accelerator: CMS, ATLAS, ALICE
and LHCDb. Also, two small independent detectors were included in order to give comple-

mentary information to other experiments: LHCf and TOTEM.

The Compact Muon Solenoid (CMS) and A Thoroidal LHC' Apparatus (ATLAS) are
multi-purpose experiments capable of studying all the physics of interest at the highest
energies of the LHC. On the other hand, A Large Ion Collider Experiment (ALICE) is an
experiment designed to study the quark-gluon state, by ion collisions, in order to under-
stand the conditions at the early universe. Finally, the Large Hadron Collider beauty expe-
riment (LHCb) studies b-hadrons in order to understand CP-Violation, matter-antimatter

asymmetry, etcetera.
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The recent Higgs boson discovery in July 4, 2012, by CMS [10] and ATLAS [3] ex-
periments, shows the great importance of this machine and gives strong support to the
SM. Nevertheless, fundamental questions in particle physics and beyond are still pending
such as dark-matter, the matter-antimatter asymmetry, the hierarchy problem, extra-
dimensions, the neutrino mass, etcetera. So, in order to reach beyond, the LHC is prepar-
ing for the next major upgrade: the High Luminosity LHC (HL-LHC) [15], [16]. This new
stage of the LHC will reach the /s =14 TeV and a larger instant luminosity of 5x103*

cm2s7 L,

2.2 The CMS experiment

The Compact Muon Solenoid, CMS, is one of the biggest experiments of the world, and
the heaviest, whose purpose is to investigate all the physics reachable by the LHC [17],
[18].

Approved on January 1997, the CMS experiment is located near to Cessy village at
France in a cavern, 100 m underground, with dimensions of 53 m (lenght) x 26.5 m
(width) and 24 m of height. CMS weighs 12500 Tons and measures 21.6 m in length and
14.6 m in diameter, and can study both pp and ion collisions.

The CMS detector has a very simple design, shown in Fig. 2.2. The detector is
composed by a set of specialized detectors in concentric cylinders (barrels) and disks
(endcaps), and with a powerful solenoid. Properties of each subdetector allow a very

precise tracking in the inner rings and very fast triggering on muons.

2.2.1 Tracker System

Closer to the interaction point, in the core of the detector, the Inner Tracker System is
entirely based on silicon technologies in order to have very high granularity, fast response
and radiation hardness. This also provides a very precise and efficient detection of the
tracks of charged particles coming from the LHC collisions.

With 5.8 m in length and 2.5 m in diameter, the tracker system is composed by a pixel
detector (cell size: 100x150 pm?) and a silicon strip tracker.

The pixel detector covers a pseudorapidity region of || < 2.5 by an arrangement of
three cylindrical layers surrounding the interaction point with radii 4.4, 7.3 and 10.2 cm,

and two disks (endcaps) with radii from 6 to 15 cm located at z = £34.5 cm and z = +46.5
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Figure 2.2: The Compact Muon Solenoid (CMS).

cm from the interaction point. This system allows to have three precise tracking points
in 7 — ¢ and z directions with enough resolution to reconstruct secondary vertices.

The silicon strip tracker is composed by three different subsystems: the Tracker Inner
Barrel and Disks (TIB/TID), which have 4 barrels placed at radii of 25 to 50 cm, and
three disks at each end; the Tracker Outer Barrel (TOB) that surrounds the TIB with
6 barrel layers; and the Tracker EndCaps (TEC) that have 9 disks with up to 7 rings of
silicon micro-strip detectors each one. The first two layers and rings of TIB, TID and
TOB, and rings 1, 2 and 5 of TEC, have a second micro-strip detector in back-to-back
way with estereo angle of 100 mrad in order to have a second coordinate. Altogether, the

silicon strip tracker covers the region |n| < 2.5.

2.2.2 ECAL

Surrounding the tracker system, the Electromagnetic Calorimeter (ECAL) is designed
to measure the energy of electrons, positrons and photons, by using lead tungstate
(PbWO,) crystals in a hermetic homogeneus calorimeter. This allows a good energy

resolution to be able to detect the “two-photon decay” of the Higgs boson. The PbWO,
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has a very high density (8.28 g/cm?), a short radiation length (0.98 c¢cm) and a small
Moliere radius (2.2 cm), needed to obtain good granularity. About 80% of the produced
light is emmited in 25 ns, the bunch crossing time of the LHC.

The ECAL is divided in a barrel part and endcaps. The barrel has 61200 crystals,
covering a pseudorapidity region |n| < 1.479, with 23 cm in length each one, and a cross-
section of 22x22 mm? (26x26 mm?) in the inner (outer) face. The center of each inner
face is located at radius 1.29 m from the beam line. The endcaps have 7324 crystals,
covering the region 1.479 < |n| < 3.0 and grouped in units of 5x5 (supercrystals or SCs),
with 22 cm in lenght each one, and cross-section of 28.62x28.62 mm? (30x30 mm?) in
the inner (outer) face. With the endcap envelope at 315.4 cm, crystals are focused 130 cm
beyond the interaction point, resulting in off-pointing angles between 2-8 degrees. Photons
produced in crystals are amplified by Avalanche photodiodes (APDs) in the barrel and
by vacuum phototriodes (VPTs) in the endcaps.

In order to reach a better precision, a preshower detector is placed in-front of the
endcaps. The main goal is to identify neutral pions toward encaps in the region 1.653 <
In| < 2.6. It helps to identify electrons against minimum ionizing particles and improves

the position determination of electrons and photons.

2.2.3 HCAL

The Hadron Calorimeter (HCAL) surrounds the ECAL. It is designed to measure
hadronic jets, as well as netrinos or exotic particles as apparent missing transverse energy.
The HCAL is composed by three main parts: barrel (HB), endcaps (HE) and outer (HO).

The HB is placed between the ECAL barrel and the magnet coil, radii in 1.77 and
2.95 m, covering a region of |n| < 1.3. The HE is designed to minimize cracks between
HB and HE and to keep a self-supporting hermetic construction. It is composed by two
identical rings (HB+, HB-), each one segmentd in 18 parts, each one divided by 4 in
¢ direction. Each part is made of 14 flat brass absorber plates bolted together with
scintillator material, divided in tails covering 16 7 regions, and stainless steel plates at
the ends. The HE covers the rapidity range 1.3 < |n| < 3 with 17 scintillators layers, in
14 n regions, bolted together with brass plates. The HE granularity is An x A¢ = 0.087
x 0.087 for |n| < 1.6 and An x A¢ = 0.17 x 0.17 for |n| > 1.6.

Because EB and HB do not have enough containment power for hadron showers, the
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hadronic calorimeter is extended outside the solenoid with the HO. This employs the
magnet coil as absorber and measures the shower energy after HB. It is composed of five
rings of scintillators tails, with double layer of scintillator for center ring.

In forward regions, there is a main energy deposition coming from charged hadrons
above the Cherenkov threshold. So, the Forward Calorimeter (HF) is located at z = £11.2
m. This detector is composed by two cylindrical steel structures with inner/outer radius
of 12.5/130 c¢m from the beam line. It is divided in 18 sectors in the ¢ direction, and uses
bundles of quartz-fibers in the beam direction forming towers of an active material with

granularity An x A¢ = 0.175 x 0.175.

2.2.4 The magnet

The superconducting magnet is the main part of the detector. Designed to reach 4 T,
is composed by 4 layer of reinforced NbTi conductor in a 6.3 m cold bore, with 12.5 m
length and 220 Tons of weight. This allows to have an operational current of 19.14 kA, a
stored energy of 2.6 GJ, and inductance of 14.2 H.

The magnetic flux is returned by a 10000 Tons iron-yoke in 5 barrel wheels and 6
endcaps disks, interspersed with muon detectors. The barrel measures 13 m in length,
with iron layers thickness of 30, 63 and 63 cm, and the outer layer has a diameter of 14

m. Disks have thickness of 25, 60 and 60 cm.

2.2.5 The Muon System

Located at the most external region, the muon system is the main detector of the experi-
ment. Because muon detection provides good opportunities to study interesting processes
at the very high background rate of the LHC, the muon system has three functions:
identification, momentum measurement and triggering of muons.

Following the cylindrical design detector, the muon system has a barrel section and two
endcaps using three different muon detectors based on gas: Drift Tubes (DTs), Cathode
Strip Chambers (CSCs) and Resistive Plate Chambers (RPCs). These detectors are
interspersed with the layers of the return yoke.

DTs are gas tubes with wires inside in order to collect the generated charge when
muons travel through them. They are located in the barrel region inside and outside the

5 wheels of the return yoke, forming 4 cylindrical layers, and covering a pseudorapidity
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region of |n| < 1.2. For each wheel, the first 3 internal layers have 8 chambers in groups of
4 forming superlayers (SL), to measure the r — ¢ coordinate, and 4 chambers to provide
the z direction. The external layer only has 8 chambers for the » — ¢ coordinate. In total,
there are 60 chambers in each internal layer and 70 in the external one. The number of
chambers in each layer and their orientation was chosen to match with muons hits from
different stations in a single muon track and to reject background hits. The drift cells of
each chamber are offset by a half-cell width respect to their neighbor to eliminate dead
spots in the efficiency and provides good time resolution.

The CSCs are multiwire chambers between 6 anode wire planes interleaved among 7
cathode panels, wires going in the ¢ direction. They are located in the endcaps covering a
region of 0.9 < |n| < 2.4. Each endcap has 4 stations of CSCs with trapezoidal chambers in
concentric rings, perpendicular to the beam line and spanning 10° or 20° on ¢. The CSCs
system provides a precise muon measurement and muon triggering with high background
rejection and efficient matching of hits to those in other stations and to the inner tracker.

In order to ensure a fast triggering and good pr resolution measurement, a Resistive
Plate Chambers System (RPCs) was added in the barrel and endcap regions, covering
a region of |n| < 1.6. RPCs are gaseous parallel-plate detectors in double-gap chambers
operating in avalanche mode to produce fast respose and good time resolution at high
rates. Although RPCs have larger spatial resolution than CSCs and DTs, this system
allows to solve ambiguities with tracks reconstructed from multiple hits in chambers. In
the barrel region, there are 6 layers of RPCs, 2 in each of the first 2 stations, and 1 in each
of the last 2 stations. In endcaps, there is a RPCs plane in each of the 3 stations. RPCs
can recognize the arrival time between 2 consecutive LHC bunch crossings, less than 25

ns.

2.3 The detection process

At these very energetic collisions, a lot of secondary particles are produced that in turn
produce more particles by interactions or by decays. Particles go out from the interaction
point, and reach the first part of the detector, the tracker. This detects the trace of
particles, allowing to reconstruct the trajectory of particles with good accuracy. With the
magnetic field, the spiral trajectories give information about the momentum of charged

particles passing through the detector.
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Figure 2.3: Particle detection at CMS.

In the next layers, some particles are absorbed and the energy is meassured. In the
ECAL, proton, electrons and photons are absorbed; while the HCAL absorbs the energy

of hadrons.

In general, only neutrinos and muons can reach the Muon System. Only muons are
detected and their trajectories are reconstructed. As mentioned before, RPCs provide a
good temporal resolution to use muon signals as trigger. Because neutrinos are weakly
interacting and neutrally charged, its presence is inferred as missing momentum in the

reconstruction process.

2.4 The Data adquisition

The LHC provides proton-proton and heavy-ions collisions at very high rates. Each
collision produces a lot of particles and the number increases with the instantaneous
luminosity. With collisions each 25 ns (40 MHz), the LHC generates a large amount of
data imposible to store and process. For this reason, the data are reduced in real time

selection by the trigger system.
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2.4.1 The trigger system

The trigger system is the first part of the physics event selection process, and is divided
in two steps: Level-1 Trigger (1) and High-Level Trigger (HLT). The L1 is based on the
detector design and the HLT is on real time analysis in around one thousand commercial
Processors.

The L1 trigger employs information from the calorimeters and the muon system with
local, region and global components. The local triggers, or Trigger Primitive Generators
(TPG), are based on energy deposits in calorimeters and on track segments or hit patterns
in muon chambers. The regional trigger combines this information to sort out trigger
objects, as muon or electron candidates, in limited spatial regions. The rank is determined
as function of energy or momentum and quality. The Global Calorimeter and Global
Muon Triggers take the highest-rank calorimeter and muon objects and transfer them to
the Global Trigger. The global trigger takes the decision to reject or accept an event based
on algorithm calculations and the readiness of the sub-detectors and the Data Adquisition
system (DAQ). This process reduces the data adquisition up to 100 KHz.

In the HLT, all the events passing the L1 trigger are sent to the computer farm (Event
Filter) that performs basic consistency checks and physics selections, using faster versions
of the offline reconstruction software, reducing the data rate by a factor of 1000. This stage
also generates, collects and distributes the Data Quality Monitoring (DQM) information

of the event.
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Chapter 3

Data selection

3.1 The decay reconstruction

Secondary vertex

Primary vertex

Figure 3.1: Decay channel of the X (5568) — Bm*.

Our goal is to study the invariant mass distribution of the B7* candidates collected by
the CMS experiment. We assume that the proton-proton collisions produce the X (5568)
state decaying through the chain X (5568) — B%r* BY — J/vé, J/ip — ptp~ and
¢ — KTK~, as shown in Fig. 3.1.

Only five final particles are detected: muons, kaons and the pion. The L1 triggers

filter events with at least one muon, and the HLT triggers filter events for different kind
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of physics. For B-physics studies, processes involving hadrons with b-quark content are
of interest. There exist a special HLT's to select events with a dimuon system pt ™, since
some B-hadrons decaying to J/¢ — putu~.

For each event, muons are detected by the muon system and matched to hits in
the tracker system. These objects are the muon track candidates and are stored in the
muon-track collection of the event. Tracks without connection to the muon system are
stored in a generic track collection. Some of these tracks are used as kaons and pions.
Some kinematic and quality criteria are applied to reject background events. At the end,
particles are reconstructed in each step of the decay chain by forming vertices with the

tracks.

3.2 MC samples

Simulated Monte Carlo (MC) samples are necessary to calculate the detector reconstruc-
tion efficiency of the decay channels used in this analysis.

An inclusive MC sample of B? — J/v¢ (J/¢p — ptu~, ¢ — KTK™), at \/s =8 TeV,
was available with about 4M of events. This was generated with kinematic requirements
of pr(u®) > 3.5 GeV, |n(u*)] < 2.5, pr(K*) > 0.4 GeV and |n(K*)| < 2.5.

Also, X (5568) events are produced for this analysis using PYTHIA v6.424 [19]. The
X (5568) is simulated as a spinless particle of mass and width equal to the DO measurement:
5568 MeV and 21.9 MeV, respectively, and is decayed to a B? meson and a charged pion
using EVTGEN [20]. EVTGEN generates masses values according to a non-relativistic
Breit-Wigner function, from the threshold up to the value that leaves a symmetric distri-
bution, as shown in Fig. (3.2). For the BY signal generation, the EvTPVVCPLH module
in EVTGEN simulates the double vector decay considering mixing and CP-violating ef-
fects. Final-state radiation is included using PHOTOS [21], [22]. The generated events
are passed to a detailed simulation of the CMS detector using GEANT4 [23], including
additional interactions due to peripheral pp collisions in each bunch crossing (pileup).

The X (5568) — B27* MC sample, generated using a phase space decay model (PHSP)
to decay the X (5568) and realistic decay models for BY — J/v¢, J/vp — pTu=, ¢ —
K™K~ as described in detail in Appendix A, has around 18 M events with the following
kinematic requirements: pr(u®) > 3.5 GeV, |n(ut)| < 2.7, pr(K*) > 0.4 GeV, |n(K*)| <
2.5 and |n(7*)] < 3.5.
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Figure 3.2: The X (5568) mass distribution at generator level.

3.3 Data samples

The data employed for this analysis was collected by the CMS experiment during the
LHC Run I in 2012 with a center-of-mass energy of /s = 8 TeV. This corresponds to an
integrated luminosity of 19.7 fb~! (see Table 3.1).

The data sample was collected using the High Level Trigger terms “HLT_DoubleMu4_
JpsiDisplaced_v[9-12]”, selecting events with two muons consistent with originating from
a J/1 meson and decaying at a significant distance from the beamspot. The beamspot

represents the most probable collision point in a luminous region covering 68% of the pp

collisions in each dimension.

3.4 B! selection

In reference [24], CMS used the decay B? — J/v¢ (J/Yv — ptu~, ¢ — KTK™) to
measure the CP-violating phase ¢;. In this analysis, similar selection criteria are used to
reconstruct the BY candidates.

The reconstruction requires two muons of opposite charge that must match those that

triggered the event readout. Since the trigger requirements change depending on the
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Samples

Inst. lumi. [fb™?]

/MuOnia/Run2012A-22Jan2013-v1/AOD
/MuOnia/Run2012B-22Jan2013-v1/AOD
/MuOnia/Run2012C-22Jan2013-v1/AOD
/MuOnia/Run2012D-22Jan2013-v1/AOD

0.876
4.412
7.054
7.363

JSON file:

Cert-190456-208686-8TeV-22Jan2013ReReco-Collisions12-JSON.txt

Table 3.1: Data samples for pp collisions

at /s = 8 TeV by CMS

instantaneous luminosity, the muon offline selection is more restrictive:

i pT(:u:t) >4 Gevv

In(p*)| < 2.2,
o pr(pp=)>17GeV,

e dimuon vertex x? fit probability P, (u" ™) >

10%,

e distance between the beamspot and the reconstructed dimuon vertex positions in

the transverse plane Ly, (1" p™) > 307, (utu)s

e cosine of the dimuon candidate pointing angle

-

to the beam spot

co8(Lyy (et p™), Pr(ptp)) > 0.9. The pointing angle is the angle between the p*p~

candidate momentum in the transverse (zy) plane and the vector from the beamspot

position to the reconstructed dimuon vertex in transverse plane.

e dimuon invariant mass M (u* ) in the region

(3.04, 3.15) GeV.

In addition, the reconstruction requires two oppositely charged tracks asumed to be

kaons with pr(K*) > 0.7 GeV.

Muons and kaons candidates must also satisfy general muon identification and high

quality track requirements, respectively. For muon and kaon tracks, these includes hits in

at least six (two) strip (pixel) silicon layers; moreover, for muons they impose a minimum

number of hits in a muon chamber (at least one muon segment) and a transverse (lon-

gitudinal) impact parameter dg,(.)(u*) < 0.3 (20) cm (determined from the associated
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Figure 3.3: K™K~ invariant mass distribution from the selected B? — J/1¢.

tracker track). Kaon candidates that are identified in the muon chambers are rejected.
The invariant mass of a kaon pair, M(KTK™), is required to be within 10 MeV of the
world-average (W.A.) ¢(1020) mass [8] (see Fig. 3.3).

The B? candidates are obtained by performing a kinematic vertex fit to the four muon
and kaon tracks that constrains the dimuon invariant mass to the W.A. J/¢ mass [§]
within the experimental energy resolution. The same criteria imposed on the distance and
pointing angle of the dimuon candidates with respect to the beamspot are now required
for the BY candidates with respect to the primary vertex (PV) interaction. From all
reconstructed pp collision points, the PV is chosen as the one with the largest cosine of
the BY pointing angle. The pointing angle is the angle between BY candidate momentum
and the vector from the PV to the reconstructed B? candidate vertex. Furthermore, if in
this procedure any of the four tracks used in the BY candidate reconstruction are included
in the fit of the chosen PV, they are removed, and the PV is refitted. The B? candidates

are required to have

e pr(BY) > 10 GeV,

o Pue(pp KTK™) > 1%,
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o c0s(Lyy(BY), pr(BY)) > 0.99,

o and M(J/YK+K~) in (5.2, 5.55) GeV.

3.5 B'm selection

The X (5568) state is supposed to be produced at the PV and then strongly decaying
to BYr*. Thus, its production point and its decay vertex virtually coincide. Therefore,
the daughter pion is required to be a track used in the PV fit. The pion candidate is
required to have py(7*) > 0.5 GeV/c and to pass the standard high quality and purity
track requirements. The invariant mass of the BYn* candidate is defined as M*(B%7*) =
AM + mggc, where AM = M(J/YKTK-7%) — M(J/YK*K~) and mgﬁ)G is the W.A.
BY mass [8]. This definition improves the invariant mass resolution. Similar to DO, this
analysis explores a M2 (B%7%) region between 5.5 and 5.9 GeV/c?.

All requirements for the Br* candidates are summarized in Table 3.2.
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Reconstructed candidate | Observable Requirement

Muon trigger matching True
pr(p®) > 4 GeV
(1) <22
pr(ptu) > 7 GeV

J/Y = T Pota(pt i) > 10%
Ly (W17 ) /Oy () >3
c08( Ly (i p7), pr(uu”)) | > 0.9
M(p*p™) in (3.04, 3.15) GeV
Muon-1D Soft
pr(K®) > (0.7 GeV

o — KTK~ Track quality High-purity
M(K*TK"™) mb i E 10 MeV
pr(BY) > 10 GeV
Pya(ptp KTK™) > 1%

B) — J/vé Loy(BY) /01,50 >3
cos( Lyy(BY), pr(BY)) > 0.99
M(J/YKTK™) in (5.20, 5.55) GeV
7 track Used in the PV fit
pr(m®) > 0.5 GeV

BOn* Track quality (7F) High-purity

M(J/$E+K") (signal region) | mp + 205
MA(Bor¥) in (*5.5. 5.9) GeV

Table 3.2: Summary of the event selection requirements used to study the BY and the

B%7* invariant mass distributions.



28

CHAPTER 3. DATA SELECTION



Chapter 4
The Br™ invariant mass

This chapter presents an analysis of the selected data previously described in order to
investigate the BY7* invariant mass distribution with the CMS experiment. Data from
pp collisions at /s = 8 TeV was collected in 2012 and corresponds to an integrated
luminosity of 19.7 fb~1.

4.1 The B! invariant mass distribution

The selection criteria used to reconstruct the BY candidates are described in section 3.4.
In this case, the B? invariant mass distribution is investigated.

Considering a double-Gaussian model for the signal, and an exponential function
for the background, an extended unbinned maximum-likelihood fit to the J/Y K™K~
invariant mass distribution results in a yield of 49277 + 278 B? signal candidates. The
Fig. 4.1 shows the fit result. These yields can be compared to the DO and LHCb B?
yields of about 5600 and 41600 events, respectively, and for pp(BY) > 10 GeV [7, 9].

In addition, signal and background sidebands mass regions are defined as
o Signal: |M(J/PK"K™) —mipy| < 20,5y,
e Background: 4 < o p¢|M(J/YKTK™) — m§§| <100y,
with an effective resolution given by
Oepr = [(1 = f)ot + foi)'/? ~ 14.02MeV, (4.1)

where o1, 09, (1 — f) and f, are the standard deviations and fractions of the first and

second BY signal Gaussian, respectively, and the mgg is the common fitted mean value
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Figure 4.1: Invariant mass distribution of B? — J/1¢¢ candidates with fit results super-
imposed. The signal and sidebands regions are defined between green and blue lines,

respectively.

of the double-Gaussian function. With 46222 + 261 candidates in the signal region, and
8277 + 45 in the background, the purity of this sample is about 85%.

4.2 The Bn* invariant mass distribution

Now, the B%7r* invariant mass distribution is investigated. B%7* candidates are re-
constructed with the selection criteria described in section 3.5 and the invariant mass of
BY7* candidates is used as M2 (B%7¥).

The M2 (B%7*) distribution obtained from events in the B? signal region is compared
with the one obtained from sidebands regions after normalization, see Fig. 4.2. As can
be seen, there are not significant differences between these two distributions. In other
words, the M2 (B%r*) distribution using mainly real BY candidates is approximately
indistinguishable from the distribution using fake B? candidates from the BY sidebands.
Then, neither distribution shows any excess around the mass of the state claimed by the
DO Collaboration (which is marked by the red vertical band in Fig. 4.2).

DO observes a peak in the B7® invariant mass distribution when a limit is imposed
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Figure 4.2: The M2 (B%r*) distribution for events in the B? signal (points) and sideband
regions (band). The latter is normalized to the first one. The vertical band indicates the

region my + ['x.

on the difference between the directions of the BY and pion candidates, even when this

cut is not employed. This controversial cut is not considered in the baseline selection.

4.3 Validity of the reconstruction procedure

The requirement on the invariant mass M (K™K ™) avoids contaminations from B° —
J/Y K+~ decays to the Br* sample; the pion could be misreconstructed as a kaon. So,
in order to verify the reconstruction procedure this requirement is completely removed.

Using an official simulated dataset of B — J/¢YK™n~ at /s = 8 TeV, the pion is
misreconstructed as a kaon and it is combined with the real kaon and the J/v to form
the BY — J/¢K+TK~. So the Fig. 4.3 shows the contribution to the B? — J/Y K™K~
invariant mass distribution coming from a misidentification of the BY — J/%KTn~ sam-
ple. It is clear that, while the contribution to the left BY sideband is relatively small,
there are significant contributions to the signal and right sideband B? regions.

The effect of removing the M (K+K ™) requirement from the baseline selection is also

investigated on data. The Fig. 4.4(a) shows the BY — J/¢ KT K~ invariant mass distri-
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Figure 4.3: Contribution from a simulated B — J/¢KTn~ sample to the J/¢YpKTK~
invariant mass distribution. Outermost blue lines define the left and right BY sidebands,

while green lines delimit the B? signal region.

bution reconstructed without the M (K+ K ™) requirement, and harder kinematic require-
ments are imposed in order to suppress the background component (pr(B?) > 25 GeV,
pr(7%) > 1 GeV and pr(K*) > 1 GeV). So, this plot exposes a broad contribution from
the B® — J/¢K*r~ decay (and from the charge-conjugate decay).

On the other hand, the Fig. 4.4(b) shows M*(B%r*) distributions from signal, left
and right sidebands B? regions, without the M(KTK~) requirement in the baseline
selection, harder kinematic requirements are applied in order to make the excess more
visible and to suppress the background components (pr(B?) > 25 GeV, pr(n*) > 1
GeV and pr(K¥)). This excess can be explained by the decays B;(5721)* — B*x*,
B3 (5747)" — B*n™ and Bj(5747)" — B%r T, where the decay B® — J/¢KTn~ is mis-
reconstructed as BY — J/¢ K™K~ (the charge-conjugate decays are implied, and photons
from B*® — B%y decays are not reconstructed). As expected, the peaks resulting from the
before mentioned BE}H — BMO7+ decays are shifted in the M2 (B%7*) mass distribution
by a mass difference around mpo — mpo from their nominal positions as long as they are

correctly reconstructed as B,
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Figure 4.4: From data and without the KK~ invariant mass window:
(a) J/YKTK~ invariant mass distribution.
right BY sidebands, while green lines delimit the BY signal region. (b) M (B%7*) dis-

Outermost blue lines define the left and

tribution from signal, left sideband and right sideband BY regions. All distributions are
equally normalized from the mass threshold up to 5.74 GeV. An expected contribution
from B&H — B®O7+ decays (and the charge-conjugated ones) are clearly seen around
MA2(B%7%) ~ 5.77 GeV and higher masses coming only from the signal and rigth sideband

BY region. In both plots, harder kinematic requirements are imposed (see text).
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4.3.1 Event multiplicity

Multiple B? candidates in an event can be excluded from the BY — J/1¢¢ selection
by choosing the candidate with the largest 4-track vertex fit probability. The fit to
the J/¢ K™K~ mass distribution, Fig. 4.1, results in a yield of 49277 + 278 BY signal
candidates and 49268 + 277 after choosing only one candidate per event, Fig. 4.5(a).
The B? yield decreases by less than 0.02% when multiplicity is removed. Then multiple
B? entries are negligible.

The average multiplicity of B7* candidates from the BY signal region is 1.8, and it is
almost entirely due to several pions combined with a single B? candidate. The multiplicity
of the B97* candidates from the B signal region is shown in Fig. 4.5(b). This multiplicity
can be removed by choosing the largest BYn* vertex fit probability Py, (B7®).

CMS Preliminary 19.7 th™ (8 TeV) 19.7 fb (8 TeV)
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Figure 4.5: (a) Fit to M (J/¢ K™ K~) invariant mass distribution with multiple candidates
removed. (b) Multiplicity of B%r* candidates.
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4.4 Fit to the B'r* invariant mass

4.4.1 The mass resolution

The resolution distribution of the B%7® invariant mass is obtained by subtracting, for
each event, the generator-level X (5568) mass (Fig. 3.3) from the value obtained after
reconstruction: M2 (Bo7*) — mieg;%). As shown in Fig. 4.6, this distribution is fitted

with a triple-Gaussian function, resulting in an effective resolution of

X (5568)

o = e+ 15— 0]

= 2.240 £ 0.003 MeV. (4.2)

The B%7* invariant mass resolution is fitted in several regions resulting that the
resolution varies slowly throughout the mass region (results are presented in appendix
B). Therefore, the resolution function is considered to be mass-independent in the fit to
data. Alternative resolution functions are considered to evaluate a systematic uncertainty
due to a mass-dependent resolution. Additionally, the resolution is basically unchanged

if the cut pr(BY) > 15 GeV is applied.
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Figure 4.6: Fit of the BY7* invariant mass resolution distribution with a triple-Gaussian

function.
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4.4.2 Mass-dependent efficiency
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Figure 4.7: Efficiency in bins of the B%7® invariant mass for (a) the baseline selection
with pr(B?) > 10 GeV and (b) pr(B?) > 15 GeV. The efficiency clearly depends on
pr(BY).

The signal shape of a possible resonance in data must take into account the variation
of the reconstruction efficiency along the Br® mass spectrum.

The efficiency is defined as the ratio of mass histograms between reconstructed events
and events at generator level (without filters). Since it is possible to match the re-
constructed decays to the corresponding generated particles, the true X (5568) mass is
used instead of the reconstructed B%r® mass to avoid resolution effects. The efficiency as
a function of mass obtained with the baseline selection is shown in Fig. 4.7. It is observed
to fall close to the threshold and seems to saturate at high mass, faster for large values
of pr(BY). The efficiency is assumed to plateau at high B7* mass® and, hence, it is

modeled by a superposition of error-functions:

e(z) = fi [1 + erf (x ;2‘“)} h [1 ot (:v ;;14)}

Y (1= fi— fo) [1 —l—erf(x — a7>] : (4.3)

as

!The efficiency shape for mass values greater than ~ 5.64 GeV cannot be determined directly from the
official X (5568) MC due to a cut introduced by EVTGEN (see Appendix A). Possible variations of the
efficiency with respect to the curve extrapolation of Eq. (4.3) at high invariant mass are expected to have
a negligible effect on the signal yield determination, since they only affect the far tail of the Breit-Wigner

function.
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where x is the (true) ngi invariant mass; a2, as5, ars are parameters of each error

function, and f; o fractions. Fit results are summarized in Table 4.1.

Table 4.1: Fit results of the efficiency obtained for the baseline selection (pr(B?) > 10
GeV) and a tighter selection with pr(BY) > 15 GeV.

pr(BY) > 10 GeV | pr(B?) > 15 GeV
ap | 5.50736 £ 0.00089 | 5.5060 £ 0.0015
as | 0.00048 £ 0.00081 | 0.0036 £ 0.0013
ay 5.505 £ 0.013 5.505 £ 0.087
as | 0.0137 £0.0079 0.17£0.11
ar | 5.4946 + 0.0517 -
as 0.125 4+ 0.042 —
fi 0.15+£0.11 0.67 £0.32
f2 0.30 +0.35 1—f

4.4.3 The background model

The background model can be determined from MC. A sample formed by X (5568) can-
didates in MC which are combinations of fully matched B? candidates and tracks that
do not come from the X (5568) are representative of about 85% of the background found
in data (the other ~ 15% corresponding to fake B?). Fits to these events in the MC
sample are shown in Figs. 4.8 and 4.9 for several background models composed by a
power function times a polynomial function: (x — x¢)® x Poln(z), for n = 2, 3 and 4;
and (z — xq)@+Fx(@=20)) » Poll(x), where x = M2 (B%7*) and n, 1, are the degree of the
polynomal.

The fit using a threshold function attenuated with a m-order polynomial returns a
X2/ Ndop of 233.4/197 for n = 2, 186.8/196 for n = 3, and 185.5/195 for n = 4. Since the
first model does not follow the data accurately, and the fit with the last model is unstable
and uses 5 parameters, the model with n = 3 seems a good choice. The fit using the
model with a linear power times a first order polynomial returns x?/ng; = 190.4/197,
and “competes” with the model with n = 3. At the end, the model with n = 3 is chosen
to be the baseline fit model.
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The procedure is repeated for the case where an additional requirement pr(B?) > 15

GeV is applied, see Appendix C. In particular, the third order polynomial is still employed.
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Figure 4.8: Fits to background shape of the M2 (B%7r*) distribution obtained from MC
for the baseline selection criteria. Reconstructed candidates with a “pion” track matching
a generated pion coming from the X (5568) are excluded. Models are the linear power
function times Poll (up) and times 2nd-order polinomial (Pol2, down). Pulls are shown

in the bottom panels.
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Figure 4.9: Fits to background shape of the M*(B%7r*) distribution obtained from MC
for the baseline selection criteria. Reconstructed candidates with a “pion” track matching
a generated pion coming from the X (5568) are excluded. Models are the linear power
function times Poln with n = 3 (up) and n = 4 (down). Pulls are shown in the bottom

panels.
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4.4.4 Fit to the Br* invariant mass
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Figure 4.10: M~(B%r*) distribution of events in the B? signal region (black points with
error bars) with fit results superimposed (blue line). The pull distributions are shown in

bottom panels. The (red) vertical band indicates the region My £ I'x around the mass

of the claimed X (5568) state.

The BY7* invariant mass spectrum is modeled by a smooth “background” function of

the form

(x — 29)* x Pol3(z), (4.4)

where © = M*(BJm*) = AM+mp, w0 = mpd“+mIP% is the threshold value, Pol3(x)
represents a third order polynomial function, aﬁd mPPC is the W.A. 7% mass [8].

A possible X (5568) “signal” contribution is modeled by a S-wave Relativistic Breit-
Wigner (BW) function, with mass and width parameters fixed to the mean values mea-
sured by the DO Collaboration, and convolved with a triple-Gaussian resolution model
obtained from MC.

An unbinned extended maximum-likelihood fit to the M2 (B%7*) distribution is per-
formed, where the polynomial coefficients are free in the fit as well as the exponent o and
the signal and background yields. The fit is presented in Fig. 4.10, resulting in a X (5568)
yield of -85 + 160 events and shows no deviation from the background function. At the
end, no evidence of the X (5568) state is found.



4.5. ADDITIONAL CROSS-CHECKS 41

4.5 Additional cross-checks
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Figure 4.11: Fit to the M2 (B%*) distribution of events in the B? signal region, with
background shape fixed from MC.

In the previous section, the fit in Fig. 4.10 is allowed to float background parameters.
Because there is not a clear division between signal and background components, in a first
approximation, the background parameters could be fixed before searching for signals of
the X (5568) state. So the Fig. 4.11 shows the fit to data distribution of M2 (B%7*) with
the background model fixed from MC and resulting in a X (5568) yield of —134 + 110,
consistent with zero.

In addition to fixing the background model from MC, this can be done from data. Ex-
cluding the region [myx —2.5"x, mx +2.5I"x| from the X (5568) invariant mass distribution
the background model is fitted on Fig. 4.12(a), where my and I'x are the mean values of
mass and width reported by the DO collaboration respectively. Then, as is shown in Fig.
4.12(b), a fit in the complete mass region (5.5 — 5.9 GeV) is performed with the signal
component included and the background shape fixed to the previous fit. This cross-check
is repeated with 2.0y window instead of 2.5I'x. In both cases, the signal is consistent
with zero.

Another cross-checks can be done with the B multiplicity, this is not considered in
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M2 (B%7*) distribution of events in the B? signal region with the background fixed to
the obtained in (a). The vertical band indicates the region My 4+ I'x around the mass of

the claimed X (5568) state.
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Figure 4.13: Fit to the M2 (B%r*) distribution for events in the BY signal region: removing
the BY7* multiplicity choosing the candidate with the largest Py, (B°7*) (left), when only

1 candidate passes selection (right).

the baseline selection but can be removed choosing the largest Bm® vertex fit probability
P,to(B%7®). The fit to M2 (BE#*) with multiple candidates removed is shown in the left
plot of the Fig. 4.13. In addition, the fit to a B%7* invariant mass distribution, for events
with only one candidate passing all the selection criteria, is presented in right plot of the
Fig. 4.13. In both cases results are consistent with zero, non-relativistic Breit-Wigner

function is used for signal model in this last case.
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Figure 4.14: Fitted M*(B%7*) distributions for events in the B? signal region. Different
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is used, where Poll is a first degree polynomial and its parameters as well as o and 3 are
free in the fit. The vertical band indicates the region My + I'x around the mass of the

claimed X (5568) state.

Some cross-checks are perfomed considering kinematic requirements and results are
consistent with a negligible X (5568) signal: variations on the pr requirements of Br,
BY and 7% candidates are in Appendix A; requirements on the significance of the pion
impact parameter are in Appendix El; requirements on the pion weight in the PV fit
(WXV) in Appendix E2; and variations on the requirement of the Br® common vertex

probability (P, ) are in Appendix E3.

Also alternative background models are investigated with data on Fig. 4.14. Fits to
the M2 (B%r*) distribution include different polynomial degrees in the nominal model

(z — 0)® x Pol3(x) and a model (2 — xq)@+#*@=20)) » Poll(z), where x = M*(Bn*) =
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AM + mggDG and zy = mggDG + mP PG All fits result in a signal contribution consistent
with zero.

In addition, the Fig. 4.15 shows fits to the M2 (B%7*) distribution in several mass
regions. Similar to previous cases, all results are consistent with a negative observation
of the X (5568).

Another cross-check considers the multiplication of the signal function by a mass-
dependent efficiency (see Subsection 4.4.2), in this case the actual change in the signal
shape is negligible as can be seen from Appendix F and the fit returns Nx = —88 4+ 161.

Results of all these cross-checks are summarized in Tables 4.2 and 4.3, showing no

significant signal yields.
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Figure 4.15: Fit to M2(B%r*) distributions for events in the B? signal region. Different
fit ranges are used: (a) 5.5 — 5.7 GeV, (b) 5.5 — 5.8 GeV and (c) baseline 5.5 — 5.9 GeV.
The bin width in these plots is 5 MeV. The vertical band indicates the region Mx + I'x
around the mass of the claimed X (5568) state.



4.5. ADDITIONAL CROSS-CHECKS 45

Table 4.2: Summary of results from the fits to the B%7* distributions obtained by using
different kinematic and quality requirements All variations require at least the baseline
selection, which imposes pr(Bg) > 10 GeV and pr(7*) > 0.5 GeV. P, stands for the
WPEV is the pion weight in the PV fit.

Non-relativistic Breit-Wigner function is used for signal model as “baseline” in these

probability of the B’r® common vertex fit.

cross-checks (except for the first and the last lines).

Requirements X (5568) yield | x*/naos
Relativistic BW -85+ 160 | 41.9/44
Non-relativistic BW —175 £ 134 | 42.3/44
pr(B?) > 15 GeV —170 £ 121 | 36.1/44

(B?) > 20 GeV —217+£79 | 43.5/44
pr(B?) > 30 GeV —45 £ 57 32.7/44
pr(r*) > 1.0 GeV —18 448 | 42.7/44
pr(BY) > 20 GeV, pr(n*) > 1.0 GeV —22457 | 39.8/44
pr(B2n*) > 20 GeV —188+£97 | 41.6/44
pr(BYm*) > 30 GeV —44 +61 32.3/44
Aoy (T5) [ Oy (nt) < 3 —159 £ 132 | 40.3/44
dmy(ﬂi) [Od,, (xt) < 2 —182 £ 131 | 37.4/44

Aoy (T5) [ Oy (nt) < 1 —165+ 113 | 40.1/44
Py > 1% —187+ 132 | 43.5/44
Ptz > 5% —199 + 129 | 40.7/44
Py > 10% —190 + 126 | 43.8/44
Py > 20% —168 £ 121 | 44.2/44
Multiple B7* entries in an event removed | —156 4+ 144 | 60.6/44
Events with only one B%r* candidate —38 £ 67 48.1/44
WEV > 0.95 —57+£137 | 39.0/44
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Table 4.3: The fit results to the M4 (B%r*) distribution obtained by using different

background models and fit regions.

Fit conditions X (5568) yield | x*/noy
Baseline —85+ 157 | 41.9/44
Multiply the signal pdf by efficiency(mass) —88 £ 161 | 41.9/44
Fit region [5.5,5.7] GeV 244173 | 37.1/34
Fit region [5.5,5.8] GeV 78 £ 135 67.4/54
Bkg. model: (z — z0)® x Pol2(x) 102 £ 140 | 49.5/45
Bkg. model: (z — z0)® x Pol4(x) —72+167 | 41.3/43
Bkg. model: (z — xq)@+8*(@=20)) x Poll(x) —36 £ 149 | 44.2/45
Bkg. shape fixed (MC) —134+£110 | 65.4/48
Bkg. shape fixed (without mx 4 2.5I'x region) | —229 £ 110 | 44.4/48
Bkg. shape fixed (without mx 4 2.0I'x region) | —220 £ 110 | 44.7/48




4.6. “CONE CUT” CASE A7
4.6 “Cone cut” case

The DO Collaboration observes a peak with a significance beyond 5o only when they
impose a limit on the difference between the directions of the B? and pion candidates,
AR = \/m < 0.3. Here An and A¢ are the pseudorapidity and azimuthal angle
differences between the directions of the B? and 7*. This “cone cut” changes abruptly
the M2 (B%7*) distribution shape, as shown in Fig. 4.16. It can create a peak or enhance
the significance of statistical fluctuation of the data, and therefore it is not used in this
analysis. The distributions with AR < 0.1 are significantly different between B? signal

region and B? sidebands.
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Figure 4.16: M2 (B%r*) distributions for (a) B? signal region, (b) B sidebands, (c¢) B°
left sideband and (d) BY right sideband with: no AR cut, AR < 0.4, AR < 0.3, AR <
0.2 and AR < 0.1. The vertical band indicates the region Mx + I'x around the mass of
the claimed X (5568) state.
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Chapter 5

The relative production py

5.1 The relative efficiency estimation

The efficiency is defined as the rate of reconstructed events over generated events: ¢ =
Nfieeo | NGen The total efficiency is a product of the acceptance and the combined trigger,
reconstruction and selection efficiencies. Simulated samples are used to determine the
total efficiency for each decay channel, X (5568) — Bn*, BY — J/1¢¢ and the inclusive
BY — J/v¢ (in both, J/¢ — ptp~ and ¢ — KTK™).

As a first step the reconstructed events are investigated, generated events are known
since their production. Fig. 5.1 shows the invariant mass distribution of the reconstructed
BY and X (5568) candidates obtained from the BY — J/v¢ and X (5568) — B7n* MC
samples. The BY mass resolution (=~ 13.7 MeV), obtained from a fit with a double-
Gaussian function, is in excellent agreement with the resolution found in data (~ 14.0
MeV). The fit in Fig. 5.1(b) uses a non-relativistic BW function convoluted with a triple-
Gaussian resolution function and multiplied by the mass-dependent efficiency obtained in
section 4.4.2. Natural width, resolution and efficiency parameters are fixed. The fit allows
a background component due to events selected incorrectly by the matching algorithm,
the matching purity is about 99.8% (see details on Appendix G).

Furthermore, the pulls between the fits and the data are slightly improved by allowing
the mean mass parameter to float. The yield variations due to the small mass shifts
are negligible. In the X (5568) fit, the mass shift is less than 0.1 MeV; therefore, the
reconstruction bias is negligible and well covered by the systematic uncertainty due to

the total uncertainty on the X (5568) mass measured by DO of about 3.5 MeV.

49



50 CHAPTER 5. THE RELATIVE PRODUCTION px
> C x10°
2 . CMS 3 120F CMS
© 60000 Simulation Preliminary = Simulation Preliminary
< L Y 100f
N a
= 5 sof
~ 40000}~ o f
” r
€ 60
(0] L
it i a0
20000 .
I 20F
83 R 5% 85 6 = =3 5.9
MWK K*) [GeV] AM(BITE)+M(BY) . [GeV]

Figure 5.1: Fitted invariant mass of reconstructed (a) B? and (b) X (5568) candidates in
MC.

Since the official MC samples are generated with kinematic filters, the reconstruction
efficiency must be multiplied by a filter efficiency in order to obtain the total one, see
Eq. 5.1. The filter efficiency is obtained by generating events at truth level requiring
kinematic filters, and must be corrected by the pp — X (5568) (or BY) cross section in
PYTHIA, evaluated using an independent generation requiring only an X (5568) (or BY).

The calculation is reproduced below in detail for the BY:

reco reco gen-filters
g = e M o flers 65.)
¢ T Tygem T B gon = By €50 .
NBE Ngéen filters NBg
358, 770 4 600
reco ) 9
= = (9.02 £ 0.02) x 10 5.2
‘B! 3om.082 ) % (5:2)
B & filters s
filters _ €BY (4.26 £ 0.04) x 10
€ = =
B2 B only  (1.645+0.003) x 103
EBQ
=(2.5940.03) x 1072 (5.3)

coepo = (9.02£0.02) x 1072+ (2.59 £0.03) x 1072
= (2.3440.02) x 107 (5.4)
Similarly, for X (5568):

x(5568)& filters

reco _ filters reco X (5568)
€X(5568) = €x(5568)€X(5568) — €X(5568) X(5568) only (5.5)

€X(5568)
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942,842 + 971  (4.00 £ 0.01) x 104
17,966,317 (1.8649 & 0.0009) x 10-2

= (5.239 4 0.005) x 1072 - (2.148 £ 0.007) x 102

€X(5568) —

= (1.125 4 0.004) x 107° (5.6)

From the relations above, the relative efficiency is:

. _ €X(5568) _ (1125 + 0004) X 10_3
T epy (2.34+£0.02) x 10-3

(5.7)

In the evaluation of the relative efficiency, the systematic uncertainties due to the B?
reconstruction efficiency cancel out in the ratio, and the remaining systematic uncertainty
is connected to the tracking efficiency uncertainty. From Refs. [28, 29], the tracking
efficiency uncertainty is at most 3.9% for pions between 0.4 and ~ 10 GeV. Then:

€ret = 0.481 4 0.005 (MC stat) + 0.019 (trk) = 0.48 4 0.02 (syst) (5.8)

5.2 Upper limit estimation of pyx

An upper limit is estimated using the formalism developed by the CMS and ATLAS
Collaborations in the context of the LHC Higgs Combination Group [25]. The asymptotic
modified frequentist method CLg [26, 27] is used as a statistical test, allowing a quick
estimate of the observed and expected limits, which is fairly accurate when the event
yields are not too small and the systematic uncertainties do not play a major role in the
result.

The estimation of an upper limit on the relative production px is done using Eq. 1.2
and requires the set of M2 (B%7*) measurements, the expected background yield, which
is the same as the observed event yield, the approximation function and the measured
N(B?) x €,. For the baseline selection criteria, N(BY) x €, = (46222 + 261)x(0.481
+ 0.020)= 22233 + 906 (see Sections 4.1 and 5.1). The uncertainty of this value is
dominated by the pion tracking efficiency uncertainty of 3.9% [28]. The approximation
function is the baseline fit function (x — z¢)* x Pol3(x) for the background and an S-wave
Relativistic Breit-Wigner function, convoluted with triple-Gaussian resolution for signal.
More technical details about the usage of the tool can be found in Appendix H. Without
systematic uncertainties taken into account, the estimated upper limit at 95% CL is px <

1.00%.
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Several sources of systematic uncertainty can be considered:

1. The knowledge of the X (5568) signal shape parameters is accounted for by intro-
ducing (parametric) systematic uncertainties of the mass and width, which are set

to the statistical uncertainties of the DO measurement (2.9 MeV for mean, 6.4 MeV

for I');
2. The knowledge of the N(B?) X ¢, = 22233 + 906 value.

The tool output considering all these systematic uncertainties is px < 1.05% at 95% CL.

The other variations correspond to the changes in the signal and background function;
in the tests described above systematic uncertainties are taken into account. Variations
in the background model are explored in subsection 4.4.3. The second order polynomial
multiplied by power function is not considered as an alternative background function since
the fit with this option is not stable and hardly converges. Additionally, the distribution
of M2 (B%71¥*) obtained in MC from not-X-decays is much better described with the use of
third and higher order polynomials. The fourth order polynomial multiplied by the power
function used for the background description leads to the limit px < 0.97% at 95% CL.
The model (2 — z)@+8*(@=20)) x Poll(x) is as well tested as an alternative background
model, providing px < 1.11% at 95% CL. In case the background shape is fixed from MC,
the limit becomes much stricter: py < 0.64% at 95% CL.

Additional cross-checks include modified signal model: the Relativistic Breit-Wigner
multiplied by the efficiency dependence on mass and convoluted with the resolution re-
sults in px < 1.07% at 95% CL (if in this case the background is described by (z —
1) (@FAx(@=20)) » Poll(z), the limit becomes py < 1.13% at 95% CL). The limit does
not change when the signal resolution model is varied according to subsection 4.4.2 (the
narrowest and the widest resolution values are tested from those presented in Appendix
B as well as mass-dependent single-Gaussian model with effective resolution). This is ex-
pected since the natural X (5568) width of approximately 22 MeV is much larger than the
resolution variations and its uncertainty of 6.4 MeV (it significantly exceeds the resolution
variations) is already accounted for as the systematic uncertainty.

Thus the most conservative estimate for an upper limit on the relative production is

px < 1.1% at 95% CL.
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5.3 Mass-dependent upper limit

Upper limits are also obtained for different values of mass and natural width of a possible
BY7* resonance, one should take into account the efficiency and resolution dependence of
the invariant mass. The mass-dependent efficiency was obtained in Sec. 4.4.2, while the
resolution as a function of the invariant mass is described in Appendix I.

Such a mass-dependent efficiency, estimated using a single X (5568) MC sample, as
well as its extrapolation to higher mass values, can not be considered 100% reliable for
values of mass and width too far from the input values. To have 100% correct efficiency
values, a dedicated MC sample is needed to be generated for each mass and natural width
value. To take into account a possible bias in the efficiency extrapolation, an additional
systematic uncertainty is assigned to the relative efficiency for mass values exceeding 5.63
GeV!, equal to half of the difference |€,¢; (M) —€,¢(5.5678 GeV)|. For example, the relative
efficiency function at 5.8 GeV takes 12% higher values than at My = 5.5678 GeV (input
mass of the official MC). Thus, the conservative estimate for the additional systematic
uncertainty on the relative efficiency at M= 5.8 GeV is 6%. In general, the additional
systematic uncertainty takes values between 0 and 6%. This is added in quadrature to the
existing 4% systematic uncertainty assigned to the relative efficiency due to the tracking
efficiency and MC statistics.

The procedure to obtain mass-dependent limit can be summarised as:
e Consider several sets of (M, I') points:

— I' is the same across each set of points. Five sets of points correspond to 5

different tested values of T (in MeV): [10, 20, 30, 40, 50].

— In each set, M takes values xo + I', o + 21", o + 31, ..., o + nl', where z is
the threshold value and n is minimum integer value satisfying the inequality

zo+ (n+ 1.5) > 5.9 GeV.

e For each (M, I') point, the limit is calculated using the Combine tool, as in the

baseline analysis, with the following setup:

— The signal model is a Relativistic Breit-Wigner function, convolved with a

single-Gaussian resolution and multiplied by the efficiency dependence on mass.

'Maximum value available in the official X (5568) MC.
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pendix I.

free parameters.

The Gaussian resolution is fixed according to the function obtained in Ap-

The background is described by the baseline (x — x¢)® x Pol3(z) function with

No systematic uncertainties related to mass and I'" knowledge are added.

The relative efficiency is obtained for each value of mass (M) as the baseline

efficiency ratio scaled by the ratio of the mass-dependent efficiency values:

€ = (048 £0.02) X €./ (M)/€,1(5.5678GeV).

The additional systematic related to extrapolation of the relative efficiency,

described above, is added in quadrature to the existing 4% uncertainty.

Then, Fig. 5.2 shows the upper limit on px for different values of mass and natural

width.
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Figure 5.2: The upper limit on py at 95% CL, as a function of the mass of a possible

exotic state decaying into BY7* for five different values of the natural width of the state.
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5.4 Case pr(B?) > 15 GeV

The existence of the X (5568) state is also investigated for pr(B?) > 15 GeV. As a first
step, the Fig. 5.3(a) shows a fit to the B? invariant mass distribution for events with
pr(BY) > 15 GeV; a double-Gaussian function is employed for the signal model and an
exponential function for the background model. Fit results are presented in Table 5.1,
the signal yield is 40292 + 246 while the yield in the signal region is 37643 £ 230.

The M2 (B%7*) distribution obtained after the baseline selection and an additional
requirement pr(BY) > 15 GeV is shown in Fig. 5.3(b). The distribution is fitted with
the same signal+background function as in the baseline analysis, only the fixed from
simulation mass resolution is not the same (see Appendix B). Then the X (5568) yield
returned by the fit is —103 & 141, consistent with zero.

Similar to the baseline analysis, the limit on py is estimated using the HiggsAnalysis-
CombinedLimit tool. Now, for the case pr(B?) > 15 GeV, the N(B?) x ¢, is equal to
(37643 £ 230) x (0.524 £+ 0.020) = 19725 +811. The tool returns px < 0.85% at 95% CL,
where the systematic uncertainties related to the BY yield and the relative efficiency are
taken into account as well as the uncertainties of X (5568) mass and width.

Cross-checks include variations in the signal and background model. The function
(z — x0)(@FF*@=20)) 5 Poll(x) is tested as an alternative background model, resulting in a
value of pxy < 1.02% at 95% CL. The fourth order polynomial is not used as an alternative
model for the case pr(B?) > 15 GeV due to limited size of the dataset (even the fit with
the baseline function has x?/ngs = 0.81 and probability=0.8). Once the background
shape is fixed from MC, the returned by the tool limit becomes px < 1.00% at 95%
CL. An additional cross-check changing the signal model, the Relativistic Breit-Wigner
multiplied by the efficiency dependence on mass and convoluted with the resolution results
in px < 0.86% at 95% CL (if in this case the background function of the form (z —
) (@FBx(@=20)) » Poll(z) is used, the limit is px < 1.04% at 95% CL).

Thus the most conservative estimate for an upper limit on the relative production in

kinematic region pr(BY) > 15 GeV, is

px < 1.0% at 95% CL.
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Table 5.1: Fit results to J/¥K+K~ invariant mass distribution for pp(B?) > 15 GeV:
Common mean value of two signal Gaussian functions (mg(f) resolutions of Gaussians

(01, 02), fraction of the second Gaussian function (f) and signal and background yields

(Npo and Npyg, respectively).

Fit parameter Value
my, [GeV] 5.367 £ 0.070
o1 [MeV] 8.10 £0.19
oy [MeV] 19.10 £ 0.54
f 0.461 4+ 0.024
N BO 40292 + 246
NBig 35744 £+ 237
CMS 19.7 th™ (8 TeV) CMS 19.7 fb™ (8 TeV)
> 8000 ; 3 [ o
s - (a) p,(B) > 15 GeV 2 00
Te} B ; L
E 6000}~ § i
= S 00—
3 / S I
S 4000~ \ i
(@] | 200
2000 N
g: ‘ : /J/“\\\ — — é :_;I mIHII HI:II‘Ei i Iﬁlﬁzlxmi n%}!z;iﬂmnll iflfﬂ}h}tmﬁnr:
2 5.3 5.4 5.5 55 58 5 )
M(J/PKKY) [GeV] AM(B:TF)+M(B:)PDG [GeV]

Figure 5.3: (Left) Invariant mass distribution of the BY candidates with py(B%) > 15
GeV. (Right) M2 (B%r*) distribution of events in the B? signal region for pr(BY) > 15
GeV.
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Chapter 6

Conclusions and discussion

The X (5568) state is searched for in the CMS experiment using 19.7 fb=! of pp collision
data collected at /s = 8 TeV. With a sample of about 50,000 BY events, the B+
invariant mass spectrum is reconstructed without any clear signal of the structure observed
by the DO Collaboration.

The reconstruction procedure of X (5568) — B%7* candidates is verified with the re-
construction of the decay channels Bﬁz” — B®O71+ which share a similar decay topology
and are prominent in data.

The absence of a peak is supported by the direct comparison with events in the BY
mass sidebands; and by fits to the BY7™ invariant mass distribution with an X (5568)
component included, using different kinematic selection requirements, variants of back-
ground modeling, mass regions, and quality criteria. In all cases, the obtained yield of
X (5568) is consistent with zero.

An upper limit to the relative production rate px, of X (5568) with respect to BY, mul-
tiplied by the unknown branching fraction of the X (5568)* — B%7r* decay, is calculated

using the Eq. (1.2) at 95% CL:
px < 1.1% for pp(BY) > 10 GeV

px < 1.0% for pp(BY) > 15 GeV

Mass-dependent limits on px are obtained and they show no significant enhancements
from the mass threshold up to 5.9 GeV for several values of the decay width, disfavoring

predictions of more exotic states [11, 31] in this mass region.

39
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The obtained limit values are in strong contradiction with the DO result of px =
(8.6 £2.4)% for pr(BY) > 10 GeV at 95% CL (px = (8.2+3.1)% for pr(B?) > 15 GeV),
[7]. In addition, they are significantly more restrictive than LHCb results of px = 2.4%
for pr(BY) > 10 GeV at 95% CL (px = 2.0% for pr(B?) > 15 GeV) [9].

6.1 Comparison with very recent results

The search for the X (5568) state in CMS started at the beginning of 2016, as soon as
the state was announced, with the hope to confirm the DO observation. The first results
from CMS on July, 28th 2016 [35], were negative, but a lot of improvements were needed
in order to support this result. In the meantime, the LHCb Collaboration published their
results on October, 7th 2016 [9], in agreement with the CMS preliminary result.

Final CMS results at the end of 2017 confirm and improve the LHCb results. Few
days after, the CDF Collaboration announced the non-observation of the X (5568), and
the following week the D0 Collaboration reported a reconfirmation in a different B? decay

channel. This gives an idea about the relevance of the issue nowadays.

The CDF result

A week after the final CMS results were available, on december 27th, 2017, the CDF
Collaboration presented their results on the search of the X (5568) state, the first one
with the same initial conditions [33]. Using the Fermilab Tevatron Collider, the CDF
experiment collected 9.6 fb™! of pp collisions at /s = 1.96 TeV. The decay channel
X(5568) — Br* (B — J/veo, J/v — putu~, ¢ — KTK~) was investigated and,
with around a few B? mesons less than the D0 study (this is surprising, given the larger
efficiency of the CDF' detector), no evidence of the X (5568) state was found.

Similar to LHCb and CMS, an upper limit to the relative production was reported at
95% of CL for pr(B?) > 10 GeV: px < 6.7%. Our result is significantly more restrictive
than CDF.

The new DO result

Two days after the CDF announcement, on December 29th, 2017, the D0 Collaboration
presented additional evidence of the X (5568) state in a different decay channel [34].

Considering 10.4 fb~! of pp collisions at /s = 1.96 TeV, DO search for the X (5568)
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state decaying into Bw® using the semileptonic decay B? — u™D;Y, Dy — ¢7—, ¢ —
K*K~. In this case, Y stands for an unseen neutrino, photons or pions from a D* decay, or
other hadrons from the BY decay. So, similar to the hadronic case, they found around 121
X (5568) candidates with around 6200 BY mesons. The invariant mass and natural width
of the X (5568) are m = 5566.454(stat) " 2(syst) MeV/c? and T' = 2.0755 (stat) ™25 (syst)
MeV /c?, respectively, and the signal has a significance of 3.2¢, without the look-elsewere
effect and including systematics. At the end, these results are in agreement with the
hadronic channel results within uncertainties.

In addition, hadronic and semileptonic samples were combined and fitted with common
mass and natural width parameters. This results in around 131 + 147 X (5568) candidates
for hadronic and semileptonic samples, with invariant mass m = [5566.9752(stat) ™ (syst)]

MeV/c? and natural width I' = [18.67%%(stat) ™32 (syst)] MeV/c?. In this case, the signal

significance including systematics and the look-elsewere effect is 6.70.

6.1.1 Current status

Although the CDF Collaboration searched the X (5568) state in the same conditions as DO,
they did not find signals of this structure in the B7* mass distribution. Since the number
of B? candidates in CDF is about 2/3 of the number of BY candidates reconstructed in
DO, their limit to the relative production can not reject the D0 observation.

On the other hand, since both experiments, LHCb and CMS, have much larger B°
samples with lower background and better mass resolution compared to the DO collabora-
tion, it is easy to think that the peak seen by D0 could be a statistical fluctuation of their
data. However, The D0 Collaboration also found evidence of the X (5568) — Bo7r* with
BY mesons reconstructed in a semi-leptonic decay. Then, currently the DO Collaboration

is the only experiment that can see the X (5568) state.
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Appendix

A .- MC simulation

The EVTGEN user decay table for the X (5568) decay simulation is shown:

Define Hp 0.4727

Define Hz 0.7258

Define Hm 0.4998

Define pHp 3.23

Define pHz 0.0

Define pHm 3.16

Define dms 17.757el2

Define dgammas 8.2e10
yesIncoherentBsMixing dms dgammas
#

Alias myX5568+ B+

Alias myX5568- B-

ChargeConj myXbb68- myX5568+
Alias MyB_sO B_s0

Alias Myanti-B_sO anti-B_sO
ChargeConj Myanti-B_s0 MyB_sO
Alias MyJ/psi J/psi

Alias MyPhi phi

ChargeConj MyJ/psi MyJ/psi
ChargeConj MyPhi MyPhi

#

Decay myX5568+
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0.500 MyB_sO pi+ PHSP;
0.500 Myanti-B_sO pi+ PHSP;
Enddecay

#

Decay myX5568-

0.500 MyB_sO pi- PHSP;
0.500 Myanti-B_sO pi- PHSP;
Enddecay

#

Decay MyB_sO

1.000 MyJ/psi MyPhi PVV_CPLH 0.017 1 Hp pHp Hz pHz Hm pHm;
Enddecay

#

Decay Myanti-B_sO

1.000 MyJ/psi MyPhi PVV_CPLH 0.017 1 Hp pHp Hz pHz Hm pHm;
Enddecay

#

Decay MyJ/psi

1.000 mu+ mu- PHOTOS VLL;
Enddecay

#

Decay MyPhi

1.000 K+ K- VSS;

Enddecay

End
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B.- Fit results of the B'r* mass resolution in MC

Table 1: Fit results of the Br® invariant mass resolution distribution in MC with a

triple-Gaussian function, and obtained in several mass regions (first column). Case with

pr(BY) > 15 GeV is also presented.

Region o1 o9 o3 fi fa
MeV MeV MeV MeV
Full 1.054+0.02 | 3.79+0.04 | 1.95+£0.02 | 0.26 = 0.01 | 0.18 £0.01
5506 — 5546 | 1.563 £0.04 | 0.72+0.02 | 3.35+0.10 | 0.51 £0.02 | 0.41 £ 0.02
5546 — 5561 | 1.88 £0.07 | 1.13+£0.04 | 3.63 £ 0.08 | 0.51 £0.04 | 0.35 £ 0.05
5561 — 5575 | 1.24 £ 0.03 | 3.73+0.10 | 2.10 £ 0.06 | 0.36 +0.03 | 0.13 £ 0.02
5575 — 5590 | 1.26 £0.09 | 2.02+0.10 | 3.77 £ 0.08 | 0.21 +£0.07 | 0.54 £ 0.05
5590 — 5630 | 1.37£0.16 | 2.22+0.16 | 4.13+0.15 | 0.17 £ 0.09 | 0.55 £ 0.06
Full (pr(BY)
> 15 GeV) | 1.03+0.02 | 3.76 £0.04 | 1.934+0.02 | 0.25+0.01 | 0.18 +0.01

Table 2: Effective resolution for several mass regions.

Region [MeV] ai%?ms) [MeV]
Full 2.24 £0.003
5506 — 5546 1.504 £ 0.007
5546 — 5561 2.036 + 0.006
5561 — 5575 2.155 £0.005
5575 — 5590 2.46 + 0.06
5590 — 5630 2.81 £0.02
Full (pp(BY) > 15 GeV) | 2.219 £ 0.003
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C.- Fits to the background shape of the B'7* invariant
mass for pr(BY) > 15 GeV/c from MC

Figure 1: Fits to the background shape of the M2 (B%7*) distribution obtained from MC

for pr(B?) > 15 GeV/c. The model is a linear power function (up) times Poll, or (down)

times Pol2. Pulls are shown in bottom panels. The background sample is a combination

of fully matched B? candidates and “pion” tracks. Generated pions coming from the

X (5568) are excluded.
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Figure 2: Fits to the background shape of the M*(B%r*) distribution obtained from
MC for pr(B?) > 15 GeV/c. The model is a linear power function (up) times Pol3,
(down) times Pol4. Pulls are shown in the bottom panels. The Background sample is a

combination of fully matched B? candidates and “pion” tracks. Generated pions coming

from the X (5568) are excluded.
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D.- Fits varying pr requirements

Fits varying the pr requirements of the B%r®, B? and 7% candidates are shown in Fig.
3 and Fig. 4. Non-relativistic Breit-Wigner function is used for the signal model in these

cross-checks. All results are consistent with a negligible X (5568) signal (See Table 4.2).
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Figure 3: Fits to M2 (B%r*) distributions for events in the BY signal region with: (a)
pr(BY) > 15 GeV, (b) pr(BY) > 20 GeV, (c) pr(B%) > 30 GeV, (d) pr(B27*) > 20 GeV.
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Figure 4: Fits to M2 (B%r) distribution for events in the B? signal region with: (e)
pr(B21%) > 30 GeV, (f) pr(rt) > 1 GeV, (g) pr(B) > 20 GeV and pr(r*) > 1 GeV.
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E.- Study on vertex requirements

The pion and B? candidate are expected to be in the PV. For this reason, the baseline
requirement on the pion is to belong to the collection of tracks forming the selected PV.

Other assumptions are investigated below.

E1l.- Fits varying the requirement on the pion impact parameter

significance

A requirement on the pion impact parameter significance, d,(7*)/ Od,,(x+), 18 investi-
gated. Fig. 5 shows fits to the B%7r™ mass distribution varying this parameter. The
signal model used for this cross-checks is a non-relativistic Breit-Wigner function, and all

results are consistent with a negligible X (5568) signal (see Table 4.2).
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Figure 5: Fits to M2 (B%7*) distributions for events in the B? signal region. Additionally
to the baseline selection, this requirement is imposed: (a) duy(75)/0q, ) < 3, (b)

Aoy (%) /04, (xt) < 2 and (¢) duy(7F) /0g,, (rt) < 1.
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E2.- Study of the pion weight in the selected PV

Another variable not employed in the baseline selection is the pion weight in the selected
primary vertex (WXV). The distribution of the WV for the selected events is shown in
Fig. 6(a), and the scatter plot of this variable versus dg, (7%)/0q4,, (x+) is presented in Fig.
6(b). This plots show that most events have high values of the WV and low (< 2) values
of dyy(7F)/04,,(x+). Additionally, as expected, the variables WY and d,,(7F) /04, (x+)
are negatively correlated.

The M2 (B%7*) distributions obtained with different requirements on WV are shown
Fig. 6(c). In every case there is no visible excess in the region where the X (5568) was
claimed, and the shape of the distribution in general is similar to the shape without a cut
on WPV, The Fig. 6(d) shows a fit B7* mass distribution with WV > 0.95. With a
signal yield of —574 137, it shows excellent consistency with background-only hypothesis.
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Figure 6: (a) Distribution of W'V variable. (b) Scatter plot of WXV : dy,(7%)/04,, (r)-
(c) M2 (B%7*) distribution for events in the B? signal region with different cuts on W'V,
(d) Fit to M2(B%r*) distribution for events in the B? signal region, the signal yield
results in —57 4 137; the WV > 0.95 requirement is imposed additionally to the baseline

selection.
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E3.- Fits varying the requirement on the B’r* vertex probability

The requirement on the Bo7® vertex probability (P,,) is investigated. Fig. 7 shows fits

varying this requirement with a non-relativistic Breit-Wigner function used for the signal

model. All results are consistent with a negligible X (5568) signal (See Table 4.2).
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Figure 7: Fits to the M2 (B%r*) distributions for events in the B? signal region. Different

requirements on the Bm* vertex probability are imposed: (a) Py, > 1%, (b) Py > 5%,
(C) P'Ut:r > 10%, (d) Pvtx > 20%
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F.- The signal shape comparison

During the different stages of the analysis, different functions were used to model the
X (5568) signal in B%7* invariant mass distribution. The Fig. 8 shows the comparison of

the following shapes:
e non-relativistic Breit-Wigner function;
e Relativistic Breit-Wigner function;
e Relativistic Breit-Wigner function convolved with the triple-Gaussian resolution;

e Relativistic Breit-Wigner function multiplied by the efficiency dependence on mass

and convolved with the triple-Gaussian resolution.

In all cases, the mean value and I' are fixed to their “nominal” values, DO measurements,
of 5.5678 GeV and 0.0219 GeV, respectively. It is clearly seen that the differences between
the last 3 shapes are negligibly small.
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G.- Matching and background model from MC

A matching process between the reconstructed tracks and generated particles is used to
remove background from the MC samples (e.g. Fig. 5.1).
In order to match a track with a particle, the angular difference AR = /(A¢)? + (An)?

must be less than 0.004 for muons and 0.03 for hadron tracks. Information about the
parents of these particles (PDG Id) is also used to require the complete decay chain
(e.g. X(5568)F — Bin* — J/¢p¢n* — ptu~ KTK™) in the case of fully matched signal
events.

The fully matched B%7* invariant mass distribution in Fig. 5.1(b) can be compared
with the same distribution without matching the pion track in Fig. 9 (matching of the
BY decay chain is always required since the relative efficiency is not affected by this
requirement). The MC matching efficiency is found to be 1.0007 4 0.0002 for the baseline
selection and 1.0050+0.0002 for pr(BY) > 15 GeV; therefore, it could be considered 100%
efficient. The matching purity is of about 99.8%.
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Figure 9: Fitted invariant mass of reconstructed X (5568) candidates in MC. The pion

track is not required to match a MC particle.
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H.- HiggsAnalysisCombinedLimit tool for the upper
limit estimation

The first step to use the tool is to setup the environment, as described in [32]. After that,

a datacard file “datacard.txt” has to be prepared with the following content:

imax 1
jmax 1

kmax *

bin 1

bin 1 1
process  signal bkgr
process O 1
rate 2.2233 56369

BsAndEff 1nN 1.041 -
S1_mean param 5.5678  0.0029
S1_gamma param 0.0219 0.0064

In this file, the line “shapes * * shapes.root wspace:$PROCESS” refers to the file
shapes.root, where the RooWorkspace named “wspace” is saved. The RooDataset with
values of M2 (B%7r%) is saved in this RooWorkspace. “Observation 56369” stands for
the total number of events after the selection criteria. Names “signal” and “bckg”
correspond to the names of the signal and background RooAbsPdf’s, saved in the same
RooWorkspace.

The tool result is an upper limit on the signal strength factor, r, which is the ratio
of the signal to the expected signal (the latter is defined by “rate 2.2233”). In this line,
2.2233 stands for 1/10000 of the N(B?) x €, value (division by 10000 is needed to make
this value negligible compared to 56369). The line “BsAndEff InN 1.041 —” makes
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the uncertainty of N(B?) x €, taken into account.’.

The systematic uncertainty due to the knowledge of X (5568) mass and I is accounted
for with the last two lines (where S1_mean and S1 _gamma are names of RooRealVar
parameters of the signal function).

The tool is launched by execution “combine -M Asymptotic datacard.txt” command,
where Asymptotic stands for the method (Asymptotic is the advised one for calculation
of limits)?. The tool result “r < 105 at 95% CL” is translated into an upper limit (10000
times smaller value) px < 1.05% @ 95% CL.

!The inclusion of these uncertainties produces almost negligible change in the limit value; however,
this is the expected behavior, since the statistical uncertainty of the limit from data is already large, and

the uncertainties are added in quadrature.
2Addition of “——toysFrequentist” option into command line produces no change since the initial

parameters of background are already reasonable.
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I.- Further studies

The resolution function is mainly mass-independent around the X (5568) peak measured
by DO, as shown in Table 1; however, far from the nominal mass value, the effective
resolution can change significantly. Because the official X (5568) MC only has events
with masses up to about 5.563 GeV, we use the official BY MC reconstructed as Bor®
to obtain the mass resolution for higher BYzr* invariant mass values (the pion candidate
must match a generated charged particle in order to obtain its true momentum, and
it is assigned the mass of a pion regardless of its true mass). Fig. 10 (left) shows a
comparison of effective resolutions between the X (5568) and BY MCs reconstructed as
BO7*. Distributions are fitted with a linear function and parameters are found to be
statistically consistent. Therefore, points are combined in Fig. 10 (right) to obtain a

single model for the effective resolution in a wide mass region.
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Figure 10: Effective mass resolution as a function of the B%7* invariant mass. The
X (5568) MC sample is shown in blue and the B? MC in black. A first order polynomial
is used to fit each distribution in the left plot, while a second order polynomial is used in

the right plot to fit both distributions simultaneously.

As mentioned in Sec. 4.4.2, the efficiency decreases at lower mass values. This drop
is mainly due to the correlation of the resonance mass with the pion pr. This is verified
in Fig. 11, that shows generator-level distributions of the pion pr and the angle between
the BY meson and 7% momenta in the transverse plane, for different mass regions. It
is evident that pion pr distribution is harder at higher B%7r® mass values. Together

with the pr(7%) > 0.5 GeV requirement at analysis level, they explain the steep drop
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of the efficiency near the mass threshold. Same arguments can be used to justify the
extrapolation of the efficiency to higher mass values, that assumes that the efficiency will

continue to rise, but saturate at very high mass values.
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Figure 11: Distributions at generation level for diferents masses regions of: the pion pr

(left), the angle between the pr(B?) and the pr(7*) (right).
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